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Naturally occurring elements with a high atomic weight and a density at least five
times higher than that of water are referred to be heavy metals. The widespread
use of heavy metals raised the concerns towards effects on human health and
pervasiveness in the environment due to usage in large quantity. Present article
describes the harm that heavy metals can cause to both living organisms and their
environment. Newfangled techniques for analysis were also discussed, including
ICP-MS and SEM/EDS. Advanced inductively coupled plasma mass
spectrometry (ICP-MS) and energy dispersive spectroscopy (EDS) and scanning
electron microscopy (SEM) were utilized to establish a procedure for the detection
and elimination of metal contaminants. In conclusion, a number of
complementary and cutting-edge methods are presented as the optimal procedure
for removing heavy metals from water and soil. We hope this investigation of
multistep procedures will inspire researchers to launch brand-new cleanup
initiatives.

1. Introduction

Greater ecological and global public health worries have been related to pollution from these
metals in recent years. Heavy metals are those that have a higher density than water. Assuming
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a correlation between mass and toxicity, “heavy metals” also encompass metalloids like arsenic,
which can be dangerous even at relatively low concentrations (1). Their widespread dispersion in the
environment as a result of their many industrial, residential, agricultural, medicinal, and technical
uses has raised questions about their possible consequences on both human health and the
environment. Numerous factors, including as the dosage, the method of exposure, the chemical
species, as well as the exposed individuals’ age, gender, heredity, and nutritional status, all have
an impact on the toxicity of these substances. Priority metals include those with the potential to
cause the greatest harm to the general public, such as arsenic (As), cadmium (Cd), chromium (Cr),
lead (Pb), and mercury (Hg). These metals are considered systemic toxicants, and even low-level
exposure is known to damage multiple organs. Apart from this various heavy metals are natural origin
observed in the earth’s crust, the excavation/mining and industrial production and usage, domestic,
agricultural based heavy metals, metal based compounds are the primary sources of environmental
pollution and human activities (2). Heavy metals can be found in the environment from a variety of
different geological, industrial, agricultural, pharmaceutical, and household effluents, as well as the
atmosphere. Additionally, corrosion of metals, soil erosion leading to metal ions, air deposition, and
stripping of heavy metal ions, deposit resuspension, and metal vaporization from water resources to
soil as well underground water may all contribute to contamination/pollution (3). It has also been
claimed that natural events like weathering and volcanic eruptions greatly contribute to heavy metal
contamination (4). Industrial sources include the reprocessing of metal in refineries, burning of coal
in power plants, burning of oil, nuclear power plants, and high tension lines, as well as the production
of plastics, textiles, microelectronics, wood preservation, and paper.

Although heavy metals are typically found in low amounts (ppb range to less than 10 ppm)
throughout a wide range of environmental matrices, they are also classified as trace elements (5).
They are affected by physical parameters like temperature, phase association, adsorption, and
sequestration, which all play a role in their bioavailability. Moreover, it is impacted by chemical
elements such as complex kinetics, lipid solubility, and octanol/water partition coefficients that alter
speciation at thermodynamic equilibrium (6). Other significant biological aspects include species
traits, trophic relationships, and biochemical and physiological adaptability (7). The necessary heavy
metals influence the biochemistry and physiology of plants and animals. They serve significant roles
in several oxidation process and are significant components of several essential enzymes (8). The cell
membrane, mitochondria, lysosomes, endoplasmic reticulum, nuclei, and certain enzymes involved
in metabolism, detoxification, and damage repair have all been documented to be impacted by heavy
metal exposure in biological systems (9). Interactions between metal ions and DNA and nuclear
proteins have indeed been observed, leading to DNA damage and conformations that may trigger
cell-cycle modulation, carcinogenic, or cell death (10). A number of in-house experiments have
shown that ROS generation and oxidative stress are crucial in the carcinogenicity of metals like As,
Cd, Hg, Cr and Pb (11, 12). These five components are among the most poisonous and therefore
are considered to be of paramount importance to public safety. All of these substances are systemic
toxicants, meaning they can cause harm to several organs at even relatively modest doses. There are
numerous molecular components of heavy metal-induced toxicity and carcinogenicity, not all of
which have been fully explained or understood. Yet, it is well recognized that different metals have
different toxicological modes of action due to their individual characteristics and physicochemical
qualities. The goal of this study is to obtain information about the heavy metals, distribution,
identification, and removal techniques. Also the study aims to brief out advanced techniques
employed to analyse heavy metals such as ICP-MS and SEM-EDS. Also we tried to elaborate the
removal of heavy metals using various materials employed as removing agents and techniques.
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2. Impact of Heavy Metals on Organisms and Environment

In any organisms, numerous deficiency disorders or syndromes are brought on by an insufficient
supply of certain micronutrients. Vegetation and animals’ biochemistry and physiology are affected
by the heavy metals essential for their survival. They are crucial parts of several important enzymes
and play pivotal roles in a variety of oxidation-reduction reactions. In addition, it has been noted
that heavy metals may impact cellular organelles and parts in biological systems, including the cell
membrane, mitochondria, lysosomes, endoplasmic reticulum, nuclei, and several enzymes involved
in metabolism, detoxification, and damage repair (13). Metal ions have been discovered to interact
with nuclear proteins and DNA in cells, resulting in DNA damage and conformational changes
that might influence the cell cycle, cause cancer, or trigger apoptosis. Numerous lab studies have
shown that the generation of reactive oxygen species (ROS) and oxidative stress are crucial factors
in the toxicity and carcinogenicity of metals such arsenic, cadmium, chromium, lead, and mercury
(14–16).

For many years, many levels of biological organization have demonstrated metal’s effects on
aquatic life. Heavy metals typically reach the food chain through the roots of plants through the
adsorption step. Heavy metal absorption by plants is influenced by environmental factors such as
temperature, humidity, pH, nutrition and organic matter availability. It has also been shown that
summertime absorbent activity is much higher than wintertime absorbent activity. The efficiency
of plants to gather certain heavy metals depends on both specific plant species and the metals
themselves. There is a wide range in how plants respond to changes occurs in levels of nutrients and
heavy metals in soil. These extensive alterations to plant characteristics result in new light absorption
and reflectance characteristics that may be used to gauge soil pollution and the plant’s physiological
health. When the concentration of heavy metals and metalloids in soil reaches a critical level, the
metals and metalloids may accumulate in both the roots and the leaves of plants to dangerous levels.
Metal poisoning in plants has been linked to a variety of physiological changes, including stunted
development, reduced photosynthesis, and increased respiration and transpiration. Utilizing atomic
absorption spectroscopy, the status of several heavy metals in seasonal vegetables such mustard,
cabbage, spinach, and cauliflower planted in Kakching-Wabagai was examined (17). It was
determined that the samples with no lead levels in them had Fe and Cu concentrations beyond
allowable limits. Raphanus and Phaseolus exhibit some of the identifying leaf symptoms, combined
with a decreased root, shoot and biomass ratio. Ochoa-Hueso R et al., explored the various elements
concentrations for shoots, soil, roots, and fruits collections in diverse plants (18). Pepper has the
greater level of Copper (Cu) and Zinc (Zn) rises in plant shoot, accompanied by collard greens,
radishes, lettuce, and tomatoes. Tomato plants had much higher concentrations of Cu and Zn than
the other examined plants. Such biogeochemical processes in the root exudates resulted in the release
of organic acids. As the metal accumulates in the roots of developing plants, it stunts their
development.

In the field of water, the majority of rivers are contaminated, particularly water contamination
may originate from a wide variety of human activities, such as mining, automobile emissions,
industrial emissions, combustion, and garbage incineration. After that, they make their way down
to the ocean, where the majority of them sink to the ocean floor and the flow of water slows down.
Therefore, biotic components are put at risk due to water pollution since it is often ingested.
Additionally, the pH of the water is a major factor in determining which metals are soluble. When
metal-rich Rivers enter the ocean, the pH drops and the metals sink to the sea floor as a result
of their decreased solubility (19). Heavy metals’ propensity to increase environmental toxicity has
made them a worldwide issue of particular concern in the context of the aquatic environment. Many
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environmental problems, like as river water poisoning, have been made worse by the overexploitation
of mines across the globe. Heavier metals, such as Cd, may alter the carbon-to-nitrogen ratio of
mangroves by accumulating in the plants’ roots and stems. Heavy metals have an influence on carbon
storage in estuary plants and mangroves, which has a knock-on effect on the global climate. Figure 1
summarizes the heavy metal sources, migration, and toxicity.

Figure 1. Sources of heavy metal contamination in food crops that are both natural and man-made, their
entry points (via stomata/cuticle), and the effects they have on humans and other animals. Reproduced with

permission from reference (12), 2019 Elsevier.

The environment of an estuary, as well as the people who eat the seafood caught there, might
be negatively impacted by arsenic accumulation in overwhelming quantities. The bioaccumulation
of cadmium in marine creatures is affected by factors such as the structure of the cadmium complex,
the temperature, and the salinity of the marine environment. Since lead is only marginally soluble in
salt water, it has been determined that its presence in aquatic systems is tolerable. Because of this,
marine species are shielded from the danger of lead poisoning. Lead’s toxicity is systemic, but it tends
to accumulate in the lungs and cause damage there, which may eventually progress to cancer (20).
The marine environment has been shown to contain mercury, an extremely dangerous heavy metal.
Methyl mercury is a very prevalent mercury chemical that may be discovered in seafood, particularly
from the Indian Ocean.

Speaking on human health, long-term exposure to high amounts of heavy metals (Nickel,
Chromium, Cadmium etc.) may have devastating consequences for human health. Thorough
research has shown that pre-chronic toxic nature and carcinogenesis may be induced in living
organisms by heavy metals (Mercury (Hg), Lead (Pb), and Arsenic (As). Epidemiological research

208
 Verma et al.; Heavy Metals in the Environment: Management Strategies for Global Pollution 

ACS Symposium Series; American Chemical Society: Washington, DC, 2023. 



indicates that Cr, As, and Ni are human carcinogens, whereas Be, Pb, and Cd are only suspected
to be carcinogenic. Heavy metals are both essential for life’s most fundamental processes and very
poisonous when present in excess. There is cause for concern about the possible influence on human
health as well as environment due to their widespread environmental presence because of their
many medicinal, residential, industrial, and agricultural uses. Exposure to heavy metals, whether by
ingestion or contact with the skin, is associated with an increased risk of adverse health effects due to
the environmental hazards associated with heavy metal pollution. These are exceedingly dangerous
to the varied ecosystems, both on land and in water. Due to their retention capabilities, heavy metals
tend to build up in the environment and, ultimately, in living organisms through the food chain.
For instance, long-term contact with several common industrial chemicals and metals has been
associated to an increased risk of cancer. Negative health effects, such as chronic inflammation and
an increased risk of cancer, have been linked to long-term exposure to Pb, As, V, Cr, Hg, Cd, Cu,
Zn, and Ni. Evidence suggests that eating Cd contaminated in rice and other foods may increase
the chance of developing breast cancer after menopause (21). The most severe type of chronic Cd
poisoning is known as Itai-itai illness, which is brought on by the ingestion of Cd on a regular basis.
Proximal tubular dysfunction is common in the Jinzu River basin population as a result of chronic
cadmium exposure, which mostly affects the kidneys. It has been stated that Blackfoot illness was
caused by drinking arsenic-contaminated well water in southern Taiwan. This is a rare peripheral
vascular disease that occurs along the southern coast of Taiwan, causing dry gangrene and ultimately
amputation of the afflicted limbs.

3. Analysis of Heavy Metals

Determination of amounts of heavy metal in the environment on a qualitative and quantitative
level is also necessary due to the presence of different species of heavy metal and ability to form
complexes. The level of toxicity induced by the various heavy metals need to be confirm, verify and
propose the control measures for the safety of individual organism or environment is most important.
In other words, to obtain high removal efficiency and adsorption capabilities, it is essential to use
approaches that may shed light on the structural arrangements of adsorbing materials and their
potential interactions with heavy metals.

3.1. Advanced ICP-MS Technique

Spectrophotometry, atomic absorption and fluorescence spectrometry, X-ray fluorescence
spectrometry, plasma emission spectroscopy, ICP-MS, etc. are few of the techniques used to
investigate trace elements. The most adaptable detection method nowadays is ICP-MS, a potent
characterisation technique employed to synthesize and identify novel materials and in the elemental
analysis of diverse types of samples (22). It has applications in many fields, including biophysics,
environmental research, forensic science, materials science, speciation analysis, etc. and is capable
of accurately detecting and quantifying the majority of the elements from the periodic table.
Furthermore, a form of ICP-MS can identify metals and a number of non-metals at concentrations
as low as 1 part in 1015 on non-interfered low-background isotopes. A mass spectrometer is used to
extract and quantify the ions after ionising the sample using ICP. In comparison to atomic absorption
spectroscopy, ICP-MS is quicker, more accurate, and more sensitive. The instrument has great
capabilities, such as the capacity to do various elemental analyses, appropriate accuracy, and reduced
detection limits. ICP-MS also provides the capacity to examine isotopes quickly, straightforward
spectra, and a larger linear dynamic range (23). As a cutting-edge technique, ICP-MS is the most up-
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to-date technique, and it offers several benefits, including a high detection rate, a low detection limit,
a high degree of accuracy, and the ability to determine many elements heavy metals.

3.1.1. Operating Principle of the ICP-MS

Ions generated in an inductively coupled plasma are collected and analysed in a mass
spectrometer using the ICP-MS method. First, the analyte present in liquid form is sucked inside
the system using peristaltic pump, later case that initiates a constant uptake-flow-rate. Here, an auto
sampler was employed to cut down on wasted reagents and speed up the analysis process. Later it is
pushed into a nebulization chamber, where the liquid sample is evaporated into a gaseous aerosol.
Argon gas helps transport the tiniest of droplets to the plasma, while the bigger ones are drained
away. The second step involves filtering the aerosol before it is put into the plasma, because too much
analyte aerosol in the solvent might cause plasma extinction. Argon plasma is created on top of a
torch when the gas reacts with the electromagnetic field produced by a radiofrequency generator.
Injecting the aerosol into the plasma causes it to instantly dissolve, evaporate, atomize, and then
ionise depending on the ionisation potential of the constituent components. High temperatures,
between 6,000 and 10,000 K, are supplied by the argon plasma. Argon gas is often employed in
ICP because of its chemical stability and increased ionisation potential, which produce a normal
spectrum. It has the potential to ionise or excite a wide range of elements without reliably combining
with the analyte (24).

The third component is mass spectra and detection, after being vaporised in the ICP torch, the
ions and atoms are transported to the interface by a stream of argon gas. The interface’s storage space,
formed by two conical structures stacked one on top of the other, allows the ions to concentrate in
a more condensed region. From being introduced into a mass spectrometer (MS) (quadrupole or a
hexapole), the ions will be sorted according to mass to charge ratio before being sent to detection
unit. In ICP-MS a detection unit is primarily an electron breeding device which transforms ion
signalings into electric pulses (25).

3.1.2. Advantages

ICP-MS may be used to accurately quantify the identification of metal ions present in natural
sources and drinking water at lower levels; this is especially important in areas where toxicity
management is crucial due to possible metal contamination. As a result of its high sensitivity, small
sample size need, and low susceptibility to interference from other elements, ICP-MS technique
is widely accepted for adsorption/water treatment study. ICP-MS has certain drawbacks, such as
its sensitivity to higher level salt concentrations found in metabolite, sweat, and saliva extraction
solutions, which may create disturbances of the data, and its high operating expenses due to the
significant quantity of argon utilised.

3.2. Advanced ICP-MS Technique Employed to Detect Contamination of Heavy Metal Ions

Sung Hwa Choi and colleagues used the ICP-MS, DM), and femtosecond (fs) laser ablation
– ICP-MS (fs-LA-ICP-MS) to determine the lead, cadmium, mercury, concentrations in four
commercially available cereals (26). Furthermore, Using the ICP-MS method (ICP-MS ELAN 9000
for the analysis (Perkin Elmer)), Nur Azalina Suzianti Feisal et al. determined the levels of nickel,
arsenic, cadmium, and lead in a hair sample (27). Author’s findings demonstrated that ICP-MS
may be more sensitive than other methods, with a detection limit as low as 2.34 g/g and ICP-MS
can provide multi-element measurements accurate to within a few parts per billion. Qiang He and
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co-workers utilised a dual-cloud point extraction (d-CPE) in conjunction with ICP-MS for pre-
concentration and determination of Cr, Ga, Ag, Cd, Mn, Fe, In, Cu, Ni,Co, Pb, and Zn in natural
water samples (28). They found that not only does it remove surfactant’s effect on ICP during the
surfactant-rich phase, but it also mitigates interferences introduced by the sample matrix. Another
research reported an on-line separation technique for determining Cu, As, Se, Cd, In, Hg, Tl, Pb, and
Bi in water and biological materials using ICP-MS (29). According to the findings of the research The
ELAN 6000 ICP-MS from Perkin Elmer-Sciex was used. The research showed that the separation
and preconcentration of Cu, As, Se, Cd, In, Hg, Tl, Pb, and Bi may be achieved by the coupling
FI-ICP-MS with on-line complexation with DDTP, followed by sorption of the complexes in a
minicolumn packed with C18 silica gel and elution with methanol. The suggested approach not
only improves sensitivity but also permits matrix separation for external calibration. In addition, the
method allows for high sampling frequencies, low relative standard deviations (less than 6%), and
minimal sample and chemical consumption (29).

Similar to the previous work, this one used a microwave acid digestion system using ICP-MS
and DMA to effectively quantify the 6 heavy metals (Me-Hg, Pb, Sn, Cd, As, and Hg) were observed
in the HMR products. The six heavy metals were present at an average quantity of 8.87 µg/kg.
Recalculating the 95 % of food intake data (µg per day) for each heavy metal required converting
heavy metal levels to food intake data at a rate of 0.009 µg per kg (30). The production of fish and
aquaculture in Vietnam’s coastal region makes a significant contribution to the national economy.
However, for both local and foreign markets, concerns about seafood quality and safety, particularly
with regard to metal concentrations, are growing. However, certain fish have the capacity to take up
and retain trace metals in their systems, which subsequently have an impact on human health when
humans eat fish (31). Trace metal elements present in seafood’s, particularly in key seafood’s items,
is of significant attenstion in tandem with rising demands for food safety and consumption. The
various biokinetics of different species are intimately tied to the trace metal elements that accumulate
in them. According to an analysis by Wang and Guangyuan, which looked at the levels of many main
metal pollutants in bivalve mollusks from throughout the globe, oysters are the hyperaccumulators
of copper and Zinc, while scallops are the hyperaccumulators of Cd (32). As a result, many different
kinds of animals serve as environmental indicators of water quality. As an example of a bioindicator,
oysters are often used to detect copper and zinc pollution.

Nhu Da Le and colleagues conducted four sampling campaigns in 2020 to determine the
concentrations of various trace metal elements (TMEs) Fe, Zn, Mn, Cu, As, Cd, and Hg in fishes,
crustaceans, and mollusks living in the coastal zone of the Red River (33). ICP-MS analysis of fish,
crustacean, and mollusk samples revealed that concentrations of TMEs order as follows Fe > Zn
>Mn > Cu > As > Cd > Hg. Specifically, the levels of iron, zinc, manganese, copper, arsenic,
cadmium, and mercury in seafood samples ranged from 13.13 to 202.73; 7.63 to 82.71; 0.48-22.73;
0.72-15.58; 0.18-5.12; 0.001-1.114; and 0.001-0.923 mg kg-1. LOD and LOQ values of TMEs
evaluated by ICP-MS. The rising level of life in China has shifted the country’s attention to food
safety and quality. Hongxing Zhang et al. determined the Ca, Mn, Fe, Zn, Cu, Cr, As, Se, Mo,
Cd, La, Ce, Pr, Nd in rice grown in Lishu xounty, Jilin province, using ICP-MS combined with
microwave digestion. In terms of its trace components, the findings revealed that northeastern rice is
of higher quality. It has more good elements and less heavy metals (34).

Bioaccumulation of metals in rice grains is used as a selection criterion. To aid in variety
selection, rice breeding needs a very sensible technique of determining metal concentration in
individual rice grains. Xiufen He used a quick and easy approach to assess the presence of four
hazardous metals As, Cd, Cr, and Pb in a single grain of rice (35). Therefore, author created a simple
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and quick solid sampling platform based on pure multi-walled-carbon-nanotubes (MWCNTs) and
aided Matrix-solid-phase-dispersion (MSPD) and analysed by using ICP-MS. Good sensitivity and
accuracy were shown by the method’s restricts spotting ability, which were observed around 5.0, 0.6,
10, and 2.1 ng/g-1 (As, Cd, Cr, Pb), with relative-standard-deviations (RSD) n=6 of 7.7 percentage.
30 field samples of rice tested with this technology showed findings that were in agreement with those
obtained using the conventional microwave digestion. Giacomo Dugo et al., determined common
spices sold on the Italian market were analysed the levels of Cd, Hg, As, and Pb using ICP-MS. With
regard to Cd and Hg, the food safety analysis for spices took into account considering the Tolerable-
Weekly-Intake (TWI) and the Provisional Tolerable-Weekly-Intake (PTWI), similarly for As and
Pb, it used the 95 percentage lower-confidence-limit (LCL) of the bench mark dosage (BMDL)
of 1% excess risk. At long last, they were able to confide in one another. All samples tested had
concentrations of the components under study that were far below the limits specified by national
and international norm-setting bodies (36).

4. Advanced SEM-EDS Technique

The value of traditional imaging methods is sometimes overlooked as a result of the availability
of an expanding number of improved imaging instruments. In reality, the basis for drawing reliable
conclusions regarding functional connections is the capacity to view structures with the great
resolution attained by utilising electron microscopes. The capacity of scanning electron microscopy
(SEM) to analyse dimensional topography and the distribution of exposed features remains unique
despite advancements in other forms of light (LM), atomic force microscopy (AFM), and electron
microscopy (EM). By maximising specimen preparation and instrumental parameters, the final
resolution attained is managed. In addition, a SEM paired with an Energy-Dispersive-X-ray
spectrometer (SEM/EDS) is one of the important analytical tool used to detect and characterise
heavy metals in environmental media. A brand new piece of equipment for micro-scale qualitative
and quantitative chemical analysis. The analysis provided by SEM with EDS proved to be extremely
helpful in determining the origins and identities of heavy metal-containing phases.

4.1. Basic Operating Principle of the SEM-EDS

Electron microscopes take advantage of the wave-like characteristic electrons to create a
micrograph using an electronic beam. A tungsten wire filament is heated in the SEM utilized at
GeoZS, emitting electrons which were generally accelerated at very high speed by using an anode.
The diameter of the electron emitting beam is adjusted using electromagnetic lenses (condenser
lenses), and objective lenses were used to focus the beam on a probe-point located on the specimen
surface (37). As wavelength of the electronic beam is shorter than that of visible light, SEM makes
it possible to achieve high resolution as well as practical magnification. Electron beam-sample
interactions produce several signals, including secondary electrons (SE), backscattered electrons
(BSE), distinctive X-rays, and others. SE are electrons with a lower energy that are formed at the
surfaces of the material as a result of awakening electrons in the specimen’s outer shell that are loosely
bound. These electrons can be used to construct a topographical map of the sample. The BSE are the
main electronic beam which were forcibly deflected using atomic-nuclei (AN) in the specimen, but
they kept the majority of their energy after leaving the sample, which allowed for the creation of a Z-
contrast or compositional picture of the sample. Deep inside the sample, the electron beam interacts
with an inner shell electron, causing it to be expelled and replaced with an electron from a higher
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energy shell, resulting in the emission of a photon of distinctive X-rays. Multiple detectors are used
to pick up signals and convert them into a picture or recognisable X-ray spectra.

4.1.1. Advantages

Since it is one of the most distinguishing chemical properties of chemical compounds, the
atomic number (Z), which is different for each element, serves as the basis for both BSE imaging
and X-ray (EDS) identification of heavy metal-bearing phases. The elemental abundance in a sample
determines how many BSE are present. Z-contrast, also known as compositional contrast, allows
for the relative differentiation of particles with varied elemental composition by reflecting more BSE
than elements with lower Z. The high atomic number and high electron density of heavy metals
make them excellent electron backscatters. The following are the fundamentals of recognising and
characterising heavy metals. Samples are first inspected at low magnifications using the BSE mode
that permits the heavy metal-bearing phases in the sample to be localised to grains. In a low Z matrix,
their brightness is accentuated (38). Heavy metal-containing grains in the sample are first localised
using BSE imaging, and then the chemical composition of those grains is evaluated qualitatively and
semi-quantitatively using an energy EDS. EDS is able to detect and analyse the X-rays that are unique
to each chemical element based on its atomic number since they are released by the element itself.

4.2. Advanced SEM-EDX Technique Employed to Detect Contamination of Heavy Metal Ions

SEM and EDS work together to do single-particle analyses. Heavy metals whose concentrations
are less than the EDS’s theoretical-detection-limit (TDL), as established by conventional geological
bulk sample analysis, can be identified using this method. Thus, certain metal trace elements may be
detected. The atomic proportions of the component elements, as determined by semi-quantitative
X-ray microanalysis, are subsequently used to evaluate the mineral phases of heavy metals. Heavy
metals may be analysed with a SEM because of its high resolution in a variety of environmental
conditions (stream soil and sediments, mining waste deposits, transportation, and atmospheric
depositions occurs snow). However, as metals are often found in solid forms, their origins may
be determined by examining their connections in specific particles as well as their mineralogy,
morphology, and chemical makeup using technologies such as electron microscopy and
microanalysis. Milos Miler et al. classified the metal-bearing particles into 19 separate metal-bearing
phases after identifying the particles and characterising those using SEM/EDS (39). These phases
were divided into three categories based on their elemental makeup and morphology: geogenic-
anthropogenic, anthropogenic, and secondary weathering products. In order to analyse the impacts
of mangrove wetland restoration on microplastics and examine the connection between
microplastics and heavy metals, Peiyong Guo et al. attempted to give data on the abundance, kinds,
surface textures, and accumulated heavy metals from the wetland (40). Injuries/fractures, changes,
cavities, peels/flakes, and the adhesion of different materials were shown in the SEM pictures to be
typical hallmarks of microplastic deterioration, while heavy metals including Cr, Zn, Pb, and Cd
were shown to be adsorbed onto their surfaces in EDS images. The accumulation of heavy metals
in microplastics occurred in the following order: Zn > Pb > Cu > Cr > Ni > As > Cd > Hg, and
microplastics could serve as a heavy metal transporter.

Author Chandrashekaran and colleagues collected samples from the Ponnai River in Tamil
Nadu, India in order to characterise minerals and heavy metals using various spectroscopic methods
(41). They discovered heavy metals using SEM/EDS and SEM/EDS results showed that Zn, Cr, Pb,
Ni, Cu, Mn, As, and Hg are present in the sand samples. According to the outcome of multivariate
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statistical methods, the examined metals As, Cr, Ni, Mn, Hg, and Pb were deposited in samples
as a result of home and industrial effluent discharge, whereas Zn was obtained via transportation
operations. As a result, the findings of this study suggest that ongoing monitoring is necessary to
determine the degree of contamination in the study area because both natural and anthropogenic
activities affect the quality of the sand samples on a daily basis. Rafa Panek et al. investigated the
effectiveness of virgin zeolite (Na-X) and a zeolite-carbon-composite (Na-X-C)) as adsorbing
material for the removal of the Pb2+ and Zn2+ ions from aq. solutions. Particle size, elemental
content, XRD, SEM-EDS, and N2 adsorption/desorption all used to characterise both materials.
According to their research, Zn ions are far better at exchanging places when cations present within
the zeolite material structure compared to Pb ions, which are significantly higher. It has been
demonstrated that the competition for accessible reactive sites present on the surface of adsorbent
proceeds to a significant reduction in the total volume of both heavy metals which are adsorbed
when the solutions include both of them together. As an added bonus, while sodium base was more
effective at desorbing the heavier metal, Pb2+, hydrochloric acid was more effective at desorbing both
heavy metals (42).

Tailings and other solid waste include a wide variety of heavy metals in concentrated amounts.
The potential end result, a glass-ceramic, not only offers superior physical qualities, but also
successfully solidifies heavy metal ions. According to Zhang Yunsheng, there has been a
comparatively small amount of study conducted for the stabilisation of only one heavy metal in glass
ceramics. In this regard, they utilised Zn and Cu, and 2 heavy metals which are found in tailings
on a regular basis, as stand-ins in order to evaluate the phase changes and chemical mechanism for
stabilising the mixture. The author has confirmed that zinc and copper behave in very different ways
during healing phase of glass ceramic. Zn and Cu both stay put in the deposit phase as a solid solution
when the heavy metal ions limit is lower than 1.5 weight percentage. Since glass ceramics effectively
bind heavy metals, the stripping level is substantially lesser than the standard level, and the stripping
rate is rather consistent when heavy metal level is up to 1.5 weight percentage. Finally observed
outcome demonstrated the high reliability and possibility of recycling Zn and Cu rich tailings and
other solid-wastes in an eco-friendly acceptable glass ceramics (43).

There is an immediate need to upgrade the dated sewage treatment system that cannot eliminate
heavy metals. Granular sludge was loaded with bio-mineralizing Lysinibacillus using a screening
process, and the resulting bacterial consortium was able to self-regulate pH and solid-liquid
separation. As such, the bacterial consortium might be made to create stable and innocuous
phosphate minerals by having heavy metals fastened on it. According to a study by Yingwen Xue et
al., the maximum removal efficiencies for Pb2+, Cd2+, and Ni2+ ions respectively, were 97.9%, 70%,
and 40%. Despite the presence of organic matter and other metal ions in the dirty water used in this
study, Pb2+ removal efficiency was not significantly affected. The mechanisms were analysed using
three dimensional EEM, XPS, XRD, SEM-EDS, FTIR, and high-throughput-sequencing (HTS)
techniques. As sequential results proved that bacterial consortium comprised a system in which
many different species may coexist, Lysinibacillus proved crucial role in the action of Pb2+ reduction.
Deducing from the SEM-EDS Proof positive that the AGS has been loaded with bacteria. Carbon,
oxygen, phosphorous, chlorine, and potassium were its primary building blocks shown in the Figure
2a. Figure 2b shows the PMBC after 320 hours of Pb(II) removal, and the sediment surface was not
uniform. There were many rod like particles, all having the same crystal development path. The XRD
analysis confirmed that the primary components were carbon, oxygen, phosphorus, and lead (C, O,
P, Pb). After 720 hours of Pb2+ reduction, the PMBC appeared as shown in Figure 3c. The crystals
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grew in various orientations, at a considerable quantity of crystals were encased when formation
of precipitate takes place, composed primarily of above said elements. As a part of confirmation
results confirms the crystals’ pattern/shape, size, and development path shifted in response to the
conditions inside the reactor (44).

Figure 2. Sediment was analyzed using SEM-EDS before and after lead was extracted, a, b, and c all
represent times before, during, and after mineralization. Reproduced with permission from reference (44),

2021 Elsevier.
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Figure 3. SEM-EDS micrographs of Adsorbents as-prepared. Reproduced with permission from reference
(45), 2020 Elsevier.

Researchers led by Panya Maneechakr looked at the adsorption behaviours of heavy metal
cations utilising palm kernel cake residue-based active MnO2-modified magnetic biochar (45). They
observed that, developed adsorbent, CP-Fe-Mn, exhibited paramagnetic characteristics, as indicated
by a saturation magnetization value of 20.94 emu/g. The adsorption procedure for CP-Fe-Mn was
found to be simple, allowing for easy recovery of the compound from the aqueous solution.
According to Temkin, Langmuir, Redlich-Peterson, and Toth isotherms, Dubinin-Radushkevich
the adsorbing behaviours of every heavy metal ions over CP-Fe-Mn were discovered to be a single
layer physical absorption process. Similar SEM-EDS findings supported the manufactured magnetic
adsorbents’ morphologies, and the presence of Fe and Mn elements was displayed in Figure 3.
Due to the Fe3O4 and MnO2 covering on each adsorbent’s surface, it was discovered that these
surfaces were craggy and uneven. Fe3O4 and MnO2 were not modified in the case of CP, and the
surface morphology was smooth and flat. The EDS data further demonstrate the presence and even
distribution of Fe and Mn elements on the support surface. Final author confirmed that maximum
adsorption capacities (qmax) Cd2+, Cr3+, Pb2+, and Hg2+ were 18.60, 19.92, 49.64, and 13.69 mg/
g.

As phosphates are good for the environment, they could be used to make it easier to get rid of
clay. By using a simple method, Zinc-Aluminium layered-double-hydroxide (LDH) was intercalated
with amino-trimethylene-phosphonic acid (ATMP) and used to remove Cu2+ and Pb2+ ions from
waste water bodies (46).

Xian Zhou et al. employed mechanochemistry-alkali activation to manufacture a geo-polymer
precursor (RG) from a Bayer-red-mud (RM) and coal-gangue (CG) bent having the ratio of 8:2
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for solidifying and stabilising fly ash from municipal solid waste incineration (MSWI) (47). When
the RG content of geopolymer S/S solids was greater than 60%, the authors confirmed, 99.6%
of the heavy metals were immobilised. EDS investigation confirmed that this structure is made of
geopolymer, as this class of materials is often made up of Na, Al, Si, and O. Raw RM’s ferric oxide-
dominated hematite mineral particle is strongly bonded to the geopolymer’s surface. This suggests
that the impurities may become embedded in the geopolymer’s fissures and holes, making the
structure more stable than adhesive aggregation. Raw FAs were incorporated into the geopolymer
products in a way that nests the loosely agglomerated particles inside the network structure. Since
M2-microstructure 3’s is more tightly packed than that of M1-3, it is better able to keep heavy metals
contained within the hardened samples.

5. Removal of Heavy Metal Ions

5.1. Removal of Heavy Metals from Water

Numerous studies investigated the removal or absorption of heavy metals from water,
wastewater, and soils especially to have in-depth knowledge on harmful impacts of heavy metal ions.
As a result of the fact that variability only accounted for 2.5% of the world’s freshwater, water is seen
as an essential goal of these ecosystems (48). The human body cannot function properly without
meeting this requirement on a daily basis. For the objective of removing heavy metals from water,
a wide variety of biochar strategies, materials, and applications have been suggested and put into
practise. In order to get rid of a number of heavy metals as Cd2+, Cu2+, and Ni2+, Graphene-oxide
(GO) and Go derived composite materials have been investigated then applied as new adsorbents
(49). In addition, many materials based on graphene oxide were employed to purify water by
removing harmful metals. Polyacrylamide oxide hydrogel grafted sodium alginate was proposed as a
new bio-adsorbent by Jiang et al. for the reduction of heavy metal ions (50). Based on result, Pb2+

& Cu2+ were eliminated, and after five cycles, confirmation of over 60% of absorption capacity was
obtained. For the removal of Pb2+ and Cu2+, a thiosemicarbazide-based nanocomposite containing
a modified graphene oxide was also used (51). Zhu et al. examined the potential of electrospun
nanofibrous membranes (ELM), as well as their manufacture and the method by which they remove
heavy metals (52). Choi et al., also presented thiol-functionalized cellulose nanofiber membranes for
the efficient removal of Cu2+,Cd2+, and Pb2+ from aqueous solutions (53).

As knowledge expands and new methods are developed Scientists have used cutting-edge
methods to estimate the heavy metals absorption capability of various materials using a variety of
perspectives. Apart from conventional approaches removing or treatment procedures still there are
various technical challenges, and progressing research has made great contributions to identify, treat
and remove heavy metals accordingly. In this regard artificial intelligence (AI) methods are being
considered as a possible solution (54). Towards this aim, Singh et al. used a variety of machine
learning techniques to forecast the adsorption of chlorophenol (CP2+), including radial-basis-
function (RBF) and multilayer-perceptron-neural-networks (MLPN), a support-vector-machine
(SVM), and gene-expression-programming (GEP) (55). They analysed the significance of the
models’ exceptional results and found that MLPN and RBFN models fared well in comparison to
the others. Cd2+ removal efficiency was estimated using an ANN (artificial neural network) model
created by Fawzy et al. (56). Their analysis showed a very good fit, with an R2 of 0.923. In order
to foretell the sawdust-based removal of heavy metals from aqueous solutions, Dolatabadi et al.
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(57) combined artificial neural networks (ANNs) with an Adaptive-Neuro-Fuzzy-Inference System
(ANFIS) model. Based on their findings, these models appear to be useful modelling tools for
analysing processes involved in the reduction of heavy metal ions from aq. solutions. Moreover,
Fan et al., used a comprehensive review of various machine learning methods to model heavy metal
removal processes. These algorithms included artificial-neural-networks (ANN), genetic algorithms
(GA), and particle swarm optimization (PSO) (58). Their results suggest that GA-ANNs and PSO-
ANNs models might be used to accurately simulate the processes involved in heavy metals’
elimination from the environment. A similar approach was taken by Lu et al., who successfully
simulated heavy metal ion percentage using ANN and SVM models (59).

Particulate heavy metal concentrations were claimed to be promptly simulated using SVM and
ANN models. In order to estimate the rate of absorption for sodium in an aqueous solution,
Rahnama et al. created a number of RBFN and ANFIS-based models, such as ANFIS-Grid partition,
ANFIS-subtractive clustering, and ANFIS-Forward clustering (60). Last but not least, the RBFN
model’s predictive power for sodium absorption was established. In addition, El Hanandeh et al.
reference some intriguing work wherein they predict the absorbency of heavy metals onto biochar
utilizing ANN and MIMO systems, and they get an excellent result (i.e., R2 = 0.99) (61). Rodrguez-
Romero et al., used pyrolysis in combination with ZnCl2 activation to remove As2+ from water. After
that, they used an ANN model to predict absorption kinetics and isotherms (62). In order to get
rid of these toxins, many different materials and AI methods have been used and proposed, and the
effectiveness with which different materials absorb heavy metals in different environments has also
been predicted. A novel technique is also being tested whether halloysite nanotubes extracted from
weathered pegmatites could effectively absorb heavy metals. Since the World Health Organization
(WHO) has issued warnings about Pb2+in aqueous solutions being harmful to human health, this
element was chosen as a case study, and nanotube-type halloysite weathered pegmatites were
explored as a means of removing Pb2+ from the solution (63). Notably, Nano tubes based halloysites
derived from weathering igneous rocks were not studied for their potential to remove heavy metal
ions, nor has it been used in this capacity.

After that, a cutting-edge intelligent hybrid model known as the Harris-Hawks-Optimization
(HHO)-MLP-Neural-Network-Model used to predict the capacity with which nano tube based
halloysites absorbs radiation from weathered-pegmatites. The MLP-Neural connectivity and the
HHO algorithmic program are the foundations upon which this model was constructed. It is
important to note that a tool used to confirm the uptake of heavy metal ions in water using the
HHO-MLP-Neural-Structural-Network has not constructed till date. Finally, experimental data
were thoroughly examined to determine the Pb2+ absorptivity of the material in an aqueous solution.
The accuracy with which the predicted HHO-MLP-Neural-Structural-Network helps to predict
Pb2+ absorption capability was rigorously evaluated. For instance, the ability of nano-tube based
halloysites derived from weathered-pegmatites to take up Pb2+ ions in water was studied. In addition,
unique hybrid intelligent model was presented for estimating Pb2+ absorption from an aqueous
solution utilising this new material. This model is constructed using a Harris hawk’s optimization
(HHO) algorithm and a multiple layers perceptron (MLP) neural network (64).

5.2. Removal of Heavy Metals from Soil

Rocks can be broken down into smaller particles or soil by the action of ice, water, temperature,
etc. There is a wide variety of binding qualities between soil and heavy metals, making the soil

218
 Verma et al.; Heavy Metals in the Environment: Management Strategies for Global Pollution 

ACS Symposium Series; American Chemical Society: Washington, DC, 2023. 



matrix an important storage or transport medium for these elements. Instead of breaking down
like organic contaminants do, metals tend to bioaccumulate in ecosystems. Metal ions in the soil
may be removed by adsorption, oxidation, exchange, catalysis, reduction, or precipitation (65).
Multiple variables, including pH, moisture, temperature, particle size distribution, metal type, and
clay presence, all play a role in these transformations. The soil’s heavy metals’ mobility, solubility,
and toxicity will depend on its specific composition. In most cases, carbonic acid and water are
used to dissolve the minerals. Minerals that can’t be dissolved are broken up into tiny granules.
Metal wastes, gasoline, animal excrement, sludge, irrigation with waste water, air deposition, etc.
all contribute to soil contamination, as do other sources of metals and metalloids (66). Typically,
Pb, Cr, Zn, Cd, and Hg are the heaviest metals to be discovered in soils. These metals reduce
agricultural production and disrupt the food chain because they bioaccumulate and biomagnify.
Therefore, remediation steps must be taken to reduce the polluted area and prevent heavy metals
from infiltrating the terrestrial, air, and aquatic habitats. Different methods have been discovered so
far for cleaning up soil that has been tainted by heavy metals. Soil burning, excavation and landfill, soil
washing, solidification, and electric field application are all examples of such mechanical or physio-
chemical processes (67).

For instance, Pb, Zn, Cd, and Cu were extracted using a Citrate solution, which is safe for the
environment. Effective extraction of heavy metals was achieved at two distinct pH ranges, about two-
four. A kinetic analysis shown that equilibrium was attained in 4 hours when washing at a pH of about
2, while washing at a pH of about 4 or 5 gradually climbed towards the end of 24 hours. Extraction
percentages for Pb and Cu were raised from 67.6 to 85.9% and from 77.5 to 83.4%, respectively,
after washing at pH 2 for 6 h and then washing at pH 5 for 16 h. It has also been investigated whether
using ultrasound can enhance the extraction of heavy metals from citrate. Results showed that after
only 30 minutes of ultrasonic application at 19.5 KHz, heavy metals were extracted at a higher rate
than they had been after 24 hours of washing. This enhanced the efficiency of citrate in its removal of
heavy metals (68).

The use of plants to extract and eliminate elemental contaminants or to reduce their
bioavailability in soil is called phytoremediation, and it is a plant-based technique. Plant roots may
take up ions from the soil even at very dilute levels. Plants recover damaged soil by sending their
roots deep into the soil to build a rhizosphere ecosystem, which accumulates heavy metals and
reduces their bioavailability (67). In order to clean up heavy metal-contaminated soils, a multitude
of phytoremediation techniques can be used, a) phytostabilization, or the use of plants to lessen
the soil’s bioavailability of heavy metals, b) Phytoextraction is the process of removing metals from
the soil by growing plants that absorb them, c) Phytovolatilization, or the process by which plants
remove toxic substances from the soil by means of transpiration, is one method d) Heavy metal ions
in water can be removed by a process called phytofiltration, in which hydroponically-grown plants
are used to filter the water. Phytodegradation and rhizodegradation are two further phytoremediation
techniques used to decompose organic contaminants. Here, we zero in on the four most common
phytoremediation techniques used to clean up soil contaminated with heavy metals:
phytostabilization, phytoextraction, phytovolatilization, and phytofiltration. So soil naturally
contains certain metals, but when their concentrations become excessive owing to human actions,
the soil becomes contaminated. Heavy metal contamination of soil poses a severe environmental risk
to human health and must be remedied effectively.

219
 Verma et al.; Heavy Metals in the Environment: Management Strategies for Global Pollution 

ACS Symposium Series; American Chemical Society: Washington, DC, 2023. 



6. Conclusion

Implementation of advanced techniques is gaining increasing prominence in the field of
identification and elimination of heavy metals and they are typically looked upon as a potentially
effective method for dealing with heavy metal contaminations. ICP-MS and SEM-EDS are two
of the most cutting-edge techniques utilized for the detection and quantification of heavy metals
in their various forms. Today’s cutting-edge methods allow for the quantitative measurement of
intangibles such heavy metal content and removal efficiency. This article provides a comprehensive
overview of the many existing integrated alternatives for heavy metal removal/recovery from polluted
environments, drawing from a wide range of scholarly studies. Also the study provides a
comprehensive overview of the many studies conducted on the several integrated approaches for
heavy metal removal/recovery from polluted environments. The present article mainly focused on
analysis toxic heavy metals using advanced ICP-MS and SEM-EDS methods. It has been claimed that
inexpensive adsorbents are crucial in the process of detoxifying water and soil by binding hazardous
metals. Heavy metals can be removed from wastewater and soil using a variety of treatment
technologies, however the authors noted that many problems and shortcomings exist that must be
addressed.
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Novel carbonaceous nanomaterial carbon dots (CDs) have unique
physicochemical properties and attributes for various applications that make them
a very precious tool for researchers. The ease of synthesis of CDs has created
many research interests because of their large surface area with many functional
groups that enhance their binding capacity. Apart from these properties, CDs
have a low cost, are eco-friendly, are highly stable, are biocompatible, and are
used as good sensors. In this chapter, photochemical, electrochemiluminescent,
electrochemical, colorimetric, and fluorescent applications of CDs are described,
where CDs have been used as a sensing probe. The electronic and optical
properties of CDs—such as absorption, photoluminescence, phosphorescence,
and others—have been used for the determination of heavy metals, biomolecules,
enzymes, and so forth. The future trends of CDs’ importance open new ways in
the fields of nanoscience and nanotechnology.
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Introduction

Commonly known as “carbon dots” (CDs), carbon quantum dots (CQDs) are nanoscale
carbon-based materials with unique optical and electrical capabilities. They typically have
dimensions between a 0 to 10n of nanometers and are tiny, semi-spherical nanoparticles (1). The
majority of the carbon atoms in the carbon dots have varied structures, such as a structure resembling
graphene carbon, amorphous, or a combination of the two. Fundamentally, carbon dots differ from
other materials due to the quantum confinement effect produced by their tiny size and the related
quantum mechanical events that take place at the nanoscale level (2). This confinement effect leads
to the tunable optical properties of these discrete energy levels and quantized electronic states.
Carbon precursors from various carbon sources, including as biomass, organic molecules, and waste
materials, must be carbonized or car and passivated in order to form carbon dots. Carbon dots are
very appealing for a variety of applications because they have several intriguing features (3). Among
the essential characteristics are: optoelectronics, bio imaging, drug delivery, sensing, catalysis, and
energy storage, are just a few of the domains in which carbon dots are used. They have been utilized
as sensors for detecting biomolecules and heavy metals, photocatalysts, fluorescent probes, and as
parts of solar cells and super capacitors (4). Due to their electrical qualities carbon dots may be
beneficial in electronics, optoelectronics, and energy storage devices, which include strong electrical
conductivity. Carbon dots’ surfaces can easily be functionalized with a variety of functional groups,
allowing for their incorporation into various matrices and aiding their use in a variety of applications
(5). Carbon dots are suitable for biomedical applications like medication administration, bio-
imaging, and bio-sensing since they are usually thought to be green and bio-compatible. Carbon
dots have strong photo-luminescence, which allows them to absorb light at particular wavelengths
while emitting light at various wavelengths. By adjusting the carbon dot size, surface passivation, and
doping, this characteristic can be tailored (6). With continued efforts concentrated on enhancing
their synthesis processes, comprehending their fundamental features, and exploring novel
applications, carbon dot research is a vibrant and quickly developing subject. However, thermal
breakdown, hydrothermal processes, microwave-assisted synthesis, or laser ablation techniques are
frequently used regardless of the precise synthesis methodologies (7). Bottom-up Synthesis: This
process entails the controlled chemical reactions of condensation, hydrothermal carbonization, or
carbonization to produce carbon dots from small carbon-containing molecules. For instance, carbon
precursors such aromatic compounds can be condensed in the presence of surface passivation agents
to produce carbon dots.

Laser ablation: In this technique, a carbon target is exposed to a laser beam while submerged
in liquid. Carbon dots develop in the liquid medium as a result of the carbon target’s vaporization
by the laser and subsequent cooling. Microwave-Assisted Synthesis: In this technique, a surface
passivation agent such as ethylene diamine is combined with a suitable carbon precursor (such
as citric acid or glucose) and heated using a microwave source. Carbon dots appear as a result
of the carbonization and nucleation processes being facilitated by the quick heating and regulated
circumstances. Electrochemical Synthesis: An electrode made of carbon is submerged in an
appropriate electrolyte solution and is given an electric potential. Electrochemical oxidation
electrochemical etching, or Electrochemical exfoliation, of carbon precursors are some examples of
the electrochemical methods that can be used to form the carbon dots (8).

168
 Berdimurodov et al.; Carbon Dots: Recent Developments and Future Perspectives 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



Figure 1. Diagram showing the photoelectrochemical (PEC) immunoassay based on g-C3N4
(CQDs/g-C3N4) nanoheterostructures functionalized with carbon quantum dots toward the target PSA:
(A) The PSA aptamer conjugated with DNA-templated copper nanoclusters (Apt-CuNCs) was used as the

tracer in (B) immunoreaction on monoclonal anti-PSA antibody-coated microplate, which illustrates the
mechanism of Cu2+-quenched photocurrent of CQDs/g-C3N4 nanoheterostructures. Reproduced with

permission from reference (18). Copyright 2017 American Chemical Society.

CDs as Photoelectrochemical Sensors

Recent developments are focused on the development of nanomaterials which bears the better
biocompatibility, photostability and ecofriendly properties as well as excellent optical and
electrochemical properties. According to previously reported works, it has been observed that CDs
are a well known biosensor because they convert concrete evidence about target analytes into evident
optical signals as fluorescence intensity and change of colour (9, 10). The fluorescent property of
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CDs can be modified from visible to near infrared range through careful selection of doping materials
(11–13). Surface of CDs has many more functional groups which provide abundant binding sites
for specific analytes. Thus, its chemical inertness and low toxicity makes it perfect nanoprobe for
biosensing applications (14).

Biosensing Applications of CDs

Carbon dots have abundance of functional groups containing high surface are used to modify
bio receptors. A fast electron conduction takes place between sensory interface and the electrodes
which make CDs as good electrochemical sensor. Furthermore, CDs is a fluorescent material which
intensify the fluorescence signals arises from the target analytes. Both the properties electrochemical
as well as fluorescence makes CDs an excellent tool for the bio imaging. In an experiment direct
photoelectrochemical response of CDs was explained where CDs was prepared using Chitosan via
solvothermal method. Chitosan prepared CDs was linked via covalent bond to an indium tin oxide
(ITO) surface through self-assembled silane monolayer. The photocurrent was generated from ITO-
silane-CDs surface was attributed the photocurrent to a photogenerated electron transfer mechanism
by CDs, illuminated with 420 to 450 nm wavelength. The surface was used for lateral resolution ac-
photocurrent imaging of a surface at the micron scale (15). One important energetic driving force for
electron transmission to the ITO is the Fermi energy, Ef E 4.6 eV. At anodic potentials, the holes in
CDs absorb electrons from an anode. The electrolyte solution’s OH- serves as the electron donor (D)
in this instance. use of CDs as photocatalysts to produce D+ from D photocurrent is produced under
illumination. Investigations were done into how the photocurrents of CDs linked to their quantum
yields.

There are numerous instances of CDs being utilized as PEC (photoelectrochemical) sensors.
Carbon dot-based photoelectrochemical (PEC) sensors were developed in an experiment to detect
glutathione (GSH) at ultrasensitive levels without the need for additional catalysts. In this PEC
sensing device, CDs showed both photoelectric and catalytic capabilities. Graphene oxide (GO),
mesoporous silica (MS), and silver nanoparticles (AgNPs) were added to increase the effectiveness
of CDs in detecting GSH. Among the many hybrid nanocomposites, CDs@MS-based PEC sensors
had the best sensing capabilities. The PEC sensor was successfully utilized to measure the amount
of GSH in the cardiac cells of mice that had experienced various ischemia/ischemia-reperfusion
therapies, and to look into the causes of myocardial infarction (MI) (16).

Another example is the development of a unique photoelectrochemical sensor (PEC) that uses
WS2 nanosheets as the photoactive material and boronic acid-fabricated CDs for signal
amplification. This sensor is intended for the ultrasensitive detection of T4-β-glucosyltransferase
(β-GT) and 5-hydroxymethylcytosine (5hmC). In animals, 5-hydroxymethylcytosine (5hmC)
functions as a switchpad for genetic control. WS2 nanosheets were used as the photoactive material
in a novel photoelectrochemical (PEC) biosensor for 5 hmC detection, and B-CDs, or functionalized
carbon dots, were used as the signal amplification unit. The T4-β-glucosyltransferase (β-GT) activity
can also be measured using this biosensor. WS2 nanosheets and gold nanoparticles (AuNPs) were
first immobilised on an ITO electrode surface. Subsequently, the probe DNA was immobilised on
the electrode surface by means of an Au-S bond. Following that, hybridization was used to capture
the complementary DNA carrying 5hmC on the altered electrode surface. After glycosylation, the
hydroxyl groups of the 5hmC residues were converted to glucose by -GT from uridine
diphosphoglucose. B-CDs may subsequently become more immobilised on the modified electrode
surface, resulting in a strong photocurrent (17). In another instance, ultrasensitive
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photoelectrochemical (PEC) determination of prostate-specific antigen (PSA) was performed by
carbon quantum dots(CQDs) and graphitic carbon nitride (g-C3N4) Combining CQDs and
g-C3N4 encouraged the separation of photoexcited electrons and holes and significantly raised the
photocurrents of the nanoheterostructures. On a microplate covered with monoclonal anti-PSA
antibody, a sandwich-type immunoreaction was first performed utilizing CuNCs coupled with PSA
aptamer as the tracer (18). The overall phenomenon is shown in Figure 1.

In addition, the linear range and limit of detections (LODs) of target analytes are shown in Table
1.

Table 1. Statistical Parameters of Analytes Determined by CDs as
Photoelectrochemical Sensors

Sensor Target Linear Range LOD Ref.

CDs GSH 0.02–4 μM 6.2 nM (16)

WS 2-CDs-AuNPs-DNA T4-β-Glucosyltransferase 0.1–220 units/mL 0.028 unit/mL (19)

WS 2-CDs-AuNPs-DNA 5-Hydroxymethylcytosine 0.01−100 nM 0.0034 nM (19)

CQDs and graphitic carbon
nitride (g-C3N4)

PSA 0.02–100 ng/mL 5.0 pg/mL (18)

CDs as Electrochemiluminescent Sensors

By utilizing their distinctive luminous characteristics and surface changes, carbon dots can make
efficient electrochemiluminescent sensors. Their potential for use spans a number of industries,
including chemical analysis, biomedical diagnostics, and environmental monitoring. To enhance the
performance and versatility of carbon dot-based ECL sensors, ongoing research is investigating new
synthesis techniques, surface functionalization tactics, and sensing processes.

In the process known as electrochemiluminescence (ECL), an electrochemical reaction results
in the emission of light. It includes producing excited states of luminous species at the electrode
surface through electron-transfer processes. Electrochemical systems can be used to incorporate
carbon dots as ECL sensors. A general description of the application of carbon dots as
electrochemiluminescent sensors is given below (20).

Carbon dot-based ECL sensors have a number of benefits, including high sensitivity, a wide
dynamic range, a quick reaction time, and good stability. They can be used to find a variety of
analytes, such as medicines, biomolecules, heavy metals, and environmental contaminants. Carbon
dots are also inexpensive, simple to make, and compatible with a variety of electrode materials and
electrochemical processes (20).

Analyte detection: The presence of particular analytes can modify the ECL emission of carbon
dots. Different techniques, such as direct interaction between the analyte and the carbon dots,
modifications to the immediate surroundings of the dots, or control over the electrochemical
process, can be used to accomplish this. Depending on the experimental design and analytic needs,
analyte detection might be qualitative or quantitative (21).

ECL Measurement: The ECL measurement can be carried out once the carbon dots have been
immobilised on the electrode. Usually, the working electrode receives voltage from electrode in

171
 Berdimurodov et al.; Carbon Dots: Recent Developments and Future Perspectives 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



order to start an electrochemical reaction and produce the ECL emission. Using the appropriate
photodetection methods, such as photomultiplier tubes or charge-coupled device (CCD) cameras,
the emitted light is then detected and measured (22).

Immobilisation on Electrodes: To make an ECL sensor, modified carbon dots can be
immobilised on electrode surfaces. There are several methods that can be used to immobilise the
subject, including self-assembly, Carbon Dot Synthesis: There are several ways to make carbon
dots, including laser ablation, solvothermal synthesis, hydrothermal synthesis, microwave-assisted
synthesis, or carbonization of organic precursors. The production procedure has an impact on the
carbon dots’ size, surface chemistry, and luminous properties (23).

After being synthesized, carbon dots can have their surfaces changed to improve certain
characteristics or add particular functionalities. This can be done via surface coating with different
substances, such as polymers, biomolecules, or particular receptors for the target analytes, or by
chemically functionalizing anything.

CDs as Electrochemical Sensors

In the field of the electrochemical analysis, Carbon dots (CDs) have great importance as
compared to other nanoparticles. It has a specific pie (π)-pie (π) conjugation structure, solubility
in various solvents to a large extent, having high electrical conductivity, intrinsic low toxicity,
appropriate chemical & mechanical properties, having a large active site, series of functional group,
large edge sites for functionalization, inherent catalytic actions and excellent biocompatibility. In this
chapter we focus on the application of carbon nano dots (CNDs) in the field of electroanalytical
investigation. CNDs have effective response in sensing

1. Hydrogen Peroxide (H2O2) and Glucose (C6H12O6)
2. Bio-Organic molecules
3. Heavy Metal Ions

Application of CNDs for Electrochemical Sensing and Biosensing

Hydrogen peroxide (H2O2) and oxygen (O2) have been reduced through the application of
CDs and Graphene quantum dots’ (GQDs’) electrochemical activity. When measuring glucose
(GLC), CDs and GQDs exhibit parallel activity towards glucose oxidation, simulating the action of
the enzyme glucose oxidase. Due to the high reactivity of CDs and GQDs towards a wide range of
organic molecules, metal ions, and other pertinent chemicals, these molecules, ions, and compounds
can be easily sensed.

Detection of Hydrogen Peroxide and Glucose

In various industrial process, H2O2 used as oxidant, but expose of high concentration of H2O2
may leads to trouble in human beings (24). So, it is very important that it should be measured precise
and accurate. There are various methods are known for the determination of H2O2, among which
electrochemical sensors method found to be most promising because of special features of accurate
detection, easy to handle and showing quick response on determination. As a non-enzymatic sensor
for the detection of H2O2, CDs & GQDs have shown a maximum possibility of mimicking enzyme
activity (25). Nanostructured GQDs-Chitosan (GQDs-CS) has been utilised to effectively
immobilise methylene blue (MB) through the amino-hydroxyl reaction. As a result, the combined
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action of methylene blue (MB) and GQDs-Chitosan (GQDs-CS) causes an intriguing particular
sensor activity in the final product. The combination of silver nanoparticles with CDs (AgNPs/CDs)
casted on Glassy Carbon electrode (GCE) was successfully tested as an amperometric H2O2 sensor.
The ability of AgNPs and CDs to mimic enzyme activity and enhance molecular identification to
the highest level of interest is the most intriguing aspect of this approach. Furthermore, intracellular
H2O2 produced from both diseased and non-cancerous cells during anticancer drug therapy has
been measured using a novel electrochemical sensor that uses reduced graphene oxide quantum dots
(rGO QDs)/ZnO nanofibers (NFs). High catalytic activity in this biosensor has been observed,
indicating the synergistic effect of rGo QDs and ZnO nanofibers (26). Another literature reviews
highlight that CDs/MWCNTs/GCE has new electrocatalytic activity towards the reduction of H2O2
(27).

Glucose (GLC) in blood has another significant impact on human health. There are so many
techniques have been studied to develop advance biosensor for glucose (GLC) detection. Normally,
Glucose Oxidase Enzyme (GOx) has been used in electrochemical detection of GLC. High
performance glucose biosensor via GQD modified Carbon Ceramic electrode (CCE) has been
induced by Razmi et al. 2013 (28). GQDs have large surface area, larger hydrophilic edges and a
hydrophobic plane, having high porosity. The nanostructure electrocatalyst of CQDs/ Octahedral-
Cuprous Oxide (Cu2O) synthesized by Li et al., 2015 (29). This electrode has construct for non-
enzymatic electrochemical sensors for the detection of glucose (GLC) and H2O2 (30). CDs/
Octahedra Cu2O showed significant electrocatalysis to the glucose (GLC) oxidation and H2O2
reduction as compared to octahedral Cu2O. Table 2 and Table 3 highlights different kinds of
electrochemical sensors for the determination of H2O2 and glucose (GLC) by using CDs and GQDs.

Table 2. A List of Applications of CD- and GQD-Based Electrochemical Sensors for the
Detection of H2O2

S.No Improved Electrode Method Applied Linear Range
Detection

Limit Ref.

1 AgNPs/CDs/GCE Amperometry 0.2–27.0 μM 80 nM (31)

2 Ag/CNC/GCE Amperometry 5.00 μM–11.05 mM 0.51 μM (32)

3 Ag/C/GCE Amperometry 4–25.5 mM 1.3 μM (33)

4 AuNPs−N-GQDs/GCE Amperometry 0.25 μM–13.327 mM 0.12 μM (34)

5 CDs/MWCNTs/GCE Amperometry 3.5 μM–30 mM 0.25 μM (35)

6 CQDs/GCE Amperometry 100 nM–1 mM 300 nM (36)

7 CQDs/Cu2O/NF/GCE Amperometry 5 μM–5.3 mM 2.8 μM (37)

8 CS−GODs/AgNCs/Au Amperometry 10 μM–7.38 mM 0.15 μM (38)

9 GQDs-CS/MB/GCE Amperometry 1μM–11.78 mM 0.7 μM (39)

10 rGOQDs/ZnO NFs/ITO Amperometry 1–22.48 μM 0.025 μM (40)
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Table 3. A List of Applications of CD- and GQD-Based Electrochemical Sensors for the
Detection of GLC

S.No Improved Electrode Method Applied Linear Range
Detection

Limit Ref.

1 GOD–CNDs–rGO/GCE CV 40 μM–20 mM 40 μM (41)

2 GOx–GQD/CCE Amperometry 5–1270 μM 1.73 μM (42)

3 CQDs/AuNPs-GOx/Au Amperometry 0.05–2.85mM 17 μM (43)

4 GOx-GQD/ GCE Amperometry 10 μM–3 mM 1.35 μM (44)

5
NiO@NCDs/
Ni foam electrode Amperometry 5 μM–12 mM 0.01 μM (45)

6 GQDs/CoNiAl-LDH/CPE Amperometry 0.01–14.0 mM 6 μM (46)

Detection of Organic Compounds

The organic compounds which have vital importance for human beings are very important to
detect with accuracy. The bio-molecules compounds like Dopamine (DA), Ascorbic Acid (AA),
Uric Acid (UA), Nicotinamide Adenine Dinucleotide (NADA), Epinephrine (EP) and so on. The
electrochemical sensors of CDs are of low cost, easy to handle and high sensitivity. The modified
electrode of CDs can strengthen the rate of electrochemical reaction and be beneficial by increasing
the active electrochemical surface sites. The abnormality in Dopamine (DA) can be correlated by
neurological disorder. So, detection of DA is very important and essential for diagnosis purposes.
An advanced and modified N-doped carbon quantum dots (NCQDs) developed by Jiang et al. for
the detection of DA with broad linear range and low detection limit (47). Additionally, a Cuprous
Oxide- Carbon dots / Nafion (Cu2)-CDs/ NF) fabricated for the determination of DA. In Cu2O-
CDs/NF electrode, Cu2O is cable to increase the conductivity and CDs are able to interact with
DA through the amine functional group as well as to reduce Cu (OH)2 directly. The best part of
this electrode that other bio-molecules like UA and AA had no interference during the detection
of DA (48). Another electrode made by the N-CDs and ferrocene @ β-CDs) are deposited on
a GCE. The importance of this materials is higher catalytic activity during the detection of DA
accomplished by oxidation of UA as comparison with the unmodified electrode (N-CD and FC@
β-CDs) respectively (49). Additional to that, L-AA imprinted polymer film was fabricated in pencil
graphite electrode (PGE) modified with carbon dots (CDs), poly-aniline ferrocene-sulphonic acid
(PANI- FSA) for separation and measurement of D-AA & L-AA formed in aqueous & biological
samples (50). For the determination of NADH (51). Carbon screen printed electrode modified with
magnetic nanoparticles and CDs (SPE/MagNP/CDs) has been used (52). This electrode is very
effective method for aggregation dynamic qualifier agent and the removal of magnet leads to effective
release of nanoparticles.

The CDs have ideal properties like greater surface area and high electrical conductivity,
promotes this in the field of drug investigation. For the detection of doxorubicin hydrochloride
(DOX) a novel electrochemical sensor developed. It was done by one step electrodeposition method
by the deposition of AgNPs, CDs and rGO on GCE electrode. The electrocatalytic activities is
directly affected by the concentration of Ag (NH3)2OH. During the experiment, it was observed
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that, when the volume ratio of the reagent in CDs-GO was 3:1 (v/v) to Ag (NH3)2OH was reduced
and fixed to 1:1. then, the best result obtained as well as elctrocatalytic activities also found
considerable.

Table 4. The Electrochemical Sensing of Heavy Metals by CDs

S.No Improved Electrode

Target
Metal

Ion Method Applied Linear Range LOD Ref.

1 PANI/GQDs/SPCE Cr(VI)
Linear sweep
voltametry 0.1–10 mg/L 0.097 mg/L (59)

2 GQDs/GCE Cu(II)

Differential pulse
anodic stripping
voltametry -- 0.3 nM (60)

3 NCQDs-GO/GCE Cd(II)
Anodic stripping
voltametry 11.24–11241 μg/L 7.45 μg/L (61)

4 CS/GQDs/GCE Cd(II)
Square wave stripping
voltametry -- 1.9 μg/L (62)

5 GQDs/GCE Pb(II)

Differential pulse
anodic stripping
voltametry 0.8–10 μM 7 nM (63)

6 GNPs/SPGE Pb(II)
Square wave stripping
voltametry 20–200 PPB 2.2 ppb (64)

7
GQDs/graphene/
GCE Cu(II)

Differential pulse
anodic stripping
voltametry 0.015–8.775 μM 1.34 nM (65)

8
OH-GQD@VMSF/
ITO Hg(II)

Differential pulse
anodic stripping
voltametry 1.0 nM–0.5 μM 9.8 pM (66)

9
NH2-
GQD@VMSF/ITO Cd(II)

Differential pulse
anodic stripping
voltametry 1.0 μM–20.0 μM 4.3 nM (67)

10
GQDs/AuNPs/
GCE Hg(II)

Anodic stripping
voltametry -- 0.02 nM (68)

Detection of Metal Ions

For the detection of heavy metals, there are so many methods are known. Among all detection
by nanoparticles based on electrochemical sensor basically CDs and GQDs are most popular. It
is simple, easy to operate, fast detection and having affordable are the main reasons for this. For
the detection of Cr(VI) (53), developed a nanoparticles sensor by polyaniline/graphene quantum
dots (PANI/GQDs) modified screen-printed carbon electrode (SPCE). The electrochemical sensor
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(PANI/GQDs/SPCE) has been used for the determination of concentration of Cr(VI) in real
samples. Addition to that (54), developed another electrochemical sensor for the determination of
Cu(II) ion in the brain of rat by micro-dialysates. An electrode made of graphene quantum (GQDs/
PGE) has been used for the sensing of Cu(II) ion (55). As literature reviews indicate , high
concentrations of heavy metals like Pb(II), Cd(II), Hg(II), Cr(VI) in groundwater make it unfit for
all living organisms. Due to anthropogenic activities its concentration increases day by day. On view
of this, Li et al. developed an electrochemical sensor for the detection of Cd(II) and Pb(II) by Anodic
Stripping Voltammetry (ASV). This sensor was developed by the combination of N-doped Carbon
Quantum dots-graphene Oxide (NCQDs-GO) (56). The (NCQDs-GO) dropped onto GCE. The
results obtained from NCQDs-GO/GCE much better than normal (GO/GCE) and NCQDs. Due
to accumulation of heavy metal such as mercury leads to neural and renal issues on human beings
(57) though its permissible limit is 0.001 ppm. Thus, detection in such low quantity is challenging.
In this regard, Ting et al. (58) developed an electrochemical sensor made up of gold nanoparticles
(AuNPs) and GQDs and then it was used in Anodic Stripping Voltammetry (ASV) for the detection
of Hg(II) and Cu(II) respectively. In, addition, Table 4 represents the Electrochemical sensing of
heavy metals by CDs.

CDs as Colorimetric and Fluorescent Sensing Applications

Zero-dimensional carbonaceous materials are called carbon dots. Carbon dots are small
fluorescent molecules less than 10 nm in diameter. Good conductivity, strong chemical stability,
broadband optical absorption, and luminescence are among the special qualities of carbon dots
(69–71), Carbon dots can be broadly classified into three types: carbonised polymeric dots (CPDs)
(P1), which are made up of a core carbon atom and surface functional groups, and graphene quantum
dots (GQDs). Their different structures determined the optical properties. Hereafter, this property
will be described.

Optical Properties of CDs

UV Absorption Properties

The CQDs prepared from different precursors show different absorption spectra in different
solvents, but they possess similar UV absorption peaks. There are more than one absorption peaks
observed in the UV region in the range of 260 to 320 nm. The surface functional groups, tail part
covers the complete visible region. The absorption peak of CQDs is found in the wavelength range
220-270 nm due to transition of electrons from π orbital to C=N bonds. In the region of 280-350
nm the absorption peak found due to electronic transition from C-O/C=O bonds to π* orbital (72).
In the range of 350-600 nm, the absorption peak found due to electronic transition in functional
groups present on the surface of nanoparticles, shows that moieties present on the surface impart the
absorption in UV-Visible zone. In some cases, surface functional groups after binding shows red shift
(73). In other cases, if aromatic rings present on the surface of CQDs the absorption peak covers 600-
800 nm wavelength range (74).

Fluorescence Properties

CDs is used as detector due to availability, low poisonousness and low cost. The surface
modification of CDs is very easy, which makes them soluble in water. Consequently, high
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fluorescence quantum yield makes CDs good fluorescence-based sensors. The binding pattern
between CDs and metal ions completely changes the properties of fluorophores and fluorescence
intensity and gives good signals of analytes (75).

Fluorescence is the key property of CDs. Functionalization of CDs enhances the fluorescence
property of CDs. The structure of CDs is complex. Thus, the description of the CDs fluorescence
mechanism is difficult. The optical properties of CDs differ on whether they are prepared from
the same materials. The difference depends upon the optimization of different parameters such as
temperature, incubation time in the microwave hydrothermal preparation method. Thus, the two
different samples of CDs. The surface structure of CDs is compatible with their fluorescence. The
CDs prepared from two different mechanisms show give different coloured spectra. Temperature
dependent synthesis of CDs as at high temperature and long reaction time, exposed CDs showed
a full colour spectrum, while at low temperature and short-duration prepared CDs showed a blue
coloured spectrum because the different size of CDs affects the emission profile. As the size
decreases, the energy gap between the conduction band and valence shell increases and vice versa
condition arises as the size increases. The overall change is due to the presence of functional groups
on CDs surface. The abundance of functional groups on the surface of CDs gives full spectrum
(76, 77). Fluorescence resonance energy transfer (FRET) phenomenon is responsible for the
fluorometric determination of analytes using CDs. FRET is the phenomenon in which fluorescence
resonance energy transfer between donor and acceptor molecules (78).

Table 5. Statistical Parameters of Heavy Metal Ions Using CDs as Fluorescence
Sensing Probes

S. No. Fluorescent Probe Metal Ion Detection
Limit

Linear Range Ref.

1 Carbon dots Aluminum (III) 113.8 nM 0.15−38.6 μM (80)

2 N-doped GQDs Fe(III) 90 nM (81)

3 N-S doped CDs Hg(II) 0.5 nM (82)

4 Polyethylene amine functionalized
GQDs

Cu(II) 0−9 μM (83)

5 N-doped GQDs Hg(II) 80 nM 80−100 nM (84)

6 Green CDs Pb(III) 0.59 nM 0.01−1 nM (85)

7 CQD-gold nanocluster
(CQDs/AuNCs)

Cd(II) 32.5 (86)

Colorimetric-Fluorescence-Based Determination of Heavy Metals

There are various heavy metals such as chromium (III), aluminium, iron etc., are nutritious and
essential for living organisms but sometimes these may be toxic in its higher concentrations, but
some heavy metals, such as chromium (IV), lead (II), arsenic (III), mercury (II) can cause toxicity
even in its trace amount. These heavy metals are nonbiodegradables. Carbon dots are developed as
fluorescent nano sensor for detecting these environmental contaminants in living organisms. The
energy transfer takes place between nano carbons and metal ions due to functional groups and

177
 Berdimurodov et al.; Carbon Dots: Recent Developments and Future Perspectives 

ACS Symposium Series; American Chemical Society: Washington, DC, 0. 



surface setups. Fluorescence quenching has been seen between donor and acceptor in the overall
mechanism where transfer of electrons involves between donor and acceptor. Metal ions are
responsible for the quenching of CDs. In the overall determination of metal ions turn on and turnoff
of fluorescence spectra takes place. It is attributed to nonradiative electron transfer from the excited
state to the d-orbital to the metal ions. The soft-soft and acid-base interactions between CDs moity
and metal ions make the fluorescent tool more effective. The quenching of fluorescence spectra of
CDs in presence of Hg(II) ion (79).

Wei et al. shows the determination of Al(III) ion in presence of blue fluorescent CDs synthesized
from naringin with emission peak at 420 nm. In the presence of Al(III) ion, a new peak appears at 500
nm due to proximity of adjacent CDs. Also, visual detection of Al(III) based on monitoring of colour
changes by a smartphone (80). The statistical parameters of heavy metals, detected by fluorescence
method are shown in Table 5.

Colorimetric-Fluorescence–-Based Determination of Biomolecules

For the purpose of determining biothiols, CDs are the most sought-after fluorescent probe due
to their real-time applicability, crystalline nature, low toxicity, and seamless production. Biothiols
like glutathione, homocysteine, and cysteine are essential for maintaining redox homeostasis,
decreasing damage from pollution and free radicals, and regulating gene expression, among many
other functions. Similarly, aberrant biothiol stages can cause severe illnesses like Alzheimer’s disease
(AD), neurotoxicity, hair loss, liver/pore damage, and skin damage, among others. Several low-toxic
probes, such as fluorescent quantum dots, emissive organic probes, composited nanomaterials, and
so on, were cited in real-time programmes to quantify the biothiols in an organic system. Carbon
dots (CDs), one of such fluorescent probes, have become more and more appealing for the detection
of biothiols due to their smooth manufacturing, nanosize, crystalline housing, low toxicity, and real-
time applicability (87). A CDs-based totally biothiols assay may be completed by way of fluorescent
“turn-On” and “turn-Off” responses via direct binding, metal complex-mediated detection,
composite stronger interaction, reaction-based totally reviews, and so on (88). So far, the supply
of an assessment centered on fluorescent CDs-based biothiols detection with data on current
developments, mechanistic components, linear stages, LODs, and actual applications is missing,
which lets in us to supply this comprehensive evaluation. Furthermore, it has been seen that Gold
composite carbon dots are applied for the determination of glutathione with 50nM detection limit
(89).

Conclusion

By utilising their distinctive luminous characteristics and surface changes, carbon dots can make
efficient electrochemiluminescent sensors, Photoelectrochemical sensors, electrochemical sensors,
colorimetric and fluorescent sensing applications. Their potential for use spans a number of
industries, including chemical analysis, biomedical diagnostics, and environmental monitoring. To
enhance the performance and versatility of carbon dot-based ECL sensors, ongoing research is
investigating new synthesis techniques, surface functionalization tactics, and sensing processes.
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Chapter 1

Diversity of marine algae, cultivation
techniques, and sources of natural
products for biotechnological
applications

Antı́a Torres1, Sabina Naz2, Dakeshwar Kumar Verma3 and Paz Otero1

1Nutrition and Bromatology Group, Department of Analytical Chemistry and Food Science, Faculty of Science, University de Vigo, Ourense, Spain,
2Department of Biotechnology, Bhilai Mahila Mahavidyalaya, Bhilai, Chhattisgarh, India, 3Department of Chemistry, Govt. Digvijay Autonomous

Postgraduate College, Rajnandgaon, Chhattisgarh, India

1.1 Introduction

The biological diversity in marine ecosystems offers an abundance of highly potent secondary metabolites for exploita-

tion as bioactive compounds that might vary from the metabolites produced by terrestrial microorganisms. These com-

pounds have evolved over millions of years as defense strategies to help marine organisms paralyze their preys

(Pangestuti & Kim, 2011). From all marine organisms, algae have shown one of the major sources of new marine mole-

cules providing unusual and unique chemical structures upon which molecular modeling and chemical synthesis of new

nutraceuticals can be developed (Silva et al., 2021).

Marine algae can be divided into two main groups, macroalgae or seaweed and microalgae (Fig. 1.1). Microalgae

are autotrophic microorganisms, which utilize light energy and inorganic nutrients (carbon dioxide, nitrogen, phospho-

rus, etc.) to synthesize valuable biomass compounds, such as lipids, proteins, carbohydrates, and pigments (Otero et al.,

2017; Saha et al., 2020). They represent the largest and one of the most poorly understood groups of microorganisms

on Earth. Microalgae thrive in harsh environmental conditions of high UV irradiance and photooxidation stresses due to

their unique survival strategies (Browne et al., 2023). Growth rates, and thus the yields, of many microalgae are much

higher than those of terrestrial crops (Mata et al., 2010), making them an appealing choice for natural biomolecule pro-

duction. On the other hand, macroalgae or seaweed are multicellular plants that can reach sizes of up to 60 m in length.

They are classified based on their pigmentation into three broad groups as brown seaweed (Phaeophyceae), red seaweed

(Rhodophyceae), and green seaweed (Chlorophyceae) (El Gamal, 2010; Otero et al., 2018). Biodiversity within red,

green, and brown macroalgae offers the possibility of finding a wide variety of bioactive natural compounds such as

carotenoid pigments, phycosterols, peptides, polyunsaturated fatty acids (PUFA), betaines, taurine, polyphenols, miner-

als, and vitamins (Carreira-Casais et al., 2021; Otero, López-Martı́nez, & Garcı́a-Risco, 2019; Pereira et al., 2021).

Seaweeds accumulate a variety of phloroglucinol-based polyphenols known as phlorotannins involved in the protection

of UV light-induced skin damage (Echave et al., 2022). Similarly, polysaccharides isolated from macroalgae such as

fucoidan and laminarin of brown algae, carrageenan of red algae, and ulvan of green algae have anticoagulant, antioxi-

dant, antiproliferative, antitumoral, antiinflammatory, antihyaluronidase, and antiviral activities (Otero, Carpena, et al.,

2021).

The high content of bioactive in both micro and macroalgae allows their use for gastronomic, nutraceutical, and

therapeutic purposes. Thus, notable efforts have been made to recover bioactive compounds from algae and use them as

functional additives or drugs in the pharmaceutical, nutraceutical, and cosmetic industries. To obtain the maximum ben-

efit from algae, it is necessary to extract and purify their active components, which is usually performed in the form of

3
Marine Molecules From Algae and Cyanobacteria. DOI: https://doi.org/10.1016/B978-0-443-21674-9.00001-5

© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

https://doi.org/10.1016/B978-0-443-21674-9.00001-5


extracts. In this chapter, we introduced the main sources of micro- and macroalgae producing natural products of inter-

est for nutraceuticals, pharmaceuticals, and cosmetic industry along with the main uses of these compounds in livestock

feed, agriculture, and biofuel products.

1.2 Microalgae as a potential source for chemical compounds of interest

Microalgae have great potential in the nutritional and pharmaceutical and cosmetic industries due to their ability to syn-

thesize a wide variety of bioactive compounds with therapeutic properties. Looking for new and sustainable energy

alternatives, converting microalgae to biofuel is a sustainable energy alternative process to the use of fossil fuels.

Table 1.1 collects information regarding innovative applications of microalgae as livestock feed, biofuel products as

well as in their uses in the food, pharmaceutical, cosmetic industries, and they are deeply explained further.

1.2.1 Dietary source

The use of microalgae biomass in the production of food, feed ingredients, and nutraceuticals has been widely docu-

mented as an alternative source of traditional food (Otero, López-Martı́nez, & Garcı́a-Risco, 2019). Today, its consump-

tion has increased considerably during the last 20 years, due to our growing concern for health and nutrition (Rumin

et al., 2020). In the food technology field, microalgae constitute a little-explored biological source of bioactive ingredi-

ents, which can be used in food fortification to develop functional foods (Barkia et al., 2019; Garcia-perez et al., 2023).

Specifically, microalgae contain a high proportion of vitamins, which is essential for tissue growth and repair

(Mahendran et al., 2021). On the other hand, the presence of healthy fats, such as omega-3 fatty acids, has been shown

to improve human health and prevent diseases (for example, type 2 diabetes, cardiovascular disease, depression, or

schizophrenia) (Rumin et al., 2020). Furthermore, despite macro- and microelements, they contain biopigments, such as

chlorophyll and carotenoids, which give them powerful antioxidant potential and may help prevent cell damage and

reduce the risk of diseases such as cancer (Mahendran et al., 2021).

FIGURE 1.1 Some micro- and macroalgae for nutrition, pharmaceutical, cosmetic, livestock, agriculture, and biofuels production.
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TABLE 1.1 Innovative applications of microalgae as liverstock feed, biofuel products as well as in the food,

pharmaceutical, cosmetic industries.

Microalgae Analyte Innovative

application

Benefit References

Applications in the food industry as dietary source

Porphyridium
cruentum

EPA Antimicrobial and
antiinflammatory
effects

Nutraceutical; Baby and health food
supplements

Mahendran
et al. (2021)

Chlorella
vulgaris

Proteins Detoxify toxic metals
and pesticides

Detoxifier Mahendran
et al. (2021)

Haematococcus
pluvialis

Astaxanthin Antiinflammatory and
antidiabetic effects

Decreased glucose release in the production of
whole foods

Mularczyk
et al. (2020)

Athrospira
platensis

GLA;
Phycocyanin

Antiviral, anticancer,
antioxidant, and
antiinflammatory
properties

High-quality protein source; Used as a food
additive

Barkia et al.
(2019)

Applications in the pharmaceutical industry and medical interest

H. pluvialis Astaxanthin Anticancer Increased levels of immune cells, natural killer
cells and plasma γ interferon in mice after
astaxanthin treatment

Mularczyk
et al. (2020)

Dunaliella salina β-carotene Antioxidant and
anticancer

Increased total number of T and B
lymphocytes; increased cytotoxic activity of
natural killer cells; reduced biomarkers of
oxidative damage

Molino
et al. (2018)

A. platensis Phycoyanin Antiviral effect Downregulation of expression of inflammatory
factor

Carbone
et al. (2021)

Euglena gracilis β-glucan Immunomodulatory
effect

Activated NK cells and increased the levels of
two proinflammatory mediators TFNα and IL-6

Riccio and
Lauritano
(2020)

Applications as livestock feed

Chlorella sp. β-1,3-glucan Antioxidant effect Helps in lowering cholesterol levels in blood;
Meat with a well-balanced lipid profile in pigs

Saadaoui
et al. (2021)

Nanochloropsis
sp.

PUFA Improved quality Improve the quality of milk in terms of useful
fatty acids

Saadaoui
et al. (2021)

A. platensis PUFA-ω3, EPA,
DHA

Improved meat color;
Antibiotic activity

Reduced risk of chronic disease, improved
well-being

Camacho
et al. (2019)

Navicula sp. Oligosaccharides Probiotic effects Improved immune system and antioxidant
activity in the feed

Camacho
et al. (2019)

Applications in cosmetic sector

A. platensis GLA Immunity booster Maintains tissue integrity and delays aging Mahendran
et al. (2021)

Chlorella sp. β-1,3-glucan Free-radicals
collector;
Immunomodulatory

Used in cosmetics for sensitive and reactive
skin

Mourelle
(2017)

D. salina β-cryptoxanthin Antiinflammatory
effect; antioxidant

Revitalize and hydrate the skin; rejuvenate
tissues; protect against UV-rays

Mourelle
(2017)

Porphyridium Polysaccharides Antiinflammatory
effect

Inhibition of the movement of
polymorphonuclear leukocytes; Inhibition of
the development of erythema

Mohamed
Abdoul-latif
et al. (2021)

(Continued )
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From all microalgae susceptible to be used in human nutrition, just few species such as Arthrospira plantesis,

Haematococcus pluvialis, Dunaliella salina, and Chlorella vulgaris are the most frequently used because of their rele-

vant composition and bioactivities (Rumin et al., 2020). A. plantesis is a blue-green microalgae, also known as

Spirulina, which is rich in protein, healthy fats, essential vitamins, and minerals and has antiviral, anticancer, antioxi-

dant and antiinflammatory properties, among other beneficial effects (Mahendran et al., 2021). C. vulgaris has shown

healthy properties such as cholesterol reduction, and antioxidant, antibacterial, and antitumoral activities (Mahendran

et al., 2021). H. pluvialis is a green freshwater microalga, which contains a high concentration of astaxanthin (Otero

et al., 2017) as well as an important antioxidant, antiinflammatory, antidiabetic, and anticancer activities (Mularczyk

et al., 2020). D. salina habits very saline waters, accumulating large amount of beta-carotene with antioxidant and anti-

cancer properties (Molino et al., 2018). C. vulgaris and A. plantesis are the most sought after in the global market due

to their high protein content and their wide spectrum of minerals, vitamins, lipids, carbohydrates, pigments, and other

trace elements (Cofrades et al., 2017). Similarly, other species, such as nori or wakame, are very popular in food, since

they are used in the preparation of sushi, soups, and salads, standing out for high-value proteins, fibers, and essential

minerals, such as iodine (Fraga-Corral et al., 2021).

Microalgae for human nutrition can be sold as food additives in a variety of food products (such as smoothies), in

culinary dishes preparations, highly standardized in Asian countries, in drinks (such as juices), and in the form of sup-

plements (either capsules or powders). However, to increase their acceptance, there are still some issues to be consid-

ered in their production and commercialization in regard to the bioactive compounds stability improvement, final

product quality, and the risk assessment of an overconsumption (Barkia et al., 2019; Rumin et al., 2020).

1.2.2 Pharmaceutical and medical interest

Microalgae constitute an important source of bioactive compounds of natural origin, which have been a vital source of

medicine for thousands of years. The characteristic chemical composition of microalgae gives them significant biologi-

cal properties, which makes these microorganisms an important natural resource to be used in the prevention and treat-

ment of certain diseases (Vieira et al., 2020).

Their applications in the pharmacological and medical field have grown exponentially in recent years due to their

biological properties (Vieira et al., 2020). One of the most active and important research areas in this field is the use of

microalgae due to their antioxidant potential, as the pharmacological industry increasingly considers these microorgan-

isms for their antioxidant potential (Coulombie et al., 2021). Microalgae contain a wide variety of metabolites with

great pharmacological relevance, such as carotenoids, polyphenols, fatty acids, or vitamins (Ferdous et al., 2021). These

compounds can act as a defense against oxidative damage, by neutralizing free radicals, which prevents cell oxidative

damage. For this reason, they can act in the prevention and treatment of diseases such as cancer or cardiovascular dis-

eases, among others (Ferdous et al., 2021; Coulombie et al., 2021). One of the most studied species for its antioxidant

TABLE 1.1 (Continued)

Microalgae Analyte Innovative

application

Benefit References

Applications as biofuel products

Chlorococcum
infusionum

Glucose Hydrolisis Bioethanol production by biomass
pretreatment

Simas-
Rodrigues
et al. (2015)

Isochrysis
galbana

Fucoxanthin Biorefinery Obtaining biofuels from supercritical CO2 Gilbert-
López et al.
(2015)

Nannochoropsis
gaditana

PUFA Biorefinery Biodiesel production Koyande
et al. (2019)

Dunaliella
tertiolecta

Lipids; Fatty
acids

Biorefinery Obtain chair ad bio-oil from deffated biomass Koyande
et al. (2019)

Abbreviations: DHA, Docosahexaenoic acid; EPA, eicosapentaenoic acid; GLA, γ-linolenic-acid; PUFAs, polyunsaturated fatty acids.
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activity is H. pluvialis, specifically because of the biopigment astaxanthin, which is capable of protecting against vari-

ous effects produced by oxidative stress (Vieira et al., 2020). Another studied activity is their immunomodulatory activ-

ity due to compounds such as sulfopolysaccharides or polyunsaturated fatty acids, capable of stimulating macrophage

cells, T cells, or dendritic cells, in addition of being able to act as adjuvants or specific immune responses (Riccio &

Lauritano, 2020). Therefore, these compounds stimulate the immune system in human and murine models, so algae con-

taining this bioactive compounds are promising drugs with potential applications to treat human pathologies (Riccio &

Lauritano, 2020). On the other hand, inflammation is a key component of the immune system’s response to pathogens,

toxic agents, or tissue damage, and microalgae have been studied because of their antiinflammatory effects. For exam-

ple, the carotenoids have shown various beneficial effects in many inflammatory diseases, such as nonalcoholic fatty

liver disease, type 2 diabetes mellitus, asthma, or psoriasis, among others (Ávila-Román et al., 2021). Next, hyperten-

sion is a disease that causes thousands of deaths worldwide and has shown an increasing trend in recent years as a seri-

ous noncommunicable disease. In this case, peptides from microalgae have great potential for the prevention and

treatment of hypertension due to their biological properties, specifically acting as promising angiotensin-converting

enzyme (ACE) inhibitors (Jiang et al., 2021). Finally, microalgae attract the attention of researchers in the search for

new molecules with antiviral effects. Thus, the antiviral effect of compounds such as lectin, carotenoids, astaxanthin, or

polysaccharides has been documented in infections caused by viruses, such as Hepatis C, diseases caused by herpes

viruses, HIV, or SARS-COV-2 (Carbone et al., 2021). However, despite the great potential of microalgae, its use in this

field still needs more development. The environmental impact of large-scale production is also a concern, due to the

use of natural resources and energy (Ahmad & Hassan, 2022). More research and efforts are needed to find ways to

exploit the various properties of microalgae compounds, but in an environmentally friendly way, as well as optimizing

culture conditions and reducing costs of production (Ahmad & Hassan, 2022).

1.2.3 Livestock feed

It is known that approximately 30% of the total world production of microalgae is used in animal applications (Pas

et al., 2021). Thus, these microorganisms are considered as a very promising food or feed ingredient due to their nutri-

tional characteristics, which vary according to the species of microalgae and the amount consumed in the diet of the

animals (Camacho et al., 2019). One of the reasons of microalgae use in livestock feed is because they are of high qual-

ity and relatively cheap ingredients with good carbohydrates, carotenoids, vitamins, and lipoproteins nutritional profile,

providing livestock benefits such as the stimulation of their immune system or the improvement of milk quality cow

(Saadaoui et al., 2021).

Microalgae are a very important source of protein for livestock feed, some strains produce large amounts of protein,

normally between 25% and 50% (Pas et al., 2021; Saadaoui et al., 2021), although others such as A. plantesis can con-

tain up to 70% protein (Saadaoui et al., 2021). Some most used species for protein supplements are Chlorella and

Arthospira containing proteins such as methionine and lysine, which in high concentrations have been found to increase

chicken breast and thigh muscles, as well as improve meat quality and quantity (Saadaoui et al., 2021). Lipids are also

important nutrients found in microalgae and depending strain, they can produce up to 50% lipids by dry weight, and

sometimes even more (Saadaoui et al., 2021). Among the lipids, it is worth highlighting arachidonic acid (AA), alpha-

linolenic acid (ALA), and eicosapentaenoic acid (EPA), which have a variety of biological functions such as antioxidant

and antiinflammatory activities (Otero et al., 2022; Otero, Garcia-Oliveira, et al., 2021). This makes the idea of using

these lipids for the production of feed additives for cattle breeding very promising (Dolganyuk et al., 2020). In addition

to proteins and lipids, microalgae can be considered a rich source of vitamins and minerals, which confers benefits to

livestock in terms of meat quality and production when administered in feed. Some vitamins stand out in microalgae

with vitamin A, folic acid (B9), biotin (B7), or thiamine (B1). Similarly, we can find minerals such as sodium, potas-

sium, or iron (Saadaoui et al., 2021). As previously mentioned, microalgae have tremendous potential as animal feed

due to their composition rich in essential biomolecules, which improve the nutritional quality of animal products, mak-

ing these microorganisms considered a sustainable source of nutrition for cattle (Parmar et al., 2023; Saadaoui et al.,

2021).

However, despite the many advantages of feeding microalgae to cattle, there are still some challenges that need to

be addressed. For example, knowing the ideal dose to administer in animal feed is one of the objectives to be addressed

in this field (Saadaoui et al., 2021). In addition, the high water and nutrient requirements, as well as the energy needed,

make the technology used for the extraction and production of microalgae composites nowadays commercially

unsustainable (Parmar et al., 2023). Moreover, it is important to consider that many species of microalgae are not

safe for consumption by livestock or humans, since they produce toxic molecules with harmful effects on health
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(Otero et al., 2020; Otero, Alfonso, Alfonso, et al., 2010; Otero, Alfonso, Vieytes, et al., 2010; Parmar et al., 2023). To

address these challenges, efforts have to be made to develop new, more efficient, and cost-effective microalgae cultiva-

tion techniques, as well as study the microalgae species that are safe and beneficial for livestock. Some key research

directions can be to figure out the risk assessment of produced biomass, development of cost-effective processes, and

identification of microalgae strains with broad environmental adaptability (Parmar et al., 2023).

In summary, microalgae are a rich source of nutrients for livestock, including proteins, lipids, vitamins, and miner-

als, which can have an impact on the quality of meat and dairy products (Camacho et al., 2019). The inclusion of

microalgae in the diet can have benefits on the health and welfare of animals and, consequently, on humans who con-

sume the meat (Camacho et al., 2019; Pas et al., 2021). However, it is important to focus research in this field to under-

stand how the consumption of microalgae impacts animal health and welfare, in addition to addressing challenges

related to the cost of production and food safety (Parmar et al., 2023).

1.2.4 Cosmetics

Microalgae are one of the most widely used products of plant origin in the cosmetics industry, due to their biological

properties such as ultraviolet (UV) absorption, antiaging, or antistain properties, among others (Stoyneva-gärtner et al.,

2022). There is a wide variety of cosmetic products on the market that are used for body, hair, and skin care, which is

the largest category (Ferreira et al., 2021). As this area is constantly being renewed, the cosmetic industry increasingly

explores derivatives of natural products, especially those of plant origin (Stoyneva-gärtner et al., 2022).

Microalgae are widely used in the production of skin care cosmetics, as they can be used in sunscreens, moisturizing

agents, sunscreens, etc. (Martı́nez-Ruiz et al., 2022) or to prevent blemishes, repair skin damage, and inhibit the inflam-

mation process (Mourelle, 2017). The most studied species in this field are Arthospira and C. vulgaris, with well-

established and reliable results (Ferreira et al., 2021). One of the most important problems facing the cosmetics industry

today is sensitive skin, as it affects a large proportion of the world’s population. In this sense, C. vulgaris is used as a

therapeutic preventive agent for different inflammatory skin diseases, such as atopic dermatitis (AD). These microalgae

have been studied due to their ability to synthetize sulfated polysaccharides, which prevent and protect from free radi-

cals and reactive oxygen species (ROS) (Ferreira et al., 2021). Another concern is that population is slowing down the

effects of skin aging. For this, the effect of the polysaccharide β-1, 3-glucan, produced by C. vulgaris, has been studied

for its use in formulas for preventing external aging. In addition, the carotene β-cryptoxanthin, produced by D. salina,

has the ability to induce the synthesis of hyaluronic acid, which hydrates and delays skin aging (Mourelle, 2017).

Antioxidants derived from microalgae are also used in the cosmetic industry for skin care as moisturizers and sunsc-

reens for the prevention of wrinkles from aging and the treatment of skin cancer (Martı́nez-Ruiz et al., 2022). Pigments

produced by microalgae are also of great value to the cosmetics industry, due to their antioxidant properties and their

use as natural colorants. One of the most widely used biopigments is β-carotene, produced by D. salina, which is used

in decorative cosmetics to produce products such as lipsticks (Mourelle, 2017). On the other hand, astaxanthin is also

widely used in the formulation of sun protection products, since it acts against photo-oxidation induced by UV rays as

well as lycopene, which is also a promising agent in the formulation of antiaging skin products (Mourelle, 2017).

Chlorophyll is another widely used biopigment with great relevance in the cosmetics industry, particularly, in the pro-

duction of deodorants or toothpastes, due to its powerful ability to mask odors (Mourelle, 2017). In addition, microalgae

are of relevance in hair care, usually associated with the formulation of products for scalp problems, such as the preven-

tion of antimicrobial activity, and hair growth (Mohamed Abdoul-latif et al., 2021). Silva and colleagues studied the

effect in hair fiber of the combination of Arthospira plantesis and Ascophyllum noclosum, showing improvements in the

hair mechanical properties and the fibers surface (Silva et al., 2019). However, the relationship between microalgae and

hair care is not yet well documented, since the results are scarce. More studies are needed on the use of these microor-

ganisms in hair care products, as it seems to be a very promising line of research.

1.2.5 Biofuel products

The rapid growth of the world population continuously increases the demand for energy fuels, which leads to their

intensive use and, consequently, a depletion of these resources (Khan et al., 2018). Biofuels are taking on great rele-

vance today since they are an excellent alternative to fossil fuels. Biofuels are mainly produced from traditional crops

such as soybeans or palm oil; however, these crops present significant environmental disadvantages, such as increased

deforestation. In this context, renewable, clean, and sustainable energy sources are sought, where microalgae stand out

mainly (Musa et al., 2019). Among the different types of biofuels from microalgae, biodiesel and bioethanol stand out,
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which have proven to be an excellent alternative to common fuels. Each of these biofuels has its own characteristics, as

well as advantages and disadvantages, which are discussed further.

Bioethanol is one of the most important and clean biofuels used worldwide produced by fermentation with fungi or

bacteria from the microalgae biomass, specifically species such as Chlorococcum or Chlorella, or from polysaccharides

such as starch (Simas-Rodrigues et al., 2015). It has many advantages over fossil fuels, such as the production of fewer

greenhouse gases or its possible direct use, without modification, in the automotive industry. However, issues such as

the maximization of microalgae biomass or the reduction of costs in their production and maintenance must still be

tackled (Khan et al., 2018).

As mentioned earlier, biodiesel is also one of the most prominent biofuels today. This is also considered a good

alternative to fossil fuels, since its resulting energy is renewable, sustainable, and carbon neutral (Yang et al., 2023).

For the production of this compound, a selection of microalgae are used according to their lipid profile, since it is a

determining factor, but it is not a problem since most microalgae species are favorable for the production of biodiesel

(Khan et al., 2018; Yang et al., 2023). Despite these advantages, there are still limitations and challenges regarding the

production of biodiesel from microalgae, such as high costs and low productivity, as well as the difficulty of its com-

mercialization on a large scale (Khan et al., 2018). There is a need to find economic and sustainable techniques to stim-

ulate the accumulation of lipids and thereby improve production and reduce costs (Yang et al., 2023).

Another biofuel that is not as widespread or studied is biogas. This can be produced by anaerobic digestion from the

residues resulting from the production from microalgae of other biofuels, such as biodiesel. This could mean a reduction

in production and maintenance costs, as well as in the energy required, but it is not yet fully demonstrated, so more

studies are needed (Torres et al., 2021).

Summarizing, current living conditions make the demand for energy fuels continuously increase; therefore, to avoid

their massive use, other alternatives such as biofuels have been developed. Biofuels, such as bioethanol, biodiesel, or

biogas, are an excellent alternative to fossil fuels, since they are considered renewable, clean, and sustainable sources

of energy. These products have countless advantages, such as the reduction of greenhouse gases, but also disadvantages

such as costs or low production. Despite this, biofuels are a commitment to the future, so methods for obtaining them

must continue to be studied, how to address the problems that affect them, and new sustainable energy alternatives.

1.3 Macroalgae as a potential source for chemical compounds of interest

Seaweed is the base of the marine food chain. They produce a myriad of compounds and have been used in various

types of industries. The global seaweed market by 2024 will be 22.13 billion US dollars and is expected to grow 8.9%

per year by 2050. Table 1.2 collects information regarding innovative applications of macroalgae as livestock feed, bio-

fuel products as well as in their uses in the food, pharmaceutical, cosmetic industries, and they are deeply explained

further.

1.3.1 Human food

There has been a rise in the consumption of macroalgae in both Western and eastern nations. This trend can be linked

to the excellent nutritional properties of food products that are manufactured from macroalgae as well as the bioactive

capabilities that are attributed to macroalgae itself. Since ancient times, people have eaten a plain meal made from the

algae Codium tomentosum, Himanthalia elongata, Laminaria ochroleuca, Saccharina latissima, Porphyra sp., Palmaria

palmata, and Ulva lactuca (Otero, López-Martı́nez, & Garcı́a-risco, 2019). The addition of Laminaria to smoked

cheese, yoghurt, and milk desserts improved not only the nutritional content but also the overall flavor and texture of

these meals. Other examples include wakame (Undaria pinnatifida), kombu (Saccharina japonica), Irish moss

(Chondrus crispus), and thongweed or sea spaghetti (Himanthalia elongate) (Parniakov et al., 2015). These are all sub-

stances that contribute to the gelling, thickening, and stabilizing qualities of substances such as agar, alginate, and carra-

geenan (Cofrades et al., 2017). Because algae possess these characteristics, they are most frequently used in the food

industry as hydrocolloids or as functional ingredients in a wide variety of fish and meat products (steaks, frankfurters,

or sausages), milk-based and fermented products (Hamzaoui et al., 2020), or cereal-based products (flour, pasta, bread,

and biscuits) (Garcia-Vaquero et al., 2017). Also, these hydrocolloids made from algae are very important for creative

areas of the food business, such as molecular gastronomy. This is because of the potential antibacterial and antioxidant

abilities of algae such as wakame (U. pinnatifida) and kombu (Laminaria japonica), which are used to maintain product

quality and enhance long shelf lives (Khan et al., 2018). In addition to these, the H. elongata brown alga used as a natu-

ral alternative for food preservative has a significant quantity of phenolics, tannins, and flavonoids and possesses
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TABLE 1.2 Innovative applications of macroalgae as livestock feed, biofuel products as well as in the food,

pharmaceutical, cosmetic industries.

Microalgae Analyte Innovative application Benefit References

Applications in the food industry as dietary source

Gracilaria, Gelidium,
Laminaria and Macrocystis
spp.

Agar,
alginate,
and
carrageenan

Gelling, thickening, and
stabilizing qualities of
substances

Used as hydrocolloids or as
functional ingredients in a
wide variety of fish and meat
products (steaks, frankfurters,
or sausages), milk-based and
fermented products

Cofrades
et al. (2017),
Hamzaoui
et al. (2020)

H. elongata Phenolics,
tannins, and
flavonoids

Antioxidant characteristics.
Food preservative.

Prevent the growth of both
food-spoiling microbes
(Pseudomonas aeruginosa and
Enterococcus faecalis)

Cox et al.
(2010).

H. elongata Phenolics,
tannins, and
flavonoids

Antioxidant characteristics.
Food preservative.

Improve the quality of the
meat. Prevent the growth of
food-poisoning microorganisms
(Listeria monocytogenes and
Salmonella abony)

Bortoluzzi
et al. (2016)

Applications in the pharmaceutical industry and medical interest

Punctaria plantaginea Chemically
transformed
branched
xylofucans

Antithrombotic and
anticoagulant effects

To be used as anticoagulant as
the heparinoid Clexane
(enoxaparin)

Bilan et al.
(2014)

Macroalgae spp. Xanthophyll
carotenoid
astaxanthin

Antiinflammatory, antiaging,
and neuroprotective properties

therapeutic treatment or
prevention of
neurodegenerative disorders
such as Alzheimer’s and
Parkinson’s diseases

Barbosa
et al. (2014)

Ulva fasciata P Anticancer activity. suppresses
the proliferation of tumor cells
in human colon cancer by
50%

To reduce the risk of
developing cancer

Ryu et al.
(2013)

Gracilariopsis
lemaneiformis

P Antitumor activity against
human lung cancer cell line
A549, the gastric cancer cell
line MKN28, and the mouse
melanoma cell line B16

Slowing the progression of
existing tumors

Kang et al.
(2017)

Applications as livestock feed

Ulva spp., Codium
spp. Cladophora spp.,
Ascophyllum spp., Fucus
spp., Laminaria
spp. Undaria spp. Palmaria
spp.

Vitamin,
mineral,
soluble P,
PUFAs

High nutritional quality Seaweed meal for livestock Craigie
(2011)

Laminaria digitata Phenolics Antioxidant potential Boost pork’s ADG and feed
efficiency

Costa et al.
(2021)

red seaweed, Asparagopsis
taxiformis (AT).

Bromoform Promising candidate as a
biotic methane mitigation
strategy in the largest milk or
beef producing

Reduce enteric methane
emission from rumen
fermentation

Choi et al.
(2022),
Roque et al.
(2019)

(Continued )
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antioxidant characteristics. Its methanolic extract was shown to prevent the growth of both food-spoiling microbes

(Pseudomonas aeruginosa and Enterococcus faecalis) (Cox et al., 2010) and food-poisoning microorganisms (Listeria

monocytogenes and Salmonella abony) to improve the quality of the meat (Bortoluzzi et al., 2016). The use of natural

scents has the potential to cut down on the number of incidents of this kind. Even though macroalgae have not been

highlighted as a very common source of aromas, several authors have already conducted research on the volatile com-

pounds that can be found in the green alga, Capsosiphon fulvescens (C. Agardh) Setchell, and the brown alga Fucus

serratus L. (Eom et al., 2012).

1.3.2 Pharmaceutical and medical applications

Seaweeds are known to have a wide range of bioactive compounds. Many of these compounds have the potential to help pre-

vent or treat a number of diseases. For example, sodium alginate led to a reduction in the blood glucose level in diabetes

type II (Sharifuddin et al., 2015). The peptide obtained from Porphyra yezoensis reduces the amount of sugar in rats’ and

rabbits’ blood and reduces their blood pressure (Qu et al., 2010). Chemically transformed branched xylofucans isolated from

Punctaria plantaginea had antithrombotic and anticoagulant effects, as did the heparinoid Clexane (enoxaparin) (Bilan et al.,

2014), E. cava is an excellent source of bioactive marine polyphenols, which have been shown to have antihyperglycemic,

antihyperlipidemic, antiinflammatory, and antioxidant effects (Ustyuzhanina et al., 2016). Several studies have shown that

the xanthophyll carotenoid astaxanthin, which is also found in macroalgae, has antiinflammatory and antiaging characteris-

tics. Astaxanthin possesses neuroprotective properties, which points to the possibility of its application in the therapeutic

treatment or prevention of neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease (Barbosa et al.,

2014). Seaweed has the potential to lower the chance of getting depressed during pregnancy (Miyake et al., 2014).

Polysaccharides found in seaweed have been shown to have antifatigue effects (Shao et al., 2013).

L. ochroleuca, P. palmata, and H. elongata had significantly higher antifungal properties. Due to phycocyanins,

phlorotannins, carotenoids, polysaccharides, polyunsaturated fatty acids, and phenolic components (curcumin, epigallo-

catechin gallate, and flavonoid) were shown to have considerable antiallergic activity (Biris-Dorhoi et al., 2020).

TABLE 1.2 (Continued)

Microalgae Analyte Innovative application Benefit References

Applications in cosmetic sector

Ulva Rhamnosa (P) Moisturizing properties Hydration Khan et al.
(2009)

L. digitata The
alginates (P)

Thickening properties Used as a gelling, viscosifying,
or dispersion stabilizing agent

Fertah et al.
(2017)

Sargassum spp. and Fucus
spp.

Fucoidans
(P)

Antihyaluronidase,
anticoagulant, and
antiinflammatory activities.

Incorporation in creams.
Improve skin lightening,
photoprotection

Medeiros
et al. (2008),
Wang et al.
(2013),
Yarnpakdee
et al. (2019)

Eisenia spp., Saccharina
spp., or Laminaria spp.

Laminarin
(P)

The antioxidant and
antimicrobial properties.

Laminarin applied topically
could speed up the healing
process and protect against
oxidative and bacterial stress

Brandt et al.
(2011),
Hartmann
et al. (2015)

Red macroalgae Porphyra
spp.

Porphyran
(P)

Anti-inflammatory effect Reduce inflammation, prevent
ulcers, and alleviate pain

Lomartire
and
Gonçalves
(2022)

Applications as biofuel products

Laminaria hyperborean Whole algae
cells

anaerobic digestion treatment biomethane production of 70% Hinks et al.
(2013)

Abbreviations: P, Polysaccharide; PUFAs, polyunsaturated fatty acids.

Diversity of marine algae, cultivation techniques and sources of natural products Chapter | 1 11



Fucoidan isolated from U. pinnatifida (Pimentel et al., 2019) and Porphyran isolated from Porphyra tenera and

P. yezoensis contain antiallergic characteristics (Ishihara et al., 2005). Macroalgae have a role in reducing the risk of

developing cancer, slowing the progression of existing tumors, and even aiding in the body’s recovery after undergoing

radiotherapy or chemotherapy (Pimentel et al., 2019). Several polysaccharides found in seaweed, such as alginate, lami-

naran, and fucoidan, have shown anticancer properties (Otero, Carpena, et al., 2021). Sargassum latifolium decreased

the number of viable 1301 cells and induced apoptosis (Gamal-Eldeen et al., 2009). Ulva fasciata extract suppresses the

proliferation of tumor cells in human colon cancer by 50% (Ryu et al., 2013). Gracilariopsis lemaneiformis has antitu-

mor activity by causing apoptosis in several cancer cell lines, such as the human lung cancer cell line A549, the gastric

cancer cell line MKN28, and the mouse melanoma cell line B16, and extracts of Hydroclathrus clathratus inhibit the

growth of the ascitic Sarcoma 180 tumor (Kang et al., 2017).

1.3.3 Livestock and agriculture

The harsh competition that exists between the food, feed, and biofuel industries can be mitigated somewhat with the

use of seaweeds as feed ingredients. Seaweeds are viable, sustainable alternatives to corn and soybeans. In addition to

this, macroalgae can act as a barrier to eutrophication and contribute to bioremediation. In addition to its usage as feed,

macroalgae are already being incorporated into other kinds of food as both a nutritious ingredient and a component of

nutraceutical products. European countries such as Iceland, France, and Norway usually use seaweeds in animal hus-

bandry to fill the deficiency in mineral pastures (Leandro et al., 2020). Seaweed meal, used principally as a vitamin,

mineral supplement, including bioactive compounds, such as soluble polysaccharides, with some species being good

sources of n-3 and n-6 polyunsaturated fatty acids. It is produced mainly from the Ulva, Codium, and Cladophora for

green algae; kelps Ascophyllum spp., Fucus spp., Laminaria spp., Macrocystis spp. and Undaria spp., for brown algae;

and Pyropia, Chondrus, and Palmaria for red algae (Craigie, 2011). Ascophyllum nodosum can increase average daily

gain (ADG) in ruminant and pig mostly, enhances marbling score, color uniformity and redness, and can decrease satu-

rated fatty acids in ruminant meats. The use of Laminaria species, specifically Laminaria digitata, has been shown to

boost pork’s ADG and feed efficiency, in addition to its antioxidant potential (Costa et al., 2021). It has been demon-

strated that a mixture of Ulva sp. and Codium sp. can boost the growth of poultry by up to 10% when added to their

feed. On the other hand, feeding seaweeds and macroalgal products has been shown to reduce enteric methane emission

from rumen fermentation (Choi et al., 2022), which makes this type of feeding a promising candidate as a biotic meth-

ane mitigation strategy in the largest milk or beef production (Roque et al., 2019).

The commercial production and use of compounds that can be made from marine macroalgae and have interesting

biotechnological uses. These compounds include microbicides, nematicides, insecticides, biofertilizers, biostimulators,

and soil conditioners (Tuhy et al., 2013). Some pathogens that attack plants are thought to be killed by bioactive sub-

stances such as fatty acids, proteins (amino acids), bioflavonoids, sulfated polysaccharides, carotenoids, polyphenols,

and carbohydrates. There are auxin-like compounds that have been found in some seaweed (Sangha et al., 2010). These

compounds confer tolerance to freezing and resistance to biotic stresses, and they also increase the plant’s capacity to

absorb nutrients (Akila & Jeyadoss, 2010). Seaweeds and the compounds they produce can promote early seed germina-

tion, as well as root and plant growth.

At the moment, the brown seaweed A. nodosum is the most used species to make commercial extracts. Other species

such as Codium spp., Ulva intestinalis, U. lactuca, (Chlorophyta), C. crispus and Gelidium spp., (Rhodophyta)

Durvillaea spp., Ecklonia maxima, Fucus spp., Laminaria spp., Saccorhiza spp., and Sargassum spp. are also utilized

(Craigie, 2011). Extracts from seaweeds, such as laminarin, can increase the natural defense responses in plants. Also,

it has been established that certain higher plant species respond favorably to the growth-promoting effects that alginate

oligomers possess (Khan et al., 2009).

Furthermore, seaweed extracts are implicated in the expression of genes that code for a variety of pathogenesis-

related proteins that have antibacterial capabilities. The antimicrobial activity of extracts obtained from a wide variety

of algae species, including U. fasciata, Bryopsis plumosa, Chaetomorpha antennina, Acrosiphonia orientalis,

Sargassum wightii, Grateloupia filicina, Hypnea pannosa, Gracilaria corticated, Portieria hornemannii, Cheilosporum

spectabile, Centroceras clavulatum, Chnoospora bicanaliculata, and Padina tetrastromatica.

Anthraquinones, coumarins, rutin, quercetin, cycloeudesmol, laurinterol, and debromolaurinterol, and kaempferol

and flavonoids were the major phenolic compounds that were isolated from marine algae with antimicrobial activity

(Al-Saif et al., 2014; El Gamal, 2010). Fucoidan, alginate, and other similar substances are added to soil, they improve

the soil’s structure and aeration, which in turn stimulates microorganisms and root systems, which helps plants grow

better (Deolu-Ajayi et al., 2022). Several crude algal extracts from Caulerpa scalpelliformis (Asimakis et al., 2022),
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Padina pavonica (Sahayaraj & Jeeva, 2012), Sargassum tenerrimum (Sahayaraj et al., 2012), U. fasciata, and U. lactuca

(Asimakis et al., 2022) were tested for their ability to kill the cotton insect pest Dysdercus spp. Both lectins from Ulva

pertusa and kappa/beta-carrageenans isolated from Tichocarpus crinitus (Nagorskaya et al., 2008) have been shown to

have antiTMV action. The brown saltwater algae known as Dictyota ciliolate have cytotoxic and antiviral properties,

making it effective against certain plant viruses (Chen et al., 2018). By mixing powders of Spatoglossum variable,

Polycladia indica, and Melanothamnus afaqhusainii into the soil, it was found that the root knot nematode

(Meloidogyne incognita) infection was greatly reduced (Baloch et al., 2013).

1.3.4 Cosmetics

Nowadays, new cosmeceutical products have been developed using a combination of extracts based on macroalgal

polysaccharides. Some species of interest include Gigartina stellata (Rhodophyceae), H. elongata (L.), Monostroma

nitidum Wittrock, Laminaria spp., and Ulva spp. (Phaeophyceae and Chlorophyceae) respectively, which are used in

the extraction of PS and PS derivatives. Agar is a gelatinous hydrocolloid found in hand lotions, deodorants, foundation,

exfoliants, scrubs, cleanser, shaving cream, antiaging treatments, facial moisturizers and lotions, liquid soap, acne treat-

ments, body washes, and facials for increasing the amount of moisture. Most commonly obtained are from red macroal-

gae such as Gracilaria spp. and Gelidium spp.

Ulva contains a significant amount of rhamnose, which is an essential component of a moisturizing PS (Khan et al.,

2009). The alginates that are extracted from various brown macroalgae, such as L. digitata (Huds) J.V. Lamouroux, are

used as a gelling, viscosifying, or dispersion stabilizing agent (Fertah et al., 2017). In the food (due to its protein con-

tent) and cosmetics industries, carrageenans are used as gelling, thickening, and stabilizing agents. Carrageenans are

extracted from red macroalgae, which belong to the Rhodophyceae family. The gelatinous extracts of C. crispus white

seaweed have been used as an additive as a vegan alternative to gelatin (Liao et al., 2021). Brown macroalgae from the

genera Sargassum and Fucus can be used to get fucoidans. These fucoidans have been put to use in a variety of bioac-

tivities, including those related to skin lightening and photoprotection (Yarnpakdee et al., 2019), antihyaluronidase

activity (Wang et al., 2013), and anticoagulant and antiinflammatory activities (Medeiros et al., 2008).

Laminarin is a polysaccharide that dissolves in water and can be taken from Eisenia spp., Saccharina spp., or

Laminaria spp. The antioxidant and antimicrobial properties of rich laminarin extracts have been proven (Hartmann

et al., 2015). Laminarin applied topically could speed up the healing process and protect against oxidative and bacterial

stress (Brandt et al., 2011). Porphyran is another sulfated PS that may be found in red macroalgae of the genus

Porphyra having the potential to whiten the skin, reduce inflammation, prevent ulcers, and alleviate pain (Lomartire &

Gonçalves, 2022). Some secondary metabolites include phenolic compounds, terpenes, halogen compounds, carote-

noids, vitamins, and sulfur and nitrogen derivatives, which are also of great interest to the cosmetic industry (Lourenço-

Lopes et al., 2020).

1.3.5 Biofuel products

In terms of third-generation biofuel yields, macroalgae can generate more with less resource input. Fig. 1.2 shows

macroalgae species used to produce different biofuels. Moreover, macroalgae offer advantages such as rapid growth,

high CO2 collection, and ease cultivation even in desolate places, which have the ability to satisfy the demands of the

current energy crisis. Algae are the most promising source of nonconsumable biofuel because it can grow quickly even

in harsh environments, salty water, and salt. The biofuel made from algae is completely safe and compostable, and it

does not contain any sulfur (Mat Aron et al., 2020). The growth rate of macroalgae is approximately 20�30 times faster

than that of fodder crops, and the oil content that may be found in macroalgae is around 30 times higher than that of tra-

ditional feedstocks (Vergara-Fernández et al., 2008).

Numerous species of macroalgae have already been successfully mass-cultivated in Asia, including L. japonica,

Eucheuma spp., Kappaphycus salverezii, Pyropia yezoensis, U. pinnatifida, and Graciliaria verrucosea (Fernand et al.,

2017). Biodiesel can be made from C. antennina (Sharmila et al., 2012), Gracilaria corticata (Suganya et al., 2014),

Enteromorpha compressa (Xu et al., 2014), and Cladophora glomerata (Borines et al., 2013). The generation of

bioethanol from Sargassum spp. was accomplished at a conversion yield rate of 89% (Borines et al., 2013) and 0.43 g/g

sugars from Gracilaria verrucosa (Asnaghi et al., 2017). Ulva reticulate, which yielded a bioethanol concentration of

0.37% v/v from 1 gramme of sample (Yoza & Masutani, 2013), and Ulva intestinalis, which recovered a yield of

0.081 g/g dry weight (Osman et al., 2020). The treatment of seaweed waste with saccharification and fermentation pro-

cedures resulted in a conversion yield of 90.9% for bioethanol (Tan & Lee, 2014), whereas 26.2% are from P. palmata
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(Torres et al., 2019) and 30.6% are from Kappaphycus salvarezii (Khambhaty et al., 2012). A high energy yield of

15.8 mL/g TS was achieved by biohydrogen synthesis in L. japonica (Yin et al., 2019), and U. reticulate of 45.5 mL by

Kumar et al. (2018). According to the findings of several investigations, the amount of biomethane recovered from

Laminaria spp., Macrocystis spp., and Gracilaria spp. ranges from 260 to 500 mL of methane per gramme of dry

weight. The C. antennina algal biomass produces biomethane at a rate of 47.25 mL per gramme of COD (Tamilarasan

et al., 2017). P. palmata achieved high biomethane production of 3086 9 mL/g volatile solids (Jard et al., 2013).

Laminaria hyperborean was treated with anaerobic digestion to attain biomethane production of 70% (Hinks et al.,

2013). The biomethane yield of marine biomass has shown promise for stable methane production. Yields from green

and brown algae genera, such as Sargassum, Gracilaria, Laminaria, Ascophyllum, and Ulva, were 179.35�256.28 mL/g

of VS biomethane, respectively. The liquefaction of the green macroalgal species Enteromorpha prolifera with catalyst,

Na2CO3, obtained 23.0% dw and Laminaria saccharina 19.3% without catalyst (Hyung et al., 2014) can directly pro-

duce bio-oil, which can then be used as a fuel. Bio-oil production from macroalgae was achieved by the use of a fixed-

bed reactor and yielded 47% through the use of microwave treatment of 18.4% wt. (Wang et al., 2021).

1.4 Factors that influence the production of algae biocompounds

Researchers are working on making synthesis methods more efficient and finding ways to get the most useful biocom-

pounds out of algae cells. The vast majority of algae are able to produce a wide variety of therapeutic compounds,

including ash (8.4%�43.6%), high fiber (5.3%�52.3%), low protein (4.9%�37.8%), small amounts of fatty acids

(0.92%�5.2%), and a wide variety of secondary metobolites (Rocha et al., 2018). Algal growth, the overall yield of bio-

mass, and the production of therapeutic biocompounds such as lipids, proteins, polysaccharides, vitamins, pigments,

and minerals are all affected by environmental factors such as the availability of nutrients (N, P, K, etc.), salinity, tem-

perature, inorganic carbon, oxygen, light intensity, CO2, pH of the seawater, and sampling season (Menaa et al., 2020)

(Fig. 1.3). These factors can be found, and as a result, it is difficult to determine what the reference values should be

for the polysaccharides, minerals, and trace elements that are available in algae. It has been shown that abiotic stress

conditions can also have a deleterious impact on the growth of marine algae (Kaur et al., 2022).

The pH of the surrounding environment is a significant component that influences the growth of algae and plays a

role in preventing contamination by other species or microbes (De Morais et al., 2015). Because it has such a direct
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FIGURE 1.2 Various macroalgae uses to produce different biofuels.
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influence on the bioavailability and stability of a wide variety of chemical elements, pH management is absolutely nec-

essary for the efficient absorption of the components of the culture medium. Changes in pH have deleterious effects on

algae cells (Kaur et al., 2022; Lavoie et al., 2012), and different species of algae have unique pH requirements for

growth and nutrient uptake. Algae species also have varying pH requirements. For example, the green microalga C. vul-

garis has the ability to thrive in a wide pH range; however, the optimal growth rate and biomass productivities were

found at pH 9�10 (Kroeker et al., 2012). Furthermore, changes in the amount of nitrogen consumed by algae can affect

their metabolic cycles, resulting in variations in the amounts of lipids or carbohydrates produced (Khan et al., 2018).

The green seaweed U. pertusa made a lot of total FAs when it grew in a high-salinity environment (Peng et al., 2015).

The primary limiting parameters that have a significant impact on the biochemical content of microalgae and the

amount of biomass produced are the length and intensity of the light exposure (Khan et al., 2009). Light makes it harder

for cells to divide, which makes algal growth slower and less productive. The rate of photosynthesis goes up when there

is more light, but photorespiration and photoinhibition keep the rate from going too high up to a certain point. Once

this point is passed, the cell becomes upset (Jiménez-Escrig et al., 2011). The FA composition in algae is typically regu-

lated by a variety of environmental variables, including the intensity of the light, the temperature, and the salinity of the

seawater (Otero et al., 2017). This is because chloroplasts are mostly made of lipids, and because there is more light,

there needs to be more chloroplast activity. There was an observed rise in the levels of the majority of saturated fatty

acids (SFAs) (Vaz et al., 2016). But the amount of FAs in the green algae U. pertusa went up as the light got brighter,

while almost all FAs in the brown algae Sargassum piluliferum went down (Peng et al., 2015). This suggests that the

type of algae determines whether or not light induces the production of FAs.

Temperature is another important factor that affects algae growth, the production of biomass (such as proteins,

lipids, and phenolic compounds), and the biochemical processes inside the cell (Uzair et al., 2020). A fall in tempera-

ture that is more than the appropriate level has an effect on photosynthesis by decreasing the activity of carbon assimi-

lation, which will either slow down or stop the growth and activity of algae (Zozaya-valdés et al., 2016). In contrast, an

increase in temperature that is higher than the optimal level causes a reduction in photosynthesis, cell size, and respira-

tion. This, in turn, inactivates the proteins that are responsible for photosynthesis and throws off the equilibrium of

energy within the cell. It has been shown that lower temperatures have an effect on the levels of FAs in a variety of spe-

cies (Peng et al., 2015). In addition, photosynthesis and respiration are both affected by temperature, and the specific

growth rate of microalgae is directly proportional to the gross rate of CO2 fixation and O2 production as well as the res-

piration rate (Smale & Wernberg, 2013). The brown seaweed U. pinnatifida (wakame) attained its maximum size of up

to 4 m at the end of the summer when water temperatures averaged between 10.2�C and 11.4�C (Schaffelke & Hewitt,

2008). The brown seaweed Egregia menziesii had the highest total FA concentration in the spring (13.3 mg/g of dry

FIGURE 1.3 Factors that influence the production of micro and macroalgae.
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weight), whereas in the summer, it had the lowest total FA content (6.3 mg/g of dry weight) (Guerra-Rivas et al.,

2011). FAs in algal cell membranes are temperature-sensitive, and when the temperature is low, the level of unsaturated

FAs (UFAs) increases by raising the levels of polar lipids. FAs in algal cell membranes are temperature-sensitive.

This results in a decrease in melting temperatures and keeps lipids in a liquid state, both of which are necessary for

normal protoplasmic viscosity. Also, the compositions of saturated fatty acids (SFA) are also affected by temperature,

and temperature can also be used to change the amount of SFA (Khairy & El-shafay, 2013). The amount of (n-6)

PUFA in Phaeophyta Saccharina japonica was highest when temperatures were high, while the amount of (n-3) PUFA

was highest when temperatures were low (Schaffelke & Hewitt, 2008). For marine algae, Rhodophyta Palmaria palma-

ta had higher levels of EPA at 11�C and AA at 15�C (Hamid et al., 2015).

The nutritional prerequisites change from one species of algae to another. Absorption of nutrients is species-specific;

brown algae are rich in iodine and soluble fiber, whereas red and green species are rich in carbohydrates (Hamid et al.,

2015).

Having said that, the fundamental needs are the same for all species. Indeed, nitrogen, phosphorus, and carbon make

up the framework of algae (CH1.7 O0.4 N0.15 P0.0094) (Khan et al., 2018). Because these nutrients are involved in a

number of enzymatic reactions that help algae grow, they could change the path algae take during biosynthesis, which

would let them make and store a bioproduct of interest (De Morais et al., 2015). The process through which algae take

in nutrients involves a variety of distinct systems. Passive diffusion along the concentration gradient is used to take up

uncharged molecules and gases such as CO2, O2, and NH3, whereas active transportation is used to take up inorganic

elements such as nitrogen and phosphorous (Harrison & Hurd, 2001). Even when they grow in the same climate, come

from the same place, and are harvested at the same time, the different families and genera of algae have a wide range

of mineral and trace element concentrations. It’s possible that the number of polysaccharides in algal cell walls, as well

as their composition, contributes in different ways to the rates of biosorption of minerals and trace elements

(Venugopal, 2019). The minerals and polysaccharides that are present in the cell walls of different microalgal genera

and species can be found in a variety of different combinations (Peng et al., 2015). The protein and carbohydrate con-

tents of the green algae U. lactuca, as well as the red algae Jania rubens and Pterocladia capillacea, which were taken

from the western coast of Alexandria (Egypt), particularly from spring to autumn, were analyzed (Khairy & El-shafay,

2013). P. capillacea had the highest levels of both protein and carbohydrates, whereas U. lactuca had higher levels of

both lipids and proline than the other two species combined. Also, J. rubens was found to have more total fatty acids,

while P. capillacea was found to have more saturated fatty acids, mostly because it had more palmitic acid. Due to the

dominance of DHA, the levels of PUFAs found in J. rubens were the highest. In a separate piece of research, it was

shown that different algal species found in the north and south of Portugal during the summer had different amounts of

polysaccharides in their cell walls because of how they reproduced during the different seasons (Serebryakova et al.,

2018). It was discovered that temporal changes happened largely within the tip tissues and less within the basal blades,

which may lead to a significant shift in the nutraceuticals of marine algae. These findings were made possible by the

fact that temporal changes occurred within the tip tissues.

Algae contribute a substantial involvement to the primary production that occurs on a global scale. In addition, algae

play an important role in the uptake of dissolved nutrients from the environment that surrounds them, the protection of

coastal areas from dangerous waves, and possibly even the sequestration of carbon.

1.5 Challenges in production and use of algae compounds and conclusions

Microalgae have great potential in the medical and pharmaceutical field due to their ability to synthesize a wide variety

of bioactive compounds with important biological activities (antioxidant, antiinflammatory, anticancer, and antiviral

properties) and with great potential to be used as supplements for the prevention, management, and treatment of dis-

eases (Barkia et al., 2019). However, more research and efforts are still needed to optimize production and reduce costs,

as well as to find sustainable ways of production (Ahmad & Hassan, 2022). In addition, algae have excellent potential

as animal feed due to their content of essential biomolecules such as amino acids, carotenoids, or vitamins, which

improve the nutritional quality of animal products. Thus, including algae in livestock feed can be considered a promis-

ing strategy for improving the sustainability and efficiency of animal feed production. However, some challenges still

need to be addressed, such as investigating the impact on animal health and welfare, in addition to addressing chal-

lenges related to the cost of production and food safety (Parmar et al., 2023). Parallelly, the cosmetic industry is in con-

stant renewal for exploring natural derivatives of vegetable origin. Algae are widely used in the formulation of skin

care products, decorative cosmetics (makeup), or hair care products (Lourenço-Lopes et al., 2020), and in this sense,

microalgae are one of the most used options in the production of cosmetics due to their biological properties such as
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UV absorption or antiaging. Despite the advantages of using algae as source of biofuels, there are still limitations and

challenges in the production of biodiesel from microalgae, such as high costs and low productivity, as well as the diffi-

culty of its commercialization on a large scale (Khan et al., 2018). There is a need to find economic and sustainable

techniques to stimulate the accumulation of lipids and thereby improve production and reduce costs (Yang et al., 2023).

Although microalgae can be an important source of nutrients for the human diet, there are still some considerations

to be considered in their production, and commercialization such as the risks of misuse or overconsumption of these

microorganisms as well as challenges in regard to the optimization of the cultivation processes, biomass production

monitoring, and the improvement of bioactive compounds stability and the final quality of the products (Barkia et al.,

2019; Rumin et al., 2020). A major bottleneck in industrial scale microalgal cultivation systems is the successful estab-

lishment of a balance between high biomass concentration because of maximum photosynthetic rate with adequate car-

bon dioxide supply and reduced oxygen production so as to avoid growth inhibition. Microalgae are generally

cultivated in open or closed systems and require light, nutrients, and mixing while minimizing shear forces and high

oxygen levels. Phototrophic microalgal production technologies have resulted in large accumulations of biomass with

low yields of bioactive compounds. In open pond systems, water temperature and light intensity cannot be controlled

and consequently lead to photo-inhibition and/or photo-saturation resulting in low productivity levels. Open pond

growth systems are also susceptible to contamination from other contaminating and faster growing opportunistic

microbes. Enclosed photo-bioreactor systems are also used in industrial scale for production of marine bioactives

(astaxanthin production by H. pluvialis). Photo-bioreactor designs have to take into account not only the scale-up of sin-

gle reactors but also the ability of individual photo-bioreactors to be assembled in repeat units into entire facilities of

bioreactors (bioreactor farms). Online culture monitoring and bioreactor simulation will aid in reactor design optimiza-

tion. Environmental control of growth conditions provides a cost effective and “nongenetic manipulation” method of

optimizing and managing the bioactive characteristics of microalgae. Through manipulation of the growth environment

of a species, it is possible to increase the abundance of bioactive compounds.
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3.1 Introduction

Organometallic compounds are compounds in which at least one bond is found
betweenmetal and carbon, or in other words, those organic compounds which have
direct linkage with one ormoremetal atoms of carbon. Alkalinemetals and alkaline
earth metals mediated organometallic compounds are common and very useful.
Various metalloids such as selenium, silicon, and boron have been synthesized
from organometallic compounds with various classes of organic compounds, but
the most important organometallic compound has been synthesized from transition
metals. Transition metal-mediated synthesized organometallic compounds are
widely used and have numerous applications. Their applications the include
synthesis of catalysts, drugs, paints, metal organic framework (MOF), polymers,
composites, adsorbents, supercapacitors, electrode materials, etc. Similarly, lan-
thanides and actinides metal-based organometallic materials have also come into
existence and play a very vital role in different fields.
Overall, it can be said that organometallic mainly deals with the transformations

of organic compounds by reacting metals of different groups like transition metals,
s-block and p-block elements, lanthanides and actinides series. Organometallic
chemistry in inorganic chemistry (EVM) is a part of coordination chemistry, which
specifically studies M—C bonds, whereas coordination chemistry studies both
metal elements and M—C bonds.
The discovery of Zeise’s salts in the nineteenth century brought a revolu-

tion, which was mainly complex and containing platinum. The salt, which was
discovered in 1827, is represented by [PtCl3(η2-C2H4)] [1] (Scheme 3.1).
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Similarly, in the twentieth century, French scientist Victor Grignard gave a new
direction in the field of chemistry by discovering Grignard reagents in the field.
They synthesized RMgX by reacting magnesium by oxidative addition of RX, whose
key function was to alkylate carbonyl derivatives (Scheme 3.2) [2].

RX RMgX RR′RCOH

Where X = halogens (Cl, Br, I)
R = Alkyl, Aryl Compounds  

MgH R′ C R

O

Et2O

Scheme 3.2

3.2 Classification of Organometallic Compound

3.2.1 Sigma-Bonded Organometallic Compound

A sigma-bonded organometallic compound is a two-centered, two-electron (2c–2e)
bond, in which the organic compound is bonded to the metal by a common covalent
sigma bond. In sigma-bonded organometallic compounds, mainly metals having
low electronegativity, form sigma bonds with nonmetallic elements, such as carbon
atoms. Transition elements, alkali earth metals, and some main group elements
form sigma-bonded organometallic compounds and are generally covalent in
nature [3, 4].
For example, W(CH3)6, Mn(CO)5, Ta(CH3)5, Ph(CH3)4, Al(CH3)3, Si(CH3)4,

B(CH3)3.
Figure 3.1 shows the classification of organometallic compounds.
Also, shapes of organometallic compounds depend on the hybridization of central

metal ions.

Hybridization Shape Examples

sp Linear Be(CH3)2
sp2 Triangular planner Al(CH3)3, B(CH3)3
sp3 Tetrahedral Pb(CH3)4, Si(CH3)4
sp3d Trigonal bipyramidal Ta(CH3)5
sp3d2 Octahedral W(CH3)6, Mn(CO)5
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Classification of
orgnaometallic compound

Based on nature of M–C bond Based on compositionBased on heptacity

1. Sigma bonded organometallic
compound
2. Pi bonded organometallic
compound
3. Ionic organometallic
compound
4. Multicentered organometallic
compound
5. Ylides organometallic
compound
6. M–C multiple bonded
organometallic compound

1. Simple organometallic
compound
-with alkali-alkaline earth metal
-with main group elements
-with transition metal elements
-with lanthenide and actinides

2. Mixed organometallic
compound
-Carbonyl and other
-Alkyl and other
-Aryl and other

1. Open chain
2. Closed chain

Figure 3.1 Classification of organometallic compounds.

Transition metals and carbon-headedness are present in the coordinately
sigma-bonded organometallic compound in the form of terminal metal–allyl
complexes such as [W(CH3)6]. Similarly, tetrahedral compounds also form
complexes in which they form various bridging complexes as shown in Scheme 3.3.

M

CH3

H3C

CH3

CH3
M M M

H
C

M

M

M M

M
M

C

Scheme 3.3

Metallocycles: In this regard, metallocycles are a class of organometallic compound
in which a metal ion is the ring atom (Scheme 3.4).

M M

M
M

Scheme 3.4

These metallocycle organometallic compounds can be synthesized as given in
Scheme 3.5.
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[Fe(CO)4]– –  + TfO-(CH2)4-OTf Fe(CO)4 + 2OTf

Pt

Cl

Cl

R3P

R3P

+ 4(CH2)Li Pt

PR3

PR3

+ 2LiCl

Scheme 3.5

Some common examples of bonded organometallic compounds are:

i. Group I and II compound: These are covalent bonded compounds and mostly
exist as tetrameric units. Similarly, berkelium and magnesium also exist in vari-
ous polymeric forms.

ii. Grignard reagents: It consist of magnesium and halogen (primarily Cl, Br,
and I) and can covalent most aldehydes and ketones to alcohol. The general
structure of Grignard reagents is RMgX, in which R = alkyl or aryl and X = Cl,
Br, and I.

iii. Trimethyl aluminum and Tetra alkyl tri organometallic compound: Al2(CH3)6
(trimetyhyl aluminum) exist in the dimer form in which alkyl group linked as
bridge compound between the metals. Al2(CH3)6 formed 2-Al and 1 atom mul-
ticenter bond.
Similarly, tetramethyl tin Sn(CH3)4, tetra ethyl tin, Sn(Et)4, and tetra methyl
arsine (As(CH3)4) are important classes of organometallic compounds.

iv. Diethylzinc (Zn(C2H5)2): This zinc mediate compound is provide nucleophile
form organic reaction.

3.2.2 𝛑-Bonded Organometallic Compounds

Generally, unsaturated compounds such as alkenes, alkynes, and other carbon-
containing multiple bonds are electron-rich. When a metal with a vacant orbital
or high oxidation state approaching the electron rich multiple bonded moiety,
then they form a stable bond by approaches the electron rich center. Metal cation
when it interacts with multiple carbon centers. It gets attached to all the carbon
atoms linked by multiple bonds. Since all d-block transition elements have vacant
d-orbital’s, they readily interact with electron-rich π orbital’s to form stable dπ–pπ
bonds. Unlike other metals such as alkali metals and alkali earth metals, the
main group element lacks a vacant d-orbital, due to which it rarely forms stable
bonds with unsaturated compounds. In this context, the credit for the discovery
of the most stable and complex ferrocene goes to the scientist who discovered
it in 1951. In ferrocene, there is a stable bond between iron and cyclopenta-
diene ions, and in this the center metal ion is equally attached to all the five
carbon atoms through their nuclei, which are mainly covalent in nature [5, 6]
(Scheme 3.6).
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Fe

Ferrocene

Ni

2+

Nicolocene

Co

+

Cobaltocene

Scheme 3.6

Similarly, after a few decades, sandwich compounds such as nicolocene and
cobaltocene were also synthesized (Scheme 3.6). A classic example of a pi-bonded
organometallic compound is usually given as a metal with multiple covalent
complexes (Scheme 3.7).

M M
M

M
M

M

M
M

Scheme 3.7

3.2.3 Ionic Bonded Organometallic Compounds

Bond formation in ionic bonded organometallic complexes occursmainly by electro-
static bond formation between ametal cation and carbon having an electronegativity
value lower than that of carbon. Earth metal cations are highly electropositive in
character, with the shared electron being more localized toward the carbon atom.
As a result, the metal ion becomes slightly positively charged and the carbon neg-
atively charged. The alkali metals, alkaline earth metals, lanthanides, and actinide
metals are slightly less electronegative and mostly form ionic bonds [7].

Exceptions: alkali and alkali earth metals, such as lithium, beryllium, and magne-
sium, which are relatively smaller in size and higher electronegative, resulting in
mostly covalent bonds and being less reactive than other related organometallic
compounds [8].

Examples: Sodium cyclopentadenide (C5H5
−Na+), phenyl sodium (Na+C6H5)

and methyl potassium (CH3
−K+) are well-known examples of organometallic

compounds in this class. Their organic compounds are colorless, soluble in polar
solvents and solids such as salts, and very reactive toward water and air [8].
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Generally the stability and reactivity of this class of compound depend on the
organic anion. Extended conjugated alkenes containing organometallic compounds
are more stable as compared to simple alkenes because in previous care, delocaliza-
tion has taken place from one and two other ends, hence reactivity will be decreased
(Scheme 3.8).

H2C H2CC
H

– –
CH2H2C C CH2 C

H
CH2

Scheme 3.8

Because sp hybridized carbon atoms easily form carbanian due to the 50%–80%
sp character of the carbon bond, electronegativity of alkyne carbon has been
slightly increased and can easily remove attached proton by attracting shared paired
electrons.
Similarly, C6H5Na and C5H5CH2Na are both states of organometallic compounds.

Compared to both, C5H5CH2Na is more stable because the distributed negative
charge is on all carbon atoms in the benzene ring and the nucleophilicity of the CH2
group is decreased. While in the case of C6H5

–Na+ the negatively charged delocal-
ized are the sp2 hybridized carbon atoms. These are sigma type and hence unstable.
Overall, due to the above effect, C6H5Na is more reactive toward electrophiles as a
compound to C5H5CH−Na+ (Scheme 3.9).

CH2

–

–

–

–

–
CH2CH2 CH2 CH2

Scheme 3.9

Another example includes the nucleophillic comparison between C5H5
−M+ and

C5H11
−M+. In this case, C5H5 is more stable as it follows the Huckel rule (4n+2π) e−

system and has a total 6π electrons, whereas C6H4
− doesn’t follow the Huckel rule

and the negative charge localized only on one carbon atom (Scheme 3.10). Delocal-
ization on C6H5

− ion:

–

–

–

– –

Scheme 3.10
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3.2.4 Multicentered Bonded Organometallic Compounds

Elements such as Al, B, Mg, Be, and Li exhibited a higher tendency to make mul-
ticentered bonds with alkyls and aryl groups. In this case, alkyls and aryls acted as
bridges between two HOMO-centered or hetero-centered metal ions. There, bridge
compounds can be considered as intermediates between sigma-bonded and ionic
organometallic compounds [9, 10].
Well-known examples of this class are dimeric trimethyl aluminum (Al2(CH3)6),

[Be(CH3)2]n, polymeric dimethyl–beryllium, dimeric tryphenyl aluminum
[Al2(C6H5)6], etc. (Scheme 3.11).
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5. Ylide: In this case, multiple bond, especially double bonded organometallic
compounds, were extensively studied. Here the center metal ions bond with the
carbon atom of the ligand. Transitional elements, such as Fe, W, Re, Mo, and Cr,
primarily form double bonds with carbon atoms of ligands.

3.2.4.1 Based on Heptacity (𝛈1 to 𝛈8):
In organometallic chemistry, heptacity can be considered as the coordination of
an unsaturated or multiple bond containing ligand (aliphatic or aryl) through a
continuous and uninterrupted chain of atoms. Usually word heptacity has been
described from Greece letter η form instand ita 4 demonstrated the coordination
though, four contagious carbon atoms. In addition here are the examples of
heptacity [11] (Scheme 3.12).

Fe U

Ferrocene  Uranocene

Scheme 3.12



54 3 Classification of Organometallic Compounds

Various and noteworthy contribution of heptacity in various forms:

● Side wise bonding of ligands containing multiple bond: Example – Zeise’s Salt
(Scheme 3.13)

● 18-electron rule applicable compound with heptacity (Scheme 3.14).

Pt

Cl Cl

Cl

K+

–

Scheme 3.13

Ni

Fe

CO

CO

Ru

2+

Ru

Scheme 3.14

Additionally, Table 3.1 demonstrated the electron donation by unsaturated com-
pound various heptacity.

3.3 Grignard Reagent (G.R.)

3.3.1 Physical Properties

● Grignard reagents are colorless and nonvolatile crystalline solids.
● Grignard reagents are strong nucleophile.
● Grignard reagent should be kept in a dry environment (in dry ether). If moisture
or water comes into contact with Grignard, Grignard is destroyed [12].

3.3.2 Chemical Properties

3.3.2.1 Alkanes
Alkanes can be obtained when Grignard reagent treated with water, alcohols and
amines (Scheme 3.15) [13].
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Table 3.1 Electron donation by unsaturated compound various heptacity.

S. No.
Name and structure
of ligands Structure of compound

Number of electron
which contributed

1 Allyl ligands: η1, η3
M = M

1 and 3

2 Alkene/Ethane : η2,
η2, η4 M M M

2, 2, and 4

3 Cyclopentadienyl:
η1, η3, η5 M M

M

1, 3, and 5

4 Cyclohexane: η1,
η2, η3, η4, η6 M

M

M

M M

1, 2, 3, 4, and 5

5 Polycyclic
compound : η7, η8 M M

7 and 8

Source: Adapted from Soto and Salcedo [11].
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+
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3.3.2.2 Alkenes
These are obtained by the reaction of unsaturated halides on the Grignard reagent
(Scheme 3.16).

CH3MgBr + BrCH2CH=CH2 CH3CH2CH=CH2 + MgBr2

Allyl bromide 1-Butene

Scheme 3.16

3.3.2.3 Alkynes
Grignard reagents react with unsaturated compoundwhich possess active hydrogen
(Scheme 3.17).

CH3C CH + CH3MgI CH3C C MgI + CH4

CH3C C MgI + ICH3 CH3C C CH3

Double
decomposition

Scheme 3.17

3.3.2.4 Ethers
Higher ethers are prepared by the action of the Grignard reagent on a mono-
choloether (Scheme 3.18).

ROCH2Cl + R′MgX ROCH2R′ + Mg

Cl

XHigher ether

Scheme 3.18

3.3.2.5 Reaction with carbon dioxide
Grignard reagents when treated with solid carbon dioxide form nucleophilic
addition products, which on treatment with dilute acid yield a monocarboxylic acid
(Scheme 3.19) [14].

CO O + R
– +

+
– +

Mg X R C

O

OMgX
H3O

Dilute acid
R C

O

OH + Mg
X

OH

Carboxylic acid

Scheme 3.19

3.3.2.6 Insertion Reaction
Oxygen, sulfur, and halogen react with Grignard reagents to form alcohols, thiols,
and organic halides, respectively (Scheme 3.20) [14].

3.3.2.7 Synthesis of Silicones
Grignard reagent and silicone tetrachloride combine to form silicones, which are
long-chain anhydrides. They are employed in the production of electrical insulators,
silicone rubber, and premium lubricants (Scheme 3.21).
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2RMgX 2ROH
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OH
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C6H5MgBr +
1
2

O2 C6H5OMgBr
H3O

C6H5OH + Mg

Br

OH
Phenol

CH3MgBr + CH3SMgBr
H3O

CH3SH + Mg
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S

Scheme 3.20

2RMgBr + SiCl4
H2O

R2SiCl2 R2Si(OH)2
H2O

R2Si(O-SiR2)2O

Dialkyl dichloro
silane

Dialkyl silane
diol Silicones

H2O

Scheme 3.21

3.3.2.8 Nucleophilic Substitution
3.3.2.8.1 Grignard Reagent React with Active Hydrogen (Scheme 3.22) [15].

R Mg X + H O R H + Mg

OH

X

– +

– +

– +

– +

– +

R Mg X + H OR′ R H + Mg

OR′

X

–+

–+

–+

–+

–+

R Mg X + H NHR′ R H + Mg

NHR′

X

R Mg X + H O C

O

R′ R H + Mg

OOCR′

X

R Mg X + H C R H + Mg

C

X

CR′
CR′

Scheme 3.22
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3.3.2.8.2 Grignard Reagents React with Halogen

(a) With alkyl and acyl halides- Grignard reagents reacts with alkyl halide to form
alkanes (Scheme 3.23).

R′ Cl + R
–

–

–+

+

+
MgX R R′ + Mg

X

Cl

+ C

O

R′

Cl C Cl

R′

R

OMgX

C R′R

O

+ Mg

X

Cl
RMgX

Scheme 3.23

(b) Grignard reagents when treated with allyl bromide and benzyl bromide, they
produce 1-alkene and higher alkyl benzene (Scheme 3.24).

H2C C
H

CH
+ –

2Br + RMgX H2C C
H

H2
C R Mg

X

Cl

+ RMgX C6H5CH2 R +

+

Mg

X

Br

H2C C
H

CH2Br

– +

+ – – +

Scheme 3.24

(c) Grignard reagents when treated with chloramine it gives primary amines
(Scheme 3.25):

RMgX +
+– –

+Cl NH2 R NH2 Mg

X

ClAlkyl amine

Scheme 3.25

(d) Grignard reagents on reaction with monochlorodimethyl ether gives higher
ethers (Scheme 3.26).

RMgX + +
+–

ClHCH3 O CH3 R CH2OCH3 Mg

X

ClHigher ether

Scheme 3.26

(e) Alkyl cyanides are obtained with cyanogenchloride or even cyanogens
(Scheme 3.27)
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RM
+

+ +

+–

– –

–
gX ClCNH+ R-CN + Mg

X

Cl

RMgX + CN-CN R-CN + MgH

X

CN

Scheme 3.27

(f) With halide of certain metals and nonmetal: Organometallic and organo non-
metallic compound are formed (Scheme 3.28).

2PbCl2   +    4R MgX
– +

(R)4Pb   +  4 Mg

X

Cl

+ Pb

SiCl4   +   4RMgX (R)4Si  + Mg

X

Cl

4

HgCl2    +   2RMgX 2 Mg

X

Cl

PCl3  + 3RMgX (R)3P  + 3 Mg

X

Cl

– +

– +

– +

Tetra alkyl
lead

Tetra alkyl
silane

Dialkyl mercury

(R)2Hg +

Trialkyl phosphine

Scheme 3.28

3.4 Organozinc Compounds

3.4.1 Physical Properties

Dialkyl zincs are colorless volatile liquids with unpleasant smells and low boiling
points [(CH3)2Zn, 319 K; (C2H5)2Zn, 391K]. They are spontaneously inflammable
in the air [16].

3.4.2 Chemical Properties

Dialkyl zinc has been used in various synthetic reactions.

(i) Preparation of hydrocarbon containing quaternary carbon atom: Dialkyl zinc
reacts with tertiary butyl chloride to give neopatane (Scheme 3.29) [16].



60 3 Classification of Organometallic Compounds

(CH3)3 CCl        +  (CH3)2Zn (CH3)4C   + CH3ZnCl

Tert. Butyl
chloride

Neopentane

Scheme 3.29

(ii) Preparation of ketones: When dialkyl zinc treated with acyl chloride it converts
into ketones (Scheme 3.30) [17].

R′ COCl + R2Zn R′COR + RZnCl

Acyl chloride Ketone

Scheme 3.30

(iii) Reformatsky Reaction: In this reaction between an α-bromo ester and a carbonyl
compound (aldehyde, ketone, or ester) in the presence of zinc using benzene as
the solvent to yield β-hydroxy ester. Zinc is added to the mixture of bromoacid
ester and the carbonyl compound in benzene and the mixture is then warmed.
The α-bromo ester and zinc react in benzene to yield an intermediate organoz-
inc compound, which then adds to the carbonyl group of the aldehyde and
ketone (Scheme 3.31) [18].

BrCH2COOC2H5 BrZnCH 2COOC2H5
Zn

Ethyl bromoacetate Intermediate
organozinc compound

BrZn.CH 2COOC2H5  +

+

C
H3C

H3C

O H3C C

OZnBr

CH3

CH2COOC2H5

H3C C

OH

CH3

CH2COOC2H5

Ethyl b-hydroxy isovalerate

H

Scheme 3.31
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3.5 Organolithium Compounds

Alkyl lithium is either liquid or low-melting solids. They are insoluble in water but
soluble in nonpolar hydrocarbons as solvents. Organolithium compounds resem-
ble Grignard reagents, but they are more reactive. The greater reactivity of organo-
lithium compounds over Grignard reagents is due to greater ionic character of the
C—Li bond in comparison to the C—Mg bond [19].

3.5.1 Reaction Resembling Grignard Reagents

(i) Preparation of hydrocarbons: Organolithium reagents react with active
hydrogen-containing compounds (Scheme 3.32) [19].

R

–δ +δ

Li +
+ –
HOH R H + LiOH

R Li + R′OH R H + LiOR′

R Li + BrCH3 R CH3 + LiBr

Scheme 3.32

(ii) Preparation of alcohols: Formaldehyde gives primary alcohol; other aldehydes
give secondary alcohol while ketones give tertiary alcohol (Scheme 3.33).

H C

H

O +
+

+
–
R Li

+d d–
H C

R

H

OLi
H3O

+
+

+

–

-LiOH
H C

R

H

OH

Primary alcohol

H3C C

H

O + R Li H3C C

R

H

OLi
H3O

H3C C

R

H

OH + LiOH

Secondary alcohol

H3C C O

CH3

+ R Li H3C C

R

CH3

OLi
H3O

H3C C

R

CH3

OH + LiOH

Tertiary alcohol

Scheme 3.33
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(iii) Preparation of higher ethers: When treated with lower ether chloride it gives
higher ether (Scheme 3.34).

R Li + Cl CH2 O CH3 R CH2 O CH3 + LiCl

– δ
– +

+ δ

Scheme 3.34

(iv) Preparation of aldehydes: Organolithium compounds on reaction with ethyl
orthoformate or hydrogen cyanide give aldehyde (Scheme 3.35).

H C

OC2H5

OC2H5

OC2H5

+ R Li H C

R

OC2H5

OC2H5

+ C2H5OLi
H3O

H C

R

OH

OH

Unstable

H C

R

O

Aldehyde

H C

N

δ

δ

R Li H C R

NLi

H3O
H C R

O

+ NH3 + LiOH

-H2O

Scheme 3.35

(v) Preparation of ketones: Ethyl ortho ester and alkyl cyanide give ketone
(Scheme 3.36) [20].

R C

OC2H5

OC2H5

OC2H5

+ R Li R′ C

R

OC2H5

OC2H5

+ C2H5OLi R′ C

R

OH

OH

Unstable

R C

R

O
+H

2O

H3O

CH3 C + R Li H3C C R

NLi

CH3 C R

O

+ NH3
+ LiOH

N

δ

H3O
δ

Scheme 3.36
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(vi) Preparation of other metallic compounds: When treated with other metal
halides it gives organometallic compounds (Scheme 3.37).

HgCl2 + 2RLi (R)2 Hg + 2LiCl

Dialkyl
mercury

SiCl4 + 4RLi (R)4Si + 4LiCl

Silicon
tetra alkyl

Scheme 3.37

(vii) Preparations of amines: It gives alkyl amines when react with amine chloride
(Scheme 3.38).

RLi + ClNH2 R NH2 + LiCl

Scheme 3.38

(viii) Preparations of higher alkenes from allyl halide: When it reacts with allyl bro-
mide, it gives higher alkenes (Scheme 3.39).

CH2 CH CH2Br + LiCH3 CH2 CH CH2 CH3 + LiBr

1-Butene

Scheme 3.39

(ix) Preparations of alkyl cyanides: When they react with halide cyanides
(Scheme 3.40).

RLi + ClCN R CN + LiCl

Scheme 3.40

(x) Preparations of thio-alcohols: First alkyl lithium reacts with sulfur then the
formed product reacts with water to give thio-alcohols (Scheme 3.41).

RLi + S RSLi
H OH

RSH + LiOH

Thio alcohol

Scheme 3.41
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3.5.2 Reactions Different from Grignard Reagents

(i) Grignard reagent with α, β-unsaturated ketones gives a 1, 4-addition product
while organolithium compounds give a 1,2-adduct (Scheme 3.42).

C6H5CH CH C C6H5

O

RMgX

R Li

C6H5CH CH2COC6H5

R

C6H5CH CH C C6H5

R

OH

1,4- addition

1,2- addition (Main product)

Scheme 3.42

(ii) Reaction with carbon dioxide: Organolithium compounds gives ketone
(Scheme 3.43).

C

O

O + R Li
δ

R C OLi

O

R Li
R C

R

OLi

OLi

H3O

R C

R

OH

OH

Unstable

C

O

R R

δ

Scheme 3.43

Acid also gives a ketone when reacted with an organolithium compound
(Scheme 3.44).
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R′ C OH

O

+ R Li R H + R′ C

O

OLi

R Li

R′ C

R

OLi

OLi

H3O

R′ C

R

OH

OHR′ C

O

Unstable

H

Ketone

Scheme 3.44

3.6 Organosulfur Compounds

3.6.1 Physical Properties

● Methanethiol is a gas while higher homologues are volatile liquids having an
extremely unpleasant odor. The boiling points of methanethiol is 00 and that
of ethanethiol is 370. Their disagreeable odor decreases with an increase in the
molecular weight.

● The boiling points of thiols are much lower than corresponding alcohols, which
is due to weaker intermolecular hydrogen bonding in thiols than alcohols. Due to
lesser electronegativity of sulfur the character of sulfur hydrogen bond is much
less ionic.

● Weak hydrogen bonding makes them less soluble in water as compress to
alcohols. However they readily soluble in organic solvents such as ether and
alcohol [21].

3.6.2 Chemical Properties

a. Reaction with alkali metals: Thiols react with alkali metals like sodium,
potassium, etc., to from mercaptides with the evolution of hydrogen
(Scheme 3.45) [21].

2R.SH + 2Na 2R.SNa + H2

Sodium alkyl
mercaptide

2C2H5.SH + 2Na 2C2H5SNa + H2

Sodium ethyl
mercaptide

Scheme 3.45
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These mercaptides could be decomposed with water to give back thiols
(Scheme 3.46).

C2H5SNa + H2O C2H5SH + NaOH

Scheme 3.46

Thiols also react with alkalis to form mercaptides (Scheme 3.47).

C2H5SH + NaOH C2H5SNa + H2O

Scheme 3.47

b. Reaction with acid and acid derivatives: Like alcohol, thiols react with acid, acid
chlorides, and acid anhydrides (Scheme 3.48).

R.SH + H.O.O.CR′
H

R′CO.SR + H2O

Thio ester

C2H5SH + H.O.OC.CH3

H
CH3.CO.S.C2H5 + H2O

Thio ester

R.SH + Cl.CO.R′ R′.CO.SR + HCl

C2H5SH + Cl.CO.CH3 CH3.COC.SC2H5 + H2O

Acetyl chloride

R.SH + O

OC.CH3

OC.CH3

CH3.COS.R. + CH3COOH
∆

C2H5.SH + O

OC.CH3

OC.CH3

CH3.COS.C2H5 + CH3COOH
∆

Acetic anhydride

Scheme 3.48

c. Reaction with aldehyde and ketones: Like alcohols, they react with aldehydes and
ketones to form thioacetals ormercaptals and thioketals ormercaptals in the pres-
ence of hydrochloric acid (Scheme 3.49).
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Scheme 3.49

3.6.3 Properties Different from Alcohols

a. Reaction with alkyls: It gives sodium alkyl mercaptide (Scheme 3.50).

R.SH + NaOH R.S.Na + H2O

C2H5.SH + NaOH C2H5.S.Na + H2O

Sodium ethyl
mercaptide

Scheme 3.50

b. Reaction withmetallic salts andmetallic oxides: It gives differentmercaptide prod-
ucts (Scheme 3.51 and 3.52).

2R.SH + HgO (R.S)2Hg + H2O

2C2H5.SH + HgO (C2H5.S)2Hg + H2O

Mercury
mercaptide

Mercury ehtyl
mercaptide

Scheme 3.51
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2R.SH + (CH3COO)2Pb (RS)2Pb + 2CH3COOH

Lead mercaptide

2C2H5.SH + (CH3COO)2Pb (C2H5S)2Pb + 2CH3COOH

Lead ehtyl
mercaptide

Figure 3.51 (Continued)

2R.SH + 2CuCl2 R.S.S.R Cu2Cl2 2HCl+ +

Disulphide

2C2H5.SH + 2CuCl2
Cu2Cl2 2HCl+ +

Diethyl sulphide

C2H5.S.S.C2H5

2R.SH + Na2PbO2 + S 2NaOH + PbSR.S.S.R +
Sodium
plumbite

2C2H5.SH + Na2PbO2 + S 2NaOH + PbS+

Sodium
plumbite

C2H5.S.S.C2H5

Scheme 3.52

c. Oxidation: Thiols differ significantly from alcohols in their behavior toward oxi-
dizing agents
(i) With mild oxidizing agents like air, hydrogen peroxide, cupric chlo-

ride, iodine, sodium hypochloride, etc., thiols are oxidized to disulfides
(Scheme 3.53).

RSH + H2O2 R S S R + 2H2O

C2H5SH + H2O2 C2H5 S S C2H5 + 2H2O

Scheme 3.53

(ii) With strong oxidizing agents like nitric acid and KMnO4 they are oxidized to
sulphonic acids (Scheme 3.54).

RSH + 3[O]
HNO3

RSO3H

Alkyl sulphonic acid

Scheme 3.54
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3.7 Conclusion

Organometallic compounds and their classification aremainly focused on the chem-
istry of s-block elements, p-block elements, transition elements, and lanthanide and
actinide series with carbon-containingmoieties. HereM—C bond is mainly formed,
which is covalent in nature, through sometimes it behaves as an ionic character.
Due to this polarity, these organometallic compounds play a vital role in various
reactions.
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14.1 Introduction

The concept of catalysis is very important in the field of chemistry and it is frequently
used as a strategic tool in numerous areas such as life sciences, environmental
sciences, energy, and industry [1]. Basically, catalysis, a molecular phenomenon,
promotes chemical transformation. In fact, catalysis may be divided into two types
heterogeneous or homogeneous, depending on the physical states of reactants and
catalysts. In the current scenario, the connections between homogeneous catalysis
and molecular organometallic chemistry are observed, whereas heterogeneous
catalysis shows proximity towards solid-state chemistry and surface science [2].
In this chapter, the applications of organometallic compounds in homogeneous
catalysis and several important chemical reactions catalyzed by them have been
covered.
Homogeneous catalysis is regarded as one of the most successful applications of

organometallic chemistry – a branch of chemistry that has combined organic and
inorganic chemistry – to a remarkable degree [3, 4].
Here, the salient features of homogeneous catalysts are as follows:

● Dispersion of homogeneous catalysts “in the same phase” at molecular level.
● Simple, smooth, and reproducible synthesis and manufacturing.
● Easy characterization with the help of chemical and spectroscopic techniques.
● Substrate specific designing is based upon known principles of catalysis.

On the basis of divergent operating systems, previously heterogeneous and
homogeneous catalysis were associated with different areas. Subsequently it was
thought that both followed different mechanisms of catalysis in elementary steps.
*Corresponding authors.

Organometallic Compounds: Synthesis, Reactions, and Applications, First Edition.
Edited by Dakeshwar Kumar Verma and Jeenat Aslam.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Later, it was observed that both were approaching each other, and this connection
was well studied in the field of organometallic surface chemistry.
The applications of organometallic compounds in the area of homogeneous catal-

ysis have gone beyond the frontiers of industry to provide the small-scale synthesis
of daily needs in a laboratory [5, 6]. The prominent example of such an applica-
tion is alkene isomerization using transition metal organometallic complexes as a
homogeneous catalyst. The conduction of hydrogenation reactions of substrates like
alkene, arene, imine, and ketone is done using various types of transition metal
organometallic catalysts. They also proceed via diversemechanisms involving oxida-
tive addition, homolytic, and heterolytic cleavages of the H—H bond.
In the current scenario, the study and exploration of organometallic compounds

as homogeneous catalysts is highly demanding in the field of catalysis. The devel-
opment of many novel organometallic catalysts accelerates the optimization and
subsequent application of organometallic chemistry in homogenous catalysis [7, 8].
The benefits of homogeneous organometallic catalysts have currently spread to all
conceivable areas of chemical sciences, from the confines of industry for synthetic
processes used on a daily basis to academics for organic synthesis. Presently, several
developmental processes related to improving our daily lives have achieved their
goals due to the incorporation of organometallic compounds in the field of homo-
geneous catalysis. Alkene metathesis is regarded as one of the important examples
of the aforementioned target, which is executed with the help of homogeneous
organometallic catalysts. The production of many novel chemical moieties has been
achieved with the help of various homogeneous organometallic catalysts. Conse-
quently, the library of novel synthesized chemical compounds is being explored in
various fields of chemical sciences, including pharmaceutical chemistry.

14.2 Organometallic Compounds and Homogeneous
Catalysis

When a metal or metalloid possesses at least one bond to a carbon atom directly,
the resulting compound is regarded as an organometallic compound. Notably, the
carbon metal bond may have either ionic or covalent characteristics. To expand the
field of homogeneous transition-metal catalysis, exploitation of a diverse range of
transition metal complexes has been done to check their catalytic efficacies. After
the successful outcome, employment of homogeneous transition-metal catalysts has
been examined for the synthesis of organic molecules [9].
In terms of selectivity of the reaction, it is observed that homogeneous catalysis

works better in comparison to heterogeneous catalysis because homogeneous catal-
ysis can be monitored with the incorporation of suitable ligands on the catalytic
metal center [10]. One of the noticeable advantages of organometallic catalysis is
the stepwise economic synthesis of organic compounds. In addition, conduction of
enantioselective reactions employing homogeneous catalysts is done; consequently,
high optical yields are obtained and this application has great importance in
industry [11]. Furthermore, in homogeneous catalysis, smooth reaction conditions
such as low temperature and pressure are frequently sufficient.
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Due to the emergence of green and sustainable chemistry in the field of catalysis,
the recovery of catalysts is highly desirable. In this context, numerous methods such
as precipitation, immobilization on carrier materials, reverse osmosis, and reaction
in two-phase liquid–liquid systems are available for catalyst recovery after the reac-
tion [12–14]. Here, we will discuss some important organometallic homogeneous
catalysis-driven chemical transformations one by one.

14.3 Catalytic Elementary Reactions

Basically, stepwise categorization of a catalytic cycle for a homogeneous catalyst can
be done as follows [15–17]:

I. Generation of the active species,
II. coordination of metal center and the reactants,
III. production of the product, and
IV. elimination of the product with regeneration of the initial catalytically active

species

The pictorial representation of the four aforementioned steps is well depicted
below.

MLn

MLn–x

± xL

MLn–x

A

B
A-B-MLn–x

A + B

Reactant

A – B

Product

I

II

III

IV

The first step is completed with the in situ conversion of starting complex MLn to
MLn−x as a catalytically active species. The presence of vacant coordination sites in
catalytically active species is the basic requirement for coordination of the reactants
A and B. Often, the generation of active species is done after the dissociation of the
ligand, i.e. by the elimination of Lewis bases like phosphines or Lewis acids such as
protons.
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The second step of the catalytic cycle is initiated with the binding of one or more
reactants to the metal center. This step is completed either by oxidative addition,
in which molecules like H–H, R–X, or H–X are cleaved and then the two fragments
attach to themetal center via σ-bonds or by ligand association, i.e. addition of ligands
such as carbon monoxide, alkenes or alkynes, to the metal center. Notably, in oxida-
tive addition, the central metal observes an increase of two in both the oxidation
state and coordination number.
The reactions of bond formation between the reactants associated with the metal

center are observed in the third step. In addition, insertion reactions are often
observed in this step.
In the fourth step, the catalytic cycle is completedwith the elimination of the prod-

uct. Usually, the product is released via the mechanism of reductive elimination.
Reductive elimination is just the reverse of oxidative addition.

14.3.1 Isomerization

Mostly transition-metal complexes, particularly transition-metal hydride complexes
having the general formula LnMH (may also be generated in situ from MLn and
hydrogen), are explored as homogeneous catalysts for isomerization. In addition
to the skeletal rearrangements of cyclic aliphatic compounds, the aforementioned
homogeneous catalysts can also catalyze the isomerization of double-bond systems
including alkenes, dienes, and allyl compounds [18–20].
The generation of thermodynamically more stable isomers is considered the driv-

ing force for the isomerization reaction. Isomerization strongly depends on reaction
temperature, and this reaction is an example of an equilibrium reaction. At higher
temperatures, it is also observed that the proportion of thermodynamically less sta-
ble isomers increases.
To understand the story of alkene isomerization, twomechanisms viz. the hydride

mechanism and the allyl mechanism, are available. In the hydride mechanism, the
addition of alkene to the transition-metal hydride to give an η2-alkene complex takes
place followed by generation of a σ-alkyl complex after rearrangement. Regeneration
of the initial hydride complex occurs after the elimination of a product i.e. olefin.

LnMH + CH2= CH-CH2-R

LnMH + CH3-CH = CH-R LnM

H

LnM

H CH2

CH

CH2-R

CH3

CH

CH2-R
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In the allyl mechanism, η3-allyl complex is formed as an isomerization interme-
diate via the removal of a proton adjacent to the double bond in the presence of a
transition metal.

LnM + R-CH = CH-CH2-Rʹ LnM

H
R

Rʹ

LnM + R-CH2-CH = CH-Rʹ

Several metal complexes of groups 6, 8, 9, and 10 can be exemplified as isomer-
ization catalysts. Examples of the most common complexes which are frequently
used as catalysts are iron carbonyls, rhodium chloride, rhodium chloro complexes,
titanium, and palladium complexes.

14.3.2 Alkene Isomerization

The conversion of 1-hexene to 2- and 3-hexene can be achieved using iron carbonyls
as a catalyst.

[Fe] [Fe]

The transformation of exocyclic enones to endocyclic enones via isomerization
reaction is done using rhodium(III) trichloride [RhCl3], which is a very suit-
able catalyst for this reaction. Subsequently 2-substituted cyclopentenones are
synthesized.

[RhCl3]

O

R

O R

14.3.3 Alkyne Isomerization

Manganese complexes can conduct the conversion of alkynes to their corresponding
allenes.

CH-C C-COOMe
R

R (MeC5H4)Mn(CO)2 + (Al2O3)
C=C=C

R

R H

COOMe
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14.3.4 Diene Isomerization

The conversion of thermodynamically more stable 1,3-isomer of cyclooctadiene
from 1,5- is afforded in the presence of iron(0) pentacarbonyl [Fe(CO)5]:

Fe(CO)5

14.4 Hydrogenation

Numerous homogeneous transition-metal catalysts are used for the hydrogenation
of alkenes, dienes, and alkynes [21–26]. H2IrCl6, [(PPh3)2IrCl(CO)], [HCo(CO)4],
and [(PPh3)2(CO)2RuCl2] are some typical examples of catalysts for hydrogenation.
Wilkinson’s catalyst [(PPh3)3RhCl] is one of themost commonly employed catalysts.
In the presence of this catalyst, the hydrogenation is carried out under mild condi-
tions. A simple reaction mechanism for hydrogenation reaction in the presence of
Wilkinson’s catalyst is clearly demonstrated below.
A dihydridorhodium(III) complex is obtained via oxidative addition of hydrogen,

which after dissociating a phosphine ligand, creates a vacant coordination site for
bonding of an alkene. A hydrido alkyl rhodium complex is obtained after the step
of insertion. Then the desired product, an alkane, is obtained after elimination, and
the starting complex is regenerated after complexation of the phosphine.

RhL3Cl

H2RhL3Cl

H2RhL2Cl

R-CH = CH2

RhH2L2Cl

RCH2CH2RhHL2Cl

RCH2CH2RhHL3Cl

L

H2

L (L = PPh3)

RCH2CH3

R-CH = CH2

The hydrogenation of terminal and inner alkenes can be carried out by
[(PPh3)3RhCl], whereas the hydride complex i.e. [(PPh3)3Rh(CO)H] hydrogenates
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only terminal double bonds. It is also observed that this hydride complex is less
reactive in comparison to Wilkinson’s catalyst. The hydrogenation of ethene and
propene is carried out by the carbonyl chloro complex trans-[(PPh3)3Rh(CO)Cl],
but this catalyst hydrogenates in slow rates only. Furthermore, the hydrogena-
tion reaction becomes fast in the presence of corresponding iridium complex
trans-[(PPh3)3Ir(CO)Cl]. Notably, several cationic catalysts such as complexes of
the type [L2Rh(THF)2]+ shows high catalytic activity.

14.5 Carbon–Carbon Bond Formation

The processes of linear and cyclic oligomerization, telomerization, polymerization,
and vinylogation are studied in this section [27–32]. The oligomerization of alkenes
results in linear or branched high molecular mass alkenes. In the production of fine
chemicals, plasticizers, and detergents, the linear or branched high molecular mass
alkenes are used frequently. To understand the oligomerization of alkenes, two com-
monmechanisms viz. the hydridemechanism and themetallacycle mechanism, are
reported in the literature. In hydride mechanism, a metal hydride complex is con-
sidered as a catalytically active species and into the M—H bond of a metal hydride
complex, the insertion of an alkene is observed. Next, due to the insertions of alkene
molecules into the resultingmetal–carbon (M—C) bond, the long-chainmetal alkyls
are generated. The β-hydrogen elimination terminates the reaction; consequently,
the desired oligomer is liberated, followed by regeneration of the metal hydride.

LnM-H

LnM-CH2-CH3

(n–1)CH2= CH2

CH2= CH2

CH2= CH2

LnM-(CH2-CH2)n-CH2-CH3 LnM-CH2-CH2-CH2-CH2

CH2= CH-(CH2-CH2)n–1-CH2-CH3

Dimerization of ethene into butane is an example of the metallacycle mechanism.
A bis(ethene) complex producesmetallacyclopentane, which is then rearranged and
hydrogen shifted to form a butene complex.
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[LnM] 2CH2 = CH2

CH2

CH2

H
LnM

CH2

CH

H3C

H2C
H2C

H2C

LnM
MLn

CH3-CH2-CH = CH2

Development of several catalysts has been reported for ethene oligomer-
ization. Ziegler–Natta catalyst is a prominent example of the aforementioned
group. Ziegler–Natta catalysts are generated from an aluminum alkyl and a
transition-metal component. Titanium, cobalt, nickel, and zirconium are the most
common transition metals for these catalysts. Generally, titanium and zirconium
are employed in the form of their halides or alkoxides, whereas nickel and cobalt
are used as acetyl acetonates or allyl complexes. Adducts of the transition-metal
complex and aluminum component are considered catalytically active species.
When titanium tetrachloride and ethyl aluminum dichloride react, a complex is
formed that has a free coordination site available for an olefin to bond to.
In addition to Ziegler–Natta catalysts, several other metal compounds have

catalytic properties for the oligomerization of alkenes, in these cases; no activa-
tion by aluminum alkyls is required. Some of the important example of these
type of catalysts are cobalt dinitrogen complex [CoH(N2)(PPh3)3], rhodium
trichloride [RhCl3], ruthenium trichloride [RuCl3], and palladium dichloride
[PdCl2].

14.6 Metathesis

In general, metathesis is defined as the exchange of alkylidene groups between two
alkenes [28–32].

R1CH = CHR1

+

R2CH = CHR2

CHR1

CHR2

CHR2

CHR1

WCl6-EtOH-R2AlCl is regarded as one of the most common homogeneous
catalytic systems for metathesis. In fact, the reactive intermediates are commonly
observed in the form of carbene complexes.
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A detailed mechanism for the generation of metal from the catalytic system
WCl6-Me2AlCl is depicted below.

WCl6
+

(CH3)2AlCl
W

CH3

CH3 W

CH3

CH2

H

W CH2 + CH4

Huls (1980) reported the generation of polyoctenamer from cyclooctene via
metathesis. The trade name for the synthesized polyoctenamer is Vestenamer 8012.

n

The conversion of α,ω-dienes from cycloolefins and ethane is studied as the
Feast process. 1,5-cyclooctadiene, generated via cyclodimerization of butadiene, is
explored as the starting material for the Feast process.

C = C C = C

C = C

+

H2

1,5-Hexadien

1,9-Decadien

14.7 Oxidation

TheWacker–Hoechst process is a well-known process for oxidation. In this process,
the decomposition of ethene chloro complexes of palladium(II) into acetaldehyde
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and palladium(0) occurred in the presence of water. The use of air environment
facilitates the oxidation of Pd(0) back to Pd(II), and the use of a Cu(I)/Cu(II) couple
allows the reaction to be catalyzed. This process is completed in several steps, but
the overall reaction of ethene and oxygen to give acetaldehyde can be written in one
step, and the complete process is well depicted below [33–35].

1. C2H4 + PdCl2 + H2O

S C2H4 + 1/2O2

2. Pd(0) + 2CuCl2

CH3CHO + Pd(0) + 2HCl

PdCl2 + 2CuCl

2CuCl2 + H2O

CH3CHO

3. 2CuCl + 2HCl + 1/2O2

Notably, when the terminal or inner alkenes is explored as substrates in this
reaction, ketones are generated as ketones instead of aldehydes. For example,
acetone is obtained from propene. The detailed mechanism of acetaldehyde gener-
ation via the Wacker–Hoechst process is being demonstrated. In the first step, the
addition of ethene and water to the metal center takes place. In the next step, the
hydroxyethyl complex is generated via oxypalladation. Finally, after rearranging
into a hydridovinyl alcohol complex, acetaldehyde is obtained.

PdCl2

Pd

Cl

H2O

Cl

CH2

H2C

(1) CH2= CH2

Pd

Cl

H2O CH2CH2OH

Cl

H2O

H+

Pd

H

H2O CH-OH

Cl

CH2

–Cl
–

Pd(0)

CH3CHO

(2) H2O

2CuCl

2CuCl2

1/2O2
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14.8 Reactions with Carbon Monoxide

In this section, transition-metal catalyzed reactions of carbonmonoxide with hydro-
gen, alkenes, alkynes, and alcohols are discussed [36–39].
The substrate for the Fischer–Tropsch reaction is synthesis gas, which is generated

from the reaction of carbon monoxide with hydrogen. Recently, Fischer–Tropsch
chemistry research has primarily focused on controlling the formation of side prod-
ucts such as alcohols, short-chain olefins, and long-chain α-olefins. Extensive inves-
tigations into the reactions of hydrogen and carbon monoxide in the presence of
a homogeneous catalyst are highly explored. In this context, synthesis of ethylene
glycol is afforded in presence of a rhodium catalyst [40, 41].
Roelenat Ruhrchemie reported the hydroformylation reaction, which is consid-

ered one of the most important reactions of carbon monoxide and alkenes [42].

HCo(CO)3

HCo(CO)3(CH2= CHR)

CH2= CH-R

RCH2CH2Co(CO)3

CO
RCH2CH2Co(CO)4

RCH2CH2(CO)Co(CO)3

RCH2CH2(CO)Co(H2)(CO)3

RCH2CH2CHO

H2

In the hydroformylation reaction, propionaldehyde is obtained from ethane and
synthesis gas using a cobalt carbonyl catalyst. In fact, aldehydes are the primary
products of hydroformylation reactions, which are often transformed into other
products, mostly alcohols. The mechanism of cobalt-catalyzed hydroformylation
involves going through the formation of hydridocobalt carbonyl, which is regarded
as a catalytically active species. An acyl complex is produced via the insertion
of an olefin and carbon monoxide. Finally, aldehyde is produced followed by
hydrogenation [43, 44].

14.9 Heterogenous Catalysis

Heterogeneous catalysis involves the use of solid or metallic catalysts. The reac-
tants and/or products have different phases as compared to those of the catalyst.
Phase difference stands for solid, liquid, or gaseous states along with immiscible
mixtures as well as the presence of interfaces [45–47]. Table 14.1 enlists different
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Table 14.1 List of different heterogenous catalysis-based reactions.

S. No. Reaction Substrate Catalyst Product References

1 Polymerization Propene MgCl2/TiCl4 Polypropylene Cavallo and
coworkers [48]

2 Hydrogenation N2 Hydride-based
complexes of
Co, Fe, Ru, Rh,
Ir, Mn, Mo, Ni,
Ti, Ta

NH3 Kageyama and
coworkers [49]

3 Hydrogenation N2 Ru NH3 Marakatti and
Gaigneaux [50]

4 Hydrogenation N2 Fe NH3 Li and
coworkers [51]

5 Dehydro-
genation

Polyethylene
glycol

Ni/ZrO2 H2 Wei and
coworkers [52]

6 Oxidative
coupling

Methane Li/MgO Ethane+
ethylene

Tarr and
coworkers [53]

7 Oxidation Methane Pt, Ni CO+H2 +
formaldehyde

Tarr and
coworkers [53]

8 Oxychloration Ethylene+Cl2 CuPdCl Vinyl chloride Tarr and
coworkers [53]

9 Oxychloration Ethane+Cl2 AgMnCoO Vinyl chloride Tarr and
coworkers [53]

10 Oxidation Ethane MoVNbO Acetic acid Tarr and
coworkers [53]

11 Oxidation n-Butane (VO)2P2O7 Maleic
anhydride

Tarr and
coworkers [53]

12 Oxidation Ethylene Ag/Al2O3 Ethyl oxide,
acetaldehyde,
acetic acid

Tarr and
coworkers [53]

heterogeneous catalysis-based reactions. The steps involved in heterogeneous
catalysis (Figure 14.1) are:

(i) Diffusion of reactants toward the surface: Concentration of the reactant and
thickness of the surface affects the rate of diffusion.

(ii) Adsorption of reactants: The adsorption of reactants on a surface can be through
chemisorption or physisorption. In the case of chemisorption, bonds are formed
between the reactant and the surface of the catalyst. The binding efficiency of
a molecule or atom is known as the sticking coefficient, which is simply the
percentage or proportion of molecules that remain bound to the surface.

(iii) Reaction: Atoms and/ormolecules bound to the catalyst surface react with each
other, resulting in bond formation.

(iv) Desorption of product(s): Products are desorbed from the catalyst surface.
(v) Diffusion of product(s): The products diffuse away from the catalyst surface.
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Diffusion of reactant

Diffusion of product

Desorption of productsAdsorption of reactant

Catalyst
surface

Reaction on catalyst surface

X

X

X

Y

P

P

P

P

P

P

P

Y

Y

Figure 14.1 Steps involved in heterogeneous catalysis.

14.9.1 Ziegler–Natta Catalyst

Alkenes are polymerized in the presence of transition-metal complexes and alu-
minum alkyls. Ziegler et al. (1955) proposed the Ziegler–Natta polymerization of
ethylene to give polyethylene in presence of TiCl4 and Al(C2H5)3 [46, 47, 49]. The
noble prize (1963) in chemistry was shared by German chemist Karl Ziegler for
the discovery of first Ti-based catalyst and Giulio Natta for preparation of stere-
oregular polymers by using this catalyst. Various polyolefins have been prepared
commercially using the Ziegler–Natta catalyst; some of these include polyethylene,
polypropylene, polycycloolefins, polyisoprene, polyacetylene, copolymers of ethy-
lene, alkenes, etc.

14.9.1.1 Stereoregularity
Natta found that the polymers have a crystalline structure owing to stereoregularity.
Polymers can have different tacticities depending on the orientation of alkyl groups
in polymer chains having (–CH2–CH2–)n units. The stereoregularity of polymers is
dependent upon the type of catalyst, which is used to prepare it.

Isotactic: All the stereogenic (CHR) centers have same configuration. These poly-
mers are crystalline.

H H H H H H HH3C H3C H3C H3C H3C H3C H3C



314 14 Homogeneous and Heterogeneous Catalysis by Organometallic Complexes

Syndiotactic: The stereogenic centers (CHR) have relatively alternate configuration.
These polymers also show crystalline nature.

H CH3 CH3 CH3H H HH H HH3C H3C H3C H3C

Atactic: These polymers do not have any regular arrangement of the alkyl
substituents. These are amorphous in nature.

H H CH3 CH3 CH3H HH3C H3C H3C H3CH H H

The mechanism proposed by Cossec and Arlman will be discussed here. TiCl4
reacts with Al(C2H5)3 to give TiCl3 [45, 46]. A titanium alkyl complex is obtained by
the reaction between TiCl3 and Al(C2H5)3. The alkene gets inserted into the Ti—C
bond, resulting in the formation of a large alkyl complex. The chain length increases
by further insertion of alkene.

Ti

AlEt3 Ti

Ti

Cl

CH2

CH3

H2C CH2

Ti

Cl

CH2

CH2

CH2 CH3

H2C CH2Ti

Cl

CH2

CH2

CH2 CH3

H2C CH2

Ti

Cl

Cl
CH2

CH2

CH2

CH3

H2C CH2

Ti

Cl

Cl
CH2

CH2

CH2 CH2 CH2 CH3
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Cl
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Gabe and coworkers (1985) have discussed the formation of a metallacylbutane
intermediate. According to this mechanism, the steps involved are

1. Alkylidene is obtained from metal alkyl complex.
2. Ethylene gets added to form metallcyclobutane.
3. Ethylene then gets added to the metal–carbon bond.

It’s difficult to distinguish the mechanism being followed. But Cossec–Arlman
mechanism is the commonly observed one for polymerization reactions. Green and
coworkers have presented strong evidence in support of this mechanism [46].

14.9.2 Water Gas Reaction

The reaction between steam (water) and a carbon source such as coke or coal at high
temperature and pressure is known as the water–gas reaction [47].

C    +    H2O

CO    +    H2O CO2    +    H2

CO    +    3H2

CO    +    H2

CH4    +    H2O

Red hot
coke

Steam Water gas

Steam

700–1000 °C

This reaction yields an equimolar mixture of hydrogen and carbon monoxide
gases, also known as synthetic or syn gas. Some amounts of carbon dioxide gas
might also be used in various other reactions. The Fischer–Tropsch process utilizes
transition metals as catalysts to produce hydrocarbons, alcohols, alkanes, etc., from
synthetic gas.

H2   +   CO
Co

Alkanes

3H2   +   CO
Ni

CH4   +   H2O

2H2   +   CO CH3OH
Co or Zn/Cu

This process was used for the production of synthetic fuels in various countries
during the Second World War. However, due to the high cost of obtaining H2 and
CO gases from coal or petroleum, all of these initiatives proved to be ineffective.
Steam reforming involves the reaction between natural gas (methane) and steam at
elevated temperatures and pressures to yield carbon monoxide and hydrogen.

CH4    +    H2O CO    +    3H2

Steam

700–1000 °C
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This process is used for producing hydrogen gas on an industrial scale. Carbon
monoxide obtained as a product can be recycled again to produce hydrogen gas.

CO    +     H2O CO2    +    H2
Fe-Cr or Zn-Cu

400 °C

This reaction is thermodynamically favorable and can yield 99% pure hydrogen
gas, if CO2 is removed chemically.

CO

CO
C O

H
2

C

H HHH H

CH4    +

CH3

H2
C

+ H2

+ H2

+ H2

– H2O

[Ru(bpy)2Cl2]

[Ru(bpy)2(CO)Cl]+

[Ru(bpy)2(CO)(H2O)]2+

[Ru(bpy)2(CO)2]2+

CO

CI–

H2O

CI–

OH–

OH–

CO

H2O

[Ru(bpy)2(CO)(COOH)]+

[Ru(bpy)2(CO)(H)]+

CO

H2

H3O+

14.9.3 Zeolites

Zeolite is an aluminosilicate mineral that has a crystalline structure, silicon,
aluminum, and oxygen. Its chemical formula is MxAlxSi1−xO2⋅yH2O, where M is a
metal ion. AlO4 and SiO4 have tetrahedral structures and form covalent networks
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of zeolite. It consists of a frame of cavities and channels inside which cations, water
and small molecules can exist due to the way zeolite is used as a molecular sieve.
It is generally used as an adsorbent and catalyst. The term zeolite was coined by
the mineralogist Axel Fredrik Kronstadt (Swedish) in 1756. Zeolites are produced
industrially on a large scale but are also present in nature. More than 40 zeolites are
known in nature.
Due to its porous nature, it can accommodate many cations such as Na+, K+,

Ca2+, Mg2+, and others. All these cations are easily replaced by another contact solu-
tion. Analcime, phillipsite, clinoptilolite, and heulandite are examples of common
zeolites. Na2Al2Si3O10⋅2H2O (natrolite) is a simple example of the mineral form of
zeolites. Volcanic pillars and ash sheets treatedwith basic groundwater are the natu-
ral sources of zeolites. Natural zeolites are frequently impure and pollutedwith other
minerals, metals, or other zeolites. Its distinct porous assembly and adaptable acid-
ity make it dynamic in various reactions. They are used for separation and trapping
of molecules. They are extensively applied as ion-exchange coats in domestic as well
as viable water softening and purification processes. Mesoporous zeolite materials
are broadly applied as catalysts in the petrochemical industry for hydrocracking and
liquid catalytic cracking. The acidic zeolites can ease many acid-catalyzed reaction
like isomerization and alkylation. Zeolites have micro-porous nature to bind some
ions of fission products from nuclear processes and to be detached from the waste
permanently.

14.10 Conclusion

The use of oganometallic chemistry in the field of catalysis has always been fascinat-
ing to researchers. Heterogeneous and homogeneous catalysis have been discussed
in this chapter. Continuous research work is going on in this field. However, further
research needs to be done in this field to explore the applicability of oganometallic
compounds in various reactions.
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15.1 Introduction

15.1.1 Fundamentals of Cluster Compounds: Boranes, Heteroboranes,
and Metallaboranes

The boranes, heteroboranes, and metallaboranes-based cluster compounds con-
tained mainly 1–12 boron atoms. The general formulation of borane-based clusters
is BxHy. These compounds were constructed with only borane and hydrogen atoms.
They differ from hydrocarbon compounds in their molecular structure and molecu-
lar weight [1]. The heteroboranes-based cluster compounds contained heteroatoms
such as nitrogen, phosphorous, and other nonmetal atoms. The heteroatoms
influence the molecular properties of cluster compounds. Recently, the transition
metal elements have been combined with the boranes-based cluster compounds
to form the metallaboranes clusters. Figure 15.1 illustrates the representations of
the molecular and electronic structures of BxHy [2]. Figure 15.2 shows the crystal
structures and numbers of skeletal electron pairs for borane-based clusters [2]. It
is clear from these illustrations that the BxHy-based clusters have inner and outer
spheres. There are two types of B—Hbonds: endo B—Hbonds and exo B—Hbonds.
According to the electronic representations, the hybrid spz orbitals are the centroid
of the cluster compounds while the tangential px and py orbitals are covered by the
cluster centers [2]. Table 15.1 indicates the classifications in borane clusters [1]. The
borane-based clusters are classified according to the number of borane atoms (n).
The elements of boranes, heteroboranes, and metallaboranes-based cluster com-

pounds are chemically linked together by the nonclassically bonded compounds.
This is due to the fact that in these compounds there are enough electrons to form the

Organometallic Compounds: Synthesis, Reactions, and Applications, First Edition.
Edited by Dakeshwar Kumar Verma and Jeenat Aslam.
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Table 15.1 Classifications in borane clusters.

Cluster type Chemical formula

hypercloso- BnHn

closo- BnHn
2−

closo- BnHn
2−

closo- BnHn
2−

closo- BnHn
2−

Table 15.2 Multi-cluster descriptors.

Prefix Meaning

megalo- Multiple conjoined clusters
conjuncto- Conjoined clusters
klado- Branched clusters

2-electron and 2-center bonds among the elements. William Lipscomb [3] described
a new formulation for the bonding in borane-based clusters:

● 2-center 2-electron bonds (in B—B, B—H and BH2)
● 3-center 2-electron B—B—B bonds
● 3-center 2-electron B—H—B hydrogen bridges

This expression was extended by the lowest unoccupied orbitals and the high-
est occupied molecular orbital theories. For instance, the electrons of [B12H12]2−are
equally distributed between 12 boron atoms [3].
The borane-based clusters have some multi-cluster boranes. Their molecular

structure is different from the classical boranes. For instance, the BH3 and B6H10
compounds reacted with the simple borane clusters to form the conjuncto-borane
clusters (Table 15.2). In these reactions, the borane cluster subunits are joined by
the sharing of boron atoms [1].

B6H10 + (BH3) → B7H11 +H2

B7H11 + B6H10 → B13H19 +H2

On the other hand, the B—B bond is responsible for the subunit modifications.
These clusters were formed by the PtBr2 as a catalyst and ultraviolet irradiation of
nido-boranes [4].
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15.2 Main Part

15.2.1 Cluster Compounds of Boranes and Heteroboranes: Synthesis,
Reactions, and Applications

15.2.1.1 Basics
The cluster compounds of heteroboranes were synthesized by the formation of the
B—S, B—P, B—N, and B—C bonds. These compounds are named sulfurboranes,
phosphoroboranes, nitroboranes, and carboranes. The cluster compounds of heter-
oboranes differ from each other related to their size, molecular structure, chemical
or physical properties, and applications [5]. In another review, the Si, As, Se, Sb, and
Te atoms also combined with the borane to form the B—Si, B—As, B—Se, B—Sb,
and B—Te bonds [6].

15.2.1.2 Synthesis
Joseph et al. [7] synthesized new S and Se-based heteroborane clusters according to
the following reaction schema (Figure 15.3). These reactionswere carried out at high
temperatures with the S and Se powders. The reaction was carried out in a toluene
solvent. In the formed heteroborane cluster structure, the S and Se heteroatoms are
directly linkedwith the borane atoms by the formation of the B—S and B—Se bonds.
Qiu [8] suggested the high thermal reaction for the synthesis of the carboranes

(Figure 15.4). The reaction productivity was increasedwith the addition of Agmetal,
in which the Ag acts as catalytic effects. The formed carboranes are stable in acidic
and alcoholic solutions. These carboranes reactionswere carried out at temperatures
ranging from 600 to 700 ∘C.
Olejniczak et al. [9] synthesized some carboranes clusters (Figure 15.5) via solid

support cleavage and deprotection, oxidation and capping, and coupling and detrity-
lation modifications. All reactions were carried out by the B—H and C—H bonds.

15.2.1.3 Reactions
Vrána et al. [10] studied some reactivity properties of cluster compounds of
heteroboranes (Figure 15.6): closo-1,10-dicarbadecaborane is referred to as para
(p, green trace); closo-1,6-dicarbadecaborane is referred to as meta (m, blue race);

M = Cp*Co, L = no L 1: M = Cp*Co, E = S

1. [LiBH4·THF],
   toluene,
–78 °C to rt 1/2 h

2. E powder, Δ
(E = S or Se)

= BH

M

M

M
Cl

Cl

M
L

L E

E

2: M = Cp*Co, E = Se
3: M = Cp*Rh, E = Se
4: M = Cp*Ir,   E = Se

M = Cp*Rh, L = Cl
M = Cp*Ir,   L = Cl

Figure 15.3 Synthetic procedure of S and Se-based heteroborane clusters [7].
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Figure 15.4 Synthesis schema of
some carboranes. Source: Qiu
[8]/With permission of Elsevier.
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closo-1,2-dicarbadecaborane is referred to as ortho (o, red trace). It is indicated that
these compounds reacted with oxygen, hydrochloric acid, and PCl3 compounds.
Bakardjiev et al. [11] studied some nucleophilic reactions of heteroboranes

(Figure 15.7). It was found that these cluster compounds have higher nucleophilic
reaction ability. Almost all nucleophilic reactions are done by the B—H bonds.
In this research work, the B—O bonds were formed by the nucleophilic reaction
mechanisms.

15.2.1.4 Applications
In modern times, carborane clusters are widely used in cancer therapy. They are
modifying the cancer therapy drugs to enhance their effectiveness [12–14]. This
is due to their excellent chemical and physical properties such as bioavailability,
potency, and agent binding affinity. In breast cancer therapy, steroid estrogens play
a significant role. The estrogen hormones have sensitive receptors, which support
the interactions between the protein and DNA molecules. These hormones easily
interacted with the DNA molecules, and as a result, gene transcription was carried
out [12]. The heteroborane clusters are widely used to block the receptor part of
hormones. Figure 15.8 shows the interactions of the carborane clusterwith the estro-
gen receptors: estrogen receptor antagonist carborane derivatives (11, 12); estrogen
receptor agonist carborane derivatives (10a–g); hormone and ERα antagonists (7–9).
The heteroboranes are modified with amino acids and proteins to create new

bioactive peptides and unnatural amino acids. These compounds are used in
medicine for various medicinal applications. On the other hand, the heterobo-
ranes clusters are boron neutron capture therapy (BCNT), boron neutron capture
synovectomy, and medical imaging [13, 15].

15.2.2 Cluster Compounds of Metallaboranes: Synthesis, Reactions,
and Applications

15.2.2.1 Basics
Metallaborane clusters compounds were mostly formed with the transition metals.
The researchers devoted the metallaborane clusters into four categories related to
the nature of interactions between the metal and borane atoms: transition metal
complexes of boron; Me-complexes with boron-containing ligands; metallaboranes;
and borides. The bonds between the borane and metal were built by nonclassical
interactions: 2-center 2-electron bonds between boron and the metal center [16, 17].

15.2.2.2 Synthesis
Bag et al. suggested a new synthesis methodology for metallaborane clusters
(Figure 15.9) [18]. These synthetic reactions were done in situ models at low
temperatures. Cr, Mo, and W (CO)4 complexes were used. As a result, the previ-
ously reported compounds [{Cp*W(CO)2}2B2H2M(CO)4], (M = Mo; W) [19], and
[(Cp*W)2B5H9] [20] were obtained, as well as the air and moisture-sensitive brown
solids 1, 2, and 3.
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Pathak et al. [21] synthesized the metallaborane clusters with Fe, Mo, Ta, Nb, Ru,
and Co metals by the following reaction procedures (Figure 15.10). The Ru-based
metallaborane clusters were prepared at room temperatures with a high reaction
yield. The Nb-based metallaborane clusters were synthesized at very low (−78 ∘C)
temperatures. These reactions were carried out with the S and Se heteroborane
clusters.

15.2.2.3 Reactions
Yuvaraj et al. [22] investigated some nucleophilic reactions (Figure 15.11). In these
reactions, the nucleophilic agent of bromide chemically interacted with the borane
atoms to form Br—B bonds. These reactions are done at higher temperatures.
The chemical and physical properties of borane clusters were changed by the
nucleophilic reactions.

15.2.2.4 Applications
Themetallaborane clusters aremostly used in nanomedicine, targeted radiopharma-
ceuticals, medicinal imaging agents, cancer diagnostic agents, and BNCT of tumors



15.2 Main Part 331

B = BH

Mo = Cp*Mo
Co = Co(CO)2

Fe2(CO)9

Mo

Mo

Mo

Mo

Mo Mo

Co
Co Co

Co

Co

Co

Co
Co

Co

Co

Te

Te

Te

Fe

Fe

Feʹ

Fe

H

E

E

Mo
Mo

B
B

B
B

B

B

M

M

E
E

B

B B
BB

B

BB

B

Mo

B
B

B

B

Te

Cl
H

H

Co2(CO)822

26

27 28

Fe2(CO)9, 4 h

B = BH, Fe = Fe(CO)2, Fe′ = Fe(CO)3, Mo = Cp*Mo

Hexane, 65 °C

18: E = S; 19: E = Se 30: E = S; 31: E = Se

60 °C

65 °C

Fe = Fe(CO)3

Figure 15.10 Synthesis of some metallaborane clusters (Fe, Mo, Ta, Nb, Ru, and Co) [21].

[(Cp*Co)2B4H6]
(a)

5 6 7
(b)

[(Cp*Co)2B4H2Br4]

PtBr2

H

H
HH

HH H

H

H

H

Rh Rh

Rh
Rh

Rh
Rh

Rh

Rh
Rh

H

H

HH

H

B

BB

B

B
B

B
B

B

B

B

B

B

Br

Br

Br

Br

B

B

B

B

B

B

B

Co Co Co Co

Br

BrBr

Br

H

Toluene
PtBr2

60 °C, 12 h

90 °C, 24 h

Figure 15.11 Some reactions of metallaboranes [22].



332 15 Cluster Compounds: Boranes, Heteroboranes, and Metallaboranes

[23–26]. The Rh-based metallacarboranes were performed to enhance molecular
imaging.

15.3 Conclusion

In modern times, cluster compounds based on boranes, heteroboranes, and met-
allaboranes are widely used in cancer therapy. They are modifying cancer therapy
drugs to enhance their effectiveness. This is due to their excellent chemical and
physical properties such as bioavailability, potency, and agent binding affinity. In
this chapter, the basics, synthesis procedures, reactions, chemical or physical prop-
erties, and applications of cluster compounds based on boranes, heteroboranes, and
metallaboranes were reviewed and discussed with the relevant examples.
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10.1 Introduction

Activated carbon, zeolite, covalent organic framework (COFs), and metal-
organic frameworks (MOFs) are such amorphous or crystalline materials, which
come under the category of mainly porous materials, which are mainly composed
of coordination of metal and carbon-based material [1,2]. This type of porous
material is formed by the reaction of organic molecules or inorganic materials
with metal ions [3]. Due to their porous nature, their application is done in a
very broad area, which is the demand of the present. Major applications include
water absorption, biomedical remediation, toxic gas adsorption, toxic removal
and energy application, chemical sensing energy applications, light harvesting,
and catalysis [4,5]. Broad surface MOFs are eco-friendly, large variety in pore
size, cost-effective, and are more energy efficient due to which they are
being used as new advanced material for many different applications [6,7].
Recently more than ten thousand MOF materials have been synthesized and hole
crystals in formation of above materials enlisted in Cambridge structural database
(SD) [8]. For the structural study and their various reactions, both experimental and
computational, that is, hypotheoretically, are equally important. Additionally, Fig. 10.1A
and B represents the hypothetical and synthesized MOFs through cube and number of
research paper based on only MOFs and MOFs with simulation, respectively [10,11].
Theoretical analysis has many advantages, which include less time-consuming, cost-
effective, green nontoxic, and most importantly, there is no need for any sophisticated
laboratory.
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10.2 Role of density functional theory in the development of metal-
organic frameworks for water adsorption and separation applications

Water is everywhere. The molecule that separates life and death is water, more than
half of the world will face a water shortage. Water is scarce in the desert areas. Due to
a lack of rain, resources are scarce, and in those areas with more water, either a dearth
of clean drinking water or a persistent concern about its purity continues to be a prob-
lem. The diminishing underground water resources in agricultural areas of the world,
security concerns associated with the fact that 160 countries import their water, the
increasing salinity of large bodies of water nearby desalination plants and the environ-
mental effects of continued fossil fuel use on weather patterns are additional factors
aggravating this “global water challenge.” There is additionally the growing demand
for clean water as a result of the expanding global population and the negative health
effects on societies where clean water is scarce [12]. Therefore, MOFs are a potential
solution for water adsorption and separation applications [13]. MOFs are network-
structured porous crystal coordination polymer materials that self-assemble from metal
ions (or clusters) and organic ligands. These materials are referred to as porous coordi-
nation polymers (PCPs) because they self-assemble. MOFs as organic�inorganic
hybrid materials have both inorganic and organic characteristics. They have different
compositions and structures, specific surface area, and high porosity, and are simple to
create. Due to their potential for use in gas storage, gas purification, gas separation,
catalysis, sensors, and environmental remediation, MOFs have attracted a lot of
research attention such as extensively and rapidly studied in the field of environmental
remediation [14�16].

Figure 10.1 MOF-5 water insertion method. (A) An enlarged view of the MOF-5 structure showing
four water molecules attached close to the ZnO cluster. (B) Transition state as determined by the
NEB calculations at T5 0 K. (C) The final MOF-5 structure with a Zn-O bond that has been disrupted
by the addition of a single water molecule [9]. NEB, Nudged elastic band.
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10.2.1 Role of density functional theory calculations
For MOF structure and complex architecture determination, property prediction and
computational characterization, including large-scale screening and geometrical prop-
erties of MOFs, diffusion and adsorption processes in MOFs, density functional theory
(DFT) was employed. To investigate chemical stability, mechanical, photophysical,
optical, and magnetic properties, photoluminescence, porosity, and semiconductor or
metallic nature, DFT calculations have been used in the MOF field. The development
of MOF/polymer membranes, adsorbents for CO2 uptake, separation of C2H2/CH4,
C2H2/CO2, and inert gases, radionuclides sequestration, water adsorption, the predic-
tion of MOF analogs with open-metal sites, studies of chemical bonding, the predic-
tion of energies by quantum mechanics, and other promising advancements have been
done [17]. Various MOFs have been studied for water adsorption applications. The
kinetics and thermodynamics of water insertion and adsorption into the MOF-5 as a
model compound at 0 and 300 K were predicted using the thermodynamic integra-
tion, transition-state finding methods, and van der Waals augmented DFT. Water
adsorption processes were determined at different MOF-5 sites. The computations
showed that the exothermic nature of H2O insertion into the MOF-5 structure only
occurs when a significant number of water molecules were coadsorbed close to a Zn-O
cluster (Fig. 10.1). Breaking the Zn-O bonds makes it simpler for water molecules to
enter (the energy barrier is 0.04 eV at 300 K and 0.17 eV at 0 K) [9]. Zang et al. (2013)
described copper-based MOFs for the water adsorption applying by DFT calculations.
Water adsorption was examined in the CuMBTC (methyl-1,3,5-benzenetricarboxylate)
and CuEBTC (ethyl-1,3,5-benzenetricarboxylate) on the basis of the 1200 DFT-D2 cal-
culations with good agreement between calculated and experimental results [18]. Cr-
doped UiO-66 was studied for water adsorption, and results showed that Cr-doped
UiO-66 has higher pore volume and specific surface area than pure UiO-66. Cr doping
improved the water adsorption performances of UiO-66. The water uptake of
Cr-UiO-66 was 0.69 g g21 (at 25�C and p/po5 0.9) [19].

10.2.2 Adsorption mechanisms
Three types of mechanisms were studied for water adsorption in MOFs: (1) chemisorp-
tion on open metal sites, (2) capillary condensation, and (3) cluster adsorption [20].

10.2.2.1 Chemisorption on open metal sites
Zirconium (IV)-based metal-organic framework (Zr-MOF) membrane (i.e., UiO-66-Zr)
contains Zr6O4(OH)4 cores and bridged by 1,4-benzene dicarboxylate (BCD) linkers,
which shows chemisorptions on open metal sites. On alumina hollow fibers, pure-
phase Zr-MOF (also known as UiO-66) polycrystalline membranes were created using
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an in situ solvothermal synthesis technique. The integrity and functionality of the
membrane were verified through single-gas permeation and ion rejection experiments.
Therefore, chemisorptions of the water in the secondary building units (SBUs) are
totally reversible [21,22].

10.2.2.2 Capillary condensation
Capillary condensation occurs before water is adsorbed in pores with diameters greater
than a critical number Dc. The adsorption branch never achieves thermodynamic bal-
ance, so there is always a hysteresis loop between the adsorption and desorption
branches. Pores larger than 2.0 nm are predicted to exhibit capillary condensation
behavior and adsorption-desorption hysteresis [23]. Kusgens et al. (2009) observed
water physisorption properties and the water stability of the MOFs HKUST-1
(5(Cu3(BTC)2) (BTC5 benzene-1,3,5-tricarboxylate)), ZIF-8, MIL-101, MIL-100(Fe),
and DUT-4 (5Al(OH)(NDC)) (NDC5 naphthalene-2,6-dicarboxylate). The water
physisorption isotherms were compared to nitrogen physisorption isotherms, and the
chemical stability after water adsorption was studied [24].

10.2.2.3 Cluster adsorption
Materiel Institut Lavoisier-53 (MIL-53) (M5Cr, Fe, Al, and Ga) is made up of 1D
channels that are connected by an unlimited number of rod-like SBUs using benzene-
1,4-dicarboxylate (BDC) linkers. As demonstrated by functionalized MIL-53(Al)-OH, it
exhibits a noticeable respiratory effect carried on by water molecules. In the initial MIL-
53(Al), which is in its narrow pore form, only one water molecule is adsorbed on each
metal unit at saturated vapor pressure. When the relative pressure is close to p/
p05 0.75, breathing is made feasible by the addition of OH groups on the BDC linkers.
Pore filling takes place, and in the big pore phase of MIL-53(Al)-OH (free dimensions
of 1.7 nm3 1.2 nm), five water molecules are eventually adsorbed per metal unit. At a
relative pressure of approximately p/p05 0.47 in the desorption branch, the structure
transitions back to the narrow pore phase (free dimensions of 1.9 nm3 0.8 nm), leaving
a sizable hysteresis loop ascribed to the breathing behavior [25].

10.2.3 Applications involving water adsorption
10.2.3.1 Heat pump and chillers
MOFs or PCPs are inorganic-organic composite materials with a stable three-
dimensional porous metal-ligand network. In terms of porosity and reversible guest
exchange characteristics, PCPs or MOFs are the inorganic-organic equivalents of zeo-
lites. Adsorption heat pumps (AHPs) or thermally driven adsorption chillers (TDCs)
are two low-temperature heat transformation uses that are increasingly focusing on
microporous water-stable PCPs with high water uptake capacities. TDCs or AHPs can
greatly reduce primary energy consumption and greenhouse gas emissions produced
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by industrial or domestic heating and cooling processes by using solar or waste heat as
the operating energy. TDCs and AHPs are founded on the sequential adsorption and
evaporation of coolant liquids, ideally water, under particular circumstances. The
microporosity and hydrophilicity of the sorption substance were used to drive and reg-
ulate the process. The reversible evaporation and following adsorption of a working
fluid have emerged as the most promising of several working principles. The funda-
mental procedure is depicted in Fig. 10.2 [26,27] (Fig. 10.3).

10.2.3.2 Proton conducting metal-organic frameworks
A proton exchange membrane fuel cell (PEMFC) is an attractive energy conversion
device that generates power from clean renewable sources like hydrogen and air.
A polymer electrolyte membrane (PEM) separates a porous anode from a porous cath-
ode in a PEMFC. The anode receives hydrogen and is oxidized to create an electron
and a proton. The proton exchange membrane carries protons to the cathode. Once
at the cathode, arriving protons and electrons join with oxygen to form water. The
electric circuit that the fuel cell is powering experiences a current movement as a
result. The crystalline structure of MOFs makes it possible to precisely understand the
structural changes that occur upon hydration, making them suitable candidates for
applications involving water adsorption. They have received a lot of interest as PEM
materials for PEMFCs because of these factors [28]. The “vehicle mechanism” and
“Grotthus hopping” are the two most well-known explanations for proton conduc-
tion mechanism. The vehicle mechanism described by proton diffusion is occurring
along with the diffusion of the vehicle (water molecule). Here, the proton is trans-
ported by counter-diffusion of unprotonated water. Water diffusion in the media is
crucial for this kind of proton motion. The Grotthus process does not require the
transport of water because proton motion is transferred from one water molecule to
another via hydrogen bonding [29,30].

Figure 10.2 Bridging effect: sketch of the formation of hydrogen bridging in the pores of the adsor-
bent and the resulting voids. (A) Adsorption of single water molecules to the hydrophilic centers.
(B) Formation of water clusters due to hydrogen binding. (C) Filled pore with free voids between the
water agglomerates. M and L denote the metal cluster and the organic linker, respectively. Black dots
depict the water molecules [9]. Source: Reproduced with permission from Y. Ming, N. Kumar,
D.J. Siegel, Water adsorption and insertion in MOF-5, ACS Omega, 2 (2017), 4921. 2009 @ ELSEVIER.
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10.3 Role of density functional theory in the development of metal-
organic frameworks for gas storage, adsorption, and separation

DFT is a computational method used to study the electronic properties of materials,
including MOFs. MOFs are a class of porous materials that consist of metal ions or
clusters linked by organic ligands. MOFs are known for their high surface area, tunable
pore size, and high thermal and chemical stability. These properties make MOFs
promising materials for gas storage, adsorption, and separation applications [31,32].
DFT has played a significant role in the development of MOFs for gas storage, adsorp-
tion, and separation. Specifically, DFT calculations can predict the properties of
MOFs, such as their adsorption capacity and selectivity toward different gas molecules.
DFT can also provide insights into the fundamental interactions between gas mole-
cules and MOFs, such as the nature of the binding sites and the strength of the adsorp-
tion [3,33,34].

Using DFT, researchers can study the electronic structure of MOFs, including the
distribution of electron density and the location of the metal ions and ligands. This
information can help researchers design MOFs with specific properties that are

Figure 10.3 Illustration of the basic principle for adsorption chillers or heat pumps [26].
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optimized for gas storage, adsorption, and separation applications [33�36]. DFT can
also help researchers understand how MOFs can be synthesized and optimized. For
example, DFT can predict the energy barriers associated with various synthesis routes,
allowing researchers to identify the most efficient synthesis methods. DFT can also
help researchers identify ways to modify existing MOFs to enhance their gas storage,
adsorption, and separation properties [1,37�39].

For example, DFT can be used to predict the adsorption energy and selectivity of
carbon dioxide (CO2) and methane (CH4) in different MOFs. These predictions can
guide the selection of MOFs with high selectivity for CO2 over CH4, which is impor-
tant for the removal of CO2 from natural gas or flue gas streams. DFT can also be
used to study the diffusion of gas molecules in MOFs, which is important for design-
ing MOFs with high gas uptake and fast gas transport [40�42].

10.3.1 Modeling carbon dioxide (CO2) trap in metal-organic frameworks
Due to the industrial revolution and the growing use of fossil fuels, CO2 gas emissions
have increased seriously in the last several decades. As a result, greenhouse effect,
global warming, and climate change are clearly being observed. To deal with this
warning, a number of researches have been conducted to trap CO2 and convert it
into valuable gases. Among them, material-based storage for regeneration is a more
efficient and less energy-consuming technology. There are many efforts to trap CO2

in MOFs, which can be used for further CO2 separation [43�45].
One of the key factors in modeling CO2 adsorption in MOFs is the choice of

exchange-correlation functional. These functionals are used to describe the electronic inter-
actions between the CO2 molecules and the MOF framework. However, there are many
different functionals to choose from, each with its own strengths and weaknesses. To accu-
rately model CO2 adsorption, it is important to benchmark these functionals against experi-
mental data and choose the one that best reproduces the observed behavior [41,42,44].

Another important factor is the role of dispersive interactions, also known as van der
Waals interactions, in estimating binding energy (BE). These interactions are attractive forces
that arise from fluctuations in the electron density of the CO2 molecule and the MOF
framework. They can play a significant role in determining the stability of the CO2-MOF
complex, but they are often neglected in traditional modeling approaches. Including these
interactions requires more advanced computational methods, such as DFT with dispersion
corrections or methods based on the random phase approximation [40,41,43,45].

Professor Donald J. Siegel and his research group have made significant contributions
to the field of computational materials science, particularly in the area of MOFs. They
have developed and applied a range of theoretical and computational tools to understand
the behavior of MOFs, including molecular dynamics simulations, Monte Carlo simula-
tions, and DFT calculations. The authors have compared the BE with respect to the
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experimental enthalpies (ΔH) of CO2 adsorption on four variants of M2(DOBDC)
[46�48] (M5Mg, Ni, Co) and Cu-HKUST-1 [49] based on Vienna Ab initio
Simulation Package code that has been used for the DFT calculations. To describe the
interaction between core and valence electrons, the projector-augmented wave has been
used [50,51]. Transition metals (i.e., Co, Ni, and Cu) containing MOFs and spin-
polarized calculations have been performed. 500 eV has been set for plane-wave cutoff
energy. The energy functional of eight different forms has been used for the energy
of per CO2 molecule adsorption. These include the Ceperley-Alder LDA [52], PBE
GGA [53], Grimme’s DFT-D2 method [54], and five vdW-DFs in which the
exchange-correlation energy is given by one of optB86b-vdW [55], optB88- vdW [56],
optPBE-vdW [56], revPBE-vdW [57], and the modified PW86 functional, referred to
as rPW86-vdW [58].

10.4 Density functional theory studies at catalytic activity of metal-
organic frameworks and derivatives

MOFs and their derivatives are crystalline materials having extended frameworks in
their structure. Therefore, DFT has been used to examine the proposed reaction
mechanism for catalytic applications of MOFs and its derivatives. This shows the
approximate reaction enthalpy at 0 K with a zero-point energy correction, which has
been calculated using vibrational frequencies. While, either harmonic or anharmonic
low-frequency modes could be applied for the calculation of entropy. Further, free
energies of reaction mechanism are used to analyze the temperature-dependent
equilibrium constants [59,60]. Thus, the calculations by DFT are convincing methods
specifically in the area of localized catalytic reactions.

MOFs are constructed by different metal-containing clusters or ions through the
inorganic building node and organic ligands as linkers. Sometimes, coordinatively unsat-
urated metal site shows catalytic effect in MOFs and derivatives. These sites are shown
to be structurally identical and well separated. Accordingly, their truncated structures are
used to examine the reaction mechanism by DFT method [60]. For instance, FeCo-
PBA-derived bimetallic alloys with N-doped graphene layers encapsulation were given
by Chen et al. [61]. The work reported that the linkers of cyanide group directly trans-
formed into N-doped graphene throughout the annealing treatment, and the process
does not need the addition of other carbon sources. Here, the presence of graphene
layer prevents the agglomeration of FeCo alloys and corrosion of the alloy particles also,
during the electrocatalysis process. In this work, DFT calculations indicated a decrease in
the H adsorption free energy (ΔGH�) of N atoms in graphene and the formation of
metal�graphene composites contribute to the high electrocatalytic activity.
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10.5 Role of density functional theory in the structure exploration of
metal-organic frameworks and derivatives

Nowadays, it is urge to develop more efficient renewable energy sources on the basis
of electrocatalysis-based energy renovation and storage machineries [62,63].
However, most of these techniques are cost-effective and shortage of availability,
such as iridium and ruthenium oxides (IrO2 and RuO2), thus cannot be taken for its
large-scale applications [62,64,65]. Consequently, it is of great importance to
develop competent electrocatalytic techniques by the use of economic resources. For
this, MOFs have been constructed using metal ions and organic linkers with periodi-
cal arrangements. The MOFs show well-defined coordination environments with
their flexible structure, which can easily be examined by DFT method. The DFT
model is extensively used for the analysis of MOF pores, particularly if mesopores
close to 2 nm in width or micropores (,2 nm) are present [66]. In many experi-
ments, DFT technique is used to figure out the nature of interaction also at the
microscopic level.

The electron density of different molecules is dependent on the three spatial coor-
dinates, while the many-body wave function depends on the entire spatial coordinates
of all electrons in the system. Thus, the electron density is a computationally simpler
object, where DFT vacates the many-particle electron [67,68]. DFT can easily exam-
ine the number of atoms present in the molecular species using modern computing
infrastructures. It plays a key role as it precisely provides NMR spectra, vibrational
analysis, molecular geometries, atomic charges, electronic energies, excited state mole-
cules, etc. [69]. This also gives information about the catalytic centers inside the mole-
cule. The fundamental principle of DFT is to study the structural information of many
components in which the total energy of the system is a unique functional of the elec-
tron density [70]. Thus, it does not need to compute the wave function of the entire
body. MOFs are also known as PCPs. These are linked by coordination bonds
between metal-containing units in which a variety of organic moieties, such as imida-
zolates, carboxylates, pyridyl, and azolates, could be present and forms a crystalline
framework [70�72].

A lot of research works have been presented using DFT to predict the structure of
the active site in different components. Specifically, Lubitz et al. proposed comparative
study of the experimental g tensor magnitudes and orientations for the Ni-C and Ni-L
forms by DFT calculations [73]. The method provides better results between experi-
mental and theoretical results in correspondence to Ni(III) species, while a hydride
bridges between two metal atoms and to Ni(I) species with a vacant bridge position,
respectively, are presented. In other work, Stein and Lubitz showed two H atoms are
simultaneously coordinated to the Ni ion in the Ni-R form [74].
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10.6 Conclusion

DFT could be containing different energy contributions, including the correlation
contributions, which are directly associated with the behavior and mutual interactions
between the electrons. Instead of them, several advantages of DFT for gas absorption,
catalytic activity, and structure exploration are as follows: (1) DFT method possesses
one-electron structure, thus, results can easily incorporate the correlation effects.
(2) DFT studies of open-shell systems are equitable and known to enhance the impor-
tance of high-spin contributions. (3) On taking the different MOFs and derivatives for
different spin, DFT results are observed to be near to the higher multiplicity contribu-
tions. Therefore, DFT wave functions are relatively close to a pure spin representation.
(4) The method provides better results especially for molecular systems by characteriz-
ing near-degenerate states.
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2.1 Introduction

The fundamental concept revolves around designing hybrid microwave-
ultrasonication irradiation systems to enhance the efficiency and selectivity of green
chemical reactions. These systems function by combiningmicrowave and ultrasonic
radiation to promote reactions while overcoming limitations like nonuniformity.
This is significant for sustainable chemistry due to its potential to reduce energy
consumption and harmful solvent usage. Applications are observed in various
fields, motivating research in disciplines such as chemistry and materials science.
Researchers work with materials that can focus and distribute radiation, aiming to
optimize system efficiency. Ongoing research explores mechanisms and principles
governing this technology, with implications for greener chemical synthesis [1].
The fundamental concept involves the design of a hybrid material for sustain-
able high-value chemical production in industrial settings. This material system
combines to enhance reaction efficiency when interacting with electromagnetic
radiation while minimizing its environmental impact. It functions by utilizing
metamaterial-based applicators and pulsed radiation to focus and distribute
energy effectively. Significantly, it offers scalable, cost-effective, and safe operation,
motivating research in fields like materials science and engineering. Key materials
include transparent reactors and durable applicators. Ongoing research explores
sensor-based control systems for optimized production, marking the forefront of

Green Chemical Synthesis with Microwaves and Ultrasound, First Edition.
Edited by Dakeshwar Kumar Verma, Chandrabhan Verma, and Paz Otero Fuertes.
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.
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current research in sustainable chemical synthesis [2]. The fundamental concept
involves the utilization of green synthesis, specifically supercritical fluids, and bio-
catalysis, to enhance the production of high-value productswith increased efficiency
and sustainability. Supercritical fluids, operating above critical conditions, act as
nontoxic and nonflammable solvents, reducing waste impact on surroundings,
and finding applications in pharmaceuticals, nanomaterials, and food additives.
Biocatalysis employs enzymes for selective reactions inmild conditions, minimizing
the use of hazardous chemicals. Both technologies motivate research in materials
science and engineering. Their significance lies in reducing cost, waste production,
and energy consumption while providing sustainable alternatives to traditional
methods [3]. Green chemistry is a scientific concept focused on designing and
implementing chemical processes and products tominimize or eliminate hazardous
substances, thereby reducing ecological disasters. It functions through principles
such as waste prevention, maximizing atom economy, using safer chemicals and
solvents, and designing products for easy degradation. Its significance lies in pro-
moting sustainable and environmentally friendly chemical practices. Applications
are employed in various industries, driven by the need to reduce environmental
harm, improve efficiency, and create more eco-friendly products. This field engages
principles of thermodynamics, kinetics, catalysis, and material science to develop
greener chemical synthesis routes, offering the potential to transform the chemical
industry and benefit the ecosystem [4]. Figure 2.1 visually represents the 12
fundamental principles of green chemistry, offering a comprehensive framework
for sustainable chemical practices that prioritize waste reduction, safe solvents,
and energy efficiency. These principles are put into practical applications, notably
in pharmaceutical synthesis, where eco-friendly reactions align with the goals of
green chemistry by minimizing waste. The Nobel Prize recognition underscores
the significance of sustainable chemistry, with metathesis applications benefiting
various fields by reducing waste and energy consumption. The emergence of green
chemistry in the 1990s, coupled with Anastas and Warner’s principles, has shifted
chemical research toward proactive pollution prevention, leaving a lasting impact
on academia. Moreover, extending these principles to encompass concepts like the
circular economy, sustainability metrics, and global collaboration further enhances
global sustainability efforts within chemical processes.
In 2012, Elevance Renewable Sciences earned the Presidential Green Chemistry

Challenge Award for their pioneering use of metathesis to convert natural oils
into eco-friendly chemicals, including concentrated cold-water detergents. This
approach reduced waste and improved energy saving, showcasing green chem-
istry’s impact across industries. Similarly, Los Alamos National Laboratory’s
use of supercritical carbon dioxide transformed computer chip manufacturing,
reducing resource consumption, and aligning with sustainability principles. These
examples illustrate how innovative technologies and green chemistry principles
are reshaping industries, promoting eco-conscious solutions in line with academic
research and scientific goals [6]. Richard Wool’s innovative use of chicken feathers
for keratin-based fibers has the potential to revolutionize printed circuit board
technology, offering lightweight and durable solutions applicable to chip technology
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Figure 2.1 Scheme of the 12 principles of green chemistry. Source: Trombino et al. [5]/
MDPI/Public Domain/CC by 4.0.

and biofuel production, in line with sustainability principles. In the pharmaceutical
sector, the collaboration between Merck and Codexis has led to a greener synthesis
for sitagliptin, reducing waste, improving yield, and safety, and eliminating the
need for metal catalysts. This approach promises more sustainable pharmaceutical
manufacturing and safer medication products, emphasizing the significance of
eco-conscious chemical routes in achieving safer and environmentally friendly
outcomes [7]. Green chemistry finds extensive applications across various sec-
tors, focusing on the development of environmentally friendly compounds and
eco-conscious solvents, particularly in industries like paint and coatings. These
applications prioritize sustainability through energy conservation, waste reduction,
and the substitution of hazardous substances with safer alternatives. Green chem-
istry’s alignment with academic research and scientific objectives underscores its
vital role in advancing environmentally responsible chemical practices, contributing
to a more sustainable and eco-conscious future across diverse domains [8].
Microwave-assisted chemistry represents a transformative approach to chemical

synthesis, offering rapid reactions, improved yields, and higher purity while
adhering to green chemistry principles. In pharmaceutical synthesis, it embodies
biodegradable practices, promoting sustainability and shaping academic research
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and scientific pursuits. Beyond its current applications, microwave chemistry
holds promise in diverse fields such as materials science, environmental science,
and food processing, signifying a shift toward environmentally responsible and
resource-efficient chemical practices [9]. Microwave chemistry revolutionizes
chemical reactions with dramatically shortened reaction times, leading to improved
yields and minimizing by-product formation. This aligns with green chemistry’s
principles of energy conservation and waste reduction. Microwave synthesis has
found success in applications such as pharmaceutical manufacturing, promoting
faster and more environmentally friendly production processes, and reflecting a
shift toward efficient and ecological practices at the industry level [10]. Never-
theless, the challenge of limited equipment accessibility for researchers persists.
To overcome this hurdle, initiatives focused on affordable equipment, materials
development, and hybrid approaches are necessary. These efforts can democratize
the use of microwave technology, making it more widely available, and thereby
promoting environment-friendly chemical implementations in scientific research
while advancing sustainability goals in academia and industry [11]. Excessive
microwave heating in chemical processes does pose risks, including potential
harm to tissues and DNA due to radioactive decay and hazardous reactions.
However, when used in conjunction with green chemistry principles, microwave
exposure offers sustainable synthesis options. The effective management of these
risks through safety measures and protocols enables researchers and industries to
harness microwave irradiation for eco-conscious exercises, aligning with scientific
research goals for a cleaner and safer future. Case studies further highlight the suc-
cess of this synergy, showcasing advancements in eco-friendly chemistry practices
operations [12]. Green chemistry plays a pivotal role by prioritizing environmentally
responsible practices and biodegradable products. Microwave and ultrasonication
irradiation techniques, based on electromagnetic principles, offer sustainability in
various fields, including physics and medicinal chemistry. Their alignment with
green chemistry’s objectives promotes eco-friendly applications, driving progress
in the research domain toward a cleaner and more sustainable future [13]. These
technologies optimize chemical transformations, fostering sustainability across
various aspects, as exemplified by real-world applications, effectively advancing
sustainable goals in academic research as well as scientific exploration [14].
Microwave and vibrational irradiation methods exhibit remarkable versatility in
addressing environmental concerns, effectively removing pollutants from soil and
water without generating harmful waste products. These eco-friendly applica-
tions seamlessly align with green chemistry principles, emphasizing sustainable
approaches to remediate polluted areas and restore ecosystems. Their capacity to
tackle environmental issues underscores their significance in academic research
and scientific endeavors, promoting cleaner and more sustainable practices for a
greener future, and reflecting a commitment to eco-conscious chemistry practices
with a strong focus on environmental stewardship [15]. Aligned with sustainability
and environmental responsibility, these methods have diverse applications across
industries, promoting cleaner and more sustainable chemical practices. In aca-
demic research and scientific exploration, they represent a pivotal step toward a
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Figure 2.2 Illustration showcasing the transformative impact of microwave and
ultrasonication irradiation in green chemistry. Source: Verma et al. [18]/Elsevier.

greener and more innovative future, emphasizing a commitment to eco-conscious
chemistry practices and a transformative shift in chemical processes toward a
more sustainable and environmentally friendly direction [16]. In each context, they
contribute to cleaner and more efficient processes while minimizing the ecological
footprint of industrial activities [17]. Figure 2.2 illustrates the transformative impact
of microwave and ultrasonication irradiation in green chemistry. These techniques
align seamlessly with green chemistry principles, offering benefits such as rapid
reaction times, improved product selectivity, and minimized environmental impact.
They have become indispensable tools for sustainable chemical processes in various
industries. In the following sections, we will delve deeper into the fundamental
principles governing microwave and ultrasonication irradiation, highlighting how
they optimize chemical reactions. Additionally, we will explore their advantages,
including enhanced selectivity and reduced reaction times, and examine their
applications in specific industries. Through this detailed examination, we aim to
provide a comprehensive understanding of the transformative potential of these
technologies in the realm of green chemistry and their pivotal role in shaping a
more sustainable future.

2.1.1 Historical Background

The integration of microwave and ultrasonication methods into green chemistry
practices is driven by the need to address environmental concerns and promote
sustainable chemical processes. These methods offer rapid and efficient reactions,
aligning with green chemistry’s principles of energy efficiency and waste reduction.
They find applications across diverse industries, from pharmaceuticals to materials
science, exemplifying a transformative shift toward more sustainable and envi-
ronmentally friendly chemical processes [19]. The integration of microwave and
ultrasonication methods into green chemistry practices is driven by the imperative
to uphold sustainability and environmental responsibility. This entails aligning
chemical transformations with eco-conscious values and striving for cleaner and
more resource-efficient processes. This transformative incorporation, exemplified
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by the introduction of microwave irradiation in organic synthesis in the 1980s, has
since catalyzed ongoing advancements in academia and research, fostering cleaner
and more efficient chemical processes across diverse industries [19]. The historical
underpinnings of microwave irradiation’s integration into organic synthesis have
paved the way for the continuous development of eco-friendly chemical transforma-
tions. These foundations, aligned with the unwavering pursuit of environmentally
conscious and efficient processes, exemplify the field’s commitment to innovation
and ecological awareness. This evolution represents a persistent drive for progress
within the realm of chemical science. Microwave irradiation’s consistent expansion
in utilization, driven by its effectiveness in reducing reaction times and increasing
product yields, aligns seamlessly with academic research and scientific objectives
[20]. Microwave irradiation technology accelerates chemical reactions by inducing
molecular rotations, effectively enhancing reaction kinetics, and enabling precise
control by selectively heating specific portions of the reaction mixture. Conversely,
ultrasonication irradiation has a historical presence in the food industry, notably
improving plant compound extraction and fat emulsification since the 1950s. Both
techniques exemplify the multifaceted utility of innovative methods in optimizing
chemical processes. Microwave irradiation finds applications in pharmaceutical
synthesis, reducing reaction times and improving yields, aligning with academic
research and scientific goals. Ultrasonication plays a pivotal role in food tech-
nology, enhancing flavor extraction and emulsion stability. These applications
highlight their versatility and significance in academia and research, promoting
efficiency and precision in chemical processes [21]. Ultrasonication irradiation
gained recognition in the 1990s for its pivotal role in advancing environmentally
responsible chemical methodologies. The concept of integrating microwave and
ultrasonication irradiation for green chemical transformations emerged in the
early 2000s, offering the promise of improved reaction efficiency and selectivity.
This innovative approach embodies the ongoing pursuit of more sustainable and
efficient chemical processes, aligning with the tenets of green chemistry. It signifies
the evolution of techniques aimed at optimizing chemical reactions while reducing
environmental impact. The combination of microwave and ultrasonication irra-
diation works synergistically to enhance desired chemical product yields while
simultaneously minimizing the formation of undesired byproducts, meeting the
objectives of academic exploration [22]. The strategy of integrating microwave
and ultrasonication irradiation represents a pioneering approach dedicated to
enhancing chemical processes, harmonizing perfectly with the core principles of
green chemistry that prioritize sustainability and environmental conscientiousness.
The collaboration between these two irradiation methods marks a noteworthy pro-
gression in the quest for more efficient and environmentally responsible chemical
transformations. This evolution of green chemical transformation is a testament to
the dynamic interplay between scientific principles and technological innovations,
in alignment with the overarching ideas of academic and scientific findings, aimed
at achieving both precision and environmental obligation in chemical processes
[23]. The late 1990s marked a significant juncture in the consolidation of green
chemistry principles within the scientific community. During this period, there was
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2.1 Introduction 27

a resounding recognition of the imperative for chemical processes to pivot toward
renewable and environmental management, and economic viability. This pivotal
era symbolized a deliberate commitment to bridging scientific principles with
practical solutions, reflecting the ongoing pursuit of more sustainable chemical
practices. It underscored the growing awareness of the need for environmentally
conscious methodologies to address contemporary environmental and economic
complexities, all in alignment with the overarching goals of academic as well as
scientific study [3].
During the late 1990s, there was a concerted effort to reduce the use of hazardous

chemicals, minimize waste generation, and enhance process efficiency, aligning
with the principles of green chemistry. A pivotal development in this context was
the introduction of microwave irradiation in the 1980s, revolutionizing organic
synthesis. Its unique capability to induce molecular rotations facilitated rapid
heating, resulting in significantly shorter reaction times. Furthermore, its precision
in selectively heating specific components within a reaction mixture expanded its
potential to improve reaction selectivity. This innovation epitomizes the fusion of
scientific ingenuity with sustainability objectives, underscoring its profound impact
on advancing eco-conscious chemistry practices, as emphasized in systematic
exploration [24]. The historical context underscores a steadfast commitment to
adopting environmentally conscious and efficient methodologies in chemical
processes. Ultrasonication, originally utilized in the food industry in the 1950s
for tasks like plant compound extraction and fat emulsification, gradually gained
recognition within organic synthesis, particularly in the 1990s. However, a pivotal
turning point emerged in the early 2000s with the conceptualization of combining
microwave and ultrasonication irradiation methods. This marked a significant
leap forward in the pursuit of sustainable and efficient chemical transformations,
aligning seamlessly with the goals of academic research and scientific exploration,
showcasing the evolving landscape of eco-conscious chemistry practices [25]. The
innovative amalgamation of microwave and ultrasonication irradiation techniques
represented a significant leap toward advancing the efficiency and sustainabil-
ity of chemical processes. This collaborative integration harnessed the potent
capabilities of both methods to optimize chemical reactions fundamentally. It
stemmed from the recognition that their combined application had the potential
to enhance product yield while concurrently reducing the generation of undesired
by-products. The evolution of these techniques signifies a dynamic stride in the
pursuit of more environmentally responsible and efficient chemical practices,
illustrating their pivotal role in shaping the landscape of sustainable chemistry [26].
The innovative fusion of microwave and ultrasonication irradiation techniques
represents a significant leap toward achieving rapid, efficient, and highly selective
chemical transformations, all while eliminating the use of hazardous solvents and
reagents. This approach signifies a substantial stride in realizing environmentally
responsible and efficient chemical methodologies, underpinned by a historical
trajectory reflecting an enduring commitment to advancing eco-conscious chem-
ical practices. This merger in green chemical transformation exemplifies the
transition from theoretical principles to practical application, marking a pivotal
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advancement in developing more sustainable and eco-friendly chemical processes.
It underscores the central themes of innovation and ecological responsibility in
the field of chemistry, aligning seamlessly with academic research and scientific
goals, embodying the transformative potential of eco-conscious chemistry practices
[27]. The integration of microwave and ultrasonication irradiation techniques
embodies a resolute commitment to bridging the chasm between scientific ideals
and practical applications, propelling the evolution of more sustainable and
efficient chemical methodologies. This journey epitomizes an unwavering pursuit
of ecological responsibility and heightened efficiency in chemical processes, with
innovation and adaptability at its core. It underscores the transformative potential
of eco-conscious chemistry practices, symbolizing a determined endeavor toward
a more environmentally aware and efficient future in the domain of chemistry, a
journey of profound significance embraced by academia and scientific exploration.
It reflects a commitment to continuously explore and implement advancedmethod-
ologies that align with sustainability principles. This drive for innovation is central
to addressing environmental challenges and optimizing chemical processes for a
greener and more sustainable tomorrow.

2.1.2 Green Chemistry Principles for Sustainable System

Green chemistry is a transformative paradigm emphasizing sustainability and
reduced environmental impact in chemical products and processes. It significantly
advances scientific knowledge by promoting innovation in ethical and sustainable
chemical methodologies. For instance, it can replace hazardous solvents with water,
develop greener pharmaceutical synthesis, and catalyze reactions to minimize
waste. In research grant peer reviews, projects tackling issues like wastewater
treatment with environmentally friendly catalysts exemplify its potential impact
in building a cleaner, more sustainable future [28]. In the realm of drug delivery
systems, the paramount focus is on selecting solvents with low toxicity, biodegrad-
ability, and minimal harm to human health, aligning with green chemistry
principles. Ionic liquids (ILs), known for their unique properties and ability to
remain in a liquid state at lower temperatures, stand out as attractive solvents.
Recycling ILs emerges as a pivotal facet, reducing waste generation andmeeting the
ongoing demand for these chemicals. This approach underscores a commitment
to eco-conscious pharmaceutical research, aligning with academic research and
scientific objectives where safety and environmental responsibility are paramount.
ILs offer advantages in improving drug solubility, stability, and bioavailability while
adhering to sustainable practices, making them a noteworthy choice in advancing
drug delivery systems [29]. Green chemistry is a transformative approach that
prioritizes environmentally responsible chemical products and processes, aligning
with sustainability principles by minimizing the use and production of harmful
substances. ILs, chosen for their low toxicity and biodegradability, exemplify
eco-conscious solvent selection. Recycling ILs is integral to sustainability, reduc-
ing waste, and production demands. This approach mirrors the commitment to
eco-conscious pharmaceutical research, emphasizing safety and environmental
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stewardship. The “cradle-to-cradle” design philosophy underscores the importance
of minimizing environmental impact throughout a product’s lifecycle. Green
chemistry plays a pivotal role in addressing global challenges, offering a path
toward a more sustainable and eco-friendly future [30]. Green chemistry principles
play a pivotal role in the development of drug delivery systems that offer precise
and controlled drug release, thereby reducing waste and potential adverse effects.
For instance, biodegradable polymers, such as poly(lactic-co-glycolic acid) (PLGA),
are used to encapsulate drugs and slowly release them over time, improving patient
adherence by eliminating the need for frequent dosing. This aligns with academic
research and scientific objectives that prioritize eco-conscious pharmaceutical
solutions. By minimizing the use of harmful substances and optimizing drug
release, green chemistry not only enhances patient outcomes but also contributes to
environmental stewardship. This approach underscores the broader commitment
to sustainable healthcare practices, emphasizing safety and effectiveness while
minimizing ecological impact [31]. In the realm of green drug delivery systems,
material selection plays a pivotal role in ensuring both safety and environmental
sustainability. Biocompatible substances like chitosan and hyaluronic acid (HA) are
favored choices due to their compatibility with biological systems, minimizing the
risk of adverse reactions. This aligns with the core principles of green chemistry,
which aims to reduce the generation of harmful by-products in chemical processes.
For instance, when considering chitosan-based drug delivery, its natural origin
and biodegradability exemplify green chemistry in action. Chitosan’s ability to
encapsulate and release drugs in a controlled manner not only enhances thera-
peutic outcomes but also reduces the environmental burden associated with drug
manufacturing and disposal [32]. ILs are a promising class of solvents for drug
delivery. They have a number of unique properties that make them attractive for
this application, including low volatility, nonflammability, and high solvation
capabilities. ILs can be used to design greener drug delivery systems by reducing the
use of hazardous solvents and reagents and by creating more targeted drug delivery
systems. ILs have the potential to make drug delivery safer, more effective, andmore
environmentally friendly [33]. Chitosan-based hydrogels and nanoparticles are
promising materials for drug delivery due to their biocompatibility, tunable proper-
ties, and ability to encapsulate and control the release of drugs. These materials are
being used to develop new and more effective treatments for a variety of diseases,
including diabetes, cancer, and infectious diseases. For example, chitosan-based
hydrogels can be implanted under the skin to release insulin in a controlled
manner, improving blood sugar control in patients with diabetes. Chitosan-based
nanoparticles can be targeted at tumors to deliver cancer drugs more effectively and
reduce side effects. The development of chitosan-based hydrogels and nanoparticles
for drug delivery is a significant scientific advancement with the potential to
revolutionize the field of pharmaceutical science. These materials offer the promise
of safer, more effective, and more targeted drug delivery [34]. Click chemistry is
a group of chemical reactions that are highly efficient and specific, making them
ideal for use in drug delivery. It can be used to functionalize and crosslink drug
delivery carriers in a variety of ways. Targeting ligands are molecules that bind
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to specific cells or tissues, and they can be used to direct drug delivery carriers to
specific sites in the body. This can improve the efficacy of treatment and reduce side
effects. Crosslinking involves linking two or more drug delivery carriers together to
form a network. This can improve the stability of the drug delivery system in the
body and extend its release profile. Click chemistry is being used to develop new
and more effective drug delivery systems for a variety of diseases, including cancer,
infectious diseases, and chronic diseases. For example, click chemistry is being
used to develop targeted nanoparticles for the delivery of cancer drugs, crosslinked
hydrogels for the delivery of proteins and other biological drugs, and new types
of drug delivery systems, such as micelles and vesicles [35]. Polymer grafting and
environmentally friendly processes can be combined to design more effective and
sustainable drug delivery systems. This approach has the potential to improve the
treatment of diseases and make drug delivery more accessible to people around
the world. Specific examples of this approach include water-soluble nanoparticles
for cancer drug delivery, hydrogels for the sustained release of proteins, and other
biological drugs, and new types of drug delivery systems, such as micelles and
vesicles [36]. Chitosan-based hydrogels and stabilized metal nanoparticles are
promising materials for drug delivery. Chitosan-based hydrogels can encapsulate
and release drugs in a controlled manner. Stabilized metal nanoparticles can target
drugs to specific cells or tissues. Combining these technologies can lead to more
effective and precise drug delivery systems. Examples of applications include
controlled delivery of chemotherapy drugs and targeted delivery of cancer drugs.
These technologies have the potential to revolutionize drug delivery for a wide
range of diseases [37]. HA-based hydrogels, known for their biocompatibility, have
garnered attention across diverse biomedical fields, including tissue regeneration,
diagnostics, and drug delivery. HA-based hydrogels are promising materials for
therapeutic and diagnostic applications. HA-based hydrogels are biocompatible,
tunable, and versatile. HA-based hydrogels can be used to deliver drugs to specific
cells or tissues. HA-based hydrogels can also be used to deliver proteins and other
biological drugs to specific tissues. HA-based hydrogels can also be used to support
tissue regeneration. HA-based hydrogels are being developed as biosensors and
imaging contrast agents [38]. Targeting ligands and crosslinkers are promising tools
for designing more effective and targeted drug delivery systems. Targeting ligands
can be used to guide drugs to specific cells or tissues, improving the efficacy of
treatment and reducing side effects. Crosslinkers can be used to create stable drug
delivery systems for controlled drug release. Targeting ligands and crosslinkers are
being used to develop new drug delivery systems for a variety of diseases. These
technologies have the potential to revolutionize the field of medicine and make it
possible to develop more effective and personalized treatments for a wide range of
diseases [39]. IEDDA click reaction-based HA hydrogels are promising materials
for targeted drug delivery. These hydrogels are catalyst-free, stimuli-responsive, and
can be targeted to specific cells or tissues by attaching targeting ligands. IEDDA
click reaction-based HA hydrogels are formed by the reaction of tetrazine and
trans-cyclooctene groups, which is a catalyst-free and stimuli-responsive reaction.
These hydrogels can be targeted to specific cells or tissues by attaching targeting
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2.1 Introduction 31

ligands to the hydrogel surface. IEDDA click reaction-based HA hydrogels are
being used to develop new drug delivery systems for a variety of diseases, including
cancer, infectious diseases, and cardiovascular diseases. For example, researchers
are developing IEDDA click reaction-based HA hydrogels to deliver chemotherapy
drugs to cancer cells. The hydrogels are targeted at cancer cells by attaching folic
acid to the hydrogel surface. The hydrogels are also designed to be pH-responsive
so that the drugs are released in the tumor microenvironment. These hydrogels
have the potential to revolutionize the field of medicine and make it possible to
develop more effective and personalized treatments for a wide range of diseases
[40]. Starch-based materials (SHs) are a promising new class of materials with a
wide range of potential applications. They are derived from starch, a renewable and
abundant resource. SHs are biodegradable, compostable, nontoxic, and versatile.
SHs can be used to develop sustainable materials and solutions for a variety of
global challenges, such as climate change, food insecurity, and plastic pollution.
For example, SHs can be used to produce biofuels, sustainable packaging materials,
biodegradable food packaging materials, edible films and coatings, biodegradable
straws, utensils, food packaging materials, and bio-based plastics. By understanding
the unique properties of SHs and developing new ways to use them, we can create
new and innovative ways to reduce our environmental impact and create a more
sustainable future [41]. SHs are a promising class of materials for sustainable
development. They are derived from renewable resources, exhibit properties that
make them versatile for various sectors and can be used to develop sustainable
solutions for global challenges. SHs are aligned with green chemistry principles
and can be used to develop a wide range of products, including packaging mate-
rials, food additives, textiles, and drug delivery systems. SHs can also be used to
develop sustainable solutions for global challenges, such as climate change, food
insecurity, and plastic pollution. Some specific examples of SH-based products
that are currently available or under development – edible films and coatings,
biodegradable straws, utensils, food packaging materials, bio-based plastics, and
SH-based drug delivery systems. As research on SHs continues, we can expect to see
even more innovative and sustainable products made from these materials in the
future [42]. SHs are a promising class of sustainable materials derived from starch,
a renewable and abundant resource. SHs are biodegradable, compostable, nontoxic,
and versatile. SHs can be used to develop sustainable packaging materials, food
additives, textiles, drug delivery systems, and solutions for global challenges, such as
climate change, food insecurity, and plastic pollution. It is important to consider the
ethical and social implications of using SHs, such as their impact on food security
and the environment. By carefully weighing the benefits and drawbacks, we can
ensure that SHs are used in a responsible and sustainable manner [43]. Starch’s
molecular arrangement, defined by amylose and amylopectin, plays a vital role in
its properties. Understanding this structure is essential for developing sustainable
materials and enhanced functionality in food science, biotechnology, and material
engineering. Interdisciplinary research focuses on optimizing amylose and amy-
lopectin components to achieve desired properties [44]. Amylose and amylopectin
are the two major components of starch, with amylopectin being the dominant
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32 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

one. The relative composition of these two components varies depending on the
source of starch, such as corn, wheat, potato, and rice. This variation in composition
also affects the physical properties of starch, such as its amorphous-crystalline
balance, digestibility, viscosity, and texture. Interdisciplinary research is ongoing
to leverage the diversity of starch and its components to develop tailored materials
with functional and sustainable properties. For example, researchers are developing
starch-based bioplastics, food additives, textiles, and drug delivery systems with
enhanced properties by manipulating the amylose and amylopectin components
[45]. By understanding the role of amylose and amylopectin in the crystallinity
and biodegradability of starch, researchers can design starch-based bioplastics
with tailored properties for specific applications. Starch-based food additives, such
as thickeners, emulsifiers, and stabilizers, are widely used in the food industry.
Researchers can leverage the unique properties of amylose and amylopectin to
develop starch-based food additives with improved functionality and reduced envi-
ronmental impact. Amylose and amylopectin can be used to engineer starch-based
drug delivery systems with controlled release of drugs [46]. Native starch has lim-
itations in dimensional stability, mechanical properties, and processing efficiency.
To address these challenges, researchers are developing cutting-edge approaches to
modify starch properties using green chemical methods, composite materials, and
scalable processing methods. These new materials offer eco-friendly alternatives
with tailored functionalities for diverse applications [47]. Researchers employ
green chemistry principles to modify starch for diverse applications, driven by
sustainability concerns. This approach aims to enhance starch performance while
reducing environmental impact. Interdisciplinary collaboration in materials sci-
ence and chemistry is essential to explore innovative materials and compositions.
Ongoing cutting-edge research focuses on sustainable starch-based solutions for
global challenges [48]. Radiation-based modifications of starch offer a promising
approach to developing sustainable materials with enhanced properties for diverse
applications. This green chemistry-inspired method allows precise and eco-friendly
alterations to starch’s properties, promoting sustainability. Interdisciplinary efforts
involving materials science and radiation physics are essential to advance this
technique, with ongoing research aimed at optimizing radiation-based modifi-
cations for various applications [17]. Green chemistry-inspired radiation-based
modification of starch is a promising approach to developing sustainable materials
with enhanced properties for diverse applications. This method allows precise
and eco-friendly alterations to starch properties while ensuring safety. Interdisci-
plinary efforts encompassing radiation physics and materials science are essential
to advance this technique. Researchers are exploring sustainable techniques to
further enhance performance and reduce environmental impact, such as using
natural crosslinkers [49]. Starch citrate, a sustainable and versatile material
with natural antibacterial properties, can be further enhanced through green
chemistry-inspired radiation-based modification. This approach allows precise
and eco-friendly alterations to starch citrate’s properties, tailoring its performance
for specific applications. Interdisciplinary efforts encompassing radiation physics,
materials science, and microbiology are essential to advance this technique [50].
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2.1 Introduction 33

Green chemistry-inspired radiation-based modification of starch citrate and lignin
is a promising approach to developing sustainable materials with enhanced
antimicrobial properties and improved performance for diverse applications. This
technique offers precise and eco-friendly alterations to material properties, enabling
tailoring to specific needs. Interdisciplinary collaboration and optimization are
essential to advance this field. Lignin-based innovations are gaining traction as
researchers seek to address environmental challenges and create more sustainable
materials. Larraneta et al. [51] introduced an eco-friendly approach to preparing
these materials by combining LIG with poly(ethylene glycol) and poly(methyl vinyl
ether-co malic acid) through an esterification reaction, significantly accelerating
the process using microwave (MW) radiation. Microwave-assisted modification of
starch citrate and lignin is a promising green chemistry-inspired approach to devel-
oping sustainable materials with enhanced properties and performance for diverse
applications. This method allows precise and eco-friendly alterations to material
properties, enabling tailoring to specific needs. Interdisciplinary collaboration
and optimization are essential to advance this field. Microwave technology offers
numerous advantages, such as reduced production time, energy consumption, and
costs, making it a particularly valuable tool for industries seeking more efficient
and eco-friendly manufacturing [52]. Sustainable drug delivery systems based
on starch citrate, lignin, and inulin offer a promising green chemistry-inspired
approach to developing innovative and eco-friendly materials for targeted and
controlled drug delivery. These systems have the potential to address the limitations
of traditional drug delivery systems, such as systemic side effects and poor drug
bioavailability. Interdisciplinary collaboration and optimization are essential to
advance this field and bring these systems to fruition [53]. Researchers could design
a sustainable and scalable green chemistry-inspired drug delivery system based
on linseed mucilage for the controlled release of an oral insulin formulation. The
pH-responsive hydrogel would release insulin in the acidic environment of the
stomach, ensuring direct delivery to the bloodstream. The system would be biocom-
patible, biodegradable, and adaptable for use with other drugs and delivery routes.
This example demonstrates the potential of linseed mucilage-based materials in
developing sustainable and innovative drug delivery systems [54].
Green chemistry-inspired synthesis of Ag-NPs is a promising approach to devel-

oping sustainable and effective antimicrobial materials. These Ag-NPs possess
antioxidant and antimicrobial properties, making them promising candidates for
a variety of applications beyond biomedicine, including environmental reme-
diation and food packaging [55]. Gellan gum (GG) stands out as a sustainable
biopolymer, boasting biocompatibility, hydrophilicity, and gelling properties. Its
applications span agriculture, where GG-based formulations control pesticide
and fertilizer release, mitigating environmental concerns. In food technology,
GG’s gelling prowess elevates textures and prolongs product shelf life, reducing
food waste. Moreover, GG’s potential in biomedicine encompasses drug delivery
and tissue engineering. GG’s versatility and eco-friendliness make it a key player
in crafting innovative and sustainable solutions across these diverse fields [56].
Electro-stimulated drug release devices (EDRDs) are innovative medical tools
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34 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

designed to respond to electrical signals, offering precise and adaptable controlled
substance release. Notably, they hold immense promise in the realm of insulin deliv-
ery for diabetes management. These devices are characterized by their precision,
ensuring patients receive the correct insulin dose when needed, enhancing safety
through biocompatible materials, and adaptability to individual insulin require-
ments. For instance, researchers envision an EDRD comprising an implantable
device equipped with a reservoir for insulin and a microfluidic network. It can be
powered by a battery, rechargeable with an external transmitter, and programmed to
adjust insulin release based on real time blood sugar monitoring. Such EDRDs, typ-
ically constructed from durable materials like silicone and titanium, offer improved
blood sugar control, reduced diabetes-related complications, and an enhanced
quality of life for individuals with diabetes [57]. Genipin-based crosslinked mate-
rials represent a sustainable avenue for creating controlled release systems in
agriculture, benefiting both the environment and crop health. Genipin, a natural
and biodegradable crosslinking agent, serves as an eco-friendly choice. An example
of such a system is the biodegradable capsule, which combines pesticides, nutrients,
and genipin to ensure prolonged chemical release near plant roots. By adjusting
capsule attributes and genipin concentration, this approach can be tailored to meet
specific crop needs, reducing environmental impact, enhancing crop efficiency, and
maintaining nutrient consistency [58]. Genipin-crosslinked materials, leveraging
the natural and biodegradable properties of genipin, offer a sustainable solution for
wastewater treatment. They excel in pollutant removal, including heavy metals, due
to their tailored affinity. These materials enhance water quality, reduce environ-
mental impacts, and protect public health, exemplifying their versatile applications
in improving wastewater treatment systems [59]. Green chemistry principles
are driving the development of sustainable and scalable nanomaterial synthesis
methods, particularly for applications in consumer electronics and renewable
energy. These approaches prioritize eco-friendliness by minimizing hazardous
chemicals and waste production. Examples include using natural materials like
cellulose nanofibers, silver nanowire synthesis, and employing aqueous solutions
and mild conditions for silicon nanocrystal production. Furthermore, continuous
flow reactors facilitate large-scale nanomaterial production. These advancements
are crucial for integrating nanotechnology into consumer electronics and renewable
energy solutions [60]. Green composites are ushering in a transformation in the
transportation sector, particularly in lightweight auto parts and aerospace applica-
tions. These composites, crafted from renewable and recyclable materials like plant
fibers and bio-based resins, offer substantial environmental advantages compared to
petroleum-based counterparts. Notable examples include natural fiber-reinforced
polymer (NFRP) composites for lightweight auto parts and carbon fiber-reinforced
bioresin (CFRB) composites for aerospace applications. These innovations hold
the potential to revolutionize the industry, making vehicles more fuel-efficient,
lighter, and eco-friendly [61]. Sustainable food packaging materials are emerging as
a pivotal solution to address global food waste issues, enhancing food security and
reducing the environmental footprint of the food industry. Two notable examples
include edible coatings, which preserve product freshness by reducing moisture
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2.2 Fundamental Concepts of the Electromagnetic Spectrum Theory 35

loss and inhibiting microbial growth, and active packaging materials, designed
to interact with food or the environment to extend shelf life. These innovations
hold the potential to revolutionize the food industry by ensuring safer, fresher, and
more sustainable food products [62]. Academic sustainable chemistry programs
educate future scientists on eco-friendly practices. Research institutions prioritize
sustainability, advancing green technologies globally. Sustainable materials and
green chemistry foster an environmentally responsible future, addressing global
challenges while promoting harmony with the planet.

2.2 Fundamental Concepts of the Electromagnetic
Spectrum Theory

The electromagnetic spectrum theory is a foundational concept in physics, describ-
ing the behavior of electromagnetic waves characterized by oscillating electric
and magnetic fields propagating through space at the speed of light. This theory
plays a pivotal role in numerous scientific and technological domains, including
communication, imaging, and scientific research, spanning radio waves to gamma
rays. Some key principles include the transverse nature of electromagnetic waves,
their constant speed in a vacuum, and the inverse relationship between frequency
and wavelength. One challenging application is the design of an early stage
cancer cell detection system utilizing electromagnetic waves. To accomplish this,
researchers would need to determine the most suitable type of electromagnetic
waves for precise imaging, establish methods to differentiate between cancerous
and healthy cells, enhance sensitivity for early detection, and ensure the system’s
safety and affordability [63]. The electromagnetic spectrum encompasses a wide
range of electromagnetic radiation, from long radio waves to short gamma rays,
capable of traveling through various mediums, even vacuum. Frequency, measured
in Hertz (Hz), denotes the number of wave cycles within a unit of time, while
wavelength represents the spatial length of one complete cycle, inversely related
to frequency. The speed of light (c) in a medium is the product of frequency and
wavelength, as expressed in the equation c = f𝜆, highlighting their fundamental
interdependence. For instance, visible light spans a frequency range of 400–700 THz,
with corresponding wavelengths of 400–700 nm. In a vacuum, light travels at a
constant speed of approximately 300 000 km/s, where the inverse relationship
between frequency and wavelength holds true, distinguishing colors like red and
blue based on their frequencies and wavelengths. A challenging task related to this
topic involves designing an electromagnetic wave-based imaging system to detect
cancer cells in their early stages. This challenge demands a profound understanding
of electromagnetic theory to select the appropriate waves, devise mechanisms for
cancer cell differentiation, enhance sensitivity for early detection, and ensure safety
and affordability for patients [64]. In the realm of electromagnetic waves and energy
harvesting, it is crucial to understand that the energy of these waves corresponds
directly to their frequency. The electromagnetic spectrum covers an extensive
range of frequencies, from extremely low to extremely high, each with its unique
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36 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

applications across various fields, including telecommunications, medical imaging,
andmore. Energy harvesting, on the other hand, involves converting environmental
energy into electrical power, and electromagnetic wave-based systems offer the
potential to harness energy from any part of the spectrum. An illustrative example
introduces a broadband electromagnetic energy harvester capable of converting a
wide spectrum of frequencies into electricity [65]. This innovative technology holds
promise for powering wireless sensor nodes and small electronic devices, albeit with
the ongoing challenge of achieving cost-effective and efficient energy harvesting
across a broader range of applications. Potential applications for electromagnetic
wave-based energy harvesting are diverse, ranging from powering environmental
sensors and small electronics to providing energy solutions in remote or off-grid
areas, including disaster zones. Furthermore, this technology can play a role
in sustainable energy generation from renewable sources like solar and wind.
However, several challenges must be addressed, including refining the efficiency
and cost-effectiveness of energy harvesting systems, ensuring they can harness
energy across a wide frequency range, enhancing their durability and reliability,
and integrating them effectively with existing energy grids [66]. The utilization
of electromagnetic waves in the quest to detect and identify exoplanets presents
promising opportunities. Different approaches involve designing devices to detect
how exoplanets interact with electromagnetic waves, either by absorbing or reflect-
ing them. Additionally, the unique spectral signatures of exoplanets, shaped by
their composition and atmosphere, offer another avenue for identification. A recent
example in this field highlights the potential of using radio waves to detect exo-
planets, particularly smaller and fainter ones, through reflection [67]. Nonetheless,
challenges persist, including the need for highly sensitive and affordable devices,
as well as the distinction between exoplanets and other celestial objects. Despite
these challenges, the development of electromagnetic wave-based devices for
exoplanet detection is a vibrant research area with the potential to revolutionize
exoplanetary astronomy and expand our search for extraterrestrial life [68]. The
wave-particle duality of electromagnetic radiation, inherent in the quantum nature
of photons, has profound implications for various scientific and technological
applications. Notably, this duality plays a pivotal role in the functionality of devices
harnessing electromagnetic waves. Quantum devices, capitalizing on the unique
properties of quantum systems, offer capabilities beyond classical counterparts.
Quantum computers, for instance, leverage the superposition and entanglement
of quantum particles, enabling computations unattainable by classical computers.
Similarly, quantum cryptography devices exploit the quantum properties of light
to establish unhackable communication channels. A pertinent example from
research explores the potential of using photons to construct quantum computers,
shedding light on the advantages and challenges of this approach [69]. These
quantum devices hold promise in diverse fields, including materials science, secure
communication, high-precision sensing, and advanced imaging. However, their
development requires meticulous control of quantum systems and addressing
sensitivity to external disturbances. Despite these challenges, ongoing research
in quantum devices stands poised to usher in transformative technologies with
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2.2 Fundamental Concepts of the Electromagnetic Spectrum Theory 37

far-reaching implications [70]. Microwaves are a type of electromagnetic radiation
with wavelengths ranging from approximately 1mm to 30 cm. They have a variety
of applications, including cooking, communication, and medical imaging. One
of the potential applications of microwaves is in the noninvasive detection and
identification of tumors. Microwaves can interact with matter in a variety of ways,
depending on the dielectric properties of the material. Dielectric properties are the
electrical properties of a material, and they can vary depending on the composition
of the material. Tumors typically have different dielectric properties than healthy
tissue, so it may be possible to use microwaves to detect the presence of tumors.
There are a number of different approaches to designing microwave-based devices
for detecting and identifying tumors. One approach is to design a device that can
detect the difference in dielectric properties between tumors and healthy tissue.
Another approach is to design a device that can detect the metabolic activity of
tumors. Tumors typically have higher metabolic activity than healthy tissue, so
it may be possible to use microwaves to detect the increased metabolic activity
of tumors [71]. Microwaves, with their unique interaction capabilities based on
material dielectric properties, are at the forefront of material property control.
Their applications span multiple domains, from enhancing the conductivity of
semiconductors to crafting patterns in materials and guiding crystal growth.
Notably, microwave-assisted synthesis of nanomaterials offers significant promise,
as highlighted in research on nanomaterial production. Challenges encompass
the need for precise, scalable, and cost-effective control devices, as well as deeper
insights into fundamental microwave-material interactions. Nevertheless, ongoing
research in this dynamic field is poised to revolutionize various industries, leading
to improved material properties, more efficient manufacturing processes, and the
creation of novel nanomaterials. This burgeoning area of microwave-based material
control holds the potential to transform industries and drive innovation across mul-
tiple sectors [72]. Microwave cooking, a popular and convenient method, harnesses
electromagnetic radiation with wavelengths from 1mm to 30 cm. It relies on the
interaction of microwaves with polar molecules, which possess positive and nega-
tive ends. When exposed to microwaves, these molecules rotate and generate heat.
The heat generated depends on microwave frequency and the material’s dielectric
properties, which vary with its composition. This cooking technique exploits the
high dielectric properties of water, a key component in most foods. As microwaves
interact with water molecules in the food, they induce molecular rotation, resulting
in heat generation and food cooking. Beyond culinary applications, microwave
heating finds utility in scientific realms like food processing, chemical synthesis,
and materials science, facilitating quick and efficient drying, pasteurization,
chemical synthesis, and annealing of materials. Understanding the fundamental
interaction between microwaves and polar molecules is crucial for mastering
microwave cooking and optimizing its application in scientific research. It plays a
pivotal role in food preparation, from cooking diverse foods to defrosting, reheating,
and even making popcorn. In the scientific domain, microwave technology has
enabled advances in food processing, chemical synthesis, and materials science,
enhancing efficiency and enabling innovative research [73]. Electromagnetic
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38 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

radiation comprises oscillating electric and magnetic fields traveling at the speed
of light, guided by Maxwell’s equations. Microwave irradiation’s efficacy lies in its
selective interaction with molecules like water, inducing their rotation and gen-
erating heat. This principle finds applications in various fields, including science
and cooking, emphasizing the importance of understanding these interactions
[74]. Understanding these principles elucidates microwave heating mechanisms,
crucial for efficient cooking as microwaves penetrate and heat food from within.
Beyond cooking, microwaves are applied in diverse fields, including chemistry
and materials research, due to their selective interaction with specific materials.
This fundamental understanding is vital for optimizing microwave applications in
various disciplines [75]. Microwave selectivity facilitates precise manipulation and
research in scientific and industrial sectors. This versatility highlights its value in
diverse contexts, from chemistry to materials research, enhancing efficiency and
precision. Understanding this capability is fundamental for optimizing microwave
applications across disciplines [76]. A profound understanding of the electromag-
netic spectrum and MW principles reveals their wide-ranging applications in daily
life, science, and industry. Microwaves, as a part of the spectrum, are harnessed
for tasks like cooking and scientific research. Understanding wave-particle dual-
ity, wavelength-frequency relationships, and microwave-material interactions is
crucial for effective utilization in diverse applications, laying the foundation for
comprehending their significance in various fields.

2.3 Electrical, Dielectric, and Magnetic Properties
in Microwave Irradiation

Microwave irradiation employs electromagnetic waves within the microwave
frequency range (300MHz to 300GHz) to induce dielectric and magnetic properties
in materials, facilitating various scientific and industrial applications. These
interactions are crucial for fields such as chemistry, materials research, and
communication technologies. Understanding these principles is fundamental for
harnessingmicrowave irradiation’s potential in diverse contexts [77].Understanding
microwave-material interactions, driven by dielectric characteristics and polariza-
tion, is essential for the effective utilization of this technology. Its broad applications
encompass materials science, chemistry, and communication, underscoring its
importance in diverse scientific and practical realms. Researchers explore novel
materials and compositions, advancing current understanding and pushing the
boundaries of microwave-based research in various disciplines [78]. The dielectric
constant, or relative permittivity, characterizes a material’s ability to store electrical
energy under an electric field, influencing electromagnetic wave propagation. This
property is crucial in optimizing microwave-material interactions, particularly in
materials science and communication. Materials with higher dielectric constants
exhibit greater microwave absorption, impacting various scientific and industrial
applications [79]. Dielectric loss (tan 𝛿) quantifies energy dissipation as heat in
response to an electric field’s polarization phase angle. Materials with higher tan 𝛿
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2.3 Electrical, Dielectric, and Magnetic Properties in Microwave Irradiation 39

absorb more microwave energy, vital for controlled heating in applications like
cooking and scientific research. Understanding and manipulating tan 𝛿 in various
materials are significant for optimizing microwave-based processes [80]. Magnetic
permeability is vital for materials’ interaction with magnetic components of electro-
magnetic waves, especially microwaves. High magnetic permeability enhances this
interaction, impacting microwave-based processes. This knowledge is critical in
fields like materials science and electromagnetic applications, where precise control
of materials’ magnetic response is significant for optimizing performance [81].
Understanding these properties is crucial for optimizing material behavior in var-
ious applications. Materials with dielectric losses can be heated using microwaves
and applied in industrial processes like curing and medical hyperthermia for
cancer treatment. This knowledge is relevant in materials science, engineering,
and medical disciplines for efficient energy absorption and controlled heating [82].
Microwave irradiation is versatile, used in polymerization, chemical synthesis, and
nanoparticle production. Knowledge of dielectric and magnetic properties is crucial
for antenna and radar system design, but these properties can vary with material
composition and conditions. Microwave technology has diverse applications in both
scientific and industrial domains. A comprehensive understanding ofmaterial prop-
erties is essential for optimizing microwave applications in diverse fields, enabling
tailored and enhanced performance in scientific and industrial settings. Conductive
polymer composites (CPCs) are integral in applications involving microwave
irradiation due to their critical electrical, dielectric, and magnetic properties. These
properties are essential for applications like electromagnetic interference (EMI)
shielding, capacitors, and integrated circuits when exposed to MW. CPCs offer ver-
satility in materials and compositions, driving ongoing cutting-edge research across
multiple disciplines to optimize their performance in various scientific and indus-
trial contexts [83]. In the realm of microwave irradiation, optimizing CPCs demands
a balance between achieving favorable electrical and dielectric properties while
mitigating challenges related to high nanofiller content. This balance is crucial for
applications like EMI shielding and integrated circuits. Interdisciplinary research
focuses on reducing the percolation threshold, enhancing electrical conductivity,
and addressing processing complexities to improve CPC performance in diverse
scientific and industrial contexts [84]. In the context of microwave applications, the
“segregated network” strategy involves selectively dispersing nanofillers at com-
posite interfaces and impacting electrical and dielectric properties. This approach
is relevant for applications like EMI shielding but may pose challenges related to
polymeric molecule diffusion and structural integrity. Achieving the right balance
in electrical conductivity is crucial, driving interdisciplinary research in materials
science and engineering to optimize CPC performance in diverse contexts [85]. In
microwave applications, CPCs with electrical conductivity below 1 Sm−1 are sought
for effective EMI shielding, but achieving both low conductivity and microwave
transparency is challenging. Commercially, EMI shielding effectiveness targets are
often below 20 dB. Carbon-based nanofillers such asmulti-walled carbon nanotubes
(MWCNTs), graphene nanoplatelets, and carbon nanofibers, known for high aspect
ratios and electrical conductivity, are favored for reinforcing CPCs in microwave
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40 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

scenarios, driving interdisciplinary research in materials science and engineering
for improved performance [86]. Research on CPCs for microwave applications
focuses on unraveling structure-property relationships. This entails investigating
how nanofiller distribution, concentration, and type influence CPCs’ electrical,
dielectric, and magnetic characteristics under microwave irradiation. Achieving the
right balance of these properties is vital for optimizing CPCs in applications requir-
ing EMI shielding and microwave transparency, driving interdisciplinary research
in materials science and engineering for enhanced CPC performance [87]. Studying
dielectric constants in microwave irradiation is essential for optimizing the materi-
als’ microwave absorption. This property impacts various scientific and industrial
applications, especially in microwave heating. Materials with higher dielectric
constants absorb more microwave energy, making them valuable for processes like
cooking and materials processing. This research contributes to understanding and
harnessing microwave energy for diverse purposes, involving materials science
and engineering disciplines [87]. Microwave irradiation can enhance the electrical
conductivity of materials by promoting ion mobility. This phenomenon is relevant
in material processing and chemical reactions, where increased conductivity can
accelerate processes. The interdisciplinary field involves materials science and
chemistry, aiming to optimize conductivity for various industrial applications.
Understanding these mechanisms contributes to more efficient processes and inno-
vative technologies [88]. The dielectric loss factor (tan 𝛿) signifies amaterial’s ability
to convert microwave energy into heat. Materials with higher tan 𝛿 values absorb
and dissipate microwave energy efficiently. This phenomenon, known as dielectric
relaxation, involves rapid dipole oscillation and is crucial for optimizing microwave
heating processes in various scientific and industrial applications. Research in
this field explores how different materials and compositions impact dielectric
behavior, contributing to improved microwave-based technologies [89]. Magnetic
permeability characterizes a material’s response to a magnetic field, influencing its
interaction with electromagnetic waves during microwave irradiation. High mag-
netic permeability materials can significantly affect heating behavior in microwave
applications, making their study important in optimizing such processes. Research
in this area explores how material compositions impact magnetic properties, con-
tributing to advancements inmicrowave technology and applications [90]. Research
into materials like iron-based compounds explores their strong magnetic responses
to microwaves, enabling applications like induction heating. This research delves
into how these properties vary with factors like frequency and temperature,
providing insights into energy absorption mechanisms. It is crucial for optimizing
microwave-based heating processes in various fields, from metallurgy to materials
science [91]. Research in tailoring materials and processes for electrical, dielectric,
and magnetic responses to microwave irradiation has wide-ranging applications,
spanning from food processing to environmental remediation. It promises enhanced
energy efficiency and product quality across industries. This interdisciplinary field
involves materials science, engineering, and physics, focusing on optimizing energy
absorption mechanisms for diverse industrial and scientific purposes.
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2.4 Microwave Irradiation Molecular Rotation 41

2.4 Microwave Irradiation Molecular Rotation

Microwave irradiation employs microwave electromagnetic waves to induce molec-
ular rotation in materials. This technique is vital in scientific research, chemistry,
and various industrial applications. Researchers from disciplines such as chemistry,
physics, and materials science study this process to optimize microwave-related
outcomes, such as heating and material processing, across a spectrum of materials
and compositions. Understanding these principles contributes to advancements in
energy-efficient technologies and diverse scientific domains [92, 93]. Understanding
molecular rotation induced byMW is pivotal for optimizing its applications in scien-
tific research and industrial processes. This phenomenon occurs in polar molecules
due to the interaction between their electric dipole moments and microwave elec-
tromagnetic fields. Researchers across disciplines such as chemistry, physics, and
engineering investigate these processes, contributing to advancements in diverse
fields and the development of energy-efficient technologies [94]. Molecular rotation
induced by microwave energy is essential for diverse applications in chemistry,
materials science, and communication. It involves polar molecules absorbing
microwave energy and causing transitions between rotational states. Researchers
from various disciplines investigate these processes, advancing scientific knowledge
and technological innovations across industries [78]. Microwave ovens utilize
molecular rotation of water molecules to efficiently heat food through MW absorp-
tion, causing friction and generating heat. This process is fundamental in cooking
and has broad applications in scientific contexts. Understanding this heating mech-
anism is crucial for efficient microwave technology utilization in various fields,
involving interdisciplinary research and practical significance [95]. Microwave irra-
diation’s role in molecular rotation is pivotal for accelerating chemical reactions,
particularly in organic synthesis, where it offers precision and speed. This technique
finds application in diverse scientific and industrial contexts, enhancing reaction
efficiency. Understanding these mechanisms is essential for optimizing microwave
irradiation across various disciplines, involving material-specific applications and
ongoing research into reaction kinetics [96]. Microwave irradiation, operating in the
300MHz to 300GHz frequency range, has diverse applications in materials science
and medical chemistry. Nonpolar molecules do not undergo molecular rotation in
response to MW, distinguishing their behavior from polar molecules. This under-
standing of microwave characteristics is vital for its application and significance
across scientific disciplines and industrial domains [97]. Molecular responses to
MW are pivotal in materials science and medical chemistry. Microwaves induce
rotations inmolecules with a dipole moment, altering their energy levels, impacting
diverse applications. This knowledge is pivotal for precise molecular control in sci-
entific and industrial contexts [98]. Microwave technology, utilized in applications
like microwave ovens and chemical synthesis, selectively excites water molecules,
inducing molecular rotation and heat generation. This accelerates chemical reac-
tions, particularly in chemistry and materials research, enhancing precision and
efficiency. Understanding these principles is crucial for advancing scientific and
industrial processes reliant on controlled molecular interactions [99]. Microwave
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42 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

irradiation enhances process efficiency and precision in scientific and industrial
applications. Tailored utilization of this technology relies on understanding molec-
ular response to microwaves, considering factors like structure and dipole moment.
This knowledge informs applications in various disciplines, optimizing processes
dependent on controlled molecular behavior [100]. Microwave irradiation, with
limitations, is employed for selective heating of polar molecules, particularly in
materials like water. Its application is constrained by the need for compatible mate-
rials and specific frequency and wavelength ranges. Microwave irradiation, despite
limitations, is a versatile tool for scientific and industrial applications. Its impact on
molecular rotation informs tailored approaches in various domains, emphasizing
precision in controlling molecular behavior. A profound understanding of these
principles underpins its valuable real-world applications.

2.5 Fundamentals of Electromagnetic Theory
in Microwave Irradiation

Chemical reactions are initiated using diverse energy sources, such as heat, light,
pressure, plasma, ultrasound, and microwaves. These methods enable bond
breaking and formation, vital for reactions across chemistry, materials science, and
industry. Their application varies, optimizing processes in different fields, and ongo-
ing research explores their mechanisms and significance in precision-controlled
reactions [101]. Microwave heating, also called dielectric heating, is an efficient
method using electromagnetic waves to induce rapid and precise heating in
materials, replacing traditional conductive heating. Its significance lies in its speed
and precision, finding applications in chemistry, materials synthesis, and industry.
Ongoing research explores its mechanisms and potential for controlled heating
processes [102]. Microwave heating is often referred to as dielectric heating because
it primarily relies on the dielectric properties of materials to generate heat when
exposed to MW. Dielectric heating occurs due to the interaction between the alter-
nating electric field of microwaves and polar molecules within the material. The
rapid changes in the electric field cause the polar molecules to continuously reori-
ent themselves, generating heat through friction and molecular movement. This
dielectric heating mechanism is the fundamental principle behind how microwave
ovens and other microwave heating applications work. Microwave heating har-
nesses the ability of materials, both liquids and solids, to convert MW into internal
heat. This method is pivotal in various scientific and industrial processes, offering
rapid and precise heating capabilities. Its applications span chemistry, materials
synthesis, and product testing, where efficiency and controlled heating are essential
for enhancing process outcomes and productivity. Researchers in disciplines like
chemistry and materials science continue to explore innovative applications and
mechanisms to optimize microwave heating for diverse purposes [103].
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2.5 Fundamentals of Electromagnetic Theory in Microwave Irradiation 43

2.5.1 Electromagnetic Radiations and Microwave

Researchers are advancing electromagnetic radiation-based devices to finelymanip-
ulate atomic and molecular-level properties of materials, offering transformative
impacts across industries such as manufacturing, medicine, and electronics. These
devices encompass lasers, microwaves, and terahertz radiation, enabling precise
control over chemical reactions, material properties, and even molecular rotation.
Challenges include controlled manipulation, affordability, and integration with
existing processes, making this field of research highly promising for revolu-
tionizing various industries and enhancing material properties, manufacturing
efficiency, andmedical applications, as shown in Figure 2.3a [104]. Electromagnetic
radiation-based devices for detecting and identifying exoplanets are crucial for
exploring distant worlds beyond our solar system. They tackle the challenge of
detecting faint exoplanets in the presence of bright stars. Two primary devices
are transit photometers, which observe the dimming of a star when an exoplanet
passes in front of it, revealing the exoplanet’s size and orbit, and radial velocity
spectrometers, which measure the star’s Doppler shift caused by the gravitational
pull of an orbiting exoplanet, allowing for the determination of its mass. These
devices offer profound implications, from discovering potentially habitable exo-
planets to studying their atmospheres for signs of life and furthering our knowledge
of exoplanetary system formation and evolution. The interdisciplinary nature
of this field involves astronomy, physics, engineering, and materials science,
pushing the boundaries of our understanding of exoplanets and the cosmos [105].
Microwave-based energy harvesting devices harness MW to generate electricity,
offering a clean and renewable energy source. They can convert MW into electrical
power, primarily through devices like rectennas and thermoelectric converters.
Microwaves are abundant in the environment, originating from various sources,
including the sun and human-made devices. Research in this field aims to develop
efficient and affordable devices that can power a wide range of applications, from
smartphones to remote sensors, and even utilize waste heat for energy harvesting.
Interdisciplinary research spanning engineering, physics, and materials science
drives innovation, with a focus on improving efficiency and compatibility with
existing energy systems, thus potentially reducing reliance on fossil fuels and
advancing sustainable energy solutions, as shown in Figure 2.3b. Microwave-based
devices in chemical reactions aim to enhance efficiency and safety. By utilizingMW,
these devices heat reactants rapidly and uniformly, as seen in microwave synthesis
reactors, leading to shorter reaction times and increased yields. Additionally,
microwave plasma reactors can create plasmas to accelerate various chemical reac-
tions. Safety is improved by decomposing hazardous chemicals through microwave
heating or radiation exposure with catalysts. Research spans various disciplines,
including chemistry and materials science, aiming to design cost-effective devices
compatible with existing equipment and scale up reactions from labs to industry.
This innovation holds the potential to revolutionize chemical, pharmaceutical,
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44 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties
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Figure 2.3 (a) Electromagnetic radiation and (b) electromagnetic spectrum.

and materials industries, promoting environmental sustainability and creating
enhanced products [106].

2.5.2 Heating Mechanism of Microwave: Conventional Versus
Microwave Heating

Microwave-based devices for heatingmaterials offer efficient and controlled heating
in industrial and scientific applications. They utilize MW to heat materials rapidly
and uniformly, reducing processing times and enhancing product quality. Examples
include microwave volumetric heaters and flow-through reactors, which minimize
heat loss and support continuous processing. Challenges include designing precise
and compatible devices while ensuring affordability and scalability. Advancements
in this field have the potential to revolutionize manufacturing, food processing, and
medical devices, offering improved efficiency and innovation in various industries
[107]. The dominant role of the electric field component of MW in heating polar
molecules arises from the tendency of polar molecules to align with the electric
field, leading to rapid molecular rotation and heat generation through collisions.
This principle is harnessed in various innovative microwave-based devices. This
phenomenon is crucial for microwave ovens, microwave plasma reactors, and
medical devices that selectively heat cells, with applications spanning food pro-
cessing, chemical reactions, and medical treatments. Challenges include device
efficiency, affordability, and safety [108]. The fundamental concept involves design-
ing microwave-based devices to precisely control microwave-matter interactions at
the nanoscale for synthesizing unique nanomaterials. MW offers advantages such
as rapid, uniform heating and acceleration of chemical reactions, revolutionizing
nanomaterial synthesis. This research addresses the challenge of precise control
over nanomaterial properties, aiming to impact industries such as electronics,
energy, and healthcare. Interdisciplinary efforts encompass chemistry, materials
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2.5 Fundamentals of Electromagnetic Theory in Microwave Irradiation 45

science, and engineering. The forefront involves combining microwave volumetric
heating and plasma synthesis for nanomaterial design, with potential implications
for advanced technologies [108]. Microwave-based technologies hold the potential
to address major challenges in materials processing, food science, medical devices,
and scientific research. By enabling rapid and uniform heating, they facilitate the
synthesis of novel materials, energy-efficient food processing, minimally invasive
medical procedures, and advanced scientific instrumentation, revolutionizing these
fields. Interdisciplinary engagement spanning materials science, engineering, and
biomedical sciences is essential to harness microwave-based innovations, ushering
in a new era of efficient and impactful solutions [109]. The fundamental concept
of microwave-based heating in science and engineering is based on the interaction
of MW with polar molecules and ions in materials. Microwaves cause rapid dipolar
rotation and ionic conduction, generating heat within the material. This technology
is significant for its ability to provide efficient and precise heating, finding applica-
tions in materials processing, such as sintering ceramics and drying materials. Its
study is motivated by the pursuit of energy-efficient heating methods. Academic
disciplines engaged includematerials science, electrical engineering, chemistry, and
physics. Researchers explore advanced microwave technologies, control systems,
and novel materials. The field’s forefront involves refiningmicrowave heatingmeth-
ods and understanding complex microwave-matter interactions, with implications
spanning improved materials processing and scientific research tools, contributing
significantly to advancements in science and engineering. The fundamental concept
here is harnessing dipolar rotation and ionic conduction through MW to create
new microwave-based devices for efficient and precise material heating. These
devices function by applying microwaves to polar molecules and ions in materials,
inducing rapid rotation and conduction, thereby generating heat. This concept
holds significance in various applications, including materials processing, medical
devices, and scientific research, where precise heating is crucial. The process
involves controlled microwave-matter interactions for targeted heating. This area of
study is motivated by the pursuit of energy-efficient and precise heating methods,
driving research toward innovative device designs, control systems, and materials
utilization. Dipolar rotation involves the movement of polar molecules aligning
with electric fields, generating heat in microwave heating. Ionic conduction is
the movement of charged ions responding to electric fields, contributing to heat
generation in materials. These mechanisms underlie efficient microwave-based
heating in various applications, including materials processing and medical devices
[110]. Microwave technology, a field of significant scientific and engineering
importance, revolves around the utilization of electromagnetic waves in the
microwave frequency range for various applications. Fundamentally, microwaves
interact with materials at a molecular level, causing dipolar rotation and ionic
conduction, generating heat. This concept is significant as it offers rapid, uniform,
and efficient heating, impacting diverse areas such as materials processing, medical
devices, and scientific research. Applications include microwave ovens, medical
hyperthermia treatments, and materials synthesis. Researchers across science and
engineering disciplines collaborate to optimize this technology, exploring novel
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materials, control methods, sensors, and energy harvesting devices. Governing
principles involve electromagnetic wave propagation and material interactions,
with implications spanning improved industrial processes, medical treatments, and
advanced materials development, as shown in Figure 2.4.

2.6 Physical Principles of Microwave Heating
and Equipment

The fundamental concept involves using MW to accelerate and control chemical
reactions for the synthesis of new materials. MW rapidly heats materials through
dipolar rotation and ionic conduction, enabling precise control over reaction condi-
tions. This is significant because it offers a more efficient and uniform method for
synthesizing materials with unique properties. Applications are observed in various
fields, motivating interdisciplinary research. Materials and compositions can vary
widely, from nanomaterials to polymers. Current research focuses on designing
microwave-based devices that provide precise control over reaction parameters and
scalability for industrial production. Principles of electromagnetic wave interaction
with matter govern this technology, with implications spanning materials science,
electronics, energy, and catalysis. The pivotal scientific implications include the
potential to revolutionize materials synthesis processes across industries [111]. The
fundamental concept involves using metamaterials and nano-optics to design a
microwave-based device that selectively and precisely heats materials. Metamateri-
als are engineered materials with specific electromagnetic properties, allowing for
the creation of devices that can selectively heat materials or regions of a material.
Nano-optics, on the other hand, deals with the precise interaction of light with mat-
ter at the nanoscale, enabling the focused application of MW with high precision.
This concept is significant because it offers a novel approach to tailored material
processing and chemical synthesis, potentially leading to improved product quality,
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2.6 Physical Principles of Microwave Heating and Equipment 47

reduced waste, and the development of new materials. Applications are observed
in various fields, motivating interdisciplinary research, and the materials used can
vary depending on the specific application. Current research focuses on designing
effective metamaterial structures and refining nano-optical techniques for precise
microwave heating [112]. The fundamental concept involves using metamaterials
and nano-optics to design a microwave-based device capable of highly selective
and precise material heating. Metamaterials, engineered for specific electromag-
netic properties, enable the creation of devices, selectively heating materials or
regions within them. Nano-optics, dealing with nanoscale light-matter interactions,
provides the means to focus MW with extraordinary precision. Combining these
techniques leads to a device with applications in tailored material processing and
chemical synthesis. Research challenges include designing metamaterials with
desired electromagnetic properties, developing precise nano-optical techniques,
and integrating these into existing equipment. The successful development of such
microwave-based devices holds the potential to revolutionize various industries,
enhancing material properties, and enabling more efficient chemical synthesis
methods, ultimately impacting fields likemanufacturing and chemistry [113].Meta-
materials are engineered materials designed at the micro or nanoscale with unique
electromagnetic properties not found in nature. They can manipulate electromag-
netic waves, enabling effects like negative refraction and invisibility cloaking. Their
applications span optics, telecommunications, radar, and materials science, with
the potential for revolutionary advances in technology. One innovative approach
to designing a new microwave-safe container or utensil involves the integration of
microwave-transparent andmicrowave-absorbingmaterials in its construction. This
concept aims to achieve uniform and controlled microwave heating by allowing
the container to absorb and evenly distribute MW while shielding the contents
from overheating. Another promising avenue is the incorporation of sensors and
feedback mechanisms within the container to monitor and regulate the heating
process. These sensors can assess the temperature of the material being heated and
adjust themicrowave power output, accordingly, ensuring precise and even heating.
This research area holds significance in various applications, including culinary
arts, scientific research, and industrial processes, as it can enhance safety, precision,
and convenience in microwave heating procedures, ultimately reducing waste,
and improving outcomes across diverse sectors [114]. One innovative approach
to enhancing microwave oven safety features involves the integration of artificial
intelligence (AI) and advanced sensor technologies. AI canmonitor the oven’s oper-
ation and identify potential hazards, such as the presence of non-microwaveable
objects, overheating of food or materials, or incomplete oven door closure. When
hazards are detected, the AI system can automatically deactivate the oven or initiate
corrective actions. Additionally, advanced sensors can measure internal temper-
atures, detect gases like steam indicating overheating, and ensure proper door
closure, providing critical data for hazard assessment and control. This research
area holds significant promise for reducing accidents and injuries associated with
microwave oven use, fostering user safety, mitigating product liability concerns,
and bolstering consumer trust in microwave oven products [24]. Metamaterials are
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48 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

engineered to focus MWwith high precision, reducing uneven heating and the risk
of superheating. Nano-optics further refine heating precision by focusing radiation
at the nanoscale. Smart sensors monitor material temperature and moisture
content, enabling real time feedback control of microwave power output to ensure
even heating without damage [24]. Microwaves, falling within the gigahertz (GHz)
frequency range and characterized by their relatively short wavelengths, are a
subset of electromagnetic waves with extensive scientific and engineering signifi-
cance. Their generation relies on specialized vacuum tube technologies, including
klystrons, magnetrons, and Gunn diodes. Klystrons utilize the principle of electron
bunching and velocity modulation within a resonant cavity to produce microwaves,
while magnetrons generate microwaves through the interaction of electrons
with a magnetic field within a vacuum. Gunn diodes exploit the Gunn effect in
semiconductor materials for microwave generation. Understanding the frequency
and wavelength properties of microwaves is fundamental for their diverse appli-
cations, encompassing communication, scientific research (spectroscopy, material
characterization, cosmic microwave background study), and efficient microwave
heating, such as in microwave ovens. Ongoing cutting-edge research is dedicated
to enhancing microwave technology, including the development of metamaterials
for innovative electromagnetic control and the exploration of quantum phenomena
in the microwave realm, with the potential to revolutionize quantum computing
and communication [115]. Designing a microwave oven that can uniformly and
efficiently heat food while minimizing radiation exposure entails several scientific
and engineering principles. One fundamental concept involves using advanced
materials, such as metamaterials, with unique electromagnetic properties that
enable the controlled manipulation and focusing of MW. This allows for more
even penetration and heating of food, addressing the challenge of uneven cooking.
Additionally, optimizing microwave oven designs, such as incorporating multiple
emitters or reflectors to distribute microwaves evenly, contributes to efficient
cooking. Moreover, enhancing shielding technologies with innovative materials
and cavity designs can significantly reduceMW leakage, thus improving safety. This
interdisciplinary field involves physics, materials science, and engineering, with
applications in household appliances and commercial [10]. To design a microwave
oven that heats food evenly and efficiently while minimizing radiation exposure
using the latest advances in materials science, nanotechnology, and quantum
physics, several fundamental concepts and principles come into play. Materials
science enables the development of advanced materials like metamaterials that
possess unique electromagnetic properties, allowing precise manipulation and
focusing of MW to ensure even heating. Nanotechnology contributes by offering
nanomaterials that can enhance microwave absorption and create highly reflective
materials for improved shielding. Additionally, quantum physics plays a role in
developing novel microwave generation and detection technologies, as well as
materials with high dielectric constants for stronger interactions with MW. These
interdisciplinary approaches hold significant potential for creating microwave
ovens with reduced cooking time, improved food quality, enhanced safety, and
decreased energy consumption, making them valuable innovations for households
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2.6 Physical Principles of Microwave Heating and Equipment 49

and commercial kitchens [116]. Designing a new type of microwave device that
harnesses the wave behaviors of microwaves, including reflection, transmission,
refraction, diffraction, and interference, offers significant technological possibili-
ties. Understanding these behaviors is crucial in creating innovative applications.
For instance, microwave imaging utilizes microwaves to produce images for
medical diagnostics, security screening, and nondestructive testing. Microwave
communications encompass satellite communication, cellular networks, and
radar systems. Microwave heating, as exemplified by microwave ovens, is integral
to both household and industrial processes like material drying and adhesive
curing. Additionally, microwave weapons employ microwaves to disrupt or destroy
electronic equipment. Recent research in this field has explored advanced materials
likemetamaterials to enhancemicrowave focusing and interference for applications
such as cloaking devices, with implications for military and stealth technology
[117]. Designing a novel microwave device to harness the unique properties of
microwaves, such as their ability to penetrate certain materials and reflect off
metal surfaces, presents a formidable challenge. One concept involves a microwave
device capable of inspecting the interiors of objects by exploiting microwaves’
penetrating properties. Such a device could find applications in security screening,
nondestructive testing, and medical imaging. Alternatively, it could be used to
create an advanced communication system by capitalizing on microwaves’ ability
to reflect off metal surfaces, benefiting satellite communication, radar technology,
and cellular networks. Another avenue explores using microwaves for industrial
processes, harnessing their heating capabilities for tasks like material drying,
adhesive curing, and material synthesis [78]. Designing a novel microwave heating
device that achieves precise and efficient heating of materials with minimal energy
consumption and environmental impact is a multifaceted challenge. One critical
issue is addressing uneven heating, which can result in hot spots and cold spots,
affecting various applications. To mitigate this, metamaterials, engineered with
specific electromagnetic properties, offer a promising solution by enabling more
precise and efficient MW control. Additionally, optimizing microwave heating
devices to operate at lower frequencies can reduce interference with electronic
equipment and potentially improve heating efficiency. Moreover, the integration of
AI algorithms can further enhance heating precision and efficiency by dynamically
controlling power and frequency. These innovations in microwave heating tech-
nologies have the potential to revolutionize various fields, includingmanufacturing,
food processing, and medicine, by minimizing energy consumption and environ-
mental impact while ensuring precise and uniform heating. Examples of ongoing
research in this domain include studies on metamaterial-based microwave heating
devices, as demonstrated, and the application of AI for optimizing microwave food
processing [118]. These advancements underscore the significance of microwave
heating technology in addressing efficiency and precision challenges across diverse
applications [119]. Designing innovative materials and microwave heating devices
to harness the fundamental mechanism of dielectric heating is pivotal for achiev-
ing precise and energy-efficient material heating with reduced environmental
impact. Dielectric heating relies on the interaction between microwave energy
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50 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

and polar molecules within materials, inducing molecular oscillations and gen-
erating frictional heat. Additionally, advanced microwave heating devices, such
as those employing metamaterials, can focus MW, ensuring more uniform and
efficient heating. The integration of AI algorithms further optimizes the process,
allowing precise control of power and frequency to minimize energy consumption
[120]. These advancements have far-reaching implications across industries, from
enhancing food processing to medical applications and manufacturing [99]. In
microwave heating applications, a profound comprehension of penetration depth
is indispensable for precise control over heating depth. This attribute significantly
influences the effectiveness and controllability of microwave heating processes.
The essential components of a microwave heating system encompass a microwave
generator, such as a magnetron, a waveguide for directing microwaves, and an
applicator designed for focusingmicrowaves on the target material. Diverse applica-
tor configurations, such as cavity, multimode, and single-mode designs, are tailored
to meet specific heating requirements [121]. These components collaboratively
orchestrate precise and controlled microwave heating across diverse applications.
The selection of an applicator design is meticulously tailored to the specific heating
process and the unique characteristics of the material in question. For instance,
in household microwave ovens, cavity applicators are commonly utilized, reflect-
ing the continued relevance and development of microwave heating methods
in modern times [16]. Designing an innovative microwave heating device that
efficiently utilizes the fundamental principle of dielectric heating while ensuring
safety and environmental responsibility is a complex task. Dielectric heating relies
on the interaction between microwaves and polar molecules within materials,
causing molecular oscillations and generating heat through friction. To address
the challenges and enhance precision, efficiency, and safety, various approaches
can be pursued. Developing materials with high dielectric constants and low
thermal conductivity is essential. Redesigning microwave heating devices using
multiple emitters, reflectors, or metamaterials to focus MW can result in more even
and efficient heating. A 2023 study on ResearchGate demonstrated the superior
efficiency of a metamaterial-based microwave heating device. Ensuring user and
environmental safety is paramount. Incorporating safety features, such as improved
shielding materials, robust door seals, and fail-safe mechanisms, can prevent
microwave leakage and mitigate potential hazards [122]. Exploiting microwave
interaction with substances allows for the development of innovative technologies
across diverse fields. Microwave-assisted drying (MAD) enhances food processing,
preserving nutrients and flavor. In medicine, microwave ablation efficiently treats
tumors with minimal side effects. Manufacturing benefits from microwave sin-
tering for improved material properties, exemplified by titanium nitride coatings.
Microwave-assisted synthesis in materials science yields high-purity nanoparticles
like graphene. Understanding these principles drives advancements, involving
physics, chemistry, engineering, and materials science, with applications in food,
medicine, manufacturing, and materials synthesis. These technologies have pro-
found implications, improving processes and products in various industries, and
impacting human lives positively. Fundamentally, microwave interactions induce
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2.6 Physical Principles of Microwave Heating and Equipment 51

molecular oscillations, generating heat, and enabling precise and efficient heating
in diverse applications. These innovations address industry needs, motivate
interdisciplinary research, and continually advance scientific understanding and
technological capabilities [123]. Addressing the challenges of microwave heating
involves innovating materials, devices, and AI algorithms. New materials with
elevated dielectric constants and reduced thermal conductivity enhance heating
efficiency, even for highly conductive substances. Innovative microwave heat-
ing devices employing metamaterials or multiple emitters/reflections distribute
radiation evenly, mitigating issues related to penetration depth and nonpolar
materials. Furthermore, controlling microwave polarization through metama-
terials improves heating precision. Harnessing AI optimizes heating processes,
adjusting power, frequency, and polarization for various material properties. These
advancements transcend fields, enhancing heating efficiency and expanding the
applicability of microwaves. Fundamentally, microwave heating relies on dielectric
loss mechanisms and electromagnetic wave interactions. Innovations motivate
multidisciplinary research, encompassing physics, materials science, engineering,
and AI. These advancements have far-reaching implications, improving processes
and products in various industries while minimizing energy consumption and
environmental impact [124]. The fundamental concept underlying the design of
new microwave heating technologies is the interaction of microwaves with sub-
stances. Microwaves are electromagnetic waves that induce molecular vibrations
and generate heat within materials containing polar molecules. This principle is
significant because it enables rapid and efficient heating with minimal energy con-
sumption, making microwaves valuable in various applications. Current research
focuses on using metamaterials to distribute microwaves evenly, nanotechnology
to enhance material properties, and AI to optimize heating processes. These inno-
vations transcend disciplines, involving physics, materials science, engineering,
and AI. Fundamentally, microwave heating relies on dielectric loss mechanisms
and electromagnetic wave interactions. Innovations motivate multidisciplinary
research, encompassing physics, materials science, engineering, and AI. These
advancements have far-reaching implications, improving processes and products
in various industries while minimizing energy consumption and environmental
impact [125]. The fundamental concept underlying the design of a new microwave
heating device based on standing waves is the phenomenon of constructive and
destructive interference between incident and reflected microwaves. Standing
waves are formed when these interference patterns result in regions of high and low
microwave intensity within the heating chamber. This concept is significant as it
can be harnessed to achieve precise and efficient heating of materials by controlling
the distribution of standingwaves. Applications of this phenomenon are observed in
various fields, including food processing, materials science, andmedical treatments,
where controlled heating is essential. Multidisciplinary research encompassing
physics, engineering,materials science, and safety engineering is engaged to develop
innovative devices. Safety precautions, such as effective shielding, fail-safe mecha-
nisms, and user education, ensure the safe operation of these devices. Research in
this area is at the forefront of optimizing standing wave-based microwave heating
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52 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

for diverse applications, with implications for enhanced efficiency and safety
across industries [126]. The fundamental concept underlying the design of a new
microwave heating device based on dielectric heating principles is the interaction
between MW and polar molecules within materials. Dielectric heating relies on
the phenomenon of polar molecules aligning with the alternating electric field
of microwaves, leading to molecular motion and frictional heat generation. This
concept is significant because it enables precise and efficient heating of materials,
finding applications in various fields like food processing, medicine, manufacturing,
and materials science. To improve dielectric heating, approaches involve metama-
terials for better microwave distribution, advanced control of microwave beams,
development of materials with tailored dielectric properties, and the integration of
AI for optimization. Safety measures include shielding, fail-safe mechanisms, and
user education. Ongoing research aims to enhance dielectric heating efficiency and
overcome its challenges for broader applications [127]. The fundamental concept
in designing a microwave heating device lies in the interaction of microwaves
with materials. Microwaves, with their specific frequency range, induce molecular
motion by interacting with polar molecules within materials, generating frictional
heat through dielectric loss. This concept is significant for achieving precise and
efficient material heating, with applications spanning various fields. Research
focuses on innovative approaches such as metamaterials to control microwave
distribution, AI optimization, and tailored materials with enhanced dielectric
properties. Ensuring user and environmental safety involves shielding, fail-safe
mechanisms, and user education. By addressing microwave heating challenges
and safety, novel technologies can transform industries such as food processing,
medicine, manufacturing, and materials science, improving global living standards
[128]. The fundamental concept involves optimizing MW for precise and efficient
heating in microwave ovens. This is achieved through innovations like metama-
terials to control radiation distribution, and improved dielectric materials. It is
significant for revolutionizing cooking and food processing, finding applications
in diverse settings. Research motives include enhancing cooking efficiency and
safety. Materials utilized include metamaterials and high-dielectric materials [129].
Microwave heating finds extensive applications in industrial settings for various
processes such as drying, sintering, sterilization, and thawing. Industrial microwave
systems often employ specialized applicators to ensure uniform heating by effi-
ciently delivering microwaves into the material undergoing processing [129]. The
fundamental concept involves optimizing microwave plasma heating for PECVD
to achieve precise and efficient thin film deposition while reducing environmental
impact. This is achieved by utilizing metamaterials to control radiation distribution
and pulsed MW for improved efficiency. It is significant for enhancing thin film
manufacturing for various applications. Research motives include improving
efficiency and sustainability. The fundamental idea is to improvemicrowave plasma
heating for accurate deposition of thin films in PECVD processes, aiming to boost
manufacturing efficiency while minimizing environmental effects. This concept
involves the use of metamaterials and draws from engineering, materials science,
and environmental science [130]. Safety is a paramount consideration in microwave
heating due to the potential for burns and injuries. Proper equipment design and
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2.7 Green Chemistry Through Microwave Heating: Applications and Benefits 53

maintenance are crucial to prevent microwave leakage and ensure safe operation
[131]. Adhering to the manufacturer’s instructions and using only microwave-safe
materials is essential for safe microwave heating. Microwave technology offers rapid
and effective heating for various applications, including food preparation, material
synthesis, and industrial processes. Proper usage and safety precautions are vital to
ensure efficient heating and prevent accidents [132]. Microwave heating relies on
the rapid rotation and oscillation of polar molecules in response to electromagnetic
fields, generating heat within the material. Careful design of microwave heating
equipment, including applicators and safety measures, is crucial to ensure effective
and controlled heating in various applications [14, 132]. In summary, microwave
heating harnesses the dielectric properties of materials to generate heat efficiently.
It is employed across various fields and serves as a valuable tool in both household
and industrial applications. However, it is essential to prioritize safety precautions
when utilizing microwave technology.

2.7 Green Chemistry Through Microwave Heating:
Applications and Benefits

In recent years, the field of green chemistry has gained significant attention due to its
focus on developing sustainable and environmentally friendly chemical processes.
One innovative approach that has emerged as a powerful tool in advancing green
chemistry is the utilization ofmicrowave heating.Microwave-assisted reactions offer
a range of advantages, such as reduced environmental impact, cost-effectiveness,
shorter reaction times, and enhanced yields [133]. This two-page write-up explores
the applications of microwave heating in the context of green chemistry and
its profound benefits. Microwave heating facilitates energy-efficient chemical
reactions by directly delivering energy to reactants. This focused energy transfer
reduces heat loss to the surroundings, making reactions more energy-efficient and
environmentally friendly. Microwave-assisted reactions often require less solvent
or even allow for solvent-free processes [12]. This reduction in solvent usage aligns
with green chemistry principles, minimizing the generation of hazardous waste.
Microwave heating can enhance the catalytic activity of substances, leading to more
efficient reactions. This can reduce the need for large quantities of catalysts, which
is in line with the principle of minimizing resource consumption. Precise control
of temperature during microwave-assisted reactions can improve the selectivity of
chemical transformations [2]. This can lead to fewer byproducts and a higher yield
of the desired product. Microwave heating significantly accelerates reaction kinet-
ics, reducing reaction times from hours to minutes or even seconds. This not only
conserves energy but also increases laboratory productivity. Microwave-assisted
reactions often require lower quantities of reagents and solvents. Additionally, the
reduced reaction times translate into cost savings, making it an economically viable
choice. The decreased solvent usage and energy consumption inmicrowave-assisted
reactions contribute to a smaller environmental footprint. This aligns with the
green chemistry goal of minimizing environmental impact [10]. The unique energy
absorption and propagation characteristics of microwave irradiation have opened
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54 2 Fundamental Theory of Electromagnetic Spectrum, Dielectric and Magnetic Properties

up new avenues for research in synthetic chemistry. Researchers can explore novel
reaction pathways and discover more sustainable synthetic routes. The improved
selectivity and reduced byproduct formation in microwave-assisted reactions lead
to less waste generation. This is crucial in adhering to the green chemistry principle
of waste minimization. Microwave heating can enhance safety in chemical labora-
tories [134]. Shorter reaction times reduce the exposure of researchers to potentially
hazardous materials, contributing to a safer working environment. Microwave
heating can be applied to reactions involving renewable feedstocks, supporting the
use of sustainable resources in chemical synthesis. Microwave-assisted synthesis
has found extensive applications in pharmaceutical and fine chemical industries,
where precise control of reaction conditions is crucial for product quality [12], as
shown in Figure 2.5. Figure 2.5 highlights the integration of microwave heating
with green chemistry principles, emphasizing its applications and the advan-
tages it offers in promoting environmentally friendly and sustainable chemical
processes.
Thiazolidin-4-one, a potent moiety found in various approved medications, holds

a significant place in contemporary antimicrobial and antiviral chemotherapy. Its
broad spectrum and potent activity have made it a focal point of research in the
field. Medicinal chemists have been drawn to the diverse medicinal properties
exhibited by thiazolidin-4-one-related drugs, motivating them to synthesize an
array of novel medicinal substances. MW, an alternative to traditional heating,
directly energizes reactions, sparking innovative concepts in synthetic chemistry,
particularly in the synthesis of thiazolidin-4-one analogs. It also explores the
antiviral and antimicrobial properties of these compounds, offering insights into
potential pharmaceutical applications, as shown in Figure 2.6. This evolution
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Figure 2.5 Microwave heating with green chemistry in environmentally friendly and
sustainable chemical processes. Source: Verma et al. [18]/American Chemical Society.
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2.7 Green Chemistry Through Microwave Heating: Applications and Benefits 55
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Figure 2.6 Microwave irradiation -based synthetic routes of various thiazolidin-4-one
derivatives.

has brought the principles of green chemistry to the forefront in recent years.
Microwave heating has emerged as a green protocol in organic synthesis, aligning
with these principles. Its advantages encompass a straightforward experimental
setup, production of high-purity compounds with excellent yields, solvent-free
reactions, reduced reaction times, minimized side product formation, and decreased
by-product rates. Heterocyclic compounds, particularly nitrogen-containing ones,
hold immense significance not only due to their presence in natural products but
also their extensive applications in the pharmaceutical industry.
The multifaceted role of microwaves in heterogeneous catalytic systems is

elegantly dissected into four distinct categories, as thoughtfully summarized in
Figure 2.7. These categories provide a holistic perspective on the applications of
microwave chemistry – First, the operational mode of microwave chemistry is
highlighted, where microwaves serve as the direct heat source for substances. This
approach offers the potential for automated, robot-assisted chemical synthesis,
reminiscent of microwave heating in household ovens. Second, microwaves find a
significant niche in green chemistry applications. They remarkably reduce reaction
times, even in processes devoid of solvents and catalysts. This environmentally
friendly aspect underscores the greener side of microwave-assisted chemistry. The
third facet delves into chemical reaction applications. Microwaves are shown to
be catalysts themselves, enhancing the kinetics of various chemical reactions. The
ability to manipulate microwave frequency and other related phenomena opens
new doors for optimizing chemical processes. Lastly, specific heating emerges as a
unique application. Microwaves are not just heat sources; they actively contribute
to the creation of novel materials [92].
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Figure 2.7 The role of microwave radiation in microwave chemistry. Source: Palma et al.
[92]/MDPI/Public Domain/CC by 4.0.

The N-heterocycles are integral components of numerous biologically active
molecules such as microwave-mediated synthesis of biologically crucial
N-heterocycles, highlighting their relevance in contemporary organic synthe-
sis, as shown in Figure 2.8. This application emphasizes the precision and targeted
nature of microwave-induced heating. It is essential to acknowledge that while
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Figure 2.8 Microwave-promoted synthesis of N-based heterocycles. Source: Dinodia [135]/
Bentham Science Publishers.
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this classification offers a comprehensive framework, the versatility of microwaves
in chemistry and catalysis may extend beyond these categories. Understanding
the nuanced differences between microwave and classical heating methods is
paramount, and the study of electric and magnetic radiation fields in microwave
heating holds significant promise. While many studies employmicrowaves as a heat
source in chemical reactions, a deeper exploration of MW characteristics remains
an intriguing avenue for further research.

2.8 Conclusion

In conclusion, this review chapter has provided a comprehensive examination of
the fundamental principles underlying microwave irradiation and its far-reaching
implications across various domains. The incorporation of microwave and ultra-
sonication irradiation within the framework of green chemistry highlights its
potential as a revolutionary approach for achieving sustainable chemical pro-
cesses. By adhering to green chemistry principles and minimizing the use of
hazardous substances, this technology has the potential to reshape the chemical
industry, promoting greater environmental responsibility. Dielectric and mag-
netic properties, molecular rotation, and the physical principles of microwave
heating have shed light on the intricate mechanisms driving the effectiveness
of microwave irradiation. This knowledge serves as the foundation for optimiz-
ing interactions in fields ranging from materials science to medical chemistry.
The synergy between microwave and ultrasonication irradiation offers a ver-
satile toolkit, enabling a wide range of applications from organic synthesis to
environmental remediation. As the field of microwave irradiation continues
to advance, its capacity to revolutionize chemical processes while upholding
sustainability principles becomes increasingly evident. The fusion of science,
innovation, and ethical responsibility underscores its significance in shaping a
greener future for the chemical industry. By continually enhancing our compre-
hension of the foundational principles of microwave irradiation and its alignment
with the tenets of green chemistry, we are poised to harness its transforma-
tive potential and contribute to a more sustainable and responsible scientific
landscape.
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14 Application of 
Biosorbents in Separation 
of Radionuclides

Elyor Berdimurodov, Khasan Berdimuradov,  
Ilyos Eliboyev, Dakeshwar Kumar Verma,  
and Omar Dagdag

14.1  INTRODUCTION

14.1.1  seParation of raDionuCliDes

The radionuclides are dangerous elements for human and animal health. The radio‑
nuclides are not stable, causing serious cancer illness. The spread of radionuclides 
has occurred from the nuclear processes [1]. The degree of radioactivity is an impor‑
tant factor for radioecology monitoring [2–4]. The high level of radioactivity is a 
crucial factor in the human body. Therefore, the separation of radionuclides from 
the wastewater, atmosphere and other environmental samples is important task in 
materials science. For example, the 125Sb, 54Mn, 60Co, 155Eu, 154Eu, 137Cs and 134Cs 
were most dangerous radionuclides. Their gamma‑emitting level is much higher in 
the wastewater, atmosphere and other environmental samples [5, 6].

The various separation methods for Cm, Am, Pu, Np, U, Th, Tc, Sr and Cs were 
used in the separation science. Before the separation of radionuclides, various ana‑
lytical methods were used to determine the amounts of radionuclides [7, 8]. Thermal 
ionisation mass spectrometry inductively coupled plasma mass spectrometry, mass 
spectrometry, γ‑spectrometry, liquid scintillation, low background beta counting, 
β‑spectrometry and α‑spectrometry were the most used methods in the determi‑
nation of radionuclides. The extraction chromatography, ion exchange, membrane 
separation, liquid‑liquid extraction and separation approaches including precipitation 
methods were used in the separation of radionuclides [9].

Ion‑exchange chromatography, solid‑phase extraction and other extraction chro‑
matographic methods can separate the radionuclides related to the ion‑exchange 
processes, in which the metal ions (radionuclides) were exchanged with the corre‑
sponding anions on the surface or matrix of ion exchange. As a result, the radionu‑
clides were chemically or physically linked to the surface or matrix of the polymer 
ion exchanger. For example, ion‑selective resins were used to separate the lanthanides 
and actinides‑based radionuclides. The ion exchange is the next important technique 
for the separation of radionuclides. The ion exchangers are categorised into anion‑ and 
cation‑exchange resins [10, 11]. The following functional groups are functionalised 
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to anion ion exchangers:  –N(CH3)2OH,  –N(CH3)3OH, while the cation exchanger 
contained the –COOH and –SO3H. The separation of radionuclides is linked to the 
following factors: solution temperature, pH and other ions (Figure 14.1). The radio‑
nuclides were separated from the wastewater using membrane‑based separation. For 
example, reverse osmosis, nanofiltration, ultrafiltration and microfiltration methods 
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FIGURE 14.1 (a) Separation technique [12], (b) TRIUMF ISOL method for radionuclides 
separation [13]



220 Biosorbents

are membrane‑based methods. The selective membrane must be more porosity mate‑
rial, because the radionuclides are separated related to the size of the pore. Therefore, 
porosity is an important fact for membrane‑based separation [12, 13].

14.2  CHITOSAN‑BASED BIOSORBENTS IN THE 
SEPARATION OF RADIONUCLIDES

The radionuclides were serious pollutants for the environment. In recent times, 
various methods were used to separate the radionuclides from the environmental 
samples. Chitosan‑based biosorbents were new and green technology in the separa‑
tion of radionuclides. These types of biosorbents were more efficient and low‑cost 
materials in the separation of radionuclides [14, 15]. The preparation methods of 
chitosan‑based materials were easy and did not require high‑degree technologies. 
Chitosan is a natural product and green polymer. There are many research works 
related to the separation of radionuclides from wastewater and other environmental 
samples. The adsorption of radionuclides depends on the following main properties: 
biosorption mechanisms, isotherm and kinetics models, desorbing agents, pH and 
contact time, and the influence of the intrinsic nature of metal ions and metal sorp‑
tion capacities. The cobalt (Co‑60), caesium (Cs‑137), strontium (Sr‑90), polonium 
(Po), radium (Ra), thorium (Th) and uranium (U) were separated effectively by the 
chitosan‑based biosorbents in the various biological, physical and chemical methods: 
electrochemical methods, flotation, coagulation and flocculation, membrane filtra‑
tion, adsorption, ion exchange and chemical precipitation. The radionuclide separa‑
tion by biological methods is classified into the following categories [1, 16, 17]:

 i. The biological processes were used to separate the radionuclides, such as 
constructed wetlands, flocculation and biosorption. In these biological pro‑
cesses, the enrichment mechanisms, accumulation and adsorption of radio‑
nuclides were used.

 ii. The evaporation, electro dialysis, reverse osmosis, ion exchange, extraction 
and active carbon adsorption were used to separate the radionuclides by the 
separation, enrichment and sorption processes.

 iii. The targeted radionuclides were separated by chemical reactions, such as 
electrolysis, chemical reduction and chemical precipitation.

Zemskova et  al. [18, 19] introduced the M (M—Cu, Ni) potassium ferrocyanide 
 chitosan‑based biosorbents for the caesium and cerium radionuclide. This material can 
then separate the caesium radionuclide from the alkaline solution by co‑precipitation 
methods. This radioactive metal is effectively adsorbed on the polymer matrix of chito‑
san. The Cu and Ni ions on the chitosan matrix promote the biosorbent performance of 
the suggested material. In this enhancement, the structural performance and chemical 
performances of chitosan biopolymer were changed. As a result, the adsorption perfor‑
mance of this material for radioactive metal was enhanced considerably (Figure 14.2).

In this research work [20], the chitosan‑based biosorbents are classified into the fol‑
lowing categories related to the metal‑sorbent interactions: halogenated derivatives, 
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chitosan‑cyclodextrin conjugates, derivatives with 1,3 dicarbonyl compounds, chi‑
tosan graft sugars, chitosan graft copolymers, chitosan Ethylenediaminetetraacetic 
acid (EDTA)/ Diethylenetriaminepentaacetic acid (DTPA) complexes, chitosan 
crown ethers, derivatives of chitosan containing N, P and S as the heteroatom, tem‑
plated chitosan and crosslinked chitosan (Figure 14.3). Ngah et  al. [21] suggested 
several types of chitosan derivatives as biosorbents: bentonite modification, calcium 
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alginate modification, polyvinyl chloride modification, polyvinyl alcohol modifica‑
tion, montmorillonite modification, cellulose modification, sand modification, cotton 
fibre modification, magnetite modification, oil palm ash modification and ceramic 
alumina modification [22].

14.3  OTHER BIOSORBENTS IN THE SEPARATION 
OF RADIONUCLIDES

The effective natural polymer‑based biosorbents contained the following good char‑
acteristics [1, 24, 25]:

 i. The natural polymer‑based biosorbents have good mechanical, chemical, 
physical, diffusion, porosity and adsorption performances.

 ii. These materials are easily recycled and regenerated materials after the bio‑
sorption of radionuclides with a strong alkaline and acidic medium.

 iii. They can separate the radionuclides from the wastewater and other environ‑
mental examples at a high rate and effectively.

 iv. The selectivity of these materials for the separation of radionuclides was high.
 v. The sorption capacitance for radionuclides was relatively higher than the 

traditional methods.
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 vi. The sorption performance is very high and more stable in aggressive con‑
ditions: acidic, alkaline, hydraulic shock, high temperature, pH and low 
temperature.

Žukauskaitė et al. [26] suggested the new biosorbents named oak sawdust (Quercus 
robur) and moss (Ptilium crista – castrensis) for the separation of 137Cs and pluto‑
nium isotopes from the aquatic system. It was found that

 i. The rise of active functional groups is mainly responsible for the enhance‑
ment in the sorption capacitance of 137Cs and plutonium isotopes. The 
hydroxyl and carboxyl groups are mainly responsible for the sorption 
of 137Cs and plutonium isotopes on the surface and pore of oak sawdust 
(Quercus robur) and moss (Ptilium crista – castrensis). In this action, the 
radionuclides chemically or physically interacted with the functional groups 
(Figure 14.4).

 ii. The increase in values of anion and cation on the sorbent promotes the sorp‑
tion capacitance of this material.

 iii. The pore value and area of the surface are important factors in the rise of 
sorption of capacitance.

 iv. The sorption efficiency was over 80% for 137Cs and plutonium isotopes, 
which means that over 80% of radionuclides in the wastewater solution were 
effectively removed from the examples.

 v. The oak sawdust (Quercus robur) and moss (Ptilium crista  –  castrensis) 
biosorbents can be easily regenerated. Additionally, these biosorbents can 
remove radionuclides from aquatic systems in dynamic conditions.

Dulanská et al. [27] suggested an efficient biosorbent based on the wood‑decay fun‑
gus Fomes fomentarius for the caesium radionuclides from the wastewater solution. 
It is reported that the sorption processes depend on the pH level and ionic strength. 
The suggested methodology was used in the Water Research Institute in Bratislava 
for the sorption of 137Cs. The maximum adsorption capacitance of this biosorbent 
was 66 mg/g for caesium radionuclides.

El‑khalafawy et al. [28] suggested the phalaris seeds peel powder (PSP) for the 
sorption of Cs(I) and Eu(III). This suggested biosorbents are low‑cost and economi‑
cally effective. In the sorption analysis of this biosorbent, the interference ions on the 
sorption of Eu(III) and Cs(I), the effect of media pH, initial metal concentration and 
contact time were investigated by the various spectroscopic, surface and theoretical 
methods. The obtained results suggested (Figure 14.5) that

 i. The adsorption of Eu3+ and Cs+ on the surface of the biosorbent is endo‑
thermic, indicating that the adsorption of Eu3+ and Cs+ required additional 
energy. Additionally, their adsorption is spontaneously processed.

 ii. The selectivity for the Eu3+ is higher than Cs+.
 iii. The separation indicator is lower than 1, confirming that the PSP is more 

effective for the sorption of Cs(I) and Eu(III).
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FIGURE 14.4 Scanning electron pictures before ×100 (a), ×500 (b) and after the function‑
alised with iron hydroxide ×100 (c), ×500 (d), after the carbonisation of sawdust ×100 (e), 
×500 (f), additionally, carbonised sawdust functionalised with HCl ×500 (g), ×3000 (h) [26]
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14.4  CONCLUSION

In this book chapter, the application of biosorbents in the separation of radionu‑
clides was reviewed and discussed with modern examples. Currently, the separation 
of radionuclides from environmental examples is an urgent task in modern engi‑
neering sciences. Chitosan‑based biosorbents were new and green technology in 
the separation of radionuclides. These types of biosorbents were more efficient and 
low‑cost materials in the separation of radionuclides. The preparation methods of 
chitosan‑based materials were easy and did not require high‑degree technologies. 
Chitosan is a natural product and green polymer. There are many research works 
related to the separation of radionuclides from wastewater and other environmental 
samples. In addition to this, the animal organ, plant parts, and algal, fungal and bac‑
terial biosorbents were suggested as effective in the separation of radionuclides [29].
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Gokul Ram Nishad✶, Ashwani Kumar Sharma,
Dakeshwar Kumar Verma

Chapter 5
Carbon allotropes: mechanism of corrosion
prevention and control

Abstract: Many methods are used to protect the corrosion occurring in metallic ma-
terials, out of which the corrosion inhibitors are mainly used at present. In addition
to the traditionally used inhibitors for corrosion inhibition, the practice of smart
coating materials has increased in the last few decades, in which carbon allotropes
and their composites are being used mainly at present. Some of their characteris-
tics, such as thermal stability and stable protective layer formation, resist to corro-
sive attack and keep them in the category of special type of corrosion inhibitor. In
the present work, description has been given about carbon allotropes-based materi-
als and their corrosion inhibition mechanism and experimental techniques.

Keywords: corrosion inhibitor, adsorption, carbon allotropes, metallic materials,
electrochemical analysis, computational calculations

5.1 Introduction

Corrosion is a natural phenomenon in which metallic materials convert into their
most stable forms such as oxides, chlorides and sulphates etc. due to environmental
conditions. Metallic materials such as steel, aluminum, copper, zinc, and its alloys
are mainly used in industries such as construction, petroleum, power plants, nuclear
power plants, and aerospace [1–3]. Before use, these metals undergo a process like
acid picking and descaling to remove the accumulated rust or scull, in which hydro-
chloric acid, sulphuric acid, nitric acid, etc. are prominently used as acidic solutions
[4, 5]. After removing the rust that has accumulated on the metal surface, this corro-
sive solution starts consuming by attacking the base metal surface. To prevent this
loss, a small amount of substance is added to the electrolytic medium, which is called
corrosion inhibitor, because it damages the metal surface. By depositing above, they
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protect them from further corrosion [6, 7]. imidazole derivatives [8], thioglycoluril de-
rivatives [9, 10] supramolecule derivatives [11, 12], and drug molecules [13].

Due to their long synthesis process and environmental threats, there is a need for
such inhibitors which are green and stable. Graphene, graphene oxide, graphene
composites, carbon nanotubes (CNTs), fullerene, and carbon quantum dots (CQDs)
are mainly used [14, 15]. All these allotropes behave like smart anticorrosive material,
and being stable even in an aggressive environment, forming a protective layer on
the metal surface protects the metallic surface from further corrosion. Mainly experi-
mental tools, surface study, and theoretical calculation are predominant for corrosion
monitoring techniques. The present review work is mainly focused on the corrosion
inhibition mechanism of carbon allotropes. Additionally Fig. 5.1 demonstrated the
key characteristics of carbon allotropes.

5.2 General corrosion reaction mechanism

– Electrochemical reactions
Corrosion on metal surface considered as electrochemical process which involved
two half cell reactions i.e. cathodic and anodic. Usually in the oxidation reaction
electron has been produced while in reduction reaction electron is involved as reac-
tant. There are mainly two types of electrochemical reactions:

Fig. 5.1: Important characteristics of carbon allotropes [14].

118 Gokul Ram Nishad, Ashwani Kumar Sharma, Dakeshwar Kumar Verma



i) Anodic reaction: Anodic reaction is also considered as oxidation reaction as it
involves the increase in oxidation state of metal ion by loosing electron(s) i.e.
electron can be produced during the reaction, for example:

M sð Þ!Mn+ðaqÞ + ne−

where M = Fe, Al, Zn, Cu
N = 0, 1, 2, 3, 4, etc.

Anodic reaction in metal complexes:

Fe CNð Þ64− aqð Þ! Fe CNð Þ63−+ e−

ii) Cathodicreaction: In this reaction oxidation number of species decreases due to
gain electrons i.e. it can be considered as reduction reaction. Here species gain
electron at cathodic side, and this reaction is termed as hydrogen evolution re-
action. If the electrolytic solution is acidic, for example:

2H+ aqð Þ + 2e−!H2 gð Þ "
Cathodic reactions also exist in neutral or basic solution. In this case dissolved
oxygen is reduced to hydroxyl ions as given below:

O2 gð Þ + 2H2O + 4e−! 4OH− aqð Þ
– Overall electrochemical process
In acidic electrolytic medium, both anodic and cathodic reactions take together at
coupled manner on metal surface.

Formation of potential difference on the metal surface can be considered as the
driving force for the course of corrosion. Additionally, Fig. 5.2 shows the coupled
reaction on metal surface. Overall process can be representation as follows:

– Electrochemical analysis
Corrosion is electrochemical phenomenon, which is generated due to the potential dif-
ference in metallic surface. The analysis of corrosion behavior and corrosion rates is
done by electrochemical studies. Mainly three electrode cell assembly uses for electro-
chemical analysis i.e. working electrode, reference electrode, and counter electrode.
As working electrode, that metal is taken for which corrosion study is done, such as
iron, aluminum, copper, and zinc electrode. Calomel electrode is mainly used for refer-
ence electrode, and platinum electrode is mainly used for counter electrode. Electro-
chemical impedance spectroscopy (EIS) and potentiodynamic polarization are studied
under electrochemical techniques.
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– Open circuit potential
Open circuit potential (OCP) is a passive technique, also known as rest potential,
open circuit voltage, equilibrium potential, corrosion potential, and zero potential.
It is mainly used to determine the resting potential of the system from which further
experiments depend on. Mainly with EIS the potential is set against the OCP, not
against the reference electrode. The resting potential between the working electrode
and the reference electrode is measured by OCP.

Information about the stability of the electrochemical system in the electrolytic
medium is also obtained through the OCP. Overall it can be considered that OCP is
simply the potential difference between reference electrode and working electrode.

Eocp = Eworking − Eref

Hence the potential can be used as normal voltameter to measure the potential dif-
ference between two difference sites or points.

– Electrochemical impedance spectroscopy
EIS techniques are used to explain the effect of the corrosion process on surface
inhomogeneity. Electrochemical AC and DC techniques are used for performing
electrochemical processes in a method to determine corrosion rates.

Solution

Fe

Fe2+ Fe2+ Fe2+

O2
H2O

OH– OH–

e–

e–

e–

At anodic sites:

At cathodic sites:

Overall reaction:

O2 (g) + 2H2O(I) + 4e–

2Fe(s) + O2 (g) + 2H2O(I)

2Fe(s)

4OH–(aq)

Fe2+(aq) + 2e–

Fe2+(aq) + 4OH–(aq)

Fig. 5.2: Coupled reactions occurring on metal surface at different electrolytic medium [16].
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5.3 Corrosion inhibitors: Past to present
perspective

Generally good corrosion inhibitors should have the following properties [17]:
i) Inhibiting molecules having functional group containing different heteroatoms

and electron-rich unsaturated bond is present.
ii) Highly water soluble.
iii) Eco-friendly, zero-toxic, and should be cost-effective.
iv) Stable in electrolytic solution.
v) From the methods of making it to the application in it, the process is zero

dangerous.

5.3.1 Inorganic corrosion inhibitors

Inorganic inhibitors, such as chromate, phosphate, and silicate, were mainly used as
inhibitors a few decades ago, based on the above properties of inhibitors. But due to the
ill-effects of living beings, their use started to decrease. A few decades ago, organic cor-
rosion inhibitors were mainly used as replacements for inorganic corrosion inhibitors.
Most of the effective inorganic corrosion inhibitors are chromate, phosphate, sulphate,
nitrite, and silicates salts of various metals like zinc, copper, and nickel. The inorganic
salts mentioned here react with the metal cations present on the surface, and this fur-
ther gets deposited on the metal surface in the form of a protective layer that prohibits
further corrosion [18, 19]. Chromate salts especially SrCrO4 have shown effective inhibi-
tion properties by forming a thin stable protective film on the metal surface even with-
out depending upon the environmental parameters like the presence of O2 and pH [20].

A. I. Munoz and his coworkers examined the copper, nickel, and two copper-
nickel (Cu90/Ni10, Cu70/Ni30) alloys in 850 g/L LiBr solution in the absence and
presence of chromate (CrO42–), molybdate (MoO42–), and tetraborate (B4O72–) in-
hibitors. The efficiency was measured using poteniodynamic and cyclic voltametry,
and they found that chromate is the most effective inhibitor among the three [21].

B. Ramezanzadeh, E. Ghasemi, F. Askari, and Mahadavian analyzed corrosion-
inhibitive pigments based on zinc acetate/bentriazole in 3.5 wt% NaCl solution on
mild steel samples by polarization test and EIS. They found that the zinc acetate/ben-
zotriazole is a good inhibitor, and it also decreases the dissolution rate of steel [22].

Q. H. Zhang and his coworkers have studied the corrosion inhibition properties
of combined corrosion inhibitors LHD + PT made by mixing amino acid (L-histadine)
and 1-phenylthiourea and a modified inhibitor PT-HD (phenylcarbamothioylhista-
dine) for the corrosion of carbon steel in CO2-saturated formation water. Experimental
data prove that PT-HD is better inhibitor as compared to LHD + PT (inhibition effi-
ciency of 99.2% for 0.4 mM LHD+ PT and 99.3% for 0.4 mM PT-HD).
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5.3.2 Organic corrosion inhibitors

Organic corrosion inhibitors mainly functional groups of diffusion present electron-
rich centers by which they interact with the metal surface. The use of organic corrosion
inhibitors has several advantages over inorganic inhibitors such as electron-rich cen-
ter, less hazardous, green in nature, highly soluble, nontoxic, and eco-friendly. [23,
24]. Molecules are mainly used as organic corrosion inhibitors in aliphatic, aromatic,
heterocyclic, carbocyclic, ionic liquids, etc. Organic corrosion inhibitors mainly phar-
maceutical molecules, imidazole derivatives [25], indole derivatives [26], thiophene de-
rivatives [27], pyrazine derivatives [28], benzothiazole derivatives [29], etc. have been
mainly used by the former researchers. But due to the complex process ranging from
synthesis methods to applications of organic corrosion inhibitors, it has also attracted
the attention of scientific and researchers toward biomass-based materials in search of
alternative inhibitors. Ahmed and coworkers (2022) studied nonanedioic acid toward
anticorrosive material for mild steel in 1 M HCl aggressive solution. They reported max-
imum inhibition efficiency of 97% according to experimental technique at temperature
ranging from 303 to 333 K [30]. Due to the toxic, harmful behavior toward the environ-
ment, the use of inorganic inhibitors is being reduced. Heteroatoms like S, N, O, and P
are present in organic inhibitors. Their two properties viz. higher basicity and electron-
donor abilities make them center for absorption on a metal surface.

Palaniappan N. and team members have successfully examined the 4,5-diphenyl
-imidazole-functionalized CNTs in 1 M H2SO4 as a corrosion-inhibiting barrier layer
on nickel alloy surfaces [31]. Abrishami, Naderi, and Ramezanzadeh have synthesized
many organic/inorganic using zinc acetylacetonate and organic compounds such as
Utrica Dioica leave extracts (ZnAA-U.D). They have examined the synthesized pig-
ments in corrosion control in 3.5 wt.% NaCl solutions and found that the synthesized
pigments showed excellent corrosion inhibition properties at pH = 4 [32].

Yujie Qiang and his team have studied corrosion inhibition properties of inda-
zole (IA) and 5-aminoindazole (AIA) for copper in NaCl solution, and they found
these compounds very effective corrosion inhibitors with inhibition efficiency order
AIA > IA [33].

5.3.3 Biomass materials

Biomass-based corrosion inhibitor I mainly comes across from algae, fungi, bacteria,
plant extracts, etc. Materials based on plant extracts include various parts such as
bark, root, leaves, flower, fruit, and seed rind, which are currently being used as
green rust inhibitors. Plant extract mainly contains a variety of phytoconstituents
such as flavonoids, terpenoids, alkaloids, and cholesterol. All these phytoconstitu-
ents are electron rich with different diffusion function groups. Plants extract corro-
sion-resistant, cost-effective, environment-friendly, and are nonhazardous [34, 35].
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Biomasses specially extracted from plants have also shown excellent corrosion inhi-
bition properties. The corrosion inhibition potential of the green inhibitors depends
upon the structure of the active ingredient. The use of naturally occurring substances
as green corrosion inhibitors has been successfully reported in both the acidic as well
as basic medium by many researchers.

O. K. Abiola and his coworkers have studied the corrosion inhibition properties
of aluminum in hydrochloric acid solutions of Delonix regia extract in hydrochloric
acid solutions [36], and rosemary leaves were examined by M. Kliskic et al. as corro-
sion inhibitor for the Al + 2.5 Mg alloy in a 3% NaCl solution at 25 °C [37]. Honey
[38] and opuntia extracts [39] were examined by El-Etre as a corrosion inhibitor for
copper and aluminum, respectively.

The corrosion inhibition activity of R. communis extract against reinforcing steel
corrosion in concrete in 3.5% NaCl media has been studied successfully by S. P. Pala-
nisamy et al. The layer of R. communis on reinforcing steel in concrete also in-
creases the compressive strength and splitting tensile strength [40]. Xin Lai et al.
have examined chitosan derivatives for corrosion inhibition properties on alumi-
num alloy. The corrosion inhibition activities were checked at different concentra-
tions. The maximum inhibition efficiency of chitosan derivatives reaches 94.5% at
200 PPM after being immersed in 3.5 wt% NaCl solution for 72 h [41]. Watermelon
extract:Zn complex has been studied in a 3.5% NaCl solution on mild steel (MS) and
found that it controls 96% of MS corrosion [42].

5.4 Carbon allotropes as anticorrosive materials

The revolution of materials science facilitates the development of a new generation of
effective materials for applications. Compared to other anticorrosive materials, car-
bon allotropes are among the most preferred materials in the field of corrosion pro-
tection due to their characteristics such as large surface area, excellent mechanical
properties, light weight and easy synthesis process, and other synergistic behavior.

5.4.1 Graphene, graphene oxide (GO), and its composites
as anticorrosive materials

Prasai et al. [43] reported graphene coating on various metals such as Zn and Ni as a
protective coating that prevents corrosion. They used electrochemical methods to
study the corrosion inhibition of copper and nickel by growing graphene on either
of these metals. They found that the graphene coating effectively suppresses metal
oxidation and oxygen reduction by cyclic voltammetry measurements. Their EIS
measurements showed that while graphene itself is not damaged, the metal beneath
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it corrodes over cracks in the graphene film. They reported using chemical vapor de-
position (CVD) for graphene coating the corrosion rate of copper films is seven times
slower in aerated Na2SO4 solution than in bare copper. They reported that nickel
with multilayer graphene film corrosives is 20 times slower than nickel surface
coated with four layers of mechanically transferred graphene, i.e. four times slower
than bare nickel. They were ultimately found to establish graphene as the thinnest
known corrosion-protecting coating [43]. Zhang et al. [44] proposed graphene as a
biocompatible protective film for metal with potential for biomedical applications
and also confirmed that graphene effectively protects Cu surface from corrosion in
various biological aqueous environment stops. Their various tests showed that gra-
phene greatly reduces the toxicity of Cu by inhibiting corrosion and reducing the
concentration of Cu2+ ions produced. They demonstrated that additional thiol deriv-
atives assembled on graphene-coated Cu surface can significantly enhance the sta-
bility of the only graphene protection limited by defects in the graphene film [44].
Necolau et al. [45] explained the most recent progress in the field of anticorrosive
coatings based on graphene oxide nanostructures as an active filler. With regard to
graphene-based coatings, synthesis methods, protective functions, anticorrosion
mechanisms, feasibility problems, and some ways to improve the overall properties
were highlighted. With regard to the contribution of nanostructures to be used to
improve the material’s capability, the synergistic effect of graphene is demonstrated
primarily with the oxide-refining effect of graphene as being functional with other
compounds [45]. Mostly scientists explain that all the revolutionary material can be
used in the synthesis of advanced composite coatings by combining the capability of
restricting the permeability of water and aggressive species with other extraordinary
features of polymeric materials. There is a considerable number of published works
on GO polymer composites for anticorrosive applications, and the recent ones fo-
cused on the possibility of tailoring and modifying the surface features of graphene
oxide in order to obtain advanced materials by various strategies, most of them
based on both chemical and physical interactions [46–49].

Graphene oxide has the capability of ensuring the coatings when used as filler
with hydrophobic features and can also diminish the adsorption and migration of
corrosive media, which effectively improve the corrosion resistance of the composite
coating. Ramezanzadeh et al. (2020) developed a nanoplatform with superior anticor-
rosive action built up through a one-pot synthesis method of zeoliticimidazolate
framework-8 (ZIF-8) on the graphene oxide sheets. The particles applied on a steel
sample showed a corrosion inhibition efficiency of about 79% when immersed in an
NaCl solution by polarization tests. Zhu et al. [50] synthesized functionalized gra-
phene oxide (GO-PPy) by in-situ process to grow polypyrrole (PPy) film on GO surface
as shown in Fig. 5.3. This nanocomposites were characterized by FI-TR, XRD, Raman,
and FESEM techniques. They also explained that GP0.05% coating showed the best
impermeable and corrosion protection performance compared to other coatings ac-
cording to EIS (Fig. 5.4) [50].
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Fig. 5.3: Schematic representation of synthesis of graphene oxide-polypyrrole [50].

Fig. 5.4: The protective mechanism of graphene oxide-polypyrrole in corrosion protection
formulations [50].
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5.4.2 Carbon dots, carbon quantum dots, and their composites
as anticorrosive materials

The unique properties of carbon dots (CDs) such as rapid solubility in water,
biocompatibility, low toxicity, excellent anti-bacterial agent, chemically stable,
and high thermal and nonflammable establish it as a versatile material at present,
that the corrosion of metal materials in aggressive acidic, saline, CO2-saturated
saline, and microbiological solutions continues in the oil, gas, and other organic
chemical industry.Which is in quick need of corrosion protection, for which the
use of CDs and their derivatives is an ecological and environmentally efficient
method? It contains more pyrrole-like-N, pyridine-N, graphitic N atoms, and O
atoms, in which lone electron pairs promote CDs that become efficient corrosion
inhibitors.

Saraswat et al. [51] prepared CQDs CD1 and CD2 anticorrosive material for MS in
15% HCl aggresive solution. They reported the maximum protection degree 96.4%
and 90%, respectively, according to experimental techniques [51].Cui et al. [52] syn-
thesized nitrogen-doped CDs (NCDs) toward anticorrosive material for Q235 carbon
steel in 0.1 M HCl aggressive solution by microwave synthesis. They reported maxi-
mum protection degree 89.98% at 500 ppm according to various experimental tech-
niques and characterized by spectroscopic method [52].

Continuously Cen et al. [53] also synthesized N and S co-doped CDs as effective
corrosion inhibitors for 5,052 alluminium alloy in 0.1 M HCl anticorrosive solution.
They explained their maximum protection degree 89.9%5 mg/L by experimental tech-
niques. Also Fig. 5.5 demonstrated the 2D and 3D AFM images of inhibitor on metallic
surface [53]. p-CDs and o-CDs novel nitrogen-doped CDs corrosion inhibitors are pre-
pared by Cui and coworkers (2018) for Q235 carbon steel in 1 M HCl aggressive so-
lution. The maximum protection degree of this material found 97% by various
experimental techniques and characterized by spectroscopic method [54]. Ye et al.
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Fig. 5.5: Surface morphology of Al-alloy after immersion with 5 mg L − 1 N, S-CDs for (a) 3D AFM
image and (b) 2D AFM image.
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[55] prepared green and effective corrosion inhibitor of functionized CDs for Q235
steel in 1 M HCl aggressive solutio. They reported maximum protection degree 90%
at 100 mg/L according to the experimental techniques [55].

5.5 Carbon nanotubes and its composites
as anticorrosive materials

CNTs and its the derivative are very useful at present due to its specific properties
i.e. good conductors of heat and electricity, including high dispersibility, excellent
mechanical strength, good mechanical property, high thermal and chemical resis-
tance, high surface-to-volume ratio, and excellent ability to interact with metal sur-
faces. Alongwith their corrosion inhibition properties, CNTs and their derivatives
are successfully applied as catalysts. Salvetat et al. [58] prepared CNTSs from vari-
ous methods including CVD, thermal synthesis process, and arc discharge evapora-
tion [56–59]. Additionally, Fig. 5.6 shows the SEM and TEM microphotographs of
carbon allotropes with their composites on metallic surface.

Ionita et al. [61] explained the mechanical properties of (PPy)/polyaminobenzene-
sulfonic acid-functionalized single-walled CNT-(PABS) and PPy/carboxylic acid-
functionalized single-walled CNT-(CA) using molecular mechanics and molecular dy-
namics approaches [61]. In another study they found that the PPy film, CNT-PABS,
and CNT-CA were used as anticorrosive composite coatings for carbon steel (OL
48–50) alloys in 3.5% NaCl. Potentiodynamic polarization, SEM, and TEM techniques
were used to measure the anticorrosive effect of various formulations [62].

Fig. 5.6: SEM and TEM microphotographs of carbon allotropes with their composites on metallic
surface [60].
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5.6 Corrosion inhibition mechanism

In general, corrosion inhibition is acid-base interaction chemistry, in which the in-
hibitor molecules act as Lewis bases. Whereas metal/alloy surface behaves like
Lewis acid. Corrosion inhibitors generally contain various types of hetero-atoms
such as O, S, N, P, and pi-electrons as functional groups, which are generally rich in
electrons. Whereas on the metal surface, the metal cations generally reside above in
the form of Mn+, which behave as electron acceptors [12, 63, 64]. Electron-rich cen-
ters are present in carbon-based materials and many composites. These molecules
are highly stable, blocking the metal surface and protecting the metal surface from
further corrosion. Corrosion inhibitors are deposited on the surface of the metal
mainly through chemisorption and physisorption mechanisms, with chemisorption
being stronger because there is a direct interaction between the metal surface and
the inhibitor molecule [65–67]. Additionally, Fig. 5.7 demonstrates the interaction
mechanism of CDs on the steel surface.

5.7 Conclusion

Carbon allotropes namely graphene, GOs, CNTs, carbon nanorods, fullerenes, and
their composite materials with polymers and nanomaterials exhibited broad applica-
tions in various fields. Their some unique properties such as small size, large surface
area, hydrophobic nature, nano-filler, high temperature stability, and resistance to
corrosive environment make them suitable for multiple applications. In this regards,
carbon allotropes are used widely as smart anticorrosive materials toward metallic
materials in various aggressive electrolytic media. Carbon allotropes are very stable to-
wards corrosive environment to protect metallic surface from further attack. Since the
nature of carbon-based materials are very stable and rigid, it can enhance the protec-
tion property. Because of their polymeric nature, these materials are associated with

Fig. 5.7: Demonstrated the interaction mechanism of carbon dots on the steel surface [15].
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huge intermolecular (Van der Waals) force of attraction they readily undergo ag-
glomeration inside the polymer matrix that adversely affect their uniform distribu-
tion and ultimately their corrosion inhibition performance. Recently various reports
are published in which covalently and non-covalently modified carbon allotropes
have been evaluated as corrosion inhibitors.
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ABSTRACT: A novel application of the Pistacia integerrima gall extract as an
environmentally friendly corrosion inhibitor is reported in this study. The major
phytochemicals present in the gall extract, namely pistagremic acid, β-sitosterol,
pistiphloroglucinyl ether, pistaciaphenyl ester, naringenin, and 5,7-dihydroxy-2-(4-
hydroxyphenyl)-2,3-dihydrochromen-4-one, play key roles in its anticorrosive
behavior on steel in aggressive media. Several approaches were used to study the
corrosion prevention activity of steel in 1 M H2SO4, including weight loss analysis,
scanning electron microscopy (SEM), electrochemical impedance spectroscopy
(EIS), potentiodynamic polarization (PDP), and density functional theory (DFT).
At 2000 mg L−1, the highest efficiency of 92.19% was observed in 1 M H2SO4. An
SEM study was conducted to validate the surface coverage of the metal surface.
DFT studies revealed several nucleophilic regions present in the phytochemicals of
the inhibitor, which supported the favorable nucleophilicity. Corrosion studies
have not been performed on this sample. Phytochemicals make it an effective corrosion inhibitor, and its extraction process utilizes
distilled water, making it better than other inhibitors. It has been proven that the obtained values of ΔEInhDFT for pistiphloroglucinyl,
pistaciaphenyl ether, and naringenin organic compounds were very low, confirming the high reactivity of these corrosion inhibitors.
The order of the values of ΔEInhDFT is as follows: pistaciaphenyl ether > pistiphloroglucinyl ether > naringenin organic compound; this
suggests that pistaciaphenyl ether is more reactive than the other compounds. In this study, P. integerrima gall extract emerges as a
novel and highly effective corrosion resistance agent in 1 M H2SO4, chosen for its relevance to acid pickling and cleaning processes.

1. INTRODUCTION
The powerful mechanical strength of mild steel makes it a
popular choice in many industries. However, the corrosion of
mild steel happens due to the interaction between steel and
aggressive materials such as H2SO4 and HCl, which are
commonly used for pickling and descaling. Pipelines, bridges,
and buildings, as well as vehicles, wastewater systems, and even
home appliances, can all be damaged by corrosion.1 A study
found that iron rust absorbs arsenic easily and contaminates the
environment.2 The presence of iron rust can also speed up the
growth of Legionella bacteria in water. The growth rate may be
increased by 103−105 fold by ferric oxide.3 A variety of strategies
are employed to prevent corrosion, including design, material
selection, and protection by electrochemical methods and
inhibitor application. The application of a corrosion inhibitor is
regarded as an especially cost-effective and simple method of
minimizing corrosion among the listed strategies. Corrosion is
controlled by a variety of chemical inhibitors, including synthetic
compounds that can be harmful to humans and the environ-
ment.2 The best way to reduce this problem is to use natural and
biodegradable corrosion inhibitors that are nontoxic and
affordable.3−5

Several plants with different phytochemicals have been
reported in the literature,6−13 which show excellent inhibition
efficiency. Phytochemicals contain heteroatoms that may
enhance the effectiveness of green inhibitors.14−20 According
to Bhawsar et al.,21 Nicotiana tabacum extract inhibits steel in 2
M sulfuric acid with 94% efficiency at 1 g/L concentration. The
alkaloids perakine and tetrahydroalastonine in Rauwolfia
macrophylla provide corrosion protection in both HCl and
H2SO4.

22 Applying this extract to mild steel surfaces can
suppress or prevent corrosion. Various plant parts have plenty of
phytochemicals that are effective corrosion inhibitors.23−37

Plants, being ecologically friendly and plentiful, provide an
affordable alternative to hazardous, chemical-based inhib-
itors.38−40 In industries, there is a high probability of metals
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getting corroded when they come in contact with a highly
corrosive environment due to acid cleaning or pickling of metal
surfaces. The utility of this work is that the studied plant extract
of the gall of “Pistacia integerrima” can be used as a pickling agent
in industries wherever acidic corrosion occurs, and this reduces
the corrosion rate of metal by creating a protective layer on the
metal surface. This study evaluates P. integerrima gall extracts as
eco-friendly corrosion inhibitors for steel in 1 M sulfuric acid
solution using weight loss analysis, potentiodynamic polar-
ization techniques, and electrochemical impedance spectrosco-
py. Following the immersion of steel samples in aggressive
solutions, UV−visible spectroscopy was basically used to
examine the mechanism. Additionally, scanning electron
microscopy analysis was performed on steel samples to examine
their surface morphology. DFT studies were also used for
theoretical calculations to determine the adsorbing capacity of
the phytochemicals. Kakar singhi is another name for P.
integerrima, which belongs to the Anacardiaceae family. This
plant grows at elevations between 2438 and 3657 m. P.
integerrima is utilized as a treatment for a variety of diseases,
including hepatitis, liver disorders, and inflammatory diseases,
although its corrosion properties have not yet been explored.
Based on the literature, the P. integerrima extract contains a
variety of phytochemicals such as pistiphloroglucinyl, pistacia-
phenyl ethers, and naringenin, which make it suitable for use as a
corrosion inhibitor, and distilled water is used as a solvent for the
extraction process, which in turn makes it superior to other
inhibitors.
The main objective of this study is to determine the corrosion

resistance capacity of the gall extract of P. integerrima on steel in
1 M H2SO4 using electrochemical methods, weight loss, and
adsorption studies. Surface morphological studies are performed
by scanning electron microscopy and atomic force microscopy.

2. EXPERIMENTAL STUDIES
2.1. Preparation of the Specimen of Steel. The metal

(mild steel) composition employed in the research is as follows:
the major component is iron (99.2%); other elements are
silicon, carbon, manganese, sulfur, and phosphorus present in
the proportion of 0.120, 0.105, 0.378, 0.079, and 0.0795%
respectively. Steel samples have a surface area of 1 cm2. In order
to examine corrosion on steel coupons, several sandpapers were
used to clean them.
2.2. Preparation of an Inhibitor from the Sample. The

P. integerrima gall was purchased from Sirhind, Punjab. A
thorough cleaning was conducted to remove dust and sand,
followed by washing with double-distilled water and then drying
in the shade for 3 days. The dried plant sample was then crushed
to a coarse powder. Then, the crushed material (100 g) was
refluxed with 250 mL of distilled water for 48 h by utilizing a
Soxhlet apparatus. Afterward, the final solution was filtered to
remove impurities. The extract was then dried in a hot water
bath and rotatory evaporator, which was then used for further
studies.
2.3. Preparation of the Corrosive Media. Loba Chemie

AR grade concentrated H2SO4 was used to prepare 1 M H2SO4
in double-distilled water. We prepared solutions of different
concentrations (800, 1000, 1500, and 2000 mg L−1) by
dissolving particular amounts of the prepared extract in 1 M
H2SO4. In 1 M H2SO4, the plant extract was soluble, and the
maximum solubility of the P. integerrima gall extract in 1 M
H2SO4 was 2000 mg L−1

2.4. Weight-Loss Measurements. For each weight loss
study, 100 mL of an aggressive medium was used. A 1 cm2 steel
coupon was polished with various grades of emery paper before
every corrosion study. Following weighing, the steel coupons
were immersed in aggressive media of 1 M H2SO4 for 24 h with
various inhibitor concentrations (800, 1000, 1500, and 2000 mg
L−1). The weight loss measurements were performed at
temperatures of 298, 308, and 318 K using the following
equations after the coupons were rinsed with acetone and
dried:41

= ×W W
W

% 100i0

0 (1)

=

=

W W
W

W W W

i

i

0

0

0 (2)

Here, ΔW represents the weight loss (gm), W0 and Wi denote
the loss of weight without the plant extract and with the
involvement of the extract, respectively, and θ is the surface
coverage.
2.5. Langmuir Adsorption Isotherm.Theweight loss data

can be applied to investigate the adsorption behavior of the
extract. Equation 3 can be used to calculate the adsorption
equilibrium constant40 by plotting C/θ vs log C7

= +C
K

C1

ads (3)

Here, the surface coverage is denoted by θ, the extract
concentration is denoted by C, and Kads represents the
adsorption equilibrium constant. Inhibitors are assumed to
strictly follow the Langmuir adsorption isotherm if the slope of
the graph and the coefficient of correlation of the straight line
produced by plotting a graph of C/θ versus C are close to 1.
2.6. Analyses of Electrochemical Studies. A PGSTAT-

204 Metrohm Auto lab electrochemical analyzer was used to
conduct electrochemical analysis on steel coupons at 298 K.42,43

In the corrosion cell, three electrodes were connected: the
working electrode (steel), the reference electrode (calomel),
and the counter electrode (platinum). A 1 cm2 portion of the
steel surface was exposed for reaction after being coated with
Araldite resin. The Tafel curves were recorded in the current
range of 100 nA to 1 mA in the potential range of −0.1−0.1 V.
The scan rate of PDP analysis was 0.001 V/s. From the plot of
the potential against the logarithm of current, the corrosion
potential (Ecorr), corrosion current (Icorr), and Tafel slope for the
cathodic (βc) and anodic (βa) reactions were estimated.44

Triplicate experiments were performed for each concentration
to assess the reproducibility.
PDP data are used to calculate the efficiency using the

following relationship45

= ×I I
I

% 100i0corr corr

0corr (4)

Here, Iicorr and I0corr are the corrosion current density values with
and without P. integerrima gall extract, respectively. An
electrochemical workstation similar to that used for PDP
analysis was used for EIS. The EIS studies were performed in the
frequency range of 100,000−0.1 Hz with 10 frequencies per
decade using an amplitude of 0.01 V. A 45 min immersion in an
acidic medium was required to set the OCP electrode.
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Equation 5 was used to evaluate the effectiveness of the
inhibitor

= ×R R
R

% 100ct ct
0

ct (5)

Rct0 and Rct represent the charge-transfer resistance in the
absence and presence of the plant inhibitor, respectively.
2.7. Phytochemical Testing. The P. integerrima aqueous

extract was examined for alkaloids, flavonoids, saponins,
quinones, coumarin, and sugar. 0.30 g of the concentrate was
dissolved in 50 mL of distilled water, and then the solution was
used for phytochemical analysis to determine which heterocyclic
compounds might be present in the extract. Various tests, such
as the Wagner test, Mayer test, conc. HCl test, sulfuric test,
Fehling solution test, etc., were carried out as discussed below:

2.7.1. Investigation of Alkaloids.TheMayer reagent test was
performed on the solution to determine its alkaloid content. A
yellow color in the solution indicates the presence of alkaloids.46

The P. integerrima aqueous extract was also treated with the
Wagner reagent. Brownish-reddish precipitates indicate the
presence of alkaloids.46

2.7.2. Investigation of Flavonoids. A small amount of the P.
integerrima aqueous extract was mixed with concentrated
hydrochloric acid. A red color was a quick indicator of
flavonoids.47

2.7.3. Investigation of Saponins. The filtrate and water were
vigorously mixed. Saponins are evident by the formation of
foam.48

2.7.4. Investigation for Quinones. In order to verify the
presence of quinones, 1 mL of the extract was added to H2SO4,
resulting in a color change.49

2.7.5. Test for Coumarin. 3−4 drops of alcoholic sodium
hydroxide solution were mixed with the extract. A yellow
coloration indicated the presence of coumarin.49

2.7.6. Fehling Solution Test for Sugars. Fehling solutions A
and B were combined in a 1:1 ratio and boiled for 1 min. In the
water bath, 1 mL of the extract was heated for 5−10 min. The
presence of carbohydrates is indicated by yellowish or brick-red
precipitates.
2.8. Examination for UV−Visible Spectra. An extract of

P. integerrima in 1 M H2SO4 was also analyzed by using a UV−
visible spectrophotometer. We conducted UV−visible analyses
on solutions in which steel specimens were dipped for 24 h as
well as on solutions in which steel specimens were not dipped, to
examine the adsorption and desorption of the P. integerrima
extract. It was necessary to examine both spectra to comprehend
the inhibitory mechanism.50

2.9. Surface Inspection. The corrosion protection process
was also estimated by performing SEM and AFM on steel.
Specimens that were cleaned and dipped in an acid solution for
24 h without and with an inhibitor were examined through their
SEM and AFM images.

2.10. DFT-Based Theoretical Investigations. Modern
molecular modeling techniques, such as molecular dynamics
simulations, have become powerful tools for designing and
studying the mechanisms of inhibition. The importance of these
calculations lies in understanding atom-scale details, the
interpretation of experimental results, and the testing of
corrosion inhibitors. A DFT-based theoretical investigation is
performed to explore the relation between corrosion inhibition
and molecular structures at the atomic scale. This is because it is
difficult to gain a deep understanding of corrosion inhibition at
the atomic scale by experimental investigations.51,52 Various
submethods of DFT-based theoretical studies were utilized to
access the theoretical basis of corrosion inhibition by selected
organic compounds.53,54 The GAMESS-US55 with the 6-21G
basis sets,56 density functional theory (DFT), and B3LYP57

methods were chosen to perform the DFT-based theoretical
investigations of pistiphloroglucinyl, pistaciaphenyl ether, and
naringenin corrosion inhibitors. wxMacMolPlt58 and Avoga-
dro59 were employed for analysis and visualization.

3. RESULTS AND DISCUSSION
3.1. Measurements of Weight Reduction. Weight loss

values are recorded at temperatures of 298, 308, and 318 K,
which are depicted in Table 1, at different concentrations of the
P. integerrima gall extract, and mild steel surface coverage and
inhibition efficiency were calculated. According to the
information in Table 1, onmoving toward higher concentrations
of the inhibitor, more area of the surface is occupied by the
inhibitor molecules, and the corrosion process on the steel
surface is reduced as the inhibitor molecule creates a barrier by
forming a protective layer on the steel surface, and hence, the
corrosion inhibition efficiency increases with each inhibitor
concentration.
This increase is possible only if heteroatoms with lone pairs

are absorbable on the metal surface and delay the pace of metal
corrosion in the abrasive medium. As the concentration of
inhibitors increases, the corrosion rate declines.
3.2. Langmuir Adsorption Isotherm Study. The

Langmuir adsorption study provided the theoretical description
of the adsorption of the inhibitor molecule on the surface of mild
steel. Here, the data obtained from the weight loss were fitted in
the Langmuir adsorption isotherm, and the effectiveness of the
inhibitor was observed. The graph of concentration (C) of the P.
integerrima gall extract against C/θ is shown in Figure 1. The
adsorption equilibrium constant (Kads), the slope of the line, and
the intercept were calculated. If the slope of the line is close to
about 1, it is considered that the inhibitor adsorbs on the surface
of the mild steel properly.60. Here, the obtained line is linear,
with a slope value of 0.97848; hence, this confirms the proper
adsorption of the inhibitor. The calculated value of Kads was
0.0470 L/mg at a temperature of 298 K.
The obtained Kads value was used to determine the standard

free energy of adsorption (Gads
0 ) according to eq 6

Table 1. Data of Inhibition Efficiency, Surface Coverage, and Corrosion Rate of P. integerrima in 1 M H2SO4

corrosive
medium

inhibition conc.
(mg L−1)

inhibition efficiency (%) of
extract at 298 K

inhibition efficiency (%) of
extract at 308 K

inhibition efficiency (%) of
extract at 318 K

surface
coverage (θ)

CR
(mm/Y)

1 M H2SO4 0 396.95
800 76.80 72.19 69.89 0.768 91.72
1000 81.86 79.18 75.15 0.818 71.98
1500 87.62 82.15 80.12 0.876 49.11
2000 90.46 85.02 82.10 0.904 37.84
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= ×G RT Kln (55.5 )ads
0

ads (6)

where ΔGads
0 is the standard free energy of adsorption, the molar

concentration of water = 55.5, R is the gas constant, and T is the
absolute temperature.
Physisorption bonding of an inhibitor is indicated by a value

of ΔGads
0 equal to or more positive than −20 kJ mol−1, while its

chemisorption on a mild steel surface is indicated by a value
equal to or more negative than −40 kJ mol−1.60 Based on eq 6,
ΔGads

0 is −2.37 kJ mol−1 at 298 K, which indicates surface
physisorption on the metal. A corrosion inhibitor is considered
effective due to the possibility of interaction between the above-
mentioned phytochemicals andmetal surfaces. Coatings prevent
corrosion on mild steel surfaces by blocking the active sites.

3.2.1. Activation Parameter. As shown in Figure 2, it is
possible to calculate the activation energy Ea by relating the log
(CR) and 1000/T (at temperatures of 298, 308, and 318 K).
The Arrhenius law states that Ea varies with temperature, which

accelerates the corrosion of metals, and Ea can be calculated
according to eq 7.

= × ×E slope 2.303 8.314a (7)

On increasing the amount of the inhibitor in the corrosive
solution, the activation energy values increased.61 The
calculated value of the activation energy for the blank solution
(0 mg L−1) is 9.09 kJ mol−1; this value was increased to 50.31 kJ
mol−1 at 2000 mg L−1 inhibitor concentration.

3.2.2. Adsorption Parameters. Adsorption entropy and
enthalpy were calculated using the following equation

{ } = +CR
T

R
N h

S
R

H
RT

log log
2.303 2.303a

a a
l
moo
noo

|
}oo
~oo (8)

In this formula, Na, h, ΔSa, and ΔHa represent the Avogadro
number, Planck constant, standard activation entropy, and
standard activation enthalpy, respectively.
As illustrated in Figure 3, a graph of log (CR/T) against 1000/

T is plotted to determine the ΔHa and ΔSa parameters shown in

Table 2. As a result of the corrosion-preventing energy barrier
maintained by the inhibitor, the metal is very well protected, as
demonstrated by the fact thatΔHa is higher when the inhibitor is
present (25.46 kJ mol−1) compared to that when the inhibitor is
not present (8.59 kJ mol−1). The adsorption of the plant
inhibitor increases the enthalpy of the corrosion reaction. An
entropy value of 58.03 J mol−1K−1 was obtained with the
inhibitor as compared to 20.12 J mol−1K−1 with the blank.
3.3. Electrochemical Studies. 3.3.1. Potentiodynamic

Polarization Study (PDP). In the aggressive solvent with

Figure 1. Adsorption isotherm study for P. integerrima on steel in 1 M
H2SO4.

Figure 2. Plot showing the log of the corrosion rate for metal
dissolutions with and without the plant extract against 1000/T.

Figure 3. Graph of log (CR/T) versus 1000/T regarding the
dissolution of the metal both without and with the gall extract.

Table 2. Different Parameters for Steel Both in the Presence
and in the Absence of the Gall Extract in 1 M H2SO4

plant extract

extract
concentration in

(mg L−1) ΔHa (kJ mol−1) ΔSa (J mol−1 K−1)

P. integerrima
gall extract

0 8.59 20.12
2000 25.46 58.03
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different extract concentrations, Figure 4 shows the cathodic as
well as anodic polarization study of mild steel coupons, and

Table 3 presents the related corrosion measurements and
inhibition efficiencies at 298 K. Using the PDP study, the values
of the corrosion current density (Icorr) and the corrosion
potential (Ecorr) are calculated by extrapolating the linear parts of
cathodic and anodic curves. The cathodic and anodic sections of
current density decrease in the presence of the P. integerrima
extract according to the Tafel curves. This behavior demon-
strates that the inhibitor may stop cathodic H2 gas formation as
well as metal oxidation.62 Tafel graphs of the anodic and
cathodic reactions changed with certain concentrations of the P.
integerrima extract, demonstrating that the inhibitor affects the
cathode H2 gas evolution and interferes with the Fe-dissolving
process. Consequently, the P. integerrima extract prevents
cathodic and anodic corrosion reactions in 1 M H2SO4. As a
result, adding more P. integerrima extract should prevent mild
steel corrosion.63 The P. integerrima extract concentration
reduces the corrosion current density, as shown in Table 3. The
calculated value of the corrosion current density for the blank
solution (0 mg L−1) is 2.9 × 10−3 A/cm2; this value increased for
each increase in the concentration of the inhibitor, and at the
final concentration, i.e., at a concentration of 2000 mg L−1, its
value was 2.7 × 10−3 A/cm2. Accordingly, we conclude that the
values of inhibition efficiency increase with increasing inhibitor
concentration. The highest inhibition efficiency was observed to
be 90.68%. A decline in the corrosion rate (CR) is also shown in
Table 3. This can be attributed to the extract adsorbing onto the
surface of the metal, which reduces metal dissolution through
the formation of a protective layer.

3.3.2. Electrochemical Impedance Spectroscopy Study.
The Nyquist and Bode diagrams are shown in Figure 5a,b, and

the results are depicted in Table 4. Figure 5c represents the
circuit used in this study. It is clear from Figure 5a that the
diameter of the capacitive loops increased when the extract was
present as compared to when the extract was not added,
indicating that this addition of the inhibitor significantly

Figure 4. Tafel polarization curves in 1 M H2SO4 in the absence and
presence of the gall extract.

Table 3. Polarization Parameters Both with and without the Gall Extract at Various Concentrations

extract concentration (mg L−1) Ecorr (V vs SCE) Icorr (A cm−2) βa (V/dec) -βc (V/dec) corrosion rate efficiency (η %)

0 −0.506 2.9 × 10−3 0.09527 0.06263 34.03 0
800 −0.696 6.37 × 10−4 0.1582 0.0916 7.40 78.03
1000 −0.547 3.59 × 10−4 0.0996 0.07838 4.18 87.62
1500 −0.525 3.0 × 10−4 0.1291 0.1084 3.49 89.65
2000 −0.526 2.7 × 10−3 0.1200 0.0973 3.23 90.68

Figure 5. Nyquist (a) and Bode (b) plots and the constant phase
element circuit (c) for steel in 1 M H2SO4 with and without the P.
integerrima extract at 298 K.
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decreased the dissolution of mild steel. The deviation of the
semicircles obtained in the Nyquist plot is because of corrosion-
induced inhomogeneity and roughness of the working electrode
(steel). In the circuit obtained by fitting the EIS data, the
parameters of solution resistance (Rs), constant phase element
(CPE), and charge-transfer resistance (Rct) were considered.
CPE can be introduced to compensate for the inhomogeneity
and surface roughness of the working electrode. The outcomes
shown in Table 4 indicate that increasing the amount of
inhibitor will increase the value of Rct as well as the inhibition
efficiency.
Based on the Bode angle diagram, the presence of a protective

layer on the surface just after the introduction of the inhibitor
causes the curves to widen and move to the left (toward lower
frequencies). This study, in particular, found that Rct values
increase with an increase in inhibitor concentrations, which
indicates that the extract from P. integerrima is easily absorbable
on the surface of mild steel with the highest efficiency of 92.19%
at 2000 mg L−1 and at 298 K. The slightly flattened semicircles
are an indication of nonideal capacitors caused by electrode
flaws and/or surface reactions. Variations in the capacitor
behavior are represented by values of 0 < n < 1 (n = 1 represents
a pure capacitor). In this study, n was found to be around 0.8, as
shown in Table 4.60

3.4. Analyses of Phytochemicals. Plants are reservoirs of
phytochemicals. Various tests were performed to confirm the
existence of different phytochemicals in the P. integerrima gall
extract, which helped understand the relation between the plant
extract and the corrosion inhibition efficiency of the gall extract.
The higher the extent of phytochemicals, the greater the
efficiency of that plant.
The phytochemicals present in the P. integerrima extract are

presented in Table 5.

Based on the phytochemical analysis of the P. integerrima gall
extract, it is clear that phytochemicals such as alkaloids,
quinones, coumarin, and saponins are present, while flavonoids
and sugar were reported to be absent. Therefore, alkaloids,
quinones, coumarin, and saponins are the key phytochemicals
that will be majorly adsorbed on the mild steel surface by
forming a coordinate with the metal surface.

3.5. UV−Visible Spectroscopy.The UV spectra of the 1M
H2SO4 corrosive solutions at 2000 mg L−1 inhibitor
concentration were obtained in two different experimental
conditions. First of all, we recorded the UV spectra for 1 M
H2SO4 at 2000 mg L−1 without dipping the mild steel coupons.
Second, we immersed the steel coupon in the same solution for a
time period of 24 h. Then, both of these UV spectra were
compared to analyze their absorbance values. The UV spectra
after dipping the mild steel coupons in the corrosive solution
(after the corrosion test) showed lower values of absorbance
than the spectra of the uninhibited solution before the corrosion
test, as shown in Figure 6. This is because of the adsorption of

the active constituents of the P. integerrima gall extract on the
surface of mild steel, which yields lower values of absorbance.
This clearly indicates the formation of a protective coating on
the metal surface.64

3.6. Surface Examination. 3.6.1. Scanning Electron
Microscopy (SEM). Using a scanning electron microscope, the
surface morphology of the mild steel coupons was determined.
Here, the SEMmicrographs of the coupons were obtained under
three different conditions. First of all, the SEM image of the
cleaned steel surface appeared to be absolutely fine, as shown in
Figure 7a. Second, the same steel coupon was immersed in 1 M
H2SO4 without the inhibitor for 24 h. Then, the SEM image was
obtained and compared to the SEM image in Figure 7a. Now,
the SEM image shows a highly damaged surface; this is because
of the acidic corrosion taking place on the metal surface. At last,
the steel coupons were dipped in 1 M H2SO4 with 2000 mg L−1

of the P. integerrima gall extract. Figure 7c shows that there is a
significant improvement in the surface morphology of the steel.
This is because of the adsorption of the P. integerrima gall extract

Table 4. Polarization Measurements for Steel in 1 M H2SO4 with and without a Plant Extract

acid solution used in
study

concentration of inhibitor
(mg L−1)

Rs (solution
resistance) (Ω)

Rct (charge transfer
resistance) (Ω)

constant phase element (CPE)
(μFcm−2) n

efficiency
(%)

1 M H2SO4 0 1.482 5.22 5.19 × 10−4 0.83
800 2.415 24.32 2.76 × 10−4 0.71 78.53
1000 2.545 36.09 2.34 × 10−4 0.68 85.53
1500 2.451 56.92 1.53 × 10−4 0.72 90.82
2000 2.850 66.87 1.30 × 10−4 0.73 92.19

Table 5. Phytochemical-Related Outcomes of Pistacia
integerrima

S. No. phytochemicals tested various tests performed results

1. alkaloids Wagner’s test ++
Mayer’s Test ++

2. flavonoids Conc. HCl test −−
3. quinones Concentrated H2SO4 test ++
4. coumarins Alcoholic sodium hydroxide test ++
5. sugar Fehling solutions test −−
6. saponins Froth test ++

Figure 6. UV Spectrum of the solution both before and after corrosion
inhibition.
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on the metal surface, which forms a protective layer, creates a
barrier to the acid attack, and reduces the corrosion rate.65,66

3.6.2. Atomic Force Microscopy (AFM). AFM images of
cleaned, uninhibited, and protected steel in 1 MH2SO4 with the
P. integerrima gall extract are shown in Figure 8a−c. A polished

and cleaned steel surface had a roughness value of 2.08 nm.
Because steel was dissolved in the acidic solution without the P.
integerrima gall extract, its surface was extensively corroded, and
its average surface roughness was recorded at 145.75 nm in this
condition. The surface roughness was 25.67 nm when the P.

Figure 7. Images of the surface of the (a) cleaned mild steel coupon, (b) steel coupon corroded in 1MH2SO4, and (c) steel coupon inhibited by 2000
mg L−1 extract.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06824
ACS Omega 2024, 9, 7643−7657

7649

https://pubs.acs.org/doi/10.1021/acsomega.3c06824?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06824?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06824?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06824?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06824?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 8. AFM images of (a) cleaned mild steel coupon, (b) steel coupon corroded in 1 M H2SO4, and (c) steel coupon inhibited by 2000 mg L−1

extract.

Figure 9. (a) Optimized structure and (b) MEP, (c) HOMO, and (d) LUMO structures of pistiphloroglucinyl ether.
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integerrima gall extract was used. As can be seen from the
roughening values, the metal surface has developed a protective
layer.
3.7. DFT-Based Theoretical Investigations. 3.7.1. Opti-

mization Investigations. The corrosion inhibition effectiveness
of pistiphloroglucinyl, pistaciaphenyl ether, and narengenin
corrosion inhibitors depends on their nature of optimization. In
this research work, the optimization analysis of the selected
corrosion was performed based on the DFT calculations. The
resulting optimized structures of pistiphloroglucinyl, pistacia-
phenyl ether, and naringenin organic compounds are
represented in Figures 9a, 10a, and 11a, respectively. Overall,
what is remarkable about the findings is that the optimized
structures of pistiphloroglucinyl, pistaciaphenyl ether, and
narengenin corrosion inhibitors show highly polarized mole-
cules. The values of the polarization index were also very high for
all selected compounds. These results confirmed the following:

(i) The pistiphloroglucinyl, pistaciaphenyl ether, and nar-
ingenin corrosion inhibitors have a high polarization
index.

(ii) Their highly polar nature promotes their good solubility
in aquatic solutions.

(iii) The adsorption performance of the studied corrosion
inhibitors is supported by their highly polar nature.

(iv) The benzoyl rings are polar centers in the optimized
structures of pistiphloroglucinyl, pistaciaphenyl ether, and
naringenin corrosion inhibitors.

(v) The oxygen of the hydroxyl functional groups and
heteroatoms of the ether group promote an increase in
the polarization index of the obtained molecular
structures.

(vi) The transfer of delocalized π-electrons between the
benzoyl rings and nonequivalent positions of active
functional groups is also an additional factor for the
high polarity.

3.7.2. Charge Distribution Investigations. The charge
distribution is the next part of the DFT-based theoretical
investigations. As observed, the charge values of the elements
changed slowly. The theoretical charge values of elements were
simultaneously changed in the molecular structures due to
various effects, such as the stereochemical, chemical, physical, or
planar nature of functional groups, heteroatoms, and the π-
system. Additionally, it has been discovered that hydroxyl
oxygen atoms have a stronger negative charge than others,
confirming that the pistiphloroglucinyl, pistaciaphenyl ether,
and naringenin inhibitors adsorbed on the steel coupons by the
more negative oxygen atoms as adsorption centers.67−69

3.7.3. Investigations of the Molecular Electrostatic
Potential (MEP).TheMEP analysis shows available electrophilic
and nucleophilic areas.70−72 The resulting MEPs of pistiphlor-

Figure 10. (a) Optimized structure and (b) MEP, (c) HOMO, and (d) LUMO structures of pistaciaphenyl ester.
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oglucinyl, pistaciaphenyl ether, and naringenin organic com-
pounds are represented in Figures 9b, 10b, and 11b, respectively.
The electrophilic and nucleophilic regions are indicated on these
maps by the colors red and blue, respectively. This makes it
generally clear that the pistiphloroglucinyl, pistaciaphenyl ether,
and naringenin organic inhibitors contained many nucleophilic
areas, confirming their favorable nucleophilic nature. The
inhibition performances of pistiphloroglucinyl, pistaciaphenyl
ethers, and naringenin increased in many nucleophilic regions.
This is because the nucleophilic portions of the inhibitors have
been adsorbed onto the steel surface. The aromatic rings and
functional groups are centers of MEP regions.

3.7.4. Frontier Molecular Orbital (FMO) Investigations.
FMOanalysis estimated the electron distribution inHOMOand
LUMO areas.73−75 The resulting HOMOs of pistiphloroglu-
cinyl, pistaciaphenyl ether, and naringenin organic compounds
are represented in Figures 9c, 10c, and 11c, respectively. The
results and discussion found are given below:

(i) The HOMO regions are mainly cited around C5−C11�
C12 for pistiphloroglucinyl ether, C2−C1, C7−C8−C10,
and C6−C5 for pistaciaphenyl ether, and C13−C11�
C12 and C15−C10�C14 for naringenin organic
compounds.

(ii) The electrons mainly occupied the HOMO regions, and
as a result, the molecules are negatively charged.

(iii) The energies of HOMO orbitals for the selected
compounds are as follows: pistaciaphenyl ether >
pistiphloroglucinyl ether > naringenin organic com-
pound. When compared to other corrosion inhibitors,
pistaciaphenyl ether is more effective.

(iv) The bonding orbitals adsorb corrosion inhibitors on the
steel surface.

(v) As a consequence of electrons being transferred to the
unoccupied d-orbitals of Fe on the metal surface, this
corrosion inhibitor can interact effectively with the metal
surface, preventing corrosion.

On the other hand, LUMO regions were also found. The
resulting LUMOs of pistiphloroglucinyl, pistaciaphenyl ethers,
and naringenin organic compounds are represented in Figures
9d, 10d, and 11d, respectively. The results and discussion found
are as follows:

(i) The LUMO areas show antibonding orbitals, which are
more suitable for accepting electrons.

(ii) Some filled d-orbitals of Fe donate free electrons to
antibonding orbitals of corrosion inhibitors (LUMO
regions). Therefore, the LUMO regions promote
chemical bond formation between the corrosion inhibitor
and steel.76,77

Figure 11. (a) Optimized structure and (b) MEP, (c) HOMO, and (d) LUMO structures of naringenin.
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3.7.5. Molecular Reactivity Investigations. The reactivity
criteria of molecules of pistiphloroglucinyl, pistaciaphenyl ether,
and naringenin organic compounds were evaluated by utilizing
the energy difference (ΔEInh

DFT) between the HOMO
(EHOMO(Inh)

DFT ) and LUMO (ELUMO(Inh)
DFT ) according to eqs

9−18.78−82 Table 6 presents the outcomes that were obtained.

As explored, the following main findings and discussions were
found:

(i) The energy distinction between HOMO and LUMO
demonstrates the nature of reactivity of inhibitors. It
should be stressed that the obtained values of ΔEInhDFT for
pistiphloroglucinyl, pistaciaphenyl ether, and naringenin
organic compounds were very low, confirming the high
reactivity of these corrosion inhibitors. The order of
values of ΔEInhDFT is as follows: pistaciaphenyl ether >
pistiphloroglucinyl ether > naringenin organic com-
pound; this suggests that the pistaciaphenyl ether was
more reactive than others. The main reason for this is the

carboxyl functional groups and aromatic rings that
promote the high reactivity of pistaciaphenyl ether.
These results also confirm that molecules with higher
reactivity are good corrosion inhibitors. Therefore,
pistaciaphenyl ether is a better corrosion inhibitor than
others.

(ii) The resulting values of chemical softness (σInh
DFT) and

chemical hardness (ηInh
DFT) confirmed that the pistiphlor-

oglucinyl, pistaciaphenyl ether, and naringenin organic
compounds exhibit high chemical softness and lower
hardness. Molecules with high chemical softness serve as
good corrosion inhibitors. This means that the electrons
are easily shared from the soft molecule to the metal
surface.

(iii) The possible values of electronic nucleophilicity (εInhDFT),
electron affinity (AInh

DFT), global electrophilicity index
(ωInh

DFT), chemical potential (μInh
DFT), electronic negativity

(χInhDFT), and molecular ionization potential (IInhDFT) suggest
that the pistiphloroglucinyl, pistaciaphenyl ether, and
naringenin organic compounds are effective corrosion
inhibitors.

(iv) Values of the electron fraction transfer (ΔNInh
DFT)

(connected to Koopmans’s theory) and the electronic
fraction (ψInh

DFT) revealed that the adsorption of
pistiphloroglucinyl, pistaciaphenyl ether, and naringenin
organic compounds onto the metal occur chemically by
the transfer of the electrons.

=E E EInh LUMO(Inh) HOMO(Inh) (9)

=I EInh HOMO(Inh) (10)

=A EInh LUMO(Inh) (11)

=
I A

1
2( )Inh

Inh Inh (12)

= 1
Inh

Inh (13)

Table 6. Theoretical Measurements of Corrosion Inhibitors
(DFT, B3LYP, and 6-31G basis sets)

parameters

values (eV),
pistiphloroglucinyl

ether
values (eV),

pistaciaphenyl ether
values (eV),
naringenin

EHOMO(Inh)
DFT −0.201 −0.233 −0.319
ELUMO(Inh)
DFT 0.005 −0.043 0.075

ΔEInhDFT 0.206 0.19 0.394
σInh
DFT 9.4786 10.526 5.076

ωInh
DFT 0.0478 0.1 0.0377

ηInh
DFT 0.1055 0.095 0.197

χInhDFT 0.1005 0.138 0.122
IInhDFT 0.201 0.233 0.319
AInh
DFT −0.005 0.043 −0.075

μInh
DFT −0.1005 −0.138 −0.122

εInhDFT 20.92 10 26.52
ΔNInh

DFT 32.7 36.1 17.45
ψInh
DFT 16.35 18.06 8.72

Figure 12. Phytochemical adsorption of P. integerrima on steel to form a protective coating.
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where ηFe = 0 eV mol−1 and χFe = 7 eV mol−1.
3.8. Mechanism of Corrosion Inhibition by the P.

integerrima Gall Extract on Mild Steel. During corrosion,
oxidation takes place on the anode, and reduction takes place on
the cathode.

+
+

+

+
Fe Fe 2

2H 2 H

2 e

e
2

A coordinate bond is formed when heteroatoms donate
electrons to the metal orbital. The phytochemicals present in the
P. integerrima extract can be used to reduce steel corrosion in 1
M sulfuric acid. In addition to double bonds, these
phytochemicals have carbonyl, hydroxyl, and carboxylic acid
functional groups. According to Figure 12, electrons in
heteroatoms and multiple bonds in phytochemicals form
coordinate bonds. Plant extracts block the active site by acting
as inhibitors on the metal surface. As per the adsorption
parameters, the value of ΔGads° indicates that the adsorption of
the P. integerrima gall extract on the mild steel surface is physical
in nature. Meanwhile, using DFT studies, it is observed that the
P. integerrima gall extract is an inhibitor that adsorbs onto the
metal surface by forming chemical bonds. In general, it can be
concluded that both physical and chemical adsorption take
place, and therefore, the extract can be considered to be a mixed-
type corrosion inhibitor.

5. CONCLUSIONS
Many studies have been performed to assess the anticorrosive
properties of the P. integerrima extract. The corrosion inhibition
efficiency of the P. integerrima extract is determined by
performing weight loss and electrochemical studies. According
to EIS studies, we determined the maximum inhibition
efficiency of 92.19% at an inhibitor concentration of 2000 mg
L−1. The obtained inhibition efficiency at various concentrations
indicates that on increasing the inhibitor concentration, the
corrosion rate decreases and inhibition efficiency increases.
Surface morphological studies are in favor of the formation of a
protective layer on the metal surface. Different phytochemicals
found in the extract affect the potency of the inhibitor. The
obtained results of DFT-based theoretical calculations con-
firmed that the order of values of corrosion efficiency is as
follows: pistaciaphenyl ether > pistiphloroglucinyl ether >
naringenin organic compound; this suggests that pistaciaphenyl
ether was a more favored corrosion inhibitor than others. The
reason for this is that the carboxyl functional groups as well as

aromatic rings primarily promote the high reactivity of the
pistaciaphenyl ether.
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A B S T R A C T   

The development of new coatings based on a biopolymer, epichlorohydrin-modified alginate, and alginate- 
epichlorohydrin-SrTiO3 nanocomposites incorporating SrTiO3 (STO) nanoparticles in the alginate (Alg) matrix 
(Alg-Ep-STO), has been addressed in this study. Various characterization techniques were employed to analyze 
the prepared compounds, including X-ray diffraction spectroscopy (XRD), Fourier-transform infrared spectros-
copy (FTIR), as well as surface analysis methods such as Scanning electron microscopy coupled with energy- 
dispersive X-ray spectroscopy (SEM-EDX). Furthermore, electrochemical impedance spectroscopy (EIS) and 
potentiodynamic polarisation (PDP) methods were used to evaluate corrosion inhibition and protection dura-
bility. The results demonstrate that the incorporation of STO nanoparticles into the alginate matrix with 
epichlorohydrin significantly improved the metal’s resistance to corrosion. The experimental findings received 
reinforcement from various computational methods, including density functional theory (DFT), Molecular Dy-
namics (MD) and Monte Carlo (MC) simulations, which were employed to investigate the interactions between 
the Alg-Ep-STO nanocomposite and the copper surface. The computational outcomes revealed that the Alg-Ep- 
STO nanocomposite exhibits robust adhesion to the copper surface, maintaining a flat orientation, with its 
alignment being notably influenced by the presence of STO nanoparticles.   

1. Introduction 

The corrosion problem persists globally, causing significant eco-
nomic losses in the metals industry and posing substantial risks to the 
environment and the health of living [1–3]. Copper and its alloys are 
widely appreciated in various industrial applications due to their natural 
resistance to corrosion, excellent mechanical properties, high thermal 
and electrical conductivity, and ease of weldability [4,5]. These mate-
rials find utility in areas such as heat exchangers [6], electronics [7], 

construction, and marine applications [8]. However, in the presence of 
aggressive environments containing corrosive substances such as oxy-
gen [9], water, chloride ions [10], and sulfates [11], forms of degra-
dation, such as pitting corrosion, are frequently observed on this metal 
[12,13]. A great deal of research has been devoted to protecting copper 
against corrosion in artificial marine environments by adding organic or 
inorganic inhibitors [14,15]. These inhibitors protect copper by various 
adsorption mechanisms such as physisorption and chemisorption [16]. 
In this respect, Jianjia Shen et al. [17] studied the inhibitory effect of 
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two neonicotinoid derivatives, 1-[(2-Chloro-5-thiazolyl)-methyl]-4, 5- 
dihydro-N-nitro-1H-imidazol-2-amine and (2E)-1-[(6-Chloro-pyridin-3- 
yl)-methyl]-N-nitro-imidazolidin-2-imine, on copper corrosion in a 3.5 
% NaCl medium using various analytical techniques. They demonstrated 
that the two inhibitors are of mixed types and that the adsorption 
mechanism involves the coexistence of physical adsorption and chemi-
cal adsorption, with chemical adsorption predominating. In addition, 
they confirmed that the preferred electrophilic site in both molecules is 
the N connected to -NO2, prone to provide free double electrons the π 
electrons to co-ordinate with the unoccupied d orbital of copper. Also, 
Zining Liu et al. [18] assembled two benzothiazole derivatives, namely 
2-mercaptobenzothiazole (MBT) and 2-aminobenzothiazole (ABT), 
separately with cyclodextrin (β-CD) to form CD-M and CD-A, two in-
hibitors of copper corrosion in saline environments. The electrochemical 
studies carried out showed that the two assemblies could be considered 
as mixed-type corrosion inhibitors with a predominantly cathodic effect. 
The inhibition efficiency of CD-M was insensitive to increasing tem-
perature, while the passive layer was damaged, accompanied by severe 
desorption of the inhibitors in the system inhibited by CD-A with 
increasing temperature. In addition, the Cu–S binding donor-acceptor 
pair and the electrostatic attraction between the anionic thione form 
of MBT and the Cu (I)/(II) species preformed on the copper surface were 
the driving force behind the controllable release and spontaneous 
adsorption of metastable metals. The release of ABT was attributed to 
Cu–N bonding, which was less than the above physicochemical syn-
ergy. Nevertheless, the limitations of using corrosion inhibitors to pro-
tect copper in marine environments, such as durability, environmental 
impact and the need for continuous monitoring, are prompting re-
searchers to develop new methods of corrosion protection. The most 
commonly used on an industrial scale being coating protection [19,20]. 
This approach involves isolating the metal from the aggressive envi-
ronment by applying a continuous, adherent, and impermeable coating 
layer [19,21]. With this in mind, Fatma Masmoudi et al. [22] developed 
a coating based on SEBS (a polystyrene-block-poly(ethylene-ran- 
butylene)-block-polystyrene copolymer) and SEBS-CB (SEBS-Carbon 
Black nanoparticles) for protecting copper against corrosion in saline 
environments. The study carried out on the performance of this type of 
coating showed that increasing the SEBS ratio improved the anti- 
corrosion characteristics of Cu-SEBS and Cu-SEBS-CB, indicating a 
reduction in the accessibility of aggressive species to the copper surface. 
The use of CB nanoparticles slightly improved the corrosion protection 
performance of SEBS films due to the existence of π-π stacking in the 
aromatic rings of SEBS and CB. The adsorption mechanism was of the 
mixed type. In another instance, Le Bo et al. [23] employed the elec-
trophoretic deposition (EPD) method to develop a graphene coating on a 
copper substrate aimed at inhibiting copper corrosion in a NaCl solution. 
Electrochemical assessments conducted on the copper with the coating 
revealed that the open circuit potential (OCP) of the coated sample 
(− 0.107 V) exceeded that of the substrate (− 0.199 V) by approximately 
0.1 V, and the corrosion current density (icorr) reduced significantly by 
an order of magnitude. Moreover, an excessive deposition time or 
elevated deposition voltage resulted in defects in the deposited coating, 
contributing to a decline in corrosion resistance. Furthermore, Vinod 
Kumar et al. [24] designed novel nanoclay composite coatings based on 
epoxy resin (EP) and montmorillonite (MMT) for copper. They evalu-
ated the coating effectiveness against electrochemical impedance spec-
troscopy (EIS) and potentiodynamic polarisation (PDP) in a 0.5 M NaCl 
solution. Their findings indicated that the EPMC coating incorporating 
nanoclays exhibited superior performance compared to the EPMC 
coating alone. They concluded that the EPMC coating containing 5 % 
nano-MMT clay emerged as the optimal choice among those tested for 
preventing copper corrosion. The prevention of copper corrosion was 
attributed to the insulating properties of MMT and the enhanced surface 
coverage of copper facilitated by MMT nanoclays. 

Recently, natural biopolymers meet environmental requirements for 
corrosion protection applications with an extremely low or even zero 

risk of pollution. The use of biopolymers such as cellulose such as cel-
lulose [25–28], starch [25,29,30], alginate [31–33], and chitosan 
[34–37], which are biodegradable and environmentally friendly mac-
romolecules, possess corrosion inhibition properties and are therefore 
viable alternatives. In this context, alginate is an anionic biopolymer, 
more abundant in the composition of brown algae, composed of β-D- 
mannuronate and α-L-guluronate linked by 1 → 4 glycosidic bonds. It 
contains two reactive functional groups, hydroxyl and carboxylate, 
making it chemically modifiable to tailor the polymer’s final properties 
for various corrosion inhibitory applications across different metals and 
environments [38,39]. Over the past two decades, the incorporation of 
inorganic nanoparticles (NPs) into polymer matrices has proved to be a 
catalyst for improving the properties of these materials [40], consider-
ably broadening their fields of application, including medical, elec-
tronic, construction, etc. [41,42]. Various inorganic nanomaterials, 
including metals, metal oxides and ceramics [43], have been used in 
polymer-inorganic nanocomposites, demonstrating improvements in 
physicochemical properties [44–46]. The development of alginate- 
based nanocomposite coatings for corrosion inhibition is less common 
compared to other biopolymers [47]. One significant reason for incor-
porating inorganic particles into polymers is to enhance their mechan-
ical properties for practical applications. SrTiO3 nanoparticles are 
widely used as ceramic materials in electronic applications [48]. 

In this study, our primary aim is to develop a new environmentally 
friendly bio-nanocomposite coating, exhibiting significant durability 
and inhibitory efficiency for the protection of copper in an artificial 
marine environment. Initially, we modified alginate with epichlorohy-
drin (Ep), serving as a cross-linking agent to enhance the mechanical 
resistance of the coating by facilitating the bonding between constituent 
molecules [49]. Subsequently, we incorporated 10 % SrTiO3 (STO) 
nanoparticles into the alginate matrix (Alg) to create a novel biocom-
patible nanocomposite. This nanocomposite was used to formulate ad-
hesive coatings on a copper metal substrate through the dip-coating 
technique to shield it from corrosion phenomena in a 3.5 % NaCl weight 
solution. The first section is dedicated to the characterization of this 
nanocomposite using XRD to confirm the presence of STO nanoparticles 
in the alginate matrix, FTIR to demonstrate the chemical modification of 
alginate (Alg) by epichlorohydrin, as well as the interaction of alginate- 
epichlorohydrin (Alg-Ep) with STO nanoparticles. SEM-EDX is 
employed to examine the dispersion of STO nanoparticles in the Alg-Ep 
matrix and the elemental distribution of the Alg-Ep-STO coating. 
Finally, EIS and PDP are used to assess inhibitory performance, dura-
bility, and the protective mechanism. The second section delves into the 
examination of the adhesion of the Alg-Ep-STO nanocomposite coating 
on copper, employing computational methods. This study involves MD 
and MC simulations to investigate the adhesion. Furthermore, electronic 
properties of the Alg-Ep-STO nanocomposite contributing to its inter-
action with copper were assessed through ab initio quantum mechanics 
using the DFT approach. 

2. Materials and methods 

2.1. Materials 

The reagents employed in this study were procured from a local 
supplier, specifically Sigma Aldrich, and were utilized without requiring 
additional purification. Commercial copper plates, mainly composed of 
copper (at least 99.85 %) and oxygen (0.013–0.050 %), with impurity 
levels not exceeding 0.06 %, were supplied by a local supplier. These 
plates, measuring 495 mm × 195 mm × 1 mm, were then cut into disks 
with a surface area of S = 0.9 mm2 for coating purposes. To ensure the 
reliability of our results, a working electrode undergoes systematic 
pretreatment before each test. This pretreatment involves mechanical 
polishing using various grades of silicon carbide abrasive paper to 
achieve smooth and mirror-like surfaces. 
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2.2. Methods 

2.2.1. Dip-coating process 
The dip-coating process involved immersing the copper plate into the 

appropriate solutions and then lifting it at a specific rate. Subsequently, 
the plate was dried at a temperature of 60 ◦C for 3 h [50]. This process 
was repeated to obtain two coated plates, each with a different coating: 
One plate with Alg-Ep and the other with Alg-Ep-STO (Fig. 1). 

2.2.2. Preparation of alginate-epichlorohydrin (Alg-Ep) 
For the Alg-Ep solution, 0.5 g of alginate was carefully dissolved in a 

minimal amount of distilled water, requiring approximately 20 ml. The 
solution was stirred until all the solid matter was completely dissolved. 
Next, 2 % epichlorohydrin was added, followed by a few drops of 1 N 
NaOH solution. The mixture was stirred continuously for 4 h. Part of this 
solution was used to prepare Alg-Ep coatings, while the remainder was 
used to prepare thin films for subsequent characterization (Fig. 2). 

2.2.3. Preparation of the nanocomposite (Alg-Ep-STO) 
For the Alg-Ep-STO solution, 0.5 g of alginate was dissolved in the 

same way in a minimal quantity of distilled water (approximately 20 
ml), stirred until complete dissolution. Next, 10 % SrTiO3 was added to 
the solution, which was stirred and heated to 40 ◦C for 20 min. The 
mixture was then placed in an ultrasonic bath for 15 min, followed by 
stirring and heating for 24 h. Finally, 2 % epichlorohydrin and a few 
drops of 1 N NaOH solution were added and the mixture was left to stir 
for 4 h. Part of this solution was used to make Alg-Ep-STO coatings, 
while the rest was used to prepare thin films for later characterization. 

2.2.4. X-ray diffraction (XRD) 
The X-ray diffraction (XRD) patterns of the samples were obtained 

using a Shimadzu XRD-6000 X-ray diffractometer. The use of XRD en-
ables the identification of different crystalline phases present in a sam-
ple, as well as the determination of the material’s structure, including 
lattice parameters and atomic positions. This technique provides 
detailed information about the arrangement and nature of atoms within 
the crystalline material under investigation. 

2.2.5. Fourier transform infrared (FTIR) 
FTIR enables the acquisition of detailed infrared spectra that provide 

information about the functional groups present in molecules, facili-
tating their identification and characterization. In this study, infrared 
spectra were recorded using an FT/IR-4700 spectrophotometer. The 
absorption bands are reported in cm− 1. 

2.2.6. Scanning electron microscopy (SEM-EDX) 
The SEM micrographs of the specimens were captured using a 

BRUKER SEM NANOANALYSIS instrument. SEM stands out as one of the 
most versatile and accessible techniques for surface analysis, facilitating 
the imaging of a sample’s surface and the analysis of its microstructure 

morphology. The surface morphology of bare copper and copper with 
various coatings was investigated through scanning electron microscopy 
(SEM) following immersion in a 3.5 % by weight NaCl solution for 72 h. 

2.2.7. Electrochemical tests 
In general, PDP and EIS techniques are commonly used to study the 

reaction mechanisms and characterise the surface layers or protective 
films during the corrosion of copper in the presence of a 3.5 % NaCl 
solution. These methods make it possible to understand the protection 
mechanism and to analyze the electrochemical reactions occurring at 
the interface between the copper and the saline solution, as well as in the 
inter-electrode space, encompassing phenomena such as charge transfer, 
adsorption, mass transport and diffusion. Potential-current curves were 
obtained by PDP, recorded in the range between − 100 mV and − 800 
mV/ESC, with a scan speed of 100 mV/min. EIS was recorded in the 
frequency range from 10 MHz to 100 kHz while applying a 5 mV signal 
perturbation to generate an electrical impedance response. Electro-
chemical measurements were conducted using a BioLogic SP300 
potentiostat, equipped with three electrodes: a working electrode (WE), 
a saturated calomel reference electrode, and a Pt counter-electrode. 

2.2.8. Quantum calculation method 
The DFT calculations were performed using the Dmol3 module in-

tegrated within the Biovia Materials Studio software [51,52]. General-
ized Gradient Approximation [53] employing the pbe [54,55] and the 
DND [56] were used for geometry optimizations. The investigation and 
comprehension of interactions between Alg-Ep-STO matrix with the 
Copper surface were conducted through MC and MD simulations. These 
simulations are commonly utilized to explore multiple adsorption con-
figurations and the interaction system between the Alg-Ep-STO matrix 
and the Cu (111) surface. The Materials Studio 8.0 software was 
employed for performing MC and MD simulations [57–59]. Geometry 
optimization and energy parameters of Alg-Ep-STO are shown in Fig. 3. 

3. Results and discussion 

3.1. Characterization of samples: pure alginate, Alg-STO film, and STO 
nanoparticles 

The XRD patterns of the STO, Alg and Alg-Ep and Alg-Ep-STO 
nanoparticles films are shown in Fig. 4. XRD analysis of SrTiO3 nano-
powder (STO) reveals a distinct pattern of characteristic crystalline 
peaks, highlighting the crystalline nature of these particles (Fig. 4a). The 
angular positions of the diffraction peaks are observed at angles of 
22.78◦, 32.42◦, 39.98◦, 46.48◦, 52.35◦, 57.79◦, 67.80◦, 72.54◦, and 
77.17◦. These peaks correspond, respectively, to the crystallographic 
planes (100), (110), (111), (200), (210), (211), (220), (300), and (310) 
of the SrTiO3 crystalline lattice. The presence of these well-defined 
peaks serves as clear evidence of the regularity of the crystalline struc-
ture of SrTiO3 nanoparticles, thus confirming their high purity and 
structural integrity. Fig. 4 (b, c) shows the XRD pattern of the STO 
nanopowder and the XRD patterns of Alg, Alg-Ep and Alg-Ep-STO films. 
In the case of the Alg and Alg-Ep pure alginate films, an amorphous 
blister is observed in the corners of the 10◦ to 30◦ region for both 
samples, indicating that neither sample has a crystalline proportion, 
both samples being totally amorphous. However, when the Alg-Ep-STO 
hybrid film is analyzed, there is a significant shift in the main crystalline 
peaks appearing at angles of 22.6◦, 32.3◦, 39.9◦, 46.4◦, 57.7◦, 67.8◦ and 
77.16◦. It should be noted that the peaks characteristic of the pure 
alginate structure are still present with some shifts in the Alg-Ep-STO 
matrix. These observations suggest that significant changes have 
occurred in the molecular structure of the Alg-Ep-STO films compared to 
pure alginate. It is plausible that the breaking of numerous hydrogen 
bonds involving COOH, -C-O- and OH groups in the polymer chain has 
contributed to these changes. This structural reconfiguration is an 
important aspect to consider in the context of the use of Alg-Ep-STO Fig. 1. Coated copper plates.  

M. El Mahamdi et al.                                                                                                                                                                                                                          



International Journal of Biological Macromolecules 257 (2024) 128600

4

films, as it may influence their physical and chemical properties, which 
will be explored in more detail in the next part of this study. 

Fig. 5 shows the FTIR spectra of STO, Alg, Alg-Ep and Alg-Ep-STO. 
The FTIR analysis provides further evidence of the consistency and 
quality of the nanoparticles used in this study. The FTIR spectrum in-
dicates the presence of a strong and broad peak in the spectral region of 
496–680 cm− 1, attributed to the characteristic vibration of the Ti-O-Ti 
bonds within the nanoparticle structure. The FTIR spectrum of sodium 
alginate presented above reveals the presence of important character-
istic bonds linked to the hydroxyl, carboxylate and ether groups: 

A broad absorption band appearing in the range [3200–3292 cm− 1] 
is attributed to the valence vibration mode of the O–H bond in the 
hydroxyl groups. Vibrations of aliphatic C–H bonds are observed at 
2930 cm− 1. The bands at 1600 cm− 1 and 1407 cm− 1 are attributed to the 
stretching vibrations of asymmetric and symmetric alginate carboxyl-
ates (COO− ) respectively. The band at 1024 cm− 1 is attributed to the 

valence vibration of the C-O-C bond of the ether group. After modifi-
cation and cross-linking, the alginate-specific primary bands appear in 
all the spectra of the prepared samples (Alg-Ep and Alg-Ep-STO). In the 
FTIR spectra of alginate chemically cross-linked with epichlorohydrin 
(Alg-Ep) and nanocomposite (Alg-Ep-STO), a decrease in the intensity of 
the band in the range [3200–3292 cm− 1] corresponding to hydroxyl 
groups, as well as an increase in the intensity of the 1024 cm− 1 band 
attributed to the C-O-C group, were observed. In addition, a very small 
band appeared at 2960 cm− 1 for both samples. The decrease in the in-
tensity of the absorption band characteristic of -OH hydroxyl groups is 
probably due to the number of hydroxyl groups that reacted during the 
cross-linking process to form new C-O-C ether groups, which was 
confirmed by the increase in the intensity of the absorption band char-
acteristic of C-O-C ether groups in Alg-Ep and Alg-Ep-STO. The 
appearance of a small band around 2960 cm− 1 in the Alg-Ep and Alg-Ep- 
STO samples is attributed to the CH2 of the cross-linking chain. 

Fig. 2. Cross-linking reaction of alginate with epichlorohydrin.  

Fig. 3. Geometry optimization and energy parameters of Alg-Ep-STO matrix.  
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Fig. 4. XRD patterns of STO, Alg, Alg-Ep and Alg-Ep-STO films.  
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Comparison of the FTIR spectra of Alg-Ep-STO and Alg-Ep reveals 
similar absorption bands for alginate cross-linked with epichlorohydrin. 
However, the main distinction lies in the appearance of a new absorp-
tion band around 540 cm− 1, which is attributed to the vibration of the 
Ti-O-Ti groups [60]. In addition, comparison of the FTIR spectra of Alg- 
Ep-STO and STO shows a slight shift in the band of the Ti-O-Ti group in 
Alg-Ep-STO compared with STO. This slight shift could be attributed to a 
weak van der Waals-type interaction between the groups characteristic 
of the polymer chain and SrTiO3. 

SEM images of STO nanopowder and Alg-Ep-STO film at different 
magnifications are shown in Fig. 6. The image obtained through SEM of 
the STO nanoparticles revealed the presence of relatively uniform and 
well-defined particles characterized by average dimensions of less than 
1 μm. However, it is important to note that the SEM analysis also 
confirmed the significant presence of aggregates or agglomerates within 
the sample. This observation indicates a tendency of the nanoparticles to 
aggregate. For the Alg-Ep-STO film at different magnifications it is 
observed that the nanoparticles are uniformly dispersed within the 
alginate matrix, likely due to the prior use of ultrasound before the 
formation of the nanocomposite film. The morphology displayed reveals 
the presence of agglomerates of spherical-shaped grains; however, these 
grains exhibit varying sizes. This size variability can be attributed to 
potential differences in the nanoparticle formation times, warranting 
further in-depth analysis. 

The EDX analysis was used to examine the composition of the Alg-Ep- 
STO film is shown in Fig. 7. Furthermore, EDX analysis reveals signifi-
cant results. Peaks of elements such as titanium (at 0.5 keV, 4.5 keV, and 
4.99 keV), strontium (at 1.8 keV), sodium (at 1 keV), oxygen (at 0.5 
keV), and carbon (at 0.25 keV) are clearly identified on the Alg-Ep-STO 
film. These observations confirm the presence and composition of the 
constituent elements of the nanocomposite film. 

3.2. Assessment of anticorrosion coating performance PDP and EIS 

The behaviour and anticorrosive performance of Alg, Alg-Ep and Alg- 
Ep-STO coatings for the protection of copper against corrosion in a 
medium containing 3.5 wt% NaCl were studied using the PDP and EIS 
methods. Tafel potentiodynamic polarisation curves for the dissociation 

of bare copper, Alg-coated copper, Alg-Ep-coated copper and Alg-Ep- 
STO-coated copper are shown in Fig. 8. The results obtained show a 
reduction in the corrosion current density for the three coatings Alg, Alg- 
Ep and Alg-Ep-STO, highlighting the anticorrosive effectiveness of this 
type of coating for copper in a 3.5 % NaCl solution. Comparison of the 
Tafel curves shows that the Alg, Alg-Ep and Alg-Ep-STO coatings modify 
the shape of the anodic and cathodic polarisation curves, reflecting the 
adverse effect of these three coatings on the anodic and cathodic re-
actions. The Tafel polarisation parameters obtained by the extrapolation 
methods are presented in Table 1. These parameters show a shift in 
corrosion potential (Ecorr) values in the positive direction for all coat-
ings, particularly for the Alg-Ep-STO coating, implying that all three 
coatings are mixed-type corrosion inhibitors with a predominance of 
anodic. The corrosion protection performance demonstrated by the 
Tafel polarisation parameters shows the superiority of the Alg-Ep-STO 
coating over the Alg and Alg-Ep coatings, which could be due to the 
occupation of the pores present in the Alg-Ep matrix by the STO nano-
particles, preventing the penetration of aggressive species such as water 
molecules, chloride ions and sodium ions. 

In Fig. 9, Nyquist plots are shown, illustrating the protective effect of 
Alginate coating (Alg), alginate-epichlorohydrin coating (Alg-Ep), and 
alginate-epichlorohydrin-SrTiO3 nanocomposite coating (Alg-Ep-STO) 
on copper immersed for 30 min in a medium containing 3.5 % NaCl. It’s 
worth noting that the loops obtained in the Nyquist representation do 
not exhibit a perfect semi-circular shape. To better interpret information 
regarding the barrier properties of the coating and the corrosion of the 
metal surface, modeling using equivalent electrical circuits of the EIS 
spectra is necessary, as shown in Fig. 10. Indeed, the increase in the 
diameter of the half-circle in the Nyquist diagrams is generally corre-
lated with an improvement in the corrosion resistance of the protective 
film. This in-depth analysis of the EIS spectra will allow for a better 
evaluation of the effectiveness of the coatings and the identification of 
the one that offers the best corrosion protection, depending on the 
specific applications envisioned [24,61]. 

The impedance diagrams obtained are fitted using the equivalent 
circuit presented in Fig. 10. The values of EIS and the resulting efficiency 
for each protective coating (Alg, Alg-Ep and Alg-Ep-STO) are listed in 
the Table 2. 

Fig. 5. FTIR spectra of STO, Alg, Alg-Ep and Alg-Ep-STO.  
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It should be noted that the incorporation of STO nanoparticles into 
the alginate matrix provides a high level of protective efficacy compared 
with the Alg-Ep coating. This observation suggests that Alg-Ep-STO, 
once added to the interface, acts proactively by actively blocking cor-
rosive sites. It thus forms a thin protective layer on the copper surface, 
resulting in a significant improvement in the coating’s barrier proper-
ties. This enhanced performance confirms the promising potential of 
Alg-Ep-STO as an effective anticorrosion coating in corrosive environ-
ments containing NaCl. 

The durability of the protective effectiveness of the Alg-Ep-STO 
coating against copper corrosion in a solution containing 3.5 % NaCl 
was studied by PDP and EIS after immersion for 24 h, 48 h and 72 h. 
Fig. 11 shows the copper potentiodynamic polarisation (Tafel) curves, 
with and without the Alg-Ep-STO coating, after immersion for 24, 48 
and 72 h in a 3.5 % NaCl solution. During immersion, the Tafel curves 

show little change, indicating that the protection mechanisms of this 
coating are not influenced by the duration of immersion in the corrosive 
medium containing 3.5 % NaCl. 

The potentiodynamic polarisation parameters of bare copper and 
copper with Alg-Ep-STO coating after 24, 48 and 72 h of immersion in a 
3.5 % NaCl environment, grouped in Table 3, reveal, in the case of 
copper bare, an insignificant change in corrosion potential (Ecorr) and an 
increase in corrosion current (icorr) as the immersion time increases, 
indicating that the immersion time promotes the corrosion process. On 
the other hand, in the case of copper coated with Alg-Ep-STO, a slightly 
perceptible change in the Ecorr in the negative direction and a slight 
increase in the icorr is observed. This observation can be attributed to the 
weakening of the adhesion force of the Alg-Ep-STO coating to the copper 
surface with the immersion time. 

The Nyquist plots of copper without and with Alg-Ep-STO coating in 

Fig. 6. SEM images of STO nanopowder and Alg-Ep-STO film at different magnifications.  
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3.5 % NaCl medium of different immersion times (24, 48 and 72 h) are 
shown in Fig. 12. For bare copper immersed in the NaCl solution, the 
Nyquist spectra show capacitive loops of the same shape with a decrease 
in loop diameter with increasing immersion time, indicating attenuation 
of the charge transfer barrier. In the case of copper coated with Alg-Ep- 
STO for different immersion times in 3.5 % NaCl solution, the loops 
show a similar shape with a slight difference in diameter between the 
loops, suggesting that immersion time does not alter the corrosion 
protection process of copper in 3.5 % NaCl solution. 

The EIS values obtained by adjustment using the equivalent circuit in 
Fig. 10 are grouped in Table 4. In the case of bare copper, the values of 
Rct and Rcoat decrease as the immersion time increases, manifesting the 

Fig. 7. EDX spectrum of Alg-Ep-STO film.  

Fig. 8. Tafel PDP curves for bare copper and copper coated with Alg, Alg-Ep and Alg-Ep-STO in a 3.5 % NaCl environment.  

Table 1 
Potentiodynamic polarisation parameters for copper corrosion in a 3.5 % NaCl 
solution without and with different coatings.  

Comp − Ecorr (mV/ECS) icorr 

(μA/cm2) 
-βc 

(mV) 
βa 

(mV) 

Blank  − 290.40  260.04  557.00 – 
Alg  − 285.59  52.75  254.60 52.30 
Alg-Ep  − 264.24  19.75  313.90 207.10 
Alg-Ep-STO  − 226.13  8.63  346.28 42.23  
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diffusion of corrosive species and the destruction of surface passivation 
of copper. An increase in the capacitive characteristic (Cdl) is also 
observed with the increase in the immersion time, this increase being 
due to the adsorption of corrosive species on the copper surface. How-
ever, in the case of copper coated with Alg-Ep-STO, a decrease in the Rct 
value is observed with the increase in the immersion time due to the 
weakening of the adhesion force of the Alg-Ep-STO coating on the 
copper surface. This confirms the results obtained by the PDP. In addi-
tion, slight decreases in the Rcoat value over time suggest a low pene-
tration of corrosive ions in the coating, as well as an increase in the 
capacitive characteristic Cdl, interpreted as the adsorption of corrosive 
species to the surface of the coating. 

3.3. Surface study 

In order to evaluate the protective power of the Alg, Alg-Ep and Alg- 
Ep-STO coatings against copper corrosion in a solution containing 3.5 % 
NaCl, a morphological analysis of the copper surface was carried out by 
taking SEM images of the copper surface after its immersion in a 3.5 % 
NaCl solution for 72 h, followed by the removal of the various coatings. 

SEM images of the surface of bare copper (blank) and copper pro-
tected by different coatings (Alg, Alg-Ep and Alg-Ep-STO) after immer-
sion for 72 h in a 3.5 % NaCl solution (Fig. 13), show a clear and visible 
difference between the surface of bare copper, the surface of copper 
protected by Alg coating, the surface of copper protected by Alg-Ep 
coating and the surface of copper protected by Alg-Ep-STO coating. It 
seems obvious that the bare copper surface is damaged by the appear-
ance of bumps, suggesting the formation of copper oxides and copper 
salts. The surface of the Alg-protected copper showed pores and the 
formation of a small number of bumps. On the other hand, the surface of 
the copper protected by the Alg-Ep coating is less damaged and only has 
a few pits. However, the surface of the copper protected by the Alg-Ep- 
STO coating appears to be smooth without any damage. These results 
confirm the conclusions obtained by electrochemical methods. 

Fig. 9. Nyquist plot for copper coated with Alg, Alg-Ep and Alg-STO-Ep in a 3.5 % NaCl environment.  

Fig. 10. Proposed equivalent circuit for fitting impedance spectra obtained in 
the presence of coating on copper in 3.5 % NaCl solution. 

Table 2 
Impedance parameters in a 3.5 % NaCl solution for copper coated with Alg, Alg- 
Ep and Alg-Ep-STO.  

Comp. Rct (Ω.cm2) n1 Rcoat (Ω.cm2) n2 Cdl (μF/cm2) 

Blank  59.44  0.13  7.73  0.79  25.27 
Alg  100  0.8  10  0.6  17.13 
Alg-Ep  1298  0.79  136.7  0.9  14.6 
Alg-Ep-STO  1562  0.76  670  0.86  6.7  
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3.4. Theoretical analysis 

3.4.1. DFT results 
DFT is one of the most frequently used computational techniques to 

study metal-coating interactions in terms of several theoretical indices 
such as molecular frontier orbital energies (ELUMO and EHOMO), energetic 
band gap (ΔEgap), electronegativity (χ), hardness (η), softness (σ), 
electron transfer fraction (ΔN), ionization potential (I) and electronic 
affinity (A) [62,63]. The numerous DFT parameters derived for Alg-Ep 
are presented in Table 5. 

Chemical reactivity descriptors are important clues in the DFT study 
for interpreting the anticorrosive performance of organic molecules 
during the coating process. Molecular frontier orbitals (FMOs) play a 
fundamental role in chemistry, helping to assess the chemical reactivity 

Fig. 11. Tafel PDP curves for copper without and with Alg-Ep-STO coating after 24, 48 and 72 h of immersion in a 3.5 % NaCl environment.  

Table 3 
Potentiodynamic polarisation parameters for copper without and with Alg-Ep- 
STO coating after 24, 48 and 72 h of immersion in a 3.5 % NaCl environment.  

Comp Immersion time 
(hours) 

− Ecorr (mV/ 
ECS) 

icorr (μA/ 
cm2) 

− βc 

(mV) 
βa 

(mV) 

Blank  24  − 292.12  232.32  548.1  35.4  
48  − 298.96  246.49  279.5  281  
72  − 301.64  281.12  230.7  220.1 

Alg-Ep- 
STO  

24  − 213.56  10.99  367.12  78.89  
48  − 271.64  33.68  238.8  348.7  
72  − 274.20  61.18  484.3  736.2  
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of molecules responsible for adsorption on the copper surface. In this 
work, we carried out an optimization of the Alg-Ep compound geometry, 
to determine the values of the EHOMO and ELUMO boundary orbital en-
ergies, the ESP and the Gap. A high EHOMO value indicates the com-
pound’s capacity to donate electrons to the unoccupied d orbital of the 
copper metal surface, while a lower ELUMO value signifies its ability to 
accept electrons from the metal surface [57,64]. 

Fig. 14 displays 3D plots of the optimized structure, HOMO, LUMO, 
and ESP representations for the Alg-Ep molecule under examination. 

Upon examining the results, it becomes evident that the HOMO 
primarily resides over one of the alginate moieties, signifying that this 
segment of the Alg-Ep molecule possesses a high electron density and is 
prone to acting as an electron donor in interactions with metals. 
Conversely, the LUMO is predominantly localized on the alcoolate and 
-C-O- groups of the Alg-Ep molecule, suggesting that this portion is more 
inclined to act as an electron acceptor in metal-(Alg-Ep) interactions. It 
is a well-established fact that organic coatings engage with metallic 
surfaces through donor-acceptor interactions. Elevated EHOMO values 
coupled with diminished ELUMO values are indicative of robust in-
teractions between the metal and the coating. In the current scenario, 
Alg-Ep exhibits relatively high EHOMO and low ELUMO values, under-
scoring its potent capacity to react with and adsorb onto metallic sur-
faces. Likewise, a reduced ΔE value corresponds to heightened reactivity 
and enhanced coating effectiveness. The smaller ΔE value observed for 
Alg-Ep points to its heightened reactivity and its role as a potent 
adsorbent on metallic surfaces. Reduced electronegativity and hardness 
values further suggest that Alg-Ep is a highly reactive molecule, capable 
of both electron donation and acceptance in its interactions with metal- 
Alg-Ep systems. 

Moreover, the negative value of ΔEback-donation indicates that electron 
charge transfer to the molecule and subsequent back-donation of elec-
trons from the molecule are energetically favorable processes. In order 

to pinpoint locations suitable for electrophilic and nucleophilic re-
actions, we employed ESP mapping technique, as illustrated in Fig. 14, 
to delineate electron density regions on the optimized Alg-Ep geometry. 
The ESP map shows that electrophilic zones are represented by the red 
and yellow colors, while the light blue and blue colors indicate active 
nucleophilic ranges. The Alg-Ep compound exhibits electron-rich re-
gions around heteroatoms (oxygen) and double bonds, which serve as 
the active sites for nucleophilic reactions during the anticorrosive 
coating process. 

3.4.2. MC and MD simulations 
MC and MD simulations are frequently employed for exploring and 

gaining insight into the interactions between the Alg-Ep-STO coating 
and the Cu(111) surface within a NaCl medium. The adsorption equi-
librium configurations of the Alg-Ep-STO coating on the metal surface 
are illustrated in Fig. 15. It can be observed that the Alg-Ep-STO coating 
is adsorbed on the Cu(111) surface in a position that is nearly parallel to 
the rigid structure of the coating concerning the metal surface, as shown 
in Fig. 15. It is important to note that Alg-Ep-STO demonstrates effective 
adsorption when interacting with heteroatoms. Furthermore, the 
adsorption capability of Alg-Ep-STO is enhanced, particularly with the 
inclusion of oxygen (O) heteroatoms especially alcoolate, -C-O-, hy-
droxyl groups and SrTiO3. This observation validates that Alg-Ep-STO is 
inclined to adhere to the metal surface, creating a compact and hydro-
phobic barrier that significantly hinders the penetration of chloride ions. 
The nearest O atom (of the alginate chain to surface is 3.74 Angstrom). 
This discovery aligns well with the outcomes obtained from DFT in-
vestigations. To quantitatively assess the energy associated with the 
adsorption of the Alg-Ep-STO composite on the Cu (111) surface, cal-
culations were performed using the following relationship [65]: 

Eads = Etotal −
(
Esurf+solu +Ecaot+solu

)
+Esol 

In general, a more negative Eads value indicates a stronger adsorp-
tion affinity between a matrix and a metal surface. The computed Eads 
value for the adsorption of Alg-Ep-STO on the metallic surface is 
− 380.28 kcal/mol, as depicted in Fig. 16. The negative value of Eads 
suggests spontaneous nature of Alg-Ep-STO composite adsorption on Cu 
(111) surface. This outcome demonstrates that the examined matrix 
serves as an effective anti-corrosive material, and the inclusion of SrTiO3 
in the Alg-Ep composite significantly contributes to its successful 
adsorption. 

Fig. 12. Nyquist plots for copper without and with Alg-Ep-STO coating after 24, 48 and 72 h of immersion in a 3.5 % NaCl environment.  

Table 4 
Impedance parameters for copper without and with Alg-Ep-STO coating after 24, 
48 and 72 h of immersion in a 3.5 % NaCl environment.  

Comp Immersion time 
(hours) 

Rct (Ω. 
cm2) 

n1 Rcoat (Ω. 
cm2) 

n2 Cdl (μF/ 
cm2) 

Blank  24  49.43  0.61  6.12  0.97  65.33  
48  42.95  0.58  5.14  0.86  81.09  
72  40.26  0.45  4.4  0.67  104.7 

Alg-Ep- 
STO  

24  2062  0.88  10.57  0.71  8.39  
48  1687  0.67  10.21  0.50  9.67  
72  773.80  0.79  6.51  0.98  11.2  
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3.5. Comparison study 

Table 6 summarizes the main results of the EIS study for anticorro-
sive coatings applied to different substrates and exposed to various en-
vironments. The data were collected after a one-day immersion. The Alg- 
Ep-STO coating, based on alginate, provides highly effective anticorro-
sion protection in environments containing NaCl, even after extended 
immersion, surpassing other tested coatings. The biocompatible nature, 
ease of application, and adhesion of the Alg-Ep-STO coating to metallic 
substrates create a robust barrier that ensures prolonged durability 
against corrosive conditions. This combination makes it a promising 
choice, both practical and environmentally friendly, compared to other 
works found in the literature. 

4. Conclusion 

The utilization of alginate and its derivatives as anticorrosive 

Fig. 13. SEM images of the copper surface after immersion for 72 h in the 3.5 % NaCl solution, a) Bare copper, b) Copper protected by Alg, c) Copper protected by 
Alg-Ep and d) Copper protected by Alg-Ep-STO. 

Table 5 
Calculated theoretical parameters of Alg-Ep structure.  

Descriptor Alg-Ep 

HOMO  − 5.591 
LUMO  − 1.916 
ΔE(HOMO-LUMO)  3.675 
I  5.591 
A  1.916 
χ  3.753 
η  1.837 
σ  0.544 
ΔN  0.290 
ΔE back-donation  − 0.460  
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coatings in solution, mainly due to the presence of hydroxyl and car-
boxylic acid groups which confer certain anti-corrosion properties. 
However, it is recognized that these properties are often insufficient to 
ensure effective and long-lasting protection of metals against corrosion, 
mainly due to the physicochemical characteristics of alginate. In this 
study, the modification of alginate by epichlorohydrin, as well as the 

incorporation of 10 % SrTiO3 nanoparticles into the alginate matrix, 
were explored to enhance the anticorrosive properties of alginate. This 
approach has shown promise in protecting metal surfaces against 
corrosion, thanks to the unique crystalline structure of the nanoparticles 
and their successful integration into the alginate matrix. XRD analysis 
confirmed the effective encapsulation of STO nanoparticles in the 

Fig. 14. Optimized structures, FMO and ESP surfaces of the Alg-Ep structure.  

Fig. 15. Top and side perspectives of the most stable, low-energy configurations for the adsorption onto Cu (111)/Alg-STO-Ep +3000H2O + 15Na+ and 15Cl− ions 
system obtained using MC and MD simulations. 
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alginate matrix, imparting a crystalline structure to the film. The pro-
tective efficiency of copper plates in a 3.5 % NaCl solution was evaluated 
using the dip-coating method and analyzed through EIS. The results 
demonstrated that the Alg-Ep-STO coating exhibited significantly higher 
protection efficiency compared to the Alg-Ep coating. In summary, this 
study opens interesting prospects for the development of more effective 
anticorrosion coatings by combining the intrinsic properties of alginate 
with the advantages offered by SrTiO3 nanoparticles, thereby providing 
enhanced protection against corrosion of metal surfaces. These ad-
vancements have the potential to find applications in various sectors 
where corrosion protection is crucial. The computational findings sug-
gest that the Alg-Ep-STO coating exhibits robust and planar adsorption 
onto the alcoolate, -C-O-, hydroxyl groups, and SrTiO3. Moreover, the 
results indicate a strong adhesion of Alg-Ep-STO to the Cu (111) surface, 
with an adsorption energy of − 380.28 kcal/mol. 
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Given the high toxicity of inorganic inhibitors, organic substances, primarily heterocycles, have been proven to be

one of the most efficient, cost-effective, and practical alternatives. Severe limitations in the application of organic

corrosion inhibitors, particularly their environmental toxicity, have greatly accelerated the investigation of eco-

friendly and sustainable alternatives. Corrosion control has made significant use of green chemistry ideas in recent

years. This involves using different sustainable materials, techniques and strategies for corrosion control. Bio-based

materials, including plant extracts, natural polymers, gums, waste, amino acids, and carbohydrates, are widely

employed as sustainable materials. They are considered the best eco-friendly substitutes owing to their natural

origin, biodegradability, and non-accumulation. Recently, several green synthetic techniques have been used to

create green synthetic inhibitors, including microwave (MW) and ultrasonic (US) irradiation, particularly in conjunc-

tion with one-step multicomponent reactions (MCRs). Besides being green and sustainable, compounds derived

from MW and US irradiation are more effective inhibitors than those obtained via traditional synthesis. Synthetic

inhibitors derived using sustainable chemicals, solvents, and catalysts are also regarded as green alternatives.

Inhibitors synthesized using natural substrates such as AAs and carbohydrates are semisynthetic alternatives.

Recently, self-healing and synergism have emerged as additional environmentally friendly corrosion prevention

methods. Computational modeling and simulations such as density functional theory (DFT), molecular dynamics

(MD), and Monte Carlo (MC) simulations save money and resources by minimizing the number of experimental

trials. Herein, we discuss the current research on using various eco-friendly and sustainable materials, technologies,

and strategies for corrosion prevention together with their challenges and opportunities.

1. Introduction
1.1. Corrosion and corrosion inhibition: a shift from
inorganic (toxic) to green corrosion inhibitors

Metallic materials are extensively employed in various fields,
including building supplies, particularly in the petroleum, oil,

and gas industries.1 Unfortunately, most metals rapidly
succumb to corrosive degradation due to the reactivity of
environmental elements as they are thermodynamically
unstable in their pure form. Corrosion is a natural phenom-
enon that impacts the economy, public safety, and environ-
ment. Numerous industrial processes employ extremely aggres-

aDepartment of Chemical Engineering, Khalifa University of Science and Technology,

P.O. Box 127788, Abu Dhabi, United Arab Emirates.

E-mail: chandraverma.rs.apc@itbhu.ac.in
bInterdisciplinary Research Center for Advanced Materials, King Fahd University of

Petroleum and Minerals, Dhahran 31261, Saudi Arabia.

E-mail: maquraishi.apc@itbhu.ac.in, tahir.rasheed@hotmail.com
cSchool of Civil Engineering and Architecture, Chongqing University of Science and

Technology, Chongqing, China. E-mail: drrubyaslam@gmail.com
dElectric Mobility and Tribology Research Group, CSIR-Central Mechanical

Engineering Research Institute, Mahatma Gandhi Avenue, Durgapur 713209, India.

E-mail: pr_banerjee@cmeri.res.in
eDepartment of Chemistry, College of Science, Taibah University, Yanbu 30799,

Al-Madina, Saudi Arabia. E-mail: drjeenataslam@outlook.com

fInstitute for Nanotechnology and Water Sustainability, College of Science,

Engineering and Technology, University of South Africa, Johannesburg 1710,

South Africa. E-mail: taiwoquadri27@gmail.com
gCorrosion Research Laboratory, Department of Applied Chemistry, Faculty of

Engineering and Technology, Aligarh Muslim University, Aligarh 202002, India.

E-mail: samanzehra2050@gmail.com
hDepartment of Chemistry, Government Digvijay Autonomous Postgraduate College,

Rajnandgaon, Chhattisgarh 491441, India. E-mail:

dakeshwarverma@gmail.com
iDepartment of Chemistry, School of Sciences, Hemvati Nandan Bahuguna Garhwal

University, Srinagar 246174, Garhwal, India. E-mail: dubey.shikha.bhu@gmail.com
jModern National Chemicals, Second Industrial City, Dammam 31421, Saudi Arabia.

E-mail: dheeraj.chauhan.rs.apc@itbhu.ac.in

This journal is © The Royal Society of Chemistry 2024 Green Chem.

http://rsc.li/greenchem
http://orcid.org/0000-0001-9249-7242
http://orcid.org/0000-0001-5908-5836
http://orcid.org/0000-0002-3009-5894
http://orcid.org/0000-0003-4845-6448
http://orcid.org/0000-0002-2921-5983
http://orcid.org/0000-0002-5484-7595
http://orcid.org/0000-0002-7822-0084
http://crossmark.crossref.org/dialog/?doi=10.1039/d3gc05207a&domain=pdf&date_stamp=2024-03-18


sive electrolytes, which disintegrate metallic components and
undesirable surface contaminants. The National Association of
Corrosion Engineers (NACE) estimation predicts that the
global cost of corrosion is about 3.4% (US $2.5 trillion) of the
world’s gross domestic product (GDP).2,3 Fortunately, existing
techniques can reduce the expense of corrosion by 15% (US
$375 billion) to 35% (US $875 billion).4,5 Before 1965, the
efficiency of corrosion inhibitors was the primary factor in
their selection, regardless of their effect on the environment.
The first line of protection was utilizing inorganic species such
as chromates, nitrates, nitrites, phosphates, molybdates, and
tungstates because of their great potential at relatively low con-
centrations. These species are called passivators because they
shield metal surfaces from corrosion by generating a passive
covering. Chromates, nitrates, and nitrites are oxidizing
anions or oxygen-free passivators as they passivate metal sur-
faces without oxygen.6,7 In contrast, phosphates, molybdates,
and tungstates passivate metal surfaces only in the presence of
oxygen; therefore, they are referred to as oxygen-dependent
passivators or non-oxidizing anions.8 However, because of
their toxicity and bioaccumulative nature, less expensive and
more practical substitutes gradually replaced them (Fig. 1).
Economic factors came into play between 1965 and 1978, and
corrosion engineers and scientists created and used some
affordable substitutes. Following that (1980–1995), rising eco-
logical consciousness compelled scientists and engineers to

employ comparatively eco-friendly substitutes. However, recent
(from 1995) corrosion science and engineering studies have
cast doubt on the creation of reasonably priced ecologically
suitable substitutes. Among them, organic compounds remain
the top options given that they are well-established as one of
the most efficient, cost-effective, and profitable means of cor-
rosion protection.9–11

The use of numerous materials with natural and manmade
origins in green corrosion protection has recently
increased.9–11 Natural green corrosion inhibitors, including
plant extracts, have been extensively researched and tested.
Because of their plant-based origin, they are the best environ-
mentally friendly, commercially viable, bio-degradable, bio-tol-
erable, and non-bioaccumulative substitutes for hazardous
corrosion inhibitors.12–14 Each extract contains a variety of
phytochemicals, ranging from simple to complex, which are
joined by frequent conjugation to form polar functional
groups and aromatic rings. In addition to other natural sub-
stances, such as carbohydrates, bio-surfactants, biopolymers,
amino acids, and pharmaceuticals (chemical medications),
green corrosion inhibition has attracted significant
attention.15–19 The term “green substitute” can also be used to
describe synthetic inhibitors made utilizing green starting
materials (e.g. carbohydrates, amino acids, and natural
resources), green solvents (e.g. water, supercritical carbon
dioxide and deep eutectic solvent), and green (bio-based) cata-
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Fig. 1 Chronological growth in the development of green corrosion inhibitors (a journey to effectivity) (1960–1980; economy to ecology)
(1980-present) [self-illustration, copyright permission not required].
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lysts. Additionally, multicomponent reactions (MCRs) have
several advantages over traditional synthetic processes,
making them “green”.20 Fig. 2 illustrates common examples of

toxic and sustainable organic and inorganic corrosion inhibi-
tors. Accordingly, corrosion inhibitors prepared via MCRs, par-
ticularly applying microwave and ultrasound irradiation, can

Fig. 2 Common examples of toxic and sustainable inorganic and organic corrosion inhibitors and examples of their toxic and sustainable alterna-
tives [self-illustration, copyright permission not required].
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also be referred to as green alternatives.21,22 Herein, we offer a
thorough and historical overview of the developments in green
corrosion inhibition. Green chemistry principles and theories
are emphasized in the design, development, and use of green
corrosion inhibitors and green inhibition. The advantages,
challenges, and prospects of each series of green alternatives
have been explored using the action and behavior of indus-
trial-based electrolytes.

Corrosion science and engineering have made significant
strides in recent years, focusing on the design, synthesis, and
implementation of environmentally friendly alternatives to
conventional toxic inhibitors in response to growing public
awareness of environmental issues and strict ecological
policies.23,24 Examining the bioaccumulation potential, biode-
gradability, and environmental toxicity of a chemical species is
a straightforward way to ascertain whether it is environmen-
tally friendly as a corrosion inhibitor.25,26 These factors are
evaluated by international organizations such as the Oslo and
Paris Commission (OSPAR) and the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH). REACH,
a regulation of the European Union (EU), was adopted on
December 18, 2006, and became effective on June 7, 2007.27

The 849-page EU regulation discusses the design, develop-
ment, and use of chemicals and their effects on the natural
world and human health. The Oslo Convention against
Dumping of Wastes at Sea, signed in 1972, and the Paris
Convention on Marine Pollution from Land-Based Sources,
signed in 1974, were combined and updated to become OSPAR
on September 22, 1992.28–30 The bioaccumulation, biodegrad-
ability and toxicity of chemical compounds and their effects

on the environment and human health can all be evaluated
using the recommendations and indices established by these
commissions. The effective and lethal concentrations of a
chemical compound, which are denoted as EC50 and LC50,
respectively, can be used to evaluate the toxicity of the com-
pound before it is utilized as a corrosion inhibitor.31,32 EC50

indicates the chemical concentration that negatively impacts
the growth of the living population, while LC50 suggests the
concentration of a substance that results in the death of 50%
of the population. A lower LC50/EC50 ratio indicates more sig-
nificant sensitive toxicity and vice versa. Alternatively, a sub-
stance is considered harmless if its LC50/EC50 value exceeds
10 mg kg−1.33,34

Microorganisms known as decomposers spontaneously
break down most chemicals, albeit the process is quite slug-
gish and can take days, months, or even years.35 If a chemical
breaks down by 60% or more in 28 days, it can be considered
environmentally benign.36 The ability of a chemical to accumu-
late in a living thing when its only supply is water is known as
bioaccumulation.37,38 Usually, the partition coefficient, which
is abbreviated as log KOW or DOW, is used to measure it. In
general, KOW or DOW denotes the ratio of a concentration of a
compound in a mixture of two immiscible solvents at equili-
brium. The measurement in an octanol and water mixture is
called bioaccumulation. An environmentally friendly com-
pound should have a KOW or DOW value of three or less.39

Sustainable technology development depends on addressing
the problem of toxicological data (i.e. toxicity (LC50/EC50), bio-
degradability and bioaccumulation (KOW or DOW) and the
environment and human health) in corrosion inhibition
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investigations.40,41 The utilization of toxicology data is essen-
tial to guaranteeing that the corrosion inhibitors employed in
different industries are appropriate for human health, the
environment, and corrosion prevention.42,43 To reduce any
possible impact on ecosystems and human health, researchers
and developers can make well-informed decisions by evaluat-
ing the toxicity of corrosion inhibitors.44 This proactive strat-
egy helps ensure that the market accepts these innovations
and they remain viable over the long run, while also in agree-
ment with ethical and environmental concerns. The foun-
dation for responsible innovation is laid by highlighting the
significance of toxicity data in the early phases of corrosion
inhibitor research.40,41 It represents a dedication to developing
technology that addresses the direct problems associated with
corrosion, while also advancing ecological responsibility and
sustainability in the long run.

1.2. Green corrosion inhibition: practices and applications

Green corrosion inhibition has emerged as a sustainable and
environmentally conscious method to safeguard metal struc-
tures against the detrimental impacts of corrosion.45 These
techniques aim to mitigate the ecological footprint associated
with conventional corrosion inhibitors by utilizing inhibitors
derived from renewable sources. These inhibitors create a pro-
tective layer on the metal surface, preventing corrosive sub-

stances from infiltrating and deteriorating the metal through
film formation, adsorption, and passivation. Numerous
alternatives of natural and synthetic origins have been devel-
oped to protect against metallic corrosion in industrial
environments (Fig. 3). Among them, corrosion inhibitors
made from plants and animals, such as biological extracts,
biopolymers (such as polysaccharides), and amino acids, are
common. These alternatives undoubtedly contain a variety of
molecules known as biochemicals and phytochemicals, which
are obtained from animals and plants, respectively (Fig. 3),
aiding in their absorption and function as efficient inhibi-
tors.46 However, the degradation of the inhibitors obtained
from biological systems at high temperatures limits their
utility. Thus, synthetic alternatives are still the best option
because they are considerably more stable, efficient, and cost-
effective, particularly at high solution temperatures and with
aggressive electrolytes. The use of green corrosion inhibitors
offers several advantages. Firstly, minimizing reliance on non-
renewable resources and restricting the release of dangerous
substances into the environment help preserve the ecosystem.
Green inhibitors are also frequently biodegradable, ensuring
their safe disposal without endangering the ecosystem in the
long term.47,48 Additionally, they exhibit lower toxicity levels
than their traditional counterparts, enhancing the safety of
those involved in their application and handling. Another
notable advantage of green inhibitors is their cost-effective-

M. A. Quraishi

Prof. Mumtaz A. Quraishi is
Chair Professor at the
Interdisciplinary Center for
Research in Advanced Materials
at King Fahd University of
Petroleum and Minerals
(KFUPM), Saudi Arabia. He
obtained his Ph.D. in Synthetic
Organic Chemistry in 1986 from
Kurukshetra University. He was
awarded a D.Sc. 2004 from
Aligarh Muslim University
Aligarh in Corrosion Inhibition
of Industrial Metals and Alloys.

Before joining KFUPM, he was Full Professor at IIT BHU Varanasi,
India. He also served as Head (Chairman) of the Department of
Chemistry at IIT BHU. He has more than 35 years of teaching
experience. He has received several national and international
awards. Dr Quraishi is Associate Editor of Current Material
Science Bentham and a member of the Editorial Board of more
than 30 international journals. Dr Quraishi is a Fellow of the
Royal Society of Chemistry UK and a member of the American
Chemical Society. He has published over 400 papers in peer-
reviewed journals with an h-index of 108 and citations of more
than 37 900. His global status is one regarding the h-index in cor-
rosion inhibitors. He has authored the book Heterocyclic Organic
Corrosion Inhibitors Principles and Applications, Elsevier 2020.

Shikha Dubey

Dr Shikha Dubey is currently
serving as Assistant Professor
(Analytical Chemistry) at the
Department of Chemistry,
Hemvati Nandan Bahuguna
Garhwal University, Srinagar,
Garhwal, Uttarakhand.
Dr Dubey obtained her
Bachelor’s (B.Sc. Hons.) and
Master’s degree (M.Sc. Analytical
Chemistry) from the Department
of Chemistry, Institute of
Science, Banaras Hindu
University, Varanasi. After quali-

fying for the CSIR-NET exam, she joined the Department of
Chemistry, Indian Institute of Technology (BHU). She has syn-
thesized various nanomaterials via simple precipitation and green
routes to treat metal-laden water and wastewater. Her research
interest involves nano-biomaterial synthesis and characterization,
development of low-cost adsorbents/nano adsorbents/magnetic
nano-sorbents for water remediation and green-synthesis of
materials, characterization and application in environmental
remediation, photocatalytic degradation of organic and inorganic
pollutants, etc. Dr Dubey has attended several international and
national conferences and delivered expert talks. She also has
attended several workshops.

Critical Review Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2024



ness, given that they can be produced at competitive prices
due to the availability of renewable resources and scalable
manufacturing processes.

Various industries including oil and gas refineries, power
generation, pharmaceutical utilities, and metal and mining,
have adopted green corrosion inhibition practices.49 The
demand and market size for corrosion inhibitors that are oil-
based, solvent-based, and water-based are rapidly increasing
due to the rising industrialization. During the period
2022–2029, the corrosion inhibitor business is projected to
grow at an astounding compound annual growth rate (CAGR)
of 4.7%. The worldwide market for corrosion inhibitors is
expected to grow from US $7.5 billion in 2021 to US $11.33
billion by 2029. Because of its large reserves of petroleum and
natural gas and increased R&D efforts, Asia–Pacific now holds
a monopoly on the corrosion inhibitors market. Green inhibi-
tors are employed in bridges, buildings, and pipelines in the
construction and infrastructure sector to prevent corrosion,
extend their lifespan, and reduce maintenance costs.50 The
automotive and transportation industries enhance the cor-
rosion resistance of their vehicles and prolong their service life
by incorporating green inhibitors into coatings, fuel systems,
and cooling systems. Furthermore, energy and power gene-
ration systems, such as power plants, wind turbines, and solar
panels, benefit from green inhibitors to ensure the efficiency
and durability of these renewable energy sources. Green cor-
rosion inhibitors play a pivotal role in safeguarding ships,
offshore platforms, and underwater structures from corrosion,
given that they are constantly exposed to harsh marine and
offshore environments, which can be detrimental to these
systems.51 In manufacturing and industrial processes such as
metalworking, oil and gas refining, and chemical processing,
green inhibitors are essential for preventing equipment and
component corrosion, thereby maintaining operational

efficiency and minimizing downtime. The successful
implementation of green corrosion inhibition practices
necessitates the optimization of formulations, appropriate
surface preparation, and practical application methods. Real-
world examples underscore the effectiveness and cost-
efficiency of green inhibitors across various industries, show-
casing their potential to revolutionize corrosion prevention,
while promoting environmentally responsible practices.52

1.3. Green chemistry and green chemistry principles in
service of corrosion science

The term “green chemistry”, which is also referred to as clean
chemistry or benign and sustainable chemistry, encompasses
the fabrication of chemicals and the development of processes
aimed at reducing risks to human health and minimizing
environmental pollution. The fundamental objective of green
chemistry solutions is mitigating or eradicating the harmful
impacts of chemicals throughout their life cycle. The inception
of green chemistry dates back to 1991, which was marked by
the launch of the Alternative Synthetic Pathways for Pollution
Prevention research program by the U.S. Environmental
Protection Agency (EPA). This program emerged under the
umbrella of the Pollution Prevention Act of 1990. It substan-
tially shifted from previous EPA endeavours by emphasizing
reducing or eliminating hazardous substance production. This
approach is different from the conventional management of
chemicals after manufacturing and their release into the
environment. Over time, this research initiative expanded to
encompass the exploration of more environmentally friendly
solvents and safer chemicals. In 1996, “green chemistry” was
officially embraced to include these principles.53,54 Since then,
green chemistry has emerged as a promising avenue of
exploration regarding metallic material degradation.
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Specifically, employing inhibitors is a strategic approach for
pre-empting, managing, or retarding metal corrosion.
Traditional corrosion inhibitors often involve toxic or environ-
mentally harmful substances, leading to unintended conse-
quences. In contrast, green chemistry techniques seek to
design effective inhibitors against corrosion and are environ-
mentally friendly throughout their life cycle. Green chemistry
presents a promising approach for preventing, managing, and

mitigating corrosion. In recent years, the focus of green chem-
istry has shifted towards safeguarding both the environment
and human well-being through economically advantageous
means, aiming to eliminate toxins and curtail waste. In the
realm of metallic material degradation, which is an area often
confronted with the use of harmful substances, “green chem-
istry” has emerged as a thriving domain of research. The use
of inhibitors is a well-established strategy when combatting

Fig. 3 Schematic illustration of some major classes of natural (animal and plant derived) corrosion inhibitors and their peculiar examples (upper)
and different phytochemicals or constituents present in extracts that can serve as corrosion inhibitors (lower)46 [the lower portion was reproduced
from ref. 46 and appropriate permission has been obtained, Copyright, Elsevier, 2017].
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metal corrosion through prevention, control, or deceleration.
Conventional corrosion inhibitors have been demonstrated to
be effective but are associated with significant drawbacks,
including environmental ramifications, toxicity concerns, and
adherence to regulatory stipulations.

However, as the emphasis on environmental impact grows,
the demand for more sustainable alternatives is increasing
accordingly. In this case, “green chemicals” or environmentally
friendly compounds offer a novel and promising avenue for
addressing corrosion issues. Within the realm of corrosion
science, green chemistry frequently involves the deployment of
inhibitors, which are substances designed to reduce the cor-
rosion rate. These inhibitors are meticulously engineered to
exhibit biodegradability, renewability, and reduced toxicity.
They can be derived from natural sources such as plants, bio-
polymers, and amino acids, which contain organic compounds
capable of forming protective films on metal surfaces.
Additionally, embracing green methodologies for corrosion re-
sistance may involve substituting solvent-based coatings with
water-based counterparts. The endeavours in green chemistry
all share a common goal, i.e., to diminish the environmental
footprint, while effectively safeguarding materials from cor-
rosion. This contribution to corrosion inhibition stems from
the commitment of green chemistry to developing environ-
mentally friendly and sustainable inhibitors. These inhibitors
are meticulously designed to reduce the reliance on toxic
chemicals and minimize waste generation.

The theories and concepts of green chemistry offer a fresh
perspective on corrosion science and engineering by empha-
sizing the creation of environmentally friendly materials and
processes with the fewest detrimental effects on the
environment.20,55 Essentially, green chemistry encourages the
development of intrinsically safe protective coatings and cor-
rosion inhibitors by reducing or eliminating the hazardous
chemicals commonly employed in corrosion control practices.
Green chemistry connects corrosion research with broader sus-
tainability goals by highlighting the creation of environmen-
tally friendly solutions, such as bio-based inhibitors derived
from renewable resources and using energy-efficient electro-
chemical processes that produce fewer toxic byproducts. The
lifetime and integrity of materials are guaranteed by this inte-
gration, which also promotes a comprehensive approach
where environmental stewardship and material preservation
principles come together to drive innovation and responsible
practices in corrosion research and engineering. The twelve
principles of green chemistry reinforce creating and using
environmentally friendly materials and processes.56–58

Regarding green corrosion inhibitors, these principles direct
the creation and application of materials that meet standards
such as waste avoidance, safer chemical design, and the utiliz-
ation of renewable feedstocks. Green corrosion inhibitors
reduce environmental pollution by ensuring that their appli-
cation produces few or no harmful by-products, which is con-
sistent with waste prevention principles.59,60 Furthermore,
these inhibitors place a high priority on creating non-toxic
compounds and protecting ecosystems. The synthesis of these

materials using renewable resources is consistent with the con-
cepts of sustainability and resource efficiency. In addition,
adding these inhibitors lessens operations that consume a
large amount of energy, which is an example of energy
efficiency. Generally, green corrosion inhibitors promote safe,
effective, and sustainable corrosion prevention methods, while
reducing harmful environmental effects, embodying the twelve
principles.

Reducing toxicity, limiting environmental effects, and uti-
lizing plant extracts, amino acids, and carbohydrates as cor-
rosion inhibitors are examples of various green chemistry
principles.3,14,15 This is because they provide non-toxic and
biodegradable solutions, being composed of natural sub-
stances and can be considered environmentally benign substi-
tutes for synthetic inhibitors. Furthermore, applying plant
extracts, amino acids, and carbohydrates can lessen the
requirement for energy-intensive procedures to create synthetic
inhibitors, which is consistent with the energy efficiency prin-
ciple. More environmentally friendly compounds that inhibit
corrosion with less adverse effects on human health and the
environment include biodegradable polymers, polyethylene
glycol (PEG), and ionic liquids (ILs).3,20 These materials are
prime examples of green chemistry. These substances adhere
to the synthesis of less dangerous chemicals by reducing their
volatility and toxicity, while offering efficient corrosion preven-
tion. Biodegradable polymers fulfil the crucial requirement of
designing for breakdown by guaranteeing that the inhibitors
decompose into innocuous chemicals.

The solvent-free strategy adheres to the waste prevention
concept by minimizing environmental damage related to
solvent use by avoiding the requirement for solvents.61,62

Additionally, the solvent-free approach promotes atom
economy by combining all reactants in the finished product
and maximizing the resource efficiency. It lowers health and
safety hazards, which is consistent with creating safer chemi-
cals. By giving preference to environmentally friendly solu-
tions, corrosion inhibitors developed from green solvents
exemplify multiple green chemistry concepts.63–65 The success-
ful application of green chemistry principles to environmental
responsibility and corrosion avoidance is exemplified by cor-
rosion inhibitors derived from green solvents. Green chemistry
principles are best shown by MW (microwave)- and ultrasonic-
derived corrosion inhibitors, which promote efficient synthesis
methods that reduce energy consumption and waste pro-
duction.22 Faster reaction times, energy savings, and improved
process efficiency are common outcomes of MW and US
irradiation.66 Furthermore, consistent with the idea of creating
cleaner chemicals, these techniques frequently require little or
no harmful solvents. The environmental factor, sometimes
known as the E-factor, is a metric to assess how a chemical
process affects the environment. Eqn (1) can be used to deter-
mine the E-factor by dividing the entire amount of waste gen-
erated during a procedure by the mass of the intended
product.67 A method with a lower E-factor produces less waste,
and therefore is more environmentally friendly. The environ-
mental impact of a process is influenced by several variables,
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such as raw material selection, energy use, and waste pro-
duction. However, information regarding the E-factor of cor-
rosion inhibitors is scarce. Our research team synthesized
three glucose derivatives, namely ethylenediamine-modified
glucose (EMG), tetramethylenediamine-modified glucose
(TMG), and hexamethylenediamine-modified glucose (HMG),
and investigated their ability to inhibit mild steel corrosion in
1 M HCl.68 The results showed that for every kg of product
(EMG, TMG, and HMG), 1–2 kg of waste was produced, which
is acceptable considering the application of corrosion
inhibition.69,70 A subsequent investigation indicated that the
E-factors of zwitterionic corrosion inhibitors derived from
amino acids were 2.592 and 4.854, respectively.71

E‐factor ¼ Totalmass of waste generated
Mass of desired product

ð1Þ

1.3.1. Mechanism of action of green corrosion inhibitors.
Green corrosion inhibitors are chemicals or compounds that
are environmentally friendly and designed to protect metals
and alloys from corrosion in a corrosive environment.13,72

They are considered “green” because they aim to minimize or
eliminate the harmful effects on the environment and human
health, often by being biodegradable, non-toxic, and less
hazardous compared to traditional corrosion inhibitors. These
inhibitors are used in various industries, including oil and
gas, manufacturing, marine applications, and transportation,

where metal corrosion can lead to significant economic losses
and safety hazards. The common types of green corrosion
inhibitors include, drugs, organic compounds, plant extracts,
polysaccharides, nanoparticles, amino acids, dyes and green
salts.73,74 Green or sustainable corrosion inhibition is a rela-
tively new and rapidly growing field to explore and develop
new environmentally friendly alternatives for toxic alternatives.
The goal is to reduce the environmental impact associated
with corrosion protection, while maintaining high-perform-
ance standards.75,76 The primary selection criteria of a sustain-
able corrosion inhibitor are illustrated in Fig. 4.

Similar to traditional inhibitors, sustainable corrosion
inhibitors of natural and biological origin become effective by
forming a corrosion inhibitive film through their adsorption.
The adsorption may be purely chemical, physical or physio-
chemical type. Generally, the adsorption of the inhibitor
begins with physisorption and is established as chemisorp-
tion. Physisorption involves weak electrostatic interactions,
while chemisorption involves stronger chemical bonds. Fig. 5
represents the physisorption and chemisorption of an organic
inhibitor in an acidic electrolyte. Certain green corrosion
inhibitors participate in redox reactions, donating or accepting
electrons from the metal surface. This electron transfer
process alters the electrochemical reactions during corrosion,
reducing its rate.77,78 The combined action of multiple inhibi-
tors can lead to a more significant reduction in the corrosion
rate. The enhanced inhibitive effect of using two or more cor-

Fig. 4 Schematic illustration of the general requirements of a compound to be used as a corrosion inhibitor [self-illustration, copyright permission
not required].
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rosion inhibitors in combination, where their combined effect
is more efficient than the sum of their individual effects, is
known as the synergistic mechanism of corrosion
inhibition.79,80 It can result in corrosion protection, which is
more effective and economical. In organic inhibitors, halide
ions (I−, Br− and Cl−) frequently work in concert with cor-
rosion inhibitors.81,82 Increasing the adsorption of organic
inhibitors on metal surfaces can strengthen the corrosion pre-
vention. Furthermore, Zn2+, Cu2+, and Sn2+ are the primary
metal cations that can work together to form a more stable
protective film on the metal surface. For instance, zinc ions
are frequently employed in conjunction with organic inhibitors
as synergists.79,83–85

Surfactants and polymeric compounds are also used in cor-
rosion protection as synergists. Some inorganic anions (NO3

−,
SO4

2− and PO4
3−) can influence the electrochemical processes

at the metal interface, thereby acting as synergists.86,87 They
can alter the kinetics of corrosion and enhance the overall
efficacy of the process in inhibiting corrosion. The type of
metal being protected, the particular corrosion environment

and the type of corrosion inhibitor used all influence the
choice of synergists. Synergistic pairings are frequently custo-
mized to meet the unique requirements of a specific corrosion
situation. Noticeably, the inhibition potential of inhibitors
depends on many factors, including their electronic structure,
nature of the metal and electrolytes, operating temperature
and presence of additives.88–90 After getting adsorbed, green
corrosion inhibitors retard both anodic and cathodic reac-
tions, although in some cases, slight cathodic or anodic predo-
minance has also been reported.

The corrosion protective film of inhibitors acts as a barrier
between the metal and the corrosive environment.91,92 The
inhibitor film may be monolayered or polylayered depending
on the nature of the metal, electrolyte and inhibitors. Its
specific functional groups can strongly bond with the metal
surface, creating a well-organized and tightly packed film. In
some circumstances, it can undergo chemical reactions on the
metal surface, forming protective precipitates. Also, corrosion
products provide some protection from further dissolution by
serving as a barrier between the metal and the environment.

Fig. 5 Schematic presentation of the adsorption of a corrosion inhibitor having an amino (–NH2) substituent on steel surface in acidic (HCl, H2SO4,
etc.) and the mode of physisorption and chemisorption [self-illustration, copyright permission not required].
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The formation of carbonates and sulfides in the presence of
CO2 and H2S is a common example of corrosion protection via
precipitates.93,94 The formation of precipitates occurs under
certain conditions, e.g., the formation of FeCO3 occurs prefer-
ably below pH 6 and temperature of 90 °C.95 The dissolution
of CO2 in H2O and the formation of FeCO3 are presented in
Fig. 6.

The most efficient organic inhibitors have polar functional
groups in their chemical structures.9–11,96 The substituents
substantially impact the coordination proficiency of organic
inhibitors by altering the electron density at the donor sites,
which are also known as adsorption or coordination sites. The
polar substituents at the p-position that produce resonance
effects include –OCH3, –OH, –NMe2, –NH2, –NO2, –CN, and
–COOH. The corrosion inhibition efficiency (%IE) may
occasionally be increased by e-withdrawing polar substituents
at the o-position due to the potential chelation and substituent
effects of polar substituents at the o-position.11 Due to their
−R-effect, e-withdrawing substituents such as –NO2, –CN, and
–COOH, often harm the inhibition potential. Alternatively,
macromolecules (polymers) may be beneficial for the %IE by
increasing the solubility of the inhibitor.97–99 These substitu-
ents affect the electron density at donor sites due to their ±R-
effect (Taft substituent constant) and ±R-effect (Hammett sub-
stituent constant). The effect of some common substituents on
the inhibition potential of some heterocyclic inhibitors is
schematically presented in Fig. 7.

1.4. Greenness of corrosion inhibitors: toxicity, solubility
control, and degradation aspects

Corrosion inhibitors are classified as “green” based on three
main criteria, i.e., toxicity, solubility control, and degradation.
These factors are critical when determining and guaranteeing
the environmental friendliness of corrosion inhibitors. The util-
ization of green corrosion inhibitors exemplifies how the
reduction of toxicity can significantly enhance the principles of
sustainable development. This multifaceted approach can be
elucidated through various key facets. Firstly, addressing
human health and safety is pivotal. Conventional corrosion
inhibitors frequently incorporate toxic elements such as heavy
metals and hazardous organic compounds.100 These substances
pose substantial threats to the well-being of humans throughout
their lifecycle, from production to disposal. Those engaged in
the manufacturing and application of these inhibitors encoun-
ter potential exposure to perilous chemicals. Thus, the shift
towards green corrosion inhibitors, distinguished by lower tox-
icity levels, effectively mitigates these health risks, fostering
safer working environments. Furthermore, environmental pro-
tection becomes paramount, given that the harmful inherent
components in conventional corrosion inhibitors have the
potential to infiltrate the environment during both their appli-
cation and disposal phases.101 This pollution, with far-reaching
consequences for soil, water, and air quality, threatens ecosys-
tems and potentially contaminates the food chain.

Fig. 6 Schematic presentation of the formation of H2CO3 and FeCO3 at different pH in CO2-rich (sweet) environment and mackinawite (nFeS) in
H2S-rich (sour) environment [self-illustration, copyright permission not required].
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Green corrosion inhibitors are formulated with a keen
awareness of minimizing environmental harm. By curtailing
the discharge of toxic substances, these alternatives play a
pivotal role in shielding natural resources and maintaining the
ecological equilibrium.102 Sustainable manufacturing, as a
pivotal tenet, is equally underscored. Green corrosion inhibi-
tors are frequently composed of natural extracts,103,104 biopoly-
mers,16 and ecologically-friendly compounds. These materials
are marked by their renewability and sustainable attributes
compared to the less sustainable toxic alternatives. This shift
towards greener materials harmonizes the manufacturing
process with sustainable paradigms, thereby curbing resource
depletion and energy usage. The significance of waste
reduction is also accentuated. The reduced toxicity of green
corrosion inhibitors makes managing waste generated from

their production and use considerably less complex. In con-
trast, toxic waste disposal requires specialized handling and
treatment, inevitably exacerbating the environmental conse-
quences. Adopting green inhibitors eliminates the need for
specialized waste management, thus easing the burden on
waste management systems.59 The pivotal aspect of regulatory
compliance has to be considered. Given the stringent regu-
lations governing the employment and disposal of toxic sub-
stances in various regions, integrating green corrosion inhibi-
tors inherently facilitates adherence to these mandates. This
proactive approach not only averts potential penalties but also
averts legal entanglements associated with the use of toxic
materials. Ultimately, the pursuit of long-term sustainability
takes center stage. As industries shift towards sustainable prac-
tices, incorporating green corrosion inhibitors merges seam-

Fig. 7 Schematic illustration of the effect of some common substituents on the inhibition potential of some representative series of organic inhibi-
tors.11 [Reproduced from ref. 11 with permission, Copyright, Elsevier, 2023.]
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lessly with overarching sustainable development objectives.
The abatement of toxicity curtails adverse impacts on both
human society and the environment and contributes to the
realization of a more harmonious and sustainable future.

Solubility control is a fundamental concept that is crucial
in advancing sustainable development, particularly in green
corrosion inhibitors. This principle is based on the intricate
balance between two critical aspects, i.e., the solubility of the
inhibitor and its effectiveness in preventing corrosion. Within
this complex interplay, the solubility characteristics of an
inhibitor can significantly impact both its performance and
environmental impact.20 Corrosion inhibitors with high solu-
bility carry the inherent risk of potentially leaching into the
surrounding environment. When these highly soluble inhibi-
tors are employed, they are more likely to extend beyond their
designated application areas. This can result in unintended
environmental consequences, such as the contamination of
soil, water bodies, and ecosystems. Furthermore, the release of
these inhibitors into the environment can disrupt the delicate
ecological balance and adversely affect the flora, fauna, and
human health. Thus, solubility control is pivotal in mitigating
these undesirable outcomes. Alternatively, inhibitors with low
solubility may face challenges in providing adequate corrosion
protection. If an inhibitor has limited solubility, it may
struggle to disperse and interact with the metal surface to
form a protective layer. This can compromise the ability of the
inhibitor to prevent corrosion effectively. Consequently, there
should be a trade-off between the solubility of an inhibitor and
its capacity to deliver reliable corrosion resistance. The
essence of green corrosion inhibitors lies in their endeavor to
strike an optimal balance in solubility. The goal is to identify
and formulate inhibitors that achieve an ideal solubility
threshold. This equilibrium ensures that the inhibitor dis-
solves sufficiently, allowing it to interact with the metal surface
and inhibit corrosion. Simultaneously, the solubility of the
inhibitor is controlled to prevent its excessive leaching into the
environment. By attaining this equilibrium, green corrosion
inhibitors simultaneously address corrosion prevention and
environmental impact. The controlled solubility ensures that
the inhibitor effectively serves its intended purpose, while
minimizing the potential for harm to the ecosystem and
human health.105 This harmonious alignment of effectiveness
and environmental consideration exemplifies a fundamental
principle of sustainable development, namely the capability to
harmonize technological progress with the responsible man-
agement of natural resources.

Degradation represents a pivotal and multifaceted aspect
that significantly contributes to the advancement of sustain-
able development, especially within the domain of green cor-
rosion inhibitors. This principle is based on the inherent
capacity of these inhibitors to undergo breakdown or degra-
dation over time. The underlying objective of degradation is to
ensure that inhibitors do not persist in the environment, cur-
tailing their potential for long-term and adverse ecological
effects. By integrating degradation as a central consideration,
green corrosion inhibitors underscore their commitment to

effective corrosion prevention and environmental responsibil-
ity.106 Biodegradability is a cornerstone of green corrosion
inhibitors and pivotal in orchestrating their compatibility with
sustainable principles.13 This intrinsic quality empowers these
inhibitors to be naturally dismantled by microorganisms or
other environmental processes, ultimately forming non-toxic
byproducts. This natural degradation pathway serves as a coun-
terbalance to the persistence of traditional inhibitors that can
endure and accumulate in the environment, potentially indu-
cing negative ramifications. The propensity of green corrosion
inhibitors to biodegrade enhances their sustainability quotient
by preventing the undue accumulation of inhibitors in the eco-
system and natural systems.59 Incorporating biodegradable
materials takes precedence to effectively facilitate degradation
and curtail the ecological footprint of green corrosion inhibi-
tors. Bio-based polymers107 and natural compounds108 are
prime examples of materials that align with the principles of
sustainable development. These materials, marked by their
capacity to undergo natural degradation processes, further
amplify the environmental compatibility of green inhibitors.
Integrating these materials not only fosters the breakdown of
inhibitors but also minimizes their potential to disrupt the
ecological balance, thus bolstering their credentials as envir-
onmentally friendly solutions.

The holistic perspective on green corrosion inhibitors
reveals that their sustainability exceeds their mere efficacy in
corrosion prevention. Their foundational principles include
low toxicity, solubility control, and crucially, degradation. This
comprehensive approach underscores the overarching commit-
ment to curbing the adverse impacts on human well-being and
the environment throughout their lifecycle. By adhering to
these principles, green inhibitors seamlessly align with the
core tenets of sustainable chemistry, effectively advocating for
the adoption of corrosion prevention practices that are
effective and environmentally conscientious.109 It is important
to recognize that the evolution of green corrosion inhibitors is
an ongoing process marked by continuous research and devel-
opment endeavors. The perpetual quest to refine these inhibi-
tors and enhance their green credentials remains imperative.
As science and technology progress, the endeavors to further
optimize the degradation characteristics of these inhibitors
remain paramount, bolstering the efficacy of sustainable
approaches in corrosion control. This commitment to inno-
vation resonates strongly with the overarching goals of sustain-
able development, i.e., harmonious coexistence between tech-
nological advancement and environmental stewardship.

In conclusion, transitioning from traditional hazardous cor-
rosion inhibitors to their green alternatives offers numerous
advantages. This paradigm shift protects the environment and
human health. It significantly contributes to sustainable devel-
opment by promoting safer workplaces, reducing environ-
mental pollution, supporting sustainable manufacturing, and
ensuring compliance with legal requirements. Controlling
solubility is pivotal in sustainable development, especially
regarding eco-friendly corrosion inhibitors. Striking the right
balance between functional efficacy and environmental
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responsibility is essential, given that the solubility and ability
of an inhibitor to prevent corrosion are intricately linked.
Pursuing optimal solubility thresholds is at the heart of green
corrosion inhibitors, embodying their commitment to aligning
with the principles of sustainable development. Sustainable
progress in green corrosion inhibitors significantly hinges on
the aspect of degradation. These inhibitors prioritize minimal
environmental impact and limited persistence in ecosystems
by emphasizing their inherent capacity to break down over
time. Achieving this objective involves integrating bio-
degradable materials and practices, which aligns seamlessly
with the principles of sustainable development. The amalga-
mation of degradation, alongside other environmentally con-
scious attributes, signifies the evolution of green corrosion
inhibitors towards more responsible and effective corrosion
prevention methodologies.110

1.5. Green metallic materials: pursuit of sustainable
corrosion inhibition

Metallic materials, especially steel alloys are the most com-
monly used metallic alloys for building materials across
various industries, including infrastructure development,
because of their high mechanical strength, extended lifespan,
versatility, and low cost.111,112 The annual steel output already
exceeds 2 billion tons; by 2050, it is projected to increase by
33%.113,114 In the oil–gas and petroleum sectors, these alloys
have also been used widely for building transport pipes,
storage tanks, distillation and purification towers, etc. Iron is
recovered from two types of ore, i.e., magnetite (Fe3O4) and
hematite (Fe2O3), using a blast furnace and a significant
amount of coke or coal. However, steel production releases
considerable CO2, a greenhouse gas (GHG) contributing
7–11% of global GHG emissions.115,116 To maintain global
warming (GW) at 1.5 °C, the United Nations (UN) advises that

industry GHG emissions must be drastically decreased.117,118

To accomplish this goal, the steel industry and other sectors
must reduce their GHG emissions by 93% by 2050 (IEA;
International Energy Agency). The steel industry is one of the
largest CO2 producers. In the UK, 25% of all industrial GHG
emissions are related to the manufacturing of steel.119 Fig. 8
depicts the amount of energy used by significant UK industries
together with their greenhouse gas emissions.119,120

A literature examination revealed that a ton of steel ore
heated in a blast furnace emits 1710–1714 kg CO2.

119,120 Coke
production and sintering are responsible for almost 90% of
the CO2 emissions from blast furnaces. Alternatively, renew-
able energy sources, electrification, and hydrogen are often
used as fuel to produce green carbon steel. Recently, to reduce
CO2 emissions and limit local warming, many European
countries, including the UK, have started restricting steel pro-
duction using conventional methods. The two most practical
and efficient strategies to minimize GHG emissions are electri-
fication and hydrogen as a fuel, but they are also likely to be
expensive. The cost of steel produced through direct reduction
utilizing electricity and hydrogen would reportedly be 20–30%
costlier than steel generated through conventional steel build-
ing. The fact that hydrogen is a low- or zero-carbon energy
source should be emphasized. However, roughly 70% of steel
is created using blast furnace heating. Alternatively, in Sweden,
the United States, and Europe in particular, where GHG emis-
sions have decreased by 95%, 20%, and 40%, respectively,
hydrogen-based steelmaking has made significant
achievements.

Techniques and procedures to address socioeconomic and
environmental problems are in great demand due to the
increased ecological concerns about green chemistry and sus-
tainable development. Due to urbanization and industrializ-
ation, carbon steel is one of the most often used metal-based

Fig. 8 (Left) Greenhouse gas (GHG) emissions from the UK industry.119 [Reproduced from ref. 119 with permission, Copyright, Elsevier, 2021.]
(Right) (a) Share of energy consumption in the industrial sector; (b) CO2 emissions and (c) final energy use in the industrial sector by fuel type.120

[Reproduced from ref. 120 with permission, Copyright, Elsevier, 2021.]
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construction materials, and its use and production are both
predicted to increase. Thus, steel industry experts and auth-
orities are searching for ways to develop efficient and sustain-
able steelmaking processes that have the potential to reduce
the global CO2 emissions to almost zero to lessen the impact
of GHG emissions. Compared to conventional blast furnace
steelmaking, it is thought that the global CO2 emissions from
the production of green carbon steel can be reduced by 95%.
Notably, the release of about two tons of CO2 into the environ-
ment is correlated with the production of one ton of steel.
Currently, there is a two billion-ton annual demand for steel
worldwide. Thus, the production and marketing of green
carbon are necessary for its advancement. Since 1975, up to a
50% reduction in GHG emissions has been achieved due to
efforts such as carbon capture and storage (CCS), using bioe-
nergy instead of coal for heating, electrification, and using
hydrogen as an energy carrier. However, despite the substan-
tial improvements in the creation of green carbon steel,
around 75% of steel manufacturing is still heated using fossil
fuels. Nevertheless, many nations, notably those in Europe,
aim to address this issue, where Sweden is currently leading
globally.121 Projections show that 31% of global steelmaking
companies heat their facilities without the use of fossil fuels.

A Swedish company estimated that the cost of green carbon
steel will be 20–30% higher than carbon steel made from fossil
fuels. This method requires 144 000 tons of hydrogen to
produce the two million tons of green steel. Fortunately, the
use of green carbon steel may not impact the overall cost of
the finished goods. For instance, the value of a middle-size
vehicle would only increase by 0.3% to 0.7%, or not more than
€250, if traditional carbon steel was converted to green carbon
steel at a rate of 100%. Engine cars contribute roughly 23% of
GHG emissions. Similarly, steel contributes approximately
25% of appliance carbon emissions. However, switching
entirely from traditional to green carbon steel would only add
about 2–4% to the price of the appliance, or about €12.
Notably, the use of fossil-free heating reduces GHG emissions
and coal pollutants. Nevertheless, heavy metal and chemical
impurities related to iron ores remain, and thus may need par-
ticular treatments before discharge.

2. Green corrosion inhibition: current
advancements and future directions
2.1. Green corrosion inhibition by selection: replacement of
toxic alternatives

Sustainable chemistry or “green chemistry” is a relatively new
and expanding field of chemistry and chemical engineering
that focuses on developing goods and procedures that utilize
less harmful materials and produce less waste. Recently, the
manufacture and use of risky conventional volatile corrosion-
inhibiting substances have been prohibited by regulations
related to the environment and the global growing ecological
consciousness. Therefore, improving synthetic and engineer-
ing chemistry using environmentally benign starting materials

or carefully planning synthesis employing non-classical energy
sources such as ultrasound and microwave heating is impera-
tive. One of the best alternative synthetic methodologies for
“green synthesis” is the use of MCRs in conjunction with ultra-
sonic (sonochemical) and microwave irradiation. Green cor-
rosion inhibition refers to the use of environmentally friendly
and non-toxic substances to prevent or reduce the corrosion of
metals. The goal is to replace traditional corrosion inhibitors
that may be toxic or harmful to the environment and human
health. This approach is aligned with sustainable practices
and is gaining increasing attention as industries seek to
reduce their environmental impact.122,123

To achieve green corrosion inhibition, researchers and
industries are focused on finding alternative corrosion inhibi-
tors that meet the following criteria:

a. Non-toxic: The selected inhibitors should not pose risks
to human health or the environment during production, appli-
cation, or disposal.

b. Biodegradable: The inhibitors should be easily broken
down by natural processes, reducing their environmental
persistence.

c. Renewable: Preferably, the inhibitors should be derived
from renewable resources, which ensures a continuous supply
without depleting finite resources.

d. High performance: The selected inhibitors should effec-
tively protect metals from corrosion, maintaining or surpass-
ing the performance of traditional toxic inhibitors.

e. Cost-effective: The inhibitors should be economically
viable and comparable in cost to conventional inhibitors to
encourage their widespread adoption.

f. Minimal side effects: The inhibitors should not adversely
affect the properties or performance of the metal substrate.

g. Compatibility: The chosen inhibitors should be compati-
ble with existing corrosion protection methods and
coatings.124,125

The selection of a suitable green corrosion inhibitor
depends on various factors, such as the metal to be protected,
the environment in which it will be used, and the specific cor-
rosion challenges it needs to address. Extensive research and
testing are necessary to identify and optimize the most
effective and environmentally friendly option for a particular
application. Replacing toxic alternatives with green corrosion
inhibitors is a step toward sustainable and responsible cor-
rosion protection practices, contributing to preserving human
health and the environment.126 Researchers are exploring
various green corrosion inhibition strategies, such as using
plant extracts, naturally occurring compounds, green synthesis
of nanoparticles, and bio-based polymers. These substances
have shown promising results in laboratory studies as cor-
rosion inhibitors for different metals. However, although pro-
gress is being made in this field, it is important to note that
developing effective green corrosion inhibitors may require
further research and testing before they can be widely adopted
in industrial applications. The choice of the most suitable
inhibitor may also vary depending on the specific metal,
environment, and intended application. The movement
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towards green corrosion inhibition reflects a broader trend in
seeking sustainable and environmentally responsible solutions
across various industries. In this regard, Goni et al. (2019),
Shehata et al. (2018) and Verma et al. (2018) demonstrated the
application of green corrosion inhibitors such as plant
extracts, ionic liquids, heterocyclic organic compounds, nano-
materials, drug molecules, and carbon allotropes, and their
advantages and future outlook.102 Promoting the replacement
of toxic alternatives contributes to the overall goal of reducing
the impact of human activities on the planet.127,128

There are several other approaches to achieving green cor-
rosion inhibition, as follows:

Bio-based inhibitors: These are derived from natural sources,
such as plant extracts, essential oils, and biodegradable poly-
mers. They offer adequate corrosion protection, while being
non-toxic and eco-friendly. Green synthesized inhibitors: These
are compounds synthesized using green chemistry principles,
which aim to minimize the use of hazardous substances and
reduce waste generation. Nanotechnology-based inhibitors:
Nanostructured materials can be corrosion inhibitors due to
their unique properties. Some nanomaterials have shown excel-
lent corrosion inhibition performance, while being relatively
environmentally safe. Passivation techniques: Instead of chemical
inhibitors, passivation methods can form a protective layer on
the metal surface, preventing corrosion. Passivation often
involves the use of non-toxic substances. Hybrid inhibitors:
These are combinations of different non-toxic substances or
methods to provide enhanced corrosion protection.

Researchers and industries are actively exploring green cor-
rosion inhibitors to promote sustainability and reduce their
environmental impact. These inhibitors are designed to be as
effective as their traditional counterparts but without the nega-
tive environmental consequences. The selection and replace-
ment of toxic alternatives involve finding suitable green cor-
rosion inhibitors to replace those currently in use. This
process involves the following: Identifying non-toxic compounds:
Researchers are searching for compounds that have inhibitive
properties but are non-toxic to humans and the environment.
Natural compounds, plant extracts, and biodegradable
materials are often considered for this purpose. Screening and
testing: Once potential green corrosion inhibitors are identi-
fied, they undergo rigorous screening and testing. Various
parameters, such as corrosion rate, inhibition efficiency, and
compatibility with the metal surface, are evaluated to deter-
mine their effectiveness. Performance comparison: The selected
green corrosion inhibitors are compared with traditional toxic
ones to ensure they provide similar levels of corrosion protec-
tion. Application feasibility: Besides corrosion inhibition
efficiency, practical aspects such as cost-effectiveness, ease of
application, and long-term stability are considered to ensure
that green inhibitors are viable alternatives. Implementing and
promoting green practices: After successful identification and
testing, industries and end-users are encouraged to adopt
green corrosion inhibitors and replace toxic alternatives.
Xhanari et al. reviewed green corrosion inhibitors for alu-
minium and its alloys. In the same vein, different literature

reviews have shown that phytochemicals can act as green cor-
rosion inhibitors in various corrosive conditions.129–132 By
adopting green corrosion inhibitors, industries can reduce
their environmental footprint and contribute to sustainable
practices. Additionally, choosing non-toxic alternatives can
lead to safer working conditions for employees and improved
environmental protection. Thus, the transition to green cor-
rosion inhibition is essential to a more sustainable and eco-
friendly future.

Gravimetric analysis and electrochemical investigations are
performed to learn about the basic properties of corrosion
inhibitors, for example, adsorption nature, corrosion potential,
inhibition efficiency, and adsorption types on the surface of
metals by the inhibitor. In general, this can be performed in
the lab via weight loss (WL) measurement, which does not
require complicated or expensive tools. Electrochemical
systems are typically three-electrode systems in which the
metal to be inhibited is employed as the working electrode.
Electrochemical tests often involve open circuit potential
(OCP), linear polarization resistance (LPR), electrochemical
impedance spectroscopy (EIS) and potentiodynamic polaria-
tion (PDP) studies. El Ibrahimi (2020) used experimental meth-
odologies in which WL and EIS demonstrated that the correct
sequence of %IE follows the order of MPBD > PBD > DMBD,
which can be attributed to the presence of electron-donating
groups.133 Alaoui (2018) extensively examined triazepine car-
boxylate derivatives such as Cl–Me–CO2Et, Me–CN, and Cl–
Me–CN, with Cl–Me–CN having a %IE of 99% at a concen-
tration of 10−3 M.134 Mo (2017) used a Schiff base,
N-isonicotinamido-3-methoxy-4-hydroxybenzalaldimine (IM),
to create vanillin and isoniazid green corrosion inhibitors,
which demonstrated outstanding inhibition effectiveness
according to the EIS analysis.135 Abdallah (2016) utilized
phenyl sulphonylethanone derivatives (PSED) compound-1
and compound-2 with reported values of 85.5% and 83.5% at
5 × 104 M, respectively.136 According to Yadav et al. (2016), EIS
analysis indicated %IE values of 95.7% for BIHT and 91.9%
for MIHT. Their increased value is related to the presence of
heteroatoms (N, O, S) and aromatic rings from the inhibitors,
which significantly interact with the surface of Fe (110).137

Experimental approaches help determine corrosion mitiga-
tion on metals and alloys in harsh media. Therefore, many
experimental techniques such as gravimetric and electro-
chemical analyses are widely used. These approaches are also
used for determining the primary effectiveness of inhibitors in
corrosion inhibition. 2-mercaptobenzothiazole (MBT)-functio-
nalized ILs are used to prevent corrosion. EIS and PDP studies
demonstrated that MBT-functionalized inhibitors inhibited
corrosion in bronze significantly more than the standard IL
[BMIM][BF4].

138 The two new green ILs [VAIM][PF6] and
[VAIM][BF4] displayed effective corrosion inhibition for carbon
steel in 1.0 M HCl solution, with [VAIM][PF6] performing better
than [VAIM][BF4].

139 Two ammonium-derived ILs, N-trioctyl-N-
methyl ammonium (TMA) methyl sulphate and N-tetradecyl-N-
trimethyl ammonium (TTA) methylsulfate, were applied as cor-
rosion inhibitors for API-X52 steel (1 M HCl), in which TMA
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showed 85% inhibition efficiency. In contrast, TTA exhibited
68% %IE according to the electrochemical analysis at the
optimum concentration of 0.209 mM and 0.272 mM, respect-
ively.140 Three pyrazine derivatives, HMIMI, BMIMI, and
MPIMI, were used as corrosion inhibitors for mild steel (1 M
HCl), and their inhibition efficiencies were determined to be
93.1%, 87.8%, and 80.4%, respectively, according to EIS
measurements at their optimum concentration of 1 × 10−3

M.141 At low temperatures, [BsMIM][HSO4] and [BsMIM][BF4]
showed strong corrosion inhibition characteristics in hostile
medium (1 M H2SO4 solution). The inhibitory efficiency of
[BsMIM][BF4] and [BsMIM][HSO4] is quite comparable.

Traditional approaches are widely used in experiments to
assess corrosion and its process in metallic materials such as
metals and alloys. Cao et al. (2020) investigated the effect of
N-doped carbon dots on carbon steel corrosion in sulphuric
acid media. They evaluated N-doped CDs as corrosion inhibi-
tors for carbon steel using X-ray diffraction spectroscopy
(XRD), Fourier transform infrared spectroscopy (FTIR), trans-
mission electron microscopy (TEM), and electrochemical
methods. According to the PDP study, they reported 97.8%
percentage inhibition efficiency at a concentration of 30 mg
L−1 N-CDs. They also observed that as the concentration of
inhibitor increased, the values of anodic Tafel slope (βa) and
cathodic Tafel slope (βc) decreased gradually. The PDP results
demonstrated their good corrosion inhibition ability.142

Saraswat and Yadav (2020) published similar results, in which
they employed S, N co-doped CDs as a possible corrosion
inhibitor for mild steel in 1 M HCl. The WL and electro-
chemical techniques were used in their investigation. CD1 and
CD2 had inhibitory efficiencies of 94.4% and 90.8%, respect-
ively, at their optimal concentrations, according to the EIS
measurements.143 Surface characterization methods, such as
FTIR, XRD, scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy (EDS), atomic force microscopy
(AFM), and X-ray photoelectron spectroscopy (XPS), were used
to determine their inhibitory efficiency,yu adsorptive property,
and interaction with metal surfaces. The morphological
changes in the metal surface in the presence of an acidic solu-
tion were examined using these techniques before and after
using the inhibitors. The chemistry of the metal surface was
investigated using EDS. The AFM and XPS methods were used
to describe the changes in the bonding energy between the 3D
metal surface and inhibitor.

Yuwei et al. (2020) also investigated the inhibitory perform-
ance of N-doped citric acid-based CDs on the surface of mild
steel in 1 M HCl electrolyte.144 They described a variety of
methodologies for determining the inhibitory performance of
the CD materials, including electrochemical measurement,
FTIR, XPS, SEM, and AFM. The results of the surface character-
ization demonstrated great agreement with the other applied
techniques.144 Organic compounds containing heteroatoms
(O, P, N, S) have been widely explored as mild steel corrosion
inhibitors. Jia et al. (2011) studied the inhibitory character-
istics of L-cysteine derivatives such as NASHCYS, NACYS,
NASBCYS, and CYS in mild steel corrosive solutions contain-

ing 1 M HCl. Their study included the density functional
theory (DFT), molecular dynamics (MD) simulation, PDP, and
WL techniques. NASBCYS was shown to be the most effective
corrosion inhibitor among the inhibitors tested.145

Muthukrishna et al. (2014) used AC impedance, PDP, and WL
methods to assess the %IE of CDHBAP against mild steel in a
corrosive solution of 1 M H2SO4.

146 The results showed that
CDHBAP has 99% %IE at 100 ppm concentration. The creation
of a protective barrier over the metal surface was verified by
SEM and FTIR.146 Ousslim et al. (2009) evaluated the mild
steel corrosion inhibition efficiency of two piperazine deriva-
tives in an aggressive solution of 3.9 M HCl through the PDP
and WL methods.147 Mohamed (2006) investigated quinine as
a corrosion inhibitor for low carbon steel in HCl solution
using the PDP and EIS methodologies, reporting an inhibition
efficacy of 96% at a concentration of 0.48 mM.148 Rajeswarie
et al. (2013) investigated the inhibition activity of three Schiff
bases on cast iron using aqueous solutions of NaCl, NaOH,
NH4Cl, and HCl.149 The additive impact of KI synergism was
investigated. Electrochemical measurements and the WL tech-
nique were employed for this aim. The results showed that at
low temperatures, the inhibitory efficiency was reduced with
an increase in concentration. Also, it was discovered that the
adsorption of Schiff base obeyed the Langmuir adsorption iso-
therm with and without KI.149 At the optimal concentration
(303 K), Inh III (R = –OCH3) demonstrated an inhibition
efficacy of 90.5%.150 At high concentrations, Gemini surfactant
had an %IE of 94.2%.151

2.2. Green corrosion inhibition using natural products (plant
extracts, amino acids, carbohydrates, etc.)

The use of green corrosion inhibitors generated from natural
sources presents a possible route towards a more sustainable
and corrosion-resistant future for metal-based infrastructure
and applications, as society increasingly values sustainability
and environmental responsibility. Recent years have seen a
substantial increase in interest in using natural ingredients as
green corrosion inhibitors as part of a larger commitment to
environmentally benign and long-lasting corrosion prevention
techniques. The concepts, processes, and use of these eco-
friendly inhibitors are highlighted in this section, which exam-
ines the developing topic of “green corrosion inhibition using
natural products”. The intrinsic corrosion inhibition capabili-
ties of natural products, including plant extracts, essential oils,
and bio-based compounds, are thoroughly examined.
Compared to conventional chemical inhibitors, these inhibi-
tors have a lower environmental effect due to their emphasis
on eco-friendliness and biodegradability. Natural products
have the potential to change corrosion protection tactics in a
variety of sectors, while also shedding light on current
research initiatives and difficulties in the industry.

Substances originating from plants, animals, or other natu-
rally occurring sources are referred to as natural products.
They are often employed in several fields, including medicine,
cosmetics, and even corrosion inhibition. Natural goods are
prized for their possible medicinal benefits, low environ-
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mental impact, and environmentally friendly manufacturing
processes.152 Plant extracts, essential oils, proteins, polysac-
charides, and other substances can all be included. These
organic components are more environmentally friendly than
synthetic compounds and are well-known for their wide range
of uses.153 Although several synthetic chemicals have shown
effective anticorrosive properties, the majority are very harmful
to both humans and the environment. Industry use of cor-
rosion inhibitors has long raised safety and environmental
concerns on a worldwide scale. These inhibitors may harm
organ systems, such as the kidneys and liver, either tempor-
arily or permanently, or they may interfere with biochemical
processes or enzyme systems at a specific location inside the
body.154 The toxicity may manifest either during the synthesis
of the compound or its applications. Thus, natural anticorro-
sion products, which are safe for the environment and non-
toxic, are now often used as a result of these hazardous conse-
quences. Fig. 9 depicts how natural products can be used to
inhibit green corrosion. The suitability of several natural com-
pounds that have been investigated as corrosion inhibitors is
described in the following sections.

2.2.1. Plant extracts. Due to the rising demand for green
chemistry in science and technology, the development of
green corrosion inhibitors and green inhibition techniques
has recently been in high demand. The last few decades have
witnessed a substantial increase in interest in using plant
extracts as inhibitors of metallic corrosion. Plant materials are
excellent eco-friendly replacements for conventional harmful
corrosion inhibitors. Also, plant extracts are a good alternative
to the pricy and hazardous conventional synthetic corrosion
inhibitors because of their lower environmental risk, lower

cost, wide availability, and strong corrosion inhibition
efficiency. A review of the literature suggests that various
extracts, including leaf, root, stem, bark, pulp, and fruit, have
been used successfully as long-lasting inhibitors of corrosion
for various metals and alloys.155 The non-nutritive com-
ponents of plants that give them their flavor, fragrance, and
color are known as phytochemicals. The phytochemicals
obtained from different parts of the plants are shown in
Fig. 10A. There are various groups of phytochemicals that may
be divided, including terpenoids, polyphenols, and organic
acids.

The electronic structures of phytochemicals frequently
resemble conventional synthetic organic corrosion inhibitors.
Consequently, it is understood that different compounds can
provide corrosion resistance under varying corrosive circum-
stances.13 Since the majority of plants and their extracts are
non-toxic, they are a great alternative to toxic organic inhibi-
tors. Fig. 10B displays several inhibitors obtained from various
plant sections. They are especially appealing because of how
quickly they can be disposed of due to their biodegradable
nature. Additionally, their extraction process is very simple and
inexpensive. Extracting ecologically friendly corrosion inhibi-
tors from a range of plant parts, such as fruit, leaves, bark,
roots, seeds, or peels, is conceivable. The inhibitory effects of a
plant extract are frequently caused by a combination of phyto-
chemicals with various functional groups capable of sticking
to the surface of metals. However, the intricate makeup of
biomass extracts has prevented a thorough understanding of
their mechanism for inhibiting corrosion. Analyzing each of
the distinct and/or combined interactions of organic species
on the metal surface is difficult without first isolating the
active elements of any biomass extract. Plant extracts can be
seen as eco-friendly and sustainable resources as inhibitors for
metals and alloy corrosion in hostile media, such as HCl,
H2SO4, H3PO4, and HNO3.

128 This is due to their biological
and natural origins, as well as their eco-friendly extraction.
Plant extracts were obtained using a variety of techniques in
the literature. However, the scope of the current review does
not allow a thorough discussion of these techniques. Fig. 11
illustrates an outline of the extraction procedure.20

Celandine (Chelidonium majus) and the dried stems, leaves,
and seeds of other plants were employed as plant extracts in
the 1930s in H2SO4 pickling baths. A corrosion-controlling
additive called ZH-1 was created, which was made of finely
divided oil cake, a by-product in the production of phytin.
According to Saleh et al.,156 steel is well protected by Opuntia
extract, Aloe eru leaves, orange peels and mango peels in 5%
and 10% HCl at 25 °C and 40 °C, respectively. According to
Srivastav,157 lignin, castor oil seeds, acacia gum, black pepper,
tobacco, and black pepper all work well as steel inhibitors in
an acidic environment. The effectiveness of caffeine158 and
nicotine159 in preventing metallic corrosion was investigated.
The use of herbs (such as anise, hibiscus, garden cress, corian-
der, and black cumin) as a new form of green inhibitors for
the acidic corrosion of steel was demonstrated by Khamis
et al.160 El-etre161 researched the use of natural honey as a

Fig. 9 Schematic presentation of different aspects of using natural pro-
ducts in corrosion protection [self-illustration, copyright permission not
required].
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copper aqueous solution corrosion inhibitor. Carbon steel has
also been the subject of a similar investigation.162

Sathiyanathan et al.163 investigated the effects of an ethanolic
extract of Ricinus communis leaves on the prevention of mild
steel from corroding in acid medium. The anticorrosion
activity of henna164 and thyme165 extracts was examined.
Pomegranate peel166–169 and beet root170 were investigated as
corrosion inhibitors in different corrosive environments.
Emblica officinalis,171 Terminalia chebula,172–174 Terminalia bel-
lirica,175 and Acacia concinna176 have all been studied for their
anticorrosion properties.

For steel in acid medium, corrosion prevention studies have
also been conducted using extracts of Eucalyptus leaves, Carica
papaya, Annona squamosa, Swertia angustifolia, Pongamia
glabra, Azadirachta indica, Eugenia jambolans, Accacia Arabica,
and Vernonia amygdalina.177 Tea wastes178 and Andrographis

paniculata179 have both been found to have anticorrosive pro-
perties. Rosmarinus officinalis aqueous extract was examined by
Kliškić et al.180 as an aluminium alloy corrosion inhibitor in a
chloride solution. Abdallah et al.181 examined the anticorro-
sion properties of guar gum. Martinez and Štern182 conducted
research on the Mimosa tannin-induced inhibition of low
carbon steel corrosion in H2SO4 medium. In both HCl and
H2SO4 medium, Oguzie looked into the effectiveness of
Telfairia occidentalis extract as a corrosion inhibitor.183 Avwiri
and colleagues investigated the ability of Vernonia amygdalina
to prevent the corrosion of aluminium alloys in HCl and
HNO3.

184 Gunasekaran et al.185 investigated the inhibition of
mild steel corrosion by Zanthoxylum alatum extract in aqueous
orthophosphonic acid. The leaves of Nypa fruticans wurmb186

were investigated for their ability to prevent mild steel from
corroding in HCl solution. The impact of saccharides, specifi-

Fig. 10 (A) Outline of the phytochemicals obtained from different parts of the plant and (B) parts of the plant utilized as corrosion inhibitors [self-
illustration, copyright permission not required].
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cally reducing sugars like mannose and fructose, on the dis-
solution of zinc and aluminum in alkaline conditions was
studied by Müller.187

Hammouti et al. investigated the extracts of ginger,188

jojoba oil,189,190 eugenol, and acetyl-eugenol191 for the purpose
of preventing the corrosion of steel in acidic environments.
Oguzie investigated the inhibitory effects of Sansevieria trifas-
ciata extract192 and Ocimum viridis extract193 on the acid and
alkaline corrosion of aluminium alloy. El-Etre et al.194 investi-
gated the effects of Lawsonia extract against the acid-induced
corrosion of metals, khillah extract195 for the inhibition of SX
316 steel corrosion in acid media, Opuntia extract196 for the
inhibition of aluminium corrosion in acid medium, and vanil-
lin197 for the inhibition of mild steel corrosion in acid media.
Li et al.198 investigated the anticorrosion properties of berber-
ine, an alkaloid isolated from Coptis, for mild steel corrosion
in H2SO4 medium. Cassia occidentalis, Carica papaya, Delonix
regia, and Datura stramonium as well as Azadiracta indica,
Calotropis procera, and Auforpio turkiale sap, have all been
reported to be effective as inhibitors of acid corrosion by
Zucchi and Omar.199 Awad200 investigated the anticorrosive
properties of quinine on carbon steel in 1 M HCl.

Numerous of these plant extracts exhibit corrosion inhibi-
tory action, which may be caused by the presence of hetero-
cyclic components such alkaloids and flavonoids. Even the
presence of cellulose, tannins, or polycyclic chemicals tends to

increase the number of layers that form over the metal surface,
which promotes corrosion inhibition. Thus, according to the
current debate, it may be inferred that plant extracts are the
best candidates to replace the conventionally used, costly, and
hazardous inorganic and synthetic organic corrosion inhibi-
tors. Numerous phytochemicals and other compounds found
in plant extracts have excellent adsorption and corrosion-inhi-
biting properties. As efficient corrosion-control agents for alu-
minium, steel, and other metallic materials in acidic (HNO3,
H2SO4, H3PO4 and HCl), basic (NaOH), and neutral (NaCl)
conditions, a wide variety of extracts, including leaves, roots,
stems, and other extracts, have been investigated. It has been
noted that the leaf is the part of the plant that contains the
most phytochemicals, which is where they are produced.

2.2.2. Essential oils. Hydrophobic liquids (concentrated)
generated from plants are called essential oils. Volatile oils,
etherolea, and ethereal oils are other names for essential oils.
Generally, essential oils encapsulate the essence of the source
ingredients from which they are extracted.201 Since they are
biocompatible with the natural world, these oils are also
regarded as “green” or eco-friendly inhibitors. The use of
affordable, potent materials with little to no environmental
harm is the primary goal of research into environmentally
friendly corrosion inhibitors. Additionally, the potent anticor-
rosion, antibacterial, biodegradable, and readily available pro-
perties of essential oils have made them particularly appealing

Fig. 11 Schematic diagram of extraction procedure of phytochemicals.20 [Reproduced from ref. 20, RSC publication, copyright permission is
required.]
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for use in large-scale applications. The idea behind using
essential oils as corrosion inhibitors is that they can create a
shield on the surface of metals, which slows down the cor-
rosion process. By acting as a physical barrier, this shield
keeps corrosive substances such as oxygen and moisture from
coming into contact with the metal surface. Also, the organic
substances present in essential oils, such as terpenes and
phenols, naturally have anti-corrosive characteristics. These
substances may adhere to metal surfaces when applied,
forming a coating that prevents the electrochemical processes
that lead to corrosion. In addition, essential oils are preferred
for preventing corrosion given that they are non-toxic and safe
for the environment, making them a better option than con-
ventional chemical inhibitors. The idea of employing essential
oils as corrosion inhibitors is consistent with the quest of sus-
tainable and environmentally friendly corrosion protection
techniques for various metals, although the research in this
field is still ongoing.

The effective use of a variety of essential oils to prevent
metal corrosion in both acidic and alkaline environments has
been covered in numerous reports. Essential oils, including
jojoba oil,189,190 rosemary oil,202–204 Artemisia oil,205 and
Eucalyptus oil,206 have been evaluated as effective inhibitors
against corrosion. Additionally, it has been discovered that
essential oils obtained from various sources work well as antic-
orrosion agents for a variety of metals in a variety of hostile
conditions (e.g., HCl, H2SO4, and NaCl). According to the
results, oil adheres to the metal surface and slows corrosion.
Znini et al.207–209 observed that essential oils such as Mentha
spicata and Warionia sahara prevent the corrosion of steel in
acidic environments. Also, the use of Moroccan Ammodaucus
leucotrichus fruit-derived essential oils, Limbarda crith-
moides,210 and Verbena officinalis211 to prevent mild steel cor-
rosion in HCl medium has been studied.

The possible use of green inhibitors based on essential oils
has attracted increasing interest in recent years. Numerous
investigations have been conducted to define a variety of
essential oils and assess how well they prevent metal corrosion
brought on by chemical assault. However, there are few pub-
lished findings on the effectiveness of essential oils for inhibit-
ing microbial-induced corrosion.212 Additionally, to date, there
are no published studies on the anticorrosion properties of
commercially available ultra-pure essential oils such as cinna-
mon, clove, basil, and oregano against harsh environments.
This may be due to the fact that although they show significant
technological promise, ultra-pure commercial essential oils are
very expensive, resulting in a lack of interest in employing
them as corrosion inhibitors. Alternatively, essential oils have
strong antibacterial properties.213 López et al.214 assessed the
antimicrobial activity of essential oils of Rosmarinus officinalis,
Syzygium aromaticum, basillicum, Anethum graveolens, Origanum
vulgare, Zingiber officinalis Thymus vulgaris and Cinnamon zeyla-
nicum against a group of food-borne bacteria (e.g., yeast,
A. flavus, P. islandicum, and C. albicans). Ağaoğlu et al.215

reported that a few dietary additives, such as essential oils (red
crushed pepper, anise, cumin, cloves, poppy, cardamom,

ginger, fennel, and cinnamon), exhibited antibacterial action
against certain microorganisms (M. luteus, P. aeruginosa, K.
pneumoniae, E. faecalis, E. coli, S. aureus, and C. albicans). With
the exception of M. luteus, cinnamon was determined to be the
most effective antibacterial agent. The essential oils of cloves,
cinnamon, cumin, and fennel had less antibacterial action
against these bacteria.

A literature survey also revealed that various other essential
oils such as Artemisia herba-alba,216–220 Artemisia
mesatlantica,221,222 Artemisia abrotanum,223,224 Rosmarinus
officinalis,225–227 Eucalyptus globulus,228–231 Foeniculum
vulgare,232 Syzygium aromaticum (Clove),233 Carum carvi 234 have
been applied for the protection of various metals and alloys in
different corrosive environments. As corrosion inhibitors for
different metals, essential oils have demonstrated remarkable
promise. They are a desirable replacement for conventional
chemical inhibitors due to their natural and environmentally
benign qualities as well as their capacity to create protective
barriers on metal surfaces. However, to completely compre-
hend their operations and maximize their efficiency in various
metal corrosion conditions, more studies are necessary. The
continued study of essential oils as corrosion inhibitors high-
lights their significance as ecologically benign and sustainable
solutions in the field of metal corrosion prevention.

2.2.3. Amino acids. Amino acids are organic compounds
that play a fundamental role as the basic components of pro-
teins in living organisms. They consist of an amino group
(–NH2), carboxyl group (–COOH), and side chain that varies in
structure.235 Amino acids have gained attention as potential
corrosion inhibitors for metals, including copper, bronze,
zinc, aluminum, tin, and their alloys. Their availability, non-
toxic nature, and ease of production make them attractive can-
didates for corrosion inhibition.236 Additionally, amino acids
have shown capability to adsorb onto metal surfaces through
their nitrogen atom, which is an important aspect of their cor-
rosion inhibition mechanism. Thus, amino acids have
emerged as promising corrosion inhibitors due to their ability
to slow down the corrosion process. Organic compounds that
contain heteroatoms, multiple bonds, and certain functional
groups are known to be efficient corrosion inhibitors. Amino
acids, with their diverse structure and functional groups such
as –OH, –COOH, and –NH2 possess the necessary character-
istics to be considered excellent corrosion inhibitors, particu-
larly in acidic media. They can control corrosion by attacking
cathodic activity, inhibiting the reduction of oxygen to
hydroxyl ions. Furthermore, amino alcohols, a subclass of
amino acids, have been found to be effective corrosion inhibi-
tors by displacing chloride ions and blocking the sites where
oxygen picks up electrons, further inhibiting corrosion.

Given the environmental concerns associated with conven-
tional corrosion inhibitors, the use of amino acids as cor-
rosion inhibitors provides a sustainable alternative. Amino
acids are non-toxic and readily available compounds that can
replace biohazardous inhibitors such as nitrites, benzoates,
phosphonates, and quaternary ammonium salts. Their easy
production and non-toxic nature make amino acids an attrac-
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tive choice for corrosion inhibition in various industries.
Furthermore, amino acids exhibit an adsorption mechanism
on metal surfaces, which allows them to act as natural cor-
rosion inhibitors. This adsorption mechanism involves
binding to the metal surface via the nitrogen atom of the
amino acid molecule. This adsorption process facilitates the
formation of a protective layer on the metal surface, effectively
slowing down the corrosion rate. In addition to their effective-
ness as corrosion inhibitors, amino acids also meet the
increasing requirements of environmental regulations.

The biodegradability of amino acids ensures that they do
not contribute to environmental pollution, aligning with the
principles of green chemistry and sustainable development.
Amino acids have emerged as promising corrosion inhibitors
due to their ability to prevent or slow down the corrosion
process. The use of amino acids as corrosion inhibitors is of
great importance in various industries. For example, in the oil
and gas industry, where corrosion poses a significant threat to
equipment and infrastructure, the use of amino acids as cor-
rosion inhibitors can significantly reduce the economic and
environmental costs associated with corrosion. Furthermore,
amino acids have been found to be particularly effective in
acidic media, where the corrosion rates are typically higher.

Zhang et al.18 tested amino acids such as glycine, cysteine,
glutamic acid and their derivative glutathione as copper cor-
rosion inhibitors. In aerated 0.5 M HCl solution, Zhang
et al.237 conducted a comparative study among benzotriazole
(BTA), alanine and cysteine by performing WL, PDP and EIS.
de Matos et al.238 observed that cysteine exhibited inhibitory
effects at higher concentrations (10−3 and 10−2 M) in de-
aerated sulfuric media. This was attributed to the formation of
a Cu(I)–cysteine complex and the subsequent film formation
on the copper surface. The influence of pH of a 0.5 M Na2SO4

solution on the corrosion protection properties of cysteine for
copper was investigated by Petrović et al.239 and Simonović
et al.240 A summary of some of the work reported in this field
is presented in Table 1. According to the available data, it can
be concluded that in a variety of industrial applications,
amino acids have demonstrated great promise as corrosion
inhibitors. They are a feasible substitute for conventional
chemical inhibitors due to their capacity to create protective
layers on metal surfaces and the fact that they are sustainable
and environmentally friendly. However, to maximize their
efficiency, comprehend their processes of action in more
detail, and investigate their suitability with various metals and
corrosive conditions, additional research and development are
required. Amino acids show significant promise for influen-
cing the future of corrosion inhibition technology as we con-
tinue to search for greener and more effective corrosion pre-
vention solutions. However, despite the numerous benefits of
amino acids as corrosion inhibitors, such as their eco-friendli-
ness and film-forming ability, when determining whether they
are appropriate for a given corrosion protection application, it
is important to consider their limitations in terms of effective-
ness, compatibility, and cost. Thus, scientists and businesses
are devoting their efforts to overcoming these restrictions and

realizing the full potential of amino acids in corrosion
prevention.

2.2.4. Polysaccharides and biopolymers. Biopolymers are
natural polymers derived from renewable sources such as
plants, animals, and microorganisms.263 Due to their distinc-
tive qualities and commitment to the environment, they have
attracted attention. Chitosan, alginate, lignin, starch, and cell-
ulose are examples of common biopolymer types. Due to their
capacity to create protective layers on metal surfaces and
prevent the entry of corrosive chemicals, these biopolymers
can be employed in a variety of applications, including cor-
rosion inhibition. They offer sustainable and effective alterna-
tives to traditional corrosion inhibitors.264 Because of their
capacity to adhere to metal surfaces and produce protective
layers that hinder the electrochemical processes that cause cor-
rosion, biopolymers are good corrosion inhibitors.265 The
adsorption process is influenced by factors such as pH, temp-
erature, polymer concentration, and surface charge.266 By
interacting with metal surfaces through electrostatic forces,
hydrogen bonds, and other molecular interactions, biopoly-
mers can prevent corrosive substances from penetrating the
surface. Due to their distinct chemical makeup, some biopoly-
mers also have inherent corrosion-inhibiting qualities. For
instance, the biopolymer chitosan, which is derived from
chitin, has amino and hydroxyl functional groups that help
metal surfaces develop a passivation layer.267 For example, exo-
polysaccharides produced by bacteria provide localized protec-
tion by capturing corrosive ions and inhibiting their migration
to the metal surface.268,269

Some of the many metal substrates that biopolymers may
be used to prevent their corrosion include iron, aluminium,
copper, and their alloys. Studies have shown that biopolymers
exhibit excellent performances in preventing both general and
localized corrosion. For instance, xanthan gum, a polysacchar-
ide produced by bacterial fermentation, demonstrated
encouraging outcomes in preventing mild steel corrosion.270

Similarly, polysaccharides extracted from plant sources have
exhibited corrosion inhibition on several metallic surfaces.271

The type of metal substrate, the surrounding environment,
and the particular biopolymer utilized all have an impact on
how well biopolymers work. To achieve the best corrosion pro-
tection, biopolymer formulations must be specifically matched
to the characteristics of the metal substrate and the corrosive
environment. Sustainability is one of the most important
benefits of using biopolymers to reduce corrosion. Because
biopolymers are made from renewable resources, they have a
lower impact on the environment than synthetic corrosion
inhibitors manufacture and disposal. Furthermore, this
lessens our reliance on fossil fuels. Unlike certain synthetic
equivalents, biopolymers do not remain in the environment
because of their biodegradability. Utilizing biopolymers sup-
ports the development of ecologically friendly corrosion miti-
gation techniques and is consistent with the concepts of green
chemistry. Their use can result in a decrease in the production
of hazardous waste and the overall carbon footprint of cor-
rosion control techniques. However, despite their great
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Table 1 Summary of some major reports on the corrosion inhibition potential of amino acids

S.
no. Metal/medium Amino acids Findings Ref.

1 Iron/1 M HCl Cysteine, cystine, methionine, valine, omithine,
glutamine, serine, threonine, glutamic acid, aspartic
acid, leucine, asparagine, alanine, arginine, glycine

All tested amino acids behaved as cathodic
inhibitors. Cystine, methionine and cysteine gave the
highest surface protection due to the presence of
sulfur atoms in their molecular structure

241

2 Iron/0.1 M H2SO4 Glutamic acid derivatives N-Phthaloyl-L-glutamic acid (66.89%) < N-benzoyl-L-
glutamic acid (64.03%) N-(1-oxooctadecyl)-L-glutamic
acid (60.04%). Formation of protective layers

242

3 Iron/9 g L−1 NaCl Methionine and some amino esters: methionine
ethyl ester and methionine methyl ester

%IE: B (80%) > A (40%) > methionine (28%) at 10−2

M. The sulfur atom improves the adsorption, whose
electronegativity is improved by the ethyl moiety , an
electron donor in the structure of B. The adherence
of B aligns with the Frumkin isotherm

243

4 Carbon steel/0.5 M
H2SO4

Polyaspartic acid Polyaspartic acid acted as a predominant anodic
inhibitor. %IE = 80% at 10 °C. Formation of
shielding layer. Freundlich adsorption isotherm

244

5 Low alloy steel/0.2 M
ammoniated

Glutamic acid %IE: glutamic acid (81.5%). A stable chelate was
formed on to aluminum surface. Acted as a mixed-
type inhibitor. Hill-de Boer isotherm. Chemical
adsorption

245

6 Al/0.1 M HCl Glutamic acid %IE: glutamic acid (66.67%). Physisorption.
Frumkin, Langmuir, Flory-Huggins, El-Awady
adsorption isotherms and kinetic and
thermodynamic

246

7 Al/0.2–1 M HCl Alanine, valine, methionine, proline, and tryptophan %IE: alanine (56.3%), valine (58.2%), leucine
(62.4%), proline (63.3%), methionine (81.0%), and
tryptophan (90.0%). Acted as mixed-type inhibitors.
Adherence of these inhibitors on the aluminum
surface aligns with the Frumkin and Langmuir
isotherms. The SEM images validate the surface
protection of aluminum in mixed acid solutions by
amino acids

247

8 Al/1 M HCl + 1 M
H2SO4

Glycine, glutamic acid, alanine, valine, aspartic acid,
phenylalanine

Chemisorption and physisorption play a crucial role
in the inhibition of pitting corrosion.

248

9 Aluminum alloy
AA7075/0.05 M NaCl

Glycine Behaved as a mixed-type inhibitor. %IE of 87.4% at
500 ppm Gly + 100 ppm KI. S2− ions increase the
SCC of alloy: Gly successfully inhibitedCu10Ni alloy
corrosion

249

10 Cu10Ni/3.5% NaCl +
20 ppm Na2S

Cysteine, N-acetylcysteine, and methionine %IE: cysteine (96%) > N-acetylcysteine (88%) >
methionine (77%) at 6.0 mM. Langmuir adsorption
isotherm. Strong physisorption

250

11 Cu10Al 5Ni/neutral
3.5% NaCl

Methionine Acted as a mixed-type inhibitor; %IE increases with
decreasing MET concentration; physical adsorption

251

12 Cu/3.5% NaCl Methionine, asparagine, serene, glutamine, cysteine,
and arginine,

%IE: Arg > Gln > Asn > Met > Cys > Ser at 10−2 M;
Arg was mainly a cathodic inhibitor. However, Cys,
Met, Asn, Gln, Ser behaved as mixed-type inhibitors

252

13 Cu/0.1 M H2SO4 Cysteine Cysteine acted as a good inhibitor for Cu corrosion;
Physical adsorption

253

14 Cu/3.5% NaCl Phenylalanine Phenylalanine with Ce4+ ions gave a robust synergis-
tic effect by forming Phe/Ce4+ complex film on the
Cu surface; IE = 72% for 5 mM Phe + 2 mM Ce4+

254

15 Cu/0.5 M HCl Proline, glycine, alanine, phenylalanine, histidine
and cysteine

Physical adsorption. Phenylalanine, cysteine and
histidine gave the highest %IE. The theoretical
studies corroborated the experimental observations

255

16 Cu/8 M H3PO4 Cysteine Mixed-type inhibitor; mixed adsorption 256
17 Cu/2 M HNO3 Cysteine, glutamic acid, glycine, and its derivative

(glutathione)
Physical adsorption; %IE increases in the following
order: glutathione > Cys > Cys + Glu-A + Gly > Glu-A >
Gly

257

18 Cu/0.5 M HCl Methionine MET behaved as a cathodic inhibitor; the mixed
CTAB/MET has a better synergistic influence
compared with the mixed CPB/methionine; stronger
electrostatic interaction

258

19 Cu/0.5 M HCl Glycine, phenylalanine, threonine, and glutamic
acid

Mainly cathodic inhibitors (except phenylalanine);
Glutamic acid exhibited the strongest protective
effect (%IE = 53.6%)

259

20 Cu/0.5 M HCl Glycine, tyrosine, valine, and alanine, Behaved as mixed-type inhibitors. %IE depends on
the chemical structure of amino acids. %IE: valine =
alanine ≪ glycine < tyrosine

260
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promise, several issues need to be resolved before biopolymers
can be widely used to limit corrosion. Performance irregulari-
ties may result from variations in biopolymer composition,
supply, and extraction techniques. Thus, to achieve accurate
and repeatable findings, biopolymer formulations and testing
procedures must be standardized. Furthermore, for the practi-
cal use of biopolymer-based coatings and inhibitors, it is
essential to comprehend their long-term stability and endur-
ance. Additional study is required to determine how well bio-
polymers operate in various environmental settings and how
well they work with various coating techniques.

2.2.4.1. Chitosan. Through several processes, including its
capacity to create barrier coatings on metal surfaces, chitosan
shows corrosion prevention. The amino and hydroxyl groups
in chitosan interact with metal ions to produce a film on the
surface of metals. This adsorption of chitosan is responsible
for the formation of a film. This adsorption slows the cor-
rosion process by blocking electrochemical reactions and pre-
venting the migration of corrosive substances.272 Furthermore,
the inherent biocidal properties of chitosan can suppress
microbial-induced corrosion (MIC) by inhibiting the growth of
corrosive microorganisms on metal surfaces.273 Its multi-
faceted inhibitive mechanisms contribute to its effectiveness
under different corrosive conditions. Also, the corrosion inhi-
bition performance of chitosan has been investigated across a
wide range of metal substrates, including carbon steel,274–283

aluminum alloys,284,285 and copper.286–288

Several variables, including pH, temperature, concen-
tration, and exposure period, may affect the effectiveness of
chitosan. Because of its amphoteric nature, studies have indi-
cated that the inhibitory impact of chitosan is more evident
under neutral to acidic environments.272 Because different
metal substrates exhibit varying electrochemical behaviours
and surface qualities, chitosan performs differently with each
type of metal substrate. Thus, to realize the best corrosion pro-
tection, chitosan formulations must be specifically matched to
the characteristics of each metal given that their interaction
with the metal surface determines the creation of protective
layers. To increase the robustness and endurance of corrosion
protection, recent research has concentrated on creating coat-
ings and inhibitors based on chitosan. The inhibitive qualities
of chitosan can be enhanced by combining it with other sub-
stances, such as nanoparticles, to optimize its effectiveness for
certain purposes. Green corrosion prevention is based on the

same principles as chitosan, which is environmentally ben-
eficial. Chitosan, which is derived from natural sources and
has biodegradable properties, provides a sustainable substitute
for synthetic corrosion inhibitors. Its ability to prevent
microbial-induced corrosion as well as general and localised
corrosion makes it a vital tool in the creation of environmen-
tally friendly corrosion control methods.

2.2.4.2. Alginates. Due to its biodegradability and low tox-
icity, alginate, a natural biopolymer derived from seaweed,
offers a sustainable and environmentally benign alternative for
corrosion inhibition. Its importance in corrosion control tech-
niques are highlighted by its mechanisms of inhibition, com-
patibility with different metal substrates, and alignment with
green chemistry concepts.289 As research progresses, alginate-
based corrosion inhibitors are poised to play a crucial role in
promoting both environmental sustainability and corrosion
protection. Alginate exhibits corrosion inhibition properties
through several mechanisms,290 as follows: (a) Film Formation:
Alginate molecules adhere to metal surfaces to form a shield-
ing coating, which serves as a physical barrier against corrosive
substances. Corrosive ions cannot spread as easily through
this coating, which prevents them from reaching the metal
surface. (b) Passivation: Alginate molecules adhere to metal
surfaces to form a shielding coating, which serves as a physical
barrier against corrosive substances. Corrosive ions cannot
spread as easily through this coating, which prevents them
from reaching the metal surface. (c) Complexation: Alginate
can complex with metal cations, reducing their reactivity and
preventing them from participating in corrosive processes.

The corrosion inhibition effectiveness of alginate has been
investigated on various metal substrates, including steel,
aluminum, and copper.15,289–295 The type of metal and the sur-
rounding environment can have an impact on how well it per-
forms. Alginate has demonstrated great promise in preventing
corrosion on aluminium surfaces, making it applicable in
fields such as aerospace and automotive where aluminium
alloys are often utilized. The ability of alginate to inhibit cor-
rosion can be affected by variables such as pH, temperature,
concentration, and exposure duration. Thus, achieving the
best corrosion protection requires optimizing these character-
istics. However, although alginate has potential as a green cor-
rosion inhibitor, it is still associated with certain difficulties.
For example, inconsistent outcomes may be caused by vari-
ations in the alginate content, extraction techniques, and per-

Table 1 (Contd.)

S.
no. Metal/medium Amino acids Findings Ref.

21 Cu/0.5 M H2SO4 in
O2−-saturated
solution

Methionine Methionine demonstrated limited surface protection
properties; physisorption; synergic effect between
methionine and Zn2+ ions

261

22 Cu/0.5 M HCl Serine, threonine, and glutamic acid Cathodic inhibitors; %IE: glutamic acid (90.4%) >
threonine > serine (54.7%) at 1 mM; chemical
adsorption

237

23 Cu/0.5 M HCl Cysteine Mainly cathodic inhibitor; physical adsorption. In
the presence of Cu2+ ions, the %IE increases

262
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formance under various circumstances. Thus, to achieve accu-
rate and repeatable results, the testing procedures and for-
mulas must be standardized. Alginate-based coatings should
be optimized for certain metal substrates in future studies,
and its compatibility with other coating systems should also
be investigated. Furthermore, the creation of alginate-based
smart coatings that adapt to shifting environmental conditions
may pave the way for cutting-edge methods of corrosion
prevention.

2.2.4.3. Lignin. In recent years, researchers have explored
the use of lignin, a complex natural polymer found in plant
cell walls,296 as an eco-friendly corrosion inhibitor. Lignin
offers corrosion inhibition through several mechanisms,297 as
follows: (a) Adsorption: Lignin molecules can adhere to metal
surfaces and provide a shielding layer. This coating serves as a
physical barrier, preventing corrosive substances such as oxygen
and moisture from coming into contact with the metal. (b)
Complexation: Lignin has functional groups that can interact
with metal ions during the corrosion process, such as phenolic
hydroxyls. As a result of these interactions, fewer metal ions are
available for corrosion processes, resulting in stable complexes.
(c) Passivation: On metal surfaces, lignin can encourage the
development of passive layers. These layers inhibit further cor-
rosion by blocking electron transfer at the metal–electrolyte
interface. The effectiveness of lignin as a corrosion inhibitor has
been assessed on a variety of metal substrates, including steel,
aluminium, and copper.297–301 The efficacy of lignin-based
inhibitors may vary with environmental factors such as pH,
temperature, and exposure time. Lignin-based corrosion inhibi-
tors are positioned to play a crucial role in advancing environ-
mental sustainability and efficient corrosion prevention as
research continues to improve and overcome obstacles.

2.2.4.4. Polysaccharides. Among the natural substances
investigated for corrosion inhibition, polysaccharides, which
are composed of glucose units such as cellulose and starch,
have demonstrated promise. Polysaccharides demonstrate the
ability to prevent corrosion through several processes, as
follows: (a) Barrier effect: When used as coatings or additives,
cellulose and starch form a physical barrier on the metal
surface. This barrier protects the metal from corrosive sub-
stances including ions, oxygen, and moisture. Thus, by limit-
ing the direct interaction between the metal and these corros-
ive elements, the rate of corrosion is reduced significantly. (b)
Adsorption: The surface of the metal can adsorb molecules of
cellulose and starch. The interactions between the metal
atoms and the hydroxyl groups found in these polysaccharides
during this adsorption are both physical and chemical.
Consequently, a shielding layer develops, further preventing
corrosive species from reaching the metal substrate. (c)
Complex formation: Starch and cellulose both have hydroxyl
groups that can interact with the metal cations in the corrosive
environment. Complexes are created as a result of this inter-
action and are less reactive than the free metal ions. Hence,
the metal is vulnerable to corrosion.

Cellulose and starch have demonstrated corrosion inhi-
bition efficacy on a variety of metal substrates such as steel,

aluminum, and copper.302 A potential and environmentally
acceptable option for corrosion inhibition is provided by cell-
ulose and starch. Their importance in corrosion control tech-
niques is highlighted by their numerous modes of inhibition,
compatibility with a range of metal substrates, and agreement
with green chemistry principles. Cellulose and starch-based
corrosion inhibitors are positioned to play a crucial role in
advancing environmental sustainability and efficient corrosion
prevention as research advances and obstacles are overcome.
However, although biopolymers-based corrosion inhibitors
show promise, several challenges and areas for future research
exist, as follows: Variability: Inconsistent outcomes may be
caused by variations in composition, extraction techniques,
and performance under various circumstances. Thus, to
achieve accurate results, testing procedures and formulas must
be standardized. Optimization: To improve formulations for
certain metal substrates and ambient circumstances, more
studies are required. Also, it is crucial to customize these
inhibitors to meet certain requirements. Innovation: Corrosion
prevention may be revolutionized by investigating novel strat-
egies such as intelligent coatings and sophisticated materials
that contain cellulose and starch, such as self-healing coatings
and sensitive materials that adjust to shifting environmental
circumstances.

2.3. Green corrosion inhibition using energy-efficient
synthesis

Green chemistry, also known as sustainable chemistry, has
emphasized the value of safeguarding the environment and
human health over the last few decades. This fast-growing
approach in the overall realm of corrosion inhibition-related
science and technology entails reducing or eliminating the use
and manufacturing of hazardous inhibitor compounds by
appropriate target-specific innovation, aligned design, and
user-friendly application. Additionally, the as-required
materials should have energy-efficient synthetic routes.55 The
mass level of environmental awareness and rigorous environ-
mental regulations worldwide have strictly prohibited the syn-
thesis and utilization of conventional hazardous corrosion
inhibitors. In this perspective, designed engineering and sub-
sequent development of synthetic inhibitors must be amelio-
rated by employing ecologically benign starting precursor
materials or unconventional energy sources such as microwave
and ultrasonic (i.e., sonochemical) heating in the contempor-
ary domain. More specifically, microwave and ultrasonic
heating have numerous advantages, including immediate
interior heating, excellent temperature uniformity, and high
selectivity, which are attributed to their benefits in the devel-
opment of inhibitors via unconventional heating techniques.
Green synthesis can be accomplished using multicomponent
reactions, e.g., microwave and ultrasonic irradiation. It is
worthwhile to mention that implementing multicomponent
reactions has attracted significant attention because of their
superior features such as easy operational protocols, less time
consuming nature, less laborious, high reaction yield, and sig-
nificantly lower quantities of waste production.303 Moreover,
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organic synthesis in the solid phase often correlates with a
greater reaction yield, shorter reaction times, and significantly
avoids the use of hazardous solvents and metal catalysts, pro-
viding another reason for green synthesis.

2.3.1. Microwave-assisted synthesis. In the current scen-
ario, microwave-assisted synthesis has emerged as a new era in
synthetic chemistry. After a vast literature survey on green cor-
rosion inhibitors, several recent works have monitored and
focused on the microwave-assisted synthetic procedure. It can
be two-component and multicomponent multi-step reactions
facilitated by microwave-assisted reactions.

The corrosion retardance effectiveness of six thiadiazole
derivatives with various alkyl chain lengths, e.g., ethyl (for
IC-2), n-propyl (for IC-3), n-pentyl (for IC-5), heptyl (for IC-7),
undecyl (for IC-11) and tridecyl (for IC-13), was assessed for
the steel surface in 1 M H2SO4.

304 Both conventional and
green microwave heating approaches were employed to
develop the targeted inhibitors. As the reaction rate was expe-
dited with marginally larger yields, the inhibitor molecules
were produced more effectively by employing the microwave
irradiation approach, as depicted in Fig. 12(a). The required
acid, concentrated sulfuric acid, and thiosemicarbazide were
mixed in a flask placed within a closed vessel. The mixture was
magnetically stirred in a microwave reactor at 80–90 °C (20 W)
for one hour. Once the reaction was finished, the mixture was
chilled in cold water and neutralized with ammonia solution.
EIS and SEM were utilized to comprehend the corrosion inhi-

bition effectiveness of the six compounds. It was observed that
all the as-synthesized inhibitors could reduce the double-layer
capacitance compared to that of the blank owing to the vari-
ations in the thickness of the as-formed protective layer of the
inhibitors. As more surface coverage was achieved, the inhi-
bition efficiency increased from IC-2 to IC-11 with an increase
in the alkyl chain length. Surprisingly, the inhibition efficiency
decreased for IC-13, indicating that the alkyl chain of IC13 is
no longer straight but twisted into a loop-like shape.
Consequently, less surface coverage was associated with IC-13,
although it possessed the longest chain length. The Langmuir
adsorption isotherm further confirmed the chemisorption ten-
dency of the inhibitors.

In 2018, Singh et al. reported the use of 2-amino-N′-((thio-
phen-2-yl)methylene)benzohydrazide (ATMBH) as an excellent
corrosion inhibitor for the protection of mild steel in the pres-
ence of 0.5 M H2SO4.

305 ATMBH was synthesized via a solvent-
free microwave-assisted methodology, as shown in Fig. 12(b).
Thiophene-2-carboxaldehyde was first reacted with ortho-
amino benzoylhydrazide in the presence of a catalytic amount
of acid clay in a microwave reactor. The targeted product was
formed in 91% yield within 4 min of reaction. The significance
of this green synthesis protocol was highlighted by its added
environmental benignity, high yield of the as-synthesized cor-
rosion inhibitor, diminished energy consumption, and shorter
reaction time than other conventional synthetic procedures.
Gravimetric analysis and electrochemical investigations were

Fig. 12 Schematic presentation of the green synthetic pathways for corrosion inhibitors via microwave irradiation for (a) thiadiazole derivatives304

[reproduced from ref. 304 with permission; Copyright, Elsevier, 2012], (b) ATMBH305 [reproduced from ref. 305 with permission; Copyright, RSC,
2018], (c) piperonal-chitosan (Pip-Cht)306 [reproduced from ref. 306 with permission; Copyright, ACS, 2014], (d) thiosemicarbazone derivative307

[reproduced from ref. 307 with permission; Copyright, Elsevier, 2015], (e) xanthone derivative308 [reproduced from ref. 308 with permission;
Copyright, Elsevier, 2023], and (f ) ABDN derivative309 [reproduced from ref. 309 with permission; Copyright, Elsevier, 2015].
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used to investigate the corrosion inhibition efficiency of the
inhibitors. It was observed that the corrosion inhibition
efficiency of ATMBH increased with an increase in its concen-
tration in the electrolyte solvent. SEM and AFM further vali-
dated these inhibition efficiency analyses results. The inhi-
bition efficiency of ATMBH is attributed to the blockage of the
active sites (specifically, the cathodic sites) through its physi-
sorption and chemisorption on the mild steel surface, which
followed the Langmuir adsorption isotherm. The contact angle
measurement revealed the reduced hydrophilicity towards the
aqueous acid solution in the presence of a higher concen-
tration of inhibitor.

Similarly, this group reported the microwave-assisted syn-
thesis of thiophene hydrazone derivatives, namely, acetyl thio-
phene benzohydrazide (ATBH), propanoyl thiophene amino
benzohydrazide (PTABH), propanoyl thiophene benzohydra-
zide (PTBH) and acetyl thiophene amino benzohydrazide
(ATABH).310 It was observed that the conventional reflux
method in the presence of ethanol and acetic acid took 3–5 h,
while the microwave-assisted technique helped in acquiring
the as-required products within 3–5 min. Aoun et al. reported
the use of 1-(3-bromopropyl)-4-(dimethylamino)pyridinium
bromide (DPB) IL as a preferable contender for the corrosion
mitigation of carbon steel in an HCl environment.311 EIS and
LPR studies indicated an increase in the %IE with an increase
in concentration. Alternatively, the thermodynamic studies
revealed a discernible drop in %IE with an increase in temp-
erature, indicating the physisorption of the inhibitor mole-
cules under the current working circumstances. The Langmuir
isotherm well fitted the physisorption nature of the inhibitor.

Piperonal-chitosan (Pip-Cht), a novel Schiff base of chito-
san, was synthesized using microwave irradiation and charac-
terized by spectroscopic methods. Gravimetric and electro-
chemical methods were used to analyze its corrosion-suppres-
sing ability in carbon steel in 15% HCl media.312 Pip-Cht was
synthesized by mixing chitosan with glacial acetic acid, dis-
tilled water and ethanolic piperonal solution, as shown in
Fig. 12(c). The temperature of the microwave irradiation was
ramped to 60 °C for 15 min. The effectiveness of the Pip-Cht
was significantly increased by the addition of KI as a synergis-
tic agent. Even at a high temperature of 65 °C, the inhibitor
showed a substantial action that inhibited corrosion. The AFM
study confirmed the adhesion of the inhibitor to the metallic
surface and the development of a barrier film, which resulted
in a reduction in the surface roughness of the metal. The pres-
ence of KI promoted the inhibitor adsorption, where the SEM
study showed a smoother morphology of the steel surface in
the presence of the inhibitor. DFT-based quantum chemical
calculations showed that the Pip-Cht inhibitor exhibited
improved adsorption behavior compared to the chitosan and
piperonal parent molecules.

Three chitosan Schiff bases, namely, benzaldehyde (CSB-1),
4-(dimethylamino)benzaldehyde (CSB-2), and 4-hydroxy-3-
methoxybenzaldehyde (CSB-3), as corrosion inhibitors were
synthesized via the microwave-assisted pathway and their
effective corrosion inhibition was analyzed on mild steel in the

presence of 1 N HCl medium.313 After adding chitosan to dis-
tilled water, glacial acetic acid was mixed at room temperature.
The as-required aldehydes were dissolved in ethanol.
Subsequently, the aldehyde solution was added dropwise,
while stirring continuously for 30 min at 303 K in the chitosan
solution flask. The reaction mixture was subjected to 600 W
microwave irradiation in a microwave-assisted reactor. Then,
the sample temperature was raised gradually to 60 °C and
maintained for 15–20 min until the completion of the
reaction.

In another work, two isatin-thiosemicarbazone derivatives,
namely, 1-benzylidene-5-(2-oxoindoline-3-ylidene) thiocarbohy-
drazone (TZ-1) and 1-(4-methylbenzylidene)-5-(2-oxoindolin-3-
ylidene) thiocarbohydrazone (TZ-2), were synthesized. Their
protective nature towards mitigating the corrosion of mild
steel in the presence of 20% H2SO4 was assessed by employing
experimental and computational analytical techniques.307 The
synthetic procedure is schematically presented in Fig. 12(d). In
the first step of the synthesis, thiocarbohydrazide was allowed
to react with aldehyde in the presence of ethanol and glacial
acetic acid. Herein, isatin was added to the mixture with the
above-mentioned solvents under microwave irradiation for
2–3 min. The outcomes demonstrated that both inhibitors
functioned as mixed-type inhibitors and that their adsorption
on the metallic surface complied with the Langmuir isotherm
model. Computational analyses were performed to validate the
experimental findings. Later, Singh et al. reported the syn-
thesis of two xanthone derivatives, namely 12-(4-chlorophe-
nyl)-9,9-dimethyl-8,9,10,12-tetrahydro-11H-benzo[a]xanthen-
11-one (BX-Cl) and 9,9-dimethyl-12-(4-nitrophenyl)-8,9,10,12-
tetrahydro-11H-benzo[a]xanthen-11-one (BX-NO2), utilizing
microwave-assisted technology, as presented in Fig. 12(e).308

An equimolar ratio of 2-napthol, dimidone, and 4-chloroalde-
hyde/4-nitroaldehyde was added to an aqueous solution of
polyacrylic acid. Subsequently, the resultant combination was
subjected to 40 min of microwave irradiation (560 W). These
two derivatives were used to protect P110 steel in the presence
of a 15% HCl solution. The incorporation of KI enhanced the
corrosion inhibition and mitigation abilities of BX-Cl and
BX-NO2. The WL studies showed that increasing the concen-
tration of BX-Cl and BX-NO2 from 50 to 200 mg L−1 enhanced
the corrosion inhibition efficiency from 62.10% to 92.21% and
47.36% to 84.21%, respectively. As calculated from the EIS
data, the charge transfer resistance value reached 644.8 Ω cm2

for BX-Cl. This observation revealed the strong adsorption of
the xanthone derivatives on the metal surface. However, the
impedance decreased with an increase in temperature, which
suggests that the increase in temperature led to the desorption
of the adsorbed inhibitors from the metal surface.

Furthermore, the DFT and MD simulation results nicely cor-
roborated the experimental findings. Three 2-aminobenzene-1,3-
dicarbonitrile derivatives (ABDNs), namely, 5-amino-2,4-dihydroxy-
4-methyl-1,1:3,1-terphenyl-4,6-dicarbonitrile (ABDN-1), 5-amino-
2,2,4-trihydroxy-1,1:3,1-terphenyl4,6-dicarbonitrile (ABDN-2) and
5-amino-2,3,4-trihydroxy-1,3-methoxy,1:3,1-terphenyl-4,6-dicarboni-
trile (ABDN-3), were synthesized and evaluated for their ability to
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suppress mild steel deterioration in 1 M HCl utilizing WLand
electrochemical methods.309 The synthesis was performed using a
microwave-assisted protocol involving a two-step process, as pre-
sented in Fig. 12(f). According to the electrochemical, morphologi-
cal, and theoretical investigations, the corrosion inhibition effec-
tiveness followed the order of ABDN-3 > ABDN-2 > ABDN-1, which
was explained by the different substituents found in the aromatic
ring. The electron-donation ability of –OH in ABDN-1 is somehow
reduced by resonance, while the electron-donation ability of the
–CH3 of ABDN-2 is facilitated by a positive inductive effect.
Additionally, the strong electron-donating group, i.e., –OCH3

group, in ABDN-3 results in the better adsorption of ABDN-3.
Accordingly, ABDN-3 acts as a better corrosion inhibitor than
ABDN-2, followed by ABDN-1. The quantum chemical calculation
investigation supported the WL, electrochemical, and surface ana-
lysis. This research group further utilized these inhibitors to
analyze their corrosion inhibition effectivity on aluminum in the
presence of 0.5 M NaOH solution.314

2.3.2. Sonochemical synthesis. “Sonochemistry” involves
the use of ultrasound irradiation for diverse chemical syn-
thesis, which has emerged as a revolutionary and interesting
area in green and energy-efficient synthesis. Ultrasonic-
assisted synthesis in a circular economy plays a pivotal role
because of the accelerated rate of chemical transformation in
homogeneous and heterogeneous systems. Thus, this tech-
nique is widely used as an alternative to synthesizing organic
materials for several applications. It was observed that the cor-
rosion rate retardation ability increased with the concentration

of the inhibitor solution in the study by Singh et al., where
three chalcones, i.e., (E)-3-(4-hydroxyphenyl)-N-phenylacryla-
mide (INH-1), (E)-3-(4-(dimethylamino)phenyl)-N-phenylacryla-
mide (INH-2) and (E)-3-(4-hydroxy-3-methoxyphenyl)-N-pheny-
lacrylamide (INH-3), were successfully synthesized via the
ultrasonic irradiation technique (Fig. 13(a)).315 The syn-
thesized chalcones were examined for their ability to restrain
dissolution of mild steel using electrochemical and WL tech-
niques in the presence of 1 M HCl. The findings demonstrated
that all the as-synthesized chalcones acted as effective cor-
rosion inhibitors. Similarly, 2-hydroxy-N′-((thiophene-2-yl)
methylene)-benzohydrazide (HTMBH), an organic Schiff base
molecule, was synthesized via a conventional method and an
ultra-sonochemical technique via the reaction of 2-hydroxyben-
zoylhydrazide and thiophene-2-carboaxaldehyde in the pres-
ence of ethanol as the solvent.316 The ultrasonic-assisted syn-
thesis method is depicted in Fig. 13(b). In the second method,
the product yield significantly increased (from 78% in the con-
ventional approach to 95% in the ultrasound-assisted
method), and the reaction time was reduced (from 3 h to only
4 min). Compared to the conventional approach, it offers a
quicker and more efficient process for synthesizing the investi-
gated chemical HTMBH.

Recently, not only in chemical synthesis protocols but also
several sonochemical-assisted extractions of phytochemicals
have been reported in the literature. For example, Khanra et al.
reported the utilization of Scenedesmus sp., a microalga, to
extract unsaturated fatty acids for the protection purpose of

Fig. 13 Schematic presentation of the green synthetic pathways for corrosion inhibitors via the ultrasound-assisted protocol for (a) INH-1, INH-2,
and INH-3315 [reproduced from ref. 315 with permission; Copyright, Elsevier, 2014]; (b) HTMBH316 [reproduced from ref. 316 with permission;
Copyright, ACS, 2018]; (c) Scenedesmus sp.extract317 [reproduced from ref. 317 with permission; Copyright, ACS, 2018]; and (d) Catharanthus roseus
extract318 [reproduced from ref. 318 with permission; Copyright, RSC, 2020].
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mild steel in the presence of 1 M HCl solution.317 The cell
pellets were centrifuged, dried, and then the fatty acids
extracted using a 1 : 2 mixture of methanol and chloroform.
After being ultrasonically treated for 10 min, the mixture was
shaken for a whole night at 130 rpm in an orbital shaker
(Fig. 13(c)). In the next step, the supernatant liquid was col-
lected via further centrifugation. After phase separation, the
lower organic phase was recovered and dried in a rotary evap-
orator. The Scenedesmus sp. fatty acid (SFA)-containing organic
phase was used as an inhibitor. It was found that 9,12,15-octa-
decatrienoic acid (C18:3), 9,12-octadecadienoic acid (C18:2),
and hexadecanoic acid (C16:0) constituted the majority of fatty
acids, as analyzed by gas chromatography-mass spectrometry
(GC-MS). The EIS study revealed that 95.1% corrosion inhi-
bition efficiency was achieved for 36 ppm of inhibitor solution.
The hydrogen gas evolution reaction (HER) also supported the
decreased HER rate in the presence of SFA, i.e., there was less
corrosion reaction in the presence of SFA. The ability of SFA to
suppress the rate of corrosion followed the order of C18:3 >
C18:2 > C16:0. The SEM, AFM and theoretical studies such as
DFT nicely agreed with the electrochemical observations.
Similarly, in 2020, ethanolic extracts of the roots and stems of
Catharanthus roseus were obtained through ultrasonic energy,
as schematically presented in Fig. 13(d).318 This extract was
further used for the corrosion inhibition study of mild steel in
a sea-water-like saline environment (i.e., 3.5 wt% NaCl). UV-vis
spectroscopy (UV-vis), FTIR, Raman spectroscopy, gravimetric
analysis, and electrochemical investigations (OCP, EIS and
Tafel) were performed to investigate the corrosion inhibition
efficiency. Around 70% corrosion inhibition efficacy was
achieved from these phytochemicals. According to the out-
comes of the quantum chemical analysis, the C. roseus extract
was significantly adsorbed on the surface of mild steel.

Similarly, Luo and coworkers demonstrated a highly
effective enzyme-based ultrasound-assisted tannin extraction
technique from acorns at a fixed pH of ∼5.0.319 The response
surface methodology was implemented to further optimize the
extraction conditions, including the four factors of tempera-
ture, ultrasonic power, ultrasonic time, and cellulose concen-
tration. Firstly, the optimum ranges of the four significant
factors were obtained through fundamental single-factor
experiments. The experimental results were adequately
explained using the second-order polynomial model.
Consequently, the most suitable parameters used for extrac-
tion were as follows: 2.51 h, ultrasonic power of 97.92 W, temp-
erature of 38 °C, and 3.44 g L−1 of cellulose.

2.3.3. Other green approaches. Other energy-efficient green
synthetic pathways exist besides the microwave- and ultra-
sonic-assisted syntheses. To prepare a carbon dot-based pick-
ling solution on a large scale, a green, in situ acid oxidation
technique was employed by He et al.320 Carbon dots have been
used as a revolutionary and green corrosion inhibitor owing to
their inexpensive precursors, straightforward synthetic tech-
niques, nontoxicity, excellent dispersibility, ideal water solubi-
lity, and low cost.321–323 Fructose solution was used as a green
precursor of carbon dots. In a study, H2SO4 and DI water were

used for synthetic purposes, and stirring with a glass rod at
room temperature was the only mechanical force applied.
Exhilaratingly, the strong oxidizing nature of H2SO4 and the
heat produced during the exothermic reaction between H2SO4

and DI were the main accelerating factors for this reaction.
Eventually, it only took 3 min to obtain the as-required carbon
dots. The WL test, EIS, and PDP measurements supported that
the in situ-synthesized carbon dots effectively prevented cor-
rosion (with corrosion inhibition efficiency of ∼95%) in Q235
carbon steel in 0.5 M H2SO4 at a minute concentration of
0.26%.320 Another study reported the grinding of an equimolar
mixture of malononitrile, phenyl hydrazine, and aromatic alde-
hydes for 2 to 5 min in a mortar and pestle to obtain the as-
desired products, namely, 5-amino-1,3-diphenyl-2,3-dihydro-
1H-pyrazole-4-carbonitrile (AHPC), 5-amino-3-(4-nitrophenyl)-
1-phenyl-2,3-dihydro-1H-pyrazole-4-carbonitrile (ANPC) and
5-amino-3-(4-methoxyphenyl)-1-phenyl-2,3-dihydro-1H-pyra-
zole-4-carbonitrile (AMPC).324 The 3-aminopyrazole carboni-
trile derivatives (AHPC, ANPC, and AMPC) were demonstrated
to be good corrosion inhibitors for mild steel in 1 M HCl. At a
concentration of 7.69 × 10−4 M, AHPC, ANPC, and AMPC
exhibited corrosion inhibition efficiencies of 90.34%, 92.04%,
and 95.45%, respectively.

2.4. Green corrosion inhibition using mechanochemical and
one-step syntheses

2.4.1. Solid-phase reactions. A great Greek philosopher
once stated, “No Coopora nisi Fluida”, meaning “No reaction
occurs in the absence of solvent”. This philosophy greatly
influenced the development of modern science in Europe and
provided a historical reason why most organic syntheses are
carried out and studied in solution. Alternatively, it has been
established mechanistically that molecules can move relatively
freely in the solid state and even enantioselectively.325 It has
also been proven that organic reactions can proceed by mixing
powdered reactants and reagents in the absence of solvent and
with the efficient collection of the reaction products. In some
cases, organic reactions can also be performed under solvent-
free conditions throughout the reaction process as well as
product isolation. This technique offers several advantages
including reduced pollution, cost-effectiveness, simple
approach and handling.326,327 These factors are critical in
different industrial practices. In the early 20th century, W.
Nernst categorized various branches of chemistry based on the
energy source supplied to the system: electrochemistry, ther-
mochemistry, and photochemistry. Mechanochemistry was
introduced to describe reactions induced by mechanical
energy, with tribochemistry applied to reactions caused by fric-
tion during the milling of solid reagents.328,329

The mechanical grinding of solids involves numerous pro-
cesses, including: :

(a) Breaking of particles to diminutive sizes.
(b) Creating larger, newly exposed surfaces.
(c) Forming dislocations and point defects in the crystalline

structure.
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(d) Inducing phase transformations in polymorphic
materials.

(e) Chemical reactions including ionic exchange, decompo-
sition, oxidation–reduction, complex and adduct formation.

The International Union of Pure and Applied Chemistry
(IUPAC) defines a mechanochemical reaction as “a chemical
reaction induced by the direct absorption of mechanical
energy”.330 However, this area can be further divided into (i)
mechanical activation of solids, (ii) mechanical alloying, and
(iii) reactive milling of solids.331–333 The grinding of two solid
substances leads to intricate series of transformations. The
mechanical energy disrupts the order of the crystalline struc-
ture, creating cracks and exposing new surfaces. Deformation
and potential melting occur at the edge collision points,
forming hot spots where molecules experience high vibrational
excitation, leading to bond breakage. Ultimately, the energy
stored in the defects of the crystalline structure can facilitate
slower chemical processes.Nowadays, milling under controlled
temperature, light irradiation, sound agitation, or electrical
impulses in newly developed experimental setups has led to
reactions not achievable via conventional mechanochemical
processing.326 Consequently, thermo-mechanochemistry,
sono-mechanochemistry, electro-mechanochemistry and
photo-mechanochemistry represent notable advances in
modern mechanochemistry and herald a new level of solid-
state reactivity of mechanochemistry 2.0 (Fig. 14).

Mechanical milling using a mixer mill or planetary mill has
been fruitfully utilized in organic synthesis under solvent-free
conditions. In the literature, mechanical milling is sometimes
called grinding, which may cause confusion. Thus, to differen-
tiate these two mechanochemical techniques, it is strongly rec-

ommended that grinding is defined as a process in a mortar
and pestle and the like, such as a Retsch RM100 mortar
grinder. In contrast, milling should only refer to that per-
formed in a mixer/shaker mill or a planetary mill.334,335 A
mechanochemical process may involve carbon–carbon and
carbon–heteroatom covalent bonds, metal–ligand coordination
bonds, non-covalent interactions such as hydrogen bonds,
halogen bonds or π–π arene stacking interactions.
Alternatively, ball milling is a mechanical method broadly
used to granulate minerals into very fine particles and prepare
or alter inorganic solids. However, its use in organic synthesis
is relatively uncommon.336,337

Milling can be conducted in various ways. The simplest
method involves using a laboratory mortar and pestle. This
manual milling process can induce many mechanochemical
reactions that do not require overcoming a high energy barrier.
Alternatively, ball mills are employed when higher energy
levels are needed and when milling times extend to hours or
even days. Laboratory vibrators, such as those of the Wiggle-
Bug type, are highly efficient for milling small samples. For
prolonged high-energy milling, such as in mechanical alloying
or the amorphization of hard crystalline solids, very high
energy vibrators like high-speed attritors or high-impact stain-
less steel ball mills (such as Spex type) are used.328,329

Ultrasonication can also be employed as a method of mechan-
ochemical processing.338,339 Fig. 15 shows a brief timeline of
the development of mechanochemistry and direct mechanoca-
talysis. The solid-state synthesis can easily be monitored by
measurement of the IR or UV spectrum as a Nujol mull. Solid-
state NMR can be beneficial, and Mossbauer spectroscopy is
most valuable with Fe and Sn compounds. Other techniques,

Fig. 14 Diagrammatic representation of the two processes used in the mechanochemical synthesis of OMCs: carbonization under N2 and sub-
sequent CO2 activation (route 2); one-step carbonization and CO2 activation (route 1) utilizing tannin, glyoxal, and block copolymer327 [reproduced
from ref. 327; open access article, copyright permission is not required].
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such as high-resolution electron microscopy (HREM), electron
cyclotron resonance (ECR) and extended X-ray absorption fine
structure (EXAFS) spectroscopy, have been utilized to analyze
new surfaces.328,340 Mass spectrometry (MS) can also be used
to determine gaseous products, such as in the decomposition
of bromates and nitrates.341

Several corrosion inhibitors have been synthesized using
solid-state or solvent-less synthesis procedures, as shown in
Scheme 1. Some of the schemes are given below for the prepa-
ration of condensation products,343,344 pyrimidine deriva-
tives,345 phosphonates,346 pyrazoles,324 indole
derivatives,347,348 etc. Considering the requirement for diverse
industrial practices, the production of corrosion inhibitors is
required (i) to be cost-effective, (ii) on a large scale, (iii)
consume less time, and (iv) to be environmentally friendly. It
can be shown in the given examples that the production of
inhibitors, employing a solvent-free mechanochemical
approach could result in their synthesis via simple
stirring343,344 or grinding324 within the span of a few minutes
and even at room temperature. In some cases, the synthesis
also involves the use of greener catalysts such as nano-metal
oxides348 and amino acids.347 Further, to enhance solvent-free
synthesis, modern methods such as microwave irradiation-345

and ultrasonic irradiation-induced346 synthesis can be used, as
presented in some examples. According to the above discus-
sion, and the shared schemes, it is obvious that corrosion
inhibitors can be produced using the mechanochemical
approach in a simple synthetic procedure within significantly
less time. This approach minimizes the production of waste
and avoids the cumbersome isolation and purification steps

required for conventional organic synthesis. This is incredibly
convenient for the large-scale production of organic molecules
to be used in various industries as corrosion inhibitors.
Therefore, this methodology can prevent unnecessary waste,
realize atom economy, lower-hazard chemical reactions due to
the absence of toxic chemicals and reagents, and minimize
the energy consumption. Considering the development of cor-
rosion inhibitors using solid-phase preparation, this approach
can be, in general, a cheaper, simple, cost-effective, and less
time-consuming process, and therefore practically applicable
for industrial purposes.

2.4.2. One-step multi-component reactions. The conven-
tional synthesis procedures require long steps, with isolation
and purification in each step leading to the considerable loss
of reagents and colossal expenditure. One-step MCRs
(Fig. 16a), or in other words, multicomponent assembly pro-
cesses (MCAPs), are the term given to the chemical synthesis
process wherein three or more reactive molecules are con-
verted to the product following a single-step reaction.349–352

MCRs represent an attractive green strategy as a fruitful
alternative to the conventionally utilized multiple-step syn-
thesis procedure.353,354 They are especially useful for develop-
ing green chemicals for industrial and biological applications.
The salient features of MCRs include short reaction times,
high yields, high chemical selectivity, low operating cost, and
low number of purification steps. Their other benefits are less
consumption of toxic solvents and purification reagents that
can harm the environment.97,355 Some of the salient features
of MCRs are presented in Fig. 16b. In a green MCR, most of
the atoms in the reagents should be converted to the product.

Fig. 15 Timeline of mechanochemistry and “direct mechanocatalysis”342 [reproduced from ref. 342, RSC publication, copyright permission is not
required].
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Also, water is usually the major by-product of such green MCR
reactions.349 An astonishing feature of MCRs is that indepen-
dent of the preferred reaction pathway, all mechanisms lead to
the same final product. MCRs allow direct and elegant access
to bioactive compound libraries and fulfil the requirement for
biologically active compound syntheses and discovery.

The Strecker synthesis of α-amino cyanides developed in
1850 is considered the first documented MCR. Currently,
metal-catalyzed MCRs, isocyanide-based MCRs, organoboron-
based MCRs, and free radical-facilitated MCRs are the most
reported one-step MCRs for developing novel organic mole-
cules, including corrosion inhibitors. The synthesis of organic

compounds having application in various industrial practices
using one-step MCRs agrees with the principles of “green
chemistry”. Thus, MCRs are frequently utilized for various
chemical transformations, including Biginelli reaction, alkyne
trimerization, Gewald reaction, Bucherer–Bergs reaction,
Hantzsch pyridine synthesis, Kabachnik–Fields reaction,
Grieco three-component coupling, Passerini reaction, Mannich
reaction, Petasis reaction, Strecker amino acid synthesis, Ugi
reaction, Asinger reaction, A3 coupling reaction and Pauson–
Khand reaction.122,303,357–359 An increasing number of appli-
cations of MCRs has been reported in medicinal chemistry
and drug discovery programs, combinatorial chemistry,

Scheme 1 Solid-phase synthesis of (a) dibenzalacetone,343,344 (b) pyrimidine derivatives,345 (c) phosphonates,346 (d) pyrazoles,324 (e) 3-amino alkyl-
ated indoles,347 and (f ) bis(indolyl) methanes348 [the synthetic schemes were reproduced and suitable copyright permissions have been obtained].
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natural product synthesis, agrochemistry, and polymer chem-
istry.303 A brief timeline of the development of MCRs is shown
in Fig. 17.

In a green MCR, most of the atoms in the reagents should
be converted to the product. Water is usually the major by-
product of such green MCR reactions.349 Noticeably, compared
to the conventional tedious synthesis of corrosion inhibitors,
MCRs show synthetic advantages regarding simplicity,
efficiency, selectivity, convergence, and atom economy. Ideally,
all or most of the steps during multicomponent reactions
(MCRs) would reach reversible equilibrium, with the last step
being irreversible, leading to the final products. In this case,
the products can precipitate from the reaction mixture, which
enables purification by filtration and washing without chrom-
atography or recrystallization. A survey of the literature showed
that most of the research on corrosion inhibitors has been
undertaken on the effect of electron-donating/withdrawing
substituents and their influence on the corrosion inhibition
efficiency.11,18,19 Hence, a thorough review of the literature is
required to consider the crucial structural features of organic
corrosion inhibitors such as (i) the carbon chain length, (ii)
the nature of heteroatoms, (iii) the effect of stereochemistry,
(iv) the effect of the ring size, and (v) influence of substituents

on the corrosion inhibition performance. In this context, the
MCR protocol has led to the development of a series of
libraries consisting of heterocycles established for quantitative
structure activity–relationship (QSAR) studies on corrosion
inhibition. Thus, multicomponent reactions represent valu-
able tools in the repertoire of sustainable synthetic methods
for developing environmentally benign corrosion inhibitors
and their synergistic utilization with other green technologies,
which can bring organic chemists closer to the ideal synthesis.

As discussed above, the requirement for efficient corrosion
inhibitors based on organic molecules also attempts to address
the ease of synthesis and cost-effectiveness of the synthesized
products and overall environmentally safer procedures. MCRs
have been recognized as one of the greenest alternatives for
developing green chemicals with numerous industrial and bio-
logical applications. In this context, MCRs have several advan-
tages such as ease of performance, lower number of steps, high
selectively, facile automation, unique product, high atom
economy, simple purification of the product, high synthetic
efficiency, and low waste production because of the reduction in
the number of work-up steps, thus saving time and resources.

Several corrosion inhibitors have been synthesized follow-
ing the MCR approach, as shown in Scheme 2.360–365 Although

Fig. 16 (a) Schematic of MCRs facilitated using microwave and ultrasound irradiation and (b) basic characteristics of MCRs356 [reproduced from ref.
356; open access article, copyright permission is not required].
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corrosion inhibitors are derived using one-step MCRs, which
deliver several synthetic benefits, MCRs suffer from several
challenges. One of the biggest challenges of MCRs is the possi-
bility of side reactions during the reaction progress, reducing
the overall yield and efficiency of the synthesis. The side reac-
tions not only decrease the result of the reaction but also
cause the release of enormous amounts of environmentally
harmful solvents and chemicals that adversely affect the sur-
rounding environments. Also, the possibilities of bimolecular
side reactions become greater under harsh reaction con-
ditions. Therefore, it is recommended that the synthesis of cor-
rosion inhibitors using MCRs should be carried out under
comparatively milder conditions. Further, most of the cor-
rosion inhibitors were synthesized using MCRs; therefore,
exploring the synthesis of the corrosion inhibitors using three-
and four-component reactions is also recommended.
Generally, the corrosion inhibitors derived from MCRs are
associated with high inhibition efficiency, which is attributed
to several polar functional groups. The polar functional groups
act as adsorption centers for metal–inhibitor interactions. The
polar functional groups not only facilitate the adsorption of
the corrosion inhibitors but also enhance their solubility in
polar electrolytic media, such as H2O and HCl. The combi-
nation of MCRs with non-traditional irradiation further
improves their synthetic efficiency. Therefore, it is rec-
ommended that MCRs be carried out in association with

microwave and ultrasound irradiation. Insertion of polar func-
tional groups should be enhanced as much as possible. The
inhibition characteristics of the corrosion inhibitors derived
from MCRs have been investigated mainly for ferrous alloys.
Therefore, their use should be explored for non-ferrous metal-
lic alloys. According to the ongoing discussion, it is also clear
that corrosion inhibitors derived from MCRs are regarded as
environmentally benign because of their association with
several synthetic efficiencies, including higher reaction yield
and lower reaction time. Thus, MCRs, in combination with
non-conventional microwave and ultrasound irradiation, offer
one of the greenest and most efficient protocols for developing
and designing environmentally benign corrosion inhibitors.

2.5. Green corrosion inhibition using benign solvents,
chemicals and catalysts

2.5.1. Water as a green solvent for the synthesis of inhibi-
tors. Sustainable organic methodologies are in high demand
in various industrial applications for producing multiple
organic scaffolds, such as fine chemicals, medicinal and
pharmaceutical agents, and agrochemicals.366,367 Scientists are
advocating the use of water as a solvent due to its environmen-
tally friendly nature, cost-effectiveness, non-flammability, and
abundant availability. Water as a solvent promotes the acti-
vation of functional groups via hydrogen bond formation.
Owing to the high surface tension and hydrophobicity,368 the

Fig. 17 Timeline of multicomponent reactions (1850–2000) [self-illustration, copyright permission is not required].
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reactants in an aqueous environment are bound to form aggre-
gates to reduce the exposed organic surface area,369,370 increas-
ing the reaction rate. Therefore, a “strong collaboration”

between US and aqueous reaction media is essential to
develop environmentally sustainable synthesis protocols.
Further, solvent-less or solid phase synthesis or synthesis in

Scheme 2 Examples of MCR-based synthesis of corrosion inhibitors (a),360 (b),361 (c),362 (d),363 (e),364 and (f)365 [the synthetic schemes were repro-
duced and suitable copyright permissions have been obtained].
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aqueous medium is in general preferred considering the non-flam-
mable nature, high dielectric constant, abundant availability, ease
of handling, low cost, etc. of water.371,372 These beneficial aspects in
terms of sustainability have motivated scientists and researchers to
explore organic synthesis in aqueous media. Moreover, modern
techniques such as MS and US have facilitated organic synthesis to
be carried out in aqueous media.339,373–375 Considering the require-
ment of large-scale production of corrosion inhibitors, the use of
an aqueous medium significantly reduces the high cost required
for conventional organic solvents. Moreover, using water as a

solvent is also a greener and cleaner approach. Some methods for
preparing organic corrosion inhibitors in aqueous medium are pre-
sented in Scheme 3. It can be noticed that several organic mole-
cule-based corrosion inhibitors have been synthesized using water
as the reaction solvent.376–380 Considering the requirement of large-
scale synthesis, preference for the MCR approach and overall green-
ness of the synthesis protocol, water becomes an obvious choice as
the synthesis medium for preparing organic corrosion inhibitors.
In most cases, in water as the reaction medium, single-step reac-
tions are carried out to afford high yield and minimize the iso-

Scheme 3 Scheme for the synthesis of corrosion inhibitors based on (a) pyranopyrazoles,376 (b) pyrimidoquinolines,377 (c) pyrimidine derivatives,378

(d) tetrazoles,379 and (e) quinoline derivatives380 in an aqueous medium [the synthetic schemes were reproduced and suitable copyright permissions
have been obtained].
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lation/purification steps. Simple reflux methods are used for syn-
thesis, although MW and US-facilitated synthesis of organic inhibi-
tors has also been reported.

2.5.2. Other green solvents for the synthesis of inhibitors.
Green analytical chemistry describes the contribution of
analytical chemists towards sustainable development. The
specialists attempt to introduce sustainability attributes to
their activities and specific fields of expertise. It is important
to establish good disposal practices to develop greener cor-
rosion inhibitors, especially for solvent waste. Solvent distilla-
tion vs. incineration was compared via a life cycle analysis
(LCA).381 Spent solvents widely applied in analytical chemistry,
such as acetonitrile, tetrahydrofuran, acetone, acetic acid
cyclohexane and toluene, should be recycled via distillation.
Analytical solvent waste originating from methanol, ethanol,
pentane, hexane or heptane applications should be treated by
incineration. Accordingly, the trend in solvent application in
analytical chemistry is to apply new types of solvents, such as
bio-based solvents,382 deep eutectic solvents383 and ILs.384

Similar to ionic liquids, bio-based solvents are considered
green alternatives to more traditional ones. The typical sol-
vents used in laboratories, such as methanol and acetone, can
be derived from the lignocellulose feedstock.

Another aspect of analytical reagents for testing corrosion
inhibitors is the application of acids and bases for digestion385

and as various auxiliary chemicals. Due to their different
chemical properties, acids and bases require the application of
slightly different parameters during their greenness assess-
ment.386 The assessment systems are based on environmental,
safety and health issues and problems with hazardous by-pro-
ducts or disposal problems. Fig. 18 lists some of the com-
monly used green solvents, including water.

In addition to water, several organic solvents have been
recognized as green solvents for organic synthesis, including
“fluorous” solvents such as perfluorinated alkanes, dialkyl
ethers, and trialkyl amines.63 These perfluorinated liquids
have useful and attractive properties for organic synthesis,
such as chemical inertness, high thermal stability, nonflamm-
ability, extreme nonpolar character and small intermolecular
attraction.387 ILs388–390 serve as solvents for reaction media for
many separation or catalytic processes because there is a wide
range of organic, inorganic and polymeric molecules that is
well soluble in ionic liquids.391,392 The solvating properties of
ionic liquids depend on their smaller anions and larger
organic cations. Organic carbonates represent esters of carbo-
nic acids and are a class of compounds with a broad field of
application due to their unusual properties. They are readily
available in large amounts, inexpensive, low (eco)toxic, and
entirely biodegradable. Organic carbonates are widely used for
extraction, pharmaceutical and medical applications, and bat-
teries. At room temperature, carbon dioxide exists as a liquid
with excellent wetting properties and very low viscosity. Above
its critical temperature and pressure (31 °C and 73.8 bar,
respectively) CO2 exists in the supercritical state,388,393 featur-
ing gas-like viscosities and liquid-like densities. Also, carbon
dioxide is renewable, nontoxic, nonflammable, readily evapor-
ates and chemically inert towards many substances, and thus
features outstanding characteristics for utilization in green
chemistry. Biosolvents have been developed as an alternative
to volatile organic compounds (VOC), which are usually
harmful to the environment and human health. The most
important chemical classes of biosolvents are esters of natu-
rally occurring acids and fatty acids, bioethanol, terpenic com-
pounds, isosorbide, glycerol, and glycerol derivatives.394,395

These compounds offer the advantage of being produced from
renewable sources such as vegetable, animal or mineral raw
materials by chemical and physical processes without consum-
ing fossil resources. The objective of a green solvent is to mini-
mize the environmental impact of the consumption of solvents
in chemical production. Thus, the effective utilization of green
solvents such as water, supercritical fluids, liquid polymers,
and ILs can help reduce environmental pollution. The pro-
perties of novel green solvent or biosolvents include low tox-
icity, phase behavior, favourable chemical kinetics and
thermodynamics, biodegradability, and non-flammability.
Schemes for synthesizing corrosion inhibitors in greener sol-
vents are shown in Scheme 4. The commonly used green sol-
vents for preparing organic corrosion inhibitors include gly-
cerol, methanol, and ethanol.396–400 This simplifies the syn-
thesis protocol and reduces the overall cost of synthesis.

2.5.3. Greener catalysts for the synthesis of inhibitors.
Greener catalysis means moving from stoichiometric processes
to homogenous and heterogeneous catalytic reactions using
organic, organometallic, inorganic and biological
catalysts.401,402 Amino acids and enzymes can be classified as
nontoxic, renewable, and natural catalysts, which are usually
metal free. In addition to their high reaction selectivity, the
catalytic activity of enzymes is very high, even in vitro.

Fig. 18 Different types of green solvents [self-illustration, copyright
permission is not required].
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Moreover, green catalysts include magnetic nanoparticles, zeo-
lites, natural food additives, and noble metal nanoparticles.
Schemes for synthesizing corrosion inhibitors using greener

catalysts are shown in Scheme 5. L-Proline is commonly
reported as a green catalyst for synthesizing organic corrosion
inhibitors.403–406 In addition, metal oxides407 have also been

Scheme 4 Scheme for the synthesis of corrosion inhibitors based on (a) imidazole derivatives396 [reproduced from ref. 396, open access publi-
cation, copyright permission is not required], (b) barbiturates397 [reproduced from ref. 397, open access publication, copyright permission is not
required], (c) thiopyrimidines398 [reproduced from ref. 398 with permission, Copyright, Elsevier, 2016], (d) triazine derivatives399 [reproduced from
ref. 399, copyright permission is not required], and (e) dihydropyrimidinones400 [reproduced from ref. 400 with permission, Copyright, Elsevier,
2020] in environmentally benign solvents.
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reported as catalysts for synthesizing corrosion inhibitors. By
using trace amounts of green catalysts in single-step trans-
formations, efficient corrosion inhibitor molecules with high
yield and purity can be obtained.

2.5.4. Green chemicals as corrosion inhibitors. In addition
to the abovementioned modern techniques for green syn-
thesis, several precursor molecules can be classified as green
and environmentally safe. Their application in the synthesis
agrees with several green chemistry principles of ecologically
benign and low toxicity reagents, renewable raw materials, and
minimizing waste production.56,408 The major categories
include (i) extracts from plants and tree parts409 such as roots,
stems, leaves, bark, shells, seeds, and flowers. These parts
contain several phytochemicals that are complex compositions
of naturally occurring chemicals and are environmentally safe.

(ii) Carbohydrates286,410 such as glucose, chitin, chitosan, cell-
ulose, starch, and pectin. These large molecular weight chemi-
cals contain abundant surface functional groups, which allow
considerable prospects of reactivity. (iii) Amino acids50 such as
glycine, proline, and histidine in the essential amino acid cat-
egory, providing reactivity, solubility, and prospects for chemi-
cal functionalization. In addition, polyamino acids such as
polyaspartic acid and proteins such as soy, gluten, casein, and
gelatin have also found diverse applications. It is understood
that the abovementioned categories are of natural origin and
have considerable biocompatibility. Other classes include (iv)
heterocyclic biomolecules411 such as vitamins and hormones;
(v) pharmaceutical products, i.e., drugs, and (vi) ILs
(Fig. 19).411 These types of chemicals are abundant, environ-
mentally safe, and cheap. The guidelines for the classification

Scheme 5 Schemes for the synthesis of corrosion inhibitors based on (a) pyrimidoquinolines,403,404 (b) quinoline derivatives,405 (c) condensed
uracils,406 and (d) urea derivatives407 using environmentally safer catalysts [the synthetic schemes were reproduced and suitable copyright per-
missions have been obtained].
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of green corrosion inhibitors are based on the following cri-
teria (Table 5):412–415

(i) Toxicity: The LD50 value should be >500 mg kg−1 weight
of a rat.

(ii) Biodegradation: The biodegradability should be 60% in
28 days.

(iii) Bioaccumulation: The capability of a chemical to
accumulate in living organisms can be computed employing
the partition coefficient (log Po/w), where log Po/w limit < 3.0.

A wide range of heterocyclic compounds has been reported
as corrosion inhibitors, including pyridines,416 pyrimidines,417

pyrazole,418 imidazoles,419 triazoles,420 tetrazoles,421

indoles,347 thiazoles,422,423 oxadiazoles,424

benzotriazoles,425,426 benzimidazoles,427,428 and macrocyclic
compounds,429,430 and biomolecules. Previously, conventional
research in corrosion inhibition was limited to small mole-
cules, such as benzotriazole and other simple compounds,
with little or no attention to biological and macromolecules.
However, recently, scientists and researchers have focused on
exploring novel inhibition chemistries that can be effective,
easier to obtain/synthesize, and environmentally suitable.
Their application in the synthesis agrees with several provisos
of green chemistry principles of environmentally benign and
low toxicity reagents, renewable raw materials, and minimising
waste production.56,408 The major categories of green corrosion
inhibitors include (i) the extracts from plants and tree parts409

such as roots, stems, leaves, bark, shells, seeds, flowers, and
seeds. These parts contain several phytochemicals that are
complex compositions of naturally occurring chemicals and
are environmentally safe; (ii) carbohydrates286,410 such as
glucose, chitin, chitosan, cellulose, starch, pectin, etc. These
large molecular weight chemicals contain abundant surface
functional groups that allow considerable prospects of reactiv-
ity; (iii) amino acids431 such as glycine, proline, histidine, and

Fig. 19 Some of the greener chemicals for the development of corrosion inhibitors [self-illustration, copyright permission is not required].

Table 5 Classification criteria of green corrosion inhibitors [self-illus-
tration, copyright permission is not required]a

Category
LD50 value
(mg kg−1) Identification Symbol

1 5 Fatal if swallowed

2 50 Fatal if swallowed

3 300 Toxic if swallowed

4 >300 ≤ 2000 Environmentally benign
green inhibitors5 >2000 ≤ 5000

Key: green inhibitors belong to category 4 and 5. a International stan-
dard for chemical safety, globally harmonized system of classification
and labelling of chemicals (GHS), United Nations Institute for
Training and Research Program Advisory Group.
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others are among the essential amino acid member categories.
These provide reactivity, solubility, and prospects for chemical
functionalization. In addition, polyamino acids such as poly-
aspartic acid and proteins such as soy, gluten, casein, gelatin,
etc. have also found diverse applications. It is understood that
the abovementioned categories are of natural origin and have
considerable biocompatibility. Other classes include (iv)
heterocyclic biomolecules411 such as vitamins, hormones etc.;
(v) pharmaceutical products, viz. drugs, and (vi) ILs
(Table 5).411 These types of chemicals are abundant, are envir-
onmentally safe, and afford cheap costs. Notably, some of the
green chemicals presented in Table 5 can find applications as
environmentally safer corrosion inhibitors. In addition, some
methods are proposed to develop novel derivatives of such
greener chemicals to obtain greener corrosion inhibitors.
These biomolecules have been reported for their environmen-
tally benign nature and considerable corrosion inhibition
efficiency in aggressive aqueous media. Further, to achieve an
improvement in corrosion inhibition performance, different
chemical functionalization methods have been explored.

Polymers have found wide applications in corrosion inhi-
bition due to their high molecular surface area, which can
afford superior adsorption. Additionally, the presence of abun-
dant available sites for adsorption allows excellent interaction
with the metallic substrate. Naturally derived polymers such as
chitosan, carboxymethyl cellulose, dextran, maltodextrin, and
starch have been reported to exhibit significant inhibition
behaviour.432–434 These polymers can be extracted from
natural sources or synthesized from living organisms.432 The
diverse applications of these biological polymers originate
from their intrinsic biodegradability combined with excellent
properties such as non-toxic nature, biocompatibility, renew-
ability, barrier action, low cost, and demonstrated potential
application in corrosion inhibition. Several natural polymers,
such as chitosan,410,435–437 cellulose,438,439 dextrins,440,441 and
starch,442,443 have been utilized as corrosion inhibitors.
Exudate gums, such as xanthan gum and Gum Arabic, have
also been reported. Further, considering their interesting inhi-
bition and protection performance, researchers have also
attempted the chemical modification of several natural poly-
mers and reported their performance as corrosion inhibitors.
Recently, several polymeric nanoparticles443 and nano-
biocomposites444,445 derived from naturally occurring poly-
mers have also been reported as environmentally friendly cor-
rosion inhibitors. Schemes for the synthesis of organic mole-
cule-based corrosion inhibitors using chitosan Schiff bases,
amino acids, and ionic liquids are presented in Scheme 6.
Other carbohydrate derivatives have also been reported as
inhibitors.446,447

Amino acids are organic molecules composed of nitrogen,
oxygen, and hydrogen, which are the building blocks of pro-
teins.452 Amino acid molecules contain an –NH2 group,
–COOH group, and a side chain (aliphatic/aromatic) specific to
each amino acid molecule. These functional groups can
adsorb on a desired metallic substrate, thereby promoting the
corrosion protection by amino acids. Amino acids exist in

Scheme 6 Schemes for the synthesis of corrosion inhibitors using
environmentally safer reagents such as (a–c) chitosan,410,435–437 (d)
glucose,446,447 (e and f) amino acids,448,449 and (g and h) ionic
liquids450,451 [the synthetic schemes are reproduced from their respect-
ive publications with permission and copyright permissions have been
obtained].
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aqueous solutions as zwitterions, i.e., containing separate
positively (–NH3

+) and negatively charged (–COOH−) groups,
imparting high solubility. Moreover, amino acids are naturally
occurring, biodegradable, cost-effective, and present as
alternatives to commercially used toxic corrosion
inhibitors.448,449 Several reports have emerged in the literature
on the application of amino acids as corrosion inhibitors.18,431

The chemical modification of amino acids via functionali-
zation strategies to develop amino acid derivative-based cor-
rosion inhibitors has also been reported.

Natural extracts derived from plants present one of the
leading categories of green corrosion inhibitors. Due to their
natural origin, these extracts are considered green, and their
application in corrosion inhibition agrees with environmental
regulations. Extracts from almost all plant parts, e.g., leaves,
fruits (including pulp, skin, shells, and seeds), stem, bark,
flowers, and roots, are useful as corrosion inhibitors.128 The
different sections of a plant are composed of various phyto-
chemicals such as alkaloids, terpenoids, flavonoids, catechins,
and co-enzymes, including carbohydrates, amino acids, vita-
mins, and proteins. Accordingly, plant extract-based corrosion
inhibitors have been utilized in various corrosive media on
different metal surfaces.128,409 Pharmaceutical products are
organic compounds composed of heteroatoms (N, S, O, and
P), functional groups, heterocyclic rings, phenyl rings,
π-bonds, etc. in their molecular structure. Given that they are
produced for human consumption, these products are green
and environmentally friendly.

Besides, medicines can be easily solubilized by water and
oils. Several research articles have been published on the use
of drugs or chemical medicines as corrosion inhibitors.453,454

Almost all types of drugs, e.g., antimalarial, antibacterial, anti-
fungal, antiviral, antihypertensive, and anticancer, have been
utilized as corrosion inhibitors. Considering the cost of medi-
cines, several expired pharmaceutical products have recently
been reported as corrosion inhibitors.455–459 The use of oleo-
chemicals in various applications aligns with the green chem-
istry principles and promotes the use of renewable, sustain-
able, and bio-based chemicals.460,461 Oleochemicals, which are
fats and oils extracted from plant and animal sources, also rep-
resent this category. Due to their natural origin, oleochemicals
are environmentally benign. Oleochemicals bear the structure
of long-chain fatty acids, which aid in the effective adsorption
on the target metal surfaces. Furthermore, the presence of
other surface functionalities, in the form of polar functional
groups, heteroatoms, heterocycles and/or phenyl rings
π-bonds, facilitate their adsorption. Due to their ready avail-
ability, low toxicity, and biodegradable properties, oleochem-
icals present a major category of environmentally benign cor-
rosion inhibitors.

Recently, the use of biosurfactants in corrosion protection
has been gaining particular attention. It is important to note
that generally, surfactants have found application together
with conventional inhibitors, wherein these molecules aid in
the dissolution of the inhibitors in corrosive media. However,
a literature survey indicated that numerous cationic-, non-

ionic-, Gemini- and ionic liquid-based surfactants have been
widely reported as corrosion inhibitors.462,463 It also showed
that ionic liquids are effective by adsorbing on metallic
surfaces.464,465 Through their adsorption, ionic liquids block
the active sites of metal surfaces responsible for corrosive
damage. Similar to traditional organic corrosion inhibitors,
the adsorption of ILs may follow the physisorption, chemisorp-
tion or physiochemisorption mechanism. Ionic liquids are
also widely used as corrosion inhibitors for various metal/elec-
trolyte systems.450,451 Macrocyclic compounds refer to large
molecular structures similar to that commonly found in calix-
arenes, crown ethers, cyclodextrins, porphyrin rings, phthalo-
cyanines, crown ethers, etc.466 Several antibiotics are based on
macrocyclic compounds. These compounds can form highly
stable chelates and complexes with transition metals and
lanthanides. Their higher molecular weight affords them high
metallic surface coverage. A greater number of heteroatom
π-bonds, conjugation, additional phenyl rings, and hetero-
cycles is favorable for surface adsorption on metallic sub-
strates.353 Several studies by the authors are available on the
effect of ring size and heteroatoms of macrocyclic compounds
on their inhibition performance.429,466–470

2.6. Green corrosion inhibition using bio-based materials

The control of metallic corrosion using biobased compounds
has gained significant momentum in response to the global
campaign against the use and discharge of toxic chemicals
into the environment. Various biobased compounds have cap-
tured keen interest from corrosion experts in recent years. This
section provides a concise overview of the pertinent literature
on biobased compounds, such as pharmaceutical drugs and
essential oils, subjected to empirical testing for their anticorro-
sive activities. According to the literature, pharmaceutical
drugs, which are known for their diverse clinical applications,
including antihypertensive, anticonvulsant, antiviral, and anti-
depressant properties, represent biobased chemicals with sub-
stantial anticorrosion potential.471 These pharmaceutical
drugs exhibit structural attributes similar to conventional
organic inhibitors, thus prompting researchers to scrutinize
their performance as corrosion inhibitors. Their key features
such as conjugated multiple bonds, polar functional groups,
planar structures, and heteroatoms contribute significantly to
their inhibitory capabilities against corrosion. These attributes
enable drug molecules to adsorb onto metal surfaces, forming
a protective barrier against corrosive agents. Furthermore,
pharmaceutical drugs possess the advantages of water-solubi-
lity, non-toxicity, ecofriendliness, cost-effectiveness and biode-
gradability. In this case, expired drugs are preferable as metal-
lic corrosion inhibitors due to their environmental and econ-
omic benefits compared to fresh drugs.472,473

The effectiveness of fresh and expired pharmaceutical
drugs in inhibiting corrosion reactions has been extensively
documented in the literature.471–475 In two distinct reports,
investigations were carried out on the inhibition performance
of azithromycin for stainless steel 316L in KOH 476 and mild
steel in 2 M HCl.477 These investigations employed electro-

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2024 Green Chem.



chemical and surface analytical methods and revealed the
ability of azithromycin to significantly reduce the corrosion
rate even at minimal doses, functioning as a mixed inhibitor.
The proposed inhibition mechanism for both cases involved
physical adsorption, with the Freundlich isotherm governing
the inhibition process in SS 316L/KOH and the Langmuir iso-
therm in MS/2 M HCl. Table 2 provides an overview of the sig-
nificant research publications in 2023 pertaining to the utiliz-
ation of pharmaceutical drugs as corrosion inhibitors.

Recent reports highlight the growing interest in hybrid
systems, combining at least one type of drug with synergistic
agents such as other drugs, halide ions, nanoparticles and
natural gums to enhance the corrosion resistance of metallic
materials. For instance, incorporating cyclodextrin into piroxi-
cam resulted in outstanding resistance in a steel/1 M HCl
system, achieving an impressive 98.65% inhibition at a con-
centration as low as 0.4 mM. This synergistic inhibitor exhibi-
ted a significantly superior performance to several individual
drugs tested as corrosion inhibitors.502 Nevertheless, it
remains crucial to determine the optimal dosage ratio of the
inhibitor components to maximize the protection performance
of these hybrid systems. Recent research efforts have focused
on uncovering the remarkable inhibitory effects of drug-based
hybrid inhibitors in investigating the corrosion behaviour of
diverse metal/electrolyte systems.503–508

In the realm of employing computational tools to elucidate
the inhibition mechanisms of drug molecules, Mrani et al.509

conducted comprehensive computational studies on seven
sulfa drugs as inhibitors of steel corrosion. These investi-
gations combined in silico toxicity assessments with DFT and
MC simulation. The findings demonstrated that the tested

drug compounds can be classified as non-toxic and highly
effective steel corrosion inhibitors. A QSAR model was devel-
oped in a separate study to predict the inhibition performance
of 250 commercial drugs employing an autoregressive with
exogenous input (ARX) approach. This model utilized hard–
soft acid–base (HSAB) descriptors derived from third-order
DFTB. Its reliability was assessed through a five-fold cross vali-
dation process, and subsequently subjected to external vali-
dation, yielding exceptionally favorable results. To substantiate
the credibility of the developed model, the authors further vali-
dated it by assessing newly synthesized lidocaine using electro-
chemical methods, achieving an impressive peak %IE of
92.5% (EIS) and 87.51% (PDP) at a concentration of 100 ppm.
Remarkably, these experimental results are closely aligned
with the predicted %IE of 87.51% obtained from the ARX
model.510 Similarly, a recent report by Abeng and Anadebe har-
nessed the capability of artificial neural network (ANN) and
adaptive neuro-fuzzy inference system (ANFIS) models to evalu-
ate the protective performance of the doxorubicin drug. These
modelling assessments were performed alongside well-estab-
lished experimental and theoretical techniques. Both models
showed remarkable agreement between the experimental and
predicted inhibition performances of doxorubicin in a 0.5 M
H2SO4 solution. Conclusively, the ANFIS model exhibited
superior accuracy to the ANN model.511

Essential oils are natural, biobased and volatile liquids
extracted from plants, which are well-known for their versatile
applications across various domains, including cosmetics and
medicine. These oils are distinguished by their purity and
natural origin, natural abundance, high volatility with pro-
nounced fragrances, liquid state at room temperature and

Table 2 Summary of recent significant works on pharmaceutical drugs as corrosion inhibitors

S. no. Drug Metal Medium Conc. Max %IE (%) Inhibitor category Ref.

1 Mebendazole 5Cr pipeline steel 1 M HCl 5 mM 94.40 Mixed/LAI 478
2 Ribavirin Q235 steel 1 M HCl 10 mM 97.70 Mixed/LAI 479
3 Ibuprofen Copper 0.5 M H2SO4 5 × 10−3 M 95.25 LAI 480
4 Ampicillin Mild steel 5% HCl 20 mM 96.70 Mixed/LAI 481
5 Aspirin Aluminium 0.5 M H2SO4 300 ppm 96.98 LAI 482
6 Aspirin Carbon steel XC48 1 M HCl 5 × 10−3 M 96.50 LAI 483
7 Bifonazole Carbon steel 1 M HCl 375 mg L−1 92.08 Mixed/LAI 484
8 Terconazole Carbon steel 1 M HCl 375 mg L−1 94.19 Mixed/LAI 484
9 Thiamazole Copper 3% NaCl 10−4 M 97.00 Mixed/LAI 485
10 Gabapentin Mild steel 1 M HCl 400 ppm 90.30 Mixed/LAI 486
11 Gabapentin Zinc 0.1 M HCl 400 mg L−1 84.90 Mixed/LAI 487
12 Vildagliptin Mild steel 1 M HCl 1 mM 97.50 Mixed 488
13 Ethambutol hydrochloride Mild steel 0.5 M H2SO4 1000 ppm 92.78 Mixed/LAI 489
14 Vilazodone Aluminium 1 M HCl 150 ppm 95.00 Mixed/LAI 490
15 Omeprazole Al–Mg–Si alloy 0.5 M H2SO4 1.5 g L−1 90.50 Mixed/LAI 491
16 Clonazepam Mild steel 3.5% NaCl 500 ppm 91.40 Mixed/LAI 492
17 Linagliptin Mild steel 1 M HCl 7.5 × 10−3 M 96.30 Mixed/LAI 493
18 Chlorpheniramine Mild steel 2 M HCl 800 mg L−1 95.10 Mixed/LAI 494
19 Furosemide Carbon steel 1 M HCl 300 ppm 90.50 Mixed/LAI 495
20 Tizanidine E24 carbon steel 10% HCl 7 × 10−3 M 97.10 Mixed/LAI 496
21 Pipotiazine Mild steel 1 M HCl 1000 ppm 73.59 Mixed/LAI 497
22 Famciclovir Carbon steel 1 M HCl 1 mM 96.87 Mixed/LAI 498
23 Ebastine Carbon steel 1 M HCl 17.03 × 10−5 M 95.81 Mixed/LAI 499
24 Fucoidan 304 stainless steel 3.5% NaCl 200 ppm 81.70 Mixed/LAI 500
25 Favipiravir Aluminium alloy 1 M HCl 100 ppm 96.45 Mixed/LAI 501
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lower density than water. In terms of their anticorrosive pro-
perties, essential oils stand out due to their natural abun-
dance, non-toxicity, zero/minimal environmental impact,
affordability, excellent biodegradability and outstanding
adsorption capabilities.512 Most essential oils contain a rich
assortment of chemical constituents, including monoterpene
phenols, ketones, alcohols, hydrocarbons, and esters, many of
which contribute to their anticorrosive abilities.513 These
extracts are often derived from various parts of plants, with
leaves being a common source.514,515 However, essential oils
can also be obtained from seeds/nuts, flowers and fruits.516

The primary method employed in extracting essential oils, as
frequently reported in the literature, is hydrodistillation,
although other techniques, such as hydro-extractive steam dis-
tillation are also used.517 The choice of extraction method typi-
cally depends on the nature of the plant materials and the
physicochemical characteristics of the essential oil being
extracted.516 To identify the chemical constituents of essential
oils, researchers often employ analytical tools such as FTIR,
gas chromatography with flame ionization detection (GC-FID),
GC and GC-MS.518

In assessing the protective performances of essential oils,
gravimetric and electrochemical methods such as WL, OCP,
LPR, PDP and EIS are commonly utilized.519 Using these tech-
niques, the corrosion behaviour of a metallic specimen in the
presence and absence of the essential oils is evaluated. For
instance, using PDP and EIS methods, the inhibition perform-
ance of essential oils derived from the needles of black pine
(Pinus nigra) was found to be 97% and 96%, respectively, at a
concentration of 200 ppm.520 Furthermore, modern analytical
instruments such as FTIR, UV-vis, SEM-EDX, AFM, XPS, XRD,
contact angle tests, and Raman spectroscopy are increasingly
employed to investigate the structural and morphological
changes on metal surfaces in the presence and absence of
essential oils.517,521 For instance, the morphological assess-
ment of the anticorrosion performance of essential oils
derived from Elettaria cardamomum (ECPE).522 The study
revealed that the addition of 250 ppm ECPE reduced the
average surface roughness and the contact angle of MS from
316.73 (blank) to 297.8 nm (ECPE) and 124.9° (blank) to 74.0°
(ECPE), respectively, indicating their efficacy.

As a complement to experimental assessments, quantum
chemistry approaches such as DFT and DFTB are now being
explored to gain insights into the anticorrosive mechanism of
essential oils by elucidating the electronic properties of their
primary constituents. Beniaich et al.523 utilized the DFT
method to study the adsorption of Artemisia herba-alba essen-
tial oils on metal surfaces, providing spatial distributions in
the aqueous phase (Fig. 20). Molecular simulations are also
employed to investigate the interactions between the essential
oil components and metal surfaces, yielding critical para-
meters such as binding energy, stable adsorption configur-
ation and diffusion behaviour.524–526 Moreover, recent studies
have introduced response surface modelling (RSM) using a
quadratic model to optimize the interactive effects of concen-
tration, exposure time and temperature on the maximum inhi-

bition performance of essential oils. For instance, Ansari
et al.527 employed RSM and achieved a peak %IE of 88.10% for
Ocimum basilicum essential oil on C38 steel in sulfuric acid
under the optimal conditions. Similarly, Loto et al. employed
statistical analysis, demonstrating the outstanding protection
performances of essential oils from ginger, grapefruit and tea
trees against steel corrosion in sulfuric acid. This study
reported peak %IE of 99.56%, 98.32% and 98.17% for ginger,
grapefruit and tea tree essential oils, respectively.528

Several studies have also explored the effect of combining
various essential oils on the corrosion characteristics of
metals.521,529,530 These synergistic actions have demonstrated
enhanced resistance against the infiltration of corrosion ions
into metal surfaces. The mechanism by which essential oils
inhibit corrosion entails an electrocatalytic effect, active site
blocking effect and geometric blocking effect. Most essential
oils combine these actions, engaging with the metal surface
through physical and chemical adsorption. The abundance of
π-electrons in double and triple bonds and the presence of
heteroatoms in essential oil molecules play a vital role in their
anticorrosive properties. Furthermore, the efficacy of essential
oils has been investigated across various metal types and cor-
rosive environments. Studies have shown the effectiveness of
essential oil to inhibit copper corrosion in 0.5 M HCl,518,531

aluminium alloy corrosion in 3.5% NaCl,532 and Cu–Zn alloy
corrosion in 3% NaCl.533 In addition, other biobased com-
pounds such as protein extracts, biodiesels and glycerol have
been documented as effective, efficient and environmentally
benign inhibitors of metallic corrosion.534–542

However, despite the recorded success in utilizing biobased
chemicals as green corrosion inhibitors, there is still the need
for the further exploration of the potential of synergistic/
hybrid systems in controlling corrosion control for different
types of metal/medium systems. In addition, integrating
modern machine learning tools for modelling inhibition
behaviour and predicting the performance of these biobased
chemicals is crucial to reducing costs, saving time, and mini-
mising extensive experimental trials. In industrial applications
of pharmaceutical drugs such as green corrosion inhibitors,
addressing the high procurement costs is essential, and com-
prehensive investigations into their toxicity assessment and
environmental concerns are imperative. Emerging studies
revealed that the chemical functionalization of existent drugs
offers a promising prospect for achieving effective and sustain-
able control of metallic degradation on a large scale.543

2.7. Green corrosion inhibition using efficiency
enhancement (synergism, self-healing, etc.)

Synergism has attracted significant interest in corrosion
inhibitors due to its potential to enhance the effectiveness of
many organic compounds that typically exhibit low to moder-
ate inhibition capabilities. This has led to corrosion experts
exploring synergistic opportunities across diverse corrosive
environments. This section delves into the concept of
“efficiency enhancement” as a fresh approach to elevating the
performance of environmentally friendly corrosion inhibitors.
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The research aims to enhance the corrosion inhibition
efficiency of various green inhibitors, including plant extracts
and biodegradable polymers, by employing innovative tech-
niques such as nanostructuring, surface modification, and
synergistic combinations. The discoveries from these studies
offer promising insights into sustainable corrosion prevention
methods, significantly contributing to developing eco-con-
scious solutions for industries grappling with corrosion-
related challenges.

The concept of “green corrosion inhibition” addresses the
dual objectives of safeguarding assets from corrosion, while
minimizing the adverse environmental repercussions of cor-
rosion prevention methods. This paradigm shift has led to
innovative strategies that leverage the forces of nature, bio-
degradable materials, and sustainable chemistry to combat
corrosion effectively. However, in this pursuit, a crucial ques-
tion arises: How can the effectiveness of green corrosion
inhibitors be heightened without compromising their environ-
mentally friendly attributes? This section explores this pivotal
question by delving into the novel “efficiency enhancement”
concept within the context of green corrosion inhibition. It
seeks to bridge the gap between sustainable corrosion preven-
tion and optimal performance, offering a pathway towards cor-
rosion mitigation solutions that are both efficacious and envir-
onmentally conscious. To accomplish this goal, studies should
focus on various green corrosion inhibitors, such as plant
extracts, biodegradable polymers, and amino acids, while
investigating innovative techniques such as nanostructuring,
surface modification, and synergistic combinations to elevate
their corrosion inhibition efficiency.

Furthermore, the synergistic combinations of multiple
inhibitors can enhance their effectiveness. These combi-
nations of corrosion inhibitors collaborate to offer multiple
layers of protection and target different aspects of the cor-
rosion process. This can lead to improved inhibition effective-
ness compared to a single inhibitor. Combinations such as
organic corrosion inhibitors with their inorganic counterparts
or mixtures of various organic inhibitors can be employed to
enhance the synergistic effect of corrosion inhibitors. In the
subsequent sections, we delve into the methodology, findings,
and implications of the approaches used to improve the cor-
rosion inhibition capabilities of these inhibitors. This will
shed light on the promising advancements in green corrosion
inhibition.

2.7.1. Efficiency enhancement by nanostructuring.
Efficiency enhancement by nanostructuring is a technique
used to improve the performance of materials or systems by
manipulating their structure at the nanoscale, potentially redu-
cing the amount of inhibitor needed, while increasing its
effectiveness. Nanostructuring involves altering the arrange-
ment, size, or morphology of materials at dimensions ranging
from 1 to 100 nanometers. This manipulation at such a small
scale can significantly improve the various properties of
materials, including their efficiency in specific applications
such as corrosion inhibition. In corrosion inhibition,
efficiency enhancement by nanostructuring typically involves
the principles shown in Fig. 21.

Basheer et al.54 developed a novel TiO2·B2O3-[TBID] nano-
composite as a corrosion inhibitor. They assessed its impact
on carbon steel at concentrations in the range of 100 to

Fig. 20 Spatial distributions of Artemisia herba-alba compounds in an aqueous medium523 [reproduced from ref. 523, open access publication,
copyright permission not required].
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500 ppm in a 1 M HCl solution at 35 °C. The highest observed
inhibition efficiency (IE%) was 99.91% at a 100 ppm concen-
tration of the TiO2·B2O3-[TBID] inhibitor in an acidic medium.
In a separate investigation,544 researchers examined the
efficacy of an olive leaf extract-mediated chitosan (CHT)–CuO
nanocomposite as a corrosion inhibitor for X60 carbon steel
exposed to a 5% HCl solution. The corrosion inhibition per-
formance displayed the following trend: CHT1.0–CuO nano-
composite (90.35%) exhibited a superior performance com-
pared to CHT0.5–CuO (90.16%) and CHT2.0–CuO (89.52%).
These nanocomposites substantially reduced the corrosion
rate of X60 steel when immersed in a 5% HCl solution, which
was particularly evident at a temperature of 25 °C, as illus-
trated in Fig. 22. However, as the temperature increased from
40 °C to 60 °C, the corrosion rates escalated in both the pres-
ence and absence of nanocomposites, peaking at 60 °C.

In their study, Al-Mhyawi and colleagues545 synthesized
silver nanoparticles using tobacco leaf extract at 3, 5, and
10 mM concentrations to investigate their corrosion inhibition
properties on carbon steel exposed to 1.0 N HCl. They
employed various chemical, electrochemical, and analytical
techniques to assess the impact of concentration (ranging
from 50 to 200 ppm) and temperature (ranging from 303 to
333 K) on the ability of the material to inhibit corrosion. Their
findings indicated that as the temperature increased, the
inhibitory effectiveness decreased, while higher concentrations
resulted in increased inhibition. The most significant inhi-
bition effectiveness, achieving a remarkable 98%, was
obtained when utilizing 200 ppm of the nanomaterials. This
outcome was attributed to the formation of a safeguarding
barrier film, which acts as a shield, guarding the metal against
corrosive elements. Also, the adsorption and bonding of the
nanomaterial inhibitor to the metal surface contributed to this
result.

In their study,546 Aslam and colleagues explored the inhibi-
tory characteristics of a graphene/Fe3O4 nanocomposite func-
tionalized with glycine called Gr/Fe@Gly NC. The objective was
to assess its ability to reduce corrosion in mild steel when
exposed to acidic environments. Gr/Fe@Gly NC exhibited
remarkable effectiveness and stability, maintaining its inhibi-
tory properties even at temperatures as high as 60 °C. The
most effective concentration of 50 ppm resulted in an impress-
ive inhibition efficiency of 98.28%. An analysis of the adsorp-
tion isotherm revealed that the inhibitor closely conformed to
the Langmuir isotherm, indicating a strong preference for
chemical adsorption. Furthermore, Aslam and colleagues547

introduced a novel nanocomposite called ZrO2–glycine, also
called ZrO2–Gly NC. To evaluate its potential for inhibiting cor-
rosion, they conducted WL and electrochemical tests using
different concentrations of ZrO2–Gly NC on mild steel
immersed in a 1 M HCl solution in the temperature range of

Fig. 21 Effect of nanostructure on the efficiency enhancement [self-
illustration, copyright permission not required].

Fig. 22 Plots of (a) corrosion rate and (b) inhibition efficiency for X60 steel in 5% HCl without and with (A) 0.5% of CHT0.5–CuO, (B) CHT1.0–CuO,
and (C) CHT2.0–CuO nanocomposites at different temperatures [reproduced from ref. 544, open access publication, copyright permission not
required].
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40–80 °C. With an increase in the concentration and tempera-
ture, the percentage inhibition efficiency of ZrO2–Gly NC
demonstrated an upward trend, reaching its peak of approxi-
mately 81.01% at 500 ppm and 70 °C, with a slight decrease
observed at 80 °C, where it exhibited a 73.5% inhibition
efficiency. Based on polarization measurements, it was deter-
mined that ZrO2–Gly NC predominantly acted as a mixed-type
inhibitor, with a primary focus on suppressing the cathodic
process.

2.7.2. Efficiency enhancement by synergistic combinations
2.7.2.1. Combinations of organic and inorganic inhibitors.

Incorporating organic and inorganic inhibitors is applicable
across various industries such as oil and gas, automotive, aero-
space, and infrastructure. This combination of organic and in-
organic inhibitors presents a promising and well-established
strategy. As industries continually adapt to increasingly chal-
lenging corrosion environments, the collaboration between
these two types of inhibitors offers a versatile and adaptable
solution to effectively combat the relentless forces of cor-
rosion, ultimately contributing to economic sustainability and
safety. The introduction of inorganic salts and rare earth
metals in organic compounds has demonstrated a synergistic
effect, leading to improved inhibition efficiency.81,548–550

When salts are added to organic inhibitors, the primary objec-
tive is to enhance their adsorption capacity, while minimizing
the concentration of the inhibitor in the aqueous phase.
Researchers have also explored the influence of various metal
ions on the inhibitory effect of organic compounds.79

A study551 focused on exploring the synergistic inhibitory
effect of Ce4+ and melamine on the corrosion of aluminum
alloy 2024 (AA2024) in a 3.5% NaCl solution. The combination
of melamine and Ce4+ exhibited a significantly higher inhi-
bition efficiency than the sum of their individual inhibitory
effects. The highest inhibition efficiency, measured at 90.4% ±
1.8%, was achieved when a mixture containing 5 ppm Ce4+

and 5 ppm melamine was employed. The cooperative inhibi-
tory effect of Ce4+ combined with 3,4-dihydroxybenzaldehyde
on cold-rolled steel exposed both in sulfuric acid and hydro-
chloric acid solutions was investigated by Li et al.552 It should
be noted that although this idea relied on the capacity of Ce4+

to form complexes using its open orbitals (4f, 5d, and 6s), no
chemical study was done to verify the chemical composition of
the complex. El-Lateef553 investigated the effects of a combi-
nation of Ce4+ and polyethylene glycols (PEG) on reducing cor-
rosion in carbon steel exposed to diluted sulfuric acid solu-
tion. The author hypothesized that a complex between Ce4+

and PEG may be responsible for the increased corrosion resis-
tance. However, it is crucial to stress that no additional
research was done to support this theory.

Mohammed et al.554 conducted a study to assess the inhibi-
tory impact of a non-ionic surfactant, specifically nonylphe-
noxy poly(ethyleneoxy) ethanol (NPPE), on the corrosion of
carbon steel in oilfield formation water. Interestingly, they
found that adding halide ions (KCl, KBr, and KI) to the inhibi-
tor enhanced the inhibition efficiency of NPPE. In a separate
investigation, Hu et al.555 examined the corrosion inhibition

performance of a magnesium alloy (GW103) containing Mg-
10Gd-3Y in corrosive water, according to the ASTM D1384-87
standards. They studied the combined effects of organic
sodium aminopropyltriethoxysilicate (APTS–Na) and inorganic
zinc nitrate on corrosion using electrochemical techniques
and immersion tests. It was observed that a combination of
0.5 mM APTS–Na+ and 0.1 mM Zn(NO3)2 exhibited a high inhi-
bition efficiency of 92%, significantly surpassing its individual
components, which showed a weaker inhibition performance
(65% for 0.5 mM APTS–Na+ and 60% for 0.1 mM Zn(NO3)2.
This enhanced inhibition efficiency was attributed to the depo-
sition of protective films comprised of Mg(OH)2 and Zn(Mg)
silicates, resulting in a compact and protective layer on
GW103.

Li et al.556 disclosed the impact of chloride ions on the
inhibitory effectiveness of cetyltrimethylammonium bromide
(CTAB) in solutions of 1.0–4.0 M H3PO4 for carbon steel (cold-
rolled steel). Their findings indicated that the chloride ions
acted synergistically to enhance the %IE of CTAB in various
acid concentrations. In a different investigation,557 researchers
explored the impact of halide salts, specifically NaCl, NaBr,
and NaI, on the corrosion inhibition properties of a cationic
Gemini surfactant known as 1,3-butan-bis-(dimethyl dodecyl
ammonium bromide), referred to as 12-4-12, when applied to
low carbon steel immersed in a 1 M HCl solution at a tempera-
ture of 20 ± 1 °C. The introduction of halide salts in the surfac-
tant solution led to synergistic effects, enhancing the inhi-
bition efficiency of the surfactant. For instance, at a concen-
tration of 10−6 M, the surfactant alone exhibited an %IE of
62%. However, in the presence of 10−6 M surfactant and 0.1 M
of NaI, NaBr, and NaCl, the %IE increased to 90%, 77.3%, and
84.4%, respectively. Additionally, adjusting the solution pH
from 0 to 3 reduced the corrosion rate.

Mobin et al.549 investigated the influence of 0.01 M sodium
iodide (NaI) and sodium salicylate (NaSal) on the corrosion
inhibition properties of m-E2-m-type surfactants in an acidic
environment for mild steel corrosion using WL measurements.
The addition of NaSal exhibited a synergistic effect on the inhi-
bition efficiency of the m-E2-m surfactants, as evidenced by the
synergism parameter of greater than 1. This higher effect of
NaSal can be attributed to its more significant reduction in the
critical micelle concentration (CMC) compared to I−.
Additionally, the interaction between organic anions (Sal−)
and the positively charged surfactant, Gemini surfactant (GS)
through cation–π interactions, as depicted in Fig. 23, likely
contributed to the further decrease in the CMC. Consequently,
aromatic counter ions such as Sal− have a more remarkable
ability to penetrate the head group region of the surfactants,
promoting micellar growth at lower concentrations, unlike the
less penetrating inorganic counter ions (I−).

In a separate investigation, Aslam and coworkers558 exam-
ined the impact of sodium tosylate (NaTos) on the corrosion
inhibitory impact of 1,2-bis(N-hexadecyl-N,N-dimethyl-
ammonium) ethane dibromide, denoted as 16-2-16. The
experimental results showcased an increase in the %IE of the
16-2-16 surfactant from 77% to 90.8% in the presence of
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50 ppm of sodium tosylate (NaTos). The addition of the salt
effectively elevated the ionic strength, which consequently
reduced the electrostatic repulsion between the ionic heads of
the surfactant and promoted its more significant adsorption
on the steel surface. In a study by Khamis et al.,559 they investi-
gated the corrosion inhibition of mild steel in a 0.5 M H2SO4

solution using cetyltrimethylammonium bromide (CTAB) in
combination with various salts (NaCl, NaBr, and NaI). Their
findings revealed a synergistic effect in the adsorption and
inhibition action against acid corrosion of mild steel when
CTAB was combined with different halides.

2.7.2.2. Mixtures of organic inhibitors. Studies have exam-
ined the impact of various organic additives, such as alcohols
and surfactants, on the corrosion inhibition efficacy of envir-
onmentally friendly organic inhibitors such as polymers,
amino acids, and plant extracts. The objective was to enhance
the %IE of inhibitors, such as amino acids and polymers,
through synergistic interactions, while preserving their envir-
onmentally friendly attributes. Asefi et al.560 combined a cat-
ionic Gemini surfactant, 1,3-butan-bis(dodecyl dimethyl
ammonium bromide) (12-4-12), with non-ionic co-surfactants
(C7H16O, C12H26O, and C5H12O) to inhibit corrosion on low
carbon steel in an acidic environment. The results indicated
that the corrosion rates decreased with an increase in surfac-
tant concentration. Moreover, when the chain length differ-
ence between the surfactant and co-surfactant was lower, it
resulted in better compatibility and improved inhibition
efficiency behaviour of the surfactant and co-surfactant
mixture. Among the mixtures studied, C12H26O + gemini sur-
factant exhibited the highest increase in %IE (84.5%) (which
was 74.9% for C7H16O + gemini surfactant and 77.5% for
C5H12O + gemini surfactant).

In a separate investigation conducted by Mobin et al.,561

they examined the anti-corrosive properties of Gemini surfac-
tants, namely 1,2-ethane bis(dimethyl alkyl ammonium
bromide) referred to as CmH2m+1, m-2-m, where m = 10 and 12,
number of carbon in the hydrophobic chain. However, their
focus in this study was on enhancing the %IE of these com-
pounds using butanol. The %IE of the compounds varied with
the inhibitor concentration and immersion time. The effective-
ness of C4H9OH in increasing %IE values followed the order of

12-2-12 (95.4%) > 10-2-10 (90.8%). Mobin et al.562 investigated
the corrosion inhibition performance of L-cysteine (CYS) in 1
M HCl solution for mild steel. They studied the impact of
adding small concentrations of three surfactants, i.e., Triton
X-100 (TX), SDS, and CPC (cetylpyridinium chloride). Among
them, Cys + TX (97.76%) exhibited the highest inhibition per-
formance compared to Cys + SDS (95.09%) > Cys + CPC
(91.99%) > Cys (85.62%).

In the study by Zehra et al.,563 they examined the corrosion
inhibition properties of the glycine derivative N-benzylidine-2
((2-oxo-2-(10H-phenothiazine-10yl)ethyl)amino)acetohydrazide
(BPAA) in 1 M HCl solution for mild steel. This study also con-
sidered the addition of surfactant additives such as SDS and
CPC. It was found that the corrosion inhibition efficiency of
the inhibitor was synergistically enhanced in the presence of
the surfactant additives, SDS and CPC at lower concentrations.
In another study conducted by Mobin et al.,564 they investi-
gated the impact of SDS and CTAB on the corrosion inhibition
behavior of L-methionine (LMT) for mild steel in a 0.1 M
H2SO4 solution. When LMT was combined with surfactants,
the corrosion rates of MS were further reduced compared to
LMT alone. This observation suggested a synergistic effect
between LMT and surfactants, with the mixture of LMT +
CTAB exhibiting a higher inhibitory effect on steel corrosion
than the combination of LMT + SDS.

In the study by Parveen and colleagues,565 they examined
the impact of SDS and CPC on the corrosion inhibition capa-
bilities of L-tyrosine (Tyr) for mild steel corrosion in a 1 M HCl
environment at temperatures ranging from 30 °C to 60 °C. The
findings indicated a substantial enhancement in the inhi-
bition efficiency percentage of Tyr when SDS or CPC was intro-
duced at different concentrations. Regardless of whether used
independently or in conjunction with SDS or CPC, Tyr demon-
strated mixed-type inhibition characteristics. Mobin and
Parveen observed the effect of SDS and CTAB on L-cystine
(LCY),566 L-histidine (LHS),567 and L-tryptophan568 for mild
steel in a 0.1 M H2SO4. The findings revealed that the cor-
rosion performance of L-histidine was significantly improved
in the presence of surfactants. Mobin and Khan569 researched
the corrosion inhibition properties of polyvinyl alcohol (PVA)
in a 0.1 M H2SO4 environment for mild steel. This study

Fig. 23 Structure of NaSal (a), gemini surfactant (b) and various interactions existing between the m-E2-m and the NaSal mixture (c) [reproduced
from ref. 549, copyright permission not required].
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further explored the impact of SDS and CPC surfactants. It was
observed that the inhibitory effect of PVA was significantly
enhanced when a very small quantity of surfactants was
added. The calculated synergism parameter exceeded one,
indicating that the increased inhibition efficiency of PVA
resulting from the surfactant addition was due to synergism.

In another report, Mobin et al.570 investigated the corrosion
inhibition of mild steel in a sulfuric acid solution in the pres-
ence of starch. Starch exhibited moderate inhibition of mild
steel corrosion in the tested medium, although this inhibition
decreased as the temperature increased from 30 °C to 60 °C.
Notably, the %IE of starch was significantly enhanced when
both SDS and CTAB were added, and this enhancement was
found to be synergistic. In a separate study, Mobin and
Khan571 reported the adsorption and corrosion inhibition
effects of gum acacia (GA), both alone and in the presence of
SDBS and CTAB surfactants, for MS in a 0.1 M H2SO4 environ-
ment. The inhibitory action of GA was synergistically improved
with the addition of a small amount of surfactants.
Furthermore, the Freundlich adsorption model was applicable
in describing the corrosion inhibition mechanism for GA
alone and in combination with SDBS and CTAB on the sur-
faces of the mild steel at all the studied temperatures.

Mobin and Rizvi572 researched the inhibitory effect of
xanthan gum (XG) in conjunction with synergistic surfactant
additives, namely SDS, CPC, and TX, for mitigating mild steel
corrosion in a 1 M HCl solution. The inhibitory action of XG
was significantly enhanced with the addition of small
amounts of surfactants, following the order of XG + SDS
(83.17%) > XG + Triton X (82.31%) > XG + CPC (75.89%) > XG
alone (74.24%). In a related study, Mobin and Rizvi573 further
investigated the inhibitory effect of hydroxyethyl cellulose
(HEC) in the presence of CPC and SDS for controlling A1020
carbon steel corrosion in a 1 M HCl solution employing
various techniques. They observed that combining HEC and
surfactants increased the inhibition efficiency more than
either HEC or surfactants, indicating a synergistic effect
between HEC and surfactants.

Aslam et al.574 conducted a study on the synergistic effect
between Rhodamine blue (RhB) dye and a GS, namely 1,2-ethane-
diyl-bis(dimethyldecylammonium bromide), referred to as 10-2-
10, for mitigating mild steel corrosion in a 1 M HCl medium.
Although individual RhB and 10-2-10 GS exhibited a low inhi-
bition efficiency, the inhibitory efficacy of RhB significantly
increased when combined with a low concentration of 10-2-10
GS. In another investigation, Aslam et al.575 further explored the
anti-corrosion performance of a polymer, the sodium salt of car-
boxymethyl cellulose (NaCMC), in combination with surfactants,
specifically green cationic di-ester-bonded gemini surfactants
known as ethane-1,2-diylbis(N,N-dimethyl-N-alkylammoniumace-
toxy)dichloride, denoted as m-E2-m, where m = 12, 14, 16, for MS
corrosion in a 1 M HCl solution. According to the experimental
results, the inhibition efficiency and surface coverage values fol-
lowed the order of NaCMC < NaCMC/12-E2-12 < NaCMC/14-E2-14
< NaCMC/16-E2-16. The maximum %IE (90.1%) was achieved
with NaCMC/16-E2-16 at 30 °C, while the minimum (57.3%) was

observed for NaCMC alone at the same temperature. The inhibi-
tory characteristics of CPC in the presence of a copolymer of vinyl
pyrrolidone and vinyl acetate were investigated for the corrosion
of carbon steel in cyclohexane propionic acid (CHPA) using polar-
ization, conductivity, and EIS measurements.576 This study also
examined the influence of KCl on the %IE of the CPC/polymer
system. The results revealed that CPC exhibited mixed-type inhi-
bition behaviour, particularly when the copolymer was added (at
pH > 4 or in the presence of Cl− ions).

Parveen et al.577 reported on the inhibitory effect of
L-proline (LPr) and a combination of LPr with sodium benzoate
(LPr + NaBenz) for mitigating mild steel corrosion in a 1 M HCl
solution at temperatures of 30 °C, 40 °C, 50 °C, and 60 °C. The
analysis of the polarization parameters indicated that both LPr
and LPr + NaBenz acted as mixed-type inhibitors, with a more
pronounced influence on the cathodic reaction. In another inves-
tigation, they565 presented findings regarding the inhibitory
impact of L-tyrosine (Tyr) in combination with sodium dodecyl
sulphate (Tyr + SDS) or cetylpyridinium chloride (Tyr + CPC) on
the corrosion of mild steel in 1 M HCl in the temperature range
of 30 °C to 60 °C. The results showed that Tyr, whether on its
own or in combination with SDS or CPC, acted as a mixed-type
inhibitor and adhered to the surface of mild steel following the
Langmuir adsorption isotherm. Elsewhere, Mobin et al.578

explored the influence of adding minute amounts of SDS, CPC,
and Triton X-100 on the corrosion inhibition performance of
L-cysteine (CYS) for mild steel in aerated and unstirred 1 M HCl
solution in the temperature range of 30–60 °C. Their findings
indicated a substantial increase in the inhibition efficiency of
CYS in the presence of all three surfactants.

2.7.3. Surface modification by grafting or polymerization.
To enhance the water solubility of natural starch, Deng et al.579

synthesized a cassava starch-acrylamide graft copolymer
(CS-AAGC) through the grafting of cassava starch with acryl-
amide, utilizing (NH4)2S2O8 and NaHSO3 as initiators. Their
research, employing WL and electrochemical analysis, uncov-
ered that CS-AAGC functioned as a hybrid inhibitor for alumi-
num in 1 M H3PO4. This copolymer significantly inhibited the
anodic reaction, achieving a maximum %IE of 90.6%. Hou
et al.580 embarked on starch modification by grafting it with
acrylic acid (AA). They explored its corrosion inhibition per-
formance on Q235 carbon steel exposed to an HCl environ-
ment, assessing the effects through WL and electrochemical
methods. Their findings indicated that a concentration of
200 ppm of this terpolymer exhibited an inhibition efficiency
of up to 90.1% at 30 °C. Li et al.581 initiated the grafting of
acrylamide (AA) on cassava starch (CS) and examined its cor-
rosion inhibition effect on aluminum in 1 M HNO3. Through
WL measurements and electrochemical analysis, they observed
that the acrylamide-grafted starch demonstrated superior anti-
corrosion performance compared to the unmodified starch.
Although the maximum inhibition efficiency remained below
30% for CS and reached 50% for AA, the grafted derivatives
exhibited an efficiency exceeding 90%. The inhibition process
followed the Langmuir isotherm, with CSGC acting as a mixed-
type inhibitor, primarily retarding anodic corrosion. The study
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conducted by Wang and colleagues582 demonstrated that acryl-
amide (AM)-grafted starch can effectively act as an inhibitor to
protect zinc in a 1 M HCl environment, exhibiting a remark-
able inhibition efficiency of up to 92.2%. Li et al.583 also con-
ducted research involving grafting sodium allyl sulfonate and
acrylamide to tapioca starch in a separate investigation. Their
findings revealed that this terpolymer displayed exceptional
anti-corrosion properties when applied to cold-rolled steel.
Specifically, it achieved remarkable inhibition efficiencies of
97.2% in 1 M HCl and 90% in 1 M H2SO4. The SEM and AFM
images provided (Fig. 24) visual evidence of the effective inhi-
bition of the cold-rolled steel surface by CS-SAS-AAGC, forming
a hydrophobic film in the inhibited system.

2.8. Green corrosion inhibition using computational
modelings (reduction in trials)

The advancement in the implementation of computational
chemistry as a burgeoning field has substantially emerged as a
new era in the design and development of next-generation
‘green’ and sustainable corrosion inhibitors.584–586

Considering time, finances, and ecological constraints, as well
as sometimes the inability to perform experimental
approaches at every juncture to produce significant mechanis-
tic insight into the interaction of metal surfaces and inhibi-
tors, computational techniques are becoming more prevalent
and straightforward approaches for researchers in the contem-
porary domain. Furthermore, computational modeling can be
implemented as a substantial prediction tool for the ‘cherry
picking’ of corrosion inhibitor scaffolds. For example, DFT can
be used as an essential module to screen inhibitor molecules
before their wet laboratory synthesis.584–586 Another positive
aspect of computational modeling is its ability to anticipate
the most suitable spatial orientation of organic compounds in
the context of the inhibitory approach and in determining the
tentative active sites responsible for interactions with metallic
surfaces. Computational modeling techniques, specifically
DFT-based quantum chemical calculations, molecular
dynamics (MD), and Monte Carlo (MC) simulations, have
recently been introduced as revolutionary and greener
approaches to studying the adsorption behavior of aqueous
phase corrosion inhibitors.585,587

2.8.1. DFT as a green computational technique. The utiliz-
ation of DFT is highly significant given that it provides infor-
mation regarding the electronic descriptors, e.g., electron
density distribution in the frontier molecular orbitals (FMO),
the energy of the highest occupied molecular orbital (EHOMO)
and lowest unoccupied molecular orbital (ELUMO), their energy
gap (ΔE), ionization potential (I), electronegativity value (A),
electronegativity (χ), global softness (σ), hardness (η), and
dipole moment, within shorter time-span. The fraction of elec-
trons transferred between molecules and metal (ΔN) can also
be obtained from DFT. Generally, the equations used to calcu-
late the electronic parameters are presented in Fig. 25.

These parameters further help to comprehend the electron-
donating and accepting (D–A) ability of green corrosion inhibi-
tors to the metal surface. The adsorption property of molecules
is highly reliant on their D–A capability. When inhibitors are
added to the electrolytic solution, they are first adsorbed on
the metal surface. Better surface coverage will result in greater
inhibitory effectiveness. Accordingly, DFT analysis helps in
screening the inhibitory function of molecules. EHOMO rep-
resents the ability of a molecule to donate electrons, whereas
ELUMO signifies its ability to accept back-donated electrons. A
higher EHOMO value often denotes the propensity of an inhibi-
tor molecule to transfer electrons to an empty metal d-orbital.
Additionally, a lower ELUMO value suggests a more effortless
flow of electrons from the metallic matrix to the inhibitors. A
lower value of ΔE reflects the higher tendency of electron
donation and acceptance by inhibitors. Shao et al. reported
the use of an amide derivative, namely N-[2-(3-indolyl)ethyl]-
cinnamamide (IA) as a green corrosion inhibitor for Q235 steel
in 0.5 M HCl medium.588 The DFT study showed that IA has
greater EHOMO and lower ΔE value than tryptamine (TA), the
precursor of IA. The geometry-optimized structures, HOMO,
and LUMO, are presented in Fig. 26. To further comprehend
the electrostatic potential (ESP) distribution of inhibitor mole-

Fig. 24 SEM (a, d, and g), AFM (b, e, and h), and contact angle images
(c, f, and i) of CRS surfaces: (a–c) before immersion; (d–f ) after 6 h of
immersion at 20 °C in 1.0 M HCl solution; (g–i) after 6 h of immersion at
20 °C in 50 mg L−1 CS-SAS-AAGC + 1.0 M HCl solution [reproduced
from ref. 583, open access publication, copyright permission is not
required].
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Fig. 25 General equations used in DFT to calculate the electronic parameters [self-illustration, copyright permission is not required].

Fig. 26 Geometry-optimized structures, density distributions in HOMO–LUMO, and electrostatic potential (ESP) distributions of TA and IA588

[reproduced from ref. 588, open access publication, copyright permission not required].
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cules, the ESP distributions of TA and IA were further investi-
gated (Fig. 26). The arrows in the picture shown in green and
blue denote the positive and negative electrostatic potential,
respectively. It was observed that the electron-rich sites are
situated mainly on the heteroatoms such as N and O.

A recent study reported the use of garlic peel as a green cor-
rosion inhibitor for protecting AISI 1020 mild steel.589 The
electrochemical analysis was conducted in 0.5 M HCl, 0.5 M
NaOH and 0.5 M NaCl to understand the corrosion suppres-
sion ability of the green inhibitor at different pH. WL tests,
electrochemical investigations (EIS and PDP) and morphologi-
cal analysis (SEM) were performed to investigate the corrosion
inhibition ability of the two main components of garlic peel
extract, alliin (ALL) and allicin (ALC) molecules, and compu-
tational analysis was performed to validate the experimental
findings. Since there is only one amine group, it gets proto-
nated and becomes positively charged (ALL+) at acidic pH
levels. Alternatively at neutral pH, one protonated amine group
and one deprotonated carboxyl group result in zero total
charge (ALL+/−). A negatively charged deprotonated carboxyl
group is present in ALL at basic pH, leading to the formation
of ALL−. The electronic parameters derived from the theore-
tical study assisted in explaining the correlation between the
molecules and their inhibitory effects with respect to the pH
level. The inhibitor response at different pH levels was pre-
sented with quantum chemical calculations, which showed
that the number of active and adsorbable species increases at
basic pH.

Similarly, the corrosion inhibition effectiveness of bispyra-
nopyrazoles, namely, 4,4′-(1,4-phenylene)bis(6-amino-3-
methyl-2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile) (BP-1)
and 4,4′(1,4-phenylene)bis(6-amino-3-methyl-1-phenyl-1,4-
dihydropyrano[2,3-c]pyrazole-5-carbonitrile) (BP-2) was per-
ceived via both experiments and DFT approach.590 All the
quantum chemical parameters were calculated for the neutral
and protonated BP-1 and BP-2. The higher energy value of
HOMO, lower energy gap, higher fraction of electrons trans-
ferred, and higher global softness value for BP-2 than that of
BP-1 strongly imply that BP-2 binds to the Fe metal via strong
bonds given that BP-2 exhibits higher inhibition effectiveness
(98.01%) than BP-1 (96.02%). Also, 93.13% corrosion inhi-
bition efficiency was achieved from petals of B. glabra for mild
steel in 0.5 M H2SO4.

591 The potentiodynamic study, EIS, and
gravimetric techniques were utilised to evaluate the surface
protective nature of petals of B. glabra with varying concen-
trations (93.13% corrosion inhibition efficiency at 250 ppm)
and varying temperatures (up to 40 °C). Metallurgical
microscopy and SEM analysis were employed for the surface
assessment. Furthermore, a DFT study was performed to
support the experimental data. Gallic acid, quercetin, ascorbic
acid, betalain, and peltogynoid molecules were found to be
present in the B. glabra petal extract, as confirmed by the spec-
troscopic analyses such as UV-vis, FTIR, and nuclear magnetic
resonance (NMR) studies. The DFT calculation was carried out
for the three main components. To investigate the electron dis-
tribution in the HOMO and LUMO, chemical potential, elec-

tron affinity, electron density distribution per atom, van der
Waals surfaces, DFT and adsorption locator investigations
were carried out.

Several DFT-based local descriptors can be obtained
through Fukui indices ( fk). Frontier electron theory has a
strong foundation on the fk. The following reactive sites for
nucleophilic, electrophilic, and radical attacks can be obtained
using Mulliken population analysis. The first derivative of elec-
tron density, ρð~rÞ, with respect to the number of electrons, N,
at a fixed external potential, vð~rÞ, is commonly used to formu-
late fk, according to eqn (2).

fk ¼ @ρ ~rð Þ
@N

� �
v ~rð Þ

ð2Þ

where fk
+ represents the Fukui function for nucleophilic attack

and fk
− for electrophilic assault, as mentioned in eqn (3) and

(4).584,592 Alternatively, the availability for the radical attack is
governed by fk

0, as shown by eqn (5).585

f kþ ¼ qkðN þ 1Þ � qkðNÞ ð3Þ

f k� ¼ qkðNÞ � qkðN � 1Þ ð4Þ

fk0 ¼ qk N þ 1ð Þ � qk N � 1ð Þ
2

ð5Þ

where qk denotes the gross charge of the Kth atom in the cat-
ionic (N + 1), neutral (N), or anionic (N − 1) form of the mole-
cule. High fk

+ values imply that the site is best suited for
nucleophilic attack, In contrast, high fk

− values suggest that
the site is particularly accessible to electrophilic attack. Fukui
analysis was performed to determine the reactive sites in the
neutral and protonated forms of luteolin, citral, rosmarinic
acid, chlorogenic acid, germacrene, and caryophyllene, which
are the main ingredients of Lemon Balm extract, as reported by
Asadi et al.593 It was found that the double bonds in neutral
caryophyllene were susceptible to the electrophilic attack
because of its high values for the fk

− function on the carbon
atoms (C4 and C5). The double-bond C atoms were the target
of the nucleophilic attack, which had fk

+ values of 0.113 and
0.178 on the C1 and C13 atoms and 0.054 and 0.050 on the C4
and C5 sites, respectively. The electrophilic and nucleophilic
nature of protonated caryophyllene are primarily comparable
to that in neutral caryophyllene, with the difference that the
nucleophilic attack only occurs in the protonated area. In
another work, the analysis of the Fukui indices revealed the
presence of reactive sites in Glycyrrhiza glabra leaf extract,
which are responsible for the adsorption of its organic com-
ponents, such as liquritigenin (LTG), licochalcone E (LCE), gly-
cyrrhizin (GL), glabridin (GLD), 18β-glycyrrhetinic acid (GA),
and licochalcone A (LCA), on the active sites of mild steel. It
can be observed in Fig. 27 that in protonated licochalcones A
and licochalcones E, the aromatic ring, methoxy and carbonyl
oxygen, and C–C double bond exhibited electrophilic behavior,
which is in agreement with the corresponding DFT results,
further demonstrating their propensity for electron donation
to the unoccupied d orbitals of the surface atoms of iron.594
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2.8.2. Molecular-level simulation techniques. In the
current scenario, molecular-level simulation techniques such
as molecular dynamics (MD) simulation and MC simulation
are gaining high-level traction in the scientific community
because of their meaningful molecular-level insight through a
comparatively less time-consuming, less laborious, cost-
effective and greener approach. The MD simulation study pro-
vides details on the interaction energy (Eint), binding energy
(Ebind), and molecular orientation on the metal surface, as cal-
culated as follows (eqn (6) and (7)):595–597

Eint ¼ ET � ðEmþsol þ EInhÞ ð6Þ

Ebind ¼ �Eint ð7Þ

where ET is the total energy of the simulation system; Em+sol and
EInh denote the energy of the metal together with the corrosive
solution and the energy of the inhibitor molecule, respectively.
The more negative the value of Ebind, the more significant the
interaction of the inhibitor molecule with the investigated
surface. This indicates the better surface protection ability of
the inhibitor in terms of higher adsorption and better inter-
action. In the literature, several studies are based on compu-
tational modelling as an efficient technique for successfully
understanding the corrosion inhibition mechanism. A glimpse
into the usefulness of MD and MC simulation approaches in
the province of green corrosion inhibition is presented here.

The inhibitory effect of pectin-amino acid derivatives,
namely pectin-glycine (P-Gly) and pectin-lysine (P-Lys), on N80

Fig. 27 Fukui index calculation for protonated licochalcone A, licochalcone E, liquiritigenin, 18β-glycyrrhetinic acid, glycyrrhizin, and glabridin
present in Glycyrrhiza glabra leaf extract594 [reproduced from ref. 594 with permission, Copyright, Elsevier, 2018].
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carbon steel in the presence of CO2-saturated groundwater was
explored.598 P-AAs exhibited good corrosion inhibition efficien-
cies at a low concentration of 800 mg L−1, where P-Gly
(99.01%) and P-Lys (99.36%) showed sustained outstanding
adsorption stability for 120 h, as observed from electro-
chemical and gravimetric experiments. DFT and MD simu-
lation studies were performed for theoretical corroboration.
The Fe (110) surface was selected as a representative of N80
carbon steel on which the studied molecules could be
adsorbed in a corrosive medium (herein, water). These mole-
cules got adsorbed on the metal plane in a planar fashion, as
visualized in Fig. 28. The Eads followed the order of P-Lys
(−799.957 kJ mol−1) > P-Gly (−635.425 kJ mol−1) > pectin
(−536.251 kJ mol−1), which indicates the better adsorption of
P-Lys compared to P-Gly and pectin. P-Lys can get adsorbed
more significantly due to its higher negative binding energy.
Accordingly, this outcome is consistent with the aforemen-
tioned experimental findings.

In a recent work, two environmentally friendly corrosion
inhibitors with heteroatoms of phosphorous (PEG-6 isotridecyl
phosphate) and nitrogen (PEG-2 oleamide) were used to
reduce the tribo-corrosion assault on 1018 carbon steel in

water-based emulsion drilling fluids (WBEs).599 Using a pin-
on-disk tribometer connected to an electrochemical worksta-
tion, the effects of the corrosion inhibitors on the tribo-cor-
rosion behavior of steel samples submerged in the manufac-
tured WBEs with and without inhibitors at varied sliding
speeds were assessed. Employing a 3D optical profilometer,
potentiostatic and potentiodynamic measurement, it was poss-
ible to analyze the effect of corrosion inhibitors on improving
the anti-tribo-corrosion properties of steel and to calculate the
volume losses brought on by wear, corrosion, and wear-cor-
rosion synergy. SEM-EDS and XPS studies were performed to
investigate the shape and chemical makeup of the wear tracks,
respectively. First-principles calculations and MD simulations
were conducted to better comprehend the underlying mecha-
nism for the performance disparity between the PEG-6 isotri-
decyl phosphate and PEG-2 oleamide corrosion inhibitors. In
the MD simulation study, the COMPASS-II forcefield was
applied under the NVT ensemble, maintaining a temperature
of 300 K for 100 ps. The driving force on the N-containing
molecular fragment is primarily responsible for grabbing the
PEG-2 oleamide molecule to the iron surface. In contrast, the
PEG-6 isotridecyl phosphate molecule gets attracted to the iron

Fig. 28 A. Equilibrium adsorption configurations of (a) pectin, (b) P-Gly, and (b) P-Lys on the Fe (110) surface598 [reprinted with permission,
Copyright, Elsevier, 2022]; B. change in interfacial binding energies during a simulated physisorption process599 [reprinted with permission,
Copyright, Elsevier, 2023]; C. relative distances of two corrosion inhibitors from the iron surface during simulated physisorption process599 [reprinted
with permission, Copyright, Elsevier, 2023]; D. DFTB calculation for the interaction between COCI and Fe (110) surface600 [reprinted with permission,
Copyright, Elsevier, 2020]; E. change in density of states (DOS)600 [reprinted with permission, Copyright, Elsevier, 2020]; and F. adsorption equili-
brium configuration of on the Fe (110) surface obtained from MC simulation78 [reprinted with permission, Copyright, Elsevier, 2021].
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surface. This is mainly attributed to the driving force on the
C–H chain tail and is consistent with the electrostatic potential
distribution of each molecule.

Fig. 28(B) depicts the changes in interfacial binding ener-
gies throughout the physisorption process for the two species.
It is clear from this figure that the PEG-6 isotridecyl phosphate
molecule binds to the iron surface much more strongly than
the PEG-2 oleamide molecule through physisorption. The rela-
tive distances of the two corrosion inhibitors from the iron
surface during the physisorption process are shown in Fig. 28
(C). It can be observed from the comparison that the speeds of
the two molecules approaching the iron surface are relatively
similar. However, the interfacial distance of PEG-6 isotridecyl
phosphate is much greater because of its larger size. The
density-functional tight-binding (DFTB) method is another
important theoretical approach for better understanding the
anticorrosive process and to get a qualitative description of
these adsorption systems. Self-consistent charge density-func-
tional tight-binding (SCC-DFTB) based on the DFT-derived
second-order expansion of the total energy estimated around a
reference density was used to predict the interaction of castor
oil-based corrosion inhibitor (COCI) and Fe (110) surface
(Fig. 28(D)).600

Furthermore, the projected density of states (PDOS),
another important tool in computational modeling, was uti-
lized to vividly illustrate the COCI–Fe (110) interaction before
and after their adsorption. According to Fig. 28(D), COCI has
several distinct bands close to the Fermi energy state of the
iron surface (between −7 and 2 eV) before it interacts with the
Fe surface, and their peak notably decreases after the inter-
action. This data implies that an electron transition from the
inhibitor to the Fe 3d band state occurs in the COCI–Fe (110)
surface interaction. Adsorption typically refers to an exother-
mic process in which energy gets released in the form of heat.
Employing the computational approach, the scale and cor-
rosion inhibition aptitudes of green polyaspartic acid (PASP),
polyepoxysuccinic acid (PESA), oxidized starch (OS) and car-
boxymethyl cellulose (CMC) were examined. With and without
water, the relationship between the inhibitor and the surfaces
of CaCO3 (110), CaCO3 (104), CaSO4 (020), and Fe (110) was
explored using DFT, MD and radial distribution function
(RDF) analysis.601 The RDF, also known as the pair correlation
function, is the possibility that another particle will be scat-
tered in space once the location of the center atom has been
established. RDF analysis was adopted to ascertain the inter-
action between the oxygen atoms of the carboxyl group of the
inhibitors with the metal and metal oxide crystal surfaces. In
general, r = 3.5 Å indicates chemical bond formation between
the adsorbate and the adsorbent, i.e., chemisorption occurs.

Similarly, a non-bonded interaction is facilitated through-
out the 3.5 Å < r < 5.0 Å range. Accordingly, physisorption
occurs.602,603 Herein, Fig. 29 depicts the RDF plot of the inhibi-
tors and calcite. The bond length between the Ca and O atoms
is 2.39, with a noticeable peak at about 2.36. This demon-
strates that the inhibitor may be associated with the CaCO3

surface through chemisorption given that at this point, the

oxygen atom of the inhibitor and Ca-atom form an ionic bond.
The peak value in the presence of water is lower than the
highest value in the absence of water. This observation illus-
trates that the interaction between the inhibitor and the calcite
surface is weakened with an increase in the number of water
molecules. The peak values of the four inhibitors follow the
order of PESA > PASP > OS > CMC (Fig. 29), which corresponds
to the earlier binding energy results obtained from MD.

The energy and other parameters may be estimated due to
the interaction and adsorption of the concerned inhibitor
species at the atomic and molecular levels using MC simu-
lation, which is a vital corrosion inhibition monitoring tool.
The crucial variables such as ET, Eint, deformation energy
(Edef ), adsorption energy (Eads), rigid adsorption energy (Erigid)
and metal–inhibitor configuration energy (dEads/dNi) of the
system can potentially be determined with the assistance of
MC simulation. ET and Eads can be calculated as follows (eqn
(8) and (9), respectively):584,602,604

ET ¼ EInh þ Erigid þ Edef ð8Þ

Eads ¼ Erigid þ Edef ð9Þ
MC simulation was carried out for nutmeg oil on the Fe (110)

surface.78 The obtained binding energies over the Fe surface follow
the order of β-pinene < limonene < α-pinene < sabinene, which
suggests that sabinene and α-pinene get adsorbed readily over the
Fe surface. Using experimental and theoretical investigations, the
ability of three naphthyridine derivatives (viz., 5-amino-9-hydroxy-2-
phenylchromeno[4,3,2-de][1,6]-naphthyridine-4-carbonitrile abbre-
viated as N-1, 5-amino-9-hydroxy-2-(p-tolyl) chromeno-[4,3,2-de][1,6]
naphthyridine-4-carbonitrile abbreviated as N-2, and 5-amino-9-
hydroxy-2-(4-methoxyphenyl)chromeno[4,3,2-de][1,6]naphthyridine-
4-carbonitrile abbreviated as N-3) to suppress mild steel corrosion
in a 1 M HCl solution was thoroughly investigated. The MC simu-
lation findings revealed that the naphthyridine derivatives adhere
to Fe (110) surfaces in a nearly horizontal orientation. The binding
energies for N-1, N-2, and N-3 were, 8.024 kcal mol−1, 8.376 kcal
mol−1, 8.469 kcal mol−1, respectively, which are consistent with the
experimentally determined trend of inhibitory efficiency, i.e., N-1 <
N-2 < N-3. Not only for iron surfaces, but there are also several sig-
nificant applications of MD and MC simulations to comprehend
the interaction of inhibitor molecules on other non-ferrous metal
surfaces. An MC simulation study was successfully applied for
understanding the interaction phenomena between the Cu (111)
surface and the inhibitors ( jujube shell extract) in the presence of
H2O (55 no), H3O

+ (2 no) and Cl− (2 no) ions to mimic the 1 M
HCl environment.43 The computation of the adsorption energy
provided by the MC simulation explained the spontaneity of the
adsorption of ascorbic acid (AA) linoleic acid (LA), oleanolic acid
(OA), and triterpenoic acid (TA) present in jujube shell extract on
the copper surface.

2.9. Green corrosion inhibition using waste materials
(economy)

Green chemistry underscores the critical need to safeguard the
environment and well-being of humans within a challenging
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economic landscape, which can be achieved by eliminating
toxic elements and reducing waste via valorization. Green cor-
rosion inhibition using waste materials is an innovative and
environmentally conscious approach to tackle corrosion chal-
lenges in various industries. Traditional corrosion inhibitors
often involve toxic or harmful chemicals, negatively impacting
human health and the ecosystem. However, utilizing waste
materials as corrosion inhibitors presents a sustainable
alternative. Ongoing research delves into developing and
applying these green corrosion inhibitors, simultaneously
mitigating corrosion-related issues, while minimizing environ-
mental harm, which appears increasingly promising, herald-
ing a more sustainable future for corrosion protection. By
repurposing waste substances such as agricultural byproducts,
discarded plant matter, and industrial residues,544,545

researchers aim to create effective corrosion inhibitors that
efficiently protect metals and alloys and contribute to waste
reduction and resource optimization. Research indicates that
household-generated food waste comprised of fresh fruits and
vegetables accounts for nearly half of this type of waste.546

According to the Food and Agriculture Organization (FAO),
fruits and vegetables exhibit the highest rates of losses and
waste compared to other food categories, with potential levels
of wastage reaching up to 60%. The processes involved in fruit
and vegetable production generate considerable by-products,
constituting around 25% to 30% of the total volume within
this commodity group.547 This residual material primarily
includes seeds, peels, juice, leaves, and stems, which contain a
variety of bioactive compounds with potential value. These
compounds inherently possess antioxidant and anti-corrosion
attributes, effectively inhibiting corrosion and extending the
lifespan of metal structures.548 Furthermore, using waste as a
corrosion inhibitor presents a series of merits, including for-
midable anti-corrosion efficacy, accessibility, renewability,
cost-effectiveness, minimal environmental risks, and the
ability to form protective layers on metal surfaces.79,551 This
approach serves not only to address corrosion control but also
contributes to waste reduction and aligns with the principles
of a circular economy. Also, this approach is consistent with
the principles of green chemistry, promoting the transform-

Fig. 29 Radial distribution function plot for the distance between the oxygen atom of inhibitors and the Ca-atom of calcite crystal surface601 [re-
printed with permission, Copyright, Elsevier, 2021].
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ation of waste into valuable assets. By establishing a nexus
between waste management and corrosion control, this
section endeavours to showcase the feasibility of utilizing
fruit, vegetable, industrial, and agricultural waste as efficient
and environmentally friendly corrosion inhibitors.

2.9.1. Agro-industrial waste. Agro-residual compounds are
attracting increasing attention as a sustainable and environ-
mentally friendly substitute for synthetic inhibitors in safe-
guarding metals and alloys from corrosion across diverse
industries. Adopting agricultural waste, such as rice husk,
sugarcane bagasse, wheat straw, and various other abundant
resources, has demonstrated efficacy in mitigating the corros-
ive deterioration of metal surfaces. These materials harbor a
wealth of natural compounds such as lignin, cellulose, and
hemicellulose, which are endowed with intrinsic inhibitory
properties. The United Nations605 defines agricultural waste as
the byproduct of diverse agricultural activities. It includes
manure and waste from farms, poultry establishments, and
slaughterhouses; residual material from harvesting; fertilizer
runoff from fields; pesticides infiltrating water, air, or soil; and
salts and silts from fields. Agricultural waste constitutes the
remains of plants used in agriculture. These residues primarily
originate from cultivated land and horticulture. Agricultural
waste includes the portion of crops not suitable for human or
animal consumption. Crop residues are predominantly com-
prised of stalks, branches, and leaves.605 It has been observed
that approximately 80% of plant matter qualifies as agricul-
tural waste.553 Sugarcane, maize, cereals, and rice are among
the most extensively cultivated crops worldwide.554 The com-
position of agricultural waste can be summarized based on the
origin of the residue, where rice crop waste includes husk and
bran, while wheat-derived waste includes bran and straw.
Maize waste is comprised of stover, husk, trimmings, and
cobs. Sugarcane waste contains sugarcane tops, bagasse, and
molasses.

In recent years, numerous endeavours have been under-
taken to enhance the utilization of agro-waste biomass across
diverse domains. However, estimating the precise quantity of
agrowaste remains challenging, and due to its relatively low
market value, this residue often yields economic returns that
are outpaced by the costs associated with its collection, trans-
portation, and processing for beneficial applications.
Annually, a staggering amount of nearly one billion tons of
this waste is generated,555–557 with this volume steadily rising.
A substantial 80% of the total solid waste found on agricul-
tural lands is constituted by organic waste. Although agrowaste
was once indiscriminately incinerated on fields, technological
advancements have transformed this material into valuable
resources for numerous applications.548,549,558 Harnessing
agricultural waste for corrosion inhibition boasts multiple
merits, representing a sustainable and ecologically sound solu-
tion to address corrosion issues.

By repurposing agricultural waste, which is materials that
would otherwise be discarded or left to decompose, we can
alleviate the burden on landfills and reduce the environmental
repercussions of waste disposal. Furthermore, the abundance

and cost-effective nature of agricultural waste make it an
appealing choice for corrosion inhibition, particularly in
regions or countries with constrained resources. Various agri-
cultural waste types have been explored for their potential as
corrosion inhibitors. For instance, residues such as straw,
husks, and stalks, which are rich in polyphenolic compounds,
lignin, cellulose, and other bioactive constituents, exhibit
excellent corrosion inhibition potential. These compounds
intrinsically possess antioxidative and metal-chelating attri-
butes, enabling them to effectively curtail corrosion rates and
hinder the formation of rust on metal surfaces.606 Other forms
of agricultural waste, including fruit peels, seed coats, and oil-
cakes, also display corrosion inhibition potential due to their
distinct chemical compositions. To assess the efficacy of agri-
cultural waste as corrosion inhibitors, researchers have
employed diverse experimental techniques, including electro-
chemical tests, surface analysis, and corrosion rate assess-
ments.560 The upcoming section will delve into the outcomes
of a literature survey, aiming to enhance our comprehension
of the corrosion performance provided by agricultural waste
and its operational mechanisms.

Sanni and colleagues conducted a study607 investigating the
adsorption and corrosion inhibitory performance of palm
kernel shell extract (PKSE) as an eco-friendly corrosion inhibi-
tor on stainless steel (SS) within a simulated seawater environ-
ment. The findings of this study indicated that the corrosion
inhibition efficiency of PKSE was notably effective, surpassing
90% inhibition efficiency. PKSE acts as a dual-mode inhibitor,
demonstrating chemical and physical adsorption on the stain-
less-steel surface by the Langmuir adsorption model.
Furthermore, a closer examination of the surface morphology
by SEM revealed that PKSE forms a protective film on the
stainless-steel surface, exhibiting firm attachment. Similarly,
Oyewole and co-authors explored the efficacy of palm kernel
leaf extract (PKLE)608 using central composite design (CCD).
This investigation involved conducting a phytochemical ana-
lysis of the extract. The process variables were optimized,
including the extract concentration (ranging from 0.5 to 1.5 g
L−1), duration (3 to 5 days), and temperature (30 °C to 50 °C).
The optimal conditions were determined as inhibitor concen-
tration (1.500 g l−1), temperature (30 °C), and time (3 days),
leading to an inhibition efficiency of 96.74%. The PKLE extract
derived from the agricultural waste of Elaeis guineensis was
proven to be an effective inhibitor. Additionally, the lignin
polymer obtained from this waste source was modified for use
as a green corrosion inhibitor,300 involving the incorporation
of aromatic scavengers (2-naphthol: AHN EOL and 1,8-dihy-
droxyanthraquinone: AHD EOL).

Bhardwaj and co-researchers conducted an assessment609

of the corrosion inhibition characteristics of Phyllanthus
emblica seed extract (PESE), which was derived from discarded
seeds, within a 15% HCl medium on stainless steel (SS-410).
EIS unveiled a remarkable 92.43% corrosion inhibition
efficiency when employing 4 g L−1 of PESE. Further analysis
through SEM, AFM and XRD confirmed the adsorption of
PESE on the SS-410 surface. The adherence of PESE to the
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Langmuir adsorption isotherm corroborated the formation of
a PESE monolayer on the SS-410 surface. The theoretical inves-
tigation confirmed that 3,4,8,9,10-pentahydroxy-dibenzo[b,d]
pyran-6-one played a pivotal role as the key phytochemical
responsible for the anti-corrosive effect. Another instance
involving seed extract pertains to the research conducted by
Fernine and colleagues610 on Ocimum basilicum seed extract
(OBSE) as a green corrosion inhibitor for mild steel in a 1 M
HCl solution. This study entailed varying the concentration of
OBSE. The polarization results indicated the mixed adsorption
behavior of the inhibitor on the mild steel surface in the cor-
rosive environment of 1 M HCl. At an inhibitor concentration
of 1.0 g L−1 and a temperature of 298 K, OBSE demonstrated
an inhibition efficiency of 95.12%. Surface morphology exam-
ination utilizing SEM facilitated the identification of a protec-
tive thin film on the external surface of mild steel, guarding it
against HCl. Notably, the mild steel samples retained a
smooth appearance after 6 h of immersion in a 1 M HCl solu-
tion with 1 g L−1 of the extract, reducing the dissolution of
iron. Theoretical calculations based on the chemical quantum
and MC methodologies unequivocally demonstrated the
adsorption of most molecules on the metal surface.

Shahmoradi et al.611 explored the use of pistachio nut shell
extracts containing eco-friendly compounds such as cellulose
and lignin as organic inhibitors for steel corrosion in 1 M HCl
solution. Using 800 ppm of the inhibitor, they achieved a 92%
inhibition efficiency within 6 h through EIS testing. The
inhibitor exhibited mixed-type action in polarization tests.
Adsorption of the compounds followed the Langmuir iso-
therm, involving both chemical and physical processes.

Wu and colleagues612 investigated the efficacy of walnut
green husk extract (WGHE) as a corrosion inhibitor for mag-
nesium alloys in a NaCl solution. Electrochemical assessments
unveiled an optimal inhibition efficiency of merely 44.8% with
1.0 g L−1 WGHE. Interestingly, elevating the WGHE concen-
tration failed to enhance this efficiency further. However,
immersing magnesium alloy samples in a 1.0 g L−1 WGHE
solution for 48 h remarkably elevated the inhibition efficiency
to 92.5% under the same corrosive conditions. Notably, mena-
dione, a component in WGHE, emerged as the key contributor
to the enhanced corrosion resistance. El-Deeb et al.613

extracted lignin from wheat straw agricultural waste through
soda pulping, subsequently modifying and characterizing it
using spectroscopic and thermal analysis. The investigation
focused on two modified lignin compounds, LG–OH and LG–
COOH, as corrosion inhibitors for aluminum in 1 M NaOH,
comparing their performance to unmodified lignin (LG). PDP
measurements and morphological analysis were employed.
The findings revealed that the modified lignin compounds
shifted the corrosion of aluminium and open circuit potentials
toward more noble values. Moreover, they reduced the cor-
rosion current density compared to the blank solution. Among
the compounds, LG–COOH exhibited the highest inhibition
efficiency, followed by LG–OH and LG. This difference can be
attributed to the more significant number of active adsorption
sites in LG–COOH. The Langmuir adsorption isotherm with a

physical nature provided the best fit, and the thermodynamic
parameters indicated the endothermic nature of the corrosion
process with more organized activated complexes in the pres-
ence of lignin compounds. Kaban et al.28 investigated the anti-
corrosion behaviour of liquid smoke derived from rice husk
ash in a 1 M HCl solution in a separate study. The corrosion
tests revealed that the inhibitor acted as a mixed-type inhibi-
tor, achieving the optimal inhibition at 80 ppm and 323 K, dis-
playing an impressive 99% inhibition efficiency. AFM analysis
demonstrated a smoother surface with a lower skewness para-
meter of −0.5190 nm on the treated mild steel. Employing an
ANN model showcased the reduced overfitting on inhibited
steel, a higher prediction accuracy of 81.08%, and a lower loss
rate of 0.6001. This neural network successfully modelled the
correlation between EIS and PDP and the development of the
passive layer on treated mild steel.

Asra et al.614 explored the potential of nanosilicate extracts
from rice husk ash (RHA) as a corrosion inhibitor for carbon
steel in distilled water. The nanosilicates were extracted
through wet chemical methods, resulting in a powder form
with particle sizes in the range of 5 to 10 nm. This size range
was verified using TEM and zeta size analysis. Remarkably,
corrosion measurements exhibited a high %IE of up to 98%
with the nanosilicate extract. The adsorption behavior of the
inhibitor on the carbon steel surface was found to align with
the Temkin isotherm. The potentiodynamic polarization out-
comes of this study indicated that the inhibitors functioned as
mixed type. The EIS results showcased increased charge trans-
fer resistance and inhibition efficiency percentage with an
increase in the nanosilicate concentration. Moreover, the
surface analysis revealed that the specimens treated with nano-
silicate exhibited smoother surfaces with fewer corrosion pro-
ducts than the untreated specimens. In a study conducted by
Matos et al.,615 the potential of barley agro-industrial waste
(AW) extract as a corrosion inhibitor for AISI 304 stainless steel
in H2SO4 was explored. The inhibitor demonstrated an
impressive inhibition efficiency of 97%. However, the investi-
gation needed to assess the stability and long-term durability
of the inhibitor. Similarly, Raghavendra et al.616 delved into
the effectiveness of a yellow color ripe (YCR) husk extract when
applied to aluminum surfaces and exposed to a 0.5 M HCl
solution. The researchers evaluated the performance of the
extract using EIS and WL measurements. A direct relationship
was observed between the inhibitor concentration and cor-
rosion inhibition efficiency.

Shahmoradi and coauthors617 harnessed the extract from
the green peel of walnut fruit as a corrosion inhibitor in a 1 M
HCl solution. Their approach involved a straightforward, envir-
onmentally friendly water-based extraction method to isolate
the chemical compounds from the walnut green husk. The
presence of organic compounds and the inhibitory agent
juglone in the green husk were validated through XPS, FT-IR,
and DFT assessments. Their study strongly supported the for-
mation of effective organic–inorganic complexes between the
juglone molecules and metal cations, resulting in corrosion
inhibition. This assertion was substantiated by the remarkable
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95% inhibition efficiency observed in this study. Lin et al.618

studied the inhibitory capabilities of pomelo peel extract in a 1
M H3PO4 solution. The EIS test revealed a corrosion inhibition
efficiency of 92.8% after 224 h. Additionally, surface analysis
using field emission scanning electron microscopy (FE-SEM)
indicated a smooth, corrosion-free metal surface in the pres-
ence of 5.0 g L−1 of pomelo peel extract. This observation
suggests the successful adsorption of pomelo peel extract on
the mild steel surface, contributing to effectively mitigating
corrosion. In their research, Paul and co-researchers619 utilized
papaya seed extract to evaluate its corrosion-inhibiting poten-
tial on carbon steel. The adsorption analysis indicated that the
inhibition mechanism aligns with the Temkin isotherm
adsorption model, which is likely attributed to the physical
adsorption of the benzyl isothiocyanate molecule present in
papaya seed. Additionally, both EIS and polarization tests
yielded significant results, showcasing a remarkable 90% inhi-
bition efficiency upon exposure to a papaya extract concen-
tration of 1500 ppm.

2.9.2. Food waste as corrosion inhibitors. Besides agricul-
tural waste, an inventive approach to tackling corrosion
involves harnessing waste food as an inhibitor source. Waste
food, a substantial byproduct of the food industry, presents an
opportunity for a cost-effective and sustainable solution across
various corrosive settings. Examples such as fruit peels, tea
leaves, and coffee grounds have demonstrated effective inhi-
bition, showcasing the diverse potential of waste food as an
inhibitor source.620–622 Exploring waste food as an inhibitor
holds promise, offering circular and environmentally con-
scious solutions to a prevalent challenge. Simultaneously, it
opens avenues for revenue generation within the food industry.
Furthermore, this approach can substantially reduce corrosion
prevention expenses and mitigate environmental
waste.59,60,623–625 Fruits and vegetables are recognized sources
of diverse bioactive elements such as polyphenols, caroten-
oids, and terpenes. Extracting these beneficial biomolecules
from residual products holds potential. Various extraction
methods are available to obtain waste food materials for use as
corrosion inhibitors, including solvent extraction, ultrasound-
assisted extraction, microwave-assisted extraction, and super-
critical fluid extraction. Characterization techniques play a sig-
nificant role in understanding the composition and attributes
of waste food materials. FTIR, GC-MS, and high-performance
liquid chromatography (HPLC) are commonly utilized for
chemical analysis. Additional techniques such as SEM, AFM,
XRD, and thermogravimetric analysis (TGA) aid in characteriz-
ing the morphology, crystal structure, and thermal stability of
waste food materials.

Larissa Aparecida Corrêa Matos et al.626 employed barley
agro-industrial waste (AW) as an environmentally friendly
source to minimize corrosion phenomena. Their approach
involved utilizing AW extract to inhibit corrosion in a sulfuric
acid environment on AISI 304 stainless steel. The extract show-
cased an impressive inhibition efficiency of up to 97%, which
was attributed to the physical bonds formed between the
adsorbed extract components and the steel surface. Fig. 30

shows that the addition of the AW acid extract to the reaction
medium promoted a decrease in the corrosion current density
and increased the polarization resistance of the stainless-steel
samples, suggesting that the extract inhibits the corrosion
process.

The SEM images also revealed that the presence of the
extract curtailed metal oxidation reactions (Fig. 31).
Furthermore, this study reported a shift in the cathodic
mechanism reaction on the inhibitor-free surface, indicating
the alteration in the adsorption mechanism of the AW extract.

Gusti and colleagues627 explored coffee bean husk waste as
a corrosion inhibitor for mild steel in a 0.75 M H2SO4 environ-
ment. This waste contained chemical compounds such as
tannins and flavonoids that augment adsorption, providing a
broad surface area. Using the WL methodology, the addition
of 10 g L−1 of coffee bean husk waste achieved an inhibition
efficiency of approximately 80%. Over 72 h, this efficiency
climbed to 97.5%, causing the authors to recommend coffee
bean husk waste as an effective inhibitor under the tested con-
ditions. Ayoola et al.628 investigated the inhibition potential of
waste citrus limonum peel extract for A36 mild steel in a 0.5 M
sulfuric acid environment. This study employed various tech-
niques, demonstrating that a concentration of 0.4 w/v% of
citrus limonum led to a remarkable 94% inhibition at temp-
eratures ranging from 18 °C to 28 °C. The efficiency only
decreased by 2% at higher temperatures up to 45 °C, illustrat-
ing the robust reactivity of the extract as an eco-friendly cor-
rosion inhibitor across a wide temperature range. The SEM/
EDX analysis further supported the efficient adsorption of the
inhibitor, requiring only a small quantity.

Salinas-Solano et al.629 explored the eco-friendly corrosion
inhibition potential of rice bran oil-based agro-industrial
waste. The process involved extracting and filtering rice bran
oil using the Soxhlet method with hexane as the solvent. Their
investigation applied various electrochemical techniques to

Fig. 30 Tafel plots obtained for AISI 304 stainless steel in 1.5 mol L−1

H2SO4 with and without the AW acid extract at a 1 mV s−1 scanning
rate626 [reproduced for ref. 626, open access publication, copyright per-
mission is not required].
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examine the corrosion inhibition on 1018 steel. The addition
of 25 ppm of the inhibitor remarkably elevated the inhibition
process, achieving over 99% inhibition. This enhancement was
attributed to the formation of a protective barrier film on the
metal surface, as confirmed by the EIS spectra and adsorption
isotherm modeling. This thin film increased the charge-trans-
fer resistance of the metallic material. Vera et al.630 evaluated
the corrosion-inhibiting potential of an extract from Fuji apple
(Malus Domestica) skin collected in Chile’s Valparaiso region.
Their study involved carbon steel immersed in a saline
medium. WL measurements, impedance measurements, and
polarization curves were utilized to estimate the inhibitory per-
formance, which reached 90% efficiency at a concentration of
1000 ppm of the extract. In 2019, Cruz-Zabalegui et al.
employed a Gemini-surfactant synthesized from waste avocado
oil as a CO2 corrosion inhibitor for X-52 steel.631 This inhibitor
exhibited effective mixed-type corrosion inhibition, achieving
an impressive 94% efficiency at a concentration of just
10 ppm. It reduced the corrosion rate by forming a thin film
due to the adsorption of inhibitor components on the steel
interface, forming a physical bond, according to the Langmuir
adsorption isotherm.

Halambek et al.632 investigated tomato peel waste-derived
pectin (TPP) as a tin corrosion inhibitor. They aimed to
promote natural inhibitors over synthetic ones and enhance
the biopolymer production. Electrochemical evaluations
revealed an inhibition efficiency of 62.19% for CAP and
65.48% for TPP at a pectin concentration of 4 g L−1.
Microscopic analysis indicated that pectins prevented the
degradation of tin surfaces in aggressive media.
Kusumaningrum et al.633 assessed Artocarpus heterophyllus
peel extract as a non-toxic fruit waste inhibitor. The extract
effectively reduced the corrosion rates and protected pure
copper in contact with 1 M HNO3. The highest efficiency
reached 98% at an optimal concentration of 800 ppm, con-
firming the potential of this extract for tin corrosion
protection.

Bhardwaj et al.634 undertook a study to explore the viability
of Beta vulgaris peel (BVP) waste material as a green corrosion
inhibitor for SS 410 in a 15% HCl solution. The PDP analysis
revealed that a concentration of 4 g L−1 of BVP extract exhibi-
ted the highest %IE of 90.17% in the HCl solution. The experi-
mental findings were consistent with the Langmuir adsorption
isotherm, confirming the creation of a monolayer on the SS
410 surface due to the peel extract. The anti-corrosive effect
was primarily attributed to vitexin, as supported by the theore-
tical and computational analyses of the phytochemical compo-
sition. Molecular simulation techniques were used to explore
the interactions of vitexin with SS 410. Additionally, the study
revealed that the B. vulgaris peels acted as anodic inhibitors.
The peel extract components adsorbed on the metal surfaces,
forming a protective layer, which effectively reduced the cor-
rosion rates due to its protective properties.

Fekri et al.635 introduced turnip peel extract (TPE) as an
innovative, eco-friendly, and cost-effective solution for inhibit-
ing copper corrosion in a 3.5 wt% NaCl solution. This study
demonstrated that increasing TPE concentration enhanced the
inhibition efficiency, reaching an impressive maximum %IE of
91.2%. Furthermore, it assessed the impact of temperature
variations (298–338 K) on the performance of TPE as a cor-
rosion inhibitor, indicating a gradual decline in IE with an
increase in temperature. Nonetheless, even at 338 K, the %IE
remained acceptably high at approximately 64%. A compre-
hensive analysis revealed that the TPE molecules primarily
underwent physical adsorption on the copper surface. The
positive ΔH value and the agreement between the experi-
mental data and the Langmuir isotherm model supported this
conclusion. Notably, the investigation of the TPE components
revealed the presence of heteroatoms (S, O, and N) in their
molecular structures, playing a crucial role in forming a pro-
tective film on the copper surface and effectively inhibiting the
corrosion processes. Radi et al.636 investigated the corrosion
inhibitory potential of pumpkin seeds for the 7075-T6 alumi-
num alloy in a 3.5% NaCl solution using electrochemical,

Fig. 31 SEM images of AISI 304 stainless steel: (A) before immersion, (B) after immersion in H2SO4, and (C) after immersion in H2SO4 containing 5 g
L−1 of AW acid extract (1500× increase). [reproduced for ref. 626, open access publication, copyright permission is not required].
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surface, and theoretical analyses. This study revealed an
impressive inhibition efficiency of 95% at 298 K and 1 g L−1

concentration. The Tafel polarization analysis suggested that
the pumpkin seeds function as cathodic inhibitors. The
adsorption of the pumpkin seeds on the aluminum alloy
surface followed the Langmuir adsorption isotherm. However,
longer immersion times led to a decrease in the protection
efficiency.

2.10. Green corrosion inhibition using material design

Material design offers a promising pathway to green corrosion
inhibition by combining sustainable principles with innovative
techniques. The cutting-edge field of green corrosion preven-
tion through material design is examined in this section.
Developing effective and environmentally friendly inhibitors is
essential to address corrosion challenges, while minimizing
ecological impacts. We explore the production of intelligent
coatings, use of nanotechnology, and development of sustain-
able materials. The discussion includes predictive modelling
methods, AI-driven optimization, and green manufacturing
procedures. The emphasis is on collaborative research initiat-
ives and regulatory assistance as change agents. The research
alludes to a future where environmentally friendly corrosion
inhibition protects crucial infrastructure and fosters environ-
mental sustainability by adhering to these standards. As
research advances, material design will play a pivotal role in
shaping the future of green corrosion protection.

As already mentioned, corrosion tremendously impacts
metal structures in various sectors, resulting in substantial
financial losses, environmental issues, and safety risks.637

Traditional corrosion inhibitors frequently use hazardous
chemicals, which raises concerns for the environment and
human health. In response, designing materials according to
green principles has become a potential strategy for creating
efficient and environmentally friendly corrosion inhibitors.
The intriguing “green corrosion inhibition through material
design” method focuses on successfully developing materials
with specific features to fight corrosion, while reducing their
environmental impact.13 One of these tactics is designing
materials to build a protective film on the metal surface. This
layer acts as a barrier to prevent corrosive substances from
directly touching the metal, delaying the corrosion
process.638,639 These substances are frequently called corrosion
inhibitors. Several elements are considered when creating
these materials to provide green corrosion inhibition.

Toxic or harmful components should not be used, and the
materials should be eco-friendly. This ensures that no harmful
compounds are released into the environment during the cor-
rosion inhibition process. Additionally, the materials must
successfully halt corrosion, while remaining stable over time.
They should have qualities such as strong adherence to the
metal surface, decent resistance to deterioration, and the
capacity to repair themselves after being harmed. This guaran-
tees that the metal structure will be protected longer.529,640

Academics and industry professionals use different material
design strategies to achieve green corrosion inhibition. These

strategies involve using organic substances, polymers, nano-
materials, and bioinspired materials. These materials may be
tuned for certain corrosion avoidance applications by adjust-
ing their composition, structure, and surface qualities. Overall,
green corrosion inhibition via material design is a novel and
sustainable method for preventing corrosion, while reducing
its adverse environmental effects. It has enormous potential to
increase the toughness and longevity of metal structures
across a range of industries, from manufacturing and infra-
structure to transportation and infrastructure. This section
emphasizes the significant ideas, approaches, and most recent
developments in this area, emphasizing using materials
design tactics to develop green corrosion inhibitors.

2.10.1. Importance of material selection in inhibitor
design. Green corrosion inhibition aims to provide corrosion-
prevention strategies that are sustainable and kind to the
environment. In this context, the choice of materials for
inhibitor design is of particular importance given that it
directly affects the efficacy, safety, and environmental impact
of corrosion inhibition tactics.641–643 In conclusion, careful
material selection is a key component of the design of green
corrosion inhibitors. Design professionals may produce cor-
rosion inhibition solutions that are efficient and sustainable,
improving both industrial processes and the health of the
world by considering the environment, human health, per-
formance, and regulatory factors (Fig. 32). Here, we provide a
more thorough explanation of why choosing suitable materials
is essential when developing green corrosion inhibitors.

(i) Environmental sustainability: The minimal negative
effects on the environment are the core of green corrosion
inhibition.644–646 In line with the sustainability tenets,
materials made from renewable resources or biodegradable
should be used. These materials support a healthy ecosystem
by lowering the production of toxic waste.

(ii) Non-toxic nature: Corrosion inhibitors should be safe for
humans and the environment. Through careful material selec-
tion, the inhibitors are made safe for users, consumers, and
ecosystems by preventing the release of toxic compounds into
the environment.640

(iii) Reduced carbon footprint: Climate change may be miti-
gated by choosing materials with a smaller carbon footprint
during manufacturing and use. Choosing materials involving
less energy-intensive manufacturing processes or emissions
can reduce the environmental effect.

(iv) Biocompatibility: The chosen inhibitors must be biocom-
patible when the protected materials interact with live species,
such as in agricultural or marine applications.647 This guaran-
tees that the inhibitors will not hurt aquatic, terrestrial, or
plant life.

(v) Renewable resources: Utilizing renewable resources
lessens the reliance on finite resources and supports sustain-
able practices. Examples of these materials are plant
extracts,13,648,649 natural polymers,15,650,651 and waste
byproducts.178,652,653

(vi) Integration into existing processes: Green corrosion
inhibitors must be easily incorporated into current industrial
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processes without requiring substantial changes.
Implementing green corrosion inhibition techniques across
sectors is facilitated by selecting materials compatible with
existing production processes.

(vii) Performance and durability: The chosen materials must
have corrosion inhibition capabilities that are comparable
with or better than conventional inhibitors. They should also
continue to work well over time, providing materials with long-
lasting protection.

(viii) Adaptability to varied conditions: Corrosion protection
that can adjust to changing circumstances is needed for
various locations and applications. The materials should be
adaptable in multiple environments without sacrificing their
inhibitory qualities.306

(ix) Innovation and research: Innovation in creating green
corrosion inhibitors is made possible by investigating innova-
tive materials and combinations. Researchers can create com-
posite materials with improved performance and little environ-
mental effect or find novel chemicals.

(x) Regulatory compliance: Standards and regulations that
control the use of chemicals and materials apply to many
different sectors. Implementing green corrosion inhibitors will
go more smoothly using products that adhere to these
requirements.

2.10.2. Design principles for eco-friendly corrosion inhibi-
tors. The design of environmentally friendly corrosion inhibi-
tors has gained popularity, placing greater emphasis on sus-
tainability and diminished environmental impact.645,652 Some
of the major design principles for green corrosion inhibition
are shown in Fig. 33. An outline of this principle is explained
here.

(i) Renewable resource utilization: Environmentally friendly
corrosion inhibitors must utilise organic materials, biopoly-
mers, and plant extracts as renewable resources. The inherent
biodegradability of these materials prevents the accumulation
of potentially harmful residues. For instance, employing plant
compounds conserves non-renewable resources and provides a
sustainable alternative to conventional inhibitors.

(ii) Non-toxic nature: The selection of materials that are safe
for the environment and human health is strongly encouraged
by design guidelines. This idea agrees with the principles of
green chemistry and ensures that inhibitors do not introduce
dangerous substances into ecosystems. Using non-toxic inhibi-
tors makes it possible to handle, store, and dispose of dangers
more safely.

(iii) Molecular compatibility: Design standards strongly rec-
ommend using materials safe for the environment and human
health. This notion guarantees that inhibitors do not intro-
duce harmful compounds into ecosystems and is consistent
with the principles of green chemistry. Handling, storing, and
disposing of risks more securely when non-toxic inhibitors are
used are feasible.

(iv) Biodegradability and low persistence: Natural bio-
degradable eco-friendly inhibitors should eventually break
down into harmless components. Biodegradability reduces the
persistence of inhibitor residues in the environment, minimis-
ing their long-term effects. Furthermore, it promotes the broad
aims of environmental stewardship.

(v) Reduced energy consumption in synthesis: Green inhibitor
design encourages using less energy-intensive and less-bypro-
duct-producing processes. Employing energy-efficient syn-
thesis techniques may significantly reduce the environmental

Fig. 32 General depiction of the importance of material selection in inhibitor design [self-illustration, copyright permission is not required].
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effect of manufacturing inhibitors. This idea promotes the
overall sustainability of the manufacture of inhibitors.

(vi) Enhanced inhibition efficiency: The effectiveness of the
corrosion prevention by an inhibitor should not be hampered
by its environmental friendliness. To maximize the inhibitory
performance, design concepts emphasize striking a balance
among molecular interactions, film-forming ability, and long-
term stability. This ensures that environmentally friendly
inhibitors are both effective material protectors and safe for
the environment.

2.11. Green corrosion inhibition using safer chemicals (ILs,
biodegradable polymers, surfactants and dyes)

The nexus between chemical and environmental sciences has
necessitated the development of chemical substances that are
viable for numerous industrial applications and eco-friendly. A
solution-focused approach to the challenges of chemical pro-
duction has prompted the design and development of safer
chemicals to replace toxic traditional chemicals.654 Safer
chemicals, now widely known as green chemicals, reduce or
eliminate adverse impacts on human health and the environ-
ment. These chemical substances are tailored to minimize or
have zero environmental impact in their production, use and
disposal, while still serving their intended purpose. Some
main characteristics of safer chemicals include potency,
efficiency, low cost, facile synthesis, non-toxicity, biodegrad-
ability, tolerability and non-bioaccumulative properties.655 In
recent years, the stringent campaigns and regulations for
using safer chemicals in various industries have led to the

advancement of green chemistry initiatives. The field of cor-
rosion science has also embraced the progressive view of utiliz-
ing safer chemicals to develop highly effective metallic inhibi-
tors. This section overviews the use of prominent, safer chemi-
cals such as ILs, biodegradable polymers, biosurfactants and
dyes as effective, efficient and environmental benign
inhibitors.

2.11.1. Ionic liquids. ILs represent a category of molten
salts characterized by their remarkable property of having a
melting point temperature below 100 °C.656 The process of
designing ILs involves the precise combination of organic
cations, including imidazolium, pyridazinium, phosphonium,
and ammonium, with inorganic anions such as acetates,
halides, phosphates, and sulfonates. This exceptional flexi-
bility in designing ILs, coupled with their array of fascinating
properties, such as non-toxicity, low volatility, high solubility,
remarkable surface activity, superior conductivity, robust
thermal stability, and outstanding chemical stability, has pro-
pelled their extensive range of applications.88,657 Given these
distinctive properties, ILs have found valuable utility across
various scientific disciplines, including electrochemistry,
analytical science, catalysis, biology, and chemistry.658

Due to their exceptional biocompatibility, solubility, and
adsorption capacity, ILs have emerged as promising eco-
friendly alternatives to traditional corrosion inhibitors. Recent
advancements in corrosion science, engineering, and techno-
logy have showcased the viability of employing ILs for inhibit-
ing metallic corrosion. Over the past decade, the adoption of
ILs as environmentally friendly corrosion inhibitors has

Fig. 33 Outline of the major design principles for green corrosion inhibition [self-illustration, copyright permission is not required].
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witnessed a significant upsurge in research activity.659,660 ILs
possess the necessary attributes of high-performance inhibi-
tors, featuring multiple heteroatoms, π-electrons, varying alkyl
chain lengths, and numerous reactive centers, which facilitate
their robust adsorption onto metal surfaces.659,661 Their inhi-
bition capabilities are remarkable, with numerous studies
reporting impressive %IE ranging from 90% to 99% at low
concentrations. In most instances, ILs often display a mixed-
type effect and become effective by adhering to the metal sub-
strate, aligning with the Langmuir adsorption isotherm. The
mechanism of action has been widely observed to be both
physical and chemical adherence to the metal surface.

Among the diverse classes of ILs explored, imidazolium-
based ILs (Im-ILs) have garnered the most attention in the lit-
erature. These ILs, similar to others, predominantly inhibit
metallic degradation through a mechanism in which their
polar hydrophilic groups attach to the metal substrate.
Simultaneously, their nonpolar hydrocarbon segments interact
with the solution end. For instance, in the study by Haldhar
et al.,662 they illustrated the hydrophilic and hydrophobic
interactions of three Im-ILs in an HCl environment, specifi-
cally for applications in oil and gas pipelines (Fig. 34). In a
general context, several critical parameters have been identi-
fied as influential factors in determining the inhibitive pro-
perties of ILs. These factors include inhibitor concentration,
immersion time, temperature, electrolyte composition, alkyl
chain length, nature of the alkyl group, effect of synergism,
and the type of anion/cation. Extensive research has been

devoted to investigating the impact of these variables on the
effectiveness of ILs as corrosion inhibitors.392,663–667 Extending
present knowledge on the relationship between the structural
attributes of ILs and their inhibition behaviour, several
authors have constructed quantitative structure–activity
relationship (QSAR) models.668–670 The outstanding inhibition
behaviour of ILs derived from lignin,671 pyridinium,672,673

pyrrolidinium,674,675 polymers,676,677 and amino acids77,678 has
also been recently reported. These reports have demonstrated
the inhibiting capability of different ILs to suppress corrosion
in different metal/electrolyte system. Table 3 presents a
summary of recent reports on the inhibition of different
metals using ILs.

A notable achievement in corrosion control in the chemical
and oil industry has recently emerged with the development
and evaluation of innovative and environmentally friendly
supramolecular ILs.689,690 In these pioneering studies,
Berdimurodov et al. introduced two distinct types of supramo-
lecular ILs, namely bromide–cucurbit[7]uril supramolecular
ILs (BrCU)689 and cucurbit[6]uril-based[3]rotaxane supramole-
cular ILs (CB6),690 both designed to mitigate the corrosion of
CS. These ILs were investigated in two distinct corrosive
environments, namely NaCl saturated with H2S and CO2 in a
NaCl medium and the other in a 1 M OH− + 1 M Cl− solution.
To assess the inhibitive performance of these supramolecular
ILs, a comprehensive array of test methods was employed,
including cyclic voltammetry (CV), electrochemical noise (EN),
EIS, PDP, SEM, EDX, DFT, and MD simulation. Remarkably,

Fig. 34 Mechanism of action of Im-ILs in 1 M HCl662 [reproduced from ref. 662 with permission, Copyright, Elsevier, 2023].
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the results demonstrated that the inclusion of merely 100 mg
L−1 of BrCU and CB6 yielded an outstanding %IE of 97.54%
and 97.97%, respectively, at a temperature of 303 K. The ana-
lysis of the Tafel plots indicated that both supramolecular ILs
acted as mixed-type inhibitors, predominantly influencing the
anodic corrosion process. Subsequent investigations unveiled
that these ILs shielded the metal substrate from corrosive ions
through physical and chemical interactions. The exceptional
corrosion inhibition exhibited by these novel ILs can be attrib-
uted to several key factors, including their heightened solubi-
lity, substantial planar structure featuring numerous hetero-
atoms, and the presence of delocalized pi-electrons. This inno-
vative approach marks a significant leap forward in the quest
for green and effective corrosion control strategies, promising
sustainable solutions for the chemical and oil industry.

2.11.2. Biopolymers. Biodegradable polymers form a dis-
tinct class of polymeric materials with the inherent capability
to undergo decomposition. Depending on their origin, these
polymers can be categorized as natural or synthetic. Notably,
natural polymers, often called biopolymers, exhibit unique
characteristics such as biodegradability, biocompatibility, bio-
tolerance, and non-bioaccumulative properties, which are attri-
butes frequently constrained in synthetic polymers.644,691 The
natural sourcing of biodegradable polymers makes them envir-
onmentally friendly substitutes, making them an integral part
of the family of green corrosion inhibitors due to their biocom-
patibility, biodegradability, biotolerance, and non-bioaccumu-
lative nature. Consequently, they find diverse applications
across various industrial sectors. Furthermore, extensive
research has been undertaken to investigate their inhibitive be-

Table 3 Recent applications of ionic liquids for different metal types in various media

Ionic liquid Substrate Medium Max %IE Ref.

Mild steel 1 M HCl 96.20% 679

Stainless steel 2 M HCl 95.40% 680

Carbon steel 0.3 M NaCl 88.90% 681

Carbon steel CO2-saturated NaCl brine 94.46% 682

Carbon steel 1 N HCl 96.00% 683

AZ31B magnesium 0.5 wt% NaCl 93.91% 684

Q235 steel 1 M HCl 95.80% 685

Aluminium 1 M HCl 80.90% 686

Copper 0.5 M H2SO4 96.60% 687

Copper 3.5% NaCl 95.00% 688

Critical Review Green Chemistry

Green Chem. This journal is © The Royal Society of Chemistry 2024



havior in the context of corrosion control. These compounds
have demonstrated exceptional potential in safeguarding
metal surfaces, which is primarily attributed to their substan-
tial surface area, complexation capabilities, and numerous
binding centers.692,693 This section provides a concise overview
of some biopolymers that have undergone evaluation as cor-
rosion inhibitors.

Cellulose and starch are the most encountered plant poly-
saccharides, which are celebrated for their widespread appli-
cations across various industries. Cellulose is regarded as the
most abundant biopolymer on Earth.302 The appeal of cell-
ulose and starch appeal lies in their affordability, biocompat-
ibility, and favorable physicochemical characteristics.
However, in the case of employing them as corrosion inhibi-
tors, especially in their unaltered native forms, their utility is
somewhat constrained due to various associated
challenges.570,694,695 These challenges are intimately linked to
their source, concentration, composition, and solubility, col-
lectively contributing to their suboptimal inhibitive effects. For
instance, irrespective of its source, starch is inherently in-
soluble and necessitates a substantial dosage exceeding
700 mg L−1 to achieve an inhibition performance comparable
to traditional inhibitors administered at a mere 50 mg L−1.302

Nevertheless, modifying starch and cellulose has emerged as a
transformative approach, effectively mitigating these limit-
ations. When exposed to corrosive environments, modified
starch and cellulose derivatives exhibit improved solubility and
enhanced adsorption capacities.

In a series of extensive studies on grafted cassava starch
conducted by the Chinese research group led by Prof. Li, it was
conclusively demonstrated that physical and chemical modifi-
cation enhanced its water solubility in the test medium and
significantly reinforced its corrosion resistance. One of these
studies showcased the protective capabilities of cassava starch
graft copolymers synthesized from the grafting of acryl amide
using gravimetric, electrochemical techniques and surface
imaging tools. This study offered a promising avenue for cor-
rosion protection of 90.6% with 1 g L−1 at 293 K for Al in
H3PO4.

579 Water-soluble moieties such as –OH and CvO
groups in the inhibitor were found to bond and interact with
the metal surface coordinatively. The modification of cellulose
with the introduction of hydroxyl propyl696 and carboxy-
methyl697 showed that functionalized cellulose can lower the
metal corrosion rate in given media.

Lignin is the second most prevailing biopolymer on Earth
after cellulose. It is a phenolic macromolecule with many func-
tional groups, including hydroxyl, carboxyl, methoxy, alde-
hyde, and phenolic moieties. These diverse functional groups
serve as potential centers for adhesion to metallic surfaces.
Notably, these functional groups contain double bonds and
electron pairs on oxygen atoms, endowing lignin with the
remarkable capability to adhere to metal surfaces effectively.
This adhesion mechanism facilitates the formation of a protec-
tive barrier in the metal/electrolyte system. The recent study
conducted by Rahayu et al. carried out lignin extraction from
sugarcane bagasse, and subsequently utilized it as a corrosion

inhibitor with noteworthy results. The authors reported a peak
performance of 80.79% when employing a concentration of
10 g L−1 after a 6 h exposure period.698

Natural gums derived from plants have emerged as excep-
tional adsorption agents, primarily owing to their remarkable
complexation capabilities facilitated by functional groups,
extensive surface coverage on metal substrates, and the pres-
ence of heteroatoms that serve as centers for adsorption.
These natural gums are often composed of polysaccharides,
contributing to their robust inhibitory potential. Numerous
studies have been conducted to elucidate the inhibitory pro-
perties of natural gums and their modified forms.699,700 A case
study used Gum Arabic variants from Mauritania, Senegal, and
Morocco as effective anticorrosive agents. These variants were
rigorously tested for their anticorrosive efficacy against mild
steel in a highly corrosive environment of 1 M HCl. The investi-
gation included various electrochemical, surface analytical,
and computational analyses. Remarkably, the study yielded
promising results, with all three Gum Arabic variants demon-
strating inhibition efficiencies ranging from 94% to 96%. The
inhibitory mechanism for these variants was elucidated by
applying the Langmuir single-layer model. Furthermore,
advanced techniques such as AFM and XPS conclusively estab-
lished a protective layer on the steel sample. To further
enhance the understanding of the inhibitory process, a QSAR
model was developed. The final model revealed a consistent
influence of lipophilicity on the inhibition process, with a
commendable R2 value exceeding 0.7.701 These findings under-
score the significant potential of natural gums as effective and
environmentally friendly corrosion inhibitors, paving the way
for sustainable corrosion control solutions. Table 4 portrays
other popular natural gums reported as corrosion inhibitors of
metals in different electrolytic media.

Chitosan is widely recognized as a linear polysaccharide
characterized by numerous functional moieties along its
polymer chain. These functional groups play a pivotal role in
enhancing the solubility and facilitating robust adhesion to
metallic surfaces. Chitosan-based biopolymers have attracted
significant attention due to their diverse industrial, environ-
mental, and biological applications.711 Their appeal stems
from their exceptional biological tolerance, non-toxicity,
minimal environmental footprint, and inherent biodegradabil-

Table 4 Protection of metals using natural gums as ecofriendly antic-
orrosive materials

Natural gums Substrate Medium Max %IE Ref.

Gum Arabic Mild steel 1 M HCl 94.00% 702
Locust bean Stainless steel 0.15 M NaCl 99.99% 703
Guar gum Aluminium 1 M HCl 82.85% 704
Exudate gum N80 carbon steel 1 M HCl 95.50% 705
Alginate Copper 1 M HCl 83.00% 706
Pectin Carbon steel 0.5 M HCl 89.50% 707
Dextrin Reinforced steel 1 M HCl 85.00% 708
Inulin Reinforced steel 1 M HCl 93.00% 708
Xanthan gum X80 steel 1 M H2SO4 94.85% 709
Almond gum Mild steel 1 M HCl 96.37% 710
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ity.712 As integral components of the green corrosion inhibi-
tors family, chitosan and its derivatives excel in their capacity
to effectively bind to metallic substrates, thereby preventing
the infiltration of corrosive ions. Multiple research studies
have provided compelling evidence of the anti-corrosive capa-
bilities of chitosan, particularly in safeguarding mild steel and
various other metal types.713,714 Research into the functionali-
zation of chitosan has unveiled a remarkable enhancement in
its anti-corrosive properties. Chitosan derivatives have under-
gone comprehensive examination as aqueous corrosion inhibi-
tors across various solutions and for diverse metal types, con-
sistently demonstrating exceptional %IE values that outweigh
its pure forms.715 Several studies have demonstrated the ability
of chitosan derivatives to adhere to metal surfaces to deter the
invasion of corrosive ions under different experimental
conditions.715–717

Green synthetic biopolymers have also been reported as
effective and eco-friendly metallic inhibitors under different
environments. Among these synthetic biopolymers, PEG is pro-
minent, which is characterized by its high molecular weight,
ranging from 200 to several tens of thousands.691 PEG has
earned recognition for its exceptional properties, including
high solubility, strong adhesive characteristics, effective dis-
persion, cost-effectiveness, and environmentally friendly attri-
butes. Its applications span a broad spectrum, encompassing
food science, biology, pharmaceuticals, and chemistry.
According to a comprehensive review of the existing literature,
it becomes evident that the inhibitory capabilities of PEG are
dependent on its molecular weight. Lower molecular weight
PEG variants are associated with diminished %IE, implying
that the effectiveness of PEG as a corrosion inhibitor is intri-
cately linked to its specific molecular characteristics. A litera-
ture review also showed that a host of biodegradable polymers
including poly(vinyl alcohol),718 poly(lactic acid), poly(acrylic-
maleic acid),719 and polyvinyl pyrrolidone720 are capable of
acting as sustainable anticorrosive agents.

2.11.3. Surfactants. Green surfactants represent a unique
and noteworthy category within the framework of green cor-
rosion inhibitors, garnering recent attention for their cor-
rosion inhibition capabilities. Surfactants, also known as
surface-active agents, are dipolar organic compounds derived
from various chemical processes, including esterification,
amination of haloalkanes, epoxide and alcohol reactions, as
well as sulfonation of long-chain hydrocarbons and benzene
derivatives.19 Within the realm of corrosion protection, par-
ticular focus has been directed towards environmentally
friendly biosurfactants sourced from plants and microorgan-
isms. Biosurfactants have garnered significant interest due to
their advantages, including ease of synthesis, non-toxicity, bio-
degradability, and high compatibility with ecological consider-
ations.721 Based on the polar head groups of surfactants they
can be classed as non-ionic surfactants, ionic surfactants,
dimeric surfactants, and bolaamphiphile surfactants, which
have been tested as environmentally benign chemical additives
across various environmental conditions. These surfactants
offer compelling advantages, including being readily syn-

thesized, non-toxic, cost-effective, and consistently exhibiting
to robust inhibition performance. However, despite their con-
siderable potential, there remains a lack of comprehensive
reports on using surfactants for corrosion prevention across
various electrolytes, waranting further exploration in this
promising domain. The latest research has been conducted on
the inhibition potential of novel cationic Gemini
surfactants,722–725 zwitterionic surfactants,726 tera-cationic sur-
factants,727 and Quaternium-22728 for metallic materials in
different media using different advanced testing techniques.

2.11.4. Dyes. Dyes are essential colorants with extensive
medical, food, and textile applications. They have been utilized
since ancient times due to their affordability, solubility, and
aesthetic appeal. Moreover, dyes have been explored as envir-
onmentally friendly materials with potential as anticorrosive
agents. In the study by Bedair et al.,729 newly synthesized cou-
marin dyes were characterized using FTIR, 1H NMR and mass
spectral studies. Furthermore, the PDP and EIS techniques
were implemented to investigate their anticorrosive activity for
mild steel in a highly corrosive environment of 1 M HCl. The
analysis of the Tafel plots revealed the simultaneous retar-
dation of the anodic and cathodic reactions, leading to an
impressive %IE of 93.01% for the best dye (azo acetyl cou-
marin) when employing a concentration of 7.50 × 10−4 M. The
inhibition mechanism of the tested dye was found to align
closely with the Langmuir isotherm model, shedding light on
its mode of action. Furthermore, the SEM analysis yielded
compelling visual evidence depicting the protective effect of
the dye on the metal surface, resulting in a notably smoother
and safeguarded surface. To further enhance the depth of
understanding, the study was enriched by applying MD simu-
lation and DFT studies, which provided valuable insights into
the molecular interactions in this innovative corrosion inhi-
bition approach. The optimized structures, HOMO and LUMO
as well as the ESP of the tested dyes are presented in Fig. 35.
The literature is replete with studies on the inhibition beh-
viour of dyes under different empirical conditions.729–731

2.12. Green corrosion inhibition in industry (oil-well,
petrochemicals, acidization, etc.)

Several factors require careful consideration when addressing
corrosion issues within the oil and gas sector. These factors
encompass the composition of reservoir rocks, the use of acids
for stimulation, the selection of tubing and casings in oil well
operations, and the prevailing operational conditions. Among
these variables, oxygen stands out as a critical element. It is
typically absent in productive formations but introduced
during the drilling phase when oxygen-contaminated fluids
appear, significantly influencing the corrosive potential. Thus,
mismanagement of drilling mud can damage well casings,
drilling equipment, pipelines, and mud-handling apparatus.
Furthermore, whether naturally occurring or introduced for
secondary recovery, water and carbon dioxide can induce sub-
stantial corrosion in oil well steels. Moreover, it is worth
noting that the acids employed for scale removal can readily
corrode metal and dealing with hydrogen sulfide (H2S) intro-
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duces challenges. Thus, successfully navigating these diverse
corrosion scenarios necessitates the expertise of a corrosion
engineer, particularly given the demanding conditions of high
temperatures, pressures, and stresses prevalent in drilling and
production. The role of corrosion engineers is progressively
gaining significance.732 The primary culprits behind oil and
gas production corrosion are the combination of carbon
dioxide (CO2) and H2S gases with water. Additionally, this
industry commonly employs water flooding techniques to
enhance oil recovery, while simultaneously reinjecting pro-
duction water into the reservoir to maintain the pressure and
stability. As oilfields age, the proportion of water in the pro-
duced fluids increases significantly, often surpassing 95%,
exacerbating corrosion challenges.733 Consequently, extensive
efforts have been dedicated to enhancing their corrosion resis-
tance.734 In scenarios where environmental conditions prove
to be excessively harsh for uncoated carbon steels, using
inhibitors or corrosion-resistant alloys presents two viable
alternatives for mitigating corrosion issues.735 Heating HCl
solutions to stimulate oil wells can lead to considerable cor-
rosion issues affecting production tubing, downhole equip-
ment, and casing.736,737 Oil well stimulation is an overarching
term encompassing various procedures conducted on a well to
enhance its productivity.

Matrix acidization is a carefully controlled technique
employed to address the production challenges within the
wellbore without inducing fractures or harming the reservoir.
It introduces acid into the wellbore at specific rates and press-
ures.738 Typically, hydrofluoric acid (HF) acid is chosen for
addressing issues related to sandstone or silica, while HCl or
CH3COOH (acetic acid) is preferred for problems associated
with limestone or carbonate formations. Matrix acidization

primarily mitigates damage caused by factors such as drilling,
completion, work-over fluids, and the accumulation of depos-
its from produced water. Indeed, in carbonate reservoirs, frac-
ture acidization is an alternative strategy to the conventional
hydraulic fracturing and propping methods. This technique
begins with hydraulic fracturing, followed by the application of
acid to etch the fracture surfaces, generating linear flow chan-
nels that facilitate the flow of fluids to the wellbore.739

Fractures are initiated by injecting fluid into the well, thereby
increasing the pressure and causing pre-existing fractures
within the formation to expand and open. Propping agents
such as glass beads, sand, epoxy, and silica sand are com-
monly employed to maintain the newly created fractures and
keep them open. The acid reaction can be expressed using the
following equations.740

2HClþ CaCO3 ! CaCl2 þH2Oþ CO2

CaMgðCO3Þ2 þ 4HCl ! CaCl2 þMgCl2 þ 2H2Oþ 2CO2

Inhibitor additives are introduced into completed wells to
prevent acid-induced corrosion of the steel casing and main-
tain the structural integrity of the well.741 Various well-stimu-
lation techniques combine inorganic, organic, and surfactant
acids. In conventional acidizing treatments, a range of acids is
commonly used, with the following acids being among the
most prevalent: HCl, HF, CH3COOH, HCOOH (formic acid),
H2NSO3H (sulfamic acid), and ClCH2COOH (chloroacetic
acid).740,742 These acids are often applied individually or in
specific formulations tailored to the particular application.
Typically, the weight concentration of HCl utilized in the field
is 15%. However, its concentration can vary from 5% to
approximately 35%.743 HCl has been proven to be highly

Fig. 35 Optimized, HOMO, LUMO, and ESP representations of the tested dyes as corrosion inhibitors730 [reproduced from ref. 730, with permission,
Copyright, Elsevier, 2022].
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effective in dissolving carbonates such as limestone and dolo-
mite. Conversely, acetic acid (HAc) is a slowly reacting, weakly
ionized acid. Although the cost of using acetic acid to dissolve
a given weight of limestone is higher compared to HCl, there
are notable advantages associated with its use.744 These
include the ease of inhibiting corrosion, maintaining pro-
longed contact with the tubing or casing without significant
corrosion risk, and natural sequestration properties that
prevent iron precipitation. The use of surfactants is imperative
in acidization techniques to reduce the surface and interfacial
tension, prevent the formation of emulsions, and promote the
wetting of the formation. These surfactants play a pivotal role
in enhancing the efficiency of the acid treatment.745

Suspending agents, typically composed of polymers or surfac-
tants, prevent insoluble particles from settling and forming
bridges, which can lead to blockages in the formed pores or
fractures. In addition to their emulsion-preventing properties,
certain suspending particles aid in improving the formation
wetting by reducing the surface tension of the fresh and spent
acid.744,746

Sequestering agents play a vital role in acidization by com-
plexing ions present in iron and other metallic salts, thereby
preventing their precipitation. Allowing the precipitation of in-
soluble iron complexes, such as ferric hydroxide, during acid-
izing can result in the redeposition of these complexes near
the wellbore, leading to persistent clogging issues. During the
use of HCl, HAc is employed to maintain a low pH, while citric
acid is a valuable chelating agent, which is particularly
effective when dealing with higher iron concentrations.
Sequestered HCl acid is commonly applied to treat injection
and disposal wells.747 Anti-sludge chemicals are used when
specific crude oils, particularly heavy asphaltic crudes, encoun-
ter acid to prevent the formation of insoluble sludge. Sludge is
typically comprised of components such as asphaltenes,
resins, paraffin waxes, high molecular weight hydrocarbons,
and fine materials or clays from the formation.748 Certain sur-
factants can prevent sludge formation by maintaining the dis-
persion of colloidal materials. Moreover, these surfactants that
prevent sludge formation often act as emulsion inhibitors.
Managing sludge can be challenging, especially when using
potent acids.749

Inhibitors in the oil and gas industry are chemical sub-
stances employed to safeguard the surfaces of metals from cor-
rosion.750 They achieve this protection by either bonding with
the metals or reacting with environmental impurities that may
lead to pollution. These inhibitors are applied to metals as a
solution, subsequently creating a thin layer or film over the
metal surface, effectively shielding it. By altering the anodic
and cathodic polarization behaviors, inhibitors deter and
reduce the diffusion of ions onto the metallic surface. They
also contribute to developing electrical resistance across the
metal surface. Several factors must be considered before utiliz-
ing a corrosion inhibitor in the oil and gas sector, including
its toxicity, environmental compatibility, availability, and
cost.751 Corrosion inhibitors employed in this context can be
categorized into various types based on their modes of oper-

ation, including vapor phase, cathodic, anodic, passivating,
film forming, neutralizing, and reactive inhibitors.751

Employing acid treatment on wells is a prevalent technique
for boosting oil and gas extraction. Acidization improves the
permeability of geological layers and facilitates the movement
of oil and gas towards the wellbore.752 Its application extends
to well testing and preparation, as well as the cleansing of oil
and gas conduits and water transmission lines. This process
eliminates salt deposits from the inner metal surfaces.753

Utilizing a concentrated HCl solution to stimulate oil and gas
wells is crucial in enhancing the production and mitigating
formation damage.754 The acids employed during this pro-
cedure engage with acid-sensitive substances within the well
due to their heightened chemical reactivity. Consequently,
unless controlled, the acid may be expended before achieving
a satisfactory penetration depth within the formation. Thus,
several approaches have been suggested to curtail the rapid
reaction of these acids, including the utilization of aqueous
acid emulsions within oil-rich settings or dissolving the acids
within non-aqueous solutions.755 The tubing near the surface
encounters acids at lower temperatures throughout the acid
treatment procedure, while the bottom of the well comes into
contact with hotter acids. Additionally, the microstructure of
the inner tubing is uneven, even when employing alloys of the
same API grade throughout the well.754 Consequently, cor-
rosion-related challenges arise with the acid treatment
process. Thus, to mitigate the effect of these highly corrosive
acids, inhibitors are added.756,757 Choosing appropriate inhibi-
tors for these conditions involves evaluating factors such as
the acid type, fluid temperature, and flow velocity.758 The
inhibitors frequently employed include alkenyl phenones, aro-
matic aldehydes, acetylenic alcohols, quaternary salts, nitro-
gen-containing heterocycles, and condensation products of
carbonyls and amines. Nevertheless, these inhibitors have
drawbacks, primarily their reliance on high concentrations
and their adverse environmental impact due to their toxicity.
Hence, there is a pressing need to explore innovative environ-
mentally-friendly corrosion inhibitors that are both efficient
and safe for application in oil well steel, particularly N80 steel,
in 15% HCl systems.

Corrosion prevention in the oil and gas industry is
complex, requiring specialized inhibitors designed for specific
applications such as refineries, wells, recovery units, and pipe-
lines. Corrosive gases such as H2S, CO2, and organic acids
further compound the challenge of inhibiting corrosion in
wells. Passivating, neutralizing, or adsorption-type inhibitors
are commonly employed to mitigate wet corrosion in refi-
neries. Slag inhibitors are employed in conjunction with cor-
rosion inhibitors to reduce deposit formation. Both oil- and
water-soluble inhibitors are used in pipelines, with adsorp-
tion-type inhibitors being a popular choice to prevent internal
corrosion in pipelines transporting refined petroleum pro-
ducts. In environments with elevated operating temperatures
and/or higher acid concentrations, using a relatively higher
quantity of corrosion inhibitor is typically necessary. To ensure
that the inhibitor establishes a protective coating on metal sur-
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faces, introducing the inhibitor at a higher dosage rate is often
recommended, normally ranging from 2000 to 5000 ppm.
Once this protective layer has been formed, the dosage can be
reduced to a maintenance level, typically ranging from 10 to
100 ppm. It is worth noting that nitrogen-based corrosion
inhibitors tend to be less effective in high-temperature set-
tings. Additionally, phosphorus substances may hinder the
performance of various catalysts used to treat crude oil.752

2.12.1. Previous research on green corrosion inhibitors for
oil well steels. The oil industry grapples with a substantial cor-
rosion issue, incurring annual costs far exceeding that of many
other businesses, amounting to millions of dollars. Acid for-
mulations, including HCl, HF, CH3COOH, HCOOH, and chlor-
oacetic acid, are employed in acidizing treatments. HCl is
often favored due to its cost-effectiveness and absence of in-
soluble reaction by-products, making it the primary com-
ponent in acidic solutions to mitigate wellbore obstructions
and enhance petroleum production. The model systems for
laboratory-based inhibitor testing typically include tubular
steels such as N80, L80, J55, and P110 in the presence of
15–28% HCl together with elevated temperatures. As discussed
in the aforementioned sections, several green inhibitor chem-
istries, namely, biopolymers, natural extracts, and gums
together with synergistic agents have been reported in the
acidizing procedures with promising results. A further discus-
sion on the specific inhibitor types reported in this area is pro-
vided later. In recent times, efforts have been made to inte-
grate eco-friendly inhibitors into industrial applications. The
heightened societal expectations and regulations imposed by
relevant institutions have spurred extensive research into the
sourcing, performance evaluation, and potential incorporation
of green inhibitors in an industrial context.759 As a trustee, the
Paris Commission has stipulated three criteria for assessment:
bioaccumulation, biodegradation, and toxicity.55 The eco-
friendly inhibitors being explored in line with these criteria
include natural oils,760 plant extracts,761 drugs,762 amino
acids,763 natural polymers651 and ionic liquids.77 These envir-
onmentally conscious corrosion inhibitors have found appli-
cation in managing the corrosion of downhole tubing. In the
subsequent sections, we will present a succinct overview of the
current research gap related to environmentally friendly cor-
rosion inhibitors, specifically in an industrial context. Zhang
et al.75 conducted a comprehensive study introducing two
newly developed amino acid-modified dextran derivatives (LDT
and S-LDT) as effective and eco-friendly corrosion inhibitors
for carbon steel within CO2-rich oilfield-produced water.
Meticulous electrochemical measurements showed that S-LDT
exhibited exceptional inhibitory properties, showcasing a note-
worthy inhibition efficiency and consistent stability (99.7%
after 72 h of immersion). Loto et al.764 reported that a mixture
consisting of clove essential oil extract, basil oil, and atlas
cedar oil showed significant corrosion inhibition properties
when applied to low-carbon steel samples exposed to diluted
solutions of H2SO4 and HCl. This combined treatment exhibi-
ted corrosion inhibition efficiencies surpassing 80% across
various inhibitor concentrations in both acidic solutions.

Recently, a blend containing extracts of rosemary and
Cinnamomum cassia essential oils demonstrated remarkable
effectiveness in mitigating the deterioration of mild steel when
subjected to diluted solutions of H2SO4 and HCl. This
approach yielded exceptional inhibition outcomes, consist-
ently exceeding 90% inhibition efficiency across all concen-
trations tested.765 A similar inhibition efficiency was observed
for pipeline steel in the presence of Gum Arabic.766 Aribo
et al.757 employed extracts from Tridax procumbens and
Chromolaena odorata to protect super austenitic stainless steel
in a corrosive environment consisting of a 1 : 1 mixture of 4 M
HCl and a CO2-saturated 3.5% NaCl solution. The researchers
achieved inhibition efficiencies exceeding 90%. Furtado
et al.767 presented a novel green inhibitor using cashew nut-
shell liquid. They found that combining cardanol residue with
butyl glycol and acetylenic alcohol produced a synergistic
outcome, resulting in an impressive inhibition efficiency of
99.47% for API P110 carbon steel when exposed to 15% HCl.

Quraishi et al.768 conducted a study on environmentally
friendly vanillin-modified chitosan, which displayed note-
worthy corrosion inhibition characteristics when employed on
carbon steel specimens exposed to diluted solutions of 15%
HCl. The findings demonstrated a remarkable corrosion inhi-
bition efficiency of 92%. Palimi et al.769 conducted an exten-
sive investigation aimed at assessing the effects of three envir-
onmentally conscious inhibitors, which were derived from
fatty acids, i.e., polyethylene glycol-2 oleamide, glycerol myris-
tate, and glycerol linoleate, within drilling fluids based on
emulsions. The central objective of this research was to
address the specific issue of corrosion associated with 1018
carbon steel in environments saturated with CO2 and KCl. The
findings of this study highlighted the substantial efficacy of
these environmentally friendly inhibitors. Notably, polyethyl-
ene glycol-2 oleamide emerged as an exceptional performer,
achieving an impressive inhibition efficiency of 99.7%.

The inhibition of API grade N80 steel in a 15% HCl solution
was studied using two environmentally friendly compounds,
namely 2-amino-N-octadecylacetamide (AOA) and 2-amino-N-
octadecyl-3-(4-hydroxyphenyl) propionamide (AOHP). Various
concentrations of these synthesized inhibitors were added to
the test solution, and their inhibitory effectiveness was evalu-
ated through mass loss, PDP and EIS. At a concentration of
150 ppm, the optimal inhibition performance was observed
for both AOA and AOHP. In the WL tests, AOA achieved an
efficiency of 90.04%, while AOHP demonstrated an even
higher efficiency of 94.97%. This superiority of AOHP over AOA
across all test parameters can be attributed to the more signifi-
cant number of active centers and larger molecular size of
AOHP compared to AOA. Electrochemical assessments, FTIR
and SEM analyses determined that these inhibitors exhibit a
hybrid nature. The inhibition mechanism of these compounds
predominantly involves their absorption on the surface of the
N80 steel alloy.770

An extensive research study assessed the effectiveness of 2-
(2-pyridyl) benzimidazole, an environmentally friendly cor-
rosion inhibitor, in mitigating CO2-induced corrosion. This
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meticulous investigation was conducted under particular con-
ditions of turbulent fluid dynamics within a non-corrosive
environment. Notably, the inhibitor demonstrated exceptional
efficacy, achieving a remarkable 90% effectiveness rate during
carefully executed experimental trials, all conducted at a con-
sistent rotational speed of 2000 rpm.771 Moreover, their find-
ings revealed an efficiency of at least 86% at 4000 rpm after
12 h. The subsequent introduction of thiobarbituric acid
further heightened the effectiveness, resulting in an enhanced
efficiency of 95.6% following a 12 h immersion period.771

In the context of corrosion inhibition, one proposed com-
pound is the amalgamation of zinc sulfate and calcium gluco-
nate. Moreover, investigations delving into the collaborative
influence of aspartates and alkyl polyglucosides as both envir-
onmentally friendly and efficacious inhibitors have under-
scored the essential requirement for an optimal alkyl chain
length to facilitate the creation of a corrosion protection film.
These inhibitors demonstrated robust compatibility with
fluids and equipment employed in oil fields. Nonetheless,
achieving heightened effectiveness demands introducing more
significant quantities of these inhibitors than their traditional
counterparts.772 However, although the literature highlights
the notable inhibition efficiency of various components,
uncertainties continue to linger. For instance, the precise
mechanism through which molecules present in plant extracts
impede corrosion and the specific constituents responsible for
this phenomenon remain elusive. Furthermore, crucial factors
such as toxicity, biodegradation, and bioaccumulation necessi-
tate consideration, although these parameters are frequently
omitted from studies. Elaborate documentation regarding the
extraction procedures of inhibitors from their sources needs to
be presented, given that it is a pivotal facet for gauging the
feasibility and economic viability of mass-producing these
inhibitors. Ultimately, an imperative need persists for further
research, encompassing authentic downhole scenarios and
real-world environments, to effectively establish a hierarchy
among environmentally friendly inhibitors, positioning them
as potential substitutes for their current counterparts.

3. Conclusion, challenges and
opportunities

The ongoing debate demonstrates that corrosion inhibition
has extensively used green chemistry concepts and principles,
especially in the last several decades. Considering the toxicity
of inorganic inhibitors, organic compounds, primarily hetero-
cycles, have emerged as one of the most effective, economical,
and valuable substitutes. The development of environmentally
benign and sustainable alternatives has advanced significantly
due to the drawbacks of utilizing organic corrosion inhibitors,
particularly their extreme environmental toxicity. This entails
using various eco-friendly corrosion protection methods,
materials, and procedures. Toxicology, bioaccumulation, and
biodegradability are three indicators of the sustainability of a
chemical. Thus, to evaluate the sustainability indices, OSPAR

and REACH have established some standards. The lethal con-
centration (LD50) and effective concentration (EC50), which rep-
resent the concentration of a species that adversely affects the
growth of 50% of the living population and kills 50% of the
living population, respectively, are two ways to quantify the tox-
icity of a species. A chemical species may be considered green
or harmless if its LC50/EC50 value is 10 mg kg−1 (oral, rat) or
higher. The natural degradability of the impacted species is a
further sustainability factor. If a chemical species dissolves
60% or more in 28 days, it can be considered eco-friendly
according to the OSPAR and REACH regulations. The partition
coefficient (log KOW or DOW) is the primary metric to measure
bioaccumulation. Log KOW or DOW is typically calculated using
a water and octanol mixture, which should be less than 3 for a
non-bioaccumulative species.

Among the natural green corrosion inhibitors, various bio-
based resources are used as sustainable building materials,
including plant extracts, natural polymers, gums, waste, amino
acids, and carbohydrates. They are the most excellent eco-
friendly alternatives given their natural nature, biodegradabil-
ity, and lack of accumulation. However, their industrial usage
is restricted because of their sensitivity to deterioration at high
temperatures. Furthermore, obtaining, processing, and prepar-
ing extracts often requires significant work, time, and money.
Consequently, the preparation and application of bio-based
materials cannot be considered a cost-effective method,
especially for extracts from species and decorative plants with
a specific distribution. However, semi-synthetic substances
such as carbohydrates (chitosan, cellulose, etc.) and amino
acids derivatives that have undergone chemical modification
have significantly improved long-term and effective corrosion
inhibition. The development and application of organic com-
pounds resulting from MW and US irradiation with and
without the addition of MCRs have been widely studied.
Future research on the usage of semi-synthetic chemicals, par-
ticularly those produced by MW and US irradiation in conjunc-
tion with MCRs, is warranted, given their many positive green
attributes. Sustainable corrosion protection has also made tre-
mendous progress using relatively safer chemicals such as
ionic liquids and biodegradable synthetic polymers. Poly(vinyl
alcohol) (PVA), poly(amino acids) (PAA), poly(lactic acid) (PLA),
poly(caprolactone) (PCL), poly(malic acid) (PMA) and poly
(ethylene glycol) (PEG) are among the biodegradable synthetic
polymers (BDSPs) that are widely employed in corrosion pre-
vention. However, there are drawbacks to using them as well.
These materials are expensive and not advised for further
research because of the increased cost of using costly catalysts,
solvents, and chemicals.

In long-term corrosion prevention, the synergism (efficiency
improvement) and self-healing (efficiency and durability
improvement) have also significantly increased. Urea and
thiourea are two hazardous chemical compounds employed to
increase the corrosion inhibition potential of other metal
cations and toxic organic compounds. However, only a small
number of studies examined the impact of environmentally
friendly synergists such as amino acids on the ability of
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organic inhibitors to stop corrosion. This calls for further
research. Computational modeling and simulations have
recently been recognized as potent, successful, economical,
and environmentally friendly methods for evaluating the
potential inhibition of organic inhibitors. Before being syn-
thesized, the potential of a compound as an inhibitor can be
assessed based on its effectiveness, solubility, toxicity, adsorp-
tion potential, additive effects, orientation on the metallic
surface, charge-sharing molecular sites, etc. Although compu-
tational modeling and simulations are frequently used in
assessing inhibition potential and supporting the experi-
mental %IE, they occasionally need to improve their ability to
forecast the features of the actual environment.
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Various synthesis and biological evaluation of some tri 
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A B S T R A C T   

The imidazole nucleus represents a significant group of heterocyclic molecules with diverse 
significance in the modern world due to its exploration potential and various pharmacological 
applications. The relevance of imidazole and its derivatives has gained popularity in recent years, 
especially in the production of commercial drugs and the treatment of various conditions. The 
imidazole nucleus is present in many natural compounds and widely distributed in essential 
amino acids, such as L-histidine, whose derivatives exhibit powerful pharmacological properties. 
In this review, we delve into the historical timeline and development of synthetic pathways for 
tri- and tetra-substituted imidazoles used in the renowned Radziszewski reaction. Furthermore, we 
explore various bacteriological applications documented in the literature, as well as current ad-
vances in preclinical approaches to imidazole-based drug discovery. Tri- or tetra-substituted 
imidazole derivatives show strong potential for new synthesis methods, such as reflux or mi-
crowave, as well as various biological activities.   

1. Introduction 

Imidazole is a planar five-membered heterocycle with the typical chemical formula (CH)2N(NH)CH, containing two double bonds, 
two nitrogen atoms, three carbon atoms, and four hydrogen atoms. It is a colorless solid that dissolves in water and other polar sol-
vents. In chemistry, it is classified as an aromatic heterocycle belonging to the diazole and alkaloid families. Imidazole is amphoteric, 
meaning it can act as both a base and an acid [1–3]. The molecule is considered aromatic due to the existence of a sextet of π electrons, 
comprised of a protonated nitrogen atom sharing a pair of electrons with one electron from each of the other four atoms in the ring. 
Heterocyclic structures play a crucial role in organic chemistry research and development, with millions of them having been 
discovered, each possessing unique characteristics and biological importance. Imidazole has been deliberately chosen from a range of 
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chemicals due to its interesting biomedical activity and ability to form complexes with certain dyes [4–8]. For instance, Al-Adilee et al. 
[6] synthesized metal complexes for Pd(II) and Pt (IV) ions with an imidazole core for antioxidant and therapeutic applications. Their 
study demonstrated that the anticancer activity of imidazole complexes against breast cancer receptors was associated with their 
interaction with BCL-2 and a BAX BH3 peptide. Similarly, another study focused on preparing a series of metal complexes of imidazoles 
with the Ag(I) ion for biological applications [9]. The authors found that antimicrobial tests revealed significantly higher activity of Ag 
(I) complexes against fungi compared to bacterial species, highlighting the significant importance of imidazole metal complexes in the 
pharmacological field. It is conceivable that isomeric versions of imidazole, with a free imino hydrogen and a substituent in positions 4 
and 5, or with two different substituents in these locations, may exist. The position of the imino hydrogen, which can be attached to 
either one of the two positively charged nitrogen atoms or both depending on the shape of the tautomer, varies [10]. Imidazole has 
emerged as a key component in the development of novel pharmaceutical medications. Heterocyclic imidazole derivatives exhibit a 
multitude of biological activities, including antibacterial properties [11], anti-inflammatory effects [12], antimycobacterial, 
anti-allergic, antitumor [13], antidiabetic [14], antiviral [15], antioxidant [16], antimalarial [17], anthelmintic, antifungal, and ul-
cerogenic activities [18]. 

This review encompasses various synthesis pathways for tri- and tetra-substituted imidazoles, starting from benzyl, 9,10-phenan-
threnequinone, isatin, acenaphthenequinone, and tracing their synthesis from discovery to the final product. The review then high-
lights different synthetic methodologies documented in the literature. One such method involves reacting ammonia with glyoxal to 
produce imidazole. However, the mechanism of this reaction has remained unknown, although one theory suggests that one molecule 
of glyoxal degrades into formic acid and formaldehyde. The latter then reacts as illustrated in Scheme 1 [19]. 

2. Major synthetic procedures 

Heinrich Debus et al. have synthesized imidazole for the first time in 1858 [20], by ammonia combining glyoxal and formaldehyde, 
to form imidazole as indicated in the diagram below (Scheme 2). 

Radiszewski et al. have identified triphenyl imidazole from condensation of benzyl such as di-carbonyl or glyoxal compound with 
benzaldehyde, α-keto aldehyde in the presence two ammonia molecules, almost after a one hundred years (Scheme 3) [21]. 

However, Bourissou et al. [22] synthesized the 1-substituted, 2-aryl, 4,5-phenylimidazole using benzyl, benzonitrile, and primary 

Scheme 1.  

Scheme 2.  

Scheme 3.  
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amines on the surface of silica gel under solvent-free conditions with microwave irradiation, yielding moderate efficiencies (Scheme 
4). 

The mechanism of the Debus-Radziszewski reaction for the synthesis of 2,4,5-trisubstituted imidazole is provided in Scheme 5 [23]. 
Safari et al. [24] obtained trisubstituted imidazoles in 80 % yields using the condensation of benzyl, various aldehydes and NH4OAc 

Scheme 4.  

Scheme 5.  

Scheme 6.  
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under microwave irradiation, under solvent-free conditions. The effective catalyst employed was (NH4)6Mo7O24.4H2O (Scheme 6). 
Wallach et al. [25] have reported the reaction of N, N-dimethyl oxamide with phosphorus pentachloride PCl5 as a convenient 

method of obtaining 5-chloro-substituted chlorinated imidazole in extremely moderate yields. Imidazole can be obtained by reacting 
aldehydes and aminonitrile derivatives (Scheme 7). 

Moreover, cyclization of α-acylaminoketones in the presence of ammonium anhydride and acetate leads to the formation of 
imidazole in excellent yields (Scheme 8) [26]. 

3. The development of derivatives tri-or tetra imidazole, via microwave processes 

Qasim et al. [27] conducted the synthesis of 2-phenylimidazo [4,5-f], [1,10]phenanthrolines in a single step from three compo-
nents: 1,10-phenanthroline-5,6-dione, various aldehydes, and NH4OAc, using SnCl2.2H2O as a cost-effective and non-hazardous 
catalyst. This reaction was carried out at room temperature, resulting in an excellent yield of 85 %, as illustrated in Scheme 9. 

In 2010, Nalage et al. [28] carried out the synthesis of triaryl-imidazole in the presence of polyethylene glycol using benzyl, 
3-methoxy-4-hydroxybenzaldehyde, and ammonium acetate under microwave irradiation for 5 min, achieving yields of up to 71 % 
(Scheme 10). 

However, Wahyuningrum et al. [29] conducted the synthesis of 4,5-disubstituted imidazoles in the presence of MAOS by reacting a 

Scheme 7.  

Scheme 8.  

Scheme 9.  
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diketone with various aldehydes or ketones, using NH4OAc in glacial AcOH assisted by microwave irradiation for 5–7 min, achieving 
yields exceeding 84 % (Scheme 11). 

Furthermore, Sparks et al. [30] synthesized the tri-substituted imidazole using keto-oxime and aldehyde with NH4OAc in AcOH 
under microwave irradiation, with yields not exceeding 70 % during the cyclization of N-hydroxy imidazole at around 200 ◦C for 20 
min (Scheme 12). 

4. Other techniques for synthesizing tri or tetra - imidazole include 

This section of the review aims to explore alternative methods for synthesizing 2,4,5-substituted imidazoles, as well as 1,2,4,5-tet-
rasubstituted imidazoles. Consequently, several research groups have dedicated themselves to the synthesis of imidazole and the 
investigation of its numerous pharmacological properties. Steck and Day et al. synthesized 4-(1H-phenanthro [9,10-d]-imidazole-2- 
yl)-benzaldehyde from 9,10-phenanthroquinone with terephthaldehyde and NH4OAc in glacial AcOH, achieving excellent yields 
exceeding 70 % (Scheme 13) [31]. 

In 2001, Sharma et al. [32] synthesized their respective Schiff bases from aromatic aldehydes using ethylenediamine. These new 
compounds were then reduced to obtain tetrahydrodi Schiff bases. Finally, these derivatives were prepared with various aromatic 
aldehydes to yield tetrahydroimidazoles with yields exceeding 80 % (Scheme 14). 

In 2007, Heravi et al. [33] synthesized triphenyl-imidazole with yields exceeding 92 % by condensing benzyl acetate and 
ammonium with aldehydes, in the presence of NiCl2.6H2O as a catalyst in refluxing ethanol (Scheme 15). 

The same year, they developed and improved an efficient procedure for the synthesis of a tetrasubstituted imidazole, using Keggin- 

Scheme 10.  

Scheme 11.  

Scheme 12.  

Scheme 13.  
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Scheme 14.  

Scheme 15.  

Scheme 16.  

Scheme 17.  

A. Hamdi et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e31253

7

type heteropolytungstic acid (HPA) as a catalyst in refluxing ethanol (Scheme 16). 
In 2008, Sharma et al. [34] accomplished the one-step synthesis of tri-substituted or tetra-substituted imidazoles with yields 

reaching 82 % at room temperature. This synthesis was carried out using benzyl, NH4OAc in the presence of InCl3.3H2O as a catalyst, 
and benzaldehyde (Scheme 17). 

That year, Sadeghi et al. [35] synthesized 1,2,4,5-tetra-substituted imidazole using silica-supported boron trifluoride (BF3, SiO2) as 
a catalyst, a reusable and cost-effective material, in reaction with benzyl, aromatic aldehyde, amine, and NH4OAc. This one-step 
reaction is very simple, rapid, efficient, and yields a very high yield, reaching 96 % (Scheme 18). 

In 2009, Husain et al. [36] synthesized disubstituted imidazole using aromatic aldehydes, phenylglyoxal, ammonium acetate, and 
acetic acid. Subsequently, by mixing the 1,2,4-disubstituted imidazoles with chlorobenzene in the presence of triethylamine and 

Scheme 18.  

Scheme 19.  

Scheme 20.  

Scheme 21.  
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Scheme 22.  

Scheme 23.  

Scheme 24.  

Scheme 25.  
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tetrahydrofuran (THF), the new product was obtained with a yield of 74 % (Scheme 19). 
In 2010, Joshi et al. [37] synthesized 2-aryl, 4,5-diphenylimidazole by refluxing it in ethanol for 40–90 min under mild reaction 

conditions. They employed benzyl/benzoin with various aldehydes and ammonium acetate. This method, conducted in the presence of 
potassium dihydrogen phosphate (KH2PO4), is simple, effective, and resulted in excellent yields reaching 93 % (Scheme 20). 

In the same year, Oliveira et al. [38] prepared a new family of Diphenyl-imidazole-2-yl-phenyl-tetraoxa7-azacyclopentadecane 
from the formyl azacrown ether with NH4OAc in glacial AcOH or ethanol for 12 h at reflux. This straightforward reaction resulted 
in a good to excellent yield, exceeding 64 % (Scheme 21). 

In 2011, Shaterian and Runge et al. [39] achieved the synthesis of 2,4,5-substituted imidazoles, as well as 1,2,4,5-tetrasubstituted 
imidazoles, using a solvent-free ionic liquid and a catalyst containing a Brønsted acid, namely triphenyl (propyl-3-sulfonyl) phos-
phonium toluene sulfonate, at a temperature of 100 ◦C. This method yielded excellent yields surpassing 96 % (Scheme 22). 

In the same year, Pasha et al. [40] developed the synthesis of 1,4,5-phenyl,2-substituted imidazoles by condensing benzoin, aniline, 
NH4OAc, and araldehydes with a simple catalyst, p-toluenesulfonic acid, in ethanol as a solvent under reflux. This method is 
straightforward, rapid, and resulted in yields of up to 92 % (Scheme 23). 

Furthermore, Vijesh et al. [41] synthesized 2,4,5-trisubstituted compounds by reacting 3-aryl-1H-pyrazole-4-carbaldehyde and 

Scheme 26.  

Scheme 27.  

Scheme 28.  
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Scheme 29.  
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2-diketones with NH4OAc in the presence of glacial acetic acid under reflux, achieving reasonably high yields up to 86 % (Scheme 24). 
In 2013, Maleki et al. [42] synthesized 2-substituted 4,5-diphenylimidazole using benzyl or benzoin, NH4OAc, and aldehydes, with 

hydrogen peroxide (UHP) as the catalyst, in ethanol under reflux. This reaction resulted in a yield of 88 %, as illustrated in Scheme 25. 
In 2014, Gharib et al. [43] accomplished the multicomponent synthesis of 2,4,5- and 1,2,4,5-tetrasubstituted -1H-imidazole de-

rivatives through the condensation of benzyl/benzoin, NH4OAc, and aldehydes in the presence of silica-supported heteropolytungstic 
acid as a catalyst, with reflux, resulting in an excellent yield exceeding 94 % (Scheme 26). 

In the same year, Sandroos et al.l [44] developed an innovative and efficient method for the synthesis of 8-aryl-7H-acenaphtho [1, 
2-d]imidazole, resulting in excellent yields of 93 % under reflux. This approach involved the use of acenaphthylene-1,2-dione, 
substituted aldehydes, NH4OAc, and ericinium hydrogen sulfate in ethanol (Scheme 27). 

In 2015, Subeesh et al. [45] synthesized 2-(pyren-1-yl)-1H-phenanthro [9,10-d]imidazole with a yield of 60 %. This synthesis was 
carried out using phenanthrene-9,10-dione and pyrene-1-carbaldehyde with NH4OAc in the presence of glacial AcOH under a nitrogen 

Scheme 31.  

Scheme 32.  
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atmosphere, during a 12-h reflux (Scheme 28). 
In 2016, Bha et al. [46] synthesized tetra-substituted imidazoles using various aldehyde derivatives in this reaction, with benzyl, 

amines, and NH4OAc in the presence of H-ZSM-22 as a catalyst, achieving a good yield of 86 % under solvent conditions (Scheme 29). 
In the same year, Wang et al. [47] synthesized and characterized three ligands: 2-phenyl-1H-imidazo [4,5-f], [1,10]phenanthroline 

from benzaldehyde (1), 2-(2-naphthyl)1H-imidazo [4,5-f]phenanthroline from 2-naphthaldehyde (2), and 2-(2-anthryl)-1H-imidazo 
[4,5-f]phenanthroline from 9-anthrylaldehyde (3). These syntheses were carried out in the presence of ammonium acetate and AcOH 
for 4 h under reflux, with yields ranging from 45 to 68 % (Scheme 30). 

Additionally, Tavgeniene et al. [48] described three new derivatives, namely 2-(9-hexylcarbazolyl-3-yl)-1-phenylphenanthro [9, 
10-d]imidazole (A), 2-[4-(N,N-diphenylamino)phenyl]-1-phenylphenanthro [9,10-d]imidazole (B), and bis [4-(1-phenylphenanthro 
[9,10-d]imidazole-2-yl)phenyl]-N-phenylamine (C). These compounds were obtained using an excess of phenanthro [9,10-d] 
imidazole and 3-formyl-9-hexylcarbazole (1), 4-(diphenylamino)benzaldehyde (2), and diformyltriphenylamine (3), with NH4OAc 
and aniline in AcOH, resulting in yields ranging from 64 to 44 % (Scheme 31). 

In 2017, Naureen et al. [49] synthesized tetra-arylimidazole based on indole by refluxing, using 2-arylindole-3-carbaldehydes, 
benzyl, anilines, and NH4OAc in the presence of AcOH (Scheme 32). 

In the same year, Ferreira et al. [50] synthesized phenanthroimidazole ligands using the Radziszewski method, employing various 
synthetic methodologies involving the precursors 9,10-phenanthrenedione and formaldehyde with NH4OAc in glacial AcOH. This 

Scheme 33.  

Scheme 34.  
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synthesis was carried out with moderate to excellent yields, ranging from 54 to 89 %, by refluxing for 8 h (Scheme 33). 
In 2018, Ravindra et al. [51] synthesized a new compound, 4-(1-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazole-2-yl)phenyl car-

boxylic acid, from 4-methoxyaniline, benzyl, NH4OAc, and 4-formyl-benzoic acid, using glacial acetic acid as a solvent and a catalytic 
amount of concentrated sulfuric acid, under reflux, yielding 70 % (Scheme 34). 

In the same year, Harshad et al. [52] prepared new tri-substituted imidazole derivatives (2C) using the well-known Radziszewski 
reaction. This synthesis was based on different derivatives of 1H-pyrazole-4-carbaldehyde (2B), with benzyl (1A) and NH4OAc in 
glacial acetic acid, achieving good to excellent yields under reflux conditions (Scheme 35). 

Similarly, Anupama et al. [53] developed a compound (1) synthesized from 9,10-phenanthrenequinone with bromobenzaldehyde 
and N1,N1-diphenylbenzene-1,4-diamine. For compound (2), it was prepared from 9,10-phenanthrenequinone with (diphenylamino) 
benzaldehyde and 4-iodoaniline. In both cases, the mixture with NH4OAc in the presence of glacial AcOH for 4 h at reflux resulted in 
respective yields of 68 % and 76 % (Scheme 36). 

Additionally, Kula et al. [54] synthesized a new compound, phenanthro [9,10-d]imidazole, with an excellent yield ranging from 76 
% to 72 %. This cost-effective synthesis was achieved through an efficient method, the Debus Radziszewski reaction, by combining 
benzo [b]thiophene-2-carbaldehyde (P1) or thieno [3,2-b]thiophene-2-carbaldehyde (P2) with phenanthrenequinone, aniline, and 
NH4OAc in the presence of acetic acid to obtain the new compound 2-(benzo[b]thiophene-2-yl)-1-phenyl-1H-phenanthro [9,10-d] 

Scheme 35.  

Scheme 36.  
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imidazole (X1) or 2-(thieno [3,2-b]thiophene-2-yl)-1-phenyl-1H-phenanthro [9,10-d]imidazole (X2) (Scheme 37). 
However, Jayaraman et al. [55] synthesized 2-(4-bromostyryl)-1-(naphthalen-1-yl)-1H-phenanthro [9,10-d]imidazole using 

phenanthrene-9,10-dione, 4-bromo-1-cinnamaldehyde, 1-naphthylamine, and NH4OAc in AcOH or ethanol, refluxing for approxi-
mately 15 h, and achieving yields ranging from 58 % to 68 % (Scheme 38). 

In 2019, Amala et al. [56] utilized the Radziszewski reaction as the foundation for the synthesis of derivatives of 2,4,5-triphenyl-1-
H-imidazole-1-(2-chloro)-6-methylpyridine. They carried out this synthesis in the presence of ethanol as the solvent, with anhydrous 
potassium carbonate and 2-chloro-6-methylpyridine, stirred at cold temperatures for 6 h, achieving a good yield ranging between 87 
and 90 % (Scheme 39). 

In the same year, Jayabharathi et al. [57] described a new protocol for the synthesis of compound (P1) with a yield of 75 %. This 
compound was synthesized from 9,10-phenanthrenequinone, naphthalene-1-amine, and (E)-3-(4-bromophenyl)acrylaldehyde in the 
presence of ammonium acetate in acetic acid under a nitrogen atmosphere. Then, by mixing the obtained product with 4-formylphe-
nylboronic acid, aqueous K2CO3 in a toluene:ethanol mixture, using Pd(PPh3)4 as a catalyst, the product was obtained with a yield of 
73 %. For the resulting compound (P2), a mixture with 2,3-dihydrobenzo [b] [1,4]dioxine-6-amine and benzyl in acetic acid in the 
presence of ammonium acetate was refluxed, resulting in the final product (P3) with a good yield ranging between 62 and 78 % 
(Scheme 40). 

Scheme 37.  

Scheme 38.  
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Scheme 40.  
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However, Jayaraman et al. [58] have synthesized new compound of the imidazole [4-(2-(5-bromothiophen-2-yl)-1H-phenanthro 
[9,10-d]imidazole-1-yl)naphthalene-1-carbonitrile] with good yield 65–70 % by using 5-bromothiophene-2-carbaldehyde, 4-amino-
naphtalene-1-carbonitrile, and NH4OAc in AcOH at reflux about 12h (Scheme 41). 

On the other hand, Singh et al. [59] prepared the products 2-(7-phenyl-7H-acenaphtho [1,2-d]imidazole-8-yl)phenol (A) and 
4-(7H-acenaphtho [1,2-d]imidazole-8-yl)benzaldehyde (B) in 52–64 % yield from the condensation of acenaphthoquinone and ani-
line, salicylaldehyde for compound (A), but terephthaldehyde for compound (B), all reagents being used with NH4OAc in glacial AcOH 
(Scheme 42). 

In 2020, Nipate et al. [60] synthesized 1,8-dihydroimidazo [2,3-b]indoles with yields of 79 % using β-cyclodextrin (β-CD) as an 
efficient, biodegradable, and recyclable catalyst. The reaction was carried out with isatin and three aldehyde compounds in the 
presence of NH4OAc in a H2O–EtOH mixture under reflux. This method exhibited high yield, short reaction time, cost-effective starting 
material, non-toxicity, environmental friendliness, and easy availability (Scheme 43). 

In the same year, Hasanzadeh et al. [61] prepared 8-aryl-7H-acenaphtho [1,2-d]imidazole using Fe3O4 NPs@GO@C4H8SO3H 
nanoparticles as a magnetic nanocatalyst, with acenaphthenequinone and ammonium acetate in ethanol under reflux, achieving a high 
yield ranging between 84 and 95 % (Scheme 44). 

However, Peng et al. [62] prepared a new product (R-PPIM-TPA), where R represents Me, Cl, C(CH3)3, by combining a solution of 9, 
10-phenanthrenequinone, 4-(diphenylamino)benzaldehyde, substituted aniline, and NH4OAc in ethanol at 100 ◦C for 8 h, obtaining 
yields ranging from 51 to 63 % (Scheme 45). 

In 2021, Burungale et al. [63] synthesized 1-substituted 2,4,5-triphenylimidazoles using acid chloride and triphenylimidazole in 
pyridine as a catalyst, with benzene as the solvent, under reflux for 4–5 h. The resulting new compound was isolated with a good yield 

Scheme 42.  

Scheme 43.  

Scheme 44.  
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Scheme 45.  

Scheme 46.  
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Table 1 
Antifungal activities of certain imidazole derivatives against three phytopathogenic fungi.  

Compounds bacterial strain IC50 (μg/ml) Ref. 

Fusarium oxysporum 35 [74] 
Candida albicans 0.3 
Aspergillus niger 45 

Fusarium oxysporum 20 [74] 
Candida albicans 0.25 
Aspergillus niger 40 

Fusarium oxysporum 20 [74] 
Candida albicans 0.2 
Aspergillus niger 40 

Fusarium oxysporum 13 [75] 

Fusarium oxysporum 12 [76] 

Candida albicans 3.125 [77] 

Candida albicans 1.56 [77] 

Candida albicans 12.5 [78] 
Aspergillus niger 25 

(continued on next page) 
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of 88 % after drying and recrystallization from ethanol (Scheme 46). 
Furthermore, Kula et al. [64] prepared three new compounds using a simple reflux method, achieving a high yield ranging between 

61 and 70 %. This was accomplished by condensing 9,10-phenanthrenequinone with an aldehyde (4-(piperidin-1-yl)benzaldehyde, 
4-(1H-imidazole-1-yl)benzaldehyde, 4-[(2-cyanoethyl)methylamino]benzaldehyde) and NH4OAc in acetic acid (Scheme 47). 

5. Pharmacological activity 

Numerous imidazole synthesis techniques, as well as their diverse structural reactions, in medicinal chemistry, have a wide range of 
applications. Imidazole and its derivatives, as revealed by literature survey revealed are believed to have anti-anthelmintic activity 
[65], cardiovascular activity [66], anti-inflammatory and activity [67], anti-neoplastic activity [68], anti-fungal activity [69], enzyme 
inhibition activity [70], anti-viral activity and anti-ulcer activity [71]. Therefore, Imidazole has various uses in the development of 
pharmacological and biochemicals [72]. Intimidate, a hypnotic drug, and proton push inhibitor (omeprazole) [73] as well as a 
benzodiazepine antagonist, is a derivative of the imidazole. The synthesis of imidazole has been a very important goal in recent years 
for all of the aforementioned applications. 

5.1. Various pharmacological activities for imidazole derivatives 

5.1.1. Antifungal activities 
Imidazole derivatives exhibit interesting antifungal activity, making them compounds of great interest in the field of medical 

research. Table 1 consolidates the antifungal activity of certain imidazole derivatives. 
The results of Table 1 indicate that imidazole derivatives exhibit interesting antifungal activities against Fusarium oxysporum, 

Candida albicans, and Aspergillus niger strains. Specifically, the three imidazole-thiazole derivatives mentioned in Table 1 demonstrated 

Table 1 (continued ) 

Compounds bacterial strain IC50 (μg/ml) Ref. 

Candida albicans 25 [78] 
Aspergillus niger 50 

Candida albicans 12.5 [78] 
Aspergillus niger 12.5 

Aspergillus niger 200 [79]  

Fig. 1. Imidazole antifungal drugs.  
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extremely high antifungal activity against C. albicans, F. oxysporum, and A. niger strains, compared to standard imidazole-based 
medications (Fig. 1). Nikalje et al. [74] observed that imidazole-thiazole compounds act by inhibiting ergosterol biosynthesis in C. 
albicans. Similarly, Husain et al. [78] revealed that imidazole derivatives exhibit excellent antifungal activity against C. albicans and 
A. niger strains with lower gastrointestinal irritation, especially compounds with methoxy (-OCH3) and nitro (-NO2) groups in the para 
position. 

However, Ghorbani-Vaghei et al. [76] endeavored to investigate novel antifungal agents through in vitro susceptibility tests to 
establish guidelines for the potential clinical application of these new compounds against the Fusarium oxysporum strain. Both tested 

Table 2 
The effect of various imidazole derivatives on two antibacterial strains.   

Compounds 
IC50 (μg/ml) Ref. 

E. coli S. aureus 

50 50 [80] 

50 50 [80] 

1000 16 [81] 

32 4 [81] 

6 

50 50 [82] 

50 50 [82] 
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compounds exhibited antifungal activity against Fusarium oxysporum, especially the one containing an alkyl group in the para position. 
Consequently, they can be regarded as promising antifungal agents. 

5.1.2. Antibacterial activity 
The antibacterial properties of imidazole as a compound are well-known. However, its direct use is often restricted due to its 

toxicity. To enhance both effectiveness and tolerance, modifications are frequently made to imidazole derivatives. Although imid-
azoles are primarily recognized for their antifungal properties, their antibacterial activity can vary depending on the specific com-
pound and the class of targeted organisms. Table 2 presents some imidazole derivatives and their antibacterial activities against two 
strains, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). 

The results from Table 2 highlight that most derivatives of the imidazole core exhibit promising antibacterial activities, particularly 
against E. coli and S. aureus strains. Indeed, the presence of the nitro group (-NO2) in the compounds listed in Table 2 shows high 
activity against the studied bacterial strains. This is explained by the formation of hydrogen bonds with the active centers of cellular 
constituents, disrupting the normal cell structure and causing bacterial death [84]. On the other hand, Wen et al.’s research [83] tested 
various imidazole derivatives for their antibacterial activities and showed that compounds carrying a smaller alkyl amine motif exhibit 
moderate antibacterial activities. This is explained by the fact that the lipophilicity and size of the side chain of these derivatives play a 
crucial role in their antimicrobial activities. 

5.1.3. Anticancer activities 
Studies on imidazole compounds as anticancer agents have shown that some of these derivatives may exhibit antiproliferative 

properties and induce apoptosis in cancer cells. However, it is important to note that the anticancer efficacy can depend on various 
factors, such as the specific chemical structure of the derivative, the specific cell line, and the underlying molecular mechanisms. 
Table 3 summarizes certain imidazole derivatives along with their anticancer activities. 

The imidazole derivatives listed in Table 3 exhibit significant anticancer activities against various cancer cell lines. Indeed, 
imidazole has the potential to overcome the limitations of current clinical drugs such as methotrexate, etoposide, and paclitaxel, which 
are used as chemotherapeutic agents. Therefore, the imidazole core could be utilized as a chemical structure for new anticancer agents 
with multiple potential mechanisms of action. In this regard, Sharma et al. [85] studied several imidazole derivatives that showed 
potent activity with a notable half-maximal inhibitory concentration (IC50). The presence of a phenolic group in imidazole compounds 
significantly affects activity due to their binding capability to cytoplasmic hormone receptors. Furthermore, in the search for more 

Table 2 (continued )  

Compounds 
IC50 (μg/ml) Ref. 

E. coli S. aureus 

50 50 [82] 

7.8 1.9 [83] 

15.6 31.2 [83]  
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Table 3 
Effect of various imidazole derivatives on certain anticancer cell lines.  

Compounds Cell Line IC50 

(μM) 
Mechanism Ref. 

Lymphoma Ascites (DLA) 138.50 Not determined [85] 
Erlich’s Ascites Carcinoma (EAC) 31.25 Not determined 

Lymphoma Ascites (DLA) 102.86 Not determined [85] 
Erlich’s Ascites Carcinoma (EAC) 31.25 Not determined 

Human melanoma cell lines (A375) 3.5 Anti-proliferative [86] 
Human melanoma cell lines (M14) 5.6 
Human melanoma cell lines 
(RPMI7951) 

5.6 

Human melanoma cell lines (A375) 1.1 Anti-proliferative [86] 
Human melanoma cell lines (M14) 1.2 
Human melanoma cell lines 
(RPMI7951) 

3.3 

Human umbilical vein endothelial cells 
(HUVECs) 

0.4 Selective inhibitor for the HUVECs. [87] 

Smooth muscle cells (SMCs) 5.5 Activation of p38 signaling pathway. 

Human myeoloid leukemia cells (HL- 
60) 

0.2 Exhibited excellent inhibitory activity on tumor 
growth in vivo 

[88] 

Human myeoloid leukemia cells (K562) 1 
Human myeoloid leukemia cells 
(K562R) 

0.9 

Human prostate carcinoma cells (PC-3) 3.1 
Human breast carcinoma cells (MCF-7) 10.6 
Human esophageal carcinoma cells 
(ECA-109) 

3.8 

Human hepatocarcinoma cells (BEL- 
7402) 

1.2 

human non-small lung cancer cells 
(A549) 

1.3 

Human breast cancer cell line (MDA- 
MB-231) 

6.76 Anti-proliferative [89] 

Human breast cancer cell line (T47D) 9.96 
Human breast carcinoma cells (MCF-7) 5.71 
Human lung cancer cell line (A549) 2.29 
Human colon adenocarcinoma cell line 
(HT-29) 

3.29 

(continued on next page) 
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potent and less toxic anticancer agents, several imidazole compounds were synthesized by Xue et al. [88] and tested in vitro. Among 
them, the compound mentioned in Table 3 exhibited higher activity against breast cancer cells (MCF-7) with an IC50 of 10.6 μM 
compared to doxorubicin. This compound also demonstrated potent anticancer activity, with an IC50 of 1.3 μM, against lung cancer 
cells (A549), and the authors concluded that these derivatives mediate anticancer activity by inducing apoptosis and suppressing 
cancer cell proliferation. Using in vitro experiments, Kalra et al. [89] investigated twenty-two compounds for their cytotoxicity, and 
the two compounds mentioned in Table 3 showed cytotoxic activity equal or more potent than docetaxel in a dose-dependent manner. 

5.1.4. Advances in preclinical approaches to imidazole-based drug discovery 
The imidazole ring represents one of the most important nitrogen heterocycles, widely studied and exploited by the pharmaceutical 

industry in the search for new drugs. Due to their distinctive structural features and rich electronic environment, drugs containing 
imidazole rings interact with a variety of therapeutic targets, manifesting a diversity of biological activities. Numerous imidazole- 
based drugs are commonly used clinically to treat a variety of conditions, presenting significant therapeutic potential. Given their 
considerable medicinal value, the research and development of drugs containing the imidazole motif remains a dynamic and attractive 
area of medicinal chemistry. Currently, a substantial number of imidazole-motif compounds are in various stages of clinical trials, all of 
which have passed extensive preclinical evaluations. Details of parameters such as pharmacokinetics (PK), pharmacodynamics (PD) for 
each drug class, as well as the IUPAC names of selected drugs, are listed in Table 4. 

Within a broad range of compounds screened through a structure-activity relationship (SAR) study, a robust and selective inhibitor 
of TGFβR1 named BMS-986260 emerged from a lead compound containing both an imidazole. The primary objective of the mentioned 
SAR studies was to enhance the efficacy, pharmacokinetic (PK) profile, and solubility profile of the drug candidate, as indicated in 
Table 4. BMS-986260 proved effective orally in the MC38 mouse tumor model when administered in combination with an anti- 
programmed cell death protein 1 (anti-PD-1) antibody. However, the drug was found to induce cardiovascular toxicities in preclin-
ical studies due to continuous dosing intervals. To reduce these toxicities, a dose interruption schedule was explored and proved 
effective. An intermittent dosing schedule every two days for one week in a month provided comparable efficacy. Additionally, BMS- 
986260 is currently under evaluation as a clinical candidate in immuno-oncology for the treatment of various cancer types [90]. 
Furthermore, Blomgren et al. [93] revealed GS-9973 (entospletinib) as a selective SYK inhibitor currently undergoing clinical eval-
uation for hematologic malignancies. GS-9876 (lanraplenib), characterized by human pharmacokinetic properties suitable for 
once-daily administration and devoid of interactions with proton pump inhibitors (PPIs), is presently undergoing clinical evaluation in 
multiple autoimmune indications. In 2022, Smith et al. [92] targeted a new synthetic imidazole drug for treating cancers with MTAP 
gene deletion. Their discovery, the novel candidate drug MRTX1719, acts as a potent and selective binder to the PRMT5•MTA 
complex, selectively inhibiting PRMT5 activity in cells with MTAP deletion compared to wild-type MTAP cells. 

6. Conclusion 

Tri-substituted and tetra-substituted imidazole constitute an essential heterocyclic system known for their numerous biological 
activities. On the other hand, they are widely used as a crucial synthesis for the production of biologically active compounds. Various 
strategies and techniques have been applied to achieve the condensation of these molecules. This review delves into the techniques and 
development of several synthetic routes for 2,4,5 and 1,2,4,5-imidazole tri or tetra-substituted synthesis, along with various analyses of 
pharmacological activities (antibacterial, antifungal, anticancer, antimicrobial). In conclusion, it has been observed that tri or tetra- 
substituted imidazoles demonstrate significant efficiency with a strong potential for new syntheses (by reflux or microwave) and can 
exhibit various biological activities, necessitating further in-depth research. 
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Table 3 (continued ) 

Compounds Cell Line IC50 

(μM) 
Mechanism Ref. 

Human breast cancer cell line (MDA- 
MB-231) 

2.29 Anti-proliferative [89] 

Human breast cancer cell line (T47D) 5.35 
Human breast carcinoma cells (MCF-7) 3.46 
Human lung cancer cell line (A549) 10.6 
Human colon adenocarcinoma cell line 
(HT-29) 

11.02  
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Table 4 
Presents the structures, IUPAC names, mode of drug action, study models, Pharmacokinetic (PK) profile, Pharmacodynamic (PD) profile, and the 
targeted diseases.   

Compound structure 
IUPAC names Nature of drug 

action and target 
receptor 

Study model (s) Pharmacokinetic 
(PK) parameters 

Targeted Disease (s) Ref. 

BMS-986260 Potent and 
selective 
inhibitor of 
TGFβR1 

Mouse MC38 
tumor model 

Dose (mg/kg) iv/ 
po = 5/10 
Cmax (μM) po =
12.7 
T½ (h) iv = 5.7 
CL (mL/min/kg) iv 
= 5.6 
Vss (L/kg) iv = 2.4 

Clinical candidate as 
Immuno-oncology agent 
for the treatment of 
different types of cancers 

[90] 

– 

Allosteric 
inhibitor of 
RORγt 

Acute PD model CL (mL/min/kg) =
13 
T1/2 (h) = 3.7 
Vd (L/kg) = 0.6 
F % = 35 % 

Under clinical 
investigation for the 
treatment of autoimmune 
diseases 

[91] 

MRTX1719 Lethal Inhibitor 
of the 
PRMT5•MTA 
Complex 

CD-1 mouse 
model 
Beagle dog 
model 

Dose (mg/kg) iv/ 
po = 3/30 
F % = 80 
T½ (h) iv = 1.5 
CL (mL/min/kg) iv 
= 83 
Vss (L/kg) iv = 6.3 

MTAP deleted Cancers [92]  

Lanraplenib 
(GS9876) 

Spleen tyrosine 
kinase 
Inhibitor 

Spontaneous 
lupus efficacy 
model 

Dose (mg/kg) iv =
1.0 
Dose (mg/kg) po =
5.0 
CL (L/h/kg) = 1.77 
Vss (L/kg) = 2.5 
T1/2 (h) = 3.7 
F % = 60 

Currently under clinical 
evaluation for the 
treatment of different 
autoimmune diseases such 
as systemic lupus 
erythematosus (SLE) and 
Lupus Nephritis (LN) 

[93] 

(continued on next page) 
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Abstract 

Background Viburnum simonsii Hook. f. & Thoms is one of the 17 Viburnum species reported from India. Viburnum 
species such as Viburnum opulus and Viburnum grandiflorum have been used since time immemorial to treat various 
ailments and their therapeutic claims have been scientifically validated. However, the species under investigation 
despite having a long traditional usage history for the treatment of various illnesses in Meghalaya, India has grossly 
remained unexplored to date. No scientific report validating its therapeutic claim has been reported thus far. There-
fore, the present study was mainly focused on investigating the antioxidant and antimicrobial properties of V. simonsii 
and its phytochemical profile.

Result Preliminary phytocompound assessment revealed the presence of alkaloids, phenolics, steroids, glyco-
side and terpenoids. The fruit extract displayed good antioxidant activity with phenolic and flavonoid content 
of 250.20 ± 8.12 mgGAE/g and 40.65 ± 1.31 mgQE/g respectively, and  IC50 value of 131.35 ± 1.71 µg/ml. In antimi-
crobial assay, inhibitory activity was observed against gram-positive bacteria (Staphylococcus aureus and Bacillus 
cereus) with 17.80 ± 0.80 mm and 15.78 ± 2.62 mm zone of inhibition respectively. However, no activity was observed 
against gram-negative bacteria (Escherichia coli and Salmonella enterica) as well as fungus (Candida albicans). The 
absorption bands in the FTIR spectra of the sample corresponded to the presence of primary and secondary alcohols, 
alkanes, amines, aliphatic ethers, etc. Further, the GC–MS analysis revealed the presence of phytocompounds such 
as neophytadiene, β-sitosterol, α-amyrin, lupeol, etc., which have bioactivity especially anticancer, antimicrobial, anti-
oxidant and anti-inflammatory activities.

Conclusions The findings of the present study demonstrated that V. simonsii possessed appreciable antioxidant 
and antimicrobial activity and may be a potential target for pharmaceutical research.

Keywords Ethnomedicine, Viburnum simonsii, Meghalaya, Antioxidant, FTIR, GC–MS, Antimicrobial
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Background
Mankind’s reliance on plants predates recorded history. 
In addition to basic human needs such as food, clothing, 
shelter etc. plants are also an important source of medi-
cines. Medicinal plants have been used to prevent and 
treat various diseases since time immemorial and their 
therapeutic usages have been passed on to subsequent 
generations among human communities [26]. Currently, 
80% of the world’s population depends on medicinal 
plants for therapeutic purposes [79]. It can be attributed 
to their extensive geographical availability and lesser 
adverse effects compared to synthetic drugs. Traditional 
medicinal plants have an exquisite impact on the evolu-
tion of the human health care system [79], since nearly 
70% of all the presently available prescribed pharmaceu-
tical drugs are made of plant-origin compounds [32].

Currently, concerns regarding the harmful impacts on 
health are intensifying as a result of industrial synthetic 
product use. Certain artificial antioxidants, such as buty-
lated hydroxyanisole and dibutyl hydroxytoluene, have 
been demonstrated to stimulate carcinogenic activity 
[9, 65]. While naturally occurring, phenolic antioxidants 
have been proven to exhibit a range of health-beneficial 
biological actions [9, 12]. Recently, there has been a lot 
of attention focused on natural plant-based compounds 
including terpenoids, alkaloids, and flavonoids because of 
their numerous pharmacological qualities, which include 
antibacterial, antioxidant, and anticancer effects [2]. 
Enough dietary antioxidant consumption can strengthen 
the body’s defences against free radicals since natural 
antioxidants derived from plants can scavenge harmful 
free radicals produced by the body. Furthermore, eating 
a diet high in antioxidant-rich foods is thought to be cru-
cial in preventing or delaying the beginning of degenera-
tive illness [29]. Additionally, multidrug-resistant (MDR) 
bacteria are also posing a serious threat to global health. 
This has prompted scientific research activities to priori-
tise the development of novel antibacterial drugs capable 
of combating antibiotic-resistant microorganisms [15, 
17]. In this regard, naturally occurring bioactive com-
pounds specifically derived from plants have surfaced as 
promising prospective medicinal agents [2].

With increase in health-related issues, there has been a 
scientific resurgence in medicinal plant research, mostly 
as a source of herbal medicine. Among the medicinal 
plants, the plants of the Genus Viburnum (family Adox-
aceae) are considered very important for their ornamen-
tal as well as therapeutic potential [13]. Viburnum, a 
genus from Adoxaceae family (formerly Caprifoliaceae) 
comprises more than 230 species [62]. This genus is natu-
rally predominant in temperate regions of the northern 
hemisphere and subtropical regions of Asia and Latin 
America [1]. The Eastern Himalayas harbour the majority 

of the species from this genus, as this range has all the 
elements for their comfortable accommodation. Majority 
of these species are endemic [1, 82]. They are primarily 
used in folk medicines for the treatment of diseases, such 
as splenic asthenia, rheumatic arthritis, diabetes mellitus, 
cough, diarrhoea, tumefaction, kidney cramps and swell-
ing [27, 75]. For instance, V. opulus and V. prunifolium 
(popularly known as cramp bark and black haw) have a 
long history of therapeutic usage for pregnancy issues 
within the Native American tribes [73]. The other Vibur-
num species which showed potential therapeutic proper-
ties were V. lantana, V. macrocephalum, V. grandiflorum, 
V. odoratissimum, V. dilatatum, etc.,[73]. The therapeutic 
properties they exhibit include; antioxidant, antimicro-
bial, antidiabetic, antimalarial, hepato-protective, anti-
inflammatory, anticancer, etc., [63, 73].

Phytochemically, diterpenes, triterpenes, monoterpe-
nes, sesquiterpenes, flavonoids, phenols, iridoids, lig-
nans, coumarins and alkaloids are the major chemical 
compounds found in the Viburnum plants [64]. Vibsane-
type diterpenes are the characteristic chemical com-
pounds of this genus. Owing to their limited distribution 
(found in Viburnum plants only), they are considered to 
be rare natural products. In terms of pharmacological 
interest, vibsane-type diterpenes possess neurotrophic 
activity, anti-inflammatory, antileukemic and anticancer 
properties [64, 83].

Literature review confirms that species such 
as V.  awabuki [34],  V.  dilatatum [77],  V.  fordiae 
[13],  V.  odoratissimum [81], and  V. opulus  [27] have a 
maximum quantity of bioactive compounds in com-
parison to other species of the genus. It is also reported 
that fruits of Viburnum plants are rich in polyphe-
nols, ascorbic acid, malic acid, oxalic acid and vitamin 
C [10]. Further, some in vitro and in vivo studies have 
revealed the antimicrobial, antifungal, anti-inflam-
matory, antioxidant, anticancer and neuroprotective 
properties of some species from this genus [27, 59, 81]. 
For such diverse chemical components and biologi-
cal activities across the genus, the study of Viburnum 
simonsii Hook. f. & Thoms (synonym Viburnum odor-
atissimum var. odoratissimum) is of scientific curiosity 
pertaining to novel drug discovery and as a source for 
nutraceutical product development. Viburnum simonsii 
Hook. f & Thoms is a small tree with a height of up to 
40 ft, thin greyish bark, leaves are oppositely arranged, 
elliptic, distantly cuspidate, dentate and glabrous with 
lateral nerves of 5–8. Flowers are white or tinged red 
and sweet-scented. Fruits are 0.4–0.8  cm in diameter 
with bright red colour. Figure 1 shows the tree, flower, 
fruits and leaf of Viburnum simonsii Hook. f & Thoms. 
Flowering time is between March-June, whereas fruit-
ing time is July–October [23, 28]. It is endemic to the 
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Eastern Himalayan range. In India, the distribution is 
limited only to the state Meghalaya [42, 72]. The Khasi 
people (local tribe of Meghalaya) locally call it Soh-
lang-eit-ksew. Traditionally the fruits of this species are 
used as tonic and anti-spasms [41]. Besides, the species 
is neglected and unexplored, which is evident with the 
declining population graph in the state.

Interestingly, the species under investigation is 
closely related to V.  odoratissimum (possess diverse 
biological activities and a high number of phytocom-
pounds) [58]. It is quite arguable to expect that the spe-
cies under investigation (Viburnum simonsii Hook. f. 
& Thoms) will have diverse biological activities owing 
to the likely presence of varied phytocompounds. The 
local tribes of Meghalaya have been using and claim-
ing the therapeutic value of this species [41], and this 
prompted to undertake the present investigation per-
taining to scientific validation. In addition, no scientific 
reports concerning the biological and pharmacologi-
cal activities of this species have been reported so far. 
Therefore, the current investigation aims to highlight 
Viburnum simonsii Hook. f. & Thoms as a potential 
medicinal plant with unexplored therapeutic poten-
tial. The investigation attempts to highlight the biologi-
cal activities of V. simonsii and validate its biochemical 
attributes specifically emphasizing on its phytochemi-
cal, antioxidant and antimicrobial aspects.

Methods
Plant materials
The fresh leaves and fruits of the plant V. simonsii 
Hook. f. &Thoms. were collected from Cherrapunjee 
[25°14´42.1´´N, 91°43´28.4´´E], East Khasi Hills, Megha-
laya. The plant species was identified by referring to the 
existing literatures [23, 24, 28] and authenticated by com-
paring the prepared herbarium specimen to the existing 
herbarium specimen of the species under investigation 
(Reference accession no: 90420) present in the Botanical 
Survey of India (BSI), Eastern Regional Centre, Shillong, 
Meghalaya, India.

Chemicals and reagents
DPPH, TPTZ, Folin-Ciocalteu reagent, Anthrone and 
Gallic acid were purchased from SRL, India. Ascorbic 
acid, Bovine serum albumin (BSA), Quercetin and Fer-
ric chloride were obtained from LOBA Chemie, India. 
Whereas, DMSO, Methanol, Sodium acetate, Aluminum 
Chloride and Mueller Hinton Agar (MHA) were pro-
cured from Merck Lifesciences and Himedia, India, 
respectively.

Extract preparation
The collected leaves and fruits were washed well, shade 
dried and powdered with an electric grinder. The extract 

Fig. 1 Tree, flower, fruit and leaf of V. simonsii 



Page 4 of 17Sangma et al. Future Journal of Pharmaceutical Sciences           (2023) 9:114 

preparation was carried out following the procedure 
described in the previous work [54] with slight modifica-
tions. Soxhlet extraction was performed at 65  °C using 
80%  CH3OH (Methanol) as the extraction solvent. The 
solvent following collection was cooled and subjected to 
rotary vacuum evaporation (Equitron Roteva 66 series 
– 8766.V0). The final concentrated extracts were metha-
nolic leaf (MEVL) and fruit (MEVF) extracts. The extract 
was further subjected to lyophilization. These extracts 
were finally stored at 4 °C for further analysis.

Qualitative phytochemical screening
The qualitative phytochemical screening was carried out 
to determine the presence of different phytochemicals in 
the V. simonsii extracts. Phytocompounds such as alka-
loids (Mayer’s test), phenols and tannin (Ferric chloride 
test), flavonoid (Shinoda test), terpenoids (Saldowski 
test), glycoside (Libermann’s test), cardiac glycoside 
(Keller-Kilani test), saponins, steroids and anthraquinone 
were screened following the standard methods [22].

Carbohydrate content
The carbohydrate content was determined following the 
Anthrone’s method [80]. Briefly, the powdered plant sam-
ple was acid hydrolyzed with HCl (2.5N) for 3 h and fil-
tered. 1 ml of filtrate was mixed with 4 ml of Anthrone 
reagent and kept in a water bath (100  °C) for 10  min. 
Absorbances were recorded at 620 nm. Glucose of vari-
ous concentrations (20–100  µg/ml) was used to plot a 
standard calibration curve graph. The carbohydrate con-
tent of the sample was calculated from the calibration 
curve graph and expressed as mg glucose equivalent/g of 
sample. The assay was carried out in triplicates and only 
the mean values are reported.

Protein content
The protein content of the samples was determined fol-
lowing Lowry’s method [39]. The protein from the pow-
dered sample was extracted using phosphate buffer as a 
solvent and filtered. The alkaline reagent was prepared by 
mixing reagent A (2%  Na2CO3 in 0.1N of NaOH) and rea-
gent B (0.5%  CuSO4 and 1% potassium sodium tartrate in 
distilled water) at a ratio of 50:1. To 1 ml of filtrate, 4 ml 
of alkaline reagent and 0.5  ml Folin-Ciocalteu reagent 
was added and incubated for 30 min at 37 °C. The absorb-
ances were recorded at 660  nm. Bovine serum albumin 
(BSA) was used to plot a standard calibration curve 
graph. Protein content of the sample was expressed as mg 
BSA equivalent/g of the sample. The assay was carried 
out in triplicates and only the mean values are reported.

Total phenolic content
The total phenolic content (TPC) of the methanolic 
extracts of V. simonsii leaf and fruit was carried out by 
the method described by Neupane and Lamichhane 
[44] with slight modification. To 100  µl of methanolic 
extract, 0.5 ml of Folin-Ciocalteu and 1.5 ml of  Na2CO3 
(7.5%) were added and incubated at 37  °C for 2 h. The 
absorbances of the mixture were taken at 750  nm. A 
standard calibration curve graph was obtained using 
gallic acid as a standard. The TPC was calculated from 
the standard calibration curve graph and expressed in 
mg gallic acid equivalent (GAE)/g of dried extract. The 
assays were carried out in triplicates and only the mean 
values are reported.

Total flavonoid content
The total flavonoid content (TFC) of the methanolic 
extracts of the samples was estimated by the Aluminum 
Chloride method [44]. Briefly, to 1  ml of methanolic 
extract, 1 ml of 10%  AlCl3 and 1 ml of sodium acetate 
(1 M) were added and incubated at room temperature 
for 45  min in a dark chamber. The absorbances were 
taken at 415  nm. The TFC was calculated from the 
standard calibration curve graph which was obtained 
by using quercetin as a standard. The final result was 
expressed in mg quercetin equivalent (QE)/g of dried 
extract. The assays were carried out in triplicates and 
only the mean values are reported.

DPPH radical scavenging activity
A DPPH radical scavenging activity of the extracts 
of V. simonsii leaf and fruit was determined following 
the method described by Clarke et al. [14] with minor 
modifications. 1  ml of methanolic extract was mixed 
with 3 ml of DPPH reagent (0.2 mM) and incubated for 
30 min at 37 °C in a dark chamber. A control was pre-
pared by mixing 1 ml methanol (95%) and 3 ml DPPH 
reagent. The absorbances were read at 517 nm. Ascor-
bic acid was used as the standard antioxidant agent to 
compare the DPPH radical scavenging activity of the 
sample. The percentage of radical scavenging activity 
was calculated using the formula given in Eq. (1).

where, %RSA = Radical scavenging activity percentage, 
Ac = Absorbance of control, As = Absorbance of sample.

IC50 of the sample and standard was calculated from 
the regression curve equation obtained by plotting 
%RSA against various extract concentrations.

(1)%RSA =

Ac − As

Ac
× 100
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FRAP assay
The FRAP assay of the extracts was done following the 
methods described by Benzie and Strain [4]. To 0.1 ml 
of methanolic extract, 3  ml of FRAP reagent (mixture 
of 0.3 M sodium acetate, 10 mM of TPTZ solution and 
20  mM of  FeCl3 at a ratio of 10:1:1) was added and 
incubated for 15  min at 37  °C. The absorbances were 
recorded at 593 nm. A standard calibration curve graph 
was obtained using ascorbic acid of various concentra-
tions (0.2–1.0 mM) as standard. The FRAP value of the 
extracts was calculated using Eq.  (2) and expressed in 
µM ascorbic acid equivalent (AAE)/g of dried extract.

where, c = Ascorbic acid equivalent in µM/ml, V = sample 
volume, t = dilution factor, m = weight of dried extract in 
gram (g).

Antimicrobial activity assay
Antimicrobial activity assay of the crude methanolic 
extracts was done through agar-well diffusion method 
[56]. The assay was carried out against gram-positive 
(Staphylococcus aureus MTCC 11949, Bacillus cereus 
MTCC 8361), gram-negative (Escherichia coli MTCC 
593, Salmonella enterica MTCC 1166) bacterial strains 
and fungus (Candida albicans MTCC 13013). The sam-
ples were prepared in Dimethyl sulfoxide (DMSO) at a 
concentration of 100 mg/ml. A 24 h culture was diluted 
with normal saline till the concentration of 1 ×  108 
cells/ml. Mueller Hinton Agar (MHA, HiMedia) for 
bacteria and Mueller Hinton Agar supplemented with 
2% glucose and 5 µg/ml Methylene blue for fungus were 
used as the culture media for the assay. 100  µl of the 
diluted culture was spread onto solidified agar, and 
wells (8 mm) were bored. 100 µl of extract, DMSO (as 
negative control) and a ciprofloxacin 5 µg/100 µl (bac-
teria) and fluconazole 10 µg/100 µl (fungus) [as positive 
control] were placed onto the wells. After 24 h incuba-
tion at 37 °C, the diameter (mm) of the zone of growth 
inhibition was measured.

FTIR analysis
The IR spectra of leaf and fruit sample of V. simonsii were 
recorded on a PerkinElmer Spectrum 100 spectrometer 
at ambient temperature. A small quantity of powdered 
plant sample was mixed with potassium bromide (KBr) 
and pressed into pellets. The spectra were recorded in the 
mid infra-red region (4000–400  cm−1). The spectral data 
were interpreted with the help of standard IR spectrum 
chart described by Pavia et al. [48].

(2)FRAP value µMAAE/g = c × V ×

t

m

Gas chromatography‑mass spectroscopy (GC–MS) analysis
A GC–MS analysis of the V. simonsii extracts (MEVL, 
MEVF) was carried out in a Thermo-Fischer Scientific 
model GC with a split/split less injection port and a split 
ratio of 1/100, coupled with an ISQ7000 mass spectrom-
eter system and TG-5MS fused silica capillary column 
(30  m × 0.25  mm i.d, 0.25  µm film thickness). The tem-
perature program was isothermal for 3  min at 60  °C, 
then increased to 230 °C at a rate of 5 °C/min. The injec-
tor temperature and transfer line temperature were set 
at 290 °C and 230 °C respectively. Ultrapure Helium was 
used as a carrier gas at a flow rate of 1 ml/min. The com-
ponents were identified and confirmed by comparing the 
retention time (RT) index and mass spectrum with the 
authentic references provided in the NIST library. The 
peak area percentages of the spectrum were calculated 
automatically by using Chromeleon™ Software provided 
along with the instrument setup.

Results
Qualitative phytochemical screening
The qualitative phytochemical screening of the extracts 
revealed the presence of alkaloids, phenols, flavonoids, 
glycoside, tannin, steroids, terpenoids and saponins. 
The results for qualitative phytochemical screening of V. 
simonsii extracts are furnished in Table 1.

Carbohydrate and protein content
The carbohydrate and protein content of the extracts 
were estimated by Anthrone’s and Lowry’s methods 
respectively. A carbohydrate content of 312.6 ± 0.74 mg/g 
(31.2%) was obtained in the fruit and 232.9 ± 0.64  mg/g 
(23.2%) in the leaf sample. Similarly, fruit and leaf sam-
ples showed 65.9 ± 1.79  mg/g and 34.6 ± 0.77  mg/g of 
protein content respectively. The measured carbohydrate 
and protein content of the V. simonsii extracts is fur-
nished in Table 2.

Table 1 Results of the qualitative phytochemical screening of V. 
simonsii extract

( +) indicates presence and (-) indicates absence

Tests Leaf extract Fruit extract

Alkaloid  +  + 

Anthraquinone − −

Glycoside  +  + 

Flavonoid  +  + 

Phenolic  +  + 

Steroids  +  + 

Saponins  +  + 

Tannins  +  + 

Terpenoids  +  + 
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Total phenols and flavonoid content
Phenols and flavonoids have a strong correlation with 
the antioxidant activities [9, 70]. The TPC and TFC of 
the leaf and fruit extracts of V. simonsii were determined 
by Folin-Ciocalteu and Aluminum Chloride methods 
respectively. The total phenol and flavonoid content of 
the extracts were calculated using the standard calibra-
tion curve graph (Fig. 2 and Fig. 3). The fruit extract dis-
played 250.20 ± 8.12 mgGAE/g of phenolic contents and 
40.65 ± 1.31 mgQE/g of flavonoid contents. Whereas, leaf 
extract showed 127.03 ± 1.62 mgGAE/g and 45.83 ± 3.93 
mgQE/g of phenolic and flavonoid content (Table 3).

DPPH radical scavenging assay
The DPPH radical is a stable free radical. This is because 
of an odd electron delocalizing across the molecule which 
consequently inhibits dimer formation. The DPPH radi-
cal scavenging assay uses these free radicals to measure 
the ability of antioxidants to neutralize those free radi-
cals. The reduction of the free radicals to a non-radical 

state is indicated by the colour change from dark purple 
to yellow [68]. The reducing capacities of the extracts 
increase accordingly with the increase in concentration. 
 IC50 (half maximal inhibitory concentration) of free radi-
cal scavenging activity was calculated using various con-
centrations of the extracts. Fruit extract (MEVF) showed 
an  IC50 value of 131.35 ± 1.71 µg/ml and 872.71 ± 2.86 µg/
ml was observed in leaf extract (MEVL) (Table  3). Fur-
ther, the DPPH free radical scavenging activities of fruit 
and leaf extracts and standard ascorbic acid at various 
concentrations are displayed in Fig. 4.

FRAP assay
The ferric reducing antioxidant power (FRAP) is based 
on the reduction of ferric-tripyridyl triazine  (Fe3+-TPTZ) 
complex to ferrous-tripyridyl triazine  (Fe2+-TPTZ) by 
antioxidants at low pH (3.6) [4]. The fruit extract showed 
highest ferric reducing ability with a FRAP value of 
94.31 ± 0.67 µMAAE/g, whereas 32.57 ± 0.85 µMAAE/g 
of FRAP value was observed in the leaf extract (Table 3).

Antimicrobial assay
The antimicrobial activities of the V. simonsii extracts 
were performed by agar-well diffusion method. The 
tested extracts showed varied inhibitory actions against 
tested bacteria and fungus. The results of the antimicro-
bial activity assay of the extracts are furnished in Table 4 
and Fig.  5. Leaf extract (100  mg/ml) showed highest 

Table 2 Carbohydrate and Protein content of V. simonsii 

Values are present as mean ± SD

Samples Total carbohydrate 
(mg/g)

Total Protein (mg/g)

Leaf 232.9 ± 0.64 34.6 ± 0.77

Fruit 312.6 ± 0.74 65.9 ± 1.79

Fig. 2 Calibration curve graph of gallic acid for TPC
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inhibition zone against S. aureus (17  mm) and lower 
zone against B. cereus (15  mm). Similarly, fruit extract 
(100  mg/ml) showed inhibition zone against S. aureus 
(13 mm) and B. cereus (15 mm). However, no inhibition 
zone was observed against gram-negative bacteria (E. coli 
and S. enterica) and fungus (C. albicans).

FTIR analysis
FTIR was done to identify the functional groups in the 
chemical constituents of the plant extracts. FTIR spec-
trum and spectral values of the extracts of V. simonsii is 
furnished in Fig.  6 and Table  5. Twelve (12) significant 
bands were detected in the range of 4000–400   cm−1. 
The peaks were observed at 3426   cm−1, 2927   cm−1, 
1649   cm−1, 1387   cm−1, 1251   cm−1 and 1066   cm−1. A 
broad absorbance at 3500–3400   cm−1 denotes stretch-
ing vibration of OH in H bonded alcohol. Additionally, 
stretching vibration was observed at 1085–1050   cm−1, 

thereby confirming the presence of phenolic compounds 
[45]. A C-H stretching vibration at 3000–2840   cm−1 
implies the presence of lipid. Absorption at 1649   cm−1 
can be referred to C = O vibration of carboxylic acid [20]. 
A stretching vibration of C-N was observed at 1321  cm−1 
which corresponds to amines. The stretching vibration of 
C-O at 1251  cm−1 and 1148  cm−1implies the presence of 
ether. From Fig.  6, it can be seen that leaf (MEVL) and 
fruit (MEVF) extracts displayed peaks at the same band, 
however their absorption intensity was different.

GC–MS analysis
The GC–MS analysis of the methanolic leaf (MEVL) and 
fruit (MEVF) extracts of V. simonsii reveals the pres-
ence of a total of 21 and 13 bioactive compounds respec-
tively. The chromatograms are displayed in Figs. 7 and 8, 
whereas the phytocompounds of MEVL and MEVF with 
their retention time (RT) and concentration (Peak area 

Fig. 3 Calibration curve graph of quercetin for TFC

Table 3 Phenolic, flavonoid, DPPH and FRAP values of V. simonsii extracts

Values are present as mean ± SD

Samples Phenolic (mgGAE/g) Flavonoid (mgQE/g) DPPH  IC50 value (µg/ml) FRAP value (µMAAE/g)

Leaf (MEVL) 127.03 ± 1.62 45.83 ± 3.93 872.71 ± 2.86 32.57 ± 0.85

Fruit (MEVF) 250.20 ± 8.12 40.65 ± 1.31 131.35 ± 1.71 94.31 ± 0.67
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%) are presented in Tables  6 and 7 respectively. Com-
pounds obtained in MEVL are: 1,2,3,4-Cyclohexane-
tetrol (16.86%), α- Amyrin (15.95%), ß-Amyrin (4.41%), 
ß-Sitosterol (5.70%), Neophytadiene (4.96%), Lup-20(29)-
en-3-ol, acetate, (3ß)- (9.22%), Ergosta-5,22-dien-3-ol, 
acetate, (3ß,22E)-, Benzoic acid, 4-ethoxy-, ethyl ester, 
Tridecanoic acid, 12-methyl-, methyl ester, cis-Z-a-Bisab-
olene epoxide, 1-Heptatriacotanol (2.07%), a-Tocopheryl 
acetate (1.48%). Similarly, compounds obtained in MEVF 
are: Glycerin (37.38%), Lupeol; Lup-20(29)-en-3-ol, 

acetate, (3ß)- (35.12%), Propanoic acid, 2-methyl-, 2-eth-
ylhexyl ester (8.20%), Lupeol (2.84%), -, Benzoic acid, 
4-ethoxy-, ethyl ester (3.90%), Benzene acetaldehyde, 
a,2,5-trimethyl, Eicosane, 2-methyl-, Pentadecanoic acid, 
14-methyl-, methyl ester.

Discussion
Bioprospecting of medicinal plants strictly demands 
pharmacognostic investigation of crude plant materials. 
Such investigations include screening of phytochemicals 

Fig. 4 DPPH assay of MEVL and MEVF. ‘AA’ denotes ascorbic acid

Table 4 The antimicrobial activity of V. simonsii extracts against gram-positive, gram-negative bacteria and fungus

Values are present as mean ± SD, ND = Not Detected, NA = No Activity

Test sample Concentration of 
extracts

Diameter of zone of inhibition (mm)

E. coli S. aureus B. cereus S. enterica C. albicans

MEVL (leaf ) 100 mg/ml ND 17.80 ± 0.80 15.78 ± 2.62 ND ND

MEVF (Fruit) 100 mg/ml ND 13.12 ± 2.52 14.84 ± 1.83 ND ND

Positive control (Ciproflaxacin/ 
Fluconazole)

– 40.57 ± 2.32 27.79 ± 0.75 30.08 ± 1.36 35.49 ± 1.85 30.38 ± 1.60

Negative control (DMSO) – NA NA NA NA NA
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and biological activities [6]. The present study investi-
gates the phytochemicals, antioxidant and antimicrobial 
activities of V. simonsii to validate its pharmaceutical 
potential. The presence or absence of phytochemicals 
play a crucial role in the biological activities of specific 
plant species [69]. In the present study, qualitative phyto-
chemical screening revealed the presence of major phy-
tochemicals such as alkaloid, phenols, flavonoid, steroids, 
etc. (Table  1). The result was concordant with the find-
ings of the previous studies carried out on related spe-
cies such as V. opulus [33], V. coriaceum [73], V. foetens 
[7] and V. grandiflorum [71]. However, anthraquinones, 
which were found in the aqueous and methanolic frac-
tion of the aerial parts of V. foetens [7] and roots of V. 
grandiflorum [71], were absent in the species under 
investigation. This might be due to the fact that phyto-
chemical distribution is diverse among the different parts 
of the same plant [53]. On the contrary, cardiac glycoside, 
which was reported absent in previously studied Vibur-
num species (V. opulus and V. coriaceum), was present 
in V. simonsii. Nevertheless, it is confirmed by previous 
studies that phenols, flavonoids, alkaloids, tannins and 
saponins are chiefly responsible for antioxidant and anti-
microbial activities [3, 65].

It is worth mentioning that the majority of the thera-
peutically valued plants are employed in the development 
of nutraceutical products. Therefore, investigation of 

the nutritional profile of plants including carbohydrate, 
protein, fats and minerals are indispensable. As these 
nutritional compounds execute an essential role in mak-
ing healthy organ systems in human beings [52]. Also, 
they are crucial elements in the selection of plant spe-
cies for nutraceutical significance [45]. In comparison 
to the other related species such as Viburnum mullaha 
[40], the carbohydrate content of the species under study 
was found higher. However, it was found lower in com-
parison to wild vegetables such as Dryopteris filixmas, 
Corchorus capsularis, Ipomoea aquatica etc. [60] and 
wild edible plants such as Gnetum gnemon, Prenanthes 
hookeri, Smilax perfoliata, Blumea lanceolaria etc., con-
sumed by the local tribes of Meghalaya [61]. The protein 
content of the studied species was in close proximity to 
a previous report on V. opulus [50] and V. mullaha [40]. 
Furthermore, Vishwakarma and Karma [74], reported 
protein content of edible herbs in the range of 3.1–13.6% 
and regarded them as a good protein source. Therefore, 
owing to the considerable content of carbohydrates and 
proteins, plant materials of V. simonsii, (both fruit and 
leaf ) can be utilized in dietary supplement products.

Qualitative phytochemical analysis of an extract is not 
sufficient enough to validate its pharmaceutical potential. 
The quantitative investigations of some of the important 
compounds such as phenols, flavonoids, alkaloids, terpe-
noids also account most in this regard. Besides, a strong 

Fig. 5 Antimicrobial activities of V. simonsii extracts
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correlation also exists between the quantity of phenolic 
compounds and antioxidant activities [9, 70]. Flavo-
noids, the most diverse and widely distributed phenol 

of natural products, possess free radical scavenging and 
antimicrobial activities [15]. Similarly, it is crucial to ana-
lyse the free radical scavenging potential of the extracts 
along with phenolic content assay to substantiate antioxi-
dant property. Since free radicals are of different chemi-
cal entities, different tests are required to prove the free 
radical scavenging capability through various mechanism 
[29]. In this regard, DPPH and FRAP assay methods are 
often employed. In terms of phenolic content, the values 
for V. simonsii fruit extract (250.20  mg/g) were higher 
than the fruit extract of V. opulus (131.99 mg/g) [59], V. 
mullaha (12.57 mg/g) [66] and V. coriaceum (29.75 mg/g) 
[73]. In contrast, the flavonoid content of V. simonsii fruit 
extract (40.65 mg/g) was higher than the fruit of V. mul-
laha (35.03 mg/g) [66]. Further, Česonienė et al. [12] and 
Polka et  al. [50] demonstrated that V. opulus fruit has 
significant antioxidant activity with 10.07–37.3  mg/g of 
phenolic content and FRAP value of 0.19 µM/g. Undeni-
ably, V. opulus was the most studied among the Vibur-
num species so far [66]. Besides, Levent et  al. [35] also 

Fig. 6 FTIR spectrum of MEVL and MEVF

Table 5 FTIR spectral values and their corresponding functional 
groups in V. simonsii 

Absorption  (cm−1) Appearance Group Compound class

1 3500- 3400 Stretching O–H Alcohol

2 3000–2840 Stretching C-H Alkane

3 3000–2840 Stretching C-H Alkane

4 1650–1600 Stretching C = O Carboxylic acid

5 1450–1375 Bending C-H Alkane

6 1450–1375 Bending C-H Alkane

7 1390–1310 Stretching C-N Amine

8 1275–1200 Stretching C-O Alkyl aryl ether

9 1150–1085 Stretching C-O Aliphatic ether

10 1124–1087 Stretching C-O Secondary alcohol

11 1085–1050 Stretching C-O Primary alcohol

12 895–885 Bending C = O Alkene
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demonstrated the strong DPPH inhibition potency  (IC50 
85  µg/ml) of V. lantana. Vijaytha et  al. [73] have also 
demonstrated a weak antioxidant activity of V. coria-
ceum  (IC50 1500 µg/ml). However, considering the stand-
ard antioxidant property, the antioxidant values of the 
V. simonsii fruit extracts (MEVF) represent moderately 
strong free radical scavenging activity (Table 3). Because, 
 IC50 values in the range of 10–100 µg/ml represent very 
strong antioxidant properties, whereas > 100 represent 
moderate strong and > 500 represents weak properties 
[49].

In wake of recent advancements in modern medi-
cine, there has been a rapid upsurge in multiple anti-
biotic resistant bacteria. Especially, gram-negative 
pathogenic bacteria are known to be resistant to many 
antibiotics [54]. Therefore, to combat antibiotic resist-
ance of the pathogenic bacteria, alternative strategies are 
much essential. Further, it has been verified that medici-
nal plants exhibit good antimicrobial activity [55]. The 
antimicrobial activities of any plant extracts were found 
to have correlation with the presences of some phyto-
compounds such as alkaloid, tannins, steroids, phenols, 

Fig. 7 GC–MS chromatogram of MEVL
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etc., [30]. Different mechanisms by which phytocom-
pounds inhibit microbial growths was mentioned earlier 
[2]. For instance, destruction of cell membrane, inhibition 
of cell-wall and protein biosynthesis, DNA replication 
and repairing. Plants rich in polyphenolic compounds 
exhibited antibacterial activities against a broad spec-
trum of bacteria [8, 67]. These polyphenolic compounds 
were found to inhibit bacterial growth by restricting 
the activities of virulence factor, biofilm formation and 
cell-wall formation, and by reducing pH values [30]. 
The present findings showed that fruit and leaf extract 

showed inhibitory action against gram-positive bacteria 
only (Table  4 and Fig.  5). These findings were in agree-
ment with the findings reported by Wintola et al. [76], in 
which anti-dysenteric plant extracts showed 12–15  mm 
inhibitory zone against the same bacteria that were used 
in the present study. Additionally, Sagdic et al. [59] dem-
onstrated that methanolic extracts of V. opulus showed 
19–22  mm zone of inhibition against B. cereus and S. 
aureus. Roy et al. [57] reported that methanolic fractions 
of V. foetidum showed 18–20 mm inhibitory zone against 
the B. cereus and S. aureus bacteria. No activity against 

Fig. 8 GC–MS chromatogram of MEVF
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gram-negative bacteria and fungus might be due to the 
reason that some phytocompounds are target specific 
or might be due to the fact that gram-negative bacteria 
show highest resistance to broad spectrum of antibiotics 
[54]. For instance, coumarin (polyphenolic compound) 
shows activity against gram-positive and no activity 
against gram-negative bacteria [17]. In addition, Iqbal 
et  al. [25], recently isolated three alkaloid compounds 

(Viburnoate A, B, C) from V. grandiflorum and demon-
strated that these alkaloid compounds showed maximum 
inhibition against gram-positive bacteria than gram-neg-
ative bacteria.

Many scientific investigations concerning antimicrobial 
and antioxidant activities of other Viburnum species [25, 
50, 57, 73] have been undertaken previously. However, 
there is lack of scientific documentation on the efficacy 

Table 6 GC MS spectral analysis of methanolic leaf extract of Viburnum simonsii (MEVL)

Sl. No RT (min) Name of the Compounds Peak Area %

1 7.174 8-Methyl-3-oxo-2-oxabicyclo (4.4.0) deca-4,9-diene-6,8-carbolactone 1.32

2 7.398 t-Butyl-(2-[3-(2,2-dimethyl-6-methylene-cyclohexyl)-propyl]-[1, 3] dithian-2-yl)-dimethyl-silane 0.87

3 8.850 Benzoic acid, 4-ethoxy-, ethyl ester 2.51

4 9.847 1,2,3,4-Cyclohexanetetrol 16.86

5 10.568 Cyclohexanol, 3-ethenyl-3-methyl-2-(1-methylethenyl)-6-(1-methylethyl)-, [1R-(1a,2a,3ß,6a)]- 0.94

6 11.333 Tridecanoic acid, 12-methyl-, methyl ester 1.59

7 13.078 Neophytadiene 4.96

8 13.762 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 2.23

9 14.455 Hexadecanoic acid, methyl ester 4.04

10 15.034 n-Hexadecanoic acid 2.22

11 17.363 11-Octadecenoic acid, methyl ester 0.92

12 18.493 1-Heptatriacotanol 2.07

13 18.833 Doconexent 2.41

14 21.608 cis-Z-a-Bisabolene epoxide 2.50

15 28.046 Ergosta-5,22-dien-3-ol, acetate, (3ß,22E)- 1.70

16 31.464 W-18 1.45

17 31.981 a-Tocopheryl acetate 1.48

18 34.138 ß-Sitosterol 5.70

19 34.644 ß-Amyrin 4.41

20 35.291 a-Amyrin 15.95

21 36.811 Lup-20(29)-en-3-ol, acetate, (3ß)- 9.22

Table 7 GC MS spectral analysis of methanolic fruit extract of Viburnum simonsii (MEVF)

Sl. No R. T (min) Name of the Compounds Peak Area %

1 3.769 Glycerin 37.38

2 7.163 Benzeneacetaldehyde, a,2,5-trimethyl- 1.33

3 8.282 3-Pyridinecarboxylic acid, 1,6-dihydro-4-hydroxy-2-methyl-6-oxo-, ethyl 
ester

1.13

4 8.844 Benzoic acid, 4-ethoxy-, ethyl ester 3.90

5 9.840 Propanoic acid, 2-methyl-, 2-ethylhexyl ester 8.20

6 11.330 Cyclopentanetridecanoic acid, methyl ester 1.00

7 11.769 Eicosane, 2-methyl- 1.27

8 14.449 Pentadecanoic acid, 14-methyl-, methyl ester 1.49

9 15.139 Decane, 2,3,5,8-tetramethyl- 0.91

10 29.941 Lupeol, trifluoroacetate 0.76

11 31.454 Lupeol 2.84

12 32.247 Hexasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11-dodecamethyl- 1.37

13 36.831 Lup-20(29)-en-3-ol, acetate, (3ß)- 35.12
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of currently studied species, especially on the aspects of 
antimicrobial and antioxidant activities. Therefore, the 
findings pertaining to free radical scavenging and antimi-
crobial potential of the V. simonsii extracts in the present 
study necessitates the need for identifying active antioxi-
dant as well as antimicrobial components present in the 
extracts and speculating their subsequent commercial 
application.

FTIR was done in order to determine the functional 
groups present in the crude extract. The FTIR spectra 
implies the presence of alcohols (primary and second-
ary), ethers, amines, carboxylic acids and hydrocarbons 
(alkane, alkene and alkyne). In the FTIR spectra the 
fruit extract showed more absorption intensity than 
leaf extracts, which may be attributed to the pres-
ences of phytocompounds in larger quantity than the 
leaf extracts. The phytoconstituents of the V. simonsii 
extracts were identified by GC–MS analysis. The analysis 
revealed the presence of 21 compounds in fruit extract 
and 13 compounds in leaf extract. 1,2,3,4-Cyclohexane-
tetrol are polyols having highest peak area percentage 
(16.86%) in MEVL which act as glucosidase inhibitor 
[47]. Lup-20(29)-en-3-ol, acetate, (3ß)- found in both 
MEVL (9.22%) and MEVF (35.12%) have anticancer, 
anti-inflammatory, antituberculosis, antimalarial, anti-
microbial, antinociceptive and antioxidant activities 
[38, 51]. ß-Sitosterol (5.70%), have antitumor activities 
against breast, lung, prostrate and colon cancer [31]. α, 
ß-Amyrins (15.95%, 4.41%) were reported to have anti-
nociceptic, anti-inflammatory, antioxidant, anti-diabetic 
and anticancer, antihyperglycemic, gastroprotective 
and anticonvulsant properties [19, 46]. Neophytadiene 
(4.96%) have anti-inflammatory, anti-microbial, antioxi-
dant, antipyretic, good analgesic properties [5, 11]. Fur-
ther, Benzoic acid, 4-ethoxy-, ethyl ester, which is found 
in both MEVL and MEVF has cardioprotective, antimi-
crobial, antioxidant and anti-inflammatory properties 
[37]. Pentadecanoic acid, 14-methyl-, methyl ester, Tride-
canoic acid, 12-methyl-, methyl ester, Hexadecanoic acid, 
methyl ester, n-Hexadecanoic acid, 11-Octadecenoic 
acid, methyl ester and 1-Heptatriacotanol were reported 
to have antimicrobial, anti-inflammatory, hypocholester-
olemic, cancer preventive, antioxidant, hepatoprotective, 
and antiarthritic properties [18, 21]. cis-Z-a-Bisabolene 
epoxide increase sex hormone activity and has antitu-
mor property [18]. In one of the previous studies on 
the related species such as Viburnum odoratissimum 
var odoratissimum dehydrovibsanin G (diterpenoid), 
( +)-9’-O-senecioyllariciresinol (lignan) were isolated and 
reported to possess anticancer activity against breast can-
cer cell lines (human A431, T47D) [36]. Recently, five new 
terpenoids (two vibsane-type diterpenoids, three iridoid 
allosides) were isolated from Viburnum odoratissimum 

var sessiliflorum, these compounds showed efficient anti-
inflammatory and anticancer activities against colon can-
cer [78].

However, it is worth mentioning herein that FTIR and 
GC–MS studies are not conclusive for phytochemical 
investigations. Since IR and GC–MS studies cannot elu-
cidate the structure of the bioactive compounds, higher 
techniques such as NMR spectroscopy is required. NMR 
provides insight into the different structures and func-
tionalities of the various components and, hence, assists 
the interpretation of the results of the other analytical 
methods [43]. The study also necessitates the need for 
NMR spectroscopy (a part of planned future research 
activity) which is highly sought after in drug develop-
ment for both molecule identification and structural elu-
cidation [16].

Conclusion
The use of plant-based medicine as an alternative to allo-
pathic medicine is now becoming an increasingly attrac-
tive option for the management of human diseases. The 
medicinal plants secrete a diverse array of high value 
bio-actives (polyphenols, flavonoids, alkaloids, glyco-
sides, terpenoids etc.) and consequently possess sig-
nificant bioactivity. Additionally, medicinal plants are 
believed to impart lesser side effects in comparison to 
conventional allopathic medicine. V. simonsii in the pre-
sent study showed high phenolic content and appreci-
able antioxidant and antibacterial activities. Qualitative 
phytochemical screening revealed the presence of high 
value bioactives. FTIR study also confirms the presence 
of functional groups which are usually present in phyto-
compounds. Further, GC–MS analysis demonstrated 
the presence of compounds which have anticancer, 
anti-inflammatory, antidiabetic, antimalarial, antituber-
culosis, and anti-nociceptic properties. Since the plant 
parts are already in use by the indigenous populace of 
Meghalaya, there lies tremendous scope for new area 
of investigations. Therefore, the present study warrants 
greater research capacities with specific emphasis on 
pure compound isolation, bioactivities (in-vitro, in  vivo 
investigation of anticancer, antiviral, anti-diabetic, anti-
inflammatory activity etc.) and in silico drug designing 
studies in order to validate its pharmaceutical potential.

Abbreviations
V. simonsii:  Viburnum simonsii
V. opulus  Viburnum opulus
MEVL  Methanolic extract of V. simonsii leaf
MEVF  Methanolic extract of V. simonsii fruit
FTIR  Fourier transform infrared
GC–MS  Gas chromatography mass spectrometry
TPC  Total phenolic content
TFC  Total flavonoid content
DPPH  2,2-Diphenyl-1-picrylhydrazyl



Page 15 of 17Sangma et al. Future Journal of Pharmaceutical Sciences           (2023) 9:114  

FRAP  Ferric reducing antioxidant power
GAE  Gallic acid equivalent
QE  Quercetin equivalent
RSA  Radical scavenging activity
AAE  Ascorbic acid equivalent
DMSO  Dimethyl sulfoxide
NMR  Nuclear magnetic resonance
MHA  Mueller Hinton agar

Acknowledgements
The first author (SRS) acknowledges the Ministry of Tribal Affairs, Govt. of India, 
for providing financial assistance in the form of National fellowship for Higher 
Studies for ST Students (NFST). 

Plant authentication 
The plant species was identified and authenticated by referring to the existing 
herbarium specimen (Reference accession no: 90420) available in Botanical 
Survey of India, Eastern Region, Shillong, India

Author contributions
SRS: Formal analysis, investigation, methodology, writing original draft and 
editing. MMP: Visualization, conceptualization, formal analysis, investigation, 
methodology, writing-original draft, reviewing and editing. VC: Formal analy-
sis, investigation, methodology, writing original draft. DKV: Formal analysis, 
investigation, methodology and writing original draft. PB: Formal analysis, 
investigation, methodology and writing original draft. SK: Formal analysis and 
writing original draft. PPP: Formal analysis and writing original draft.

Funding
No external funding was received to conduct the study.

Availability of data and materials
All data and materials are available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Forestry, School of Sciences, Nagaland University, Lumami, 
Nagaland 798627, India. 2 Department of Chemistry, Government Digvijay 
Autonomous Postgraduate College, Rajnandgaon, Chhattisgarh 491441, 
India. 3 Department of Energy Engineering, Assam Science and Technology 
University, Guwahati, Assam 781013, India. 4 Department of Applied Biology, 
University of Science and Technology Meghalaya, Ri-Bhoi, Meghalaya 793101, 
India. 5 Department of Zoology, School of Sciences, Nagaland University, 
Lumami, Nagaland 798627, India. 

Received: 13 September 2023   Accepted: 2 December 2023

References
 1. Acharya J, Mukherjee A (2014) An account of Viburnum L. in the Eastern 

Himalayan region. Acta Bot Hung 56(3–4):253–262. https:// doi. org/ 10. 
1556/ abot. 56. 2014.3- 4.1

 2. Álvarez-Martínez FJ, Barrajón-Catalán E, Herranz-López M, Micol V (2021) 
Antibacterial plant compounds, extracts and essential oils: An updated 
review on their effects and putative mechanisms of action. Phytomedi-
cine 90:153626. https:// doi. org/ 10. 1016/j. phymed. 2021. 153626

 3. Barbieri R, Coppo E, Marchese A, Daglia M, Sobarzo-Sánchez E, Nabavi 
SF, Nabavi SM (2017) Phytochemicals for human disease: An update on 
plant-derived compounds antibacterial activity. Microbiol Res 196:44–68. 
https:// doi. org/ 10. 1016/j. micres. 2016. 12. 003

 4. Benzie IFF, Strain JJ (1996) The ferric reducing ability of plasma (FRAP) 
as a measure of ‘“antioxidant power”’: the FRAP assay. Anal Biochem 
239:70–76

 5. Bhardwaj M, Sali VK, Mani S, Vasanthi HR (2020) Neophytadiene from 
Turbinaria ornata suppresses LPS-induced inflammatory response in RAW 
264.7 macrophages and Sprague Dawley rats. Inflammation 43:937–950. 
https:// doi. org/ 10. 1007/ s10753- 020- 01179-z

 6. Bhat SG (2021) Medicinal Plants and Its Pharmacological Values. In: 
El-Shemy HA (ed.) Natural Medicinal Plants. IntechOpen, London, UK, pp 
217–229.

 7. Bibi Y, Nisa S, Waheed A, Zia M, Sarwar S, Ahmed S, Chaudhary MF (2010) 
Evaluation of Viburnum foetens for anticancer and antibacterial potential 
and phytochemical analysis. Afr J Biotechnol 9(34):5611–5615. https:// doi. 
org/ 10. 5897/ AJB09. 1867

 8. Bouarab CL, Degraeve P, Ferhout H, Bouajila J, Oulahal N (2019) Plant 
antimicrobial polyphenols as potential natural food preservatives. J Sci 
Food Agric 99(4):1457–1474. https:// doi. org/ 10. 1002/ jsfa. 9357

 9. Cai Y, Luo Q, Sun M, Corke H (2004) Antioxidant activity and phenolic 
compounds of 112 traditional Chinese medicinal plants associated with 
anticancer. Life Sci 74(17):2157–2184. https:// doi. org/ 10. 1016/j. lfs. 2003. 09. 
047

 10. Capar TD, Dedebas T, Yalcin H, Ekici L (2021) Extraction method affects 
seed oil yield, composition, and antioxidant properties of European 
cranberrybush (Viburnum opulus). Ind Crops Prod 168:113632. https:// doi. 
org/ 10. 1016/j. indcr op. 2021. 113632

 11. Carretero ME, López-Pérez JL, Abad MJ, Bermejo P, Tillet S, Israel A, 
Noguera-p B (2008) Preliminary study of the anti-inflammatory activity 
of hexane extract and fractions from Bursera simaruba (Linneo) Sarg 
(Burseraceae) leaves. J Ethnopharmacol 116(1):11–15. https:// doi. org/ 10. 
1016/j. jep. 2007. 10. 034

 12. Česonienė L, Daubaras R, Viškelis P, Šarkinas A (2012) Determination of 
the total phenolic and anthocyanin contents and antimicrobial activity 
of Viburnum opulus fruit juice. Plant Foods Hum Nutr 67:256–261. https:// 
doi. org/ 10. 1007/ s11130- 012- 0303-3

 13. Chen J, Shao J, Zhao C, Shen J, Dong Z, Liu W et al (2018) Chemical 
constituents from Viburnum fordiae Hance and their anti-inflammatory 
and antioxidant activities. Arch Pharm Res 41:625–632. https:// doi. org/ 10. 
1007/ s12272- 018- 1026-2

 14. Clarke G, Ting KN, Wiart C, Fry J (2013) High correlation of 2, 2-diphenyl-
1-picrylhydrazyl (DPPH) radical scavenging, ferric reducing activity 
potential and total phenolics content indicates redundancy in use of all 
three assays to screen for antioxidant activity of extracts of plants from 
the Malaysian rainforest. Antioxidants 2(1):1–10. https:// doi. org/ 10. 3390/ 
antio x2010 001

 15. Daneshzadeh MS, Abbaspour H, Amjad L, Nafchi AM (2020) An investiga-
tion on phytochemical, antioxidant and antibacterial properties of extract 
from Eryngium billardieri F. Delaroche J Food Meas Charact 14:708–715. 
https:// doi. org/ 10. 1007/ s11694- 019- 00317-y

 16. Emwas AH, Szczepski K, Poulson BG, Chandra K et al (2020) NMR as 
a “gold standard” method in drug design and discovery. Molecules 
25(20):4597. https:// doi. org/ 10. 3390/ molec ules2 52045 97

 17. Enioutina EY, Teng L, Fateeva TV, Brown JC, Job KM, Bortnikova VV et al 
(2017) Phytotherapy as an alternative to conventional antimicrobials: 
combating microbial resistance. Exp Rev Clin Pharmacol 10(11):1203–
1214. https:// doi. org/ 10. 1080/ 17512 433. 2017. 13715 91

 18. Ganesh M, Mohankumar M (2017) Extraction and identification of bioac-
tive components in Sida cordata (Burm. f.) using gas chromatography–
mass spectrometry. J Food Sci Technol 54:3082–3091. https:// doi. org/ 10. 
1007/ s13197- 017- 2744-z

 19. Ghosh G, Panda P, Rath M, Pal A, Sharma T, Das D (2015) GC-MS analysis of 
bioactive compounds in the methanol extract of Clerodendrum viscosum 
leaves. Pharmacognosy Res 7(1):110–113. https:// doi. org/ 10. 4103/ 0974- 
8490. 147223

 20. Gogoi K, Phukan MM, Dutta N, Pradeep SS, Sedai P, Kumar Konwar B, Maji 
TK (2014) Valorization and miscellaneous prospects of waste Musa balbi-
siana Colla pseudostem. J Waste Manag 2014:412156. https:// doi. org/ 10. 
1155/ 2014/ 412156

https://doi.org/10.1556/abot.56.2014.3-4.1
https://doi.org/10.1556/abot.56.2014.3-4.1
https://doi.org/10.1016/j.phymed.2021.153626
https://doi.org/10.1016/j.micres.2016.12.003
https://doi.org/10.1007/s10753-020-01179-z
https://doi.org/10.5897/AJB09.1867
https://doi.org/10.5897/AJB09.1867
https://doi.org/10.1002/jsfa.9357
https://doi.org/10.1016/j.lfs.2003.09.047
https://doi.org/10.1016/j.lfs.2003.09.047
https://doi.org/10.1016/j.indcrop.2021.113632
https://doi.org/10.1016/j.indcrop.2021.113632
https://doi.org/10.1016/j.jep.2007.10.034
https://doi.org/10.1016/j.jep.2007.10.034
https://doi.org/10.1007/s11130-012-0303-3
https://doi.org/10.1007/s11130-012-0303-3
https://doi.org/10.1007/s12272-018-1026-2
https://doi.org/10.1007/s12272-018-1026-2
https://doi.org/10.3390/antiox2010001
https://doi.org/10.3390/antiox2010001
https://doi.org/10.1007/s11694-019-00317-y
https://doi.org/10.3390/molecules25204597
https://doi.org/10.1080/17512433.2017.1371591
https://doi.org/10.1007/s13197-017-2744-z
https://doi.org/10.1007/s13197-017-2744-z
https://doi.org/10.4103/0974-8490.147223
https://doi.org/10.4103/0974-8490.147223
https://doi.org/10.1155/2014/412156
https://doi.org/10.1155/2014/412156


Page 16 of 17Sangma et al. Future Journal of Pharmaceutical Sciences           (2023) 9:114 

 21. Gomathi D, Kalaiselvi M, Ravikumar G, Devaki K, Uma C (2015) GC-MS 
analysis of bioactive compounds from the whole plant ethanolic extract 
of Evolvulus alsinoides (L.) L. J Food Sci Technol 52:1212–1217. https:// doi. 
org/ 10. 1007/ s13197- 013- 1105-9

 22. Harborne JB (1973) Methods of plant analysis. Phytochemical methods: a 
guide to modern techniques of plant analysis, 1–32.

 23. Haridasan K, Rao RR (1985–1987) Forest flora of Meghalaya. Vol I, II. Bishen 
Singh Mahendra Pal Singh, Dehra Dun India.

 24. Hooker JD (1875) The flora of british India (Vol. 1). L. Reeve, London.
 25. Iqbal N, Yasmin I, Ullah H et al (2022) Isolation, characterization and 

antibacterial studies of three new chemical constituents isolated from 
Viburnum grandiflorum. Pharm Chem J 56(4):480–486. https:// doi. org/ 10. 
1007/ s11094- 022- 02663-6

 26. Jahan I, Ahmet O (2020) Potentials of plant-based substance to inhabit 
and probable cure for the COVID-19. Turk J Biol 44:228–241. https:// doi. 
org/ 10. 3906/ biy- 2005- 114

 27. Kajszczak D, Zakłos-Szyda M, Podsędek A (2020) Viburnum opulus L—A 
review of phytochemistry and biological effects. Nutrients 12(11):3398. 
https:// doi. org/ 10. 3390/ nu121 13398

 28. Kanjilal UN, Kanjilal PC, Das A, De RN, Bor NL (1934–1940) Flora of Assam. 
Vols. 1–5. Government of Assam, Shillong.

 29. Kasote DM, Katyare SS, Hegde MV, Bae H (2015) Significance of antioxi-
dant potential of plants and its relevance to therapeutic applications. Int 
J Biol Sci 11(8):982–991

 30. Khameneh B, Eskin NM, Iranshahy M, Fazly Bazzaz BS (2021) Phytochemi-
cals: a promising weapon in the arsenal against antibiotic-resistant 
bacteria. Antibiotics 10(9):1044. https:// doi. org/ 10. 3390/ antib iotic s1009 
1044

 31. Khan Z, Nath N, Rauf A, Emran TB, Mitra S et al (2022) Multifunctional roles 
and pharmacological potential of β-sitosterol: Emerging evidence toward 
clinical applications. Chem Biol Interact 365:110117. https:// doi. org/ 10. 
1016/j. cbi. 2022. 110117

 32. Khomarlou N, Aberoomand-Azar P, Lashgari AP, Tebyanian H, Hakakian 
A, Ranjbar R, Ayatollahi SA (2018) Essential oil composition and in vitro 
antibacterial activity of Chenopodium album subsp. striatum. Acta Biol 
Hung 69(2):144–155. https:// doi. org/ 10. 1556/ 018. 69. 2018.2.4

 33. Kraujalytė V, Venskutonis PR, Pukalskas A, Česonienė L, Daubaras R (2013) 
Antioxidant properties and polyphenolic compositions of fruits from 
different European cranberrybush (Viburnum opulus L.) genotypes. Food 
chem 141(4):3695–3702. https:// doi. org/ 10. 1016/j. foodc hem. 2013. 06. 054

 34. Kubo M, Nakai M, Harada K, Fukuyama Y (2019) Structure of seven 
new vibsane-type diterpenoids from Viburnum awabuki. Tetrahedron 
75(16):2379–2384. https:// doi. org/ 10. 1016/j. tet. 2019. 02. 049

 35. Levent AM, Saltan ÇG, Sever YB, Çoban T (2008) Antioxidant properties of 
Viburnum opulus and Viburnum lantana growing in Turkey. Int J Food Sci 
Nutr 59(3):175–180. https:// doi. org/ 10. 1080/ 09637 48070 13816 48

 36. Li FJ, Yu JH, Wang GC, Zhang H, Yue JM (2015) Diterpenes and lignans 
from Viburnum odoratissimum var odoratissimum. J Asian Nat Prod Res 
17(5):475–481. https:// doi. org/ 10. 1080/ 10286 020. 2015. 10419 34

 37. Lipińska MM, Haliński ŁP, Gołębiowski M, Kowalkowska AK (2023) Active 
compounds with medicinal potential found in maxillariinae Benth (Orchi-
daceae Juss.) representatives—a review. Int J Mol Sci 24(1):739. https:// 
doi. org/ 10. 3390/ ijms2 40107 39

 38. Liu K, Zhang X, Xie L, Deng M, Chen H, Song J et al (2021) Lupeol and 
its derivatives as anticancer and anti-inflammatory agents: Molecular 
mechanisms and therapeutic efficacy. Pharmacol Res 164:105373. 
https:// doi. org/ 10. 1016/j. phrs. 2020. 105373

 39. Lowry OH (1951) Protein measurement with the folin phenol reagent. J 
Biol Chem 193:265–275

 40. Maikhuri RK, Dhyani D, Tyagi Y, Singh D, Negi VS, Rawat LS (2012) Determi-
nation of nutritional and energy value of Viburnum mullaha Buch-Ham. 
Ex D. Don (Indian cranberry). Ecol Food Nutr 51(3):218–226

 41. Mir AH, Upadhaya K, Choudhury H (2014) Diversity of endemic and 
threatened ethnomedicinal plant species in Meghalaya, North-East India. 
Int Res J Environ Sci 3(12):64–78

 42. Mir AH, Upadhaya K, Roy DK, Deori C, Singh B (2019) A comprehen-
sive checklist of endemic flora of Meghalaya. India J Threatened 
Taxa 11(12):14527–14561. https:// doi. org/ 10. 11609/ jott. 4605. 11. 12. 
14527- 14561

 43. Negahdar L, Gonzalez-Quiroga A, Otyuskaya D, Toraman HE, Liu L et al 
(2016) Characterization and comparison of fast pyrolysis bio-oils from 

pinewood, rapeseed cake, and wheat straw using 13C NMR and compre-
hensive GC× GC. ACS Sustain Chem Eng 4(9):4974–4985. https:// doi. org/ 
10. 1021/ acssu schem eng. 6b013 29

 44. Neupane P, Lamichhane J (2020) Estimation of total phenolic content, 
total flavonoid content and antioxidant capacities of five medicinal 
plants from Nepal. Vegetos 33:360–366. https:// doi. org/ 10. 1007/ 
s42535- 020- 00116-7

 45. Nisar T, Wang ZC, Yang X, Tian Y, Iqbal M, Guo Y (2018) Characterization of 
citrus pectin films integrated with clove bud essential oil: Physical, ther-
mal, barrier, antioxidant and antibacterial properties. Int J Biol Macromol 
106:670–680. https:// doi. org/ 10. 1016/j. ijbio mac. 2017. 08. 068

 46. Nogueira AO, Oliveira YIS, Adjafre BL, de Moraes MEA, Aragao GF (2019) 
Pharmacological effects of the isomeric mixture of alpha and beta amyrin 
from Protium heptaphyllum: a literature review. Fundam Clin Pharmacol 
33(1):4–12. https:// doi. org/ 10. 1111/ fcp. 12402

 47. Ogawa S, Asada M, Ooki Y, Mori M, Itoh M, Korenaga T (2005) Design and 
synthesis of glycosidase inhibitor 5-amino-1, 2, 3, 4-cyclohexanetetrol 
derivatives from (−)-vibo-quercitol. Bioorg Med Chem 13(13):4306–4314. 
https:// doi. org/ 10. 1016/j. bmc. 2005. 04. 003

 48. Pavia DL, Lampman GM, Kriz GS, Vyvyan JA (2014) Introduction to spec-
troscopy. Cengage learning, Stamford, USA.

 49. Phongpaichit S, Nikom J, Rungjindamai N, Sakayaroj J, Hutadilok-Towa-
tana N, Rukachaisirikul V, Kirtikara K (2007) Biological activities of extracts 
from endophytic fungi isolated from Garcinia plants. FEMS microbiol 
Immunol 51(3):517–525. https:// doi. org/ 10. 1111/j. 1574- 695X. 2007. 
00331.x

 50. Polka D, Podsędek A, Koziołkiewicz M (2019) Comparison of chemical 
composition and antioxidant capacity of fruit, flower and bark of Vibur-
num opulus. Plant Foods Hum Nutr 74:436–442. https:// doi. org/ 10. 1007/ 
s11130- 019- 00759-1

 51. Prachayasittikul S, Saraban P, Cherdtrakulkiat R, Ruchirawat S, Prachayasit-
tikul V (2010) New bioactive triterpenoids and antimalarial activity of 
Diospyros rubra Lec. Excli J 9:1–10

 52. Rahmatollah R, Mahbobeh R (2010) Mineral contents of some plants used 
in Iran. Pharmacognosy Res 2(4):267–270. https:// doi. org/ 10. 4103/ 0974- 
8490. 69130

 53. Raya KB, Ahmad SH, Farhana SF, Mohammad M, Tajidin NE, Parvez 
A (2015) Changes in phytochemical contents in different parts of 
Clinacanthus nutans (Burm. f.) lindau due to storage duration. Bragantia 
74:445–452. https:// doi. org/ 10. 1590/ 1678- 4499. 0469

 54. Rhetso T, Shubharani R, Roopa MS, Sivaram V (2020) Chemical constitu-
ents, antioxidant, and antimicrobial activity of Allium chinense G. Don 
Futur J Pharm Sci 6(1):1–9. https:// doi. org/ 10. 1186/ s43094- 020- 00100-7

 55. Rios JL, Recio MC (2005) Medicinal plants and antimicrobial activity. J 
Ethnopharmacol 100(1–2):80–84. https:// doi. org/ 10. 1016/j. jep. 2005. 04. 
025

 56. Rojas R, Bustamante B, Bauer J, Fernández I, Albán J, Lock O (2003) Antimi-
crobial activity of selected Peruvian medicinal plants. J Ethnopharmacol 
88(2–3):199–204. https:// doi. org/ 10. 1016/ S0378- 8741(03) 00212-5

 57. Roy S, Khatun R, Rahman MAA (2017) In vitro antimicrobial and cytotoxic 
activities of various methanolic fractions of Viburnum foetidum L. (Adox-
aceae). J pharmacogn phytochem 6(5):183–186

 58. Royal Botanic Garden, Kew (2023) https:// powo. scien ce. kew. org/ taxon/ 
urn: lsid: ipni. org: names: 149931-1, Accessed on 01 September, 2023.

 59. Sagdic O, Aksoy A, Ozkan G (2006) Evaluation of the Antibacterial and 
Antioxidant Potentials of Cranberry (Gilaburu, Viburnum Opulus L.) Fruit 
Extract. Acta Aliment 35(4):487–492. https:// doi. org/ 10. 1556/ aalim. 35. 
2006.4. 12

 60. Satter MMA, Khan MMRL, Jabin SA, Abedin N, Islam MF, Shaha B (2016) 
Nutritional quality and safety aspects of wild vegetables consume in 
Bangladesh. Asian Pac J Trop Biomed 6(2):125–131. https:// doi. org/ 10. 
1016/j. apjtb. 2015. 11. 004

 61. Seal T, Chaudhuri K (2016) Nutritional analysis of some selected wild 
edible plants consumed by the tribal people of Meghalaya state in India. 
Int J Food Sci Nutr 1(6):39–43

 62. Shao J-H, Chen J, Xu X-Q, Zhao C-C, Dong Z-L, Liu W-Y, Shen J (2019) 
Chemical constituents and biological activities of Viburnum macrocepha-
lum f. keteleeri. Nat Prod Res 33(11):1612–1616

 63. Sharifi-Rad J, Quispe C, Vergara CV et al (2021) Genus Viburnum: Thera-
peutic potentialities and agro-food-pharma applications. Oxid Med Cell 
Longev 2021:3095514. https:// doi. org/ 10. 1155/ 2021/ 30955 14

https://doi.org/10.1007/s13197-013-1105-9
https://doi.org/10.1007/s13197-013-1105-9
https://doi.org/10.1007/s11094-022-02663-6
https://doi.org/10.1007/s11094-022-02663-6
https://doi.org/10.3906/biy-2005-114
https://doi.org/10.3906/biy-2005-114
https://doi.org/10.3390/nu12113398
https://doi.org/10.3390/antibiotics10091044
https://doi.org/10.3390/antibiotics10091044
https://doi.org/10.1016/j.cbi.2022.110117
https://doi.org/10.1016/j.cbi.2022.110117
https://doi.org/10.1556/018.69.2018.2.4
https://doi.org/10.1016/j.foodchem.2013.06.054
https://doi.org/10.1016/j.tet.2019.02.049
https://doi.org/10.1080/09637480701381648
https://doi.org/10.1080/10286020.2015.1041934
https://doi.org/10.3390/ijms24010739
https://doi.org/10.3390/ijms24010739
https://doi.org/10.1016/j.phrs.2020.105373
https://doi.org/10.11609/jott.4605.11.12.14527-14561
https://doi.org/10.11609/jott.4605.11.12.14527-14561
https://doi.org/10.1021/acssuschemeng.6b01329
https://doi.org/10.1021/acssuschemeng.6b01329
https://doi.org/10.1007/s42535-020-00116-7
https://doi.org/10.1007/s42535-020-00116-7
https://doi.org/10.1016/j.ijbiomac.2017.08.068
https://doi.org/10.1111/fcp.12402
https://doi.org/10.1016/j.bmc.2005.04.003
https://doi.org/10.1111/j.1574-695X.2007.00331.x
https://doi.org/10.1111/j.1574-695X.2007.00331.x
https://doi.org/10.1007/s11130-019-00759-1
https://doi.org/10.1007/s11130-019-00759-1
https://doi.org/10.4103/0974-8490.69130
https://doi.org/10.4103/0974-8490.69130
https://doi.org/10.1590/1678-4499.0469
https://doi.org/10.1186/s43094-020-00100-7
https://doi.org/10.1016/j.jep.2005.04.025
https://doi.org/10.1016/j.jep.2005.04.025
https://doi.org/10.1016/S0378-8741(03)00212-5
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:149931-1
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:149931-1
https://doi.org/10.1556/aalim.35.2006.4.12
https://doi.org/10.1556/aalim.35.2006.4.12
https://doi.org/10.1016/j.apjtb.2015.11.004
https://doi.org/10.1016/j.apjtb.2015.11.004
https://doi.org/10.1155/2021/3095514


Page 17 of 17Sangma et al. Future Journal of Pharmaceutical Sciences           (2023) 9:114  

 64. Shen X, Xing S, Zhang L et al (2018) Vibsanin A sensitizes human acute 
myeloid leukemia cells to tyrosine kinase inhibitor-induced myeloid 
differentiation via activation of PKC and upregulation of Lyn. Biochem 
Biophys Res Commun 502(1):110–115. https:// doi. org/ 10. 1016/j. bbrc. 
2018. 05. 129

 65. Shukla A, Desai K, Modi N (2020) In vitro antioxidant and antimicrobial 
potential of Sterculia urens Roxb root extract and its bioactive phytocon-
stituents evaluation. Futur J Pharm Sci 6(1):1–11. https:// doi. org/ 10. 1186/ 
s43094- 020- 00063-9

 66. Singh H, Lily MK, Dangwal K (2017) Viburnum mullaha D. DON fruit 
(Indian cranberry): A potential source of polyphenol with rich antioxidant, 
anti-elastase, anti-collagenase, and anti-tyrosinase activities. Int J Food 
Prop 20(8):1729–1739. https:// doi. org/ 10. 1080/ 10942 912. 2016. 12178 78

 67. Sun J, Liu JN, Fan B, Chen XN, Pang DR, Zheng J, Zhang Q, Zhao YF, Xiao 
W, Tu PF, Song YL, Li J (2019) Phenolic constituents, pharmacological 
activities, quality control, and metabolism of Dracaena species: a review. J 
Ethnopharmacol 244:112138. https:// doi. org/ 10. 1016/j. jep. 2019. 112138

 68. SundaramV SS, ChandrasekaranS NR, Pandian A (2021) Strobilanthes 
heyneanus root extract as a potential source for antioxidant and antimi-
crobial activity. Futur J Pharm Sci 7(91):1–12. https:// doi. org/ 10. 1186/ 
s43094- 021- 00242-2

 69. Sureshkumar J, Amalraj S, Murugan R, Tamilselvan A, Krupa J, Sriramavara-
tharajan V et al (2021) Chemical profiling and antioxidant activity of Equi-
setum ramosissimum Desf. stem extract, a potential traditional medicinal 
plant for urinary tract infections. Futur J Pharm Sci 7:192. https:// doi. org/ 
10. 1186/ s43094- 021- 00339-8

 70. Tsao R, Yang R, Xie S, Sockovie E, Khanizadeh S (2005) Which polyphenolic 
compounds contribute to the total antioxidant activities of apple? J Agric 
Food Chem 53(12):4989–4995. https:// doi. org/ 10. 1021/ jf048 289h

 71. Uddin G, Alam M, Siddiqui BS, Rauf A (2013) Preliminary phytochemical 
profile and antibacterial evaluation of Viburnum grandiflorum Wall. Glob J 
Pharm 7(2):133–137. https:// doi. org/ 10. 5829/ idosi. gjp. 2013.7. 2. 1106

 72. Upadhaya K (2015) Structure and floristic composition of subtropical 
broad-leaved humid forest of Cherapunjee in Meghalaya. Northeast India 
J Biodivers Manage Forestry 4:4

 73. Vijaytha V, Anupama RV, Haridas M (2020) Phytochemical profiling, and 
anti-oxidant, anti-bacterial, and anti-inflammatory properties of Viburnum 
coriaceum Blume. Futur J Pharm Sci 6:1–13. https:// doi. org/ 10. 1186/ 
s43094- 020- 00098-y

 74. Vishwakarma KL, Dubey V (2011) Nutritional analysis of indigenous wild 
edible herbs used in eastern Chhattisgarh, India. Emirates J Food and 
Agriculture 23:554–560

 75. Wang D, Yang Y, Shi X, Yang K, Yin K, Wang F et al (2020) Viburnumfoce-
sides A-D, 1-O-isovaleroylated iridoid 11-O-alloside derivatives from 
Viburnum foetidum var. ceanothoides. Fitoterapia 143:104601. https:// 
doi. org/ 10. 1016/j. fitote. 2020. 104601

 76. Wintola OA, Afolayan AJ (2015) The antibacterial, phytochemicals and 
antioxidants evaluation of the root extracts of Hydnora africana Thunb. 
used as antidysenteric in Eastern Cape Province. South Africa BMC Com-
plement Altern Med 15:1–12. https:// doi. org/ 10. 1186/ s12906- 015- 0835-9

 77. Wu B, Wu S, Qu H, Cheng Y (2008) New antioxidant phenolic glucosides 
from Viburnum dilatatum. Helv Chim Acta 91(10):1863–1870. https:// doi. 
org/ 10. 1002/ hlca. 20089 0199

 78. Yang LI, Yajiao JIAN, Fan XU, Yongxin LUO, Zhixuan LI, Yi OU et al (2023) 
Five new terpenoids from Viburnum odoratissimum var sessiliflorum. 
Chin J Nat Med 21(4):298–307. https:// doi. org/ 10. 1016/ S1875- 5364(23) 
60438-8

 79. Yarazari SB, Jayaraj M (2022) GC–MS analysis of bioactive compounds of 
flower extracts of calycopteris floribunda lam.: a multi potent medicinal 
plant. Appl Biochem Biotechnol 194(11):5083–5099. https:// doi. org/ 10. 
1007/ s12010- 022- 03993-7

 80. Yemm EW, Willis A (1954) The estimation of carbohydrates in plant 
extracts by anthrone. Biochem J 57:508–514. https:// doi. org/ 10. 1042/ 
bj057 0508

 81. Zhang Y, Zhou WY, Song XY, Yao GD, Song SJ (2020) Neuroprotective 
terpenoids from the leaves of Viburnum odoratissimum. Nat Prod Res 
34(10):1352–1359. https:// doi. org/ 10. 1080/ 14786 419. 2018. 15144 00

 82. Zhao CC, Zhang XH, Chen J, Shao JH, Zhao ZY, Tang YY (2022) Lignans 
with α-glucosidase, protein tyrosine phosphatase 1B, and aldose reduc-
tase inhibitory activities from the fruits of Viburnum cylindricum. Ind Crops 
Prod 178:11460

 83. Zhu QF, Qi YY, Zhang ZJ, Fan M, Bi R, Su J, Wu XD, Shao LD, Zhao QS (2018) 
Vibsane-type Diterpenoids from Viburnum odoratissimum and their 
cytotoxic and hsp 90 inhibitory activities. Chem Biodivers 15(5):800049. 
https:// doi. org/ 10. 1002/ cbdv. 20180 0049

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.bbrc.2018.05.129
https://doi.org/10.1016/j.bbrc.2018.05.129
https://doi.org/10.1186/s43094-020-00063-9
https://doi.org/10.1186/s43094-020-00063-9
https://doi.org/10.1080/10942912.2016.1217878
https://doi.org/10.1016/j.jep.2019.112138
https://doi.org/10.1186/s43094-021-00242-2
https://doi.org/10.1186/s43094-021-00242-2
https://doi.org/10.1186/s43094-021-00339-8
https://doi.org/10.1186/s43094-021-00339-8
https://doi.org/10.1021/jf048289h
https://doi.org/10.5829/idosi.gjp.2013.7.2.1106
https://doi.org/10.1186/s43094-020-00098-y
https://doi.org/10.1186/s43094-020-00098-y
https://doi.org/10.1016/j.fitote.2020.104601
https://doi.org/10.1016/j.fitote.2020.104601
https://doi.org/10.1186/s12906-015-0835-9
https://doi.org/10.1002/hlca.200890199
https://doi.org/10.1002/hlca.200890199
https://doi.org/10.1016/S1875-5364(23)60438-8
https://doi.org/10.1016/S1875-5364(23)60438-8
https://doi.org/10.1007/s12010-022-03993-7
https://doi.org/10.1007/s12010-022-03993-7
https://doi.org/10.1042/bj0570508
https://doi.org/10.1042/bj0570508
https://doi.org/10.1080/14786419.2018.1514400
https://doi.org/10.1002/cbdv.201800049


Desalination and Water Treatment 317 (2024) 100274

Contents lists available at ScienceDirect

Desalination and Water Treatment

journal homepage: www.sciencedirect.com/journal/desalination-and-water-treatment/

Persistent pesticides: Accumulation, health risk assessment, management
and remediation: An overview
Iqbal Ansaria, Maha M. El-Kadyb, Alaa El Din Mahmoudc,d, Charu Arorae,⁎, Aazad Vermae,
Ravikumar Rajarathinama, Priyanka Singhf, Dakeshwar Kumar Vermaf, Jyoti Mittalg
a Department of Biotechnology, Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology, Avadi 600062, Chennai, India
bDepartment of Self-pollinated Vegetables Crops, Horticulture Research Institute (HRI), Agriculture Research Centre (ARC), Giza, Egypt
c Environmental Sciences Department, Faculty of Science, Alexandria University, Alexandria 21511, Egypt
dGreen Technology Group, Faculty of Science, Alexandria University, Alexandria 21511, Egypt
e Department of Chemistry, Guru Ghasidas Vishwavidyalaya, Bilaspur 495009, Chhattisgarh, India
fDepartment of Chemistry, Govt. Digvijay Autonomous Postgraduate College, Rajnandgaon 491441, Chhattisgarh, India
g Department of Chemistry, Maulana Azad National Institute of Technology, India

A R T I C L E I N F O

Keywords:
Persistent pesticides
Organochlorine
DDT
Endosulfan
Biomagnification
Health risk assessment

A B S T R A C T

Pesticides are being employed for large-scale agricultural purposes, leading to global environmental issues.
Organochlorine pesticides (dieldrin, DDT, and aldrin) are persistent due to their stable nature. Organochlorine
pesticide (OCPs) residues present in various foodstuffs, blood serum, air, water, soil and sediments have gen-
erated a global surge due to their severe health as well as environmental ill effects. It pollutes air, soil, water
resources and gets transferred into the tropic level through food chains and food webs. Studies reveal that
incecticides (pesticides) may harm pulmonary, fertility, circulatory, neuronal, hormonal and endocrine functions
leading to severe health ailments. In the present article, the fate of persistent pesticides in different ecosystems
has been reviewed. Challenges and policies of pest management have been critically discussed.

1. Introduction

Organochlorine pesticides are also called persistent pesticides be-
cause they are quite steady and not likely to disintegrate or change in
the environment for a longer duration. They also resist biological,
physical, photochemical, or chemical breakdowns. Organo-chlorinated
persistent pesticides belong to heterogeneous categories of organic
substances and primarily consist of hydrogen, carbon and many atoms
of chlorine per molecule. According to statistics made on various pes-
ticides, 40% of all used pesticides belong to the class of organo-chlor-
ines [1]. They have properties similar to other persistent organic pol-
lutants (POPs), such as polychlorinated dibenzo-p-dioxins/furans
(PCDDs/Fs) and polychlorinated biphenyls (PCBs). Once they are in-
troduced into the environment, organo-chlorine pesticides have the
capacity for long-term persistence. For example, Dichlorodiphenyltri-
chloroethane (DDT) was used widely in agriculture to control insects
during the period 1940 s-1970 s. It was also used on a large scale to
control malaria and typhus. But it may persist for 50 years. Therefore, it
has been banned in most developed countries [2]. Although such

chemical properties made the insecticides very effective, they also
made them hazardous to the environment as they were transported via
different food chains and tropic levels to humans and animals. They are
lipophilic therefore, they have a tendency to accumulate in the fatty
tissues of humans and animals and break down in the body.

There are different ways of exposure to persistent pesticides, such as
eating contaminated foods such as vegetables and leafy roots, fish, fatty
meats and poultry products. Persistent pesticide exposure can happen in
various ways, such as consuming imported food from countries that use
these pesticides, inhalation of contaminated air or drinking water, ab-
sorption through the skin, and even through human breast milk for
infants [3]. Exposure to large doses of organochlorine pesticides has
severe effects on the nervous system. Organochlorine accumulation in
the body by persistent exposure such as in people who work with or use
organochlorine pesticides for a long time can cause liver damage.
Moreover, some early studies made on organochlorine exposure, par-
ticularly DDT found a relationship between breast cancer and its levels
in the body. According to a study conducted by [4], there may be a
correlation between elevated levels of persistent organic pollutants
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found in human blood serum and the development of diabetes. The
persistent pesticides’ negative effects are also extended to the marine
environment, including an increase in sponges and algae, a reduction in
live coral cover, and seagrass bed damage.

2. Persistent organic pollutants (POPs) classification

Organochlorine pesticides are categorized into four broad groups:
Hexa-chloro-cyclo-hexane (HCH): It was first identified as a new

insecticide in the mid-20th century. The compound was first available
commercially as an insecticide in France, while, Michael Faraday was
probably the first one to synthesize it in 1825 [5,6]. Also, it was found
that the exceptional properties of HCH as insecticide are associated
with one of the isomers only and it was called “Ganarnexane”, which
was isolated for the first time at the beginning of the 20th century by
van der Linden (and it is called “lindane” in his honor). This new
substance replaced derris quickly, which was used for controlling the
flea beetle, further, it also demonstrated to be very efficient not only for
controlling many horticultural and agricultural pests but also against
locusts and manufacturing insects such as flies, bed bugs, crickets,
cockroaches, etc. In addition, it was introduced in the 1950 s as a
scabicide for human use for the first time [5]. Hexa-chloro-cyclo-
hexane (HCH) is a cyclic satiated chlorinated compound that has eight
isomers. Although, that toxic substance had been banned in the ma-
jority of countries, but still regularly detected in marine environments,
the use and production of HCH have decreased over time. In 2006, the
United States Environmental Protection Agency (EPA) banned the end
substance uses of lindane. Lindane was also banned in Europe, Canada
and Mexico.

Four isomers of HCH only had been considered commercially im-
portant (β, α, γ and δ). The gamma-hexa-chloro-cyclo-hexane (γ-HCH)
isomer was a pure form and used widely as a powerful pesticide. Thus,
when hexachlorocyclohexane pesticide products contain more than
99% γ-HCH, then the substance is called lindane From a technical de-
gree α-HCH, β-HCH and HCH are considered to be potentially carci-
nogenic for humans. There is some evidence that suggests that lindane
(γ-HCH) may be carcinogenic. Hyperplastic nodules can develop as a
result of prolonged exposure to alpha-HCH, as observed in the livers of
mice and rats. Furthermore, it has been found to induce cancerous tu-
mors in the liver of these animals. [7–14]. In 1953 Danopoulos et al.
discovered the first evidence that g-HCH could be toxic for humans. In
their experiment, seventy-nine people exposed to a mixture of HCH
isomers used in the house, including on bed covers, clothes and skin
were specified with primary symptoms like vertigo, headaches, myalgia
and lassitude followed by intestinal colic, diarrhea and stomatitis [5].
Central nervous system (CNS) symptoms were also observed, including
mental confusion, blindness, dysarthria and convulsions. Furthermore,
one patient died as a result of kidney and liver failure. Recently, there
have been many studies focusing on HCH toxicity in humans, including
evidence of their carcinogenicity [15]. In addition, in the north of India
[16] Singh et al., (2013) studied exposure to b-HCH and they dis-
covered that direct association may cause a risk of Alzheimer’s disease
in the population.

DDT and related compounds DDD and DDE: DDT was used ex-
tensively worldwide as an agricultural pesticide and for malaria and
typhus vector control in the 20th century from the forties to the se-
venties. According to its intensive use, DDT has become omnipresent in
the ecological system. Thus, throughout the ecological system, p, p'-
DDT breaks down into p'-DDD (1,1-dichloro-2,2-bis(4-chlorophenyl)
ethane) and p, p'-DDE (1,1-dichloro-2,2-bis(4-chlorophenyl) ethene).
DDE is more persistent than its precursor, DDT. Additionally, DDT and
its two degradation products, DDD and DDE, are known as persistent
organic pollutants (POPs) that exhibit tissue-specific toxicity in the
adrenal cortex, potentially leading to cell death. Due to o, p’-DDD
specific tissue toxicity, it has been used as a chemotherapy drug for
adrenal cancer in humans. However, DDD strength and efficacy are low

and treatment with it is associated with hazardous side effects.
Therefore, DDE has been suggested as another possible therapeutic tool
[17]. DDT is extremely toxic to aquatic living organisms (some am-
phibian species and fishes). In another study on mice, DDT increased
lung tumor incidence and both DDD and DDE are carcinogenic in mice
[18]. DDE can cause mortality in young or developing birds of prey by
inducing a reduction in the thickness of their eggshells [19].

Cyclodienes (heptachlor, aldrin etc.): Cyclodienes are toxic orga-
nochlorine insecticides that can cause neurological damage by dis-
rupting the normal functioning of the GABAA receptor and Ca2 + -
Mg2 + ATPase in the nervous system [20]. Cyclodienes are polycyclic
chlorinated hydrocarbon compounds and are used as insecticides. Cy-
clodienes also cause developmental as well as hepatotoxicity, further-
more can change the endocrine and immune systems. Most cyclodienes
have been categorized as potential carcinogens for humans. Moreover,
they are extremely toxic to marine lifeforms, birds, bees and earth-
worms. These substances pose a danger to human well-being and the
natural world; consequently, these items have been entirely banned
from production and usage in most advanced countries. The known
cyclodienes are endrin, isodrin, dieldrin, aldrin, chlordane, toxaphene,
endosulfan, telodrin (isopentane) and heptachlor. Between a period of
time from the 1970 s to the 1990 s, the selling and use of all cyclo-
dienes, except endosulfan, was banned from the European Union, the
United States, and numerous countries worldwide. Endosulfan was al-
lowed to be usable until 2016. The danger of human exposure still
exists owing to their persistence in the environment.

Mirex and chlordecone: These are similar to highly chlorinated
derivatives obtained from cyclopentadiene. Mirex and chlordecone
merely differ in structure as the former has two bridgehead chlorine
atoms while the latter has a carbonyl oxygen atom. Mirex was first
launched commercially in 1959 in the USA for use in pesticide for-
mulation and as a fire retardant for industrial purposes; later Mirex
was eliminated from use in the United States and Europe in 1978.
While chlordecone was first used to control banana root borer in the
United States, it was utilized for controlling other pests worldwide.
All goods with chlordecone content were canceled in the year 1978.
Waste site residents were probably exposed to chlordecone or mirex
through skin contact or eating plants cultivated in contaminated soils
since these substances link with soil particles. Another way of ex-
posure for people living near waste sites is ingestion or eating ani-
mals or fishes which bioconcentrated mirex and chlordecone.
However, chlordecone or mirex intake from drinking water is im-
probable because of their limited solubility in water [20]. Also,
chlordecone or mirex inhalation exposure after volatilization from
contaminated sites is uncommon because these chemical compounds
are nonvolatile. According to animal studies, exposure to mirex may
result in grave health effects for the exposed populations. The major
organs in experimental animals affected by mirex include liver,
thyroid and kidney disturbances. Ocular injury includes cataract
development in the eyes of young people if they get exposed to mirex
immediately after birth, while in the thyroid, follicles breakdown or
an increase in cystic follicles had been observed. Exposure to mirex
in animals causes cardiovascular disturbances, cataracts and in-
creased stillbirths. It is also a liver carcinogen in animals. While,
chlordecone exposure in experimental animals affects the endocrine
system, nervous system, kidneys, reproductive system and liver.
Studies suggest that exposure to chlordecone in an occupational
setting can impair nervous system functioning, cause liver damage,
and potentially affect fertility. Symptoms like increase in cere-
brospinal fluid pressure, blurring of vision and headache were ob-
served in workers coming in contact with a high level of chlordecone
during its manufacturing process. Furthermore, numerous workers
had severe effects on the liver, for example, enhanced microsomal
enzyme activity, hepatomegaly, fatty degeneration and mild in-
flammatory changes, and reproductive toxicity such as altered sperm
motility and decreased sperm count [21,22].
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3. Global actions made to control POPs

International Conventions dealing with POPs and Pesticides:
The United Nations Environment Programme (UNEP) widened its

investigation and research area on POPs, in May 1995, with a premier
focus on “Dirty Dozen”. It is a group of twelve extremely toxic and
persistent compounds: chlordane, aldrin, dieldrin, DDT, heptachlor,
endrin, mirex, hexachlorobenzene, polychlorinated dibenzo-p-dioxins,
polychlorinated biphenyls, toxaphene and polychlorinated dibenzo-
furans. A lot of these pesticides are not used in agriculture, however,
some of them are continuously used in some developing countries.
Moreover, some additional compounds like certain brominated flame-
retardants, carcinogenic polycyclic aromatic hydrocarbons (PAHs) and
organometallics like tributyltin (TBT) have been included in the POP
list. According to the UNEP global report, levels of numerous persistent
pesticides especially chlordane, heptachlor and DDT, in the industrial
country’s environment are decreasing in comparison with the levels in
the 1980 s or 1990 s

Stockholm Convention on POPs, aimed to decrease these chemicals
released a global Stockholm Convention by the UNEP (United Nations
Environment Programme) in 2001 in Sweden. The main purpose of that
convention was to create a pollutants list including these persistent
pollutants through participating countries. The primary list included
the first 12 pollutants. Nevertheless, this list had been increased over
time to include other pollutants of concern. The convention became
effective on May 17th, 2004. POPs namely aldrin, alpha hexa-
chlorocyclohexane, beta hexachlorocyclohexane, chlordane, chlorde-
cone, dieldrin, endrin, heptachlor, hexabromobiphenyl, hex-
abromodiphenyl ether and heptabromodiphenyl ether,
hexachlorobenzene, lindane, mirex, pentachlorobenzene, poly-
chlorinated biphenyls, tetrabromodiphenyl ether and pentabromodi-
phenyl ether, toxaphene or camphechlor were described in the
Stockholm Convention’s Annexes. Some pesticides have been restricted
for use such as DDT, and perfluorooctane sulphonic acid (PFOS). Some
pesticides are formed unintentionally during the manufacturing of
other chemicals and pesticides like dioxins, furan, hexachlorobenzene
(hcb), polychlorinated biphenyls (PCBs) and pentachlorobenzene.

4. Human exposure and health hazards

Organochlorine pesticides (OCPs) are man-made chemicals that
draw huge global issues because of their bioaccumulation and adverse
effects along with their persistent and toxic nature [21,22]. Organo-
chlorines are chemicals that can endure for long periods of time and
accumulate in fatty tissues over time. [23–26]. OCPs are typically
persistent, hydrophobic, degradation-resistant and are present every-
where [27,28]. Meanwhile, [27] has opined that the field half-life time
of a few organochlorines like DDT, DDE and DDD is 15 years. However,
the field half-life time for toxaphene and aldrin is 9 and 365 days, re-
spectively. Furthermore, it has been found that only 0.1% of pesticides
applied actually reach their intended target, with 99.9% instead being
released into the environment via channels such as runoff, infiltration,
and crop residue retention [28–30]. These chemicals can then travel a
great distance throughout the biosphere [31]. After entering the bio-
logical system, these compounds get accumulated and biomagnified in
the food chain owing to their lipophilic nature, thus resulting in a high
degree of contamination observed at higher trophic levels [32]. Pesti-
cide exposure results into several neurological ailments like coordina-
tion and memory loss decreased visual ability with motor signaling.
Meanwhile, ingestion of OCPs leads to light, sound and touch hy-
persensitivity as well as dizziness, tremors, seizures, nausea, vomiting,
confusion and nervousness [33]. The presence of endocrine disruptors
shows adverse effects due to mimicking or provoking natural body
hormones. Moreover, chronic exposure to pesticides has been asso-
ciated with lasting health effects in people, including decreased cog-
nitive function, developmental abnormalities, certain cancers, and

damage to the endocrine system [34–36] even when low doses are in-
volved.

In addition, Venkataraman et al. have noted that pesticides can have
lethal effects on biological processes, especially the activity of choli-
nesterase [37]. They reported the inhibition of AChE activity owing to
the relationship between RBC cholinesterase and methyl parathion. The
presence of OCPs was reported in blood samples. α-endosulfan and β-
endosulfan were found in higher quantities, 1.565 mg/kg and
1.233 mg/kg, respectively. Bioconcentration and biomagnification of
these chemicals and various health issues have been reported in Karachi
city [38].

Residues of numerous chlorinated hydrocarbons - specifically DDT,
DDE, DDD, aldrin, dieldrin, heptachlor, heptachlor epoxide, and PCBs -
have been detected in the adipose tissue of individuals from general
populations in Denmark and Greenland [39]. Similarly, the adipose
samples obtained from women in several European countries illustrated
the regular presence of DDE [40]. Another adipose study in Israel
showed the presence OCPs in human bodies [41]. The presence of
chlorinated pesticides in blood serum and adipose samples (ppb) has
been illustrated in Table 1.

According to Table 1, there are disparities in the levels of chlori-
nated pesticides detected in serum versus adipose samples taken from a
single person. While collecting adipose samples, it should be kept in
mind that the sample must be taken from three different sites in order to
ensure uniform toxin distribution. Laboratories specializing in the test
of these compounds provide results in ng/ml of blood instead of toxin
per gram of lipid along with a reference range of their specific la-
boratory averages which may not be the “normal ranges” preferred in
the USA.

In this context, Bayoumi et al. [41] have studied the effect of en-
dosulfan, aldrin and dieldrin on CHO-K1 cultures. Aldrin resulted in an
increase in membrane leakage as well as peroxide production at very
low concentrations. However, dieldrin and endosulfan resulted in an
increase in membrane fragility at higher concentrations. Marcela et al.
have also reported the detection of heptachlor, 4,4- DDE, aldrin,
gamma-chlordane, dieldrin, chlordane, α-endosulfan, endosulfan, β-
endosulfan, oxychlordane, 4,4-DDT, and 2,4-DDT in serum samples
obtained from 99 individuals by using chromatography. OCs have been
found in human fluids like serum, urine and breast milk [42–45].

Endosulfan may amplify the abnormal sperm number in the epidi-
dymis along with necrosis of Leydig cells and seminiferous tubules
[46–48]. It can also affect hormonal synthesis in male kids along with a
delay in sexual maturity [49]. It may increase irregular spermatozoa
and reduce sperm count as well as motility [50]. Dioxins are poly-
chlorinated aromatic hydrocarbons that lead to developmental, re-
productive as well as immunologic toxicities in addition to carcino-
genicity. Oxidative stress in is produced in the epididymis and
epididymal sperm due to reduction of antioxidant enzymes, reduction
in fertility rate and delayed puberty has been noticed due to exposure to
Tetrachlorodibenzo-p-dioxin (TCDD) [51].

Table 1
Levels of chlorinated pesticides in both serum and adipose samples, reporting
the results in parts per billion [41].

S. No Compound Serum Adipose

1. HCB < 0.3 135
2. Endrin < 0.3 168
3. Beta-BHC < 0.3 1657
4. Gammma-BHC < 0.3 121
5. Heptachlor < 0.3 63
6 Hep-epoxide < 0.3 33
7 Oxychlordance 0.4 72
8 Trans-Nonachlor 0.3 123
9 Dieldrin < 0.3 36
10. DDE 14.2 284
11. DDT < 0.3 222
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Kabasenche & Michael [52] have studied the impacts of DDT
transgenerational effects in non-DDT exposed progeny and generations
(Fig. 1). The use of DDT has been banned for the last thirty years;
however, DDT has been utilized in Africa in recent years for malaria
prevention.

DDT (dichlorodiphenyltrichloroethane) application has been pro-
hibited in the United States and most of the developed countries.
However, in some nations, it has been widely employed as an in-
secticide for killing malaria larvae. The Stockholm Convention of UNEP
anticipated the removal of 12 chemical substances that induced DDT in
2001 [53]. The risk of human exposure increases by indoor spraying of
DDT [54]. Some toxic effects in humans like neurological disease, re-
productive disease [55] developmental abnormalities [56] and cancer
[57] have been observed via direct DDT exposure. Skinner et al. have
studied the epigenetic transgenerational actions of DDT which include
obesity and diseases related to the kidney, testis and ovary [58].

4.1. Fate in aquatic ecosystem

Organochlorine pesticides (OCPs) are pollutants present in aquatic
environments worldwide [59]. Run-off discharge from agricultural
fields and sewage systems are their major sources in the environment.
OCPs are highly attracted to the fatty tissues present in humans, plants
and animals leading to their considerable accumulation [60,61].

Olga et al. studied contamination of organic pollutants during
1997–1998 [62]. The presence of OCPs and PCBs has been detected by
GC-MS. Their results showed that bioaccumulation of persistent OCPs
was found in the trophic chain. Fig. 2 shows by the process of bio-
magnifications how DDT gets transferred from one trophic level to
another in the aquatic food chain and gets accumulated in the tissues of
organisms.

4.2. Exposure in avian populations

An avian population plays a vital role in proper ecosystem func-
tioning [75]. Organochlorines (OCs) could pollute virtually at the tissue
level of almost all life forms[36]. Organochlorine pesticides (OCPs) are
lipophilic and are thus get accumulated mainly in the fatty tissues of the
body. Their metabolic rate is also slow, in birds, it has half-lives in the
order of 1 year. p, p 0-DDE exposure reduces reproductive success rates
in birds like osprey Pandion haliaetus and bald eagle Haliaeetus leucoce-
phalus [76,77]. According to the findings of the US National Academy
of Sciences, exposure to DDE, a DDT metabolite, in bald eagles has led
to a decrease in their numbers in the US, as well as a decline in the
strength of their eggshells [78]. Abnormal behaviors in some breeding
gulls associated with organochlorine pollutants have been observed in
Lake Ontario and southern California, [79,80]. This might be due to
estrogenic effects caused by o,p'-DDT, mirex as well as some PCBs at
environmental concentrations [81,82]. Several experimental ap-
proaches have successfully used blood sample investigations of avian
species such as migrating raptors, nestling bald eagles, peregrine fal-
cons, gyrfalcons nestlings and Egyptian vultures [83–86]. The presence
of OCPs in some species of birds has been also reported in India in
several studies [87,88]. Moreover, Venugopal et al. studied the pre-
sence of OCPs in the blood plasma of thirteen species of birds in the
Ahmedabad city of India [89].

4.3. Treatment process

4.3.1. Bioremediation by microbes
The UNEP Stockholm Convention held in 2011 recognized en-

dosulfan as a persistent organic pollutant. Hence, it was removed from
the international market in the year 2012 [89]. At present, degradation
of the endosulfan sulfate is the chief concern due to its toxic nature,

Fig. 1. Epigenetic transgenerational inheritance of disease induced by DDT (adapted and modified from [52].
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higher persistence and bioaccumulation perspective [66]. In India,
endosulfan which is a chlorinated pesticide is being broadly used for
various agricultural protection activities in cotton, tea, sugarcane and
vegetables [90]. Endosulfan and its derivatives naturally get degraded
under alkaline conditions and UV light photooxidation in the environ-
ment [91]. The biological transformation process helps in the produc-
tion of endosulfan sulfate, whereas, the diol is produced from en-
dosulfan under alkaline conditions [92]. Microbes have gained
popularity in the degradation of contaminants due to their cost-effec-
tive and efficient way. Naturally, the presence of these microorganisms
reduces the toxicity of endosulfan by its degradation [93–97]. Previous
investigations revealed the formation of several intermediates such as
the sulfate, diol, ether, lactone, hydroxy ether and dialdehyde deriva-
tives of endosulfan as a result of microbial degradation of endosulfan
[91,92].

Endosulfan biodegradation occurs either by oxidation or hydrolysis.
A toxic metabolite, endosulfan sulfate is obtained upon oxidation of
endosulfan. However, hydrolysis yields lesser toxic metabolite, en-
dosulfan diol [91,93,98,99]. Endosulfan diol can be broken down to
endosulfan hydroxyl ether, endosulfan ether, endosulfan lactone and
endosulfan dialdehyde which are less toxic. Hence degradation of en-
dosulfan through hydrolysis is a much better detoxification pathway
[100].

Several bacterial species like Klebsiella oxytoca, Bacillus sp. and
Pandoraea sp. [91,101,102], have been accounted to degrade endosulfan
in soils and solutions. Similarly, Gi-Seok et al., 2005 have reported that the
bacterium KE-8 species are capable of biodegrading endosulfan and en-
dosulfan sulfate. Further, the degradation constants for α- endosulfan, β-
endosulfan and endosulfan sulfate were found to be 0.3084, 0.2983 and
0.2465 day-1, respectively in 4 days of the experiment [91]. The Bacterial
strain of Alcaligenes faecalis JBW4 degraded α- and β-endosulfan by 87.5%
and 83.9%, respectively within 5 days. Their results suggested endosulfan
degradation through a non-oxidative path [103].

Another microbial approach for the biodegradation of endosulfan,
involved the application of Aspergillus niger, as a fungal soil isolate. The
isolated culture of Aspergillus niger could tolerate 400mg/ml-1 tech-
nical-grade endosulfan. After 12 days of incubation, endosulfan was
entirely degraded. In addition, the complete mineralization of the
substance is indicated by the emission of CO2 during its metabolism.
The metabolization of endosulfan engenders various intermediates,
including endosulfan diol, endosulfan sulfate, as well as an unknown
metabolite, as confirmed by Thin Layer Chromatography (TLC) results
[90]. Similarly, several fungi species such as Aspergillus terreus, Asper-
gillus niger, Cladosporium oxysporum, Mucor thermohyalospora, Fusarium
ventricosum, Scenedesmus sp., Anabaena sp., Chlorococcum sp., etc. have
been assessed for their ability of degrading endosulfan [102,104–107].

Fig. 2. Bioaccumulation of DDT concentrations (ppm) in the aquatic food chain. Contaminants accumulate at the highest level of the food chain, resulting in the
topmost trophic level possessing the greatest concentration of harmful substances. Despite its adverse effects, endosulfan, a cyclodiene pesticide, is still prevalent
across the globe [63,64]. Endosulfan remains present in water anywhere from a few days to a consecutive month, depending on its physicochemical nature [65].
Compared to other cyclodiene insecticides, endosulfan displays distinctive physical and chemical characteristics that influence its environmental and biological fate
[66]. The substance is highly lethal to aquatic organism. In 1984, The United States Fish and Wildlife Service (USFW) categorized endosulfan as the most lethal. In
some fish species, the LC50 value ranges between 0.011 to 3.0 µgl-1 [67]. Endosulfan leads to gonadal toxicity in mammals, genotoxicity and neurotoxicity [68–70].
The tadpoles of the Australian frog Limnodynastes peronii exposed to sublethal concentrations of endosulfan led to a decrease in tadpole length as compared to control
tadpoles. Endosulfan exposure also leads to declining growth and feeding behaviour of tadpoles along with decreased predator avoidance [71]. Endosulfan acts on
the fish’s central nervous system directly, which further leads to hyperactivity, convulsions, and mortality, in severe cases [72]. The toxicity of endosulfan was also
studied in juvenile rainbow trout (Oncorhynchus mykiss) The Histological results reveal that endosulfan damaged the gills, lamella, epithelia, liver, kidney and spleen
of fish [73,74].
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Cyanobacteria are freely existing, photoautotrophic microbes that
have the potential to degrade natural as well as synthetic chemicals,
particularly pesticides [108–110]. Hence, cyanobacteria can be an ef-
fective means to transform and bioremediate highly persistent and toxic
materials from the environment. For instance, some species of blue-
green algae such as Synechococcus elongates, Phormidium tenue and
Nostoc linckia have been effective in degrading monocrotophos and
quinalphos present in soil [108]. Sung-Eun et al. have reported the
biotransformation of endosulfan into endosulfan diol (endodiol) and
small amounts of endosulfan lactone and endosulfan hydroxy ether by
Anabaena flos-aquae and Anabaena sp. PCC 7120, blue-green algal spe-
cies isolated from the soil environment [111]. During the study, two
species of Anabaena treated with α- endosulfan yielded small amounts
of β-endosulfan after incubation for one day. This might be possible due
to the action of the isomerase enzyme present in the Anabaena species.

4.3.2. Challenges and policies of persistent pesticides management
Around the world, the agriculture sector requires the application of

pesticides. Pests and diseases damaged 30% of crops worldwide
[112,113]. Hence, pest management is mandatory in agriculture for
food security [114]. The major issue of pesticide management is that
most of them are imported illegally, locally synthesized and un-
controlled. Extensive pesticide usage for agricultural practices leads to
the loss of biodiversity and increases [115] pest resistanc. For instance,
high concentrations of fungicides (i.e. chlorothalonil) were detected in
Edward Island, Canada. They affected the potato yield and the increase
in the concentration of carbofuran and methamidophos in the air
caused serious issues for wildlife. In Nigeria, the farmers suffered from
vomiting (58.0%), headache (83.3%), nausea (86.0%) because of the
increase in the concentration of insecticides (23.5%), fungicides
(28.2%) and herbicides (48.3%) [115]. When we have a look at the
Group of Eastern Africa which includes Ethiopia, Kenya, Tanzania and
Uganda. It is found that Ethiopia imported large quantities of pesticides
in the following order: 72% insecticides, 25% herbicides, 2.6% fungi-
cides and 1.3% rodenticides or disinfectants whereas Uganda imported
47% more pesticides in 2004 than in 1980 [116].

The challenge of persistent pesticides is their storage and disposal
because they can accumulate and reach different components of the
ecosystem [117]. There is always insufficient information on pesticide
management when the farmers use it. Furthermore, the content and
concentrations of these pesticides are not clear and accessible to the
public [116]. It is logical that farmers should use pesticides following
the guidelines on spraying time and pesticide concentration mentioned
in the packages. However, most farmers cannot read the labels of the
packages, so they do not follow the guidelines and follow their own
experience. Machekano et al. carried out face-to-face interviews using a
structured questionnaire among farmers in Botswana [118]. Their study
indicated that the majority of small-scale farmers, 62.7%, were una-
ware of Integrated Pest Management strategies, while 93.1% had no
prior exposure to such practices, along with 79.4% of respondents being
unacquainted with biological control methods.The use of many che-
mical pesticides such as aldrin, hexachlorobenzene, DDT and toxaphene
is prohibited owing to their toxic effects on humans as well as en-
vironment. They are known as persistent organic pollutants (POPs) and
are regulated by the Stockholm Convention of the United Nations En-
vironment Program [119]. Pesticide management requires compre-
hensive policies to reach suppliers, farmers and consumers. Europe is
the leader in implementing pesticide policies such as the maximum
residue limits for pesticides that can be detected in agricultural pro-
ducts and regulatory frameworks [120]. Fig. 3 illustrates a compre-
hensive approach to pesticide policies.

Assessment of pesticide contamination is required using in-
tegrative approaches. Further details can be found in the work of
[119] as they highlighted several trials in in-situ techniques such as
weight of evidence, effects-directed analysis and toxicity identifica-
tion evaluation.

Thuy et al. recommend the interplay between legislation, control
and education for management improvements [121]. There has been
advancement in the detection and determination of pesticide residues
through nanotechnology-based colorimetric methods. Such techniques
are very promising and can be simple, cheap and allow faster sensing of
analytes. The colorimetric technique depends on the color change of
colloidal nanoparticles upon interaction with pesticides in a few min-
utes. Several nanoparticles can be considered [122,123]. For instance,
the yellow color of silver nanoparticles (AgNPs) turns to brown-red and
becomes agglomerated. Further details about nanosensors for pesticides
can be found in the work of [124].

The data presented in the article has been summarized in Table 2.

4.3.3. Integrated pesticide management (IPM)
The World Health Organization's database states that Highly

Hazardous Pesticides (HHPs), as defined by the International Code of
Conduct on Pesticide Management, pose significant acute or chronic
hazards and are capable of causing severe, lasting harm to human
health and the environment. The purpose of this international code of
conduct is to promote the best practice of producing, transporting,
storing and using pesticides [125]. It is documented that around 90% of
the used pesticides are lost to affect the ecosystem and farmers due to
regular agricultural pest management [126]. It is notable that Goal
number 12 of the Sustainable Development: “Responsible Consumption
and Production” has a target to achieve sustainable administration of
chemicals and wastes all the way through their life cycles. The reduc-
tion process of pesticides involves three steps; i) identification (check
WHO classification), ii) assessment (actual impacts, survey, exposure
monitoring, and models of risk assessment), and iii) mitigation risks
(prohibition, restrictions, limited use, application by licensed applica-
tors).

The preventive pesticide measures are the use of protective equip-
ment, crop rotation, integrated pest management and regulation policy
in pesticide application [127]. However, the lack of awareness and
stringent regulations of using persistent pesticides cause adverse im-
pacts on terrestrial and aquatic ecosystems (pest/disease resistance and
high rate of bioaccumulation) and those effects can reach the whole
food chain [112]. Van den Berg et al., 2020 concluded that proper
pesticide legislation was lacking in several countries, especially low-
income countries. Therefore, the current trend of management is ap-
plying a controlled release system because it can diminish the adverse
impacts of persistent pesticides through single dosages, eliminating
multiple dosing, reducing leaching and interacting with the target pests
effectively.

Herein, we focus on Integrated Pesticide Management (IPM).
Earlier IPM focused only on ecological aspects of pest management
[128]. Recently, IPM is an approach to fight against pests, pathogens
and weeds using a sustainable strategy. It is the amalgamation of
protective and curative actions to become less reliant on synthetic
pesticides [129]. Its program also includes monitoring, forecasting,
and decision tools to control the needed chemicals. The foundation of
an IPM approach is the use of preventive crop measures, which de-
pends on understanding environmental conditions, pests and the use
of practical measures to manage pests [130]. The implementation of
IPM is a vital step towards sustainable agriculture to assure profit-
ability for the farmers, affordability to consumers and food security
[127,128]. The IPM framework is applicable to various crops, dif-
ferent soil types, ecological conditions, pests, pathogens and agri-
cultural practices, etc. This should be considered by all countries be-
cause the planting of Pesticide-Treated Seeds is an unsustainable
practice that involves treating seeds with synthetic pesticides which
needs re-evaluation from environmental, economic and social aspects
[131]. In 1888, the introduction of the Vedalia ladybird beetle to
manage the cottony-cushion scale in the USA was successful in getting
rid of the pest in 2 years and in 1945–1946, the introduction of
Chrysolina hypericin and Chrysolina quadrigemina reduced the invasive
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population of Hypericum perforatum which is toxic to livestock [132].
Farmers applied molluscicide like metaldehyde to their lands in the
autumn and winter season to keep crops from slug damage [133]. It is
recommended that its maximum application is 210 g of metaldehyde/
ha. Chowdhury et al. applied biopesticide in combination with che-
mical pesticides for combating pests in Jatropha curcas [134]. They

found that the combined pesticide application reduces the cost and use
of excessive chemical pesticides which have a detrimental effect on
the environment.

Singh et al. [112] highlighted and reviewed the classification of the
controlled release system based on the materials used (polymeric, me-
tallic, and clay). Anderson et al. summarized the major challenges and

Fig. 3. A comprehensive approach to pesticide policies.

Table 2
Recapitulative table summarizing the data presented in the article.

Pesticide Adsorbent Type References

Pentachlorophenol Mesoporous silica material [51,97]
DDT Mesoporous silica material [98–101]
DDE Mesoporous silica material [98,99]
DDD Mesoporous silica material [98,99]
Heptachlor Mesoporous silica material [98]
Endosulfan Mesoporous silica material [98]
Aldrin Mesoporous silica material [98]
Dieldrin Mesoporous silica material [98]
Methoxychlor Mesoporous silica material [98]
Diazinon Mesoporous silica material [102,103]
Fenitrothion Mesoporous silica material [103]
Acephate Mesoporous silica material [104]

Zeolite
Folimat Mesoporous silica material [104]

Zeolite
Phoxim Mesoporous silica material [104]

Zeolite
Chlorpyrifos Mesoporous silica material [104]

Zeolite
Dipterex Mesoporous silica material [104]

Zeolite
2,4-D Mesoporous silica material [52,105]

Zeolite [106]
Carbendazim Mesoporous silica material [104]

Zeolite
Imidacloprid Mesoporous silica material [104]

Zeolite
Mesosulfuron-methyl Mesoporous silica material [107]

Zeolite [108]
Glyphosate Mesoporous silica material [109]

Zeolite [110–112]
Avermectin Mesoporous silica material [113]
Paraquat Mesoporous silica material [114–116]

Zeolite [106,114,115,117]
DEET Mesoporous silica material [118]
Bentazone Mesoporous silica material [119]

Zeolite [120]
α-endosulfan Zeolite [121]
Fipronil Zeolite [122]
Clopyralid Zeolite [120]
Imidacloprid Zeolite [120]
Metalaxyl-m Zeolite [120]
Isoproturon Zeolite [120]
Simazine Zeolite [123–125]
Atrazine Zeolite [126–128]
Linuron Zeolite [127]
Nicosulfuron Zeolite [129–132]
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possible solutions for the successful implementation of the IPM strategy
[130]. They concluded that the strategy of IPM is to vary the ap-
proaches of pest management, and not rely on one single technique.

We can also think about the integration of nanotechnology in the
advanced controlled release system to increase its efficiency. However,
there are many factors to consider before real application such as social
acceptance, economic aspects and ecological footprint.

5. Conclusion

There is an urgent need for innovative approaches that prioritize
sustainability and environmental health in agriculture. These include
embracing agricultural reforms and transitioning towards food pro-
duction methods that prioritize sustainability in order to attain food
independence. To achieve this, it is important to choose natural pesti-
cides that can serve as a substitute for conventional chemical pesticides.
Alternatively, adopting green chemistry-based practices in the agri-
cultural sector can contribute significantly towards sustainable food
production and environmental preservation.
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A B S T R A C T   

The study investigates several theoretical and empirical methods for determining the size of zinc oxide nano-
particles (ZnO NPs) and studies their characteristics by using solely UV–visible spectroscopy. The investigation 
begins with the green synthesis of three samples of ZnO NPs using three different reducing agents Aspergillus 
Niger fungal biomass (AN), Aloe barbadensis Mille (ABM) and Ocimum tenuiflorum (OT) leaves, respectively 
with Zinc Sulphate as a precursor involving precipitation method. The study analyses the UV–visible data of each 
sample to obtain optical bandgap, Urbach energy, refractive index, optical conductivity. and apply several 
methods or Models such as Effective Mass Approximation (EMA) or Brus Equation (BE), Hyperbolic Band Model 
(HBM), Meulenkamp’s Expression (ME), Tight Binding Model (TBM) and a simplified version of EMA (SEMA) to 
estimate the size of ZnO NPs. The effectiveness of size-determining models was assessed using two sets of one- 
way analysis of variance (ANOVA) for each ZnO sample and models Followed by Tukey post-hoc analysis to 
identify the exact sample that is different from other samples.   

1. Introduction 

ZnO is a semiconductor with a high melting point and thermal 
conductivity, large elastic constants, and a large band gap it also exhibits 
multifunctional properties, including antibacterial, anti-inflammatory 
and bio-imaging capabilities [1,2]. These properties of ZnO NPs 
depend on their physical characteristics such as the bandgap, which are 
influenced by their size due to the quantum confinement of charge 
carriers [3]. Therefore, having a reliable method for evaluating this 
dimension is crucial. Among the available techniques for size assess-
ment, transmission electron microscopy (TEM) offers precise measure-
ments of nanoscale structures’ shape and size. Despite its accuracy, TEM 
is not the most suitable for swiftly measuring multiple sets of samples 
routinely. Therefore, it is necessary to apply alternative methods based 
on data derived from optical absorption measurements to estimate 
nanoparticle size. 

UV–visible spectroscopy is a credible technique that plays a crucial 

role in the study and primary characterization of synthesized nano-
particles [4]. It has been used extensively for 37 years due to its 
simplicity, variety, precision, speed, and cost-effectiveness, and has 
become a crucial analytical instrument in modern laboratories [5]. It 
provides extensive experimental data into the electronic structure of NPs 
and can be specifically significant to characterize and determine the size 
of all kinds of nanoparticles, including semiconductor nanoparticles like 
ZnO [6]. Other traditional methods like dynamic light scattering (DLS), 
scanning electron microscopy (SEM) and TEM have limitations like 
real-time monitoring, aggregation data, and sample prep challenges and 
can be problematic in complex matrices or reactive environments [7,8]. 
On the other hand, these instruments may not always be cost-effective or 
readily available [9] everywhere. Therefore, researchers face difficulties 
in accurately sizing the nanoparticles due to the limited availability of 
cost-effective techniques. To address these challenges UV–visible spec-
trometers can become an alternate option to obtain the accurate size of 
nanoparticles due to their low cost, easy accessibility and availability in 
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almost all research laboratories [10]. 
Several theoretical studies have been attained to understand the 

fundamental dependency of size on the optical characteristics of NPs 
[11]. In 2012, Martinez E. et al. introduced a method for accurately 
determining the diameter of gold NPs using UV–vis spectra. However, 
their strategy applies only to gold and silver NPs [12]. In 2020, Rodrí-
guez-Mas et al. compared four different methods to estimate the diam-
eter of CdS nanoparticles from optical absorption measurements [13]. In 
2020 (Upadhyay et al., 2020), reported the comparison of the synthesis 
of ZnO NP synthesized by leaves extract of Ocimum Tenuiflorum and by 
chemical route method using an organic capping agent (Upadhyay et al., 
2020), but they use advanced techniques for characterization. Similarly, 
numerous kinds of literature are available that explore UV–visible 
characterization and their use in size determination with the help of 
different theoretical and practical models [14]. Despite this, there is 
hardly any literature available that compares the size obtained by using 
UV–visible data for different samples of ZnO NPs which are synthesized 
by using different green reducing agents. 

In this context, we aim to explore the significance of UV–visible 
spectroscopy in the characterization and measurement of the size of 
different samples of ZnO NP that are specifically synthesized by the 
green synthesis approach, which is more economical and environment- 
friendly than the high-cost, laborious and toxic compounds involved 
chemical approaches [15,16]. We have compared various approaches, 
incorporating both theoretical and empirical methods, for determining 
the dimensions of ZnO nanoparticles by using UV–visible spectroscopy 
to overcome the challenges associated with traditionally used methods 
like DLS, TEM and SEM and offer a practical alternative for researchers 
seeking precise size estimation. The study focuses on ZnO nanocrystals 
synthesized through the precipitation method using three different 
reducing agents, optical absorption spectra were recorded, and the ab-
sorption edge was determined using the Tauc relation. Additionally, four 
established methods (Brus equation, Hyperbolic Band Model, Meu-
lenkamp expression, Tight Binding Model, and simplified form of 
Effective mass approximation) were employed to estimate the size 
calculation. Subsequently, we have employed one-way ANOVA in all the 
methods to assess their effectiveness and identify the most reliable 
method for each ZnO sample. 

2. Materials and method 

2.1. Materials 

Zinc sulphate heptahydrate (ZnSO4.7H2O) 99 % pure form and so-
dium hydroxide (NaOH), biomass of Aspergillus Niger, plant extract of 
Aloe barbadensis miller and Ocimum tenuiflorum and Potato Dextrose 
Agar (PDA) Media for growth of Aspergillus Niger were used in the 
experiments. All the chemicals used were of analytical reagent grade 
obtained from E. Merck Mumbai, India and PDA media was purchased 
from Hi-Media laboratories, Maharashtra, India. The deionized water 
was used to prepare all the solutions. 

2.2. Procedure 

2.2.1. Preparation of fungal biomass 
The fungus cells of Aspergillus Niger were cultivated in PDA media, 

at 32 ◦C for 72 h [17] to obtain a significant growth of mycelium. After a 
sufficient growth of fungal, the mycelium was detached from the media 
and dried under sunlight for 24 h (Fig. 1). Then fungus biomass is har-
vested from the culture and centrifuged to make a suspension with water 
(Mekky et al., 2021). 

2.2.2. Preparation of Aloe barbadensis miller leaf extract 
Fresh Aloe barbadensis miller leaves were properly cleaned in 

distilled water to remove external impurities and soil. Then it was cut 
into medium-sized parts to facilitate the extraction process. 20 g of 
finely chopped skin of leaves were mixed with 100 ml of distilled water 
in a 250 ml glass conical flask to prepare the extract. The combined 
mixture was heated to 60 ◦C in a water bath for 10 min (Fig. 1). The 
aqueous solution’s colour transitioned from watery to pale green. The 
extract was filtered through Whatman filter paper No. 1 and stored in a 
refrigerator for later use [18]. 

2.2.3. Preparation of Ocimum tenuiflorum leaf extracts 
Fresh leaves of Ocimum tenuiflorum were properly cleaned in 

distilled water and dried in sunlight for 5–6 days. The extract was made 
by combining 10 g of each dry leaf with 100 ml of distilled water in a 

Fig. 1. Preparation of fungus biomass, Aloe barbadensis miller Leaf Extract and Ocimum tenuiflorum leaf extracts.  
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250 ml conical flask. The mixture was heated for 10 min to 90 ◦C in a 
water bath. The colour of the aqueous solution changed from watery to 
filtered to reddish brown (Fig. 1). The extract was centrifuged for 5 min 
at 5000 rpm, and filtered through Whatman filter paper No. 1. The 
prepared solution is stored in a refrigerator for further use [19,20]. 

2.3. Synthesis of ZnO nanoparticles 

Fig. 2 represents the step-by-step process of synthesis of ZnO sam-
ples. To prepare three samples of ZnO NP’s, ZnSO4.7H2O was dissolved 
in distilled water in three different beakers (labelled ZnO-AN, ZnO-ABM, 
ZnO-OT) to create 1 M solution of each sample. Zinc oxide nanoparticles 
were created using a previously published procedure with a few minor 
adjustments. In summary, 100 mL of extract (AN/ABM/OT) was mixed 
with 1 M of zinc sulphate heptahydrate (ZnSO4•7H2O) and allowed to sit 
at 70 ◦C for 2 h on a magnetic stirrer. After the reaction was finished, the 
mixture was centrifuged for 10 min at 10,000 rpm while being allowed 
to cool at 25 ◦C. The supernatant was discarded, and the remaining 
pellet was then placed separately within a hot air oven set at 70 ◦C for an 
overnight period to enable the evaporation of any remaining alcohol. 
This process gave the dry powder which was finally calcined in the air in 
a muffle furnace at 800 ◦C for 1 h [21,22]. 

2.4. Characterization of ZnO nanoparticles 

To validate the formation of ZnO the synthesized nanoparticle 
samples were characterized by using a UV–visible spectrophotometer 
(Shimadzu UV–visible Spectrometer, Japan) at the wavelength range of 
200–800 nm, and distilled water was used as the clank reference. The 
absorbance spectrum was analyzed to ascertain optical properties, and 
their band gap energy was determined using Tauc’s equation [23]. 
Other key parameters were also calculated using the obtained value of 
the optical band gap and absorption peak. 

2.5. Determination methods/models of size of zinc oxide NPS by 
UV–Visible spectroscopy data 

The size of the nanoparticles has a significant impact on how the 
material’s properties are altered. To investigate the properties of the 
materials, the size evolution of semiconducting nanoparticles becomes 
extremely important. It is suggested that the absorption onset from 
UV–vis absorption spectra can also be utilized to determine the average 
particle size of a Nano colloid [24]. After thoroughly reviewing the 
literature, this article obtained the following approaches to determine a 
relationship between the bandgap energy/absorption edge and nano-
particle size. 

2.5.1. Brus Equation (BE)/Effective Mass Approximation (EMA) 
One of the first theoretical methods to calculate the size of nano-

particles using absorption spectra was proposed by L. E. Brus. He used an 
effective mass approximation for the kinetic energy and a higher fre-
quency dielectric solution technique for the potential energy to solve the 
Schrödinger equation for the first excited state [25]. Brus investigated 
the relationship between the cluster’s size and electronic structure and 
connected the effects of quantum confinement to the nanoparticle’s 
radius [26]. Brush theoretically explained the quantum confinement 
effect as the variation in absorbance wavelength with particle size, 
considering the exciton being contained inside the physical dimensions 
of the nanocrystal core and proposed a theoretical model based on 
effective masses of electrons and holes in bulk. He proposed the 
following expression state (sometimes also referred to as Brus equation) 
to yield the energy of the lowest 1s-excited which can be used to obtain 
the radius of the nanoparticles: 

E∗ =Ebulk
g +

ℏ2π2

2eR2

(
1

m∗
e m0

+
1

m∗
h m0

)

−
1.8 e

4πεε0R

−
0.124e3

ℏ2(4πεε0)
2

(
1

m∗
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+
1

m∗
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)− 1

(1)  

Here Eg is the bulk semiconductor band gap, which is a size-induced 
shift in the energy of the lowest excited state (the traditional conduc-

Fig. 2. Synthesis of different samples of ZnO NPs.  
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tion band), R is the particle radius, e is the electron charge, ε1 is the 
dielectric constant of the material, ε0 is the relative dielectric constant. 
In this equation 1

m∗
e m0

+ 1
m∗

h m0 
is the sands for the effective mass of the 

exciton which can be also replaced by m1: 

ΔE =
ℏ2π2

2m1R2 −
1.8e2

ε1R
−

0.248m1e4

2ε2
1ℏ2 (2) 

The first term in Equation (2) represents the particle-in-box locali-
zation energy, specifically the kinetic energy term and the second part of 
the equation accounts for the screened coulomb interaction energy (EC) 
between the electron and hole. The third term is polarization term 
represented by Rydberg energy (ER) which is a size-independent 
component related to the electron-hole correlation and denoting the 
loss of solvation energy [27,28]. This term is very small does not affect 
the equation and can be omitted [29]. This method has been proved to 
be reliable for sizes larger than 4 nm and the model essentially assumes 
that electrons and holes are contained within an infinite square well and 
links the characteristics of the absorbed light to the size of the nano-
particles [25,30]. The numerical values for Brus equation are given in 
equation (3) [31]: 

Еg = 3.37 −
1.35

d
+

8.47
d2 (3)  

2.5.2. Expression suggested by Meulenkamp (ME) 
Another convenient and practical approach to calculating the parti-

cle size is described by Meulenkamp [32]. This method relates the 
bandgap energy calculated from the wavelength (λ) at which the ab-
sorption is 50 % of that at the excitonic peak, with the cluster diameter. 
The expression for this method can be written as: 

1240
λ1/2 =А +

B
D2 −

C
D

(4) 

It involves equating diameter (D) in Å, with the wavelength (λ) 
which is half from the shoulder denoted as λ1/2 (nm). Where A, B and C 
are constants whose values are A = 3.301, B = 294.0 and C = 1.09 for 
ZnO nanoparticles. He used XRD data to estimate the particle size and 
connected that size to the wavelength at which the first absorption 
maximum occurred while moving from longer wavelengths. Another 
form of his equation n which is utilized to calculate the size of nano-
particles in nanometers is provided in equation (5) and has the same 
functional structure as Brus relation [33]. 

Еg = 3.301 +
0.109

d
+

2.94
d2 (5)  

2.5.3. Hyperbolic Band Model (HBM) 
The Hyperbolic band model (HBM) is another approach for con-

necting UV-VIS data (bandgap) and radius. According to Wang et al., 
small nanoparticles do not considerably benefit from the size-dependent 
Coulomb interaction of the Schrödinger equation for the excited crys-
tallite state [13]. Therefore, they offer a straightforward effective 
approximation that accurately describes the band gap of nanoparticles 
without the need for large Coulomb corrections. This approximation is 
based on the assumptions that only two bands are significant for 
calculating the band gap, namely those that at the L point constitute the 
highest occupied valence band and the lowest unoccupied conduction 
band, and that the lowest excitation of the particle lattice involves a 
straightforward electron transfer from one constituting ion to another at 
a cost in energy equal to the bulk band gap Eg Ref. [34]. Thus, the HBM 
was developed which is given in equation (6): 

R=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2π2h2Ebulk

g

m∗

(
E2

gnano
− E2

gbulk

)

√
√
√
√ (6) 

The radius of NPs, m* is an effective mass of the specimen, Egbulk is 

the bandgap of a particle in bulk form, h is Planck’s constant and Egnano 
is the bandgap of a particle at the nanoscale. In this equation, the 
effective mass (m*) is determined by the mass of the electrons inside the 
semiconductor and the free mass (mo) outside the semiconductor. On the 
other hand, the value of Egnano can be calculated by the formula [35]: 

Enano
g =

hc
λp

(7)  

Where C denotes the velocity of light (3 × 108 m/s), h is the Planck 
constant (6.6 × 10− 34 Js) and λpeak is the absorption peak obtained from 
UV–visible spectra (Fig. 1). In the BE investigation, we found that po-
tential changes in me* and mh* could affect the outcomes of calculating 
NP sizes. However, the HBM model simplifies the electron and hole 
effective masses into a single mass, using the following equation: 

1
m∗

=
1

m∗
e
+

1
m∗

h
(8)  

Where, m* is the effective mass and me* and mh* are the effective 
masses of electrons and holes, respectively. The dependence of m* on 
me* and mh* (Equation (8)) makes the study of both variables necessary. 
Then, for a proper application of theoretical models to determine the 
size of the nanoparticles, both the calculation of the absorption edge and 
an exact value of the effective mass became essential. It’s noteworthy 
that when the energy levels are close to the bulk bandgap, the HBM 
tends to predict larger nanoparticle diameters compared to the BE. This 
outcome is because the BE lies on the principle of infinite square well- 
type of quantum confinement, which means the model assumes that 
nanoparticles behave as if their electrons and holes are confined within 
an infinite square well due to their small size [36]. 

2.5.4. Tight Binding Model (TBM) 
The more common approach used by several researchers is the 

empirical expression of Viswanatha et al. [37], which is based on the 
cluster equation given in equation (9) and is referred to as R. Viswanatha 
1 or Tight Binding Model (TBM) or TB strategy. 

Eg = 3.35 +
1.67
d1.4 (9) 

The method has several advantages over the other approaches 
mentioned above. This method significantly increases the result’s ac-
curacy as compared to EMA [38]. The best-fit expression of this method 
is given in equation (10) and is referred to as R. Viswanatha 2. 

Eg = 3.35 +
100

18.1 d2 + 14.4 d − 0.8
(10) 

d is the mean diameter for the nanoparticle, Eg is the bandgap in the 
nanocrystal of diameter d. Viswanatha et al. demonstrated that the Brus 
model did not produce findings that were satisfactory for ZnO particles 
smaller than 5–6 nm and instead tended to overestimate the size. They 
tried a different theoretical approach and performed a real space 
calculation to provide the variation of the bandgap as a function of the 
nanocrystal size. They calculated the shift in the band gap with particle 
size using a tight binding model and related their results to experimental 
data where the particle size was assessed using XRD data and imitated 
Brus’ functional dependence to adjust the exponents in equation (8) 
which provided the greatest fit but somewhere it is not satisfactory, 
especially for large nanocrystal sizes. To obtain a better description of 
the entire range of sizes, they provide another expression which is given 
in equation (9), in which the coefficients are determined from a least- 
squared-error procedure. They claim that the theoretically estimated 
bandgap shifts obtained from their model are in agreement with the 
entire range of sizes. Therefore, incorporating TBM for calculating the 
band gap shift with particle size provides a more accurate and reliable 
prediction of band gap variations compared to other empirical models as 
it offers a comprehensive description of the entire range of nanocrystal 
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sizes, addressing the limitations of other models that may not provide 
satisfactory results for very small or very large nanocrystals. By relating 
theoretical calculations to experimental data obtained from techniques 
like X-ray diffraction (XRD), it allows researchers to validate and refine 
their models, ensuring consistency between theoretical predictions and 
experimental observations. Overall, TBM contributes to a deeper un-
derstanding of nanocrystal behaviour by providing accurate and 
comprehensive insights into their optical and electronic properties as a 
function of size [39]. 

2.5.5. Simplified version of EMA/particle radius as a function of peak 
absorbance wavelength (SEMA) 

Some researchers including Talam et al., Samuel et al., and Pesika 
et al. also utilized the more simplified equation (4) of Brus equation, 
which describes the particle size (radius) as a function of peak absor-
bance wavelength for monodispersed ZnO nanoparticles. The equation 
is derived from an effective mass model given in equation (1) with small 
mathematical simplification and is used to find the size of the particle 
from the absorbance spectra [23]. The following equation can denote 
the simplified equation: 

r(nm)=
− 0.3049 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 26.23012 + 10240.72

λp(nm)

√

− 6.3829 + 2483.2
λp(nm)

(11)  

Where r is the radius of NP and λp is the absorbance peak obtained 
through UV–visible data. 

2.6. Statistical study 

The calculated sizes were subjected to two sets of one-way ANOVA 
from Origin Pro 2023b to determine statistically significant differences 
among models between the sample of ZnO synthesized. Post-hoc tests 
(Tukey test) were employed for further pairwise comparisons of models. 

3. Result and discussion 

3.1. X-Ray Diffraction (XRD) 

Fig. 3 displays the X-ray diffraction analysis of all samples of ZnO 
NPs. The XRD was conducted to characterize the crystalline structure 
and particle size of three samples of ZnO NPs synthesized via a green 

synthesis approach. From this XRD patterns analysis, we determined 
peak intensity, position and width, and full-width at half-maximum 
(FWHM) data as mentioned in Table 1. The XRD patterns of all three 
samples exhibited distinct peaks, which corresponds to various crystal-
lographic planes (hkl values) of ZnO NPs samples (Table: 1) with lattice 
constants a = b = 0.324 nm and c = 0.521 nm (JPCDS card number: 
36–1451) [24]. 

The observed peaks and plans were consistent with the hexagonal 
wurtzite crystal structure of ZnO, confirming the crystalline nature of 
our nanoparticles synthesized via the green approach further, it also 
confirms the synthesized nanopowders were free of impurities as it does 
not contain any characteristics XRD peaks other than ZnO peaks. 
Analysis of peak broadening using variations in the Full Width at Half 
Maximum (FWHM) among different samples synthesized using different 
bio-reducing agents and conditions reflect differences in crystallinity 
and structural defects. The synthesized ZnO nanoparticle diameter was 
calculated using Debye-Scherrer formula [40,41]:  

D = Kλ/β*cosθ                                                                             (12) 

where K = 0.89 is Scherrer’s constant, λ is the wavelength of X-rays, θ is 
the Bragg diffraction angle, and β is the full width at half-maximum 
(FWHM) of the diffraction peak corresponding to the plane. The 
average particle sizes of the ZnO nanoparticles synthesized via the green 
approach were found to be in the range of 44.6 nm–51.7 nm. These sizes 
are consistent with the typical dimensions of ZnO nanoparticles syn-
thesized using bio-reducing agents via the precipitation method and 
revealed variations in crystallite size and strain among the samples 
synthesized using different reducing agents. ZnO-OT exhibited a crys-
tallite size of 45.0 nm, while ZnO-ABM and ZnO-FB showed sizes of 51.7 
nm and 44.6 nm, respectively. The differences in crystallite size may be 
attributed to variations in the bio-reducing agents and their interactions 
with the precursor materials. Comparing the XRD patterns of the three 
samples synthesized using different bio-reducing agents, it was observed 
that the peak intensities and positions were similar, indicating similar 
crystallographic orientations and phase purity. However, slight varia-
tions in peak broadening were observed, suggesting differences in 
crystallinity and microstructural characteristics influenced by the choice 
of bio-reducing agent [42]. 

3.2. Absorption spectrum of ZnO nanoparticles 

Fig. 4 shows the optical absorption spectrum of all the synthesized 
samples of ZnO NPs. Sample ZnO-AN exhibits a strong absorption band 
at about 380 nm [43] and an excitonic absorption peak at about 300 nm, 
on the other hand, samples ZnO-ABM and ZnO-OT show a single exci-
tonic peak at around 366 nm and 382 nm, respectively. All the excitonic 
absorption peaks confirm the presence of ZnO NPs in the sample (Fig. 4). 
The significant acute absorption proves that the distribution of nano-
particles is monodispersed and the broad absorption band at 380 nm in 
sample FB that ranges towards longer wavelength might be owing to the 
movement of the electronic cloud on the overall skeleton of the ZnO NPs 
[44]. The absorption peaks for ZnO-AN and ZnO-ABM are noticeably 
blue-shifted compared to the bulk absorption edge, which generally 
appears at 380 nm at ambient temperature [45], it is due to the quantum 
size effect, which is thought to be responsible for this orderly shift of the 
absorption edge towards shorter wavelengths or higher energy as the 
nanoparticle size decreases and known as blue shift [46]. 

The absorption peak for ZnO-OT does not exhibit any blue shift as it 
remains in the position that is very close to bulk ZnO or comparatively 
red shifted towards a higher wavelength. This excitonic absorption peak 
at 300 nm, 366 nm and 382 nm indicates the energy level at which 
electronic transitions occur within ZnO nanoparticles. Specifically, this 
peak corresponds to the creation of excitons, which are bound pairs of 
electrons and holes generated when electrons are excited from the 
valence band to the conduction band. Another absorption band in ZnO- Fig. 3. X-ray diffraction analysis of all samples of ZnO NPs.  
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AN at around 380 nm represents a broader range of wavelengths where 
absorption occurs. It may be due to the transitions of electrons between 
energy states within the conduction and valence bands or may also 
involve other complex processes like defect-related absorption. 

3.3. Optical bandgap for ZnO nanoparticles 

The band gap energy of nanoparticles can be determined by either 

Tauc plot method or by using the following equation [47]:  

Eg = 1240/ λ                                                                                (13) 

It relates the band gap energy (Eg) to the wavelength (λ) of the 
excitonic absorption peak. Where the band gap energy (Eg) is taken in 
eV and the excitonic absorption peak (λpeak) is in nanometers (nm). The 
estimated band gap energies for ZnO nanoparticles based on this equa-
tion are approximately 4.13, 3.38 and 3.24 eV for Sample ZnO-AN, ZnO- 

Table 1 
XRD pattern analysis data.  

ZnO-OT ZnO-ABM ZnO-ABM 

Bragg’s angle (2θ) all values FWHM Bragg’s angle (2θ) hkl values FWHM Bragg’s angle (2θ) hkl values FWHM 

31.98 100 0.2 31.95 100 0.2 32.08 100 0.2 
34.65 0,0,2 0.2 34.60 0,0,2 0.2 34.72 0,0,2 0.2 
36.48 101 0.2 36.42 101 0.2 36.55 101 0.2 
47.73 102 0.3 47.69 102 0.2 47.83 102 0.3 
56.83 110 0.3 56.75 110 0.3 56.87 110 0.3 
63.11 103 0.3 63.03 103 0.4 63.13 103 0.3 
66.60 200 0.3 66.55 200 0.2 66.65 200 0.3 
68.19 112 0.4 68.06 112 0.4 68.15 112 0.2 
69.29 201 0.4 69.29 201 0.4 69.39 201 0.3  

Fig. 4. UV–visible absorption spectra of ZnO-AN, ZnO-ABM, ZnO-OT.  
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ABM and ZnO-OT respectively. The Tauc plot method was used to 
calculate band gap energy [48]. This technique establishes a correlation 
between the absorption coefficient (α) and the incident photon energy 
(hv) in proximity to the absorption edge which is articulated through 
Equation (14) as follows:  

(αhν) = B (hν- Eg)n                                                                       (14) 

Within the equation α signifies the absorption coefficient, hν repre-
sents the photon energy (directly associated with the wavelength), Eg 
stands for the bandgap energy, B is a constant factor, and n corresponds 
to the exponent value which characterizes the nature of the electronic 
transition between the valence band and conduction band, it may have 
values 1/2, 2, 3/2, and 3 corresponding to the allowed direct, allowed 
indirect, forbidden direct, and forbidden indirect transitions, 
respectively. 

A graph (Fig. 3) between (αhν)2 and hv was plotted by following 
equation (14) For transition n = 1/2, in which the value of absorption 
coefficient (α) is obtained through absorbance (in Fig. 1) and the sample 
thickness (L) using the relationship:  

log I/IO = log e − α L ~ log I/IO = - α L (log e)                                         

~ log IO/I = α L (0.4343) ~ A = α L/ 2.303                                       (15) 

Where, log IO/I = Absorbance (A), in this way α = 2.303 A/L. In our 
case, the Standard value of L is 1 cm. Therefore, the Overall absorption 
coefficient α can be calculated by:  

α = 2.303 × A                                                                              (16) 

Fig. 5 displays the estimated band gap for ZnO nanoparticles from 
the Tauc plot of (αhν)2 vs. hν. We have obtained the Eg by extrapolating 
the straight section to the energy axis at = 0. The synthesized samples of 
ZnO NPs have band gaps around 4.00, 3.53 and 3.43 eV for ZnO-AN, 
ZnO-ABM and ZnO-OT, respectively. These changes in the band gaps 
are attributed to variations in the structural parameters of all samples 
[49]. The value of n = 1/2 is taken in the Tauc relation plot (Fig. 5), 
which indicates the direct allowed transitions in ZnO NPs of all samples 
[50]. It can be determined that the mode of transition in every sample of 
ZnO NPs is direct since the band gap energy is larger for the directly 
permitted transition when calculated using a taut plot for both values of 
n[51]. The value of band gap energies represents the semiconductor 
behaviour of ZnO NPs with a wide band gap, which requires 

approximately between 3.43 and 4.00 eV of energy to promote an 
electron from the valence band to the conduction band. 

Comparatively, to the bulk band gap of ZnO which has a direct band 
structure with a wide bandgap of 3.37eV, which leads to its transparent 
nature [52] this value is slightly higher, which may be caused by the 
strain during ZnO nanoparticle production, and it is a result of the 
quantum confinement effects. A wider band gap also indicates higher 
transparency and potential for UV absorption. 

3.4. Urbach Energy 

The Urbach energy is a parameter that provides insights into the 
broadening of the absorption edge in the optical spectrum of a semi-
conductor material like ZnO as well as used to quantify the degree of 
disorder or defects in the bandgap. The ZnO imperfections create Local 
electrical fields, which have an impact on band tailing or donor levels 
enlarging into impurity bands that combine with the conduction band to 
cause band tailing [50]. The Urbach law describes the exponential 
dependence of fundamental absorption edge into photon energy [53]. 
This exponential behaviour of absorbance coefficient arises from the 
electronic transition between localised states and their density falls off 
exponentially with photon energy. The width of the localised state is 
called Urbach energy and its relationship with the absorbance coeffi-
cient is described as follows: 

α=αoehν
Eu (17)  

where α is the absorbance coefficient, αo is a constant and Eu is the 
Urbach energy [54,55]. To determine Urbach Energy a graph between ln 
(α) and photon energy (hν) has been plotted separately for all the 
samples, shown in Fig. 6. The value of Eu was estimated by taking the 
reciprocal of the slopes of the linear part in the lower photon energy area 
of the curve [56]. The value of Urbach energy was found to be 3.67 
(0.00367 eV), 5.03 (0.005 eV), and 50.51 meV (0.05eV) for the sample 
ZnO-AN, ZnO-ABM, ZnO-OT, respectively, which suggests that there is 
some degree of disorder or defects present in the bandgap of synthesized 
nanoparticles. This could be attributed to factors such as surface defects, 
impurities, or structural imperfections in synthesized nanoparticles., 
which can impact the material’s optical properties and may have im-
plications for its applications in optoelectronics or other fields. Our 
interpretation predicted the Urbach energy of ZnO-AN and ABM was 
lower than that of the ZnO-OT nanoparticles. It is suggested the mole-
cules with larger band gap energy have lower Urbach tail/energy or less 
localized states and more crystallinity order. As a result, in this instance, 
there might be greater ordering in the ZnO-AN because the Urbach en-
ergy in this sample is less than that of the ZnO-ABM and ZnO-OT 
(Table 2). The higher Urbach energy of NPs ZnO-OT and ZnO-ABM 
may be due to an increase in electron concentration, which raises the 
probability of electron-electron and electron-impurity scattering as well 
as band tailing in the forbidden gap. This increase in electron concen-
tration can be due to the involvement of different reducing agents during 
the synthesis process. 

The value for sample ZnO-OT is relatively much higher than the 
other two. It may imply that there may be structural irregularities, lat-
tice imperfections, or defects present in your ZnO nanoparticles, 
contributing to a greater degree of disorder in the material [57] or the 
creation of additional interband between the valence and conduction 
bands. In certain research contexts, an extremely high Urbach energy 
may be of interest because it suggests a highly disordered or amorphous 
material, which could have unique optical or electronic properties [58]. 

3.5. Refractive index 

The refractive index (n) is a fundamental parameter of optical ma-
terials that plays a very significant role in the design of optical devices. 
Thus, controlling this parameter in nanoparticles makes them crucial for Fig. 5. Band gap of samples of ZnO-AN, ZnO-ABM, ZnO-OT Nanoparticle.  
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a variety of industrial and medical applications [59]. According to the 
empirical relationships, the value of the refractive index (n) was related 
to the band gap value with the help of the following equation: 

n=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12.417
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Eg − 0.365

√

√

(18) 

The linear relationship in empirical equation (18) was proposed by 
Reddy et al. [60] and used to calculate the values of refractive indexes 
here. The empirical formula provides the values 2.55, 2.6 and 2.7 for 
ZnO-AN, ZnO-ABM and ZnO-OT respectively, which are very close to 
each other. The values indicate the strong ability of the synthesized ZnO 
NP samples to refract light, making them suitable for optical applica-
tions. It also denotes the sample’s high transparency in the visible and 
UV spectrum region, which enhances their potential towards optical 
devices like photodetectors and solar cells, and offers opportunities for 
optical enhancement and material characterization. 

3.6. Optical conductivity 

Optical conductivity is a material property that quantifies how a 
material conducts electric current in response to the absorption of 
photons in the optical range. It is a key parameter for understanding the 
optical and electrical behaviour of materials, particularly in the context 
of optoelectronic devices and optical coatings. Here we have calculated 

Fig. 6. Plot between ln(α) vs. Energy representing the slope to determine Urbach Energy.  

Table 2 
Obtained values of different parameters observed by UV–visible spectroscopy for 
ZnO-AN, ZnO-ABM, ZnO-OT.  

Properties Calculated Values  

ZnO-AN ZnO-ABM ZnO-OT 

Absorbance Peak (nm) 300 366 382 
Band gap (eV) 4.00 3.43 3.53 
Refractive Index 2.55 2.60 2.70 
Optical Conductivity (109 per second) 1.30 1.97 7.10 
Urbach energy (meV) 3.67 5.03 50.51  
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the value of optical conductivity σopt of all the samples of ZnO nano-
particles using the formula [14]: 

σopt =
αnc
4π (16)  

Where, absorption coefficient (α) and the refractive index (n), the speed 
of light (c) in space was involved in the calculation. The calculated 
values of the optical conductivity for the samples ZnO-AN were 1.3 ×
109 s− 1, for ZnO-ABM was 1.97 × 109 s− 1 and for the ZnO-OT was 7.1 ×
1010 s− 1, as can be seen in Table 2. 

The magnitude of σopt is related to the material’s ability to absorb 
and re-emit photons, which is important in various optoelectronic ap-
plications, including solar cells, photodetectors, and light-emitting de-
vices. Higher values often indicate better optical response and may be 
desirable for certain optical device designs [61]. In our study, all the 
calculated optical conductivity values might be considered high and 
indicative of efficient optical response, which can be advantageous for 
optoelectronic applications. The sample ZnO-OT has the highest value 
among all three samples denoting the highest potential of electrons in 
particular NPs to absorb photons and become excited at a rate of 7.1 ×
1010s− 1 times per second when exposed to light within the considered 
energy range [59]. 

3.7. Determination of size of ZnO NPs 

In this section, the size of a synthesized nanoparticle was calculated 
by using 5 different approaches with the data obtained from the optical 
spectra. The results obtained by the five models were compared to 
analyse their accuracy. 

3.7.1. Brush model 
The first approach used to determine the size of the nanoparticles 

was the Effective mass approximation mentioned in section 2.5.1. The 
solved form of the Brus equation from Equation number (3) was used to 
calculate the size of all samples. Equation (1) was utilized to derive the 
numerical values in equation (3) in which the values of me* = 0.19mo 
and mh* = 0.80mo were employed, which was also utilized by Brus et al. 
in their investigation [62]. Different values of the effective masses of the 
electrons and holes were utilized by different researchers. For illustra-
tion, Monticone et al. and Pesika et al. utilized the following parameters 
me = 0.26mo, mh = 0.59mo (mo denoting the free electron mass), 
Dielectric constants of ZnO = 3.7 and surrounding liquid (ε0) = 8.5 in 
their work to derive equation (2) [11,63]. While Praus et al. provided 
the values me* = 0.18mo and mh* = 0.80mo and Dey et al. reported me* 
= 0.42mo and mh* = 0.61mo. It is important to note that small changes 
in the effective mass values have the potential to have a big impact on 
the computed sizes of NPs, that is why we have used the same which was 
utilized by Brus et al. to prevent any calculation errors in the Brus 
equation. 

The Brus equation predicts that materials that have smaller energy 
gaps, need to have larger crystal sizes before they can absorb light at the 
same energy level as the bulk material. On the other hand, materials 
with larger energy gaps can reach this point at intermediate crystal sizes, 
which are around 60 Å in diameter. This happens because a balance 
occurs between two factors, quantum effects that try to confine the 
electrons and electrostatic forces that try to spread them out. However, 
when the crystal size is even smaller, the simple equation predicts a 
significant increase in energy (a blue shift). To get accurate results in 
such cases, we can’t rely on the basic equation alone. We need to use a 
more advanced analysis that considers how the charge is distributed on 
the surface of the crystal (L. E. [62]). 

Our results also show that the relationship between bandgap energy 
and nanoparticle size aligns with the fundamental assumptions of the 
Brus equation and we observed that smaller bandgap energies corre-
spond to larger nanoparticle sizes. ZnO-AN has the highest bandgap 
energy (Eg = 4.00 eV), and its estimated nanoparticle size is 2.56 nm 

whereas, ZnO-ABM, with a bandgap energy of 3.43 eV, exhibits a larger 
nanoparticle size of 5.58 nm, on the other hand ZnO-OT, having a 
bandgap energy of 3.53 eV, falls in between, with an estimated nano-
particle size of 4.40 nm. Our results provide valuable insights into the 
relationship between bandgap energy and nanoparticle size, confirming 
the applicability of the Brus equation to our experimental conditions. 
However, major computational efforts and difficulties do not allow for 
the calculation of the properties of large-sized nanocrystals (Sapra & 
Sarma, 2004b) as well and the simplifications made in applying the Brus 
equation are some limitations while applying this equation. 

3.7.2. Empirical formula suggested by Meulenkamp (ME) 
The next approach used to calculate the particle size of ZnO nano-

particles was proposed by Meulenkamp who introduced equation (5) 
mentioned in section 2.5.2 which correlates the particle sizes to λ1/2 
[32]. Meulenkamp suggested using a band gap calculated from λ1/2 
(nm), which is a wavelength at which absorption becomes half the ab-
sorption compared to the first absorption maximum when going from 
lower energy (half of that at the shoulder). But here we have used the 
same value of band gap that we have used for other methods because it 
was comparatively difficult to obtain an approximate value of λ1/2 in the 
case of Sample ZnO-OT, as the first absorption value of this sample is 
already at a higher wavelength than the other two. Because of this, we 
were getting a very high low value of Eg which may not provide a real 
number after solving the equation. Therefore, to make similarity in the 
calculation for all samples, we choose to take the band gap energy ob-
tained from the Tauc plot method (Fig. 2) and obtained the particle 
diameter 1.96 nm for Zn-AN, 6.02 nm for ZnO-ABM and 4.3 nm for 
ZnO-OT, which are in the good agreement with the sizes obtained from 
Brus equation. 

3.7.3. Hyperbolic Band Model (HBM) 
In the second approach, the particle size is determined by the rela-

tionship between the absorption band gap and radius using equation 
number (6) as mentioned in 2.5.3 known as the hyperbolic band model 
[64]. In this equation the value of effective mass (m*) = 29.15 × 10− 31 

kg for ZnO, Egbulk = 3.37 eV, Planck’s constant h = 6.626 × 10− 34 Js, 
and Egnano = 4 eV, 3.43 eV and 3.53 eV derived from the absorption 
spectra (Fig. 2) were used to calculate the average particle size [65]. The 
average particle size obtained from this formula is 4.6, 9.5, and 15.7 nm 
for samples ZnO-AN, ABM, and OT, respectively. The obtained size 
suggests that these ZnO nanoparticles are in the nanoscale range and can 
have promising characteristics for various applications, especially in the 
field of nanotechnology and optoelectronics. However, the sizes calcu-
lated by this method are larger than the previous methods used, This 
may be due to irregularity in the shapes of the particles in the sample 
because to determine the particle’s exact size using the hyperbolic band 
model the particle should have an accurate circular form [64]. 

3.7.4. Tight Binding Model (TBM) 
Another approach used to obtain the average particle diameter was a 

tight binding model (TBM) or the empirical expression suggested by 
Viswanatha et al. which is mentioned in section 2.5.4 in equation (10). 
In this case, the estimated particle sizes were 2.0, 4.5 and 7.2 nm for 
ZnO-AN, ZnO-ABM and ZnO-OT, respectively, which also correspond to 
the nanoscale regime. The values for Eg used here were the same as in 
the previous methods. The size obtained for ZnO-AN was in good 
agreement with the Brus equation but the size calculated for sample 
ZnO-OT was larger than Brus and Mulenkamp’s methods. The 
disagreement can be due to the applicability of different methods of 
synthesis of the nanoparticle. 

3.7.5. Simplified version of EMA(SEMA) 
Finally, the radius of all samples was calculated by a simple equation 

(11) mentioned in section 2.5.5 which utilized the inflexion point in the 
absorption vs. wavelength spectrum, where λp is the peak absorbance 
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wavelength in nm. The values me = 0.26 mo, mh = 0.59 mo, mo is the 
free electron mass, = 8.5, and Egbulk = 3.3 eV was used in the deriva-
tion of the simplified equation [23]. The prepared ZnO nanoparticle 
samples exhibited the absorbance peak at about 300 nm (ZnO-AN), 366 
nm (ZnO-ABM), 382 nm (ZnO-OT) which corresponds to the particle size 
of 2.7 nm, 5.1 nm and 7.7 nm respectively. The result is in good 
agreement with TBM but slightly varies with that of the Brush equation. 

3.8. Comparative study 

The size dependence of the optical characteristics of nanoparticles is 
one of its most striking features. A semiconductor nanoparticle’s ab-
sorption edge shifts to shorter wavelengths as its size decreases, sig-
nalling an expanding band gap. As the size of the particles lowers, 
colours will shift if the semiconductor’s band gap is within the energy 
range of visible light. It has been observed that there is good agreement 
between the sizes estimated from the above-mentioned methods, but we 
can also observe some discrepancies in some cases. It is because the 
accuracy of these formulas depends on various factors such as precursor 
and method used to synthesise NPs, material’s composition, structure 
and specific conditions. 

It is important to note that the formula mentioned is mostly empir-
ical, and while it may provide a reasonable estimate of size for many 
materials, it may not capture all the range of ZnO NPs. Similarly, to 
obtain the exact size of the particle using the hyperbolic band model, the 
particle should be exactly circular [64]. A comparative chart of size for 
all nanoparticles can be seen in Table 3, in which we can see in the case 
of ZnO-AN, BE (equation (3)), ME (equation (5)) and SEMA (equation 
(11)) give similar values of particle diameter while for nanoparticle 
ZnO-ABM, only the diameter provided by Brus equation and Meu-
lenkamp’s Formula is in good agreement. On the other hand, in the case 
of nanoparticle ZnO-OT, only BE, ME and TBM provided the values close 
to each other. Size estimated from HBM, TBM and SEMA is mostly in less 
agreement with other methods. In contrast, the values provided by BE 
and ME are much closer than the others in most of the cases. In addition, 
all samples synthesized in similar conditions with a different reducing 
agent have no similar size of the nanoparticle, which indicates the 
interaction of the reducing agent with the property of the nanoparticle. 

. The comparative graph presented in Fig. 7 indicates that the size of 
the nanoparticles is inversely related to their bandgap as we move down 
to the energy of the bandgap. A decrease in the size of nanoparticles can 
be easily noted for all synthesized nanoparticles, that is the key 
assumption of most of the methods used in this study. Our results vali-
date that all methods apply to our experimental settings and offer 
insightful information on the connection between bandgap energy and 
nanoparticle size. But occasionally, significant computational work and 
challenges make it laborious and time-consuming as well, and the pre-
cise bandgap value without any adjustments is required to obtain an 
accurate assessment of the size. 

4. Statistical study (Analysis of variance) 

One-way ANOVA was used in this study to statistically assess the 
applicability of all reducing agent for their synthesis and methods to 
calculate the size of nanoparticles. This study used two settings of one- 
way ANOVA (single factor) with a 95 % confidence interval (α = 0.05) to 
assess if the size of nanoparticles synthesized by three different reducing 

agents, calculated by 5 different Models differed significantly from one 
another or not. 

In our first set of ANOVAs, we targeted the sample of ZnO NP syn-
thesized by using 3 different reducing agents to identify the statistical 
difference in the size of nanoparticles with the choice of reducing agent. 
ZnO-AN, ZnO-ABM and ZnO-OT were the targeted variables and the 
hypotheses for the two-tailed test were as follows: 

The Null Hypothesis (H0): There are no significant differences in the 
estimated sizes of ZnO nanoparticles synthesized by using different 
reducing agents. 

The Proposed Hypothesis (H1): There are significant differences in 
the estimated sizes of ZnO nanoparticles synthesized by using different 
reducing agents. 

In this case, the null hypothesis was rejected since the significance 
value (p = 0.041) was less than the significance level of 95 %, which 
denotes that there was a statistically significant difference between the 
populations. The results of our analysis are summarized in Table 4. The 
ANOVA analysis provided a p-value of 0.041 which is smaller than the 
used significance level of 0.05, Which does not support the null hy-
pothesis and signifies that there is statistically significant variation in 
the estimated sizes of ZnO nanoparticles synthesized by using different 
reducing agents. 

To reveal the detailed analysis of all populations we performed post- 
hoc analysis after ANOVA. We have chosen Tukey Test as posthoc 
analysis to compare the data in pair and it may be inferred from the 
executed Tukey test (Table 5) that in pairwise comparisons, the differ-
ences between the sample ZnO-AN and ZnO-OT are statistically signif-
icant (p-value 0.03< α = 0.05) at 0.05 level, where the significance 
values between sample FB (Mean = 2.82 ± 0.47, Standard Deviation =
1.05) and ZnO-OT (Mean = 8.18 ± 1.95, Standard Deviation = 4.36) are 
1 (Table 4). However, the sample ZnO-AN and ZnO-ABM (Mean = 5.42 
± 1.04, Standard Deviation = 2.33) as well as ZnO-ABM and ZnO-OT 
have a significance value of 0, which indicates that the samples ZnO- 

Table 3 
Size of ZnO nanoparticles obtained using UV–visible data by applying different 
approaches.  

Samples BE (nm) SEMA (nm) ME (nm) TBM (nm) HBM (nm) 

ZnO-AN 2.7 2.7 2.1 2.0 4.6 
ZnO-ABM 4.2 5.1 3.8 4.5 9.5 
ZnO-OT 5.1 7.7 5.2 7.2 15.7  

Fig. 7. Comparison between calculated Size value of all samples and their 
relation with Bandgap. 

Table 4 
One Way ANOVA on the source of ZnO.  

Properties Source of 
variation 

Sum of 
squares 

Degree of 
freedom 

Mean 
Square 

F 
Value 

P 
Value 
> F 

Source of 
ZnO NPs 

Between 
groups 

71.85 2 35.92 4.22 0.0441 

within 
groups 

102.2 12 8.52 – – 

Total 174.05 14 – – –  
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AN to ZnO-ABM (p value = 0.37> α = 0.05) and ZnO-OT to ZnO-ABM (p 
value = 0.33> α = 0.05) are not significantly different. Therefore, it may 
be possible that the reducing agent used to synthesise the ZnO nano-
particle can considerably affect the size of the nanoparticle. 

In our second set of ANOVA Brus Equation (EMA), the Hyperbolic 
Band Model, Meulenkamp formula, Tight Binding Model and Simplified 
EMA were the targeted variables. The hypotheses for the test were as 
follows: 

The Null Hypothesis (H0): There are no significant differences in the 
estimated sizes of ZnO nanoparticles among the different approaches/ 
methods. 

The Proposed Hypothesis (H1): There are significant differences in 
the estimated sizes of ZnO nanoparticles among the different ap-
proaches/methods. 

In our case, the null hypothesis was not rejected since the signifi-
cance value was not less than the significance level (α = 0.05), which 
denotes that there was not any statistically significant difference be-
tween the two populations. The results of the analysis are summarized in 
Table 6. The ANOVA analysis provided a p-value of 0.16323 which is 
higher than the used significance level of 0.05, Which supports our null 
hypothesis and signifies that there is no statistically significant variation 
in the estimated sizes of ZnO nanoparticles between the various models 
or approaches. This indicates that the final ZnO nanoparticle size may 
not be considerably affected by the estimation technique selection, ac-
cording to the data and analysis. 

5. Conclusion 

This study successfully characterizes ZnO NPs using UV–visible 
spectroscopy and presents alternative formulas for size determination. 
Although the formulas utilized to calculate different parameters are 
mostly empirical and based on observed relationships rather than a 
theoretical model or fundamental physical laws. Therefore, the obtained 
results and characteristics of synthesized ZnO NP samples have some 
discrepancies and are influenced by factors such as particle size, shape, 
synthetic process, environmental conditions, and surface characteristics. 
From ANOVA analysis, we can conclude that there is no statistically 
significant variance in estimated sizes via the formulas employed, 
indicating that any of the formulas can be employed to calculate the size 
of NPs via low-cost, real-time, less laborious alternative methods using 
UV–visible data. Moreover, the accuracy of these formulas also depends 
on the material’s composition, structure, and the specific conditions 
under which they are used. Additionally, the calculated optical bandgap 
of all samples indicates semiconductor behaviour, and XRD analysis 
revealed a crystalline structure and crystal size ranging from 44.6 nm to 
51.7 nm for ZnO nanoparticles. The ZnO NP sample synthesized via 
biomass is the smallest, and the ZnO sample synthesized via OT is larger, 
despite all having a high value of Urbach energy suggesting the presence 
of defects, while very close values of refractive index and optical con-
ductivity demonstrate their optical transparency and near suitability for 
optoelectronic applications. 

6. Future scope 

The findings of this investigation open doors for further research in 
different directions. Future studies can focus on comparing the results 
obtained through applied UV–visible-based methods with other more 
reliable techniques to understand the precision and error percentage in 

the value obtained through the present methods as well as refining the 
accuracy of size determination approaches to the nanoparticles syn-
thesized using different model can also be promising for further inves-
tigation. Additionally, the impact of defects on ZnO NP properties and 
exploration towards novel applications of ZnO NPs in optoelectronic 
devices, photodetectors, solar cells, and light-emitting devices is also 
worthwhile. Moreover, investigations into optimizing ZnO NP synthesis 
methods and tailoring their properties for specific applications can be 
pursued for practical advancements in materials science and 
nanotechnology. 
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Size effects on semiconductor nanoparticles, in: C. De Mello Donegá (Ed.), 
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Microbial bioconversion of food waste to bio-
fertilizers†

Pramod Kumar Mahish, a Dakeshwar Kumar Verma, *b Anjali Ghritlahare,c

Charu Arorad and Paz Otero *e

Food waste is a matter of concern in our society. A large amount of waste has been reported in

municipalities (households, markets, food courts, and ceremonies), the agriculture sector, food-based

industries and airports. Food wastage involves economic losses and entails the use of resources and has

an environmental impact that could be avoided by educating society in environmental values and

looking for new revalorization strategies. Food waste contains organic matter in a rich amount which

depends on the type of waste such as oils, fruits, agro-industrial waste, bakery, dairy, meat etc. A number

of strategies are applied for the management of food waste such as recycling, bioconversion, animal

feed etc. Among them microbial bioconversion is now becoming popular. It employs a biochemical

process in which organic waste is converted into manure that improves soil quality while taking part in

the sustainable development of society and contributing to our environment. Some bacteria, fungi, and

actinomycete fermentations have been described to perform this upcycling since they present many

advantages such as ease, safety, cost-effectiveness, eco-friendliness, and a rapid process. A microbial

bio-converted fertilizer also meets quality and safety which enhances the growth of crops. Therefore,

the present work aims to present the sources and types of food waste, recent food waste scenarios

around the world, the diversity of microbes that convert food waste to fertilizers, the mechanism of

bioconversion, and the use of the converted fertilizer.

Sustainability spotlight

Food waste is a matter of concern in our society. In this context, the use of microbial capacity to decompose organic matter is a very vibrant technique to valorize
food waste. Several sources and types of food waste such as waste cooking oils, agro-industrial wastes such as vegetables, fruit, juice, wheat, rice, potato,
sugarcane, bakery waste, dairy waste and different types of meat, sh and poultry wastes have been proven to be protable sources for their use for biocon-
version. And some bacteria, fungi, and actinomycete fermentations have been described to perform this upcycling since they present many advantages such as
ease, safety, cost-effectiveness, eco-friendliness, and a rapid process. The present work aims to present the sources and types of food waste, recent food waste
scenarios around the world, the diversity of microbes that convert food waste to fertilizers, the mechanism of bioconversion, and the use of the converted
fertilizer.

1. Introduction

According to the Food and Agriculture Organization (FAO), the
difference between food loss and food waste is that the former

refers to loss of food due to quantitative or qualitative reasons,
whereas if the food is expired or soiled due to carelessness of
the consumer, then it is dened as food waste.1 In addition, the
FAO points out that food waste is a waste of inputs, land, and
labor (FAO 2011).2 In parallel, the EPA explains that it is a little
different than that in a residence or commercial establishment
where uneaten food or food preparation residues have been
known as food waste.3 Therefore, food waste is foodstuff of all
types excluded from the food supply chain t for the
consumption of humans. While 98% of the hunger population
lives in developing countries among which 15% suffer from
malnutrition4 and nutritional deciency and hunger chal-
lenges, that billions of people are suffering nowadays,5 the
situation in developed societies is entirely different. From one
side, wealthier civilization with home delivery, better food chain
systems, and supermarkets act as simple accessibility of food;
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however, this modern food delivery scenario brings challenges
in terms of urban food waste increase and thus, has an impact
on the environment and sustainable development and food
safety and security.6 In addition, the anaerobic digestion of food
waste makes a contribution to the greenhouse gases in the
environment.7 Leachate is another environmental challenge
linked to food waste. Apart from environmental challenges,
several other difficulties arise from food waste, which are listed
in Fig. 1. In this context, food safety and security are a globally
important challenge nowadays because they are sandwiched
between the commodity demand increase from the increase in
population and the shortage of agricultural land due to
urbanization and industrialization.8 Increasing consumption
rates and shrinking crop areas are major concerns related to
sustainable food demand.9 Related to safety and security,
wasting food is another burning issue, of which about one-third
is produced for human feasting.2 This is related to post-
harvesting, pre-consumption, and post-consumption levels.
An increase in greenhouse gases is directly proportional to food
waste.10 Food waste creates a burden on production and
demand which reects the use of crop elds, the use of irrigated
water, manpower & inputs, and fertilizers.11 The loss of biodi-
versity is also related to habitat destruction by agricultural
areas.12

In industrialized countries, governments and authorities
demand limitations on waste generation in the whole food
supply chain, commencing with primary production, process-
ing, and whole food distribution, in individual households,
restaurants and food services. Households account for up to
45% food waste and its amount is increasing over time.13–16 In
a recent study of Russia, overproduction and consumer le-
overs have been found to be the reasons for food waste and
about 14 tons of food waste was averaged per restaurant per
year.17 The United States Department of Agriculture-The
Economic Research Service (USDA-ERS) (USA), Waste &
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Resources Action Programme (WRAP) (UK), FAO (UN) and
UNEP (UN) are some national agencies and organizations of
government that are actively engaged in the prevention of food
waste and FUSION and REFRESH programs have been funded
by the European Commission for sustainable utilization of food
resources.18 The quantication of food waste in each sector and
food chain process plays an important role in the global
management of food waste. Bakery products such as bread,
fruits and vegetables, and meat have been recorded as a major
proportion of urban food waste.19 Apart from these, cereals, root
crops, oilseeds, dairy, and sh waste form 20–50% of the waste

worldwide.2

Food waste could be mainly measured by direct and indirect
methods. Direct methods are based on measuring, counting
and waste composition analysis, i.e., based on the primary data
of ineld observation. For example, weighing is one of the
traditional direct methods by which food waste can be weighed
in hospitals, households, schools, restaurants, etc.20 In the
household collection of garbage, waste is collected from homes
and food waste is separated from others to measure the actual
quantity.21 When physical access to food waste is not possible,
then the application of indirect methods with the use of coef-
cients and mass balance is employed. Indirect methods use
statistical tools, modern computational soware, and modeling
based on mathematical formulae to estimate the quantity of
food waste, so that data from indirect measurement are derived
from the primary record of the direct method. In the EU, the
most recommended method for all processes in the agri-food
supply chains is the direct measurement and analysis of the
waste composition.22

1.1 Methodology

The most popular bibliographic databases have been used to
search for literature in the study viz. Scopus, Web of Science and
Google Scholar. The key words used are – “Food waste”; “Food
loss”; “Biofertilizer from food”; “Bioconversion of food waste”;
“Valorization of food waste” and so on. The literature obtained
from the database has been ltered. Books and review and
research articles have been selected and other literature has
been eliminated. Literature published in English has been
selected and literature in other languages has been excluded.
Valorization of food waste other than microbial methods was
also excluded. Literature studies were also selected according to
the publication period. The selected literature studies have
been read and analyzed to satisfy the objective of the study.
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2. Sources and management of food
waste

Households and surroundings that are directly or indirectly
related to individuals are the major sources of food waste aer
production and processing.23 Our neighbors, friends, educa-
tional institutes, markets, and working places such as physical
settings inuence the wastage of food.24 In a household,
dependence on each other, togetherness, and structure of the
family affect the use or misuse of food.25,26 Fig. 2 indicates
a step-by-step loss of food from land to the consumer and Fig. 3
is related to the reasons for food losses in the different steps.
The quantication of overall waste in the food chain is a little
challenging because it depends on harvested items, situation,
process utilized etc. A study in the US suggests about 20% food
waste at the production stage, 20% in processing and

distribution and the rest (60%) in the consumption stage.27

Food losses are also observed to be much higher in low-income
countries due to infrastructure, deprived technology, a lack of
awareness about environmental parameters and market coor-
dination.28 About 26% of food waste is recorded at the
production stage in South Africa and nearly half (13%) is
observed in Canada in the overall food chain. These data may
vary according to foods such as cereals, fruits and vegetables
and meats. Post-harvest food waste also depends on the food
type. Cereal waste was observed to be maximum at post-harvest
and storage steps; fruit and vegetables at the production step;
meat, sh, milk and eggs at the retailing step due to a lack of
coolant facility. Household or consumer waste is more in high

Fig. 1 Effect of food waste on the environment and sustainable
development.

Fig. 2 Loss of food waste in the various steps of food production and
transport to the consumer.

Fig. 3 Reasons for the wastage of food from production to use in
households.

Fig. 4 Main management strategies for food waste.
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income countries. About 40–50% household food waste has
been recorded in the European Union and Canada.29

There are several possibilities for managing food waste.43

Averting food waste, landlls, donations, animal feeding, recy-
cling, production of chemicals, composting and biogas are
among the most applied waste management methods on large
and moderate scales (Fig. 4). All of them show advantages and
disadvantages (Table 1). For example, in a fast urban lifestyle
averting food waste is not possible except for some exceptions.
Landlling is a simple disposal practice; however, it presents
some environmental concerns since in the long term, this
method can produce contamination and pollution of the
surrounding environment with a negative impact on air and
groundwater.30 In addition, it contributes to leachate

production, unpleasant smell around the site and sources of
pathogenic microorganisms. Animal feeding is a common
method found in countries with a high demand for animal food
such as South Korea and the United States since it does not lead
to negative environmental impacts.44 Nevertheless, this is not
a protable method for low livestock production countries.
Moreover, it has to follow strict guidelines as in the case of low
salt content or caffeine free products, as they can cause harmful
effects on animals.34 Donation is another waste management
practice currently successfully implemented in the UAE in
which supermarkets, hotels and restaurants donate excess food
to families in need. However, the collected food for donation
represents a very small amount of the total waste. Other
management methods, such as recycling food waste, seem very

Table 1 Advantages and disadvantages of some possible management methods for food waste

S. no. Method of management Advantages Disadvantages References

1 Landll Easy method; no tools/
equipment required; no
need for scientic
knowledge

Contamination and
pollution; negative impact
on groundwater; emission of
greenhouse gases;
unpleasant odor; leachate
formation; growth of
mosquitoes and other
insects

6 and 30

2 Donation Fulls the needs of
underprivileged
communities

Improper disposal of food by
the receiver

31

3 Animal feed No environmental impact;
more nutrients for animals

Risk of contamination for
animals

32

4 Pyrolysis No emission of harmful
gases; conversion to biofuels
and biochar

Needs equipment setup with
high energy requirements

33

5 Incineration No need for land; minimum
requirement of human
resources; generation of
energy from waste

Release of toxic gas and ash;
need for setup

34 and 35

6 Gasication Less environmental concern;
production of future fuels

High temperature and high
energy requirement; release
of hydrocarbons and ash

36

7 Transesterication Minimizes soil and water
pollution by oils; production
of biodiesel from waste oil

Complex methodology;
requirement of high energy;
release of water

37 and 38

8 Composting Bioconversion to green
manure; no environmental
concern; bioremediation of
harmful chemicals

Very slow process; need for
setup with skilled
knowledge; generates
unpleasant smell

39

9 Anaerobic digestion Bioconversion of food waste
to green manure and biogas;
no environmental concern

Need for a digester; low
capacity; needs scientic
knowledge to maintain pH
and temperature

40

10 Anaerobic fermentation Bioconversion of food waste
to alcohols and acids;
production of future fuels
and green manure; less
emission of CO2 and
greenhouse gases; high
efficiency

Need for a fermenter or
reactor; costly method; need
for scientic knowledge;
difficulty in product recovery

41

11 Hydrogen production Bioconversion of food waste
to green energy; use of
byproducts as manure

Need for production setup
with skilled manpower; low
capacity

42
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poor because of their rapid degradation. On the other hand,
chemical conversion methods are relatively new and only
implemented recently at a moderate scale; therefore they still
need intensive implementation and development. Finally,
composting is a suitable method for the management of food
waste that involves the conversion of organic matter to
ammonia-nitrogen, carbon dioxide or humic substances under
an aerobic atmosphere.45 The collection of food waste in
wheeled bins followed by the separation of waste on the basis of
texture (dryness or wetness), source (organic or synthetic),
nature (metallic or nonmetallic) and approach (recyclable or
non-recyclable) is increasing in developed countries. Fig. 5
shows the organic fertilizer and biogas energy production
process from household food waste. In this sense, household
food waste can be recycled into biogas energy and organic
fertilizers. However, the fertilizer can be used to improve crop
growth, which could be benecial for society and biogas
generation could not fulll the high demand of society.

3. Organic composition and
valorization of some food waste

In general, food waste has a good nutritional value because it is
rich in high quality organic nutrients since it was intended for
human consumption (see the gure in the ESI†). Produce from
farms, restaurants, and manufacturing facilities, such as fruits,
vegetables, meats, and cereals, make up the majority of food
waste that affects every aspect of daily life. Plant-based food
losses from the farming land to the customer are over 40% and
cumulative. This contains vegetables which are not gathered
due to inappropriate maturity, do not satisfy strict excellence
stipulations by the superstores, and are disallowed harvests or
parts or ber/pomace aer extracting juice by processing
industries.47 However, food waste typically has high moisture
content in the range of 50–85%, which reduces shelf-life and
makes food waste collection and use for animal feeding difficult

because of the possible spoilage.32 Therefore, a good option is
its use for bioconversion. The nutritional composition of some
food waste is presented in Fig. 6.

3.1 Waste cooking oils

Cooking oil waste is rich mainly in saturated fatty acids such as
palmitic acid, monounsaturated fatty acids such as oleic acid

Fig. 5 Scheme of organic fertilizer and biogas energy production from household food waste [Copyright 2022 @ BioEnergy Consult from Zafar
S.46 source: https://www.bioenergyconsult.com/renewable-energy-food-residuals/].

Fig. 6 Organic matter of some common food waste for possible
valorisation to biofertilizers.
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and polyunsaturated fatty acids such as linolenic and linoleic
acids.48,49 Due to this composition, cooking oils have been bio-
logically converted into fuel, acids, metabolites, enzymes,
polymers, etc, using microorganisms. Biodiesel is one of the
important products obtained fromwaste cooking oils.48,50Waste
cooking oils have been observed as the source of lactic acid and
citric acids bio-converted by Rhizopus microspores and Lich-
theimia corymbifera.51,52 Metabolites such as poly-
hydroxyalkanoates and carotenoids were produced from the
waste of cooking oil by Paracoccus sp. strain LL1.53 Bioplastics
are another important product produced from Escherichia coli
in the presence of waste cooking oils as substrates.54 Lichtheimia
corymbifera is also used for the production of single-cell oils and
lipase from waste cooking oils.52

3.2 Fruit and juice waste

Fruit waste has been reported worldwide because of its high
content of protein, ber, and carbohydrates which could be
recovered and re-used. Waste oranges contain D-limonene, a type
of monoterpene.55 Cellulose, hemicellulose, pectin, lignin, and
sugar have been reported from pineapple waste.56 Similarly,
banana peel is rich in various organic materials such as poly-
saccharides, proteins, bers, and pectin.57 Fiber, proteins, and
lipids are the major components of waste pomegranates and
tangerines.58,59 The bioconversion of waste fruit and juices is
a virtuous idea because many fruits contain only 30–50 percent
edible parts while the other part is related to the peel that generally
wastes aer fruit consumption. Tangerine biomass has 40–50%
peel, pomegranates 50%, and bananas have 30–40% peel.60

Therefore, half of the fruit contains waste having organicmaterials
which possibly valorizes useful products. Methane as a source of
fuel has been obtained from the bioconversion of passion fruit
peel, cashew bagasse, and D-limonene of orange peel by the pres-
ence of microbes in anaerobic digestion.55,61 Biologically derived
adsorbents have been obtained from pomegranate peel, orange
juice, and tangerines.60,62 Biosorbents produced from the pome-
granate peel and orange juice were able to remove phenol from the
wastewater. Orange peel has been biologically converted to
bioelectricity by Pseudomonas63 while bio-pigments are produced
by Monascus purpureus ATCC 16365 and Penicillium purpurogenum
CBS 113139.64 Orange peel waste is also used to produce bio-
fertilizers.65 Pineapple waste has been utilized for the production
of ethanol, phenolic anti-oxidants, citric acid, lactic acid, biogas,
and ber, those are achieved by Saccharomyces cerevisiae and
Zymomonas mobilis (ethanol), Rhizopus oligosporus (phenol),
Aspergillus niger (citric acid) and Lactobacillus lactic (lactic acid).56

Biochar and environmentally friendly substances have been
produced from the banana peel.66 Banana peel is also used for the
synthesis of single cell proteins biologically converted by Rhodo-
torula glutinis NRRL Y-1091 and Ganoderma wiiroense.67 Bio-
fertilizers and biogas have been produced from peels of fruits such
as pomegranates, sweet lime, bananas, and tangerines.60,65

3.3 Agro-industrial waste – wheat and rice

Agro-industrial waste is a rich source of cellulose, chitin, hya-
luronic acid, inulin, and pectin, i.e., organic nutrients which are

important substrates for biochemical conversion.68 For
example, paddy straw and wheat straw particularly contain
cellulose, hemicellulose, and lignin.69 In this sense, agro-
industrial waste has been converted to cellulase, xylanase, and
other industrially important enzymes with the aid of microor-
ganisms such as Aspergillus avus under solid-state fermenta-
tion.70,71 Economically signicant acids such as acetic acid have
been produced from agro waste by fermentative bacteria
Bacillus sp. PM06 and butyric acid is obtained from Clostridium
tyrobutyricum.72,73 Similarly, vanillic acid is synthesized from
corn bran biologically converted by Pseudomonas putida
KT2440.74 Future fuel bioethanol is synthesized from agro waste
by Bacillus sp. PM06, Saccharomyces cerevisiae MTCC 4780 and
mushrooms.72,75,76 Other future energies such as biohydrogen,
bioelectricity, and biobutanol were also produced from agro-
industrial waste.76

3.4 Agro-industrial waste – potato and sugarcane

Potatoes are composed of carbohydrates, especially starch.
Potatoes contain three main types of sugars: fructose, sucrose
and glucose and other compounds such as cellulose, hemi-
cellulose, lignin, and ber.77 In the study, ash, proteins, lipids,
total sugar, ber, starch, and phosphorus were recovered from
potato processing waste.78 Bioethanol is obtained from the
waste of sugarcane biochemically converted by Saccharomyces
cerevisiae.79 Sugarcane bagasse is used for the production of bio-
hydrogen by the thermophilic Clostridiales consortium.42 In
this study, hydrogen production (1.71 mL H2 per mL culture)
and yield (586.19 mL H2 per g carbohydrate) produced by
Clostridiales were augmented by 113.75% and 32.48% equated
with that of fermentation from solely pretreated sugarcane
bagasse.

Mannooligosaccharides are obtained from potato peel and
sugarcane bagasse by Penicillium oxalicum KUB-SN2-1.80 Mon-
ascus rubber has been used for the production of natural
pigments from sugarcane.81 Lactic acid has been obtained from
the nutrients available in the waste of potatoes from the
conversion of Lactobacillus pentosus.82 Sugarcane molasses is
used for the production of polyhydroxybutyrate, a bioplastic
produced by the action of Bacillus cereus 2156.83 Another
biodegradable composite has been obtained from the waste of
potato and sugarcane bagasse.84 Cellulomonas sp., Klebsiella sp.,
Proteus sp., Enterobacter sp., and Salmonella sp. have been used
to obtain organic compost. This compost was found to be rich
with carbon content (26.75%) and C : N ratio (12.44%). In
parallel, it increased the nitrogen (2.34%), phosphorus (1.15%),
and potassium (1.37%) content along with the population of
microorganisms i.e., bacteria, fungi, and actinomycetes.85

3.5 Bakery waste

Bakery waste contains high protein materials, although this
waste is also rich in starch, sucrose, fructose, lipids, phos-
phorus, etc.86 Due to the availability of such nutrients, bakery
waste has been used as a media nutrient for the growth of
bakery yeast.87 Succinic acid is one of the important products
synthesized from bakery waste biologically converted from
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Actinobacillus succinogenes.86,88 Thermomyces sp. and Monascus
purpureus have been studied to produce some important
enzymes such as glucoamylase89,90 and protease89 from bakery
waste. Future fuels bioethanol and biohydrogen have also been
produced from bakery waste by the action of Saccharomyces
cerevisiae91 and Rhodo pseudomonas palustris 42OL.92 Bakery
waste is utilized for the production of bio-pigments byMonascus
purpureus89 and lactate by Lactobacillus amylovorus DSM
20532.92 Environmentally friendly bioplastic (PBH) has also
been obtained from the waste of bakeries.88

3.6 Dairy waste

Dairy waste is mainly composed of lactose and fatty acids. The
other components are whey protein and casein.93,94 Dairy waste
is converted to bioethanol by Lactococcus lactis.95 Lactose
bioconversion has also been used for the production of bio-
ethanol bymicrobes.96 Another future fuel biodiesel is produced
from dairy wastewater by Chlamydomonas polypyrenoideum.97 By
the action of microbes, bioplastics and biosurfactants have also
been produced from the waste of dairy.98 Single-cell proteins are
another valuable product obtained by microbial action from
dairy waste96 and panner whey.99 Kluyveromyces marxianus was
used for the production of single-cell proteins from paneer
whey. Kasmi96 also used lactose bioconversion for the produc-
tion of lactic acid, citric acid, and biopolymers from dairy waste.
Green manure has been obtained from the conversion of Her-
metia illucens from dairy waste.100 Similarly, a liquid biofertilizer
was obtained from dairy waste by the action of some geosphere
microbes.101

3.7 Meat, sh, and poultry waste

Animal meat and its waste contain a high volume of fatty acids
and amino acids. Fatty acids – palmitic acid, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA) have been recor-
ded in some sh such as pink perch (Nemipterus japonicus),
Indian mackerel (Rastrelliger kanagurta) and Indian oil sardine
(Sardinella longiceps).102 Lactobacillus plantarum has been used
for sh waste fermentation and the product was utilized as
broiler chicken feed.103 Similarly, microbial bioconversion has
been utilized to produce biodiesel/biogas, dietetic products
(chitosan), natural pigments, and cosmetics (collagen) from the
waste of sh.104 Bioactive peptides have been obtained from the
waste of meat and have relevant physiological effects such as
antihypertensive, antioxidant, antidiabetic, and antimicro-
bial.105 Waste bone meal and meat were utilized as absorbents
for the removal of lead from the aqueous solution.106 Protein
hydrolysates, enzymes, and polyunsaturated fatty acids have
been recovered from chicken waste.107 High protein feed and
gelatin are utilized in the food industry and cosmetics have
been obtained from the waste of meat.108 Biofuel has also been
produced from the same waste. Biofertilizers are also obtained
from the conversion of waste from meat and poultry108,109

Aspergillus niger was utilized for the conversion of poultry waste
to biofertilizers. Similarly, Bacillus megaterium has been used
for the production of liquid phosphate fertilizers from the waste
of animal bones.110

3.8 Vegetable waste

Proteins, dry matter, organic matter, lignin, cellulose, hemi-
cellulose, pectin, and digestible nutrients have been obtained
from waste fruit and vegetables.111,112 Lignin (19%), hemi-
cellulose (14%), cellulose (50%), and pectin have been specially
obtained from tomato waste.113 Vegetable waste has been bio-
logically converted to so many types of valuable products with
the aid of microbial conversion. Lactic acid was obtained from
the waste of vegetables by the conversion of lactic acid bacteria
and Penicillium sp. The same waste is used to get protein
extracts by Bacillus subtilis, Rhizopus oligosporus, and Fusarium
occiferum. Aspergillus, Yarrowia, and Trichoderma species have
been used to obtain carbohydrates and glycosidases from the
above waste.114 Leafy vegetable waste contains pigments of
photosynthetic importance. Pigments such as anthocyanins,
betalains, carotenoids, and chlorophylls have been obtained by
Usmani et al.98 and have been used in the food, pharma, and
cosmetic industries. Several bioactive compounds such as
antioxidants, oils, ber, fatty acids, isoprenoids, lipids,
proteins, saponins, and phytoestrogens have been isolated from
vegetable waste by Jiménez-Moreno et al.115 Nano-emulsions of
some bioactive compounds such as carotenoids and poly-
phenols have also been made from vegetable waste by Saini
et al.116 Bayram et al.117 synthesized food packing materials such
as biopolymers and bio-composites, edible lms, and coatings
from the waste of vegetables. Valuable products such as fer-
mented beverages, single-cell proteins, single-cell oils, bio-
colors, avors, fragrances, polysaccharides, biopesticides, and
plant growth regulators have been obtained from the waste of
vegetables through the conversion of microbes.118 Sources of
energy such as bioethanol, biogas, methane, and biohydrogen
have been produced from the waste of vegetables by microbial
action.113,118,119 Vegetable waste has been biologically converted
into biofertilizers by Trichoderma reesei.119 A similar conversion
was also noted by Fritsch et al.113 from the waste of tomatoes.

4. Mechanism of bioconversion of
food waste by microbes

A number of microbial groups have demonstrated their ability
to convert food waste to valuable products. These microbial
groups mainly belong to bacteria, actinomycetes, yeast and
molds. The microbes belong to various functional groups such
as aerobic nitrogen xers, ammoniers, denitriers, and nitri-
ers capable of converting nutrients from food waste to fertil-
izers and biogas.120 To achieve this bioconversion
microorganisms produce a number of enzymes viz. amylase,
cellulase, xylanase and pectinase.121

The methods and mechanisms applied to the valorization of
food waste into useful products play a very important role
because the product quality is dependent on the process used.
Food waste can be converted to produce different organic fer-
tilisers and soil amendments by a wide range of biological,
physical and chemical methods following different procedures
such as composting, anaerobic digestion, dehydration, biochar
production, and chemical hydrolysis. Among these, anaerobic
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fermentation and composting are the main large-scale conver-
sion methods currently used.122 In addition, Fig. 7 represents
some methods of microbial bioconversion of food waste to
various products including biofertilizers. The incubation
period, temperature, and moisture content parameters play
a crucial role in the bioconversion of waste. However, emerging
conversion methods for food waste such as biochar production,
dehydration, and chemical hydrolysis have shown promising
properties, which also makes them useful approaches for food
waste bioconversion.123 Sometimes both physical and biological
approaches were used for the valorization of food waste. For
example, Mahmood et al.124 rst utilized a household garbage
dryer & processor for the valorization of vegetable and fruit
peels and leover food to dry the biomass, and then, favourable
moisture waste was treated with Aspergillus niger UY2015_11.

The bibliography shows a wide range of food waste biocon-
version processes by anaerobic fermentation using different
sources and types of microorganisms. For instance, an anaer-
obic digestion method was applied by Dahunsi et al.125 for the
bioconversion of Carica papaya (pawpaw) fruit peels into green
fertilizers using bovine rumen as a source of microbes. For this,
preliminary peel was converted to a slurry which was then
treated with the rumen in a reactor to carry out the fermentation
under anaerobic conditions for 28–34 days. Li et al.126 utilized
Pseudomonas aeruginosa for the digestion of kitchen waste to
obtain biofertilizers. However, in this study, the authors used
a glass ask to produce anaerobic conditions at the laboratory
experimental scale. Fermentation strategies play an important
role in direct production or enhancement of production of
biomolecules. Various fermentation methods have been
applied to produce astaxanthin from food waste by Phaffia
rhodozyma.127,128

In another study, a 40-L-biogas reactor was utilized for
biogas production from the digestion of boiled rice, boiled
cassava products, bread, boiled yam, and boiled maize by using
different genera of bacteria such as Escherichia, Citrobacter,
Bacillus, Pseudomonas, Proteus, Klebsiella, Clostridium, Bacter-
oides, Enterobacter, Staphylococcus, Salmonella, Streptococcus,
Aspergillus, Mucor, Rhizopus and Penicillium.129 The biogas
reactor design contained various manometers for temperature
and pH control and a plastic tube for the collection of gas
produced during digestion. Wang et al.130 used a mixture of
bread, cabbage, pork, and rice with sawdust for the composting
and production of manure for seed germination. The mixture
was placed in a 20-L reactor with a controlled temperature and
moisture. Aer day 35 of incubation nutritional proling and
seed germination of compost have been carried out.

The composting method was also applied by Tsai et al.132 in
which a mechanical composter has been used to valorise food
waste collected from restaurants. Initially, the food waste was
chopped and mixed with sawdust to maintain moisture for
favourable fermentation inside the composter. Strains of
Streptomyces thermonitricans NTU-88, isolate CH18, Breviba-
cillus borstelensis SH168 and Bacillus stearothermophilus ATCC
10149 were utilized for composting over 28 days. A typical
composter was used by Sangamithirai et al.133 for the biocon-
version of vegetable and fruit waste. Mesophilic bacteria were
responsible for the composting over 3 months with mixing at
regular intervals. Composting of huge volumes of food waste
was performed by Lin et al.134 Sawdust and mature compost
were mixed with about 800 kg of pre-sheared food waste and
allowed for composting in a large reactor. Moisture content and
temperature were maintained to allow for fermentation.

Fig. 7 Microbial bioconversion methods of food waste resulting in various valuable products including biofertilizers. This conversion is achieved
by methods such as anaerobic digestion, composting, fermentation by microbes of microbial enzymes, etc. [Copyright @ 2022 Elsevier from
Sufficiency et al.131].
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Stabnikova et al.135 obtained organic fertilizers from the
waste of some food materials. The mechanism was adopted as
an aerobic bioconversion of food waste by the bacterial strain
Bacillus thermoamylovorans SW25. It took 10 days to convert
food waste into organic fertilizers in a pilot scale reactor. Jiang
et al.136 performed thermophilic anaerobic digestion reactions
over 230 days with the aid of Methano sarcina and Methano
thermobacter to digest food waste. Coffee pulp and husk were
valorized by the method of composting by Dadi et al.137 A
mixture of coffee waste, cow dung, and rock phosphate was
treated with Bacillus megaterium in a cement cistern. The
compost was turned into a consistent interlude for up to 120
days. The nal products were dried in shade and fortied with
some minerals before application.

5. Advanced bioprocessing methods
used for the conversion of food waste
to fertilizers

The bioconversion of solid waste rich in organic matter is
usually performed by conventional biowaste valorisation tech-
nologies such as anaerobic digestion or composting which have
been widely adopted for food waste management. Some
systematic techniques are presented in Fig. 8 describing the
valorisation of food waste by microbes to meet the end product
as a biofertilizer.

However, they can sometimes be limited due to their high
operation costs, low recovery efficiency and system instability.138

Advanced tools and techniques have emerged in the last few

Fig. 8 Techniques and methods employed for the production of biofertilizers from food waste. The steps also generate many other valuable
products [Copyright 2023; Karthikeyan et al.141].
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years to cover new uses and needs as they are easy, accurate, and
cost-effective methods. Food waste was composted by Lin134 using
a pilot-scale active aeration reactor. This is a negative-pressure
fermentation technology which is a good system for maintaining
proper moisture, promoting the growth of prolic active thermo-
philic microorganisms and reducing NH3 formation during the
composting process while reducing the composting time. Evans
et al.139 proposed a large bioreactor plant for the bioconversion of
food waste, able to convert 30 000 tonnes of food waste per year
resulting in more than 13 000 tonnes of biofertilizer as well as
a huge volume of electricity and natural gas. An advanced pilot-
scale reactor for the bioconversion of food waste to fertilizers
was used by Stabnikova et al.135 The reactor was designed with an
inlet and outlet of air, an agitator, a motor, a control panel,
a cooling tower, and other necessary devices for an anaerobic
reaction. Bacillus thermoamylovorans SW25 has been used for the
valorization of food waste into fertilizers.

Chung et al.138 utilized microbial electrochemical technology
for the biological conversion of food waste to compost and
biogas. This technology has been highly promising for effi-
ciently harvesting high value-added products from food waste.
Microbial electrochemical technology is used to convert the
chemical energy from organic substrates to electrical energy by
using special types of biocatalysts, electrodes and bacteria
resulting in the production of compost and energy gas. This
technology has various advantages over conventional com-
posting methods such as low operation cost, high recovery
efficiency, system stability, and high process kinetics.

Microbial fuel cells are another advanced method utilized
nowadays for the production of energy from waste and recovery of
resources also gives rise to solid matter readily converted to
fertilizers. This method was utilized by Xin et al.140 for the anaer-
obic digestion of food waste for energy production followed by
solid matter for fertilizers. Fungal cells were used to prepare
microbial fuel cells. The microbial fuel cell allows ultra-fast
hydrolysis of waste and is therefore ideal for the production of
fertilizers.112

6. Bio-fertilizers produced from food
waste by microbes

Biofertilizers produced from food waste need to meet some
requirements to increase soil fertility and crop production such
as being rich in organic sources and macro- and microelements
and having an appropriate C : N ratio, among others. In this
sense, biofertilizers have been identied as an alternative to
chemical fertilizers for the improvement of crop production in
sustainable farming142,143 Some quality parameters of bio-
fertilizers produced from food waste by microorganisms and
listed in Fig. 9 are a balanced C : N ratio, low coliform bacteria,
an increase of microbiota, organic matter and essential micro-
and macroelements, a decrease of lignin cellulose and better
phosphate solubilisation. Some studies conrming these
properties are shown below.

Tsai et al.132 collected food waste from restaurants on the
university campus to produce an organic fertilizer. The

experiment was performed in bioreactor A, in which thermo-
philic lipolytic microbes were inoculated with food waste and
bioreactor B was taken as a control without microbes. The
fertilizer made from microbes has been proven to be a quality
fertilizer by an increase in total nitrogen from 2.01% to 2.10%,
ash increased from 24.94% to 29.21%, crude fat decreased from
4.88% to 1.34% and the C/N ratio decreased from 18.02 to 17.65.
To produce this fertilizer Streptomyces thermonitricans NTU-88,
isolate CH18, Brevibacillus borstelensis SH168, and Bacillus
stearothermophilus ATCC 10149 were used. Sangamithirai
et al.133 produced a biofertilizer from the combination of fruit
and vegetable waste that has advantages such as high water
holding capacity that is useful for tolerance to droughts. The
quality is eld tested with the germination of cucumber seeds. A
signicant increase in the germination index was observed and
shoot and root length increased compared to the control.
Mesophilic bacteria were used to produce biofertilizers from the
waste. Food waste was used to obtain compost through ther-
mophilic bacteria.134 The resulting compost was advanced when
pH drop from 5.2 to 4.3 on the rst day, followed by a gradual
pH gain to 7.4 on the 60th day. Aer 60 days, the C/N ratio
dropped from 32 to below 20. The nal compost contains 1.6%
nitrogen, 0.6% phosphate, and 1.4% potassium with total
coliforms below 3 MPN/100 mL. Lower coliform is a sign of the
absence of various pathogenic organisms and hence the
compost is suitable for eld applications.

Aspergillus niger UY2015_11 was used for the production of
green fertilizers from the waste of vegetable and fruit peels and
leover food that comes from diverse meat and vegetable
menus by Mahmood et al.124 During the bioconversion of waste,
phosphate has been solubilized by the fungus through the
production of citric acid. The solubilization of phosphate is
easily available for the utilization of plants during the growth

Fig. 9 Quality properties of a biofertilizer produced from food waste
by microorganisms.
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stage. Similarly, iron- and calcium-based inorganic phosphates
were also recorded for solubilization by the fungus. Zhu et al.144

used a combination of seaweed, plant ash, animal proteins, and
edible mushroom residues for the bioconversion of these waste
to biofertilizers with the aid of Bacillus criculans, Bacillus
sphaericus, Bacillus rmus, Bacillus schlegelii, Bacillus stear-
othermophilus, Bacillus subtilis, Candida tropicali, and Lactoba-
cillus delbrueckii. The application of the fertilizer to the eld has
increased organic matter by 1.31 and 1.55-fold compared with
soil without fertilization as well as increased the quality of
humus and aggregation of large particles.

The fruit peel waste of Carica papaya (pawpaw) was used for
the production of organic fertilizers by Dahunsi et al.125 This
valorization was achieved by the anaerobic digestion of waste in
the presence of microbes. The obtained fertilizer was found to

be advantageous over the chemical fertilizer with an increase of
nitrogen, phosphorus, and potassium by 28, 40, and 22%
respectively. However, improvements in many other macro- and
microelements were also recorded. Trichoderma reesei was used
for the anaerobic digestion followed by aerobic digestion of
fruit and vegetable waste for biofertilizers and biogas produc-
tion by Chakravarty et al.119 The obtained biofertilizer achieved
a C : N ratio of 10–11 and a decrease in lignin by 64% in the case
of food waste and 70% in the case of vegetable waste. Dadi
et al.137 used coffee pulp waste for the production of an organic
fertilizer. The C : N ratio of compost materials has decreased
with the advancement of the period of decomposition from 17.6
to 7.25. Greater reduction in lignin content (37.54% to 28.46%),
cellulose content (25.95 to 16.75%), and total phenol content
(76.75 mg/100 g to 38.8 mg/100 g) with an increase in humic

Table 2 Promotion of growth in plants by application of bio-fertilizers obtained from food waste

S. no. Food waste Valorisation method
Crop to which fertilizers
were applied

Outcome of the application of bio-
fertilizers Reference

1 Carica papaya (pawpaw)
fruit peels

Anaerobic digestion Maize Better performance in terms of number
of leaves, leaf area, plant height, stem
girth, total shoot and root biomass, and
length of the root as compared to
chemical fertilizers

125

2 Rice bran, rapeseedmill
cake and sh
processing waste

Use of lactic acid bacteria,
yeast and phototrophic
bacteria

Tomato (L.
esculentum L. cv.
Momotaro T 96)

More active young leaves and developed
more young fruit as compared to
chemical fertilizers. Fruit yield is higher
in the later growth stage and vitamin C is
higher in the fruit as compared to
chemical fertilizers

145

3 Vegetable and fruit
peels and leover food

Use of Aspergillus niger
UY2015_11

Lettuce and Brassica
rapa

Similar growth was recorded from the
green fertilizer obtained from fruit and
vegetable waste as compared to chemical
and rapeseed oil cake organic fertilizers.
Therefore, no signicant difference was
observed

124

4 Kitchen waste oil Use of Pseudomonas
aeruginosa PA-3

Cabbage Plant height reached 7.83 cm in 12 days,
while that of the control group was
5.17 cm. Leaf area on the 12th day and
15th day was 1.08 cm2 and 1.35 cm2,
respectively while in the control it was
recorded to be 0.56 cm2 and 0.71 cm2.
Similarly the stem diameter of cabbage
plants was also increased with the
addition of a fertilizer obtained from
kitchen waste oil as compared to the
control

126

5 Vegetable and fruit
waste

Use of mesophilic bacteria Cucumber A signicant increase in cucumber
shoots and root length. A germination
index of more than 80% was obtained
showing phytotoxic-free and mature
compost

133

6 Food waste Use of Streptomyces
thermonitricans NTU-88,
Brevibacillus borstelensis
SH168 and Bacillus
stearothermophilus ATCC
10149

Alfalfa The germination rate of alfalfa seed
increased from 10.50 (day 7) to 97.50%
(day 28)

132

7 Food waste Bacillus thermoamylovorans
SW25

Ipomoea aquatica
(kang kong plant)

The addition of organic fertilizers to the
subsoil increased the yield and growth of
the plant by 1.5 to 2 times

135
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substances (40.65%) was recorded during the composting
period.

Biofertilizers and their nutritional composition help
promote the growth of crops and play a crucial role because
a food waste fertilizer serves as a source of nutrients.122 There-
fore, it is necessary to understand the promotion of plant
growth by biofertilizers obtained from the valorisation of food
waste (Table 2).

7. Safety concerns of biofertilizers
obtained from the valorisation of food
waste

Increasing the biological origin fertilizer technology has
brought forward the safety of plants from the co-existence of
pathogenic microbes' growth during production steps. Excep-
tionally, Salmonella, Klebsiella and total coliforms have been
obtained from the fertilizer produced from food waste.129

However, this kind of fertilizer may be used for the crop eld
once the pathogen has been treated. But pathogen-free fertil-
izers do not require such chemical treatment to kill the path-
ogen. The biofertilizer obtained from the valorization of
household waste, slaughter residues, and some organic food
waste does not support the growth of some pathogens such as S.
enterica and L. monocytogenes even aer supplementation with
rich substrates in the waste sources containing carbon sources
and other trace elements.146 Therefore, this provides a prom-
ising alternate biofertilizer with crop safety.

A pilot-scale active aeration reactor was studied for com-
posting food in which a biological lter bed was used to remove
NH3 from the emission by Lin.134 Using this composting system
less than 1 ppmNH3 was recorded which is below the detectable
limit and prevents its emission into the ambient atmosphere.
This fermentation reaction system is also advantageous to
promote the growth of active thermophilic microorganisms.
The acidication and the growth of thermophilic microbes
disinfect the compost to eliminate pathogenic microorganisms.
With decreasing pH and increasing temperature during the
initial stage of the composting process, the number of total
coliforms decreases. On the rst day, the compost pH was about
4.3, the temperature was 65 °C, and total coliforms dropped to
240 MPN/100 mL. Aer the process enters the thermophilic
fermentation period (higher than 65 °C in this case) on the 14th
day, the total coliforms decrease to below 3 MPN/100 mL which
is the LDL (lowest detection limit) for MPN.

The biofertilizer obtained from vegetable and food waste was
found to have good hygienic quality, since, pathogenic bacteria
such as Escherichia coli and Salmonella dysenteriae were not
detected in the mature compost.133 During the experimental
stage low CO2 emission was also recorded in environmentally
friendly production of compost from food waste. Food waste
(including vegetable and fruit peels and leover food which
comes from diverse meat and vegetable menus) collected from
the university restaurant was used to produce a green fertilizer
using Aspergillus niger UY2015_11. Results showed that one
strain of Aspergillus niger UY2015_11 signicantly inhibited the

growth of Fusarium. Mahmood et al.124 worked with 112 strains,
of which 16 inhibited the growth of Fusarium spp.

8. Economic aspects of
bioconversion of food waste

Food waste management with traditional ways such as land-
lling could not be economically sustainable because an
expenditure is needed to collect, transport and landll waste,
while microbial bioconversion gives rise to products such as
fertilizers, bioelectricity, and biofuels which can have value. In
an estimate by Yong et al.147 biofertilizers and biogas produced
from waste provide a sustainable economy as well as protection
of the environment in Malaysia. Revenue from the sale of bio-
fertilizers and biogas electricity to the grid is estimated to be
much higher and protable. The initial expenditure to make
a setup for production of fertilizers from waste was recovered
from the year 4 and the business estimate was protable from
the same year. A similar observation is noted in the study by Ma
et al.148 The estimated co-location of food waste and municipal
waste water treatment gives rise to a protable corporation. The
energy expenditure for waste water treatment in a year (16.86
billion kW h) and recoverable electric energy from food waste
(26.44 billion kW h) provides about 9.58 billion kW h of surplus
electric energy in China for year 2012. Therefore, bioconversion
of food waste to fertilizers and their co-products denitely
contributes to a green environment as well as a sustainable
economy.

9. Conclusion and future prospects

Increasing global population, demographic shiing, urbaniza-
tion, economic growth, and evolution of life standards are some
very important reasons for the generation of enormous
amounts of food waste. It is necessary to minimize food loss to
increase food safety; however, this is multifaceted as losses are
found in the crop production and stock cycling process. Food
waste from household ingestion contributes mainly to food loss
as demonstrated in various studies. Urban waste is among the
top priorities and an important challenge for authorities.
Various alternate management systems such as landlling,
burning, and dumping are traditional and non-environmentally
friendly methods that contribute to the toxic emissions in the
atmosphere. Therefore, the use of microbial capacity to
decompose organic matter is a very vibrant technique to valo-
rize food waste. Several sources and types of food waste such as
waste cooking oils, agro-industrial wastes such as vegetables,
fruit, juice, wheat, rice, potato, sugarcane, bakery waste, dairy
waste and different types of meat, sh and poultry wastes have
been proven to be protable sources for their use for biocon-
version. Nowadays composting, anaerobic and aerobic diges-
tion, and fermentation are the most likely utilized methods for
bioconversion of food waste to biofertilizers, organic compost,
biochar, and biogas.

However, scientic communities are now utilizing geneti-
cally engineered microbes for the valorization of urban waste as
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a valuable product. These engineering approaches include gene
deletion, overexpression, modication in a targeted manner, or
addition of metabolic routes.149 Similar approaches are now
utilized to valorize organic waste as a valuable product. Liu
et al.150 recently expressed an A. niger pectinase in Pichia pastoris
to enable oligogalacturonide (OG) production directly from
ground mandarin and orange peel waste. Recombinant yeast
Yarrowia lipolytica was used to produce long chain fatty acid
from waste.151 Grohmann et al.152 used a recombinant strain of
Escherichia coli KO11 for the fermentation of sugar present in
orange peel. The most recent genetically engineered strains of
microorganisms have been utilized for better composting and
digestion capacity for the valorization of food waste.153
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Synergistic mixture of the Dactyloctenium aegyptium extract and KI as an
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A B S T R A C T

To prevent steel from corroding in HCl solution, a cost-effective inhibitor of Dactyloctenium aegyptium and KI is
presented. UV–Vis, infrared spectroscopy, and scanning electron microscopy analysis are used to undertake a
comprehensive experimental evaluation of the inhibitors and their interactions with the steel. The optimum
concentration of the Dactyloctenium aegyptium extract (DAE) with the maximum corrosion protection efficacy is
found via electrochemical measurements. The bioactive constituents of the DAE such as Tricin, Vanillic acid, p-
hydroxybenzaldehyde, and p-hydroxybenzoic acid conferred a maximum inhibition efficiency of 95.7 % at 800
ppm. The inhibitory activity of its ethanolic extract increased with increasing concentration. Further various
adsorption isotherm models including Langmuir, Temkin and Frendluich were used to understand the adsorption
of the DAE on the metal surface. The DFT based investigations show that the active constituents of the DAE are
highly polarized, soluble in aqueous solution and adsorb on the steel surface efficiently.

1. Introduction

Steel, a predominantly iron and carbon alloy, can be commonly
found in things as small as a needle to as enormous as construction
marvels. Renowned for its remarkable strength, toughness, and resis-
tance to a range of climatic conditions, steel is one of the most significant
materials in contemporary civilization because of the versatility and
functionality it provides which are further enhanced through the addi-
tion of other alloying elements. According to the World Steel Association
report on ‘World Steel in 2023′, India marks its place in the top 64 % of
countries to produce 97 % of the world’s crude steel. It stands 2nd in
crude steel production and use of finished steel goods succeeding China,
whereas it’s placed 7th as a global steel exporter. Industrial market plays
a crucial role in backing-up a nation’s economy and steel in turn is
pivotal in backing-up the industries. From construction bars, steel
plates, pipelines, boilers and machinery parts small to big, almost all is

constituted of steel in one way or the other. In industries highly
concentrated acids are used to clean the steel surfaces but it causes
acidic corrosion.

The indispensability of steel, however, makes it an easy prey for
corrosion. Prolonged exposure to environmental and chemical agents
deteriorates its structural integrity as well as operations through
corrosion. Though being an important part of industrial equipment,
machinery and pipelines, steel commonly suffers acidic corrosion caused
by ‘steel pickling’, a common process practiced for degreasing, des-
caling, and cleaning the pipes and parts by the use of concentrated acids
such as hydrochloric acid and sulphuric acid known as pickling agents.
The persistent use of such aggressive acids causes gradual electro-
chemical surface reactions or in other words, ‘eats up’ the steel surface,
thereby changing its composition and ultimately causing massive loss on
the whole [1].

Many corrosion inhibition techniques have been developed over the
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years to tackle this problem such as the use of paints, galvanization and
corrosion inhibitors. All of these practices work by the development of a
coating on the surfaces of metals, thus isolating it from the direct attack
of corrosive agents. Eliminating cracks, proper drainage, and ventilation
have also been a few examples of good design practices to help stop
moisture buildup and reduce corrosion rate.

Rest being traditional practices, there has been a surge in the
development and use of corrosion inhibitors over the past few years.
Corrosion inhibitors are broadly divided into synthetic and natural,
based on the source of derivation. As their names say, synthetic in-
hibitors are lab-developed chemical substances. Compounds of zinc,
phosphates, surfactants, and paints fall under this type. Natural corro-
sion inhibitors on the other hand originate from natural sources such as
plant extracts, oils, and minerals [2–5].

The potential of natural corrosion inhibitors has been in extensive
exploration over the past 15–20 years owing to their profitability in
biodegradability and abundance coming from renewable sources. Not
only do they align with the green initiatives by being environmentally
benign, but natural corrosion inhibitors are also net cost-effective and
provide additional synergic benefits such as antimicrobial and anti-
fungal properties over synthetic corrosion inhibitors. The rationale
behind the use of natural corrosion inhibitors is the presence of bioactive
compounds such as alkaloids, flavonoids, terpenoids, etc. known as

Phytochemicals, which are rich in heteroatoms. These heteroatoms aid
in the adsorption of the inhibitor onto the metal surface through lone
pair donation to the metal’s empty orbitals. Corrosion inhibition efficacy
of a few lately reported plants has been compiled in Table 1 [6–17].

Dactyloctenium aegyptium, commonly known as Durban crowfoot or
Egyptian crowfoot grass, grows in loamy and damp soil conditions and is
native to Africa and Asia. Often used as fodder for ruminants, it’s clas-
sified as a Category 2 invasive weed by the ‘Florida Exotic Pest Plant
Council’ (FLECCP). It is easily available in abundance along the road-
side, in fields, and in gardens. The literature survey renders the presence
of many notable phytochemicals in its extract. But out of these, p-
hydroxybenzaldehyde, p-hydroxybenzoic acid, Tricin, and Vanillic acid
play a major role owing to the availability of rich heteroatoms, func-
tional groups and п-ring systems [18] (Fig. 1). Dactyloctenium aegyptium
has already been studied for its pharmacological, biofuel, antioxidant,
antibacterial, and anti-fertility properties [19–22], however, there has
been no investigation on its anticorrosive behaviour yet.

Applying natural corrosion inhibitors in the acidic environment has
been a good tactic to reduce the corrosion rate of metals. However, at
times the plant extract solely is not capable of exhibiting a reduced
corrosion rate of metals due to certain factors. Certain studies have
addressed this problem by presenting the enhanced corrosion inhibition
effectiveness of the plant extracts when combined with small amounts of

Table 1
Brief of some latest plants studied for their anticorrosive properties on steel in acidic media.

S. No. Plant Metal Corrosive
Medium

Efficiency Plant extract
concentration

Methods Reference
No.

1. Datura stramonium Mild Steel 1 M HCl 94.2 % 0.2 g/L Weight loss, PDP, EIS, UV–Vis., SEM/EDX [6]
2. Syzygium aromaticum Mild Steel 0.5 M HCl 94 % 4 g/L PDP, EIS, Computational studies [7]
3. Salvia rosmarinus Mild Steel 1 M HCl 87 % 800 ppm Weight loss, PDP, EIS, FT-IR, UV–Vis., FE-

SEM, AFM
[8]

4. Spinacia oleracea Carbon Steel 1 M HCl 93 % 500 ppm Weight loss, PDP, EIS, AAS [9]
5. Ammi visnaga L. Carbon Steel 1 M HCl 84 % 700 ppm Weight loss, PDP, EIS, SEM,

Computational studies
[10]

6. Hedera helix XC18 Steel 1 M HCl 92.67 % 1000 ppm Weight loss, PDP, EIS, SEM,
Computational studies

[11]

7. Urtica dioica L. ×38 Mild Steel 0.5 M H2SO4 90 % 4 g/L Weight loss, PDP, EIS, SEM,
Computational studies

[12]

8. Pelargonium gravelons Mild Steel 0.5 M H2SO4 92.6 % 200 ppm PDP, EIS, SEM/EDX [13]
9. Mimosa pudica Stainless Steel 0.5 M H2SO4 92 % 500 ppm Weight loss, PDP, EIS, AFM,

Computational studies
[14]

10. Petroselinum crispum Carbon Steel 1 M H2SO4 90.2 % 300 ppm Weight loss, PDP, EIS, FT-IR, XPS [15]
11. Terminalia bellerica Steel 1 M H2SO4 91.79 % 4000 ppm Weight loss, PDP, EIS, SEM,

Computational studies
[16]

12. Eupatorium adenophora
spreng/KI

Cold Rolled
Steel

0.5 M H2SO4 93.3 % – Gravimetric, PDP, EIS, SEM, AFM [17]

Fig. 1. Active phytochemical constituents present in Dactyloctenium aegyptium.
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inorganic salts containing I− , Cl− and Br− [23–27]. Therefore, the pre-
sent study aims to explore the anticorrosive effectiveness of Dactylocte-
nium aegyptium, a commonly found grass weed and also to check its
efficacy in the presence of KI under the acidic conditions of 0.5 M HCl on
steel.

2. Experimental

2.1. Preparation of corrosive medium

The corrosive medium was prepared using the laboratory-available
hydrochloric acid by Chemigens Research & Fine Chemicals, diluting
it to 0.5 M in distilled water by applying the basic molarity equation
M1V1 = M2V2. 100 mL of this 0.5 M aggressive solution of HCl was used
for the forthcoming studies.

2.2. Preparation of steel specimens

Steel sheet was purchased from Metal&Hardware Store in Industrial
Area, Chandigarh. The sheet was cut into 1 cm × 1 cm square pieces and
made smooth using high grades of emery paper. These were later
washed thoroughly with distilled water and dried well in the folds of
filter paper before use. The composition of the steel was acquired from
the Central Institute of Hand Tools Jalandhar. The steel used in this work
contains 99.2 % Fe, 0.120 % Si, 0.105 % C, 0.378 % Mn and 0.079 % S.

2.3. Preparation of extract

Dactyloctenium aegyptium was collected with roots, thoroughly
cleaned under tap water and air dried in the shade. Once completely dry,
it was ground into semi-coarse powder and put on Soxhlet for 5 Hrs
using 200 mL of 95 % (v/v) ethanol as the solvent. The extract was then
filtered and kept on the water bath until a solid concentrate was ob-
tained. The concentrate was stored in an air-tight bottle for further
studies. A schematic diagram of the preparation of DAE extract is shown

in Fig. 2.

2.4. Phytochemical testing

The filtrate of ethanolic extract was subjected to the following tests
given in Table 2 to check for the presence of constituent phytochemicals
[28].

2.5. Weight loss measurements

In each 250 mL beaker, different concentrations of the Dactylocte-
nium aegyptium extract (DAE) were prepared up to 100 mL by diluting
with the corrosive medium. Initial weights of clean steel pieces were

Fig. 2. A schematic diagram of preparation of the Dactyloctenium aegyptium extract and methodology.

Table 2
Qualitative phytochemical testing.

Phytochemical Test Performed Expected Positive Result

Alkaloids Wagner’s test: the extract was
subjected to Wagner’s reagent (1:5
mixture of aqueous iodine and
potassium iodide)

Reddish-brown
precipitates

Flavonoids Few drops of dil. NaOH was added to
the extract

Appearance of yellow
color

Saponins 5 mL water and 5 mL of the extract
filtrate was mixed vigorously

Steady foam formation

Coumarin A few drops of alcoholic NaOH were
added to 2 mL of the extract

Appearance of yellow
color

Sugars Fehling solutions A & B were taken in
a 1:1 ratio and boiled for 1 min. They
were added to 1 mL of extract and
heated for 5–10 min on the water
bath

Appearance of yellowish
or brick-red precipitates

Tannins Two drops of 5 % FeCl3 were added to
the extract

Greenish precipitates

Terpenoids Salkowski test: 2 mL chloroform was
mixed with 2 mL of extract. To this 3
mL conc. H2SO4 was added slowly

Reddish-brown color at
the interface
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taken. They were tied with a thread and each was suspended in a
different plant extract solution with the help of capillaries. One steel
piece was suspended in only 0.5 M HCl which served as a blank solution
(Fig. 3). After keeping for 24 h at room temperature, the pieces were
taken out and air dried completely followed by noting their final
weights. Weight loss was repeated with similar concentrations of the
plant extract but 0.1 g KI was added to each this time. Triplicate tests
were performed for each concentration. The corrosion inhibition effi-
ciency (η) and surface coverage (θ) were calculated with equations (1)
and (2), respectively [29].

η %=
W0 − We

W0
X 100 (1)

θ=
W0 − We

W0
(2)

where, W0: difference in weight of steel plate dipped in blank solution
(g).

We: difference in weight of steel plate dipped in plant extract solution
(g).

2.6. Adsorption isotherm

2.6.1. Langmuir adsorption isotherm
For a better understanding of the inhibitor’s adsorption process onto

the steel surface, a theoretical approach of using the adsorption isotherm
was adopted. Generally used Langmuir Adsorption Isotherm comprises
plotting a graph between C v/s C/θ using the results of weight loss to
obtain a best-fit line having R2 ≈ 1. Extent of adsorption is determined
from Kads as calculated from the inhibitors optimal concentration and
the slope of the graph. Having high values of Kads and slope ≈1 are
ideally desired, implying strong adsorption of the inhibitor onto the
metal surface [30–32].

Langmuir Adsorption Isotherm can be written as mentioned in
equation (3)-

C
θ
=

1
Kads

+ C (3)

where C refers to the optimal concentration of DAE used, θ is the surface
coverage and Kads is the adsorption equilibrium constant.

2.6.2. Freundlich Isotherm
The Freundlich isotherm model describes a multiple-layer adsorption

process on a heterogeneous adsorbent substrate, dismissing the lateral
interactions. Theoretically, binding sites that are more energetically
favorable are initially occupied, and binding strength declines as
coverage increases, along with irregular enthalpy distribution. The non-
linear and linear form of Freundlich isotherm is expressed by equations
(4) and (5), respectively. A graph between log θ and log C is plotted to
best fit, wherein the value of slope represents n and intercept gives the
Kads values.

θ=KadsCn (4)

log θ= log Kads + nlogC (5)

2.6.3. Temkin Isotherm
According to this isotherm, a multiple-layer adsorbent-adsorbate

interactions (α) diminish the heat of adsorption of all molecules in the
layer linearly rather than logarithmically as surface coverage increases.
Adsorption involves a consistent distribution of binding energies, up to
an optimal binding energy. The non-linear and linear form of Temkin
isotherm is expressed by (vi) and (vii), respectively. Graphical repre-
sentation of Temkin isotherm involves a best fit plot of θ versus log C.

e− 2αθ =KadsC (6)

θ=
− 2.303 log Kads

2α +
− 2.303 logC

2α (7)

where, C refers to the optimal concentration of DAE used, θ is the surface

Fig. 3. A schematic diagram of the weight loss measurements at room temperature.
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coverage and Kads is the adsorption equilibrium constant. Graphs are
plotted to best fit for each of these isotherms using the weight loss data
and regression coefficient (R2) obtained. Having a higher R2 value
usually ≈1 is desired to confirm the prevalence of either of the isotherm
[33,34].

2.7. Potentiodynamic polarization estimation

Using a three-electrode setup of PGSTAT-204 Metrohm Autolab
electrochemical workstation, polarization measurements were per-
formed at 298 K using 100 mL of corrosive medium. The working
electrode was prepared by covering the steel rod in Araldite resin in such
a way that only 1 cm2 region was left exposed for the reaction. Once dry,
the periphery of the resin along with the exposed steel surface was
polished smooth with high grades of emery paper. As a counter elec-
trode, a platinum electrode was employed and as a reference electrode, a
saturated calomel electrode was used. The working electrode was
initially left undisturbed in the corrosive liquid for around 60 min to
settle the OCP. Polarization graphs were produced between potentials of
− 0.1 V and +0.1 V in a current range of 100 nA to 1 mA at a scan rate of
0.001 V/s. Triplicate experiments were performed for all electro-
chemical measurements [30]. Tafel extrapolation gave the corrosion
inhibition efficiency using the given formula-

η %=
I0corr − Iicorr

I0corr
X 100 (8)

where I0corr and Iicorr are corrosion densities in the absence and presence
of plant extract, respectively.

2.8. EIS: electrochemical impedance spectroscopy

An identical electrochemical cell and workstation used for polari-
zation estimations were utilized to perform electrochemical impedance
spectroscopy in the frequency range of 1 × 105 Hz–0.1 Hz with 10 fre-
quencies per decade. The OCP amplitude was 0.01 V. Working electrode
was left in the corrosive media for around 60 min. The Nyquist and Bode
charts were used to get impedance information [35]. The effectiveness
of inhibition was estimated using formula 9-.

η %=
Rct − R0

ct
Rct

X 100 (9)

where Rct and R0
ct stand for charge transfer resistances with and without

the inhibitor, respectively.

2.9. UV–visible spectroscopy

The similar plant extract concentrations used in weight loss mea-
surements were subjected to UV–visible spectroscopic inspection using a
Shimadzu UV-1900 spectrophotometer. Initially, the spectral analyses
was done for plant extract solutions without dipping the steel piece and
later taken for the same plant extract solutions after being dipped with
the steel pieces for 24 h. It was crucial in inferring the adsorption
mechanism of the inhibitor on the steel surface [31].

2.10. Surface morphological analyses

Surface morphological studies have been quite a valuable technique
in visualizing and comprehending the impact of coatings and inhibitors
on varied materials of profound interest and applicability. Using JEOL
JSM-IT500A, the current study examined the surface morphology of
steel under four conditions i.e. clean non-corroded steel piece, maximum
corroded steel piece in 0.5 M HCl and inhibited steel piece by 800 ppm of
DAE solution without and with KI. SEM images were collected for all
four and contrasted to apprehend the inhibitor protection and adsorp-
tion onto the metal surface [32,36].

2.11. DFT-based theoretical investigations

The DFT calculations are extensively used to understand the rela-
tionship between corrosion inhibition and molecular structures at the
atomic level. This approach is particularly valuable because experi-
mental investigations at the atomic scale often do not provide sufficient
depth for comprehending corrosion inhibition [37–40]. Various
sub-methods of DFT were applied to establish the theoretical foundation
of corrosion inhibition for selected organic compounds [41]. For this
study, the GAMESS-US software [42,43] with the 6-21G basis sets [44],
along with density functional theory (DFT) and B3LYP (three-parameter
Lee–Yang–Parr correlation function by Becke) [45,46] methods, were
utilized to investigate Pistiphloroglucinyl, Pistaciaphenyl ethers, and
Naringenin as corrosion inhibitors. Visualization and analysis were
performed using wxMacMolPlt [47] and Avogadro [48,49].

3. Results & discussion

3.1. Inferring the phytochemicals

On subjecting the ethanolic filtrate of DAE to the standard qualitative
phytochemical testing, it was found that except coumarin, all other
tested phytochemicals were present as reported in Table 3. The richness
of such varied classes of phytochemicals in the taken plant extract

Table 3
Results of Phytochemical tests of the Dactyloctenium aegyptium extract.

PHYTOCHEMICAL TEST PERFORMED RESULT

• Alkaloids Wagner’s test ++

• Flavonoids Dil. NaOH test ++

• Saponins Foam test ++

• Coumarin Alcoholic NaOH test - -
• Sugars Fehling’s test ++

• Tannins Ferric Chloride test ++

• Terpenoids Salkowski test ++

Table 4
Corrosion inhibition efficiency and surface coverage of Dactyloctenium aegyptium
extract without and with KI in 0.5 M HCl.

(a) Dactyloctenium aegyptium extract without KI

Concentration
(ppm)

Weight
Loss (ΔW)
(g)

Inhibition
Efficiency (η
%)

Surface
Coverage (θ)

Standard
Deviation (σ)

0 0.201 ±

0.002
– – –

200 0.103 ±

0.003
48.7 0.487 0.880

400 0.096 ±

0.001
52.2 0.522 0.498

600 0.072 ±

0.004
64.1 0.641 0.531

800 0.060 ±

0.001
70.1 0.701 0.725

(b) Dactyloctenium aegyptium extract with 0.1 g KI

Concentration
(ppm)

Weight
Loss (ΔW)
(g)

Inhibition
Efficiency (η
%)

Surface
Coverage (θ)

Standard
Deviation (σ)

0 0.316 ±

0.010
– – –

200 0.097 ±

0.001
69.3 0.693 0.612

400 0.038 ±

0.001
87.9 0.879 1.189

600 0.024 ±

0.003
92.4 0.924 0.410

800 0.014 ±

0.002
95.5 0.955 0.294
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implied that the inhibitor shows a high chance of strong adsorption onto
the metal surface due to the numerous available heteroatoms comprised
by its diverse bioactive constituents [50].

3.2. Weight loss measurements

Weight loss studies were carried out at room temperature using 200
ppm, 400 ppm, 600 ppm, and 800 ppm of the DAE with and without the

addition of KI. Its maximum solubility was 800 ppm in the corrosive
solution. As inferred from Table 4, the corrosion inhibition efficiency
increased with increasing concentration of the plant extract either with
its sole use or when combined with KI. This implied the greater extent of
adsorption by the donation of electron lone pairs of the heteroatoms
present in the inhibitor into the empty d-orbitals of the metal surface as
more and more phytochemicals are available with the extract’s
increasing concentration. However, the corrosion inhibition efficiency
of the inhibitor combined with KI is more than the extract solely over all
the concentrations. This reason for some synergism between the extract
and KI resulting in enhanced and stronger adsorptive inhibition of the
steel against the corrosive acidic medium. Surface coverage has also
been reported which aligns with the trend of inhibition efficiency i.e.
more and more surface of the steel piece is being protected by the plant
extract with increasing concentrations of the active constituents, that of
extract with KI yet being greater than the extract alone. Fig. 4 provides a
graphical comprehension of the corrosion inhibition efficiency of the
plant extract with and without KI.

3.3. Adsorption isotherm study

Following the adsorption isotherms as discussed in section 2.6.,
Fig. 5(a), (b) and (c) illustrates the plot of Langmuir, Frendluich and
Temkin adsorption isotherms respectively without and with the addition
of KI. A higher regression coefficient (R2) value can be seen in Fig. 5 (a)
hence a clear indicative of its overall prevalence in the present study.
The values of R2, slope, and Kads as calculated for the plant extract in the
absence and presence of KI using the Langmuir adsorption isotherm are

Fig. 4. Corrosion inhibition efficiency of the DAE extract in 0.5 M HCl without
and with KI.

Fig. 5. Plot of Langmuir Adsorption Isotherm (a), Freundlich Isotherm (b) and Temkin Isotherm (c) for Dactyloctenium aegyptium extract.
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reported in Table 5. It can be seen that the value of Kads is higher for
extract combined with KI as compared to the extract solely, signifying
the greater extent of adsorption and corrosion inhibition in the former
than the latter. The slope too, in both cases, is ≈ 1 which means both
cases of plant extract show desirable inhibition. Though lower than the
Langmuir isotherm, the regression coefficient for DAE + KI system in the
Freundlich isotherm is likewise near to unity. This observation sug-
gested the likelihood of some extent of monolayer adsorption due to
enhanced physisorption between the iodide and the phytochemicals
present in the plant extract. Similar specific observations are made for
the DAE/KI system in Temkin isotherm implying uniform surface
coverage by the plant extract on the steel’s surface [51]. These param-
eters indicate that the inhibitor is exhibiting strong and effective
adsorption onto the steel surface.

3.4. UV–visible spectroscopy

This spectral study is intended to check whether the plant extract is
getting adsorbed onto the steel or not hence, the UV–visible spectra of
the DAE solution at varied concentrations in the presence of KI have
been shown in Fig. 6 under the conditions of before and after 24 h
dipping of the steel piece in the solution. A clear comparison can be
made of the spectra wherein the absorbance is seen to be decreasing
after the immersion of the steel piece in all concentrations which can be
attributed to the reduction of the active constituents in the solution due
to their adsorption onto the steel piece on dipping. Whereas the plant
extract solution initially has all the active constituents intact, thus
contributing to higher absorbance. This indicates that Dactyloctenium
aegyptium is working as a promising inhibitor by showing strong
adsorption onto the steel surface.

Table 5
Values of R2, equilibrium adsorption constant and slope for Dactyloctenium
aegyptium extract as obtained from Langmuir Adsorption Isotherm.

Dactyloctenium aegyptium extract Kads (ppm− 1) Slope R2

In absence of KI 0.293 × 10− 2 1.18071 0.9717
In presence of KI 2.652 × 10− 2 0.94328 0.9913

Fig. 6. Comparative UV–Vis. Spectrum for the adsorption of active constituents
in varied concentrations of Dactyloctenium aegyptium extract onto the steel piece
before and after immersion.

Fig. 7. OCP vs. Time plot for steel in 0.5 M HCl in the absence and presence of
optimum concentration (800 ppm) of inhibitor.

Fig. 8. Tafel polarization curves in 0.5 M HCl for varied concentrations of
Dactyloctenium aegyptium extract (a) in absence of KI and (b) in presence of 0.1
g KI.
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3.5. Electrochemical measurements

3.5.1. OCP measurement
The working electrode was dipped in the corrosive solution without

and with optimum concentration of the inhibitor and left the arrange-
ment undisturbed for 30 min to reach a stable open circuit potential as
shown in Fig. 7. From Fig. 7 it is clear that the OCP is well settled and the
further electrochemical measurements can be performed.

3.5.2. Potentiodynamic polarization estimations
Fig. 8(a) and (b) depict the cathodic and anodic polarization studies

of steel pieces in the corrosive solution with varying extract

Table 6
Polarization parameters for steel with varied concentrations of Dactyloctenium aegyptium extract without and with addition of KI in 0.5 M HCl.

(a) Plant extract in absence of KI

Extract concentration (ppm) Ecorr (V versus SCE) βa (V/dec) βc (V/dec) Icorr (A cm− 2) Corrosion rate (mm/y) Inhibition Efficiency (η %)

0 − 0.521 ± 0.020 0.0950 0.0792 6.4 × 10− 4 ± 0.0001 7.521 –
200 − 0.511 ± 0.004 0.0937 0.0895 3.2 × 10− 4 ± 0.0010 3.784 50.0
400 − 0.513 ± 0.010 0.0826 0.0866 2.1 × 10− 4 ± 0.0002 2.499 67.1
600 − 0.515 ± 0.001 0.0680 0.0750 1.7 × 10− 4 ± 0.0003 1.989 73.4
800 − 0.531 ± 0.002 0.0900 0.0810 1.5 × 10− 4 ± 0.0001 0.762 76.5

(b) Plant extract in presence of 0.1 g KI

Extract concentration (ppm) Ecorr (V versus SCE) βa (V/dec) βc (V/dec) Icorr (A cm− 2) Corrosion rate (mm/y) Inhibition Efficiency (η %)

0 − 0.512 ± 0.003 0.0740 0.0790 2.6 × 10− 4 ± 0.0001 3.124 –
200 − 0.514 ± 0.002 0.0630 0.0880 2.4 × 10− 5 ± 0.00002 2.904 90.7
400 − 0.513 ± 0.004 0.0490 0.0629 1.6 × 10− 5 ± 0.00003 1.930 93.8
600 − 0.519 ± 0.001 0.0790 0.0950 1.4 × 10− 5 ± 0.00001 1.800 94.6
800 − 0.530 ± 0.001 0.0870 0.0830 1.1 × 10− 5 ± 0.00002 0.668 95.7

Fig. 9. Nyquist plot for steel in 0.5 M HCl and various concentrations of DAE
without the addition of KI (a) and with the addition of 0.1 g KI (b).

Fig. 10. Bode diagrams for steel in 0.5 M HCl with various concentrations of
DAE without KI (a) and with 0.1 g KI (b).
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concentrations without and with 0.1 g KI, respectively. Table 6 includes
the corresponding corrosion data, Tafel slopes (βa & βc) and inhibition
efficiency. PDP research is used to compute the corrosion current density
(Icorr) and corrosion potential (Ecorr) by extrapolating the linear sections
of cathodic and anodic curves. Tafel curves show that the cathodic and
anodic sections of current density decrease in the presence of DAE. The
findings of the PDP study revealed the confirmation of the hydrogen
evolution.

The Tafel curves for steel with different concentrations of the DAE,
reveale that the inhibitor influences cathode H2 gas evolution and in-
terferes with the iron dissolving process of the steel piece, indicating
suppression of both cathodic and anodic corrosion processes by DAE in
0.5 M HCl. As a consequence addition of more plant extract should aid in
preventing steel corrosion, suggesting that the more the plant extract,
the lesser the corrosion process.

Table 6 also shows that increasing the concentration of DAE lowers
corrosion current density in either of the cases. The corrosion current
density obtained for 800 ppm of DAE without KI was 1.5 × 10− 4 A/cm2

with an inhibition efficiency of 76.5 %, whereas with the addition of 0.1
g KI, the combined synergism further lowered the corrosion current
density to 1.1 × 10− 5 A/cm2 and elevated the inhibition efficiency to
95.7 %. A drop in corrosion rate for both systems was also seen in
Table 6. Thus, it is clear that in the presence of 0.1 g KI along with DAE,
the inhibition efficiency increases when compared to DAE without the
addition of KI. It is because of the formation of an iodide bridge between
the metal surface and the extract when KI is used.

3.5.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy is a non-destructive

method to test the corrosion resistance of materials on metal surfaces.
Fig. 9(a) and (b) illustrate the Nyquist diagrams while Fig. 10(a) and (b)
show the Bode diagrams for the DAE without and with KI, respectively at
room temperature. Table 7 depicts the corresponding EIS findings. The
resistance and capacitance were measured by fitting the spectra to a
electrochemical equivalent circuit (Rs + Rct) using Nova software, as
shown in the inset of Fig. 11, where Rs is the solution resistance between
the reference and working electrodes, Rct is the charge transfer resis-
tance between the interface between the working electrode and the
electrolyte, and CPE is the constant phase element arising from the
double-layer capacitance of non-ideal rough metal surfaces.

Fig. 9 illustrates how the introduction of the inhibitor significantly
decreased steel dissolving, as seen by the widening of the capacitive
loops in both systems when the extract was present compared to when it
wasn’t. The working electrode’s (steel) roughness and corrosion-
induced inhomogeneity are the reasons for the semicircles’ divergence.

The EIS curves exhibit identical behavior, as demonstrated by their
similar semicircular plot. The only difference between the curves is their
area, which was determined to represent the change in charge-transfer
resistance from a higher to a lower frequency. In the corrosive me-
dium, the steel specimens were effectively shielded from corrosion.

EIS data indicates that when the Dactyloctenium aegyptium extract
concentrations and Rct values increase, CPE values decrease. This sug-
gests that slower rates of metal dissolution were caused by extract
molecules adsorbing on the steel surface and displacing water molecules
at the metal-to-water contact.

On comparing the Nyquist plots for DAE without and with 0.1 g KI, it
is observed that the diameter of semicircles increases for each concen-
tration of DAE/KI system than DAE alone, this increase being more than
2x times at 800 ppm when KI is present than its absence. It evidently
indicates that the charge transfer value (Rct) for the DAE/KI system is
higher than that of DAE alone thus, showing greater inhibition effi-
ciency. This implies enhanced adsorption of the DAE in the presence of
KI.

The Bode angle graphs show that the curves widen and shift to the

Table 7
EIS parameters for steel in 0.5 M HCl with various concentrations of DAE in
absence and presence of KI.

(a) Plant extract in absence of KI

Extract
concentration
(ppm)

Rs (Ω) Rct (Ω) CPE
(μFcm− 2)

n Inhibition
efficiency (%)

0 3.30
± 0.04

20.67
± 0.03

0.595 × 10− 4

± 0.0002
0.87 –

200 1.09
± 0.01

35.50
± 0.03

0.594 × 10− 5

± 0.00002
0.83 41.7

400 3.80
± 0.02

48.44
± 0.02

0.624 × 10− 5

± 0.00001
0.80 57.3

600 3.33
± 0.02

50.91
± 0.01

0.656 × 10− 5

± 0.00003
0.80 59.4

800 3.65
± 0.01

70.41
± 0.02

0.670 × 10− 5

± 0.00001
0.80 70.6

(b) Plant extract in presence of 0.1 g KI

Extract
concentration
(ppm)

Rs (Ω) Rct (Ω) CPE
(μFcm− 2)

n Inhibition
efficiency (%)

0 3.42
± 0.01

23.94 ±

0.02
0.629 ×

10− 4 ±

0.0001

0.80 –

200 3.18
± 0.02

56.20 ±

0.04
0.644 ×

10− 5 ±

0.00001

0.80 57.4

400 3.64
± 0.03

99.63 ±

0.03
0.559 ×

10− 5 ±

0.00002

0.80 75.9

600 3.05
± 0.03

120.89
± 0.01

0.600 ×

10− 5 ±

0.00002

0.81 80.2

800 1.38
± 0.02

268.00
± 0.01

0.569 ×

10− 5 ±

0.00001

0.79 91.1

Fig. 11. Equivalent circuit of constant phase element (CPE).
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left, or to lower frequencies, when a protective layer forms on the steel
surface right after the inhibitor is infused. The findings in Table 7 further
reveal that raising the inhibitor’s quantity raises both the Rct and in-
hibition efficiency values, suggesting that the DAE is effectively
adsorbable onto the steel surface, with 800 ppm representing the
greatest efficiency. Non-ideal capacitors caused by electrode flaws and/
or surface reactions are reflected by the slightly flattened semi-circles.
“n,” where 0 < n < 1 (a pure capacitor with n = 1), indicates varia-
tions in capacitor behavior. As shown in Table 7, n was found to be 0.80
concordantly in this inquiry.

The inhibition efficiency obtained from the PDP study and EIS study
are in good agreement. A comparative graphical representation of the
inhibition efficiency obtained from various methods is shown in Fig. 12.

3.6. Surface morphological analyses

SEM analyses of the steel piece have been done under four conditions
as depicted in Fig. 13. The Surface of the plain non-corroded steel piece
is shown in Fig. 13 (a), whereas the highly corroded steel piece when
kept in the blank solution of 0.5 M HCl has been shown in Fig. 13 (b).
The steel when dipped in blank solution can be seen to be adversely
affected by the corrosive medium having a highly rough coral-like sur-
face when compared to the steel surface unexposed to the corrosive

Fig. 12. Comparison of the Inhibition efficiency of the DAE extract obtained
from weight loss method, PDP and EIS analysis.

Fig. 13. SEM imaging of plain steel coupon (a), later being dipped in 0.5 M HCl (b), 800 ppm of Dactyloctenium aegyptium extract solution without KI (c) and 800 ppm
of Dactyloctenium aegyptium extract with 0.1 g KI solution (d).
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environment in Fig. 13 (a). On the other hand, Fig. 13(c) and (d) show
the steel surface when exposed to the corrosive solution containing 800
ppm of DAE in the absence and presence of KI, respectively, which
exhibit a significant decrease in surface roughness albeit rather shows
smoothness slightly similar to non-corroded steel piece when compared
to Fig. 13 (b). However, an improved surface morphology can be seen
for steel inhibited by DAE/KI than DAE alone. Successful adsorption of
the DAE onto the steel surface can thus be inferred as resulting in the
formation of a protective layer and reducing the corrosion by the acidic
medium.

3.7. DFT-based theoretical investigations

3.7.1. Optimization investigations
The corrosion inhibition performances of 4-hydroxy-3-methoxyben-

zoic acid, 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, and 5,7-
dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one
were evaluated through DFT-based optimization analyses. The

optimised structures revealed that these compounds are highly polar-
ized, enhancing their solubility in aqueous solutions and their adsorp-
tion performance on metal surfaces. Key findings from the optimization
investigations include the high polarization index of these compounds,
with 5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-
4-one demonstrating the highest polarization, facilitated by delo-
calized π-electrons and functional groups contributing to their polar
nature (Figs. 14–17).

3.7.2. Charge distribution investigations
Charge distribution analysis indicates that the values in charge of

atoms in the studied inhibitors change slowly, influenced by stereo-
chemical, chemical, physical, or planar nature of functional groups,
heteroatoms, and π-systems. The oxygen atoms in the hydroxyl groups of
these compounds are more negatively charged, making them effective
adsorption centers on metal surfaces. For instance, all four com-
pounds—4-hydroxy-3-methoxybenzoic acid, 4-hydroxybenzoic acid, 4-
hydroxybenzaldehyde, and 5,7-dihydroxy-2-(4-hydroxy-3,5-

Fig. 14. (a) Optimised structure, (b) MEP, (c) HOMO and (d) LUMO of 4-hydroxy-3-methoxybenzoic acid corrosion inhibitor.
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dimethoxyphenyl)-4H-chromen-4-one—show negative charges pre-
dominantly located on oxygen atoms, which enhances their adsorption
properties [52–54].

3.7.3. Molecular electrostatic potential (MEP) investigations
Molecular electrostatic potential (MEP) analysis identifies electro-

philic (red areas) and nucleophilic (blue areas) regions in the molecular
structures of the corrosion inhibitors. These maps highlight favorable
nucleophilic regions that contribute to the adsorption performance of
the inhibitors, with aromatic rings and functional groups serving as

centers of MEP regions. Each of the compounds—4-hydroxy-3-methox-
ybenzoic acid, 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, and
5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one-
—exhibits multiple nucleophilic regions, enhancing their inhibition
performance due to effective adsorption on metal surfaces. These in-
vestigations provide a detailed understanding of the molecular charac-
teristics and adsorption mechanisms of the studied corrosion inhibitors,
supporting their effectiveness in preventing corrosion (Figs. 14–17).

Fig. 15. (a) Optimised structure, (b) MEP, (c) HOMO and (d) LUMO of 4-hydroxybenzoic acid corrosion inhibitor.
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3.7.4. Frontier molecular orbital (FMO) investigations
The FMO analysis was performed to estimate the electron distribu-

tion in the Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) regions of the studied com-
pounds. The results show that the HOMO regions are mainly localized
around specific carbon atoms and double bonds in each molecule
[55–57]. This indicates that the molecules are negatively charged in
these regions, which are crucial for their interaction with metal surfaces.
For instance, the energy of HOMO orbitals for the selected compounds
follows the order: 4-hydroxybenzaldehyde > 4-hydroxybenzoic acid >

4-hydroxy-3-methoxybenzoic acid >5,7-dihydroxy-2-(4-hydroxy-3,
5-dimethoxyphenyl)-4H-chromen-4-one, suggesting that 4-hydroxyben-
zaldehyde is the most efficient corrosion inhibitor among them
(Figs. 14–17). The LUMO regions, on the other hand, indicate the anti-
bonding orbitals that are suitable for electron acceptance, promoting
chemical bonding formation between the metal surface and the corro-
sion inhibitor [58–67].

3.7.5. Molecular reactivity investigations
The molecular reactive parameters of organic compounds were

estimated using the energy difference (ΔEDFTInh ) between the HOMO
(EDFTHOMO(Inh)) and LUMO (EDFTLUMO(Inh)) according to Equations (10)–(19) and
the calculated parameters are reported in Table 8.

ΔEDFTInh =EDFTLUMO(Inh) − E
DFT
HOMO(Inh) (10)

IDFTInh = − EDFTHOMO(Inh) (11)

ADFTInh = − EDFTLUMO(Inh) (12)

ηDFTInh =
1
2
(
IDFTInh − ADFTInh

)
(13)

εDFTInh =
1

ωDFT
Inh

(14)

Fig. 16. (a) Optimised structure, (b) MEP, (c) HOMO and (d) LUMO of 4-hydroxybenzaldehyde corrosion inhibitor.
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− μDFTInh = χDFTInh =
1
2
(
IDFTInh +ADFTInh

)
(15)

ωDFT
Inh =

(χDFTInh
)2

2ηDFTInh
(16)

σDFTInh =
1
η (17)

ΔNDFTInh =

(
χFe − χDFTInh

)

2
(
ηFe + ηDFTInh

) (18)

ψDFT
Inh =

(
χFe − χDFTInh

)

4
(
ηFe + ηDFTInh

) (19)

where ηFe is 0 eV mol− 1 and χFe is 7 eV mol− 1.
The theoretical parameters for the corrosion inhibitors, analyzed

using DFT, B3LYP, and 6-31G basis sets, reveal significant insights into

Fig. 17. (a) Optimised structure, (b) MEP, (c) HOMO and (d) LUMO of 5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-onecorrosion inhibitor.
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their effectiveness. The HOMO and LUMO energies indicate that 5,7-
dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one has
the highest energy gap, suggesting high reactivity. The energy gap
(ΔEDFTInh ) decreases from 4-hydroxy-3-methoxybenzoic acid (0.187 eV) to
5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one
(0.144 eV), indicating the latter’s higher reactivity. Chemical softness
(σDFTInh ) increases from 4-hydroxybenzaldehyde (5.525 eV) to 5,7-dihy-
droxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one (6.944
eV), highlighting its softness and reactivity. The electrophilicity index
(ωDFT

Inh ) is highest for 4-hydroxybenzoic acid (0.257 eV) and lowest for
5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one
(0.124 eV), indicating the latter’s greater electron donation tendency.
Chemical hardness (ηDFTInh ) is lowest for 5,7-dihydroxy-2-(4-hydroxy-3,5-
dimethoxyphenyl)-4H-chromen-4-one (0.072 eV), signifying its high
reactivity. Electronegativity (χDFTInh ), ionization potential (IDFTInh ), and
electron affinity (ADFTInh ) show minor variations among the inhibitors,
with 4-hydroxybenzoic acid exhibiting the highest values. Chemical
potential (μDFTInh ) values are similar across the inhibitors, while electro-
philicity (εDFTInh ) is notably higher for 5,7-dihydroxy-2-(4-hydroxy-3,5-
dimethoxyphenyl)-4H-chromen-4-one, suggesting a strong electron-
donating ability. The fraction of electron transfer (ΔNDFTInh ) is highest
for this compound (0.048), indicating the most significant electron
transfer to the metal surface, and its electrophilicity (ψDFTInh ) is also
highest (0.096), further supporting its strong electron-donating capa-
bility. Overall, these parameters suggest that 5,7-dihydroxy-2-(4-hy-
droxy-3,5-dimethoxyphenyl)-4H-chromen-4-one is the most reactive
and effective corrosion inhibitor among the studied compounds,

followed by 4-hydroxybenzaldehyde, 4-hydroxybenzoic acid, and 4-hy-
droxy-3-methoxybenzoic acid.

3.8. Contact angle analysis

Contact angle analysis of the steel in the absence and presence of the
optimum concentration (800 ppm) of the DAE extract provides addi-
tional details about the hydrophilic or hydrophobic nature of the layer
formed on the steel surface (Fig. 18). The contact angle of the steel in the
absence of the DAE extract is 82.44◦ while when the DAE extract is
coated on the steel surface, then the contact angle becomes 90.42◦. This
increase in the contact angle of the steel surface in the presence of the
DAE extract indicates the hydrophobic layer formation on the steel
surface which protects the steel specimen from the corrosive attack [68].

3.9. Proposed mechanism of corrosion inhibition

It was observed during the weight loss studies performed with the
blank solution of 0.5 M HCl that the more rapid the reaction occurs, the
more are hydrogen bubbles seen indicating strong corrosion. However,
on the gradual increase of the DAE concentration from 200 ppm to 800
ppm, the production of hydrogen bubbles decreased or occurred at a
very slow rate, thereby slowing down the corrosion of the immersed
steel pieces. This is because the electron lone pairs on the various active
constituents of DAE donate into the metal’s empty orbitals, forming a
dative bond and getting adsorbed onto the surface. Moreover, the
п-electron ring system of the phytochemicals also exhibits retrodonation
type bonding with the metal. As a consequence, the DAE layers onto the

Table 8
Theoretical parameters for corrosion inhibitors (DFT, B3LYP and 6-31G basis sets).

Parameters, eV 4-hydroxy-3-methoxybenzoic 4-hydroxybenzoic acid 4-hydroxybenzaldehyde 5,7-dihydroxy-2-(4-hydroxy-3,5-dimethoxyphenyl)-4H-chromen-4-one

EDFTHOMO(Inh) − 0.223 − 0.248 − 0.241 − 0.201

EDFTLUMO(Inh) − 0.036 − 0.052 − 0.060 − 0.057

ΔEDFTInh 0.187 0.196 0.181 0.144
σDFTInh 5.349 5.102 5.525 6.944
ωDFT
Inh 0.234 0.257 0.224 0.124

ηDFTInh 0.0935 0.098 0.0905 0.072
χDFTInh 0.1295 0.150 0.1505 0.129
IDFTInh 0.223 0.248 0.241 0.201
ADFTInh 0.036 0.052 0.060 0.057
μDFTInh − 0.1295 − 0.150 − 0.1505 − 0.129
εDFTInh 4.273 3.889 4.464 8.065
ΔNDFTInh 0.0425 0.033 0.0315 0.048
ψDFTInh 0.085 0.066 0.063 0.096

Fig. 18. Contact angle analysis of the steel in the absence (a) and presence of the DAE extract (b).
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metal surface shielding it from corrosion causing attack by water mol-
ecules in the solution and other groups.

But DAE in synergism with KI was able to show higher corrosion
inhibitions compared with solely DAE which can be understood from the
increased interaction and adherence between the DAE and steel surface
through iodide acting as a bridge that was initially not present. Iodide
furnished by KI first adheres to the steel surface through van der Waals
interaction and later bonds with the protonated parts of DAE by elec-
trostatic interaction. Hence, any polar charged part initially present in
the sole DAE later remained unavailable for even a slight interaction
with corrosive groups. This in turn forms a stronger hydrophobic barrier
by the plant extract and shows enhanced protection of steel against
corrosion. A schematic diagram of the proposed mechanism of the
corrosion inhibition of the DAE extract is shown in Fig. 19.

4. Conclusion

Preliminary screening of Dactyloctenium aegyptium as a corrosion
mitigator for steel in 0.5 M HCl gave favorable results being rich in
various phytochemicals such as alkaloids, flavonoids, sugars, etc. Except
coumarin. DAE also exhibited satisfactory inhibition efficiency in weight
loss measurements. Further, electrochemical measurements were also
found to be in unison with the aforementioned observations pointing to
enhanced corrosion inhibition with increasing concentrations of plant
extract. The maximum inhibition efficiency of DAE was found to be 76.5
% at a concentration as low as 800 ppm which increased to 95.7 % in the
presence of KI. This can be attributed to the adsorption of the phyto-
chemicals onto the steel surface through their heteroatoms forming a
protective layer against rapid corrosion, which is supported by Lang-
muir adsorption isotherm, UV–Vis. and SEManalyses. In this study, no
toxic chemical was used for the preparation of the plant extract. Further
the methods used for determining the anti-corrosive properties of the
Dactyloctenium aegyptium extract are non-destructive so the studied in-
hibitor can be understood as an efficient eco-friendly green corrosion

inhibitor for steel. Optimised geometries and smaller ΔE between the
phytochemicals drawn from computational studies suggest them to be
stable and have enduring inhibitory effects. Although Dactyloctenium
aegyptium stands as a conclusive weed for corrosion inhibition of steel,
the Dactyloctenium aegyptium/KI system however, is found to be more
effectual owing to the increased interactions due to the introduction of
iodide, resulting in stronger and denser protective extract layer onto the
steel surface.
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A B S T R A C T

The design and fabrication of smart and low-cost nanocomposites (NCs) is still an area of challenge in wastewater 
treatment. In this context, firstly individual graphene oxide (GO) and cerium oxide (CeO2) nanoparticles (NPs) 
were synthesized by precipitation method. This was followed by synthesis of GO-CeO2-NCs by mixing GO and 
CeO2-NPs in natural surfactant which was characterized by UV–visible absorption spectroscopy. The morphology 
of the synthesized GO-CeO2-NCs was established by scanning electron microscopy (SEM) studies while high 
resolution transmission electron microscopy (HRTEM) analysis revealed shape and particle size of the synthe-
sized NCs. Fourier transform infrared spectroscopy (FTIR) was used to confirm the presence of different func-
tional groups in the synthesized GO-CeO2-NCs and thermal stability was determined by thermal gravimetric 
analysis (TGA). The synthesized GO-CeO2-NCs was used as catalyst in heterogeneous Fenton process for the 
degradation of methyl violet (MV) dye. The effects of various experimental parameters, i.e., pH, H2O2, GO-CeO2 
NCs for MV degradation were investigated to have optimum condition. The optimum conditions for effective 
degradation with 98 % was achieved just within 100 minutes, at pH=8, [H2O2] 80×10− 4 M, and [GO-CeO2] 
18 mg/L for 3×10− 3 M degradation. The experimental observations have led up to propose a most plausible 
mechanism for GO-CeO2-NCs enhanced Fenton’s degradation of MV. GO-CeO2 nanocomposites with H2O2 shows 
amazing removal capacities in the elimination of MV. In summary, synthesized GO-CeO2 nanocomposites 
demonstrate remarkable efficiency in present work, and offering a promising solution for the effective degra-
dation of methyl violet dye in wastewater treatment.

1. Introduction

With the rapid growth of industries, especially textile industries, the 
tremendous use of dyes has become a serious issue for the environment 
[1]. In this regard, extensive efforts have been dedicated to explore 
highly efficient material as heterogeneous catalyst for wastewater 
treatment via Fenton process [2,3]. Therefore, new type of precursors 
and rationally designed hetero-structured materials has been strongly 

desired to achieve outstanding results in dye degradation. Among all 
nanomaterial, graphene based nanocomposites (NCs) synthesis has 
inflame worldwide researchers due to their excellent properties of high 
electrical, optical, thermal conductivity and large active surface area 
[4–7]. The graphene plays vital role because of sp2-hybridized mono-
layer of carbon with honeycomb array, which provide great space to 
make NCs with other metal oxide [8–10]. Additionally, graphene oxide 
(GO) incorporates non-oxidized benzene rings along with six-membered 
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aliphatic rings and produces exfoliated GO through chemical oxidation 
by attaching many more oxygen containing functional groups in the 
adjacent layers of graphite. This makes GO highly soluble in water as 
well as its aromatic region is conjugated easily with aromatic molecules 
through π-π interaction. This distinctive nature of GO instigated the 
establishing of various metal oxide nanoparticles (NPs) on its surface. 
Owing to these attractive properties of GO, the imprinting of functional 
nanomaterials on this highly conductive GO nanosheets (NSs) is an 
effective tool to design a promising NCs. Graphene sheets can easily 
accommodate with metal oxide with uniform dispersion on it [11–13]. 
CeO2 is an important high refractive index rare earth oxide which has 
high oxygen storage capacity and other extensive properties such as 
sensor, insulator, catalyst [14–16]. Because of tremendous physical and 
chemical properties of CeO2, it has fascinated much attention in recent 
years [17–19]. Hence, in the current study, CeO2 has successfully been 
decorated on GO-NPs which show a synergistic effect for the develop-
ment of material with remarkable properties. Whereas, the combination 
of GO-CeO2 makes it magical NCs for several applications [14,20–24], 
this has motivated us to use it as heterogeneous catalyst.

Fenton process involves in situ generation of powerful radicals such 
as •OH under mild acidic conditions through electron transfer process 
from metal ion to H2O2 [25]. For the first time, Fenton process used 
FeSO4 and H2O2 to produce radical but it had some disadvantages, i.e., 
sludge creation and pH maintenances [26]. To overcome this problem, 
FeSO4 has now been substituted by various NPs-NCs as heterogeneous 
catalyst, which can easily be separated and recycled [27]. The NPs-NCs 
act as efficient heterogeneous catalyst because of their very small size 
and large surface area for reaction. Furthermore, Fenton process con-
stitutes promising, effective and environment friendly process to remove 
pollutants from wastewater [28–32]. Thus, there is an urgent need of a 
best combination of H2O2 and heterogeneous catalyst to remove dye 
containing wastewater. The textile industries play a vital role in the 
economic growth of any nation along with generation of employment. 
However, it also generates a large amount of textile wastes and waste-
water that are damaging to the environment. Therefore, attention has 
been paid by researchers and industries on the reduction as well as 
purification of textile wastewater through environmentally friendly 
techniques [33,34]. The most difficult constituents in textile wastewater 
are dyes which have complex chemical structures. Dyes in textiles or any 
wastewater reduces the quality of the water and its dependent habitats 
and environment. Dyes also jeopardize to human and environment as 
even at very low concentration they have carcinogenic effects [35–37]. 
Treatment of textile effluent i.e., wastewater containing dye is quite 
complicated and efforts have been directed to develop effective treat-
ment technologies for wastewater containing dyes [38,39]. However, 
there has not been very satisfactory method for remediating broad di-
versity of textile wastewater. The classical techniques like coagu-
lation/flocculation, membrane separation (ultrafiltration, reverse 
osmosis) or removal by activated carbon adsorption just incorporate 
phase transfer of dyes [40–42]. The biological treatment of textile 
wastewater has also not been a complete solution to problem as many 
dyes are biologically resistant [43,44]. Methyl violet (MV), a model 
pollutant, also called as MV 10B (C25H30N3Cl) has frequently been used 
in textile and paper dyeing by several industries. However, it acts as a 
mutagen and mitotic poison and its presence in wastewater causes 
harmful impact on the environment. Generally, methods such as 
chemical bleaching, biodegradation and photo catalytic degradation 
have been used for the removal of crystal violet or MV dye from 
wastewater [45–47]. However, it has been reported that Fenton process 
gave better results for the degradation of MV dye [48–54], as compare to 
other process [55–57]. We have been working on treatment and removal 
of organic pollutants and dyes involving homogeneous and heteroge-
neous Fenton and Fenton like processes [25,29,32]. Thus, in continua-
tion of our work, we have applied GO-CeO2-NCs as potential candidate 
for the treatment of MV dye containing wastewater. Therefore, the 
present paper reports a successful synthesis of GO-CeO2-NCs and its 

characterization followed by its use as heterogeneous catalyst for MV 
degradation and study on recycle stability of GO-CeO2-NCs.

2. Experimental

2.1. Materials & method

All the reagents used were of analytical reagent (AR) grade. Graphite 
powder was purchased from Global Nanotech, Nagpur, India and used as 
a precursor for the synthesis of GO, H2O2, potassium nitrate (KNO3), 
potassium permanganate (KMnO4), and hydrochloric acid (HCl) and 
NH4OH were acquired from Merck, Mumbai, India. Cerium sulphate (Ce 
(SO4)2) was obtained from S. D. Fine chemicals, Mumbai, India while 
MV prevailed from Sigma Aldrich, Bengaluru, India. Sodium hydroxide 
(NaOH) and sulfuric acid (H2SO4), obtained from Merck, Mumbai, India, 
were used to maintain the pH. Triple distilled water (TDW) was used for 
all the reactions. First of all, GO was prepared by modified Hummers 
method [58]. In brief, 23 mL of H2SO4 was taken in an Erlenmeyer flask 
and placed in an ice bath. This was followed by gradual addition 1 g of 
graphite powder and 0.5 g of KNO3 with continuous stirring. Then 
slowly 3 g KMnO4 was added and kept in water bath to attain temper-
ature up to 35 ◦C and magnetic stirred for 2 h to get thick brown paste. 
Subsequently, 23 mL TDW was slowly added to the reaction mixture and 
the suspension was maintained at 98 ◦C for 30 min. The reaction mixture 
then diluted with TDW to 140 mL. To reduce residual KMnO4 and MnO2, 
the solution was treated with H2O2 (30 %). The resulting deep brown 
slurry was dialyzed in dialysis membrane against TDW for 7 days. Then 
further exfoliation was done through ultra-sonication for 1 h. 
Non-exfoliated GO layers were removed by centrifugation. The GO 
powders were obtained after drying the sample in a vacuum oven for 
24 h at 60 ◦C. Cerium oxide (CeO2) was prepared by simple chemical 
precipitation method, using cerium sulphate as precursor [59]. In a 
typical experiment, 0.1 M aqueous solution of Ce(SO4)2 was mixed with 
25 % ammonia (NH4OH) solution (10 mL) and 0.1 M of cetyl-
trimethylammonium bromide (CTAB). The solution was then keeping 
the solution for continuous stirring for 2 h. The resultant yellow colored 
precipitate [Ce(OH)4] was washed with water/ethyl alcohol and 
calcined at 600 ◦C for 2 hrs to obtain CeO2. For the preparation of 
GO-CeO2 NCs, 30 mL of 10 M NaOH solution and 10 mL reetha (natural 
surfactant) solution were mixed in a 500 mL beaker and keep in Orbital 
shaking incubator for 1 h. This was followed by addition of 1 mg GO to 
the above mixture and again shacked for 1 h. Then, 1 mg of CeO2 was 
added and shaken for next 1 h. The reaction mixture was placed in 
sonicator for 6 h and filtered through Whatman filter paper 40 and left 
for 24 h for cooling. The sample was then autoclaved and washed with 
HNO3 acid and subsequently with TDW times to remove impurities, if 
any. The washed graphene CeO2 based NCs sample was placed in an 
oven to dry at 80 ◦C for 12 h. Thus, prepared GO-CeO2-NCs were sub-
jected to characterization for further use.

2.2. Characterization studies

To validate the formation of GO-CeO2 NCs the synthesized nano-
particle samples were characterized by using a UV–visible spectropho-
tometer (Shimadzu UV–visible Spectrometer, Japan) at the wavelength 
range of 200–800 nm, and DMSO was used as the blank reference. The 
synthesis of GO-CeO2-NCs absorbs in the wavelength range 
~250–370 nm.

X-ray diffraction (XRD) study was carried out on Bruker D-8 advance 
X-ray diffractometer using CuK∝ X-ray radiation with λ = 0.154 nm 
operated at 40 kV and 40 mA in the 2θ range of 10–80◦ to determine 
crystallinity and crystal size of the synthesized GO-CeO2-NCs. JEOL-JSM 
6390 was used for scanning electron microscopy (SEM) analysis to find 
the surface morphology of the synthesized GO-CeO2-NCs for getting 
particle size of NCs. High resolution transmission electron microscopy 
(HRTEM) analysis was carried out on a Zeiss EM 912 Ω instrument at an 
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acceleration voltage of 120 kV. To find out physical and chemical 
changes in GO-CeO2-NCs during high temperature, TGA determination 
were carried out by using Perkin Elmer, Diamond instrument with a 
heating rate of 20 ℃ /min. FTIR spectrum of NCs was taken using FTIR 
8400S, Shimadzu (Japan).

2.3. Kinetic study

The kinetic study of the degradation of MV by heterogeneous Fenton 
oxidation process was investigated by UV–visible spectroscopy at the 
maximum absorbance wavelength (λmax) of MV at 580 nm. The con-
centration of the dye in the reaction mixture at different reaction times 
was determined by measuring the absorbance at λmax= 580 nm. The pH 
of the reaction mixture was adjusted at 8 using dilute NaOH. The 
oxidation of MV (3×10− 3 M) was achieved by addition of H2O2 
(80×10− 4 M) and GO-CeO2-NCs (18 mg/L) at 25 ◦C and stirred at a 
magnetic stirrer. The reaction was initiated by adding H2O2 to the re-
action bottle containing MV, GO-CeO2-NCs and sodium hydroxide. After 
every 10 min of the reaction, 4.5 mL of reaction mixture was taken out 
and was then analyzed in the spectral range from 200 to 800 nm peri-
odically. Each experiment was replicated three times. The degradation 
percentage (%) of the dye was calculated using the following Eq. (1), 
where C is the initial concentration of the dye and C0 is the concentra-
tion after degradation at given time t. The removal (R, %) was calculated 
from Eq. (2) and adsorption capacity (qe, mg L− 1) from Eq. (3), as
follows: 

Dye Degradation(%) = (
C − C0

C
) (1) 

qe = (
C0 − Ce
m

) × V (2) 

qt = (
C0 − Ct
m

) × V (3) 

Where R, qe and qt (kinetic adsorption capacity of MV dye) were 
calculated by Eqs. (1)–(3), respectively, where Co and Ce are the initial 

and equilibrium concentrations of MV (mg/ L), respectively, Ct is the 
concentration of MV at a given time t, m is the adsorbent mass (g) and V 
is the dye solution volume (mL). Furthermore, the kinetics of MV dye 
removal was examined using pseudo-first order and pseudo-second 
order kinetics.

3. Results and discussion

3.1. Characterization of GO-CeO2-NCs

The pure graphene absorption spectrum has an UV- absorption peak 
without hump between ~250–370 nm. The UV–visible spectrum of 
synthesized GO-CeO2 m-NCs, showed a peak without hump between 
~258–330 nm (Figure SI.1). Which confirmed that the absorption edge 
was red shifted compared to graphene [60]. The optical band gap is an 
important parameter for NCs to know their photocapacity, photo-
electrode or photodegradation application for dye degradation. A large 
amount of research has been devoted to modifying the band gap to 
modifying its optical absorption properties. These can be tuned by 
different synthesis methods, dopant, temperature etc [61–63].

Thus, optical band gap energy (Eg) of the synthesized GO-CeO2-NCs 
was calculated using Tauc plot between the (αhϑ)2 on the ordinate 
against hv (Figure SI.2) [64], where α is the linear absorption coefficient 
of the material. The band gap was determined by extrapolating the 
linear portion of the Tauc plot as 2.1 eV (Figure SI.2).

To find the crystalline phase purity and structural information of the 
synthesized GO-CeO2-NCs the X-ray diffraction (XRD) was carried out. 
The XRD patterns of GO-NPs, CeO2-NPs and GO-CeO2-NCs have been 
depicted in Fig. 1, CeO2 shows cubic fluorite structure with XRD peaks at 
28.54◦, 47.48◦ and 56.33◦ 2θ, which were assigned to (111), (400) (311) 
reflection, respectively while GO shows a peak at 12.28◦ 2θ which 
resemble to (001) reflection [65,66]. The XRD peaks of GO-CeO2-NCs 
clearly show that the diffraction peaks resembled exactly to those seen in 
GO with (001) reflection and in CeO2 with (111) reflection. The most 
intense peak in the XRD pattern of GO-CeO2 was found at 2θ=10.69◦

while less intense broad peak obtained at 2θ=28.08◦ and these two 
peaks were very much present in GO and CeO2, respectively. In case of 

Fig. 1. XRD pattern of the synthesized GO, CeO2 NPs and GO-CeO2 NCs.
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GO-CeO2-NCs a sharp and intense peak was not observed. This must be 
due to the formation of [CeOH(CO3)] on the surface of the particle 
during composite preparation. The Debye Sherrer equation was used to 
calculate average crystalline size of the particle [67], Bragg’s equation 
helped to find the d-spacing [68], and the average micro-strain was 
calculated by Stokes-Wilson equation [69], where size and strain 
correlated broadening show a dependency on θ. Value of interlayer 
spacing is affected by strain present in the crystallite, i.e., compressive 
stress reduced the interlayer spacing and increased tensile strength. The 
Williamson-Smallman’s method [70], was to calculate dislocation den-
sity as a measure of irregularity inside the crystal which can affects the 
properties of the crystals. Larger the dislocation density higher the 
hardness of the crystal and lower the crystal size. Table 1 shows all the 
microstructural properties calculated, i.e., particle size, d-spacing, micro 
strain and dislocation density of GO-NPs, CeO2-NPs, GO-CeO2-NCs.

The scanning electron microscopic (SEM) image shown in Fig. 2
revealed morphology of GO-CeO2-NCs. It clearly shows GO-CeO2-NCs 
rough surface area with crumpled and wrinkled GO sheets (Fig. 2). It is 
clear from SEM image of GO-CeO2 that CeO2-NPs anchored on exfoliated 
GO-NPs.

The energy dispersive X-ray (EDX) spectrum of the synthesized GO- 
CeO2-NCs is shown in Figure SI.3 which displays its elemental compo-
sition. The EDX spectrum confirmed the presence of carbon (C), cerium 
(Ce) and oxygen (O) in the synthesized GO-CeO2-NCs. Inset Table in 
Figure SI.3 contains atomic % of C, Ce and O which are quite comparable 
to the value reported in literature [66].

In order to get morphology and particle size of the synthesized GO- 
CeO2-NCs, high resolution transmission electron microscopy (HRTEM) 
analysis was carried out. HRTEM images of GO-CeO2 are shown in Fig. 3
where exfoliated GO sheet is clearly visible. Fig. 3 A&B show that GO- 
CeO2-NCs is transparent with some clear visible wrinkles of GO while 
only small amount of CeO2-NPs are visible in Fig. 3 C&D. The shape of 
the synthesized GO-CeO2-NCs is confirmed to be hexagonal (Fig. 3C). 
Fig. 4 shows the selected area electron diffraction (SAED) pattern of the 
synthesized GO-CeO2-NCs. The SAED pattern contains a series of bright 
rings which show that the synthesized GO-CeO2-NCs is polycrystalline 
with clear boundaries.

In GO-CeO2-NCs, cerium should attach to carbon structure through 
carboxyl group. The FT-IR spectrum of the synthesized GO-CeO2-NCs is 
shown in Figure SI.4 which shows a strong band at 3417.11 cm− 1 that 
appeared due to symmetric and asymmetric stretching of water mole-
cule, which came from improper handling KBr pallet. Methylene group 
showed less intense band in the range of 2851.76–2926.32 cm− 1 while 
the band appeared at 1728.96 cm− 1 is due to presence of carboxyl 
group. The band at 479.20 cm− 1 confirmed the presence of CeO2 in NCs 
and due to stretching vibration mode of Ce-O2. The weak shoulder bands 
at 1728.96 cm− 1 and 1383.03 cm− 1have been attributed to carboxyl 
group. The band at 1246.35 cm− 1 was obtained because of interaction 
between CeO2 and atmospheric CO2 while C––C vibration showed an 
intense band at 1627.51 cm− 1 [20].

Figure SI.5 shows the thermogravimetric analysis (TGA) curve of the 
synthesized GO-CeO2NCs. The TGA curve clearly shows a narrow 
decomposition process with sharp weight loss at 198◦C and little mass 
loss at 550◦C which have been attributed to GO decomposition and 

burning of carboxyl and epoxy groups.

3.2. Heterogeneous fenton degradation of MV

The degradation of MV by heterogeneous Fenton process in aqueous 
solution at pH=8 was carried out in a conical flask on magnetic stirrer 
taking MV, GO-CeO2 NCs and H2O2 in sequence at room temperature. 
Reaction mixture was finally taken in 1 cm quartz cuvette to study MV 
degradation in UV–visible photometer where spectrum was recorded in 
the range of 310–910 nm. Figure SI.6 shows UV–visible absorption 
spectrum of MV containing reaction mixture which shows the maximum 
absorption at 580 nm. Various parameters that affect the degradation 
process investigated were: concentrations of MV, H2O2, and GO-CeO2, 
and pH of the medium.

To understand the effect of synthesized GO-CeO2-NCs on the 
degradation of the dye MV, the studies were carried out separately first 
with H2O2 and then in the presence of GO-CeO2 NCs. This was followed 
by degradation involving Fenton reaction, i.e., in the presence of H2O2 
and GO-CeO2-NCs together. It was observed that the dye MV was slug-
gishly degraded by H2O2while little fast in the presence of GO-CeO2 and 
quite effectively degraded by Fenton process in which H2O2 and GO- 
CeO2were used together. The results of the degradation of the dye MV 
are shown in Figure SI.7 where remaining concentration of MV (C/C0) is 
plotted against time.

The optimization of pH for the degradation of the dye MV is the most 
important parameter for study during Fenton process [28,59]. To 
determine optimal pH for the best degradation efficiency, a series of 
experiments at different pH 2, 4, 6, 8, 10, and 12 were carried out and 
the results obtained were plotted in terms of degradation (C/C0) against 
pH as shown in Figure SI.8. Thus, it was concluded that after pH 8–12, 
the maximum degradation occurs. At pH 8 optimum degradation ob-
tained was 97 % at room temperature. As it is well known that before 
discharging any treated water into the environment, it is essential to 
maintain its pH, so pH 8 was taken as optimum which is close to neutral 
pH. Thus, for further study, the pH of the reaction mixture in Fenton 
process was maintained at 8.

The oxidation (degradation) of MV by oxidant hydroxyl radical 
(•OH) which comes from hydrogen peroxide (H2O2)via its action as 
catalyst. The degradation of MV was studied at different concentration 
of H2O2 from 20 to 160 × 10− 3 M up to 100 minutes. As the concen-
tration of H2O2 increased, the degradation (%) of the dye MV was also 
increased. The results obtained are shown in Figure SI.9, which clearly 
shows that the maximum degradation was obtained with [H2O2] = 80 ×
10− 3 Min 100 minutes.

In the Fenton process the catalyst GO-CeO2 plays a significant role in 
the generation of •OH radical because in the absence of the catalyst GO- 
CeO2, H2O2 acts as a weak oxidant and cannot generate sufficient 
amount of •OH to degrade MV. Thus, to find out the effect of the catalyst 
(GO-CeO2) and to optimize its concentration, MV degradation study was 
carried out at different concentration of the catalyst (6–30 mg/L), taking 
initial concentration of MV as 3×10− 3 M. The result of the degradation 
of MV at different concentration of GO-CeO2 catalyst are shown in 
Figure SI.10, which concluded that 18 mg/L of the catalyst was the 
optimum amount for the degradation of MV. At amount less than 18 mg/ 
L of GO-CeO2, the degradation of MV was damn slow while at higher 
than 18 mg/L it showed almost similar degradation (Figure SI.10). Thus, 
18 mg/L of the catalyst GO-CeO2 was taken as optimum in Fenton 
degradation of MV. The (•OH) hydroxyl radical generation from H2O2 is 
responsible for the dye MV degradation which is activated only by the 
addition of GO-CeO2 catalyst. However, excess active sites in catalyst 
slow down the degradation process, because of the fact that high con-
centration of GO-CeO2 acts as •OH radical scavenger.

3.3. Evidence for •OH radical generation in Fenton process

As a confirmation of the hydroxyl (•OH) generation and its use in 

Table 1 
Microstructural properties of the GO NPs and CeO2 NPs and GO-CeO2 NCs ob-
tained from XRD data.

Microstructural properties GO NPs CeO2 NPs GO-CeO2 NCs

Crystal size, D (nm) 2.97 
±0.82

2.4±1.21 1.25±1.68

Interlayer spacing, d (nm) 0.72 
±0.02

0.31 
±0.05

0.41–0.84 
±0.03

Micro strain, ε Х 10¡3 0.01096 0.069000 0.3821
Dislocation density, δ Х 

10¡14(lines/m2)
11.33 17.36 80.00
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Fenton process was it’s investigated by radical trapping experiments. 
When a well-known •OH scavenger, t-butyl alcohol (TBA), was added to 
the reaction mixture the MV degradation was dropped to 32 % compare 
to blank experiment 98 % (Figure SI.11). The MV degradation was also 
studied with another •OH scavenger, benzoquinone (BQ), which caused 
only 19 % MV degradation (Figure SI.11). There studies confirmed the 
generation of •OH radicals which plays important role in the dye MV 
degradation.

3.4. Kinetics model

The effect of contact time on MV removal by GO-CeO2 NCs and H2O2 
was presented in Fig. 5 A,B. A good removal was found as the adsorption 
started and time approached 50 min. The MV adsorption kinetics was 
explained by predictive theoretical pseudo first order and pseudo second 
order models [71]. Adsorption kinetics was used to test the linearity 
between time and adsorption capacity. The usual models include the 
pseudo-first-order kinetic Eq. (4) and the pseudo-second-order kinetic 
Eq. (5) [72]. Pseudo first order kinetic model has the following equation: 

log(qe− qt) = log(qe) −
K1

2.303
× t (4) 

Where qe (mg/g) and qt (mg/g) are the adsorption capacities at equi-
librium and at a given time t and k1 (min− 1) is the rate constant, 
determined from the slope. Fig. 5 A shows log (qe-qt) versus t plot. The 
pseudo second order kinetic model has this equation: 

1
qe− qt

=
1
qe

+ K2 × t (5) 

Where qe and qt are the same as above, and k2 (g/mg min− 1) is the rate 
constant. The values of qe and k2 are calculated from the intercept and 
slope of the plot of t/qt versus t shown in Fig. 5 B. The pseudo second 
order kinetic model shows an excellent correlation coefficient (above 
0.99) at room temperature. This showed that chemisorptions were the 
rate controlling step of MV adsorption onto GO-CeO2 NCs.

The high correlation coefficient obtained for pseudo second order 
kinetics indicated that the model nicely represented the experimental 
data.

3.5. Reusability of catalysts

Two crucial catalyst criteria are sustainability and reusability. 
Recycling tests were carried out for the removal of MV in order to 
investigate the stability and durability of the as-prepared GO-CeO2 NCs. 
Following each cycle, the catalyst was separated by centrifugation, and 
the separated particles were subsequently cleaned with ethanol and 
heated to 100 degrees to eliminate any remaining moisture and con-
taminants. Finally, the catalyst’s catalytic activity was terminated by 
reusing it. In three cycles, over 20.4 % of the catalyst was lost 
(Figure SI.12). After three successive cycles, Figure SI.12 demonstrates 
that very little degrading efficiency is lost. As a result, during the 
degrading process, GO-CeO2 NCs might be regarded as reusable and 
stable nanocomposites.

3.6. Mechanism

Based on the optimization of the degradation process and other 
experimental observations it was concluded that •OH radical generated 
through heterogeneous Fenton process attacks on benzene ring of MV 
molecules and break it into small molecules in several steps. The Fenton 
process for the degradation of MV is shown in scheme 1in Eqs. (2) to (4). 
Initially generated •OH radicals degrade MV into Michler’s ketone 
which finally decomposed into very small molecules shown in Eqs. (3) 
and (4) (Fig. 5) [66].

4. Conclusions

GO-CeO2-NCs was fruitfully synthesized where percentage of GO in 
NCs was much higher than CeO2-NPs. The synthesis of GO-CeO2-NCs 
was used as heterogeneous catalyst in Fenton process for the degrada-
tion of MV at pH=8. The present experimental results concluded that 

Fig. 2. SEM images of the synthesized GO-CeO2 NCs where cerium oxide (CeO2) nanoparticles (indicated by circle) spread on graphene (GO) sheets.
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effective degradation of the dye MV by heterogeneous Fenton process is 
quite fast. It requires small amount of H2O2 and GO-CeO2-NCs and the 
degradation process takes place at room temperature. The present report 
opens new way to treat wastewater containing MV as a low cost tech-
nique and with ease of implementation. This study clearly explains that 

interaction of rare earth metal, cerium, with non-metal graphene has 
potential scope for water treatment involving Fenton’s process.

Fig. 3. HRTEM images of the synthesized of GO-CeO2-NCs with different magnifications.

Fig. 4. Selected area electron diffraction (SAED) pattern of the synthesized GO-CeO2-NCs.
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A B S T R A C T

This study explores the use of a Halloysite composite to efficiently remove manganese from water through 
adsorption. We optimized experimental parameters, such as dosage (3 g/L), contact time, pH levels (ranging 
from 2 to 12), and initial Mn concentration (20 ppm), first in distilled water and then in polluted water. The main 
objective is to create an environmentally friendly material for practical manganese removal, especially important 
for at-risk populations like young individuals exposed to manganese. Using an oxidation-reduction approach, we 
synthesized a Halloysite-mediated nanocomposite for manganese removal through adsorption. The composite’s 
crystallinity increased from 70.88 % to 77.4 % after manganese adsorption, indicating successful adsorption. At a 
transition temperature of 303 K, the composite showed an impressive 93 % manganese removal efficiency. We 
conducted comprehensive analyses using Scanning Electron Microscope (SEM), Energy Dispersive X-ray Spec-
troscopy (EDS), Transmission Electron Microscope (TEM), Fourier Transform Infrared Spectroscopy (FT-IR), X- 
ray diffraction (XRD), and UV–visible spectrophotometry to compare the composite’s performance before and 
after adsorption. These results provide valuable insights into the structural changes and performance charac-
teristics of the synthesized composite in manganese removal. Optimized experimental parameters and meth-
odology lay the groundwork for further exploration of eco-friendly materials for water decontamination.

1. Introduction

Water, a fundamental necessity for living organisms, faces severe 
pollution due to the direct or indirect dumping of pollutants into the 
environment without adequate treatment. Widespread pollution is 
causing harmful impacts on ecosystems, becoming a critical environ-
mental issue [1,2]. The swift advancement of technology is contributing 
to a rise in pollution. Nitrogen and nitrates come from different sources, 
such as agricultural runoff, industrial discharges, and urban drainage. 
These substances pose significant threats to the quality of water [3,4]. 
The surge in industries worldwide further exacerbates environmental 
degradation by compromising both air and water quality [5–7]. Man-
ganese pollution in water poses a significant challenge, stemming from 

natural deposits, industrial discharges, and agricultural practices. 
Elevated levels of manganese in water sources are contributed by mining 
operations, industrial discharges, and the use of manganese-containing 
fertilizers in agriculture [8,9]. Persistent contact with increased levels 
of manganese in drinking water carries health hazards, particularly for 
infants and young children. This exposure may lead to neuro-
developmental issues and symptoms akin to those found in Parkinson’s 
disease in adults [10].

To address manganese pollution, effective water treatment proced-
ures are essential. Several techniques, such as oxidation and filtration, 
ion exchange, biological treatment, and reverse osmosis, are used to 
eliminate manganese from water [10]. Despite being the fifth most 
common metal on Earth, excessive amounts of manganese can be 
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neurotoxic. This leads to early toxic symptoms known as Locura Man-
ganica [11,12]. The impact of manganese on water quality includes 
undesirable taste, metallic flavor, and discoloration of clothing and 
utensils [13,14]. Researchers have explored different methods to sepa-
rate pollutants from water, including coagulation and precipitation, 
electrodialysis, membrane separation, photocatalysis and chemical 
catalysis, bioremediation, adsorption, disinfection, and mixed processes. 
These methods have been tested for their efficacy in removing various 
pollutants, including microbial contaminants [15]. Traditional tech-
niques for demagnetization rely on transforming soluble Mn2⁺ into 
removable, insoluble precipitates. Theoretically, mechanical aeration of 
water can facilitate the oxidation of Mn2⁺ by atmospheric oxygen. 
However, this process is pH-dependent and requires accelerated alkali-
zation [16]. Mn2⁺ oxidation can be accomplished even at near-neutral 
pH by employing oxidizing agents such as potassium permanganate or 
ozone, but these methods are expensive. Additionally, they can oxidize 
other substances found in water, increasing the need for oxidants [17].

The sand filter getting clogged and producing large amounts of 
sludge are two drawbacks of this technology. For the reasons mentioned 
above, it would be advantageous to create a different manganese 
removal technique that is less dependent on pH levels, more affordable, 
and technically simpler [18]. Cation exchange and adsorption are two 
other techniques for removing Mn2⁺. Several materials, including acti-
vated carbon [19], oxidized multi-walled carbon nanotubes [20], bio-
matrix made from various plant wastes [21], zeolites [22], and modified 
multivalent metal ions [23], have been used for this purpose. These 
adsorbents remove Mn2⁺ from aqueous solutions with considerable ef-
ficiency, but the cost of these methods is largely due to the high dosages 
required. Adsorbents made from waste materials can reduce expenses. 
However, using them to treat drinking water can be problematic, 
especially if the adsorbent contains unwanted components that may 
leach into the treated water [24]. Halloysite-based adsorbents possess 
unique characteristics such as high cation-exchange capacity, vast sur-
face area, and a high density of functional hydroxyl groups on the 
adsorbent surface [25]. These adsorbents have been studied for the 
removal of dyes [26], methylene blue [27], tetracycline [28], heavy 
metal ions [29], iodide [30], uranium [31], and iron [32]. The appli-
cation of halloysite-based adsorbents for the highly effective removal of 
metals or radionuclides has received special attention [33]. However, as 
far as we know, there hasn’t been any research done on the effectiveness 
and practicality of halloysite-based adsorbents for Mn2⁺ removal during 
drinking water treatment. The study explores the application of 
ecologically acceptable halloysite nanotubes and derivatives as adsor-
bents for pollutant removal. The study highlights the significance of 
addressing water pollution, particularly manganese contamination. It 
emphasizes the use of innovative materials, such as halloysite-based 
composites, for this purpose. The research contributes to improving 
our understanding of effective water treatment methods. Additionally, it 
brings attention to the potential of halloysite in various environmental 
applications.

2. Experimental methods

2.1. Materials

Materials from Sigma Aldrich—halloysite, sodium hydroxide, hex-
amethylene tetramine, and ceric ammonium nitrate—were used. Ma-
terials were chosen based on properties. Halloysite’s tubular structure 
enhances adsorption, and Halloysite provides nanoscale channels for 
pollutant removal. Sodium hydroxide adjusts pH for optimal perfor-
mance. Hexamethylene tetramine stabilizes material integrity. Ceric 
ammonium nitrate contributes to oxidation, and aids in oxidation 
reactions.

2.2. Synthesis of halloysite –cerium composite

To synthesize the halloysite-Ce composite, sodium hydroxide solu-
tions were prepared at concentrations of 0.001 N, 0.01 N, 0.1 N, 0.5 N, 
and 1 N using double-distilled water. Halloysite solutions were then 
created by adding the appropriate amount of halloysite to 2 % weight/ 
volume solutions of sodium hydroxide with continuous stirring. The 
resulting mixtures were heated to 90◦C and sonicated to generate hal-
loysite suspensions, left undisturbed overnight. The next day, a centri-
fugation process at 7000 rpm for 20 minutes separated the product from 
the supernatant. Multiple washes with deionized water followed, 
continuing until a neutral pH was reached. The Halloysite extract, 
produced with different sodium hydroxide concentrations, was then 
dispersed in 500 ml of distilled water under ultrasonication for 40 mi-
nutes. Subsequently, ceric ammonium nitrate was added, and stirring 
continued for half an hour. Hexamine was then introduced to each 
beaker while stirring for two hours. The resulting residual powdered 
solid was filtered, washed numerous times with water, freeze-dried 
overnight, and identified as HallCe 0.001, HallCe 0.01, HallCe 0.1, 
HallCe 0.5, and HallCe 1. Fig. 1 outlines the synthesis steps of the 
halloysite-Ce composite.

2.3. Adsorption experiment

To create the manganese stock solution, a 1000 ppm concentration 
certified reference material (CRM) was diluted with double-distilled 
water. The CRM, known for its accuracy and traceability, ensured 
experiment reliability. Optimal conditions were determined through 
systematic experiments. This work has been carried out triplicate 
manner to justify the work. Varying one condition at a time while 
keeping others constant. Adsorption isotherm experiments covered 
manganese concentrations from 1 to 20 mg/L. In the pH effect test, the 
manganese solution’s pH was adjusted from 2.0 to 12.0 using 0.1 mol/L 
NaOH and HCl solutions. Kinetics tests at a pH of 7.0 involved recording 
Mn content at various stages.

The adsorbent’s regeneration capacity was tested three times with a 
1 mol/L NaOH desorption solution. For optimizing the composite’s ef-
ficiency in manganese removal, different weight ratios were explored. 
This aimed to create a stable and effective Halloysite-Ce composite. In 
practical testing, 50 ml manganese solutions with varying concentra-
tions were taken in wide-mouth conical flasks at room temperature. 
Different quantities of the prepared composite material were added, and 
the solutions were stirred well with a magnetic stirrer for approximately 
5 minutes. Analyses were conducted triplicate at different time intervals 
to determine the optimal adsorption period. Buffer solutions were added 
to assess the pH effect. Manganese concentration was determined using 
a UV-VisibleSpectrophotometer (Merk-Pharo 300) calibrated with a 
concentration curve.

2.4. Analysis of coexisting ions

The concentrations of Mn2+ and coexisting cations (Ca2+, and Mg2+) 
were measured both before and after adsorption using inductively 
coupled plasma optical emission spectrometry (ICP OES, Optima 2000 
DV, Perkin-Elmer, USA). To determine the concentrations of coexisting 
anions (Cl-, SO4 2-), two different methods were employed. Chloride 
(Cl-) concentration was measured using the argentometric Mohr method 
according to IS 3025 part 32, with potassium chromate as an indicator 
and a standard silver nitrate solution of 0.0141 Normal. Sulfate (SO4 2-) 
concentration was measured gravimetrically using barium chloride, 
following IS 3025 Part 24. Each sample measurement was performed in 
triplicate to ensure an error margin of no more than 3 %. Additionally, 
due to concerns about potential titanium toxicity, the residual concen-
tration of titanium in the solution was also measured post-adsorption 
using ICP OES. Parameters for comparing adsorption were established 
by following equation [34]. 
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Adsorption Capacity : qe =
(C0 − C)

W
× V (1) 

Removal Efficiency : EI(%) =
(C0 − C)

C0
× 100 (2) 

Where C0 and C are initial and final adsorption concentration in mg/L 
respectively and W is the mass of nano composite material in gm, V is the 
volume of the test sample taken in L, qe is amount of adsorbate in mg/g 
(Mn) adsorbed at equilibrium. Higher the adsorption capacity better is 
the adsorbent.

Eq. 3 was employed to calculate crystallinity percentages [35]. In 
this process, the area of crystalline peaks was compared to the total area 
of all peaks. This comparison took into account both crystalline and 
amorphous components in X-ray diffraction (XRD) analysis [36]. 

Crystallinity =
Area of crystalline peak

Area of all peaks(Crystalline + Amorphous)
x100

(3) 

The Eq. (4) represents the adsorption capacity at equilibrium and is 
defined as: 

qe =
(Ci − Ce)

W
× V (4) 

Where qe is adsorption capacity at equilibrium, Ci is initial concentration 
of Manganese (before adsorption), Ce is equilibrium concentration of 
Manganese (after adsorption), W is adsorbent weight in grams and V is 
working volume in Liter.

Using the linear form of the Langmuir isotherm equation, this is 
given as Eq. (5): 

1
qe

=

[(
1

kL × qmax

)

×
1
qe

]

+
1

qmax
(5) 

Non- linear form of the Langmuir isotherm equation is given as Eq. 
(6): 

qe =
qmax × kL × Ce

(1 + kL × Ce)
(6) 

Where KL is (in L/mg) Langmuir constant related to the affinity of the 
binding sites [37]. qmax (mg/g) is the maximum adsorption capacity and 
RL is separation Factor. 

RL =
1

1 + (Ci×kL)
(7) 

Table SI.3 presents the experimental data for the Langmuir isotherm. 
This table likely includes the essential parameters and values obtained 
during the experimental analysis using the Langmuir model. The Lang-
muir isotherm is widely used to describe the relationship between 
adsorbate and adsorbent in adsorption processes.

2.5. Characterization methods

Physical properties of the synthesized composite materials under-
went characterization through Fourier Transform Infrared (FT-IR), X-ray 
Diffraction (XRD), Scanning Electron Microscopy with Energy Disper-
sive X-ray Spectroscopy (SEM-EDS), and High-Resolution Transmission 
Electron Microscopy (HRTEM) [38]. FT-IR spectra were acquired with a 
BRUKER FT-IR spectrophotometer (Model ALPHA II, Germany) in ATR 
mode at room temperature, utilizing KBr pellets [39]. This qualitative 
technique identified functional groups on the adsorbent surface, 
revealing hydroxyl (-OH) groups between 3600 and 3200 cm⁻1 and 
stretching vibrations of Si-O and Al-O bonds in the halloysite structure 
between 1200 and 1000 cm⁻1 [40–42]. XRD, a method for examining 
crystal structure, utilized a Bruker D8 Advance diffractometer with 
Ni-filtered Cu K-Alpha radiation. The XRD patterns provided details 
about the crystal lattice arrangement and identified crystalline phases 
present in halloysite [43]. HRTEM, operating at 200 kV, offered 
atomic-level structural information. Images were captured using a 
Jeol/JEM 2100 electron microscope, achieving a lattice resolution of 
0.14 nm [44]. Scanning Electron Microscopy (SEM) was utilized to 
examine and analyze the surface characteristics, texture, and 

Fig. 1. (1a) Initial Mixing and Stirring of Halloysite in NaOH, (1b) Formation of Cloudy Sol and Heating, (1c) Freeze-Drying, (1d) Synthesised composites.
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topography of the composite material. SEM produced high-resolution 
images that revealed surface features such as roughness, porosity, and 
particle arrangement. This technique was applied to monitor changes in 
the surface morphology of the composite and evaluate the uniformity of 
surface grafting. Upon comparing the grafted surface to the un-grafted 
matrix, SEM analysis showed a more relaxed structure and a notice-
able increase in surface roughness. The reaction between the composite 

and manganese was determined using UV–visible spectrophotometry 
(Merck Pharo 300). Standard methods (IS 3025 and APHA 24th edition) 
were applied, utilizing the APHA 3500-Mn-B method at 525 nm wave-
length with Certified Reference Material (CRM) approved by NIST [45]. 
The calibration graph ensured spectrophotometer accuracy. UV–visible 
spectroscopy assessed changes in pollutant concentration before and 
after adsorption by the Nano composite materials [46].

Fig. 2. FT-IR spectra of (a) halloysite (b) halloysite before cerium loading (c) Hallo-Ce composite (d) after adsorption of manganese solution of 10 ppm, (e) enlarged 
part of graph 2d.
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Assessing manganese levels in water samples was vital, considering 
the possibility of soluble manganese undergoing oxidation and precip-
itation, especially on container walls. For precise analysis, it was 
essential to promptly measure the levels of manganese immediately 
after collecting the samples. This involved employing suitable analytical 
methods, such as a spectrophotometer or atomic absorption spectros-
copy. In cases where delayed analysis was inevitable, a proactive 
strategy included acidifying the sample at the collection time. For rapid 
and accurate analysis, the water sample was quickly analyzed using a 
spectrophotometer or atomic absorption spectroscopy. However, in 
cases where delayed analysis was necessary and a determination of total 
manganese content was still desired, acidification of the sample at the 
time of collection was recommended. The presence of silver nitrate 
facilitated per-sulfate oxidation of soluble manganous compounds, 
producing permanganate. The resulting color, if too high per-sulfate and 
no organic materials were present, persisted for at least 24 hours. 
Boiling with HNO3 was employed to eliminate high concentrations of 
Cl-, while HgSO4 in a special reagent addressed any residual Cl- inter-
ference. The final colorimetric stage accounted for colored solutions 
resulting from additional inorganic ions. It was noted that samples 
exposed to air might yield unsatisfactory results due to manganese 
precipitation. To address this, 1 drop of 30 % hydrogen peroxide (H2O2) 
was added to the sample after mixing a special reagent to re-dissolve 
precipitated manganese. Prior to the analysis, the spectrophotometer 
was calibrated with distilled water as a blank reagent. A calibration 
curve, using manganese solutions of varying concentrations, was 
plotted, and the concentration of manganese was determined before and 
after the addition of the prepared composite using ultraviolet spectros-
copy (Figure SI.1). Different amounts of the composite were added to 
manganese-containing solutions of varying concentrations, and the 
study was conducted at 525 nanometers, considering the time course of 
the composite’s effect [3].

3. Results and discussion

3.1. Fourier transform infrared spectroscopy FT-IR

FT-IR analysis was employed to scrutinize the spectra of a halloysite- 
cerium composite before and after manganese adsorption. This exami-
nation disclosed the production and stabilization of nanoparticles. In 
past studies, it was noted that NaOH interacts efficiently with tetrahe-
dral silicate. This interaction leads to the formation of silanol groups, 
identified as Si-OH. Extended exposure to a concentrated NaOH solution 
exceeding 1 mol/L has the potential to dissolve the external surface of 
HNTs. The peaks identified at 3690 and 3622 cm⁻1 corresponded to the 
stretching vibration of hydroxyl groups bonded to aluminum (Al-OH). 
Additionally, the peak at 690 cm⁻1 was attributed to the stretching vi-
bration of Si-O bonds [40,47]. Our study revealed notable alterations, 
including peaks at 3337 cm⁻1 to 3321 cm⁻1 and 1636 cm⁻1. These peaks 
were associated with the stretching and bending vibrations of the -OH 
group of water molecules, respectively [24]. For pure halloysite, the 
strong absorption peaks (Fig. 2a) were seen at 3575.9 cm− 1. 
3376.8 cm− 1.3222.2 cm− 1, 2777.8 cm− 1, 2407 cm− 1, 2031.5 cm− 1, 
2800 cm− 1, 1473 cm− 1, 1217.3 cm− 1, and 912.9 cm− 1. FTIR spectrum 
at 3700–3600 cm⁻1 is associated with the hydroxyl groups (OH), Bands 
at 1630–1650 cm⁻1 corresponding to the bending vibrations of water 
molecules (H-O-H), broad bands at 1000–1100 cm⁻1 indicative of Si-O 
stretching in the tetrahedral layer,900–950 cm− 1 [48]. Bands are due 
to the bending vibrations of Al-OH groups and Si-O-Al linkages. When 
halloysite treated with NaOH, band (Fig. 2b) at 1630–1650 cm− 1 altered 
due to the interaction with NaOH. Bands at 900–950 cm⁻1 significantly 
altered, due to the dihydroxylation and breakdown of the alumina layers 
in the halloysite [49]. On loading Cerium strong peaks (Fig. 2c) 
appeared at 1936 cm− 1, 1460 cm− 1, 1233 cm− 1, 1011 cm− 1 and at 
909 cm− 1 and some new weak peaks are appeared at 871 cm− 1, 
812 cm− 1 and at 696 cm− 1. After adsorption of 10 ppm Manganese 

solution (Figs. 2d and 2e) the absorption bands at 1472 cm− 1, 
1281 cm− 1, and 917 cm− 1 are related to Mn atoms through O–H 
bending vibrations. The absorption band at 2076 cm− 1, on the other 
hand, results from radically differing levels of hydrogen bonding in the 
material.

3.2. X- ray diffraction (XRD)

The investigation aimed to explore subtle structural changes in 
Halloysite on treatment with NaOH, before and after Cerium loading, as 
well as the changes in composite before and after manganese adsorption. 
Advanced techniques, including X-ray Diffraction (XRD), were 
employed for this purpose. The main goal was to understand the in-
teractions at the nanoscale and detect crystallgraphic changes within the 
composite material. Through XRD examination, the crystal structure of 
the composite was unveiled. In Fig. 3a and Fig. 3b, a direct comparison 
was presented between XRD peaks and reference patterns of Halloysite 
both before and after sodium hydroxide treatment. This comparison 
revealed noticeable changes in both the positions and intensities of the 
peaks, indicating distinct alterations in the material’s characteristics. 
These comparisons provided insights into the developing crystalline 
phases within the Halloysite. The XRD peaks of halloysite (Fig. 3a) 
showed d-values of 7.44, 4.46, and 3.35A0, corresponding to the (001), 
(110), and (111) reflections, respectively. The d001-value of 7.74 A0 

confirms the presence of Halloysite-7 Å. The Halloysite reflections 
remain evident in the XRD patterns even after treatment with NaOH 
(Fig. 3b), indicating that the crystalline structure of halloysite is pre-
served. However, the intensity of the (001) reflections decrease after the 
reaction with NaOH, suggesting that NaOH etching induces disorder 
along the c-axis. The XRD pattern of halloysite after treatment with 
sodium hydroxide and subsequent loading with cerium oxide (Fig. 3c) 
shows a strong peak at d spacing 4.37 A0(2 theta - 18.20), replacing the 
original peak of 7 Å. This shift might be due to the significant structural 
change of combined effects of NaOH treatment and cerium oxide 
loading, resulting in a more compact or differently organized layer 
structure in the halloysite.

When halloysite is treated with sodium hydroxide and put into 
manganese water without loading cerium, its XRD pattern is shown in 
Fig. 3d.XRD of studied materials observed three main peaks at 2 theta 
− 11.7◦, 20.1 ◦and 24.9 exhibits d-values of 7.13, 4.45, and 3.37 A0, 
which correspond to the (002), (110), and (111) reflections, no new 
peak was found in its XRD pattern. The XRD pattern of halloysite loaded 
with cerium oxide, without prior treatment with NaOH, Fig. 3f shows 
the characteristic peaks of both halloysite and cerium oxide, with hal-
loysite’s interlayer spacing largely unchanged.

An essential aspect of the study was evaluating crystallinity, as 
shown in Fig. 3c. The percentages were obtained through a thorough 
analysis of XRD data, which considered peak heights, FWHM values, d- 
spacing values, and Miller indices. This highlighted structural changes 
due to manganese adsorption. They clearly showed how the composite 
responded to external stimuli. The halloysite-mediated composite had a 
crystallinity of 70.88 %. After manganese adsorption, the crystallinity 
increased to 77.4 %, signifying the adsorption of manganese. The XRD 
data revealed various characteristics for each peak, including 2θ values, 
peak heights, FWHM values, d-spacing values, relative intensities, and 
Miller indices (h k l). After manganese adsorption (Fig. 3e), the strongest 
peak (100 % relative intensity) appeared at 2 θ –20.5◦, with a d-value of 
4.37 and Miller indices of (110). Other strong peaks were identified at 2 
θ - 31.4◦, 44.90 and 2θ - 48.7◦, corresponding to the (02− 2), (31− 1)and 
(310) planes, respectively. This result thoroughly explores the structural 
dynamics of the Halloysite-Ce Composite during manganese adsorption. 
The combination of XRD analysis, crystallinity assessment provides our 
comprehension of nanoscale interactions and crystallographic details in 
the composite. Table SI.1 and Table SI.2 provides a complete perspective 
about d-spacing, Miller indices, and the structural changes caused by 
manganese adsorption.
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3.3. Scanning electron microscopy (SEM)

SEM images in Fig. 4a and Fig. 4b displayed the composite of hal-
loysite and cerium, indicating an average particle size of 283.74 nm. 
These images clearly depicted particles covering the clay’s surface, 
enabling the detection of applied cerium oxide. Subsequently, Fig. 4c 
and Fig. 4d displayed SEM images of the composite after application 
work, revealing an average particle size of 413.54 nm. Following the 
application of manganese, an additional adsorption process occurred, 
resulting in an increased average particle size from 283.74 nm to 
413.54 nm. The data suggest that applying cerium oxide and subsequent 

manganese adsorption lead to the formation of layers on the halloysite 
surface. These layers comprise cerium oxide and manganese com-
pounds, contributing to an increased average particle size. The combi-
nation of cerium oxide and manganese particles induces particle 
aggregation on the halloysite surface, further increasing particle size. 
This phenomenon involves the production of coatings or adsorbed layers 
on the halloysite particles, contributing to an overall increase in particle 
size. The introduction of different materials induces structural changes 
in the halloysite composite, resulting in an observable increase in par-
ticle size. This study offers valuable insights into the surface charac-
teristics and structural modifications of the composite material, as 

Fig. 3. Peaks with reference pattern peak position and miller indices (a) Halloysite (b) Halloysite treated with NaOH (c) cerium loaded on halloysite with NaOH 
treatment (d) without cerium loaded halloysite with Mn (e) manganese on the cerium loaded composite.
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revealed through SEM analysis. The SEM images in Fig. 4, coupled with 
the particle size data, help to understand the dynamic interactions and 
morphological changes resulting from applying cerium oxide and sub-
sequent manganese adsorption.

In this study, Energy-Dispersive X-ray Spectroscopy (EDS) analysis 
was employed to verify the formation of the Halloysite-Cerium com-
posite and the subsequent adsorption of Manganese (Table 1and Fig. 5). 
The EDS measurements focused on specific points, and the resulting 
peaks are illustrated in Fig. 5a and b. Spectrum 5a displayed atomic 
percentages for N, Al, O, Si, and Ce in the composite material as 5.05, 
69.5, 10.92, 11.34, and 3.19, respectively. Following Manganese 
adsorption, Spectrum 5b revealed values of 6.02, 68.35, 10.99, 11.27, 
3.26, and 0.11 at% for N, Al, O, Si, Ce, and Mn, confirming the successful 
adsorption of Manganese onto the composite. The EDS analysis provides 
essential elemental composition data, contributing to our understanding 
of compositional changes in the Halloysite-Cerium composite during the 
adsorption process. When integrated with the earlier SEM and XRD 
analyses, this information contributes to a thorough exploration of the 
structural dynamics and morphological alterations induced by the 
application of cerium oxide and the subsequent adsorption of manga-
nese on the halloysite surface.

3.4. Transmission electron microscopy (TEM)

TEM imaging revealed the presence of cylindrical tubes formed 
stacked layers of halloysite, resembling rolled-up sheets and exhibiting a 
hollow lumen, giving them a cavity-like appearance. TEM enabled the 
measurement of inner and outer diameters of halloysite tubes, facili-
tating the determination of their size and aspect ratio. The high- 
resolution TEM images offered detailed insights into the surface 
morphology of halloysite particles, exposing characteristics such as 
roughness and imperfections on the outer surface of the tubes. The 
tubular structure of halloysite, with tubes ranging from 50 to 100 nm 
and an inner diameter from 10 to 20 nanometers, was clearly illustrated. 
Additionally, cerium oxide particles were observable on both the outer 
and inner surfaces of the halloysite nanotubes in the TEM images 
(Fig. 6a and Fig. 6b). We also found the average size of the Halloysite 
composite to be 53.97 nm. The high-resolution TEM image (Fig. 6d) 
revealed an interplanar distance of 0.33 nm for the nanoparticles. These 
results contribute to an enhanced understanding of the structural char-
acteristics and dimensions of the Halloysite-Cerium composite at the 
nanoscale.

Fig. 4. (a) SEM image of halloysite -cerium composite at 20 µm, (b) Graph of particle size obtained by SEM image of halloysite -cerium composite, (c) SEM image of 
halloysite -cerium composite at 20 µm with average particle size after adsorption of manganese on halloysite -ceriumcomposite, (d) Graph of particle size obtained by 
SEM image after adsorption of manganese on halloysite -cerium composite.

Table 1 
EDS Weight ratio of electro-spun of halloysite-Ce composite before and after adsorption of manganese.

Spectrum Components

N O Al Si Ce Mn

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %

Spectrum 5a 3.15 5.05 49.57 69.5 13.13 10.92 14.2 11.34 19.95 3.19 Nil Nil
Spectrum 5b 3.74 6.02 48.53 68.35 13.16 10.99 14.05 11.27 20.25 3.26 0.27 0.11
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3.5. Adsorption isotherm

In our investigation, adsorption isotherms played a crucial role in 
determining the equilibrium adsorption activity. These isotherms, 
including the Langmuir, Freundlich, and Temkin models, elucidate the 
relationship between the adsorbate amount on the surface and its con-
centration in the bulk phase at equilibrium. Through rigorous experi-
mentation and analysis using Freundlich, Langmuir, and Temkin 
isotherms, we identified the Langmuir model as the most fitting, sup-
ported by the highest R2 value. This finding indicates that the Langmuir 
isotherm aptly describes the adsorption behaviour observed in our 
study. The Langmuir isotherm is particularly relevant when adsorption 
reaches a point where time no longer significantly influences the pro-
cess. This isotherm assumes adsorption occurs on a surface with a finite 
number of identical, independent adsorption sites. Once these sites are 
occupied, further adsorption becomes negligible, indicating that the 
process has reached its maximum and attained equilibrium. This insight 

into the adsorption behaviour enhances our understanding of the dy-
namics governing the interaction between the adsorbate and the 
adsorbent surface. The experimental data points aligned with the 
Langmuir model, providing a visual representation of the agreement 
between the model and observed adsorption behavior. This agreement is 
further substantiated by the calculated R2 value, emphasizing the suit-
ability of the Langmuir isotherm for our specific study. The compre-
hensive analysis of adsorption isotherms contributes to the robustness of 
our findings and supports the validity of the Langmuir model in 
describing the equilibrium adsorption process in our experimental 
setup.

The fitting graphs of the three models and the results are listed in 
Table SI.4. This indicates that equilibrium adsorption data is better fitted 
by Langmuir linear model, suggesting that the adsorption of Manganese 
by Halloysite-Ce composite is the single-layer adsorption of uniform 
medium surface.

Fig. 5. (a) EDS spectrum of halloysite-Ce composite material, (b) EDS spectrum of halloysite-Ce composite material after adsorption of manganese.

Fig. 6. (a) TEM image of Halloysite-Ce composite, (b) Graph showing average Particle Size (c) TEM image of Halloysite-Ce composite after adsorption of Manganese 
(d) TEM image obtained with high resolution showing interplanar distance.
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3.6. Thermodynamic parameter

The ΔG0 value is a key indicator of thermodynamic feasibility in the 
adsorption process, with a negative value signifying spontaneity [50]. 
Our findings show that ΔG0 remains negative only up to 303 K, indi-
cating the energetic favorability of metal ion adsorption on the 
nano-composite material within this temperature range. With increasing 
temperature, ΔG0 becomes positive, signaling a shift towards 
non-spontaneity at higher temperatures [51]. Determining ΔH0 unveils 
the thermodynamic nature of adsorption, distinguishing between 
exothermic (negative ΔH0) and endothermic (positive ΔH0) reactions 
[52]. Our study unveiled a negative ΔH0, signaling an exothermic pro-
cess where heat is released during adsorption. Higher temperatures are 
less favorable for this exothermic reaction. The entropy change (ΔS0) in 
the adsorption process indicates the degree of disorder. A negative ΔS0 

suggests increased order as adsorption progresses, with system compo-
nents organized more structurally [53]. This study found a negative ΔS0, 
indicating a trend toward increased orderliness during adsorption. This 
insight enhances our understanding of the thermodynamic behavior in 
metal ion adsorption on nano-composite materials (Table 2).

3.7. Kinetics of adsorption process

The rate of adsorption is affected by the concentration of adsorbate 
in the bulk phase, temperature, adsorbent surface area, and the nature of 
the adsorbent-adsorbate. To optimize Manganese adsorption on the 
halloysite-Ce composite material, various kinetic models were exam-
ined, including pseudo-first order, and pseudo-second order. On 
applying pseudo first order kinetics, the linear form of pseudo first order 
is expressed by Eq. (8) [54]: 

ln(qe − qt) = lnqe − k1t (8) 

To find value of k1 and qe a graph plotted in between ln (qe-qt) and t 
(time). Shown in Fig. 7 that R2 is the correlation coefficient, from the 
result it is clear that value of R2 is 0.48855 (not closer to 1) and Value of 
qe (calculated) and qe (experimental) are not closed to each other, so it is 
not suitable for our experiment [55]. Comparison of kinetic model is 
given in Tables SI.5, SI.6 and SI.7.

The correlation coefficient for the pseudo-second order kinetic model 
was 0.999, indicating that the data matched more pseudo-second order 
kinetics. Meanwhile, the qe experimental and qe calculated values 
indicated a significant difference for pseudo first order, indicating that it 
was a poor fit for Mn adsorption on the surface of nanocomposite ma-
terial. For pseudo second-order kinetics, the qe experimental values was 
very close to the qe calculated values [56]. These results reveal that Mn 
adsorption using a Halloysite-Ce composite pseudo-second order. The 
rate-controlling phase in the pseudo-second order kinetic model is 
chemical sorption, which involves valence forces via electron sharing or 
exchange between sorbent and sorbate. 0.02799 g mg− 1 min− 1 was 
found as the pseudo second-order rate constant [57].

3.8. Effect of various parameters

Manganese is found in water in three main oxidation states: Mn(II), 
Mn(III), and Mn(IV), with Mn(II) and Mn(IV) being the most readily 
found [58]. pH, redox potential, and the existence of complexing agents 

are some of the variables that affect the distribution of these manganese 
species. Mn(II) is more soluble and the chemical precipitation mecha-
nisms are simpler, manganese removal under acidic conditions is 
frequently more effective [59]. The production of insoluble Mn(III) and 
Mn(IV) compounds at neutral to alkaline pH levels can make removal 
more difficult because these forms may need more strong oxidants and 
extensive treatment plans. So acidic environments are preferable for 
manganese removal over neutral and alkaline ones. Fig. 8 visually il-
lustrates it. This study examines how pH levels and the dosage of 
adsorbent influence the efficiency of manganese removal from aqueous 
solutions. It specifically investigates the effects of varying the weight of 
the adsorbent on the removal process. In this study, we systematically 
investigated the impact of various parameters on manganese removal, 
conducting experiments at temperatures up to 303 K and a rotation 
speed of 200 rpm [60]. The removal efficiency showed a significant 
increase with pH, peaking at pH=3. However, a subsequent pH increase 
led to a decline in both adsorption capacity and the percentage of 
manganese removal. This can be attributed to reduced adsorption-free 
energy at low pH and increased negative charge on the adsorbent sur-
face beyond pH=6, causing repulsion of adsorbent and adsorbate.Con-
cerning adsorbent dosage, an initial rise in removal efficiency was 
observed with higher dosages due to increased availability of 
exchangeable sites. At 3 g/L adsorbent dosage, maximum removal effi-
ciency reached 93 %. However, further increases in dosage led to a 
reduction in active sites due to manganese ion aggregation, resulting in 
decreased removal percentage [61]. To explore the influence of adsor-
bent weight on manganese removal, we selected an experimental con-
dition of pH 3.0. Manganese removal increased with rising adsorbent 
dosage, peaking at 94 % efficiency at 3 g/L.However, removal efficiency 
declined beyond this concentration, indicating saturation. The height-
ened removal efficiency at increased dosages is attributed to a corre-
sponding rise in available active sites for adsorption [62]. Conversely, at 
larger dosages, particle aggregation occurred, leading to a decrease in 
the percentage of manganese removal.

3.9. Regeneration experiment

Fig. 9 shows the removal effectiveness of manganese using Hallo-Ce 
composite following four cycles of adsorption and desorption.Regener-
ation refers to restoring an adsorbent material’s capacity after satura-
tion. As adsorption progresses, the material becomes saturated with the 
adsorbate, leading to a gradual decline in its ability to absorb more of 
the target substance until reaching maximum capacity. To maintain 
effectiveness, regeneration becomes necessary. An efficient adsorption 
material should not only demonstrate high adsorption efficiency but also 
show good reuse performance and recyclability [63]. In investigating 
the Hall-Ce composite’s regeneration, a 1 mol/L NaOH desorption so-
lution was used. After the initial regeneration, the composite retained 
90 % of its saturated adsorption capacity. Following three additional 
cycles, the Manganese adsorption capacity slightly decreased but 
remained at 98 % of the initial value. These findings underscore the 
composite’s ability to easily recover its active adsorption sites, ensuring 
effective reuse. This exploration emphasizes the significance of regen-
eration in preserving the efficacy of adsorbent materials. The Hall-Ce 
composite’s consistent retention of a substantial portion of its adsorp-
tion capacity after multiple regeneration cycles highlights its potential 
for sustainable and effective use.

3.10. Effect of co-existing ions of removal of manganese

The presence of anions did not significantly affect the Mn2+ removal 
efficiency. In contrast, the coexisting cations were found to reduce the 
Mn2+ removal efficiency. The decrease in adsorbed Mn2+ was most 
notable with divalent cations, while the presence of monovalent cations 
caused only a slight reduction. For instance, without any additional ions, 
the Mn2+ removal efficiency was 99 % at an initial concentration of 

Table 2 
Thermodynamic parameter for manganese adsorption on halloysite composite.

Temp. 
(K)

KL ΔG0 (KJ 
mol− 1)

ΔH0 (KJ 
mol− 1)

ΔS0 (J 
K− 1)

R2

298 4.476671 − 3.714 − 128.38 − 416.22 0.9728
303 3.66347 − 3.27
308 0.96875 0.0813
328 0.04893 8.228
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0.5 mg L− 1. When Na+ or K+ ions were present, the efficiency slightly 
decreased to 96 %. However, the addition of Ca2+ and Mg2+ ions caused 
the Mn2+ removal efficiency to drop to 40 % and 74 %, respectively. The 
inhibitory effect of coexisting cations on Mn2+ removal followed the 
order: Ca2+ > Mg2+ > K+ > Na+.

3.11. Comparison of adsorption properties

This study’s adsorbent Exhibits optimal adsorption efficiency of 
93.1 % in the pH range of 3–4, making it suitable for acidic conditions. 
from Table 3 Halloysite /poly (amidoamine) is suitable for removal for 
Cr (VI) and Adsorbent Polyvinyl alcohol- chitosen, which also operates 
optimally within the same pH range but with slightly lower efficiency 
(84.6 %).Our composite material achieves a high removal efficiency of 
93.1 %, indicating it can effectively remove a significant portion of the 
target contaminant from the solution and has an adsorption capacity of 
3.0 mg/g, which indicates the amount of contaminant that can be 
adsorbed per gram of the adsorbent. the high removal efficiency sug-
gests that our adsorbent is highly effective even at lower capacities, 
possibly due to its high selectivity and fast adsorption kinetics.

Fig. 7. Pseudo first order kinetics, and Pseudo second order kinetics.

Fig. 8. (a) Effect of pH on Mn removal, and(b) Effect of adsorbent dosage on Mn removal.

Fig. 9. The findings of Mn adsorption across six regeneration cycles.
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3.12. Adsorption mechanism

Figure SI.3 illustrates the effectiveness of cerium-loaded halloysite in 
removing manganese. The halloysite without cerium loading shows a 
noticeable color appearance of manganese, indicating that it is not 
effective in removing manganese. However, after loading with cerium, 
no color appeared, signifying that the cerium-loaded halloysite com-
posite material successfully removed the manganese. This visual evi-
dence and analysis in the UV Spectrophotometer support the conclusion 
that cerium enhances the halloysite’s ability to remove manganese from 
the solution. The Hallo-Ce Composite was synthesized by treatment of 
halloysite with NaOH after that reacted with cerium oxide. NaOH can 
deprotonate the hydroxyl groups of the halloysite. This increases the 
negative charge density on the halloysite surface, enhancing its ability to 
adsorb positively charged ions and also introduce additional hydroxyl 
group. The cerium oxide component, in the form of CeO₂, imparts cat-
alytic and redox properties that are beneficial for the removal of metal 
ions. The initial step in the removal mechanism involves the exchange of 
manganese ions (Mn2⁺) in the solution with ions (such as H⁺ or Na⁺) 
present on the surface of the Hallo-Ce Composite. The negatively 
charged sites on the halloysite nanotubes and the cerium oxide bind 
positively charged manganese ions where manganese ions are directly 
bonded to the oxygen atoms of the cerium oxide (Ce− O− Mn).

4. Conclusion

In conclusion, this study successfully explored the effectiveness of a 
Halloysite composite for removing manganese from water through 
adsorption. The optimization of experimental parameters, including a 
dosage of 3 g/L, varied pH levels (ranging from 2 to 12), contact time, 
and an initial Mn concentration of 20 ppm, produced promising out-
comes in both distilled and polluted water. The composite exhibited a 
significant increase in crystallinity from 70.88 % to 77.4 % after man-
ganese adsorption, indicating successful absorption. At a transition 
temperature of 303 K, the composite demonstrated an impressive 93 % 
manganese removal efficiency, establishing its effectiveness under spe-
cific conditions. The critical role of pH in manganese removal was 
highlighted, with optimal efficiency observed around pH 3.0. Beyond 
this threshold, the negative charge on the adsorbent surface triggered 
repulsive effects, resulting in a reduction in removal efficiency. Addi-
tionally, increasing the adsorbent dosage positively influenced manga-
nese removal, indicating an enhanced availability of active adsorption 
sites. These insights have practical implications for refining manganese 
removal procedures using the composite material in environmental and 
water treatment applications.
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Table 3 
List of reported maximum adsorption capacities of adsorbents for pollutants.

Sr 
No

Material used Material removed pH Adsorption capacity/Percentage 
removal

Interfering ions Reusability Ref.

1 Hallo nanotubes -Fe3O4 Cd (II)  11.4 mg/g No Three [64]
2 Halloysite-chitosan Tetracycline 3.3–7.7 88.28 % … - [65]
3 Polyphosphazene-coated halloysite Uranium (VI)  98.78 % – - [16]
4 Halloysite/Ag2O Iodide 5–9 39.99 mg/gm Cl− , Br− , or SO4

2− - [66]
5 Silanized halloysite Fe(II), Fe(III) 3–7 96 %, 91 % – Five [67]
6 Halloysite/Cerium catalytic 

material
cyclohexane carboxylic 
acid

4–7 99.5 % … – [68]

7 Halloysite Brilliant Green and Acid 
Red

6,and2 12.5 mg g− 1,and 13.9 mg g− 1 KNO3 Four [30]

8 Activated carbon Mn (II) 4.5 20 mg/L (96.92 %) No - [31]
13 M.stenopetala tree (bark and seed Mn (II) 1–7.5 79.53 % -bark 88.93 % - seeds - - [69]
14 Halloysite-Ce composite Mn (II) 3 93.1 % 

3.10 mg/gm
 Four This 

study
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MONOTONE GENERALIZED (α, β)-NONEXPANSIVE MAPPINGS IN

ORDERED HYPERBOLIC METRIC SPACES

SAMIR DASHPUTRE AND KAVITA SAKURE

Abstract. In this paper, we discuss SPK iterative algorithm for approximating fixed
point of monotone generalized (α, β)-nonexpansive mapping in the setting of partially

ordered hyperbolic spaces. Indeed, we present some convergence results for SPK iterative

algorithm for monotone generalized (α, β)-nonexpansive mapping. Moreover, we provide
an application of our results to nonlinear integral equations.
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[9] D. Göhde: Zum Prinzip der kontraktiven Abbildung, Math. Nachr., 30(1965), 251-258.
[10] M. Gromov, M. Katz, P. Pansu and S. Semmes: Metric Structures for Riemannian and non-Riemannian
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गुजयाती याष्ट्रीम उच्चतय भाध्ममभक विद्मारम, याजनाॊदगाॉि भें कऺा 10 िीॊ,  11 िीॊ एिॊ कऺा 12 िीॊ के 

विद्मार्थयमों को याष्ट्रीम मशऺा नीतत 2020 की PPT के भाध्मभ स ेविस्ततृ जानकायी प्रदान की। विबागाध्मऺ 

डॉ शफनभ खान ने NEP 2020 के फाये भें फतामा कक याष्ट्रीम मशऺा नीतत के अॊतगयत सबी प्रकाय की 
मशऺा हय विद्माथी को दी जा यही है| गुजयाती याष्ट्रीम उच्चतय भाध्ममभक विद्मारम, याजनाॊदगाॉि के 
प्राचामय श्री डी. आय. नािेरकय ने फतामा कक   शासकीम ददग्विजम भहाविद्मारम, याजनाॊदगाॉि ग्जरे का 
सफसे ऩुयाना भहाविद्मारम है  तथा िह स्िमॊ इस भहाविद्मारम के विद्माथी यहे है | फहुआमाभी 
प्रततबा िारे विद्माथी इस भहाविद्मारम से उत्तीणय हुए है, चाहे करा के ऺेत्र भें, चाहे खेर के ऺेत्र 
भें, चाहे ऩढाई के ऺेत्र भें, चाहे साॊस्कृततक गततविर्ध भें, याष्ट्रीम स्तय ऩय नाभ योशन ककमा है | 
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NEP 2020 के फाये भें डॉ. के. के. देिाॊगन के विस्ताय से PPT के भाध्मभ से फतामा कक कारेज भें 
सेभेस्टय के ऩढ़ाई तनयॊतय है, के्रडडट ऩॉइॊट मसस्टभ से गे्रड ददम जाता है औय NEP 2020 के पामदे 
फतामे | इस कामयक्रभ के अॊतयगत विद्मार्थयमों को याष्ट्रीम मशऺा नीतत का का भूर आधाय, प्रारूऩ, उदे्दश्म, 

आमु तनधाययण,  बायत की उच्च मशऺा की प्रभुख सभस्माए एिॊ उनके दयू कयने के प्रमास, कौशर 
आधारयत मशऺा, कुअशर मशऺा की विशषेताए, DSC, AECC, GE कोसय औय Value Added Course,  

भहाविद्मारम की दृग्ष्ट्ट से याष्ट्रीम मशऺा नीतत 2020 के निीन प्रािधान एिॊ ऩद्धतत इत्मादद की जानकायी प्रदान 

की।साथ ही विद्मार्थयमों को करयमय भागयदशयन बी प्रदान ककमा गमा। 

  

 
 



गणणत विबाग ने अततर्थ व्माख्माता श्री यवि सोनकय,  स्नातकोत्तय गणणत  के 20 विद्मार्थयमों न ेबी इस 

कामयक्रभ भें सहबार्गता प्रदान की । उन्होंने विद्मार्थयमों का गणणत से बम दयू कयने हेतु विमबन्न तयीको 
से गणणत को ऩढामा|   

 

 

 
 

 



 

 

इस कामयक्रभ के अन्त भें विद्मारम के विद्मार्थयमों से पीडफैक प्रऩत्र बयिामा गमा। इस कामयक्रभ भें फडी सॊख्मा 
भें विद्मारम के 10 िीॊ, 11 िी एिॊ 12 िीॊ के विद्माथी सग्मभमरत हुए | 
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MONOTONE GENERALIZED (α, β)-NONEXPANSIVE MAPPINGS IN

ORDERED HYPERBOLIC METRIC SPACES

SAMIR DASHPUTRE AND KAVITA SAKURE

Abstract. In this paper, we discuss SPK iterative algorithm for approximating fixed
point of monotone generalized (α, β)-nonexpansive mapping in the setting of partially

ordered hyperbolic spaces. Indeed, we present some convergence results for SPK iterative

algorithm for monotone generalized (α, β)-nonexpansive mapping. Moreover, we provide
an application of our results to nonlinear integral equations.
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nonexpansive mappings, Fixed Point Theory Appl., 2016(2016), No. 1, 1-9.
[2] R.P. Agarwal, D. O’Regan and D.R. Sahu: Iterative construction of fixed points of nearly asymptotically

nonexpansive mappings, J. Nonlinear Convex Anal., 8(2007), No. 1, 61-79.

[3] F. Akutsah and O.K. Narain: On generalized (α, β)-nonexpansive mappings in Banach spaces with
applications, Nonlinear Funct. Anal. Appl., 26(2021), No. 4, 663-684.

[4] K. Aoyama and F. Kohsaka: Fixed point theorem for a nonexpansive mappings in Banach spaces,

Nonlinear Anal., 2011(2011), No. 13, 4387-4391.
[5] B.A. Bin Dehaish and M.A. Khamsi: Browder and Göhde fixed point theorem for monotone nonexpan-
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Convergence results for Picard Normal S-iterative algorithm
with applications
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Abstract. In this article, we enquire for some weak and strong convergence results for a class of mappings
satisfying Condition (E) via Picard Normal S-iterative algorithm (PNSA) in the setting of uniformly convex
Banach space (UCBS). Eventually, we furnish an example to substantial our attained findings and numerically
compare PNSA with that of some other well-known iterative algorithms. Additionally, we discuss the existence
of the solution of a nonlinear functional integral equation as an application of our result.

1 Introduction

Throughout this article, N stands for a set of natural numbers. Assume that S is self-map defined
on nonempty subset U of Banach space (Y, ‖.‖) and that F (S) stands for the set of all fixed
points of S. The mapping S is called nonexpansive, if

‖Su1 − Su2‖ ≤ ‖u1 − u2‖, for all u1, u2 ∈ U.

The self-map S on U is quasi-nonexpansive, if F (S) 6= ∅ and

‖Su1 − u∗‖ ≤ ‖u1 − u∗‖, for all u1 ∈ U, u∗ ∈ F (S).

The theory for the existence of fixed points of nonexpansive mappings, at the outset, discussed
by Browder [2], Göhde [6] and Kirk [9], independently. After many researchers have obtained
numerous generalizations from their results.

Suzuki [22], in 2008, introduced Suzuki’s generalized nonexpansive mapping which is a
generalization of nonexpansive mappings.

Definition 1.1. The mapping S : U → U is known as Suzuki’s generalized nonexpansive map-
ping (SGNM), if

1
2
‖u1 − Su2‖ ≤ ‖u1 − u2‖ ⇒ ‖Su1 − Su2‖ ≤ ‖u1 − u2‖, for all u1, u2 ∈ U.

García-Falset et al. [3], in 2011, extended the class of SGNM and came up with an exciting
collection of satisfying Condition (Eµ) which contains the class of SGNM.

Definition 1.2. A self mapping S defined on nonempty subset U of Banach space of Y is called
to satisfy condition (Eµ) on U , if there is µ ≥ 1 such that

‖u1 − Su2‖ ≤ µ‖u1 − Su2‖+ ‖u1 − u2‖, for all u1, u2 ∈ U.

If for some µ ≥ 1, S satisfies the Condition (Eµ) on U . Then S : U → U is called to satisfy
Condition (E) on U .

In the literature, there are some iterative processes that are used for elucidating fixed points
for nonexpansive mappings, SGNM, and mapping satisfying condition (Eµ), µ ≥ 1 [15] and
generalized nonexpansive mappings via Mann [11], Ishikawa [7], Noor [13], Garodia [4, 5],
generalized F-iterative [16] iteration processes. Some authors implemented previously defined
iterative algorithms in different spaces successfully (see [25, 26]) and some of the applications
of iterative algorithms are found in [10, 18, 20, 23, 24, 27].
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Agarwal et al. [1] introduced S-iteration algorithm as follows:
t1 ∈ U
tm+1 = (1− αm)Stm + αmSum

um = (1− βm)tm + βmStm, ∀m ∈ N,
(1.1)

where {αm} and {βm} are sequences in (0, 1).
Sahu [17] introduced normal S-iteration algorithm (NSA, in brief) as follows:

t1 ∈ U
tm+1 = Sum

um = (1− αm)tm + αmStm, ∀m ∈ N,
(1.2)

where {αm} is sequence in (0, 1).
In 2014, Kadioglu and Yildirim [8] introduced the Picard normal S-iterative algorithm (PNSA,

in brief) as follows: 
t1 ∈ U
tm+1 = Sum

um = (1− αm)vm + αmSvm

vm = (1− βm)tm + βmStm, ∀m ∈ N,

(1.3)

where {αm} and {βm} are real sequences in (0, 1).
This research article is structured into seven sections. In Section 2, we collect some basic

definitions and results which are playing key roles in this manuscript. In Section 3, we establish
the strong and weak convergence results utilizing PNSA (1.3) for a mapping satisfying Condi-
tion (E) in UCBS and an example designed for such mapping is presented in Section 4. The
comparison of the convergence behaviour of PNSA (1.3) with some known aforementioned iter-
ative algorithms is presented in Section 5 and we establish existence results for solutions of the
nonlinear functional integral equation as an application of our result in Section 6. The Section 7
summarizes this paper in a form of a conclusion.

2 Preliminaries

In this section, we give some essential definitions and results which help us to establish our main
results. Assume that U is a nonempty, closed and convex subset of Banach space Y . For bounded
sequence {tm} in Y , denote

• r(t, {tm}) = lim supm→∞ ‖t− tm‖;

• asymptotic radius of {tm} with respect to U by r(U, {tm}) = inf{r(t, {tm}) : t ∈ U};

• asymptotic center of {tm} with respect to U by A(U, {tm}) = {t ∈ U : r(t, {tm}) =
r(U, {tm}).

Definition 2.1. [21] Assume that S is self-mapping defined on nonempty subset U of Banach
space Y . A sequence {tm} in D is said to be approximate fixed point sequence (A.F.P.S.), if
lim
m→∞

||Stm − tm|| = 0.

Proposition 2.2. [3] Assume that S is a function satisfying the Condition (E) defined on nonempty
subset U of Banach space Y and F (S) 6= ∅, then S is quasi-nonexpansive.

Theorem 2.3. [3] Assume that S is a function satisfying the Condition (E) defined on compact
subset U of Banach space Y , then U admits A.F.P.S. if and only if S has fixed point in U .

Opial [14] gave the condition termed as Opial’s condition which is useful in the investigation of
demiclosedness principle of nonlinear mappings.
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Definition 2.4. A Banach space Y is said to satisfy the Opial’s condition, if for any sequence
{tm} with tm ⇀ t∗ in Y such that

lim inf
m→∞

‖tm − t∗‖ < lim inf
m→∞

‖tm − u‖

for all u ∈ Y with t∗ 6= u.

Example 2.5. The space `p (1 < p < ∞) and Hilbert space satisfy the Opial’s condition, but
Lp[0, 2π], (1 < p 6= 2) does not satisfy the Opial’s condition.

Lemma 2.6. [19, Theorem 2.3.13] Suppose that Y is a UCBS and {am} is sequence in [θ, 1 −
θ] for θ ∈ (0, 1). The sequences {tm} and {um} in Y are such that lim sup

m→∞
||tm − t∗|| ≤

l, lim sup
m→∞

||um − t∗|| ≤ l, and lim sup
m→∞

||am(tm − t∗) + (1 − am)(um − t∗)|| = l for some l ≥ 0

and t∗ ∈ Y . Then lim
m→∞

||tm − um|| = 0.

3 Main Results

In the following section, we present strong and weak convergence results for a sequence {tm}
generated by PNSA (1.3).

Theorem 3.1. Suppose that S is mapping satisfying Condition (E) defined on convex and closed
subset U of uniformly convex Banach space Y . Assume that {tm} is a sequence generated by
PNSA (1.3) and u∗ ∈ F (S). Then lim

m→∞
||tm − u∗|| exists.

Proof. Assume that m ∈ N, Using Proposition 2.2 and (1.3),

||vm − u∗|| ≤ (1− βm)||tm − u∗||+ βm||Stm − u∗||
≤ (1− βm)||tm − u∗||+ βm||tm − u∗||
≤ ||tm − u∗||. (3.1)

Using Proposition 2.2, (1.3) and (3.1),

||um − u∗|| ≤ (1− αm)||vm − u∗||+ αm||Svm − u∗||
≤ (1− αm)||vm − u∗||+ αm||vm − u∗||
≤ ||vm − u∗||
≤ ||tm − u∗||. (3.2)

Using Proposition 2.2, (1.3), (3.1) and (3.2),

||tm+1 − u∗|| = ||Sum − u∗||
≤ ||um − u∗||
≤ ||vm − u∗||
≤ ||tm − u∗||. (3.3)

Now, from (3.1), (3.2) and (3.3), we get

max
{
||tm+1 − u∗||, ||um − u∗||, ||vm − u∗||

}
≤ ||tm − u∗||.

The inequality (3.3) shows that {||tm − u∗||} is non-increasing monotonic sequence and hence
{||tm − u∗||} is bounded sequence and therefore lim

m→∞
||tm − u∗|| exists.

Theorem 3.2. Suppose that S is mapping satisfying Condition (E) defined on convex and closed
subset U of uniformly convex Banach space Y . Assume that {tm} is a sequence generated by
PNSA (1.3) with t1 ∈ U . Then {tm} is bounded and lim

m→∞
||Stm − tm|| = 0 if and only if F (S)

is nonempty.
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Proof. Suppose that {tm} is bounded and lim
m→∞

||Stm − tm|| = 0. We claim that F (S) 6= ∅.
Assume that u∗ ∈ A(U, {tm}). Then

r(Su∗, {tm}) = lim sup
m→∞

||tm − Su∗||.

Now, since S : U → U satisfies the Condition (E), therefore

r(Su∗, {tm}) = lim sup
m→∞

||tm − Su∗||

≤ µ lim sup
m→∞

||Stm − tm||+ lim sup
m→∞

||tm − u∗||

= r(u∗, {tm}). (3.4)

Since asymptotic center of the sequence {tm} is unique, therefore, by (3.4),

Su∗ = u∗,

which shows that u∗ ∈ F (S) and hence F (S) 6= ∅.
For converse part, assume that F (S) 6= ∅ and we will prove that {tm} is bounded and lim

m→∞
||Stm−

tm|| = 0. Assume that u∗ ∈ F (S) because F (S) 6= ∅. Then by Theorem 3.1, lim
m→∞

||tm − u∗||
exists. Assume that

lim
m→∞

||tm − u∗|| = l. (3.5)

From Proposition 2.2 and (3.3),

lim sup
m→∞

||Stm − u∗|| ≤ l. (3.6)

From (3.1) and (3.3),

lim sup
m→∞

||vm − u∗|| ≤ lim
m→∞

||tm − u∗|| = l. (3.7)

From Proposition 2.2 and (3.7),

lim sup
m→∞

||Svm − u∗|| ≤ l. (3.8)

From (3.2) and (3.3),

lim sup
m→∞

||um − u∗|| ≤ lim
m→∞

||tm − u∗|| = l. (3.9)

From Proposition 2.2 and (3.9),

lim sup
m→∞

||Sum − u∗|| ≤ l. (3.10)

Now, from (1.3) and (3.9),

lim sup
m→∞

||(1− αm)(vm − u∗) + αm(Svm − u∗)|| = lim sup
m→∞

||(1− αm)vm + αmSvm − u∗||

≤ lim sup
m→∞

||um − u∗||

≤ l. (3.11)

From (1.3) and (3.3),

lim inf
m→∞

||tm+1 − u∗|| = lim inf
m→∞

||Sum − u∗||

≤ lim inf
m→∞

||um − u∗||

= lim inf
m→∞

||(1− αm)vm + αnSvm − u∗||

= lim inf
m→∞

||(1− αm)(vm − u∗) + αm(Svm − u∗)||,
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and hence

l ≤ lim inf
m→∞

||(1− αm)(vm − u∗) + αm(Svm − u∗)||. (3.12)

From (3.11) and (3.12),

lim
m→∞

||(1− αm)(vm − u∗) + αm(Svm − u∗)|| = l. (3.13)

Now, (3.7), (3.8), (3.13) and Lemma 2.6 provides

lim
m→∞

||Svm − vm|| = 0.

Now, from (1.3) and (3.3),

lim sup
m→∞

||(1− βm)(tm − u∗) + βm(Stm − u∗)|| = lim sup
m→∞

||(1− βm)tm + βtmStm − u∗||

≤ lim sup
m→∞

||tm − u∗||

≤ l. (3.14)

From (1.3) and (3.3),

lim inf
m→∞

||tm+1 − u∗|| = lim inf
m→∞

||Sum − u∗||

≤ lim inf
m→∞

||um − u∗||

≤ lim inf
m→∞

||vm − u∗||

= lim inf
m→∞

||(1− βm)tm + βmStm − u∗||

= lim inf
m→∞

||(1− βm)(tm − u∗) + βm(Stm − u∗)||,

and hence,

l ≤ lim inf
m→∞

||(1− βm)(tm − u∗) + βm(Stm − u∗)||. (3.15)

From (3.14) and (3.15),

lim
m→∞

||(1− βm)(tm − u∗) + βm(Stm − u∗)|| = l. (3.16)

Now, from (3.3), (3.6), (3.16) and Lemma 2.6, we have lim
m→∞

||Stm − tm|| = 0.

The following Theorem presents the weak convergence result for a sequence {tm} generated
by PNSA (1.3) using Opial’s property.

Theorem 3.3. Suppose that S is mapping satisfying Condition (E) defined on convex and closed
subset U of uniformly convex Banach space Y . Assume that {tm} is a sequence generated by
PNSA (1.3). Suppose that F (S) 6= ∅ and Y satisfies Opial’s property. Then sequence {tm}
generated by (1.3) weakly converges to element of F (S).

Proof. We have lim
m→∞

||Stm− tm|| = 0 and sequence {tm} generated by PNSA (1.3) is bounded,
due to Theorem 3.1, therefore Y is reflexive and it implies that there is subsequence {tmk

} of
{tm} such that {tmk

} weakly converges to some u∗ ∈ U. Now, due to Opial’s property, the
sequence {tm} weakly converges to u∗ ∈ U.

The following Theorem presents the strong convergence result for sequence {tm} generated
by PNSA (1.3) using Opial’s property.

Theorem 3.4. Suppose that S is mapping satisfying Condition (E) defined on convex and closed
subset U of uniformly convex Banach space Y . Assume that t1 ∈ U . Also assume that F (S) 6= ∅
and closed. Then the sequence {tm} generated by PNSA (1.3) strongly converges to element of
F (S), if lim inf

m→∞
d(tm, F (S)) = 0, where d(u∗, F (S)) represents the distance of u∗ from the set

F (S).
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Proof. Assume that lim inf
m→∞

d(tm, F (S)) = 0. Then there is a subsequence {um} of {tm} such
that

lim inf
m→∞

d(um, F (S)) = 0.

Assume that {umk
} is subsequence of {um} such that ||umk

− vk|| ≤ 1
2k ∀ k ≥ 1, where {vk} is

sequence of fixed points of mapping S. Now, by Theorem 3.1,

||umk+1 − vk|| ≤ ||umk
− vk|| ≤

1
2k
.

Now from (3), we set

||vk+1 − vk|| ≤ ||vk+1 − umk+1 ||+ ||umk+1 − vk|| ≤
1

2k+1 +
1
2k

<
1

2k−1

which ensure that {vk} is Cauchy sequence in F (S). Now, since F (S) is closed and {vk} con-
verges to some fixed point of mapping S, say v ∈ F (S). Therefore,

||umk
− v|| ≤ ||umk

− vk||+ ||vk − v||,

as m→∞, {umk
} strongly converges to v ∈ F (S) and from Theorem 3.1, lim

m→∞
||tm−v|| exists

and consequently {um} strongly converges to v ∈ F (S).

The following Theorem presents the strong convergence result for sequence {tm} generated
by PNSA (1.3) using Condition (I).

Theorem 3.5. Suppose that S is mapping satisfying Condition (E) and Condition (I) defined on
convex and closed subset U of uniformly convex Banach space Y . Assume that t1 ∈ U . Assume
that t1 ∈ U . Also, assume that F (S) 6= ∅ and closed. Then the sequence {tm} generated by
PNSA (1.3) strongly converges to element of F (S).

Proof. Since S satisfies the Condition (I), therefore

||tm − Stm|| ≥ g(d(tm, F (S))). (3.17)

Due to Theorem 3.1, we have
lim inf
m→∞

||Stm − tm|| = 0. (3.18)

From (3.17) and (3.18),
lim inf
m→∞

g(d(tm, F (S))) = 0.

By the property of function g : [0,∞]→ [0,∞],

lim inf
m→∞

d(tm, F (S)) = 0.

Now, due to Theorem 3.4, the sequence {tm} strongly converges to fixed point of mapping S.

4 Numerical Example

Example 4.1. Assume that U = [−1, 2] ⊆ R with usual norm. The mapping S : U → U is given
by

Su =


−u7 , if u ∈ [−1, 0)
−u, if u ∈ [0, 1]\{ 1

7}
0, if u = 1

7 .

If u1 =
1
7 and u2 = 1, then

1
2 ||u1 − Su1|| = 1

14 and ||u1 − u2|| = 6
7 , therefore

1
2
||u1 − Su1|| < ||u1 − u2||.
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Here ||Su1 − Su2|| = 1, therefore

||Su1 − Su2|| > ||u1 − u2||,

which shows that S is not SGNM. We will prove that S is a function satisfying Condition (E).
For this, we can consider the following cases:
Case I : If u1, u2 ∈ [−1, 0),

||u1 − Su2|| ≤ ||u1 − Su1||+ ||Su1 − Su2||

= ||u1 − Su1||+
1
7
||u1 − u2||

≤ ||u1 − Su1||+ ||u1 − u2||.

Case II : If u1, u2 ∈ [0, 1]\{ 1
7},

||u1 − Su2|| ≤ ||u1 − Su1||+ ||Su1 − Su2||
= ||u1 − Su1||+ ||u1 − u2||.

Case III : If u1 ∈ [−1, 0) and u2 =
1
7 ,

||u1 − Su2|| = ||u1|| ≤
8
7
||u2||+ ||u2 −

1
7
||

= ||u1 − Su1||+ ||u1 − u2||.

Case IV : If u1 ∈ [−1, 0) and u2 ∈ [0, 1]\{ 1
7},

||u1 − Su2|| = ||u1 + u2|| ≤ ||u1||+ ||u2||

≤ 8
7
||u1||+ ||u1 − u2||

= ||u1 − Su1||+ ||u1 − u2||.

Case V : If u1‘ ∈ [0, 1]\{ 1
7} and u2 =

1
7 ,

||u1 − Su2|| = ||u1|| ≤ 2||u1||+ ||u1 −
1
7
||

= ||u1 − Su1||+ ||u1 − u2||.

Therefore the mapping S satisfies condition (E) and its fixed point is 0.

5 Numerical Results

In this section, a comparison of the convergence behaviour of PNSA (1.3) with NSA (1.2), S-
iterative algorithm (1.1) and Picard iterative algorithm for a mapping satisfying Condition (E)
defined in Example 4.1 is presented. We select the different set of parameters of αm, βm, γm
and stopping criteria ||tm − u∗|| ≤ 10−11. The influence of initial values of PNSA (1.3), NSA
(1.2), S-iterative algorithm (1.1) and Picard iterative algorithm is examined in Table 1 using
αm = 2m

3m+21 , βm = 3m
4m+51 .

Observations: Here one can note that it is exhibited in Table 1, Table 2 and Figure 1, PNSA
(1.3) is faster than NSA (1.2), S-iterative algorithm (1.1) and Picard iterative algorithm for a
different set of parameters and initial values for a mapping satisfying Condition (E) defined in
Example 4.1.
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Table 1. Comparison of number of iterations of PNSA (1.3) with other iterative algorithms for
Example 4.1

Initial Value PNSA NSA S-iteration Picard

-1 11 13 19 23
-0.8 11 13 19 23
-0.6 11 13 18 22
-0.4 11 13 18 22
-0.2 10 12 18 22
0.2 11 13 19 23
0.4 11 13 19 23
0.6 11 13 19 23
0.8 11 13 19 24
1 11 13 19 24

Figure 1. Comparison among number of iterations of PNSA (1.3) for initial value 0.4 for Ex-
ample 4.1
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Table 2. Comparison of number of iterations of PNSA (1.3) with other iterative algorithms for
different parameters for Example 4.1

Initial Values
Iteration -1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1

For αm = m2

2m2+71 , βm = m3

3m3+11

PNSA 8 8 8 8 8 8 8 8 8 8
NSA 14 14 14 14 13 14 14 14 14 14
S-iteration 18 18 18 17 17 17 18 18 19 19
Picard 23 23 22 22 22 23 23 23 24 24

For αm = 1

(3m+7)
1
8
, βn = 1

(7m+2)
1
9

PNSA 4 4 4 4 4 4 4 5 5 5
NSA 7 7 7 7 7 7 7 7 8 8
S-iteration 10 10 9 9 9 10 11 11 11 11
Picard 23 23 22 22 22 23 23 23 24 24

For αm = 4m
7m+11 , βm = m

3m+55

PNSA 5 5 5 5 5 5 5 6 6 6
NSA 10 10 9 9 9 10 10 10 10 10
S-iteration 16 16 16 15 15 15 16 16 17 17
Picard 23 23 22 22 22 23 23 23 24 24

For αm = 3m
6m−1 , βm = 1

(2m+7)
2
13

PNSA 10 10 10 10 10 10 10 11 11 11
NSA 16 16 16 15 15 15 15 15 16 16
S-iteration 17 17 17 17 16 16 16 16 16 16
Picard 23 23 22 22 22 23 23 23 24 24
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6 Application

In the following section, we discuss the application to substantiate one of our obtained results.
Consider C[0, 1] as space of continuous functions defined on E = [0, 1] ⊂ R+ and nonlinear
functional integral equation (FIE, in brief)

ϕ(u) = f(u) + λ1

∫ u

0
κ(u, s)g(s, ϕ(s))ds+ λ2

∫ 1

0
κ(u, s)g(s, ϕ(s))ds (6.1)

for all u, s ∈ E , λ1, λ2 are positive constants and f : E −→ R+, g, g : E × R −→ R+, κ, κ :
E × E −→ R+. We have the following conditions.

(K1) The function f : E −→ J is continuous.
(K2) The functions κ, κ : E × J −→ R+ are continuous such that for all u, s ∈ E∫ u

0
κ(u, s)ds ≤ K1 and

∫ 1

0
κ(u, s)ds ≤ K2.

(K3) The functions g, g : E × R −→ R are continuous and there are two constants L1, L2 such
that for all u ∈ E ;ϕ1, ϕ2 ∈ C,

|g(u, ϕ1)− g(u, ϕ2) ≤ L1|ϕ1(u)− ϕ2(u)|

|g(u, ϕ1)− g(u, ϕ2) ≤ L2|ϕ1(u)− ϕ2(u)|

(K4) λ1L1K1 + λ2L2K2 = 1.

The following result represents the existence of the solution of FIE (6.1).

Theorem 6.1. Assume that U is compact subset of Y = C[0, 1], where supremum norm is defined
by ||ϕ1 − ϕ2|| = supu∈E |ϕ1(u) − ϕ2(u)| and assumptions from (K1) to (K4) are true. The
mapping S : U → U is defined by

Sφ(u) = f(u) + λ1

∫ u

0
κ(u, s)g(s, φ(s))ds+ λ2

∫ 1

0
κ(u, s)g(s, φ(s))ds.

Then S admits A.F.P.S. if and only if nonlinear FIE (6.1) has solution in Y .

Proof. Assume that ϕ1, ϕ2 ∈ U. Then

|ϕ1(u)− Sϕ2(u)| =
∣∣∣ϕ1(u)−

(
f(u) + λ1

∫ u

0
κ(u, s)g(s, ϕ1(s))ds+ λ2

∫ 1

0
κ(u, s)g(s, ϕ1(s))ds

)
+
(
f(u) + λ1

∫ u

0
κ(u, s)g(s, ϕ1(s))ds+ λ2

∫ 1

0
κ(u, s)g(s, ϕ1(s))ds

−f(u)− λ1

∫ t

0
κ(u, s)g(s, ϕ2(s))ds+ λ2

∫ 1

0
κ(u, s)g(s, ϕ2(s))ds

)∣∣∣
≤ |ϕ1(u)− Sϕ1(u)|+ λ1

∫ u

0
κ(u, s)

∣∣g(s, ϕ1(s))− g(s, ϕ2(s))
∣∣ds

+λ2

∫ 1

0
κ(u, s)

∣∣g(s, ϕ1(s))− g(s, ϕ2(s))
∣∣ds

≤ |ϕ1(u)− Sϕ1(u)|+ λ1

∫ u

0
κ(u, s)L1

∣∣ϕ1(s)− ϕ2(s)
∣∣ds

+λ2

∫ 1

0
κ(u, s)L2

∣∣ϕ1(s)− ϕ2(s)
∣∣ds.

On taking supremum of both the sides, we get

||ϕ1 − Sϕ2|| ≤ ||ϕ1 − Sϕ1||+ (λ1K1L1 + λ2K2L2)||ϕ1 − ϕ2||
= ||ϕ1 − Sϕ1||+ ||ϕ1 − ϕ2||.
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This shows that the S is mapping satisfying the Condition (E) on U with µ = 1. By Theorem
2.3, nonlinear FIE (6.1) has solution in U .

Corollary 6.2. Assume that U is compact subset of Y = C[0, 1], where supremum norm is
defined by ||ϕ1 − ϕ2|| = supu∈E |ϕ1(u) − ϕ2(u)| and assumptions from (K1) to (K4) are true.
The mapping S : U → U is defined by

Sϕ(u) = f(u) + λ1

∫ u

0
κ(u, s)g(s, ϕ(s))ds.

Then the nonlinear FIE

ϕ(u) = f(u) + λ1

∫ u

0
κ(u, s)g(s, φ(s))ds

has solution in Y if and only if S admits A.F.P.S.

Proof. On setting κ(t, s) ≡ 0, we get the desired result.

The following Corollary is the result of Pandey et al. [15, Theorem 6.1]

Corollary 6.3. Assume that U is compact subset of Y = C[0, 1], where supremum norm is
defined by ||ϕ1 − ϕ2|| = supu∈E |ϕ1(u) − ϕ2(u)| and assumptions from (K1) to (K4) are true.
The mapping S : U → U is defined by

Sϕ(u) = f(u) + λ2

∫ 1

0
κ(u, s)g(s, ϕ(s))ds.

Then the nonlinear FIE

ϕ(u) = f(u) + λ2

∫ 1

0
κ(u, s)g(s, ϕ(s))ds

has solution in Y if and only if S admits A.F.P.S.

Proof. On setting κ(t, s) ≡ 0, we get the desired result.

Example 6.4. Let us consider the following nonlinear FIE : For u, s ∈ [0, 1],

φ(u) =
(
u2 + 4

)
+

3
20

∫ u

0

[
(u3 + 1)(2s+ 4)

] |ϕ(s)|
3

ds+
5
12

∫ 1

0

[
u2(2s+ 5)

] |ϕ(s)|
5

ds.

(6.2)

If we take

λ1 =
3

20
, λ2 =

5
12
, f(u) = u2 + 4;

κ(u, s) = (u3 + 1)(2s+ 4), κ(u, s) = u2(2s+ 5);

g(s, ϕ(s)) =
|ϕ(s)|

3
g(s, ϕ(s)) =

|ϕ(s)|
5

.

Then nonlinear FIE (6.2) will be in form of (6.1).
It is clear that function f(u) = u2 + 4,∀u ∈ [0, 1] is continuous.
For each u, s ∈ [0, 1], ∫ 1

0
κ(u, s) =

∫ 1

0
(u3 + 1)(2s+ 4)ds ≤ 10;

∫ 1

0
κ(u, s) =

∫ u

0
u2(2s+ 5)ds ≤ 6.
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For ϕ1, ϕ2 ∈ U ; s ∈ [0, 1],

∣∣g(s, ϕ1(s))− g(s, ϕ2(s))
∣∣ =

∣∣∣ |ϕ1(s)|
3

− |ϕ2(s)|
3

∣∣∣
=

1
3

∣∣∣|ϕ1(s)| − |ϕ2(s)|
∣∣∣

≤ 1
3

∣∣∣ϕ1(s)− ϕ2(s)
∣∣∣

∣∣g(s, ϕ1(s))− g(s, ϕ2(s))
∣∣ =

∣∣∣ |ϕ1(s)|
5

− |ϕ2(s)|
5

∣∣∣
=

1
5

∣∣∣|ϕ1(s)| − |ϕ2(s)|
∣∣∣

≤ 1
5

∣∣∣ϕ1(s)− ϕ2(s)
∣∣∣

Since all assumptions of Theorem 6.1 are satisfied with K1 = 10,K2 = 6 and λ1K1L1 +
λ2K2L2 = 1. Therefore nonlinear FIE (6.2) has a solution.

7 Conclusion

It concludes that we have established convergence theorems for mapping satisfying Condition
(E) via PNSA (1.3) in UCBS. Further, a comparison of the rate of convergence of PNSA (1.3)
for such mappings is done and it is observed that PNSA (1.3) is faster, numerically, than well-
known iteration processes such as Picard iterative algorithm, NSA (1.2) and S-iterative algorithm
(1.1). As existence results for nonlinear FIE discussed in Pandey et al. [15], so one can note that
our obtained result improves those of due to Pandey et al. [15].
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1. Introduction 
 

It is obvious that a system is composed of a number of 

components and to achieve high reliability of the system; we 

have to use high reliable components. In many cases when it 

is not possible to produce such type of components, we can 

increase the system reliability by incorporating the 

redundancies of the corresponding components. Reliability 

models for system have widely been analyzed by a number 

of authors under various assumption, including Saw and 

Manker [4] develop a stochastic reliability model of a one-

unit main system with two associate units along with sub -

unit. Gopalan [2] analyzed cost benefit analysis of one 

server two-unit cold standby system with repair and 

preventive maintenance, Nakagawa and Osaki [7] studies 

model which describes single unit system with scheduled 

maintenance and variation in demand. Pathak, and Mehata 

[8] developed the configuration modelling of wire rod 

system, Singh and singh [6] analysis cost-benefit analysis of 

a single unit system with scheduled maintenance and 

variation in demand. Gupta 2007 [1] discussed benefit 

analysis of distillery plant system studies some reliability 

models in real data of failure and repair rates in such system. 

Saw, Pathak and Chaturvedi [5] analysis stochastic model 

for analysis real industrial system modal of a RO membrane 

used in water purification system. Bhatt, Chitkara and 

Bhardwaj [3] analysis two identical unit cold standby system 

with single repairman has been discussed. This modal 

present Reliability modelling and Analysis of an industrial 

system with one main unit with two sub unit. Also, the 

involvement of preventive maintenance in the modal 

increases the reliability of the functioning units. 

 

2. Materials and Method 
 

In this study, the stochastic reliability of the system is 

analyzed by using semi-Markov process and regenerative 

point techniques expression for various reliability measures 

like Mean time between failure. The steady state 

Availability, the Busy period of the server due to repair of a 

failed unit at t = 0. Busy period of the server due to 

preventive maintenance at t = 0. Expected down time at t = 

0. Expected number of visits by server at t = 0. Profit 

incurred to the system. 

 

System Description 

The system consists of three units namely one main unit M 

and two associate unit U and R. Hear the associate unit U 

and R dependents upon the main unit M. The main unit is 

employed to rotate U and R. As soon as job arrives, all the 

units work with load. It is assumed that only one job is taken 

for processing at a time. There is a single repairman who 

repair the failed units on a priority basis. Using regenerative 

point technique, several system characteristics such as 

transition probabilities, mean sojourn times, availability and 

busy period of the repairman are evaluated. In the end, the 

expected profit is also calculated. 

 

Assumptions 

1) The system consists of one main unit and two associate 

units. 

2) The associate units U and R starts with the help of the 

main unit. 

3) There is a single repairman who repairs the failed units 

on a priority basis. 

4) After repair system work in good state. 

5) The repair starts immediately upon failure of units. 

6) After a random period of time, the whole system goes to 

preventive maintenance. 

Notations 

 Transition probabilities from  

 Mean Sojourn time at time t 

Constant repair rate of Main unit M/Associate 

unit U/Associate unit R 

 Failure rate of Main unit M/Associate unit 

U/Associate unit R 

Paper ID: SR231224165903 DOI: https://dx.doi.org/10.21275/SR231224165903 1745 
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 Probability density function of repair time of 

Main unit M/Associate unit U/Associate Unit R 

Cumulative distribution function of repair 

time of Main unit M/Associate unit U/Associate unit R 

a(t) = Probability density function of preventive 

maintenance, 

b(t) = Probability density function of preventive 

maintenance completion time, 

 Cumulative distribution functions of preventive 

maintenance, 

 Cumulative distribution functions of preventive 

maintenance completion time, 

$         =     Symbol for Laplace-Stieltjes transforms, 

 Symbol for Laplace-convolution 

 Cumulative distribution function of transition 

time from  

  =   Busy period of the server for repair due to failed 

unit at time t=0 

B    =         Set of regenerative states 

 CDF of time to system failure when starting from 

state  

Mean Sojourn time in the state , 

 Repairman is busy in the repair at time t 

, 

Symbols 

- Main unit ‘M’ under operation/good and 

non-operative mode/repair mode, 

 — Associate unit ‘R’ under operation/good and 

non-operative mode/repair mode 

-Associate unit ‘U’ under operation/good and 

non-operative mode/repair mode, 

P.M. — System under preventive maintenance 

 

Up States 
 

 
 

Down States 
 

 
 

State transition diagram 

 

 

Mathematical Analysis of the System 

Transition Probabilities and Mean Sojourn Times 

Simple probabilistic considerations yield the following non-

zero transition probabilities: 
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The nonzero element  can be obtained as 

 

 

 

 

 

 

 

 

 

 
It can be easily verified that; 

 

 

,  

The main sojourn times  in the generative state i is 

defined as the time of stay in that state before transition to 

any other state. 
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Laplace Stieltjes transform of  we get. 

 

 

 

 

 

 

 

 

 

 

 

 

We define as follows: 

 
It can be easily verified 

 

 

 

Where Main Time Between Failure 

 is defined as the CDF of first passage time from 

state to a failed state. 

 

 

 
 

Taking Laplace- Stieltjes Transforms (L.S.T.) on both side 

and solving we get, The MTBF when the system starts from 

the state  is given by. 

 

 
 

Availability Analysis 

Using probabilistic argument, we have the following 

recursive relations 
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Where 

 

 

 
Taking Laplace-Stieltjes Transforms (L.S.T.) of above 

equation and solving the steady -state availability is given 

by. 

 
 

Where 

 

 
 

Busy Period Analysis 

Using probabilistic argument, we have the following 

recursive relation for 

 

 

 

 

 

 
Where 

 
 

Taking Laplace transform of above equation and solving for 

 

 
Where 

 

 
 

Profit Analysis 

G(t) = Expected total revenue earned by the system in (0, t] 

 Expected repair cost of the failed units 

 Expected repair cost of the repairman in preventive 

maintenance 

 Expected repair cost of the Repairman in shut down 

 

G ( t )= C0 A0−C1B0−C2B′ 0−C3B″0 

Where 

C0  be the per unit time revenue by the system 

C1,C2andC3  be the per unit time for which the system is 

under simple repair, preventive maintenance and shut down 

repair, respectively. 
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human hair, was blended with poly(vinyl alcohol) (PVA) in an aqueous medium.

Morphological characterizations of the fabricated PVA-keratin nano�ber (PK-NF) random

and aligned scaffolds performed using a scanning electron microscope (SEM) revealed the
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Dr. Kiran Jain & Samiksha Jain 

Introduction 

Microbiology is formed by "Mikros" + Bios+ Logos Mikros meaning Small, 
Bios- life and Logos. Science. 

Microbiology is the study of living organisms that are not visible through naked 
eyes and can be studied under microscope. Microorganisms are unicellular to 
multicellular, ubiquitous in distribution and an important role in Ecosystem. 
Micro organisms include bacteria, fungi, algae, protozoan, & viruses (at the 
borderline of living & non-living). It includes the study of their forms, 
distribution, structure, reproduction, physiology, metabolism, and classification. 
Relationship of microorganisms with microbes as well as with other living 
organisms, plants, animals and human beings are also studied. 

[1] 



Chapter 2 
Classitication System 

1. Principles of Classification 
2. Binomial Nomenclature 

3. Haeckel'+s three Kingdom 
4. Whiltaker's five Kingdom 
5. Carl Woese's 3 domain system 

Concept of Prokaryotic and Eukaryotic Microorganisms. 

Dr. Anita Mahiswar and Dr.Shama L A.Buig 

Classification is the process of arranging organisms, both living and extinct, 
into groups based on similar characteristics.The major purpose of classification 
is identification of species and to show the degree of relatedness amongst. It 
plays an important role to provide idea about ancestry and lineage of an 
organism. The science of naming and classifying organisms is called taxonomy. 
The term is derived from the Greek taxis (arrangement") and nomos ("law). 

Artificial System 

following categories: 

Classification 

Principles of Classification: Characterization, classification and identification are major objectives in all branches of the biological Sciences.In order to 

characteristics The major characteristics of microorganisms fall into 

identify and classify microorganisms, 

Natural System 

Morphological characteristics: Cell 
We must first learn 

staining reactions and motility and flagellar arrangemen. 
arrangement, occurrence of special structure and developmental forms, 

shape, size, 

their 

structure, 

the 

cell 
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