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Preface

Living beings regard water as the most important component in sustaining 
their lives. It is a vital source of human life because of its organic minerals, 
essential metal ions, and other caloric sources. The presence of minerals in 
water is essential for the biological activity of living beings. Water has the 
potential to transform into various forms, and the discharge of industrial 
waste into bodies of water without pre-treatment contaminates water, which 
becomes the main cause of water pollution. On the other hand, drinking 
pollutant-containing water results in the disturbance of biological activi-
ties and a number of disorders and diseases in living beings. People around 
the globe are facing a crisis of safe portable water and more than three bil-
lion people still need appropriate drinking water. It is expected that a huge 
water crisis will be faced by 2065 owing to the expansion of the population 
and industrialization worldwide. There, it is necessary to treat industrial 
waste before releasing it into any body of water. Today, pre-treatment of 
wastewater has been performed using physical, biological, and chemical 
treatment methods, which include filtration, anaerobic treatment, solar 
disinfection, reverse osmosis, oxidation-reduction, plasma treatment, and 
clay-based low-cost adsorbent nanocomposite materials. Among various 
treatment techniques, green chemistry, being an environmentally-friendly 
technology with ease of operation and significant pollutant removal capac-
ity, shows the most significant academic research interest. 

This book discusses the different treatment technologies with a spe-
cial focus on the green adsorption approach, using biological and hybrid 
biochemical treatment technologies to prevent water contamination and 
maintain the eco-system. The book discusses the analysis of organic and 
inorganic pollutants from industrial wastewater. It also focuses on the 
removal and recovery of organic and inorganic contaminants from the 
environment. Several case studies describing the removal and recovery of 
environmental pollutants using green technology are an attractive feature 
of the present book. The recycling of low-cost along with green adsorbent 
technology is explained in detail. Finally, the book highlights treatment 



xiv Preface

technologies with effective pollutant removal capacities that are used in 
modern water treatment units.

We are highly thankful to all the contributing authors for accepting our 
invitation and contributing their valuable projects in the form of book 
chapters. All the book chapters are well written, updated with the recently 
published literature, and we hope the content will be very useful for the 
researchers, environmental scientists, engineers, and students directly 
involved with wastewater treatment technology.

Editors 
October 2022
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Green Chemistry for Water Remediation
Syed Wazed Ali*, Satyaranjan Bairagi and Swagata Banerjee

Department of Textile and Fiber Engineering, Indian Institute of Technology Delhi, 
Hauz Khas, New Delhi, India

Abstract
With the curve of industrialization growing exponentially, the quality index of 
natural resources is facing a deteriorating trend. Water is one of the most abun-
dantly available natural resources that is being exploited tremendously by humans. 
Gallons of water are consumed in our day-to-day activities, starting from indus-
trial to household. This exploitation has proved to be a boomerang for them and, 
hence, ways are being sought to recover, reuse, and preserve this natural resource. 
Treatment of wastewater has been a subject of interest for a long time, and tech-
niques have been established for the same. However, the chemical treatments of 
wastewater often adversely affect the environment. The by-products of these pro-
cesses are often toxic and pose serious health hazards. Hence, a concept like green 
chemistry has come into the picture for the remediation of water resources. It has 
proved to be one of the key tools to achieve sustainability by providing appropri-
ate solutions to existing problems. It helps to avoid the toxic by-products of con-
ventional techniques and enhances ecofriendly wastewater treatment approaches. 
This chapter deals with the various principles of green chemistry in brief and the 
methods of water remediation in detail. Various chemical treatments of water 
using green technology have been discussed in detail. Various challenges faced in 
the path of treatment have also been highlighted.

Keywords: Green chemistry, water remediation, eco-friendly

*Corresponding author: wazed@iitd.ac.in
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2 Green Chemistry for Sustainable Water Purification

1.1 Introduction

It has been stated by the World Health Organization (WHO) that a per-
son consumes about 50 to 100 liters of water daily to fulfil their essential 
needs and maintain their health. The right to acquire a sufficient and non-
toxic quantity of drinking water applies to every living being in our society 
ignoring what financial status and society they belong to. It has been sur-
veyed that 13.6% of the world’s population is not able to access safe drink-
ing water [1] and on the other hand 2.6 billion people face a shortage of 
the required hygiene. Earlier in the 21st century, around 600 km3 per year 
of water was consumed by people staying throughout the world, whereas 
during the start of this century, the total consumption of drinking water 
has been elevated to 5300 km3 per year. It has been surveyed that after the 
year 2060, there will be some stabilization with four billion human beings 
staying in city areas proving a very high demand for water consumption 
[2]. Furthermore, the future prediction states that around 1.8 billion liv-
ing beings will be facing a shortage of water and approximately 66% of 
the whole population worldwide will live with the problem of water short-
age from the year 2025 [3]. It has also been observed that the main cause 
for such a disaster is the pollution generated by various industries on our 
natural water resources. The various wastes from industries, households, 
agriculture, and farming adversely affect our worldwide drinking water 
resources.

In the upcoming era, the management of water quality can be done by 
refining the raw water available in our nature, improving the technology 
related to such raw water treatment, and properly maintaining the net-
work related to the drinking water supply. Also, it has been stated by many 
researchers that managing, improving, and inventing new technologies 
related to water supply can give rise to ways that can achieve efficient and 
pure quality water supply. In this context, scientists have come up with 
methodologies that can improve the quality of water by using less toxic 
or environmentally friendly approaches, some of which are elaborated on 
in the upcoming section of this chapter. Researchers have also added in 
their studies that such green approaches give rise to improved and less 
toxic chemicals, minimization of wastes, and less consumption of energy 
resources [4]. Therefore, from these approaches, the idea of introducing 
green chemistry for water purification has approached the minds of various 
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scholars. The idea of such introduction to green chemistry is termed by 12 
different principles, which can be stated as follows: preventing the gener-
ation of wastes, incrementing the rate of reaction conversions, developing 
less toxic chemicals, developing safe products made with much less toxic 
chemicals, increasing efficient energy technologies, utilizing renewable 
feedstocks, eliminating toxic derivatives of chemicals, utilizing catalysts to 
increase the rate reactions, designing biodegradable chemical-based prod-
ucts, analyzing ways to diminish pollution, and reducing the causes that 
lead to accidents [5].

1.2 Challenges in Water Remediation

Several green movements have objected to the use of chemicals in water 
treatment that harms the environment. Some ask for abolishing the use of 
such chemicals while others aim at replacing them. Chlorine is one such 
chemical that is used for disinfecting water while having harmful impacts 
on the surroundings at the same time [6, 7]. Chlorine kills the microor-
ganisms responsible for diseases like cholera, typhoid, hepatitis, etc. At the 
same time, however, it is responsible for the formation of compounds like 
chloroform that are carcinogenic. Disinfecting with chloramines helps to 
prevent the formation of chloroform, but the cyanogen chloride formed 
as a by-product is toxic. Several reagents have been tried to eliminate the 
chloroform formation [8].

Water has an organic matter of natural origin and synthetic origin. The 
naturally present organic matter in water is called natural organic matter 
while the organic matter added to water due to human activities is called 
synthetic organic matter. The percentage of synthetic organic matter is less 
compared to that of natural organic matter; however, synthetic organic 
matter is more harmful compared to natural organic matter. The Blackfoot 
disease is a well-known disease in Taiwan that causes numbness and cold-
ness of limbs [9, 10]. It is thought to be due to the presence of fluorinated 
compounds in water. Humic acid is one such fluorinated compound that 
causes organ-related diseases. It is a high molecular weight complex mole-
cule that negatively impacts the erythrocytes via the generation of reactive 
oxygen species [11]. Metals like copper and aluminum are also related to 
toxicity issues [12, 13].
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1.3 Green Chemistry as a Novel Alternative  
to Conventional Wastewater Treatment

1.3.1 Green Chemistry

The conceptualization of green chemistry was a result of the Pollution 
Prevention Act, in the year 1990 [4]. It stated the US national policy to 
eradicate pollution by improvising its design and processes rather than the 
treatment and disposal of products. In other words, the term green chem-
istry refers to the design and development of products that would help 
to reduce or get rid of the production of any hazardous substances [14]. 
There exists a small line of difference between environmental chemistry 
and green chemistry. Environmental chemistry deals with environmen-
tal pollutants. Green chemistry, on the other hand, aims at designing new 
techniques and improving existing technologies that would minimize the 
generation of waste. Green chemistry also includes certain crucial ideas. 
One is the impact of all raw materials used in product synthesis and not 
just the principal raw material. The other is the optimization of an efficient 
process with the least negative impacts. Green chemistry is based on twelve 
principles that may be stated as under. The “Twelve Principles” related to 
“Green Chemistry” were introduced in the year 1998 [5]. These principles 
provide a strong guideline to manufacture ways of different less harmful 
chemical products and technologies, which apply to almost all life cycle 
processes, including the raw materials utilized for enhancing the produc-
tivity and safeness of the principles used, along with the toxic nature and 
degradability of different products and chemicals used in this green chem-
istry approach. Some of them are listed as prevention, atom economy, less 
hazardous chemical synthesis, designing safer chemicals, safer solvents, 
and auxiliaries, design for energy efficiency, use of renewable feedstocks, 
reducing derivatives, catalysis, design for degradation, real-time analy-
sis for pollution prevention and inherently safer chemistry for accident 
prevention.

Proper waste handling: It aims to prevent waste generation rather than 
treat and clean them up when produced. It is one of the most important 
of the twelve different principles of this green chemistry approach. It is 
always safer to avoid the accumulation of waste other than to clean up 
after it has been formed. Waste can be defined as anything that has no 
appreciated importance or the product produced from any damage caused 
to any energy technology. Also, it has been stated in many studies that 
wastes can take different forms and can cause an impact on nature in a 
different way depending on the waste’s nature, toxicity, quantity, or the way 
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it has been drained out [15]. When huge quantities of the precursors are 
utilized in a method of synthesis, then much of them are lost due to the 
original design of the procedure itself and this generation will give rise to 
undesirable wastes. One of such examples to minimize waste quantity is to 
use molecular oxygen, thereby eliminating the requirement for chlorine. 
This has dropped the generation of wastes close to 0.3 kg of than when 
done by the conventional method. Scientists have reported that this new 
method can produce more than 16 times less amount of waste than the 
conventional method, thereby removing the generation of wastewater [16]. 
It has also been reported in the literature that when we are not able to avoid 
by-products, then another new approach must be taken into consideration 
and an approach that is productive to search for an environment-friendly 
industrial process that can cause waste to transform into a newer type of 
material with an important value for other processes as it can reenter our 
life cycle. This method is used for the generation of biofuel (Figure 1.1).

Atom economy: It aims to include all raw materials in the synthesized 
product. In the year 1990 Barry Trost established the idea of using the effi-
ciency of synthetics i.e. Atom Economy abbreviated as A.E., also known 
as Atom Efficiency [17]. The concept refers to maximizing the utilization 
of precursors which can cause the final end-products to have more atoms 
prevailing from the reactant side. The perfect reaction will have all the 
atoms present on the reactant side. The atomic efficiency is estimated as 
the ratio of molecular weights of the product to that of all the reactants 

ENERGY
Bioethanol Sugarcane

Sugar beets
Cane Sorghum
Corn
Cassava
Grain Sorghum

Ligno cellulosic biomass

Biofuel Plant-derivated Oil;
Soybean, palm,
sun�ower, etc.

Animal Fat
Waster grease
Cooking oil

ENERGY MATERIAL

ENERGY

+
WASTE

+
WASTE

Figure 1.1 Generation of biofuel by-products [5].
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used in this reaction, as shown in Figure 1.2. AE is a theoretical value used 
to evaluate the process by which a reaction will take place efficiently. A few 
examples of such reactions are Grignard, A3 coupling, and the Diels–Alder 
reaction. Figure 1.2 shows a typical Grignard reaction and application of 
the Grignard reagent to create a propargylic amine type of structure. The 
AE value for such a reaction is 56%, which indicates losing half amount of 
the precursor used in this reaction.

Safe reaction: The reactions should be so designed that they have lit-
tle or no toxic effect on the environment. As shown in Figure 1.3, many 
new works in this field of green chemistry have improved the present sce-
nario of causing water remediation. The reactions involved in such a green 
chemistry approach are modifications of reactions that have been invented 
a long time back. Less hazardous reactions involving cycloadditions [17] 
rearranging or multiple components using coupling type of reactions [18] 
were known long back and comprise one efficient category to provide green 
chemical reactions. Cascade type or tandem type of reactions [19], car-
bon and hydrogen activation [20] metathesis [21] and reactions involving 
enzymes [22, 23] are innovative ways to depict efficient examples of more 
clean and less toxic synthetic tools present to different organic chemists.

Safe chemicals: The chemicals should be designed so that they carry out 
their functionalities without any toxic side effects. This principle for pro-
viding efficient green chemistry is to design chemical products that do not 

Step 1:

Grignard reagent,
Application to the synthesis of a propargylic amine

AE = 56.1%
over 2 steps

MgBr

NMe2NMe2MgBr

+

+ Et—Mg—Br

NMe2

NC

NC NMe2

Ph

Ph
Step 2:

2x

Figure 1.2 Atom economy for Grignard reagent [5].
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exhibit toxicity to our environment. Such designed structures offer differ-
ent functions in the field of medicines to materials, which are less toxic 
than the conventional made materials. Understanding the properties of a 
molecule that have an impact on the environment and the transformations 
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(Murai 1993, Fagnou 2007):
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Figure 1.3 Few examples of reactions involving green reactions [5].
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that take place in the biosphere is essential to sustainability. Through a 
mastery of this understanding, chemistry will be able to genuinely design 
molecules that are safer for humans and the environment [5].

Safe solvent and auxiliaries: The use of auxiliaries should be avoided to 
the extent possible and if it is necessary, should be harmless.

Energy-efficient process: The synthetic methods should be energy effi-
cient at the same time cost-effective.

Utilizing renewable feedstocks: The use of nondepleting resources is 
preferred to nonrenewable feedstocks.

Reduction of derivatives: Unnecessary derivatization of products to be 
avoided.

Catalysis: Use of catalytic reagents over stoichiometric reagents.
Biodegradability: The use of materials that disintegrate after their pur-

pose is served and do not accumulate in the environment is preferred.
Real-time process monitoring: Analysis of the process at every step to 

control the generation of hazardous substances.
Use of safer chemicals to minimize the risk of an accident: The sub-

stances used, and the form of the substance preferred in a chemical path-
way should not be accident-prone.

Keeping in mind the aims of green chemistry, several new ecofriendly 
technologies have evolved. Some of them have become proven technolo-
gies while others still need to show their potential. Figure 1.4 shown below 
gives an idea about the various ecofriendly technologies preferred in use 

The Clean Technology Pool

Intensive
Processing

Supercritical
Solvents

Life Cycle
Assessment

Renewable
Feedstocks

Telescoped
ReactionsAlternative

Routes

Non-volatile
Solvents

Catalysis

Alternative
Energy
Savers Solventless

Systems

Microreactors

Figure 1.4 The ecofriendly technologies in use [4].
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today. Advancements concerning the synthesis of materials have also been 
carried out. Special reactors like continuous flow reactors, microchannel 
reactors have been designed to make processes more efficient and eco-
friendly. These reactors may be combined with the green chemistry meth-
ods to design improved technologies that aim at providing better results.

1.3.2 Applications of Green Chemistry in Water Remediation

Conventional water treatment technologies are associated with the genera-
tion of highly toxic chemicals that affect the land, water, and air ecosystems. 
Sustainability being the need of the hour, novel green solutions are being 
preferred and searched for the treatment of this nonrenewable valuable 
natural resource. These green technologies seek to curb the overexploita-
tion and misuse of water resources in the first place. The green remediation 
methods eliminate the chances for the liberation of highly toxic by-prod-
ucts that would otherwise harm the environment [24]. In this manner, they 
meet the needs of the present without compromising the needs of future 
generations. Some of the green technical approaches for water remediation 
are discussed below:

Advanced oxidation processes: This is a chemical treatment of water that 
proceeds with oxidation reactions. This process seeks to remove organic 
compounds from wastewater with the help of some highly reactive species. 
They have also been used for the removal of dyes from effluents [25, 26]. 
The advanced oxidation processes may be grouped into two based on the 
use of UV light for the procedure, namely nonphotochemical and photo-
chemical advanced oxidation processes.

The nonphotochemical methods produce reactive hydroxyl radicals 
in the absence of light through processes like ozonation, Fenton’s reagent 
oxidation, wet air oxidation, and electrochemical oxidation. The ozona-
tion process is a widely preferred ecofriendly process that helps to break 
down the chromophoric groups in organic compounds into smaller mol-
ecules. This process is carried out in three steps consisting of ozone gen-
eration, dissolution of ozone in the wastewater, and finally oxidation of 
organic compounds in wastewater [27]. Ozone is a strong oxidizing agent. 
It indulges in slow chemical reactions which are driven kinetically than by 
thermodynamics. As far as water treatment is concerned, direct ozonation 
is a selective and slow process wherein the compounds in water containing 
certain functional groups are only attached by ozone. For instance, ozone 
is not preferred for the removal of compounds like hydrocarbons (alkanes) 
or chlorinated organic compounds. They are used for the oxidation of phe-
nolic compounds and polyaromatic hydrocarbons [28]. In such situations, 
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ozone is used along with some homogenous and heterogeneous catalysts 
that help to promote the degradation of the organic compounds [29]. The 
removal of dyes from aqueous media through ozonation has also been 
established as a viable technique [30, 31]. Another oxidation-based process 
is Fenton’s reagent oxidation (Figure 1.5). The Fenton’s reagent comprises 
a mixture of chemical oxidizers, hydrogen peroxide, ferrous ions as the 
catalyst, and an acid source for maintaining pH. The easy availability and 
nontoxicity of the constituents make this reagent a cost-effective oxidiz-
ing agent. The ferrous ion catalyst act on hydrogen peroxide to produce 
hydroxyl radicals through several cyclic reactions [32]. The reaction mech-
anism is explained as below [33]:

 Fe H O Fe HO OH2
2 2

3 .

 
HO H O HO H O. .

2 2 2 2

 Fe HO Fe OH2 3.

 + + ++ +Fe HO Fe O H   3
2
. 2

2

 HO HO H O. .
2 2

 Organic pollutant HO Degraded products.

Acid
regulation

In�uent
Catalyst
mixing

Oxidation
reaction

Neutrali
zation

E�uent

sludge

Catalyst Oxidant Alkaline

Solid-liquid
separation

Figure 1.5 Illustration of wastewater treatment by Fenton’s oxidation process [32].
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The presence of UV light further helps to increase the process efficiency. 
This is then called the photo-Fenton process. The equations have been 
shown below [33]:

 
Fe H O hv Fe HO H3

2
2 .

 Fe H O hv Fe HO H3
2

2 .

The Fe3+ ions complexes generate additional hydroxyl radicals and 
regenerate Fe2+ ions for further reaction with hydrogen peroxide. This 
reagent has also been used for the removal of dye from effluents [34, 35].

The wet air oxidation process also removes the organic contaminants 
from wastewater with the help of oxygen or air at high temperatures and 
pressure. In this process, the contaminants are broken down into biode-
gradable substances with the release of harmless gases like carbon dioxide 
and nontoxic by-products like water and inorganic salts. This treatment 
comprises a physical phase and a chemical phase. The diffusion of oxygen 
from gas to the liquid and the release of carbon dioxide from the liquid into 
the gaseous phase is part of the physical phase. The reactions concerning 
the degradation of organic matter refer to the chemical phase [36, 37]. The 
electrochemical model of oxidation is another advanced oxidation process 
used for the treatment of organic pollutants in water. It is electrogenerated 
in situ hydroxyl radicals that help to disintegrate the organic matter present 
in the wastewater. The electrodes of the reaction serve as the sites for the 
generation and consumption of electrons. The shape and material of the 
construction of the electrodes exert a great influence on the electrochemi-
cal process of reduction [38]. Electrocoagulation is another green method 
that is employed for the treatment of wastewater. It mainly deals with the 
generation of coagulants in situ. These coagulants may be generated from 
the dissolution of aluminum or iron ions from their respective electrodes. 
The metal ions are released at the anode while hydrogen gas is liberated 
at  the cathode. This hydrogen gas helps to keep the flocculants afloat in 
water. A network is formed by the liberated metal ions that help in the 
chemical adsorption of the contaminants. This whole process is referred to 
as electrocoagulation [39]. A certain amount of metal ions are required for 
the treatment of a given level of polluted wastewater. Iron being cheaper 
than aluminum is preferred for the treatment of wastewater and aluminum 
for treating water. Textile wastewater [40] and municipal sewage [41] have 
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also been treated through electrocoagulation. Electrofloatation is another 
process that involves the water treatment process by helping to keep the 
pollutants afloat. The release of oxygen and hydrogen gases at the elec-
trodes through water electrolysis forms tiny bubbles that float the pollut-
ants at the water surface. Hydrogen is released at the cathode and oxygen 
is liberated at the anode. The size of the bubbles formed also affects the 
removal efficiency of the pollutants. The bubble size in turn depends on the 
pH of the solution [42]. While hydrogen bubbles are small at neutral pH, 
the size of the oxygen bubbles increases as the pH increases. The smaller 
the size of the bubbles, the higher is the surface area provided. This helps 
to increase the separation efficiency of the electro flotation method. Hence 
the efficacy of the electrolocation process increases with the tiny bubbles 
with greater uniformity. Other factors like electrode composition, cell 
design, and water conductivity also affect the electrolocation process [43].

Another category of advanced oxidation processes is the photochemi-
cal advanced oxidation process. This category of processes deals with the 
principles of photochemistry. The reactions thus are carried out at much 
lower temperatures and with processes being substratesspecific [44]. 
Photocatalytic oxidation is one such method of wastewater treatment. 
Photocatalysts like TiO2 (Figure 1.2), ZnO, Fe2O3, and CdS, mainly semi-
conductors are used to disintegrate organic contaminants in the presence 
of light energy. TiO2, however, is usually preferred for photocatalytic deg-
radation due to its availability, low cost, nontoxicity, and appreciable phys-
ical and chemical properties [45]. To enhance the photocatalytic activity of 
these photocatalysts, they are sometimes immobilized onto substrates like 
activated carbon, zeolites, which provide a large surface area for adsorp-
tion. It provides further advantages of leaching prevention and photocata-
lyst recovery [46].

Another advanced oxidation process becoming popular nowadays is the 
oxidation by hydrogen peroxide in the presence of UV light. Hydrogen 
peroxide generates hydroxyl radicals in the presence of UV light. Hydrogen 
peroxide alone can remove pollutants in water. However, it is unable to 
remove complex contaminants by the process of oxidation (Figure 1.6). The 
activity and efficiency of hydrogen peroxide are enhanced in the presence 
of a light energy source that enables it to generate more hydroxyl radicals. 
This method has also been used for the treatment of textile dye effluents 
[48, 49]. With a similar approach, ozonation has been combined with UV 
light sources to enhance the effectiveness in the removal of organic pol-
lutants in wastewater. UV assists in improving ozone decomposition that 
increases the yield of hydroxyl radicals, in turn enhancing the ozonation 
rate. The initiation of the reaction in the case of photocatalytic ozonation is 
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by the electron transfer from photocatalyst to oxygen forming starting rad-
ical. This mechanism differs for ozonation alone where the starting radical 
is formed by the reaction of hydroxyl ions and ozone [50].

A novel technique to decontaminate wastewater is through the absorp-
tion of pollutants on the surface of a catalyst [51]. Catalysts like activated 
carbon, silica gel, etc. are used as the substrate for the adsorption of con-
taminants. Gradually, the implementation of nanoparticles emerged in this 
field. The advantage of high surface area was also realized for the adsorp-
tion of the contaminants. Magnetic nanoparticles bearing the structural 
formula AB2O4 were used for this purpose [52, 53]. They provided an 
additional advantage of the catalyst recovery through magnetic separation, 
which is otherwise difficult with the other adsorbents. Magnetic nanopar-
ticles are used for preferential adsorption of arsenic ions followed by mag-
netic decantation [54].

There are also membrane processes that are used for wastewater treat-
ment [55]. The membrane processes offer advantages of low chemical and 
energy consumption, good stable water quality, which does not depend 
on the quality of the water to be treated, easy to maintain technology with 
a good scalability potential. The membranes may differ in their charac-
teristics, ranging from organic to inorganic, porous or dense, electrically 
charged or neutral, etc. Based on this, the driving force of the mechanism 
of treatment may be pressure-driven or concentration gradient of electric 
potential difference. The photocatalytic membrane reactors are a mem-
brane technology process where photocatalysis is combined with mem-
brane technology, the driving force being the pressure difference. These 
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Figure 1.6 Mechanism of TiO2 photocatalysis [47].
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membranes can be engineered in different ways. In one case a photoac-
tive layer deposited on a nonphotoactive layer acts as the separating layer. 
The nonphotoactive layer acts as the supportive layer. The second way is to 
deposit a nonphotoactive layer on a photoactive layer where the nonpho-
toactive layer serves as the separating layer (Figure 1.7).

Membrane bioreactor technology couples a biological process with a 
membrane separation step [57]. This is another green method for waste-
water treatment. It offers advantages like a decrease in sludge production, 
reduced footprint, etc. compared to the conventional treatment procedures. 
The cost of membrane fabrication and the energy demand of this process 
leads to its reconsideration as a green technology [24]. Modifications of 
the method have been carried out to render them energy efficient [58, 59].

1.4 Conclusion

Water remediation has become the need of the hour if we are to save our 
future generations from facing a water crisis. The existing water treatment 
techniques aim to purify water out of its contaminants, releasing some 
harmful by-products at the same time. These by-products in turn affect 
the environment and its surviving species. Thus, water technologists and 
chemists have evolved with green techniques for treating water. These are 
based on the fundamental principles of green chemistry. A total of 12 prin-
ciples are included under green chemistry that has been discussed in detail 
in this chapter. Novel green water remediation techniques have been dealt 
with in detail in this chapter. Starting from advanced oxidation processes 
to adsorption techniques, extending to membrane technologies have been 
explored for their water remediation potentials. These are some of the 
novel green methods of water decontamination that serve the purpose to 
the fullest without any adverse effect on the surroundings. These meth-
ods are therefore gaining attention nowadays for the treatment of water. 

UV UV

(a)

Photoactive separative layer

Photoactive
support

Non-photoactive
support

Non-photoactive separative layer

(b)

Figure 1.7 Two different photocatalytic membranes [56].
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Modifications of these methods are also underway, which will serve as 
green technologies for water remediation shortly.
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Abstract
Because of their bioaccumulation and poisonous nature, heavy metal ions in 
wastewater pose a major health risk. There is a variety of traditional methods 
for removing harmful metal ions from wastewater, but ion exchange/sorption 
is one of the most successful, cost-effective, and simple to utilize. As sorbents, 
various materials, such as cellulose, coal, and peat, have been employed in recent 
years. However, emphasis has been placed on the utilization of low-cost materi-
als as promising sorbents for eliminating hazardous metal ions from wastewater. 
Aluminosilicate minerals with strong thermal and chemical resistance are known 
as zeolites. The sorption of various metal ions on different zeolites with variable 
Si/Al ratios, pore diameters, and surface areas will be the main focus of this chap-
ter. Also discussed are the effects of pH, concentration, temperature, and contact 
time on adsorption.

Keywords: Zeolites, metal ions, sorption, wastewater, ion exchange

2.1 Global Impact of Wastewater Treatment

The used water discharged from industries, homes, businesses, agricul-
ture, and cities are termed “wastewater” [1]. These countries produce bil-
lions of tonnes of wastewater comprising sludge and other waste elements, 
which can be collected, processed, and ultimately used, either directly or 
indirectly, or with no benefit [2]. At a global level, evaluations of these 

*Corresponding author: ali.majid66@gmail.com

mailto:ali.majid66@gmail.com


22 Green Chemistry for Sustainable Water Purification

wastewater streams are limited and sporadic, and there is a general lack 
of information about them. However, certain international organizations, 
such as UN-Habitat (2008), FAO/IWMI through AQUASTAT, and Global 
Water Intelligence (GWI 2014), have made significant efforts to update and 
renew the evaluations.

Various businesses dump significant amounts of contaminants, both 
organic and inorganic, into the water. These pollutants, primarily heavy 
metals, have the potential to be toxic and carcinogenic, causing serious 
diseases in humans and many other species [3–5]. Metals of high concern 
include zinc (Zn), lead (Pb), arsenic (As), copper (Cu), cadmium (Cd), 
nickel (Ni), and mercury (Hg) [6]. The sources for such metals are pesti-
cides, metal complex dyes, fertilizers, mordants, bleaching agents, fixing 
agents, mordants, etc. [7]. Developed countries are taking strict actions to 
limit the heavy metal content in the wastewater. For mercury, lead, arsenic, 
cadmium, chromium, nickel, copper, and zinc, the current maximum con-
tamination levels in India are 0.00003, 0.006, 0.050, 0.01, 0.05, 0.20, 0.25, 
0.80 [8]. Heavy metals can be removed using techniques such chemical 
precipitation, chemical oxidation, ion exchange, electrodialysis, ultrafiltra-
tion, and adsorption [9]. Adsorption is the most reliable technique among 
these due to the limitations, such as low efficiency, high concentration of 
sludge, costly disposal, and sensitive operating conditions in the other 
mentioned techniques.

Domestic and industrial wastewater contains a huge amount of organic 
matter, water, nutrients (sulfur, phosphorous, nitrogen, etc.), and energy 
that can be recovered for a huge number of social, economic, and environ-
mental purposes. However, due to the scattered and deficient data about 
the wastewater flows, the number of beneficial materials obtained from 
these streams is very low. This chapter provides a well-defined review of 
the sludge and wastewater flows and also highlights the economic impor-
tance of the matter contained in them. This chapter also includes social 
and environmental benefits that can be acquired by the treatment of waste-
water [1].

2.2 Different Wastewater Treatments

On the surface of the earth, water appears to be abundant. However, it 
is a very precious and rare commodity and only a very small part of it is 
available for human consumption (almost 0.03%). The global population 
is rapidly growing, resulting in a high demand for water, yet the supply of 
available water remains steady. As a result, due to the lowest capacity of 
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self-purification, its use must be minimized, and various procedures must 
be taken to return it to the environment with a minimum impurity burden 
[10]. During the previous two decades, environmental actions on a broad 
scale have occurred in the United States and Europe, resulting in tight 
environmental laws on industrial emissions. Effective cleaning methods 
and solutions must be purchased. Furthermore, many chemical companies 
have developed effluent treatment systems to comply with recently enacted 
rules in the nations where they do business.

The chemical industry is made up of enterprises that make industrial 
chemicals. Polymers, pharmaceutical goods, bulk intermediates and pet-
rochemicals, basic industrials and other derivatives, fertilizers, and organic 
and inorganic chemicals are all examples of commodity chemicals, often 
known as basic chemicals. Chemical industry wastewaters frequently con-
tain mutagenic, poisonous, carcinogenic, or nonbiodegradable organic 
and inorganic matter in various amounts, implying that many of the com-
pounds in the effluent are difficult to breakdown. The petroleum hydro-
carbons and surfactants liberated by the chemical industries degrade the 
efficiency of many treatment unit operations [11].

2.3 Technologies to Treat Chemical Industry 
Effluents

There are four methods of wastewater treatment [12].

Preliminary treatment: In this method, solid and macro materials are 
removed from the wastewater.
Primary treatment: Physical techniques are used to remove organic and 
inorganic materials, and the effluent produced during this step is referred 
to as primary effluent.
Secondary treatment: In this step, residual and suspended organic and 
other compounds are broken down which is brought about by bacterial 
action
Tertiary treatment: It involves residual disinfection and is usually a chem-
ical process.

2.4 Oil–Water Separator—Treatment of Oily Effluent

The most common pollutant in the chemical industry is oil and grease 
(O&G). The effluents from petrochemical plants, oil refineries, chemical 
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plants, food, and textile industries contain a very high level of oil and 
grease of the order of 200,000 mg/l [13, 14]. Free, dispersed, or emulsified 
oil and grease can be found in wastewater, with droplet sizes ranging from 
150 mm to 20–150 mm and > 20 mm, respectively.

Gravity separation and skimming, deemulsification, dissolved air floata-
tion, coagulation, and flocculation are all traditional procedures for treat-
ing oily wastewaters. Gravity separation and skimming are used to separate 
free oil from wastewater. The API separator, which is used in the main 
treatment phase to separate suspended particles and oil from wastewater 
effluents, is the most effective and low-cost oil-water separator. Separators 
of this type are built to the American Petroleum Institute’s specifications. 
As a result, these separators are referred to as API separators.

However, emulsions and smaller oil droplets cannot be separated using 
the API separator. The process of sedimentation in a primary clarifier can 
be used to remove the oil particles adhering to the solid surface. The buoy-
ancy of smaller oil droplets can be increased to enhance separation by the 
process of dissolved air floatation (DAF). To remove the emulsified oil, the 
DAF influent is deemulsified with thermal energy, chemicals, or both to 
promote coagulation and increase flock size. The emulsion is destabilized 
first by chemically treating the wastewater, and subsequently gravity sepa-
ration is used. To stabilise the oil phase, heat is applied to the wastewater to 
lower viscosity, enhance density differences, and weaken interfacial coat-
ings. The negative charge on the droplets is then neutralized by acidifica-
tion and the addition of cationic polymer or alum. Following this phase, 
the pH is elevated to the alkaline area, allowing flock formation to occur. 
After that, the flock is separated from the adsorbed oil, and the sludge is 
thickened and dewatered [12].

2.5 Coagulation–Flocculation

Typically, wastewater treatment is accomplished through the sedimenta-
tion process, also known as clarification, in which the velocity of water is 
reduced to the point where the resulting velocity is less than the suspen-
sion velocity, causing the suspended particles to settle to the bottom due to 
gravitational force. The settled solids and suspended particles are next sep-
arated into sludge and scum. The effluent then travels through an effluent 
weir before proceeding to the next stage of treatment. Temperature, reten-
tion time, equipment quality, and tank design all influence the process’s 
performance or efficacy. If sedimentation is done without coagulation or 
flocculation, only coarse suspended particles can be removed, which can 
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even settle out without any chemical addition. This process is usually done 
in a clarification or sedimentation tank, a reservoir, etc. at the start of the 
process of treatment. The coagulation-flocculation technique involves the 
addition of organic or inorganic coagulants in the clarification tanks, which 
accelerates the sedimentation process. Aluminum hydroxide, aluminium 
sulphate, or high molecular weight cationic polymers may be employed as 
coagulants. At this stage of treatment, the inclusion of all of these chem-
icals has the goal of removing 90% of the particles from the wastewater.

2.6 Techniques for Treating Wastewater 
Using Adsorption

Adsorption is a natural process that involves the gathering of dissolved 
substances on the surface of a solid adsorbent. When the attractive forces 
of the liquid become less than the attractive forces at the carbon surface, 
adsorption occurs.

Natural and synthetic adsorbents have been categorized based on their 
origin. Natural adsorbents, such as clay, charcoal, clay minerals, ores, and 
zeolites, can be changed to improve their adsorption properties because 
they are very inexpensive and plentiful. Household wastes, sludge, syn-
thetic wastes, and other materials can be used to make synthetic adsor-
bents. Adsorbents are characterized by good porosity, the nature of their 
adsorbing surface, and their pore structure. Sawdust, rice husk, coconut 
shells, and other waste materials can be used.

Organic pollutants can be adsorbed on activated carbon, but their 
adsorption is a complicated process and involves considerable difficulty. 
Dispersive, electrostatic, and chemical interactions, intrinsic properties 
of the solute and adsorbent, such as ionization or solubility constant and 
pore size distribution, respectively, the temperature of the system, solution 
properties, such as pH, and other factors all contribute to these difficulties 
[15]. Organic and inorganic impurities, bad odor, and taste can be removed 
from the wastewater by using powdered/granulated activated carbon. They 
have a large surface area, microporous structure, and nonpolar character, 
making them economically viable. 95% of the mass of activated carbon 
is composed of carbon and the rest 5% contains heteroatoms, such as 
nitrogen, oxygen, hydrogen, sulfur, and oxygen, which become associated 
with the activated carbon during the extraction from the raw material or 
during the activation and preparation procedures [16, 17]. Using bentonite 
as an adsorbent, Putra et al. [18] removed pharmaceutical effluents and 
antibiotics.
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2.7 Adsorption of Dyes

Dyes can be removed by the process of adsorption. Large quantities of dyes 
are utilized by paper, pulp, and textile industries, which are then released 
into the bodies of water, giving rise to large amounts of toxic and carcino-
genic colored wastewater, putting aquatic organisms in grave danger. The 
majority of the colours used are nonbiodegradable and resistant to aerobic 
digestion [19], posing a danger to the aquatic ecosystem. For the removal 
of dyes from wastewater, different low-cost adsorbents were utilized, such 
as activated rice husk [20] for colour removal, cedar sawdust, and broken 
brick for the removal of basic dye, methylene blue, respectively, with maxi-
mum adsorption reported to be 60 and 40 mg/L for each [21]. Wood shav-
ing bottom ash was used to remove the azo reactive and red reactive 141 
dyes (WBA). To improve the adsorption capability of the WBA/H2SO4 
and WBA/H2O adsorbents, WBA was treated with 0.1 M H2SO4 and 
water, respectively. The presence of dissolved metals, pH of the solution, 
elution time, etc. affected the adsorption. The maximum dye absorption 
seen at  30◦C was 41.5, 24.3, and 29.9 mg/L. The Langmuir model was 
used for the calculation [22]. Methylene blue dye has been removed using 
beer-brewery waste as a low-cost adsorbent. The list of various dyes and the 
adsorbents employed for their removal has been given in Table 2.1 below:

Table 2.1 List of few adsorbents and corresponding dyes removed [35].

Dye Adsorbents used Reference

Methylene 
blue

Activated carbon made from bituminous coal, 
activated carbon made from coal, activated 
carbon made from coal (KOH washed), 
activated carbon made from coal from

Posidonia oceanic (L.) dead leaves, stalk-based 
activated carbon from cotton, activated 
Salix psammophila carbon, oil palm wood-
based activated carbon, oil palm shell-based 
activated carbon.

[23–30]

Acid Blue 25 Activated carbon derived from waste tea [31]

Everzol Red 
3BS

Sepiolite, zeolite [32, 33]

Acid Red 
114

Nanoporous silica SBA-3 [34]
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2.8 Zeolite in Wastewater Treatment

Zeolites, which are composed of hydrated aluminosilicate minerals with 
interconnected tetrahedral alumina and silica moieties, are the greatest 
adsorbents for removing cadmium [36]. Cadmium zeolites are useful for 
cadmium sequestration because they have a large surface area, superior 
ion exchange characteristics, and a hydrophilic nature. When compared 
to native zeolite, the modified zeolite’s absorption capacity is greater. The 
alteration of a zeolite can be done in a variety of ways. Nanosized zeolites 
are more suited for heavy metal removal due to the presence of more acces-
sible pores. The NaX nanozeolite (molar ratio 5.5 Na2O: 1.0 Al2O: 4.0 SiO2: 
190 H2O) is a commonly used nanozeolite for cadmium removal from 
wastewater [37–41]. The microwave approach was used to synthesis NaX 
nanozeolite, and then the electrospinning method was utilized to make 
polyvinyl acetate polymer/NaX nanocomposite nanofibers, which were 
subsequently used to remove cadmium from wastewater [41]. At an ideal 
pH of 5, the maximum adsorption capacity was reported to be 838.7 mg/g, 
with 80% metal removal. This zeolite was functionally changed by cations, 
such as magnesium, sodium, potassium, or calcium replacing Al (III) 
and Si (IV) sites in the lattice, resulting in a net negative charge [36]. The 
Mg-modified zeolite has a number of advantages, including low cost, non-
toxicity, abundance, and a bigger pore size of 40 to 50 nm with a cadmium 
removal capability of 98% at a pH of 7. Mg-modified zeolite has 1.5 times 
the adsorption capacity of Na/K-zeolite and 1.5 to 2.0 times the adsorption 
capacity of natural zeolite. Figure 2.1 shows the framework projections and 
the ring size for the most studied frameworks.

Different zeolites can be synthesized with the proper specific framework 
and varying chemical composition. More than 100 topologies of different 
zeolites have been reported, among which four are commonly used, zeolite 
Y, zeolite A, zeolite L, and ZSM-5. Zeolites have found several applications 
in separations and catalysis due to their ion-exchange properties, as well 
as the reaction and adsorption of molecules within their cages. Zeolites 
have numerous applications in the development of sensors and also in the 
improvement of existing sensing instruments [42–45].

Coal, used as a fuel in many industries, produces a by-product known 
as fly ash, which causes disposal problems and air pollution. Hydrothermal 
processes can be employed for zeolite formation from fly ash, which has 
a low-cost value [46]. At an optimal pH of 5, the fly ash was transformed 
into an amorphous aluminosilicate adsorbent with a maximum adsorption 
capacity of 24.246 mg/g and a cadmium removal of 80% [47]. Similarly, 
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sodium hydroxide was utilized in a hydrothermal procedure to transform 
fly ash into zeolite adsorbent. This product is rich in micropores and has a 
large surface area, according to researchers, with an 80% cadmium removal 
capacity at an optimal pH of 7 to 8.

2.9 Negative Impact of Heavy Metals on Health

Metals occur naturally in the ecosystem. They readily lose electrons and 
form positively charged ions, so they are very good conductors of electric-
ity. They are widely distributed over the whole globe, including the earth’s 
atmosphere, water bodies, and crust, and can accumulate in the bodies of 
plants and animals. Among the 35 naturally occurring metals, 23 have an 
atomic mass greater than 40.04 and a high specific density greater than 
5 gm/cm3 and are thus classified as heavy metals, which have negative 
effects on organisms, as well as the ecosystem. These include tellurium, 
antimony, bismuth, thallium, tin, arsenic, gold, cerium, cadmium, gallium, 
cobalt, chromium, iron, copper, mercury, lead, nickel, manganese, silver, 
platinum, vanadium, uranium, and zinc [48–50]. Some of these metals, 
such as chromium, cobalt, magnesium, copper, iron, manganese, molyb-
denum, selenium, zinc, and nickel, are essential for various biochemical 
and physiological functions and are needed in a limited amount, the higher 
amount of which can cause chronic/acute toxicities [51]. Heavy metals can 
accumulate in the environment due to volcano eruptions, erosion, spring 
waters, bacterial, and human activities [52]. These metals get accumulated 
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in the body and are transported to cells and tissues where they bind with 
the nucleic acids and proteins, disrupting their structure and causing seri-
ous consequences, such as brain damage, lung damage, kidney failure, 
liver damage, and several other diseases. Accumulation of heavy metals 
for long-time results in muscular, physical, and neurological degeneration, 
DNA damage, mutation, damage to the reproductive system, endocrine 
system, Alzheimer’s disease, and Parkinson’s disease [53, 54].

2.9.1 Origin of Heavy Metal Exposure to Humans

Toxic heavy metal ions are present widely in the environment, including 
the atmosphere, hydrosphere, lithosphere, and biosphere [55]. Humans are 
exposed to heavy metals through various anthropogenic activities, such as 
mining. These metals are present in the form of sulfide ores, oxides, etc. 
Lead, zinc, iron, gold, cobalt, and silver exist as sulfides, whereas manga-
nese, aluminum, selenium, and gold exist in the form of oxides.

Some heavy metal sulfides may contain more than one metal, e.g., chal-
copyrite (CuFeS2), which contains iron, as well as copper. These metals 
enter into the atmosphere, water, and soil through the process of mining, 
and then they come into contact with the bodies of organisms, including 
humans, and get accumulated in their bodies. Below are some of the metals 
and their sources, as well as the effects they cause on health.

Trace metals are required in minute quantities for the proper growth, 
development, and physiology of an organism. Trace metals are constantly 
cycled through living organisms as a result of their metabolic activities, 
and they are replenished by environmental absorption. Natural weathering 
processes on land, atmospheric deposition (for example, through rainfall), 
and waste streams absorbing water are the main pathways of trace metal 
delivery to the aquatic environment.

Table 2.2 Drinking water standards.

Metal ions
USPS 

(mg/l) ISI (mg/l)
WHO 

(mg/l)
EPA 

(mg/l)

Pb2+ 0.010 0.010 0.100 0.050

Cd2+ 0.010 0.010 0.010 0.010

Zn2+ 5.000 5.000 - 5.000

As3+ 0.025 - 0.010 0.050
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Metals adsorb on particulate matter and are then transferred to sedi-
ments in coastal seas. Table 2.2 shows the permissible limits for these ions 
in drinking water proposed by various international and national bod-
ies (USPH 1989; ISI 1982; EPA 1975; WHO 1988). Consumers, however, 
rarely follow these guidelines [95–98].

2.9.1.1 Arsenic

Arsenate and arsenite compounds are the inorganic forms of arsenic 
and are harmful to most organisms on earth, including humans as well. 
Humans get exposed to this element through various industries, such as 
microelectronic and smelting industries, contaminated water, which con-
tains arsenic washed into it from pesticides, wood preservatives, herbi-
cides, paints, and fungicides [56].

Arsenic induces carcinogenesis by inducing epigenetic alterations, dam-
aging the DNA maintenance system, and generating reactive oxygen spe-
cies (ROS) [57, 58].

Some of the epigenetic changes caused by arsenic are DNA methyla-
tion, alteration of histones, etc., which are responsible for various types of 
malignancies [58]. Arsenic inhibits the expression of p21 protein due to 
the modification in the expression of p53 protein [59]. Arsenic promotes 
genotoxicity in mouse leucocytes and also in humans [60]. The effect of 
methylated arsenic was also studied, and it generated ROS in the spleen 
and liver and inhibited DNA repair processes, thereby increasing carcino-
genesis [61]. Arsenic binds with the methyl-transferase, which causes the 
inhibition of the tumor-suppressor gene-coded DNA [62]. Arsenic poison-
ing causes cancers of the Kupffer cell, prostate, skin, and liver.

The toxicity caused by arsenic exposure may be acute, as well as chronic. 
Acute arsenic poisoning destroys gastrointestinal tissues and blood vessels 
and also affects the brain and heart. Chronic arsenic toxicity is known as 
arsenicosis, which causes skin problems, such as keratosis and pigmenta-
tion and can also damage the vital organs, thereby causing the death of an 
individual [63, 64]. Lower-level exposure can damage blood vessels and 
lead to the reduced production of leukocytes and erythrocytes, nausea, 
vomiting, pricking sensations in hands and legs, and can cause abnormal 
heartbeat. Long-term exposure can cause pulmonary diseases, peripheral 
vascular disease, neurological problems, the formation of skin lesions, 
hypertension, diabetes mellitus, and cardiovascular diseases [64]. In the 
United States, scientists have established that the amount of arsenic in 
drinking water should not be more than 50 μg/liter and the amount of 
arsenic should be lower in both food, as well as water.
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2.9.1.2 Lead

Lead is an element with bright silver and a slightly bluish color. Food, cig-
arettes, drinking water, and domestic and industrial sources are the main 
sources of lead exposure. Gasoline, sanitation pipes, storage batteries, toys, 
vehicle exhausts, etc. are the industrial sources of lead that get released into 
the atmosphere and may get accumulated in the soil, which is taken up by 
plants and then goes to humans through food or drinking water [65, 66].

Lead toxicity causes the generation of ROS, which results in DNA dam-
age, disruption of the DNA repair system, cellular tumor regulatory genes, 
and alteration of chromosomal structure and sequence [67]. Lead poison-
ing also causes problems in the central nervous system and gastrointestinal 
tract in humans [68]. Acute lead poisoning can cause indigestion, stom-
ach aches, headaches, sleeplessness, tiredness, vertigo, confusion, hyper-
tension, kidney failure, osteoarthritis, while chronic lead poisoning causes 
mental retardation, neonatal defects, brain damage, allergies, neurosis, 
weight loss, hyperactivity, other dreadful diseases, and even death [63].

2.9.1.3 Mercury

It is an odorless, shiny silver-white liquid metal that changes upon heating 
into a gas with no color and no odor. It has been employed in the manu-
facture of thermometers, dental amalgams, and different equipment in the 
metal and electrical industries. It can be inhaled when present in gaseous 
form. Humans get exposed to this metal through different anthropogenic 
activities, such as wastewater discharge from municipalities, industries, 
agriculture, mining, and incineration [69].

Mercury poisoning causes the generation of ROS that disrupts the bio-
molecules and causes an imbalance of antioxidant concentration in the 
body, thereby inducing malignancies [70].

Mercury combines with other elements and forms inorganic as well as 
organic forms of metal. Increased levels of organometallic mercury can 
cause renal failure and brain damage [71]. The organic form of the ele-
ment is lipophilic and can, therefore, permeate the cell membranes. Long-
term exposure to metallic mercury can cause decreased brain function, 
shyness, tremors, memory problems, irritability, and alteration in vision 
and hearing. Exposure to mercury for a short period can lead to vomit-
ing, allergic skin, organ failure, diarrhea, hypertension, headache, trem-
ors, hair loss, confusion, etc. Recent studies have also confirmed that if 
expecting mothers get exposed to the metal, it can cause loss of memory, 
reduction of motor neuron function, impaired speech, and malformation 
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in the offspring [72]. Chronic mercury toxicity can cause a disease known 
as erethism, which is characterized by seizures, loss of memory, tremors, 
excitability, insomnia, and timidity.

2.10 Wastewater Treatment Using Different Zeolites

2.10.1 Natural Zeolites

Natural zeolites are aluminosilicate compounds that are hydrated have a 
high-sorption capacity and ion exchange characteristics, as well as a wide 
range of economic and environmental acceptance. The physicochemical 
properties determine the effectiveness of natural zeolites. The applications 
of natural zeolites are due to their porous 3-D structure, and the isomor-
phic replacement of silicon by aluminium in the main structure. Natural 
zeolites are categorized as cationic exchangers because they contain a sig-
nificant negative charge on their surfaces. Zeolites can, therefore, be used 
to remove metal cations from wastewater. However, zeolites can be chem-
ically changed by adsorbing organic surfactants or inorganic salts, result-
ing in surfactant micelles or positively charged oxyhydroxides that can be 
employed for anion exchange [73].

Natural zeolites release nonhazardous cations, such as K+ and Mg2+ 

into the atmosphere, making them suitable candidates for cation 
exchange. Moreover, they are cheap and have a compact size. The natural 
or modified zeolites take advantage of the type and quantity of adsorbent 
employed, as well as the particle size distribution of the adsorbent, pH 
value of the solution, pressure, temperature, the presence of other anions 
or organic compounds, etc. in the wastewater treatment. Normally, nat-
ural zeolites are utilized to treat wastewater via the column exchange 
method [73, 74].

For a long time, natural zeolites have been widely used in the wastewater 
treatment industry. Heavy metals (such as Cr, Zn, Cd, Pb, Mn, Cu, Fe, and 
others) pose a major hazard to the ecosystem, their removal is necessary. 
This can be achieved by combining natural zeolites with ion exchange, 
membrane filtration, flotation, and other techniques, agglomeration, and 
oxidation-reduction methods [75]. The usage of natural zeolites in waste-
water treatment and how they might be changed to have high efficacy 
have been researched by researchers, which can be brought about by ion 
exchange, acid treatment, or surfactant functionalization. These zeolites 
adsorb anions and organic matter at a high rate [76].
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2.11 Treatment of Surface Waters, Ground, 
and Underground Waters

Natural zeolites can also be used to remove humic acid and ammonia from 
surface waters, with the amount of ammonia and humic acid removed 
depending on the initial concentrations, pH, contact time, and tempera-
ture. The results showed that natural zeolites perform best at pH levels 
similar to those seen in natural waterways [77]. Moreover, natural and 
modified zeolites can be used for the removal of Mn and Fe ions from 
underground waters. The Mn and Fe removal levels are 61% to 100% and 
22% to 90%, respectively, for natural zeolite-clinoptilolite [78]. The many 
formulations for removing arsenic from groundwater are far more import-
ant and require further research.

2.12 Drinking and Greywater Treatment

The removal of pollutants from drinking water can be brought about by 
many conventional methods, such as ion exchange, membrane processes, 
coagulation followed by filtration. Adsorption techniques have proven to 
be cost-effective, effective, and simple to develop and use. The removal of 
Mn, Cu, and Zn was carried out experimentally using natural clinoptilolite 
zeolite and clinoptilolite combined with Fe. Natural zeolites have excellent 
efficiency due to their selectivity towards cations. Clinoptilolite-Fe zeolite 
is an excellent adsorbent that is also inexpensive, safe for the environment 
and humans, and easily regenerated and synthesized [79]. The removal of 

Tetrahedral structure

O

Si/Al

Trapped cation

Figure 2.2 The tetrahedral framework of clinoptilolite zeolite. Modified from IZA [83].
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arsenic from water can be brought about by using modified natural zeolites 
prepared from different iron solutions and also aluminum/iron hydrox-
ide. The performance can be enhanced by using granular sorbents, which 
accelerate the throughput and rate of the process. The clinoptilolite-Fe zeo-
lite could adsorb more than 90 mg of arsenic per kg of the zeolite [80, 81]. 
By using clinoptilolite along with FeO, Cu2+ cations can be removed from 
the wastewater. Modified clinoptilolite adsorbed 37.5 mg/g Cu ions, while 
the natural clinoptilolite adsorbed 13.6 mg/g Cu ions [82]. The tetrahedral 
structure of clinoptilolite is given in Figure 2.2. 

2.13 Heavy Metal Removal Comparison by Zeolites

It is a very difficult process to immobilize heavy metals, and their removal 
depends on the type of adsorbent. Using zeolites, whether natural or 
manufactured, researchers are attempting to remove heavy metals from 
wastewater. The S/L ratio, or the ratio of zeolite to wastewater, as well as 
contact time, temperature, solution pH, and initial metal ion concentra-
tion, all influence the ratio of metals adsorbed on the surface of zeolites. 
The removal of various metal ions using various types of adsorbents, as 
well as the best adsorption test settings, is summarized in the table below.

2.13.1 Different Adsorbents Used to Remove Cr3+

The heavy metal ion Cr3+ may be removed using a modified zeolite, as 
shown in Table 2.3, and the adsorption maximum can reach 83.2 mg/g, as 
shown in Table 2.3. The removal of Cr3+ was also brought about by using 
zeolites from kaolin, natural mordenite, mordenite blended with NaP and 
NaY, Greece natural zeolite, Brazilian natural zeolite, zeolite NaP1 and 4A 
from coal fly ash. It was found that the sorption of natural mordenite was 
only 3.5 mg/g, and when it was blended with NaP and NaY, 83.2 mg/g 
of adsorption was discovered. Furthermore, the adsorption ability of 
Brazilian natural zeolite was found to be quite poor, at around 3 to 14.5 
mg/g, compared to only 4.1 mg/g for Greek clinoptilolite. The use of coal 
fly zeolite NaP1 and 4A enhanced Cr3+ adsorption by 56.4 mg/g [84–88].

2.13.2 Different Adsorbents Employed for the Removal of Cd3+

The removal of Cd2+ has been carried out by different researchers using 
different types of zeolites, natural as well as modified ones, and the pro-
cess has been summarized [89, 90] in Table 2.4. The adsorption of Cd2+ by 
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Table 2.3 Different zeolites compared for their ability to remove Cr3+ [84–87].

Zeolite
Natural 

mordenite NaP
Blend of NaX 

and NaA
Blend of NaY 

and NaP
Zeolite 

4A Hydroxysodalite
Natural 

calcite NaP1

Zeolite origin From Kaolin From 
mordenite

From 
mordenite

From 
mordenite 

From CFA From kaolin Brazil From 
CFA

Metal ion Cr3+ Cr3+ Cr3+ Cr3+ Cr3+ Cr3+ Cr3+ Cr3+

T (◦C) 25 25 25 25 25 25 55 22

Metal 
concentration 
(mg/L)

500 500 500 500 50–100 500 50–250 100

Time (h) 24 24 24 24 1 24 1 6

pH 3–4 6 4

S/L ratios (g/mL) 1/200 1/200 1/200 1/200 1/1000 1/200 1/60 1/100

Metal sorption 
(mg/g)

3.5 52 71.1 83.2 38.7–56.4 34.7 3.0–14.5 43.6
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Table 2.4 Comparison for Cd2+ removal by different zeolites [89–93].

Zeolite
Natural 

scolecite Bentonite Zeolite A Zeolite X Clinoptilolite Clinoptilolite NaP1

NaX + 
activated 
carbon

Zeolite origin Brazil Commercial From 
kaolin

From 
kaolin

Greece Croatia From 
CFA

From CFA

Metal ion Cd2+ Cd2+ Cd2+ Cd2+ Cd2+ Cd2+ Cd2+ Cd2+

Time (h) 1 1.5 0.5 0.5 1 24 1 24

T (◦C) 55 30 25 25 22 70 22 25

Metal conc 
(mg/L)

50–250 25 20 20 100 1024 100 500

pH 6 6 7.5 7.5 6 4.5 6

S/L ratio  
(g/mL)

1/60 1/40 1/125 1/125 1/100 1/100 1/100 1/500

Metal 
sorption 
(mg/g)

2.9–6.0 =9.44 71 92 4.1 13.5 50.8 129.3
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Croatian natural clinoptilolite is 13.5 mg/g in wastewater where the Cd2+ 

concentration is 1,024 mg/L, which is very high compared to the removed 
quantity by the zeolite. When the metal ion content is less than 100 mg/L, 
the adsorption effectiveness of unmodified zeolite is reduced [86, 91, 92]. 
When the starting concentration of Cd2+ in the wastewater is 500 mg/L, 
the adsorption of Cd2+ utilizing synthesized zeolites from CFA is higher 
and recorded at 129.3 mg/g [93]. The adsorption of Cd2+ increased 10 
times when natural zeolites were replaced by synthetic ones.

2.13.3 Removal of Cu2+ by Different Adsorbents

Cu2+ can be removed from waste using clinoptilolite from Bulgaria and 
Greece, but the adsorption is less than 5.3 mg/g, which is very little [86, 
94, 95]. Synthetic or modified zeolites can be used to remove copper ions 
from water, and their adsorption is greater as compared to natural zeolites. 
The adsorption maximum can reach 101.7 mg/g when NaX, blended with 
carbon, is used as an adsorbent [94]. The Bulgarian natural zeolite modi-
fied with NaCl, CH3COONa and NaOH can be used to adsorb copper ions 
from wastewater with a Cu2+ ion content of about 50 mg/L and the adsorp-
tion is approximately 4.8 to 4.9 mg/g, which is higher than that of natural 
zeolite, which is approximately 2.9 mg/g when all other circumstances are 
held constant.

2.13.4 Different Adsorbents Used to Remove Pb2+

The adsorption of Pb2+ ions shown by natural zeolite of Croatia is 10 mg/g 
higher than that of Turkey zeolite (78.7 mg/g at pH 4.5, temperature 70°C 
and sorption time 24 hours) [89, 96] which indicates that for the removal 
of lead from wastewater, the structural diversity is very significant. When 
Croatia natural zeolite was treated with 2M NaCl solution at 70°C for 24 
hours while leaving the other testing conditions the same, the Pb sorption 
quantity increased to 91.2 mg/g. Different types of zeolites used for the 
adsorption of Pb2+ ions have been given in Table 2.5.

2.13.5 Removal of Zn2+ by Different Adsorbents

Zn2+ ions can be removed from wastewater by using natural, modified, and 
synthesized zeolites as shown in Table 2.6. When the Zn starting concen-
tration is 100 mg/L and the sorption time is 2 hours, natural clinoptilolite 
from Greece adsorbs 3.1 mg/g Zn2+ ions, while synthetic zeolites from CFA 
adsorb 40.4 mg/g Zn2+ ions [86, 87].
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Table 2.5 Different zeolites used for the removal of Pb2+ [89, 96].

Zeolite Zeolite A Zeolite X Clinoptilolite Clinoptilolite Na-clinoptilolite

NaX+ 
activated 
carbon

Zeolite origin From kaolin From kaolin Croatia Turkey Croatia CFA
Metal ion Pb2+ Pb2+ Pb2+ Pb2+ Pb2+ Pb2+

Time (h) 0.5 0.5 24 2 24 24
T (◦C) 25 25 70 25 70 25
Metal conc 

(mg/L)
20 20 100 10–100 100 1000

pH 7.5 7.5 4.5 2–7 4.5
S/L ratio (g/mL) 1/250 1/125 1/100 1/100 1/100 1/500
Metal sorption 

(mg/g)
213 187 78.7 10 91.2 228
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Table 2.6 Different zeolites used for the removal of Zn2+ [86, 87].

Zeolite Zeolite A Zeolite 4A Zeolite X NaP1 Clinoptilolite Clinoptilolite

Zeolite origin From kaolin From CFA From kaolin From CFA Greece Turkey

Metal ion Zn2+ Zn2+ Zn2+ Zn2+ Zn2+ Zn2+

Time (h) 0.5 2 0.5 1 1 5.5

T (◦C) 25 25 0.5 22 22 25

Metal conc (mg/L) 20 50–100 20 100 100 25

pH 7.5 3–4 7.5 6 6 6–7

S/L ratio (g/mL) 1/125 1/1000 1/125 1/100 1/100 1/50

Metal sorption (mg/g) 28.6 9.6–40.4 41 32.6 3.1 22
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2.14 Adsorption Kinetics and Thermodynamics

Natural, modified, and synthetic zeolites, as well as modified and synthetic 
zeolites, can all be utilized to remove heavy metals from wastewater, according 
to the findings of the literature review. In diverse ion-exchange processes, zeo-
lite samples from distinct areas have variable sorption behaviour. As a result, 
researchers investigated the sorption characteristics of natural and synthetic 
zeolites for heavy metals in order to see if these zeolites might be used to cleanse 
real metal wastewaters by looking at the heavy metals’ kinetics and thermody-
namics. On porous adsorbents, adsorption occurs in three stages: (1) solute 
transfer from the bulk solution to the sorbent’s external surface via a liquid 
boundary layer (film resistance); (2) solute transfer to the intraparticle active 
site via the sorbent surface; and (3) solute transfer to the intraparticle active site 
via the sorbent surface. The amount of solute adsorbed and the rate at which 
it is adsorbed are determined by one or more of the previously described pro-
cesses. Liquid-phase sorption is a pseudo-first-order reaction that is governed 
by the solid capacity, which directly connects the rate of change of sorbate 
uptake over time to the difference in saturation concentration and the quan-
tity of solid uptake over time. The Lagergren equation is the most commonly 
utilized equation in a liquid/solid system. The Lagergren pseudo-second-order 
model was shown to be the best fit for the spontaneity of Cr ion adsorption 
by natural scolecite from Brazil, and thermodynamic data revealed that the 
reaction is an endothermic cation-exchange mechanism [85]. With increas-
ing temperature, the rate of sorption increased. The adsorption of Cr ions on 
zeolite 4A made from coal fly ash was examined and shown to follow pseudo- 
second-order kinetics and be nearly instantaneous [86, 87].

Cadmium was adsorbed on Brazilian natural scolecite, with pseudo- 
second-order kinetics [85]. Kardjali natural zeolite was likewise able to 
absorb Cd2+, and the process was second-order irreversible [91]. The Pb 
ion was adsorbed on a composite of NaX, activated carbon from CFA, and 
Turkish clinoptilolite [96], with pseudo-second-order kinetics. The rate of 
sorption increased with the increase in temperature. The adsorption of Cr 
ions was studied on zeolite 4A prepared from coal fly ash and followed 
pseudo-second-order kinetics and was practically instantaneous [86, 87].

2.15 Conclusion

To remove contaminants from wastewaters, traditional technologies, such 
as ion exchange, membrane processes, and coagulation followed by fil-
tration are now in use. Adsorption methods have shown to be the most 
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cost-effective, efficient, and simple to use in all of them. Heavy metal ion 
removal from wastewater is difficult and is dependent on the adsorbent 
used. Using zeolites, both natural and manufactured, researchers are 
attempting to extract heavy metals from wastewater. The chapter demon-
strated that both natural and synthetic zeolites can be employed to sorb 
hazardous metal ions successfully. In addition, the Si/Al ratio, contact 
time, temperature, solution pH, and initial metal ion concentration all 
affect zeolites’ efficiency.
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Abstract
The release of hazardous metal ions beyond the standard discharge limit from 
chemical industries has posed a great concern to our nation. The emulsion liquid 
membrane (ELM) technique is among the most promising technologies for metal 
removal. In this work, several metals, such as silver (Ag), chromium (Cr), nickel 
(Ni), and zinc (Zn), were treated using different liquid membrane (LM) formula-
tions. Synergism of carriers was employed to enhance the extraction performance 
while minimizing chemical (carrier) consumption. Results showed that 98% of Ag 
was synergistically extracted by 0.0002 M Cyanex 302 with 0.0003 M Cyanex 272 in 
palm oil, with a synergistic factor (SC) of 62.70. Almost 99% of Cr (VI) extraction 
was achieved using 0.04 M Cyanex 302 + 0.01 M Cyanex 272 with an SC of 7.73. 
Meanwhile, 83% of Ni extraction was attained by a carrier combination of 0.08 M 
LIX 63 + 0.02 M D2EHPA with an SC value of 29.56. On the other hand, 80% of Zn 
was extracted using 1 mM Cyanex 302 + 9 mM D2EHPA with a SC of 2.90. It can be 
inferred that the developed formulations for synergized ELM extraction could be a 
sustainable separation method for various metal removals in the future.
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3.1 Introduction

Rapid industrial activities have caused water resources to be contaminated 
with heavy and precious metals, dyes, as well as nutrient ions (nitrogen and 
phosphate) [1]. For instance, the electroplating effluent in the surface water 
streams is one of the sources of metals. During the electroplating process, 
different types of metals are used to coat metal objects. A large amount 
of wastewater containing various base and precious metals is created as a 
result of the plating and washing process. Treating these polluted sites and 
recycling the metals has been widely studied to reduce the environmental 
problem. The commonly used metals in the electroplating industry include 
silver, chromium, nickel, zinc, copper, tin, gold, and palladium.

Precipitation reaction, coagulation-flocculation, ion exchange, mem-
brane separation, adsorption, electrodialysis, and photocatalytic processes 
were all considered for wastewater treatment and metal recovery [2, 3]. 
Unfortunately, these processes suffer from various drawbacks, including 
sludge generation, high operational costs, and complicated condition 
requirements. Among the most auspicious methods to remove and recover 
metals from the electroplating effluent, is the emulsion liquid membrane 
(ELM) technique. ELM fulfills the assurance of catering to many benefits, 
such as high efficiency, relatively low power consumption, rapid extraction, 
the ability to remove numerous substances from a dilute solution, and high 
selectivity [4, 5].

The right LM formulation composed of diluent, carrier, surfactant, and 
stripping agent is very crucial to determining the efficiency performance 
of the targeted solute in the LM technology. Among them, the carrier plays 
an important function in facilitating the mass transportation of substances 
in the ELM system. The use of a single carrier is less effective owing to 
its low loading capacity and slow kinetics of extraction [6, 7]. To enhance 
the separation performance, a synergistic extraction process could be 
employed. The process comprises the combination of two or more carriers, 
wherein the mixed carrier is capable of producing higher performance in 
comparison to the sum of the individual carriers. The synergism could be 
accomplished using a combination of different carrier types, for instance, 
two acidic, two neutral, two basic, anionic-neutral, cationic-ionic, and so 
on. This could enhance the distribution of the targeted substances in the 
organic phase. Besides that, the fundamental benefit of mixed carrier sys-
tems is that they only utilize the available chemical reagents, thus avoiding 
the time-consuming development of new reagents.
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The efficacy of the synergistic extraction system was demonstrated by 
Belkhouche et al. [8], who obtained almost 100% nickel extraction using 
a combination of TBP and D2EHPA. Furthermore, the enhancement of 
solute extraction has also been proven using carrier mixtures such as 
HDEHP and LIX 860 for the removal of Ni (II) [9], CMPO and PC-88A 
for the extraction of uranium [10], and LIX 984 with Cyanex 301 for cop-
per extraction [11].

Meanwhile, the ELM approach to sustainable chemistry is possible with 
the replacement of commercial petroleum-based organic diluents with 
environmentally friendly vegetable oils [12]. The incorporation of vegeta-
ble oils as the diluent in the ELM formulation helps promote sustainable 
industrial processes as well as minimize the discharge of hazardous materi-
als into the environment. Previously, some researchers have widely studied 
the application of environmentally friendly vegetable oils in quite a few 
configurations of liquid membranes, including bulk and supported liquid 
membranes. For example, Muthuraman and Palanivelu [13] have reported 
the transport of textile dye utilizing a supported liquid membrane con-
taining a vegetable oil-based formulation. Similarly, Mahmoud et al. [14] 
removed dye from textile wastewater utilizing plant oil in the formulation. 
Chakrabarty et al. [15] have employed coconut oil as the solvent in a liquid 
membrane formulation for mercury removal. In addition, the incorpora-
tion of vegetable oil as the organic phase in the emulsion liquid membrane 
configuration for metal separation was also reported [16].

This study presents the development of a synergistic LM formulation for 
the removal of metals such as silver, chromium, nickel, and zinc. The selec-
tion of single carrier, mixed carrier, and diluent toward the performance 
of metal extraction was investigated. Additionally, future challenges and 
prospects of the ELM process were also addressed.

3.2 Theoretical

Emulsions are stable colloids formed by the dispersion of one liquid into 
another liquid due to the existence of a surfactant. The emulsion liquid 
membrane (ELM) was invented from the liquid-liquid extraction process, 
in which a solute is extracted and stripped simultaneously in one unit 
operation. In this system, two liquid phases are separated, wherein one 
phase is confined by a liquid membrane. Principally, the primary water-
in-oil (W/O) emulsion consists of an aqueous internal phase (W) and 
an organic liquid membrane (O) and is prepared. Then, it is dispersed in 
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the aqueous external phase (W), forming a double water-in-oil-in-water 
(W/O/W) emulsion system. The transportation of the targeted solute by a 
carrier from the external phase occurs by a reaction at the external inter-
face. Meanwhile, the process of solute stripping takes place at the internal 
interface.

ELM process flow diagram is presented in Figure 3.1. The ELM operation 
involves four important operations consist of primary emulsion prepara-
tion, dispersion and reaction process, emulsion settling, and demulsifi-
cation. During the early stage, the stripping agent is emulsified with the 
organic liquid membrane assisted with a surfactant to obtain primary W/O 
emulsion. Next, the emulsion is distributed in the external feed solution 
comprising the targeted substance in a mixer and the extraction process 
occurs assisted with agitation. During this stage, the targeted solute in the 
external aqueous solution is transported through the liquid membrane 
towards the internal stripping phase. The reaction of solute and carrier 
occurs at the external barrier between the emulsion and the aqueous feed 
phase. After that, two distinct phases of emulsion and external are being 
settled by the force of gravity. Finally, the emulsion is emulsified with the 
purpose to recover the solute and recycle the liquid membrane.

The fundamental principle of ELM separation lies in the reaction of sol-
ute and carrier at the external barrier. This complex permeates across the 
liquid membrane from the external to internal interfaces. Decomposition 
of this complex occurred at the internal-membrane interface through the 
exchange of equilibrium extraction and stripping reactions. Then, the 

Feed Phase Membrane Phase

Emulsi�er
Demulsi�er

Fresh emulsion

Mixer

Settler Receiving
phase with
recovered
solute

Recovered Membrane phase

Recovered Feed phase

Receiving
phase

Figure 3.1 An illustration of process flow during the ELM process.
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solute ion is confined in the internal stripping phase, and the detached 
carrier travels again to the external-membrane barrier and reacts with 
another solute. Therefore, even at a low concentration of solute, ELM can 
still work appropriately [17, 18].

3.2.1 Mass Transfer Mechanism in the ELM Process

A distinctive liquid membrane is made of an organic solution containing 
a carrier molecule, diluent, and surfactant. This membrane forms a thin 
layer between external and internal aqueous phases containing different 
solute concentrations. The carriers facilitate the transport of solutes across 
the liquid membrane by altering the permeability of the solutes, thus pro-
ducing selective transport and separation. Any solute from the aqueous 
feed phase is transported across the liquid membrane into the internal 
stripping phase either by diffusion (single transport or passive diffusion) or 
by simultaneous diffusion and chemical reaction in the liquid membrane 
phase (coupled transport or facilitated transport) and/or reaction in the 
internal stripping phase (passive diffusion with stripping reaction) [19].

The ELM systems have been classified into two categories, specifically 
type I and type II, depending on the existence of a carrier within the liquid 
membrane phase. The chemical potential difference between the external 
feed and internal stripping phases drives the transportation of the tar-
geted substance through the liquid membrane [20]. Besides, the solutes are 
transported from a higher to a lower concentration area.

In the type I ELM system, the targeted substance can diffuse in all liquid 
phases, including external liquid membranes, as well as internal phases. 
Hence, passive diffusion of the targeted substance toward the internal 
stripping phase across the liquid membrane can be achieved. The reaction 
between the stripping agent and the solute normally arises at the inter-
nal barrier amid the stripping phase and liquid membrane, producing 
an insoluble substance. As a consequence of this stripping process, the 
stripped product is unable to travel back into the liquid membrane phase. 
Consequently, the reaction also keeps the lowest concentration of solute in 
the internal  phase.

For instance, benzoic acid separation from an aqueous external feed 
phase is applied to a type I ELM system [21]. The benzoic acid initially 
dissolves in the external aqueous feed phase. Then, it is transported by 
diffusion across the organic liquid membrane and stripped by sodium 
hydroxide from the internal phase. In the internal phase, the benzoic acid 
exists in the form of a benzoate ion that is insoluble in the organic liquid 
membrane. Thus, the benzoate ions are confined to the internal stripping 
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phase. In the meantime, the benzoic acid concentration remained zero in 
the stripping phase, hence providing a high chemical potential difference 
between benzoic acid in the external and internal phases. The benzoic acid 
continues to be transferred until it is completely extracted. Meanwhile, the 
sodium hydroxide molarity determines the capacity of the internal phase.

In the type II ELM system, the targeted solute is unable to dissolve in the 
organic liquid membrane phase and resists diffusional mass transfer. As 
a result, another component known as a “carrier” is added to the organic 
liquid membrane to aid mass transportation. During the extraction pro-
cess, the carrier and solute react at the external barrier between the liquid 
membrane and the external phase. The solute is confined in the internal 
phase by a stripping process at the internal barrier, releasing free carriers 
that diffuse to the external interface and react with another solute.

An example of the type II ELM mechanism is the extraction of zinc 
(Zn) from the aqueous external feed phase [21]. First, zinc in the aqueous 
external feed solution reacts with the carrier agent presented in the liquid 
membrane at the external barrier and forms zinc-carrier complexes. The 
complexes formed are soluble in the liquid membrane and transported to 
the internal phase. At the internal barrier, zinc is detached from the com-
plexes and confined to the internal phase by a stripping reaction. The reac-
tion converts the complex into two compounds, one being the carrier itself 
and the other being zinc that is insoluble in the liquid membrane phase. 
The carrier travels again into the liquid membrane phase and participates 
in the subsequent reaction for complex formation, thus speeding up the 
removal rate of zinc.

The concentration gradient of the solute-carrier complex between the 
external and internal interface drives the mass transfer in the type II ELM 

External phase Liquid membrane Internal phase

AA

A
A: solute

: carrier

Figure 3.2 The coupled transport mechanism in the type II ELM system.
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mechanism. Apart from the complex concentration, the pH difference also 
drives solute transportation [22]. According to its advantage of transport-
ing a feed solute which is insoluble in the membrane phase, type II ELMs 
were applied in this study. The detailed scheme for the diffusion of sub-
stances from the external phase across the liquid membrane phase and fur-
ther accumulation in the internal phase is illustrated in Figure 3.2.

3.2.2 Component Selection in the ELM

The ELM process could be used to fulfill the requirement of different 
extraction processes through potential liquid membrane formulation for 
various ions selectivity from the external solution. The development of 
the ELM process is a straightforward procedure, but maintaining the sys-
tem for long-term use is complicated. To obtain an effective separation, 
the emulsion must possess neutral buoyancy and suspends in the external 
phase, have high viscosity, and be stable [23]. Hence, the liquid membrane 
formulation is important which comprises the screening of carriers, dilu-
ents, surfactants, and strippants. The selection of components in the ELM 
formulation regulates the performance of the ELM process. Generally, the 
carrier must have a high selectivity to the targeted substance in the external 
aqueous phase, while the appropriate selection of stripping agent and sur-
factant must be considered to avoid the cotransport of the aqueous phase 
and unwanted compounds during the ELM extraction.

Throughout the ELM process, a specific carrier is required to react with 
the solute that is selected according to certain criteria. The formulation is 
tailor-made and various carriers were screened to find the most appropri-
ate LM component. For instance, any substance, molecule, or atom that can 
react with solute could serve as a carrier, as long as it is immiscible with the 
second liquid phase (i.e., aqueous phase). The interaction of carrier with 
solute generally involves solvation, ion association, and compound forma-
tion. There are three categories of carriers, namely acidic, basic, and sol-
vating. The acidic carriers are organic substances that are normally derived 
from monocarboxylic acids and phosphorous acids. Besides, the esters of 
phosphinic, phosphonic, and orthophosphoric acids were included. For 
example, the alkyl phosphoric acid group is D2EHPA, while Cyanex 272 
is from the phosphinic acid group. These carriers react with cationic sol-
ute via a cation exchange reaction whereby the hydrogen of the carrier is 
replaced by the solute ion.

Basic carriers are substances containing amines and quaternary ammo-
nium halides groups. The amines are categorized as primary, secondary, 
tertiary, and quaternary ammonium salts. Some examples of these carriers 
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are tri-octylamine, tri-dodecyl amine, and Aliquat 336, which have shown 
a tendency to extract organic molecules such as reactive dyes and organic 
acid [24, 25]. Meanwhile, solvating carrier involves solvation and mainly 
depends on the role of carrier-containing oxygen molecules to solubilize 
inorganic complexes or molecules. There are two main groups of solvating 
carriers which are oxygen or sulfur bonded to phosphorus and organic 
reagent consisting of oxygen-carbon bonds. Generally, the selection of car-
rier should have a thermodynamic preference towards solute at the inter-
face. Besides that, the reaction should be kinetically fast for high extraction 
efficiency. In this study, a few types of carriers and their combination were 
screened for the extraction of metals ion.

In terms of diluent, the characteristic features of diluent are polarity, vis-
cosity, water miscibility, volatility, and surface tension. The good features 
of the diluents should have high viscosity and should be cheap. Stripping 
agent is another component in LM formulation. The choice of the stripping 
agent is predominantly influenced by the carrier used. Normally, extraction 
of metal cation which employs acidic carriers requires an acidic stripping 
agent [26]. Acidic stripping agent seems to be suitable for acidic carrier 
used since they are capable of dissociating the solute-acidic carrier com-
plexes. Meanwhile, the extraction of anionic complexes, which use basic or 
solvating carriers needs basic or neutral stripping agents [27]. Generally, 
the basic carrier type contains an amine group that extracts metal ion com-
plexes via an anion exchange mechanism. To exchange the anion with the 
solute, the molecular amine carrier must be first transformed to the amine 
salt.

Many studies have been made on ELM extraction of metals, for instance, 
arsenic, bismuth, cadmium, chromium, cobalt, silver, nickel, palladium, 
and tungsten. Kiani and Mousavi [28] had successfully removed arsenic 
from water using Cyanex as a carrier, paraffin as a diluent, sodium sul-
fate as a strippant, and Span 80 and Tween 80 as surfactants. Benyahia 
et al. [29] and Mokhtari and Pourabdollah [30] optimized extraction of 
bismuth, Bi(III) using di(2-Ethylhexyl) phosphoric acid (D2EHPA) as a 
carrier, sulphuric acid, H2SO4 as a stripping agent, and iso-octyl phenoxy 
poly ethoxy ethanol (Triton X-100) as a surfactant. Their study presented 
that almost 100% of Bi(III) was extracted at the optimal condition. ELM 
removal of cadmium and chromium mostly used a basic carrier from amine 
group, including trioctylamine (TOA), tri-n-octyl ammonium chloride 
(TOMAC) (also called Aliquat 336) [31, 32]. Petroleum-based kerosene is 
mainly employed as a diluent for chromium extraction aside from the use 
of vegetable oil which becomes of interest recently. Meanwhile, sodium 
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hydroxide (NaOH) and sorbitan monooleate (Span 80) were usually used 
in chromium extraction as stripping agents and surfactants, respectively.

Kumbasar [33] successfully extracted cobalt, Co(II) from acidic and 
basic solutions employing tri-iso-octyl amine (TIOA) and 8-hydroxyqu-
inoline (8-HQ), respectively. Besides, for both cases, kerosene was utilized 
as a diluent, H2SO4 as a strippant, and nonionic polyamine (ECA 4360J) 
as a surfactant. Sulaiman et al. [34] demonstrated 100% of nanosilver was 
extracted from wash water adopting bis [2,4,4-trimethyl pentyl] mono-
thio-phosphinic acid (Cyanex 302) as a carrier, Span 80 as a surface-active 
agent, kerosene as a solvent, and acidic thiourea as a strippant. Eyupoglu 
and Kumbasar [35] extracted nickel, Ni(II) from spent chromium-nickel 
electroplating effluent using aliphatic 5,8-diethyl-7-hydroxy dodecane-6-
one oxime (LIX 63) and 2-bromo decanoic acid (2BDA) as carriers ELM 

Table 3.1 LM formulation for metal extraction.

Metal Carrier Diluent
Stripping 

agent Surfactant References

Arsenic (V) Cyanex 921 Paraffin Na2SO4 Span 80
Tween 20

[28]

Bismuth, 
Bi(III)

D2EHPA n-pentanol H2SO4 Triton X-100 [30]

Bismuth, 
Bi(III)

D2EHPA Dichloro-
methane

H2SO4 Triton X-100 [29]

Chromium TOMAC/Aliquat 
336

Kerosene-
palm oil

NaOH Span 80 [37]

Chromium, 
Cr(IV)

TOMAC/Aliquat 
336

Kerosene NaOH Span 80 [31]

Cobalt, 
Co(II)

Triisoocty lamine 
(TIOA)

Kerosene H2SO4 Span 80 [33]

Nanosilver Cyanex 302 Kerosene Thiourea 
in 
H2SO4

Span 80 [34]

Palladium Cyanex 302 Kerosene Thiourea
H2SO4

Span 80 [17]

Tungsten TOMAC/Aliquat 
336

Hexane NaOH Span 80 [36]
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up to 98.5%. Their study found that 2BDA acted as a synergist in the pro-
cess. Noah [17] selectively transported almost 100% of palladium, Pd 
from electroplating bath solution using Cyanex 302 as a carrier, kerosene 
as a solvent, acidic thiourea as a strippant, and Span 80 as a surfactant. 
Meanwhile, Lende and Kulkarni [36] recovered tungsten or wolfram from 
the rinsing wastewater of printed circuit board. The maximum tungsten 
recovered from this study was 80% employing Aliquat 336 as a carrier in 
hexane, NaOH as a strippant, and Span 80 as a surface-active agent.

Some of the ELM formulations for metal extraction as reported in a 
previous study are summarized in Table 3.1. The formulation is regarded as 
tailor-made due to the selectivity to the targeted solute according to certain 
criteria.

3.3 Experimental

3.3.1 Materials

Autocatalytic nickel plating effluent was obtained from Seagate 
International Sdn Bhd based in Johor, Malaysia. Cr(VI) plating wastewater 
was supplied by Perstima Sdn Bhd in Pasir Gudang, Johor, Malaysia. Nitric 
acid (HNO3, purity 65%), kerosene, di-2,4,4-trimethyl pentyl mono-thio-
phosphinic acid (Cyanex 302) (99% assay), di-2,4,4,-trimethyl pentyl 
phosphinic acid (Cyanex 272) (90% assay), Di-2-Ethylhexyl phosphoric 
acid (D2EHPA) (≥95% assay) were ordered from Sigma Aldrich. 5,8- 
diethyl-7-hydroxy dodecane-6-one oxime (LIX63, purity 99%) was sup-
plied by Cognis, Australia. Refined palm cooking oil was obtained from 
Lam Soon Edible Oils (Brand: Buruh). Silver nitrate solution (AgNO3) 
(99% assay), Zinc chloride (ZnCl2) (99% assay), hydrochloric acid (HCl) 
(37% assay), and thiourea (99% assay) as strippants were bought from 
Merck. All the reagents and chemicals were directly used as obtained as it 
is disregarding any further refinement.

3.3.2 Reactive Extraction Procedure

The LM components selection for metal removal was identified using a 
reactive extraction method. An aqueous feed phase (metal solution) and 
organic phase (carrier in diluent) were combined in equal proportions in 
a conical flask and mixed using a rotary flask shaker at 300 rpm agita-
tion speed and 18 hours to attain extraction equilibrium. Once the mixing 
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procedure was completed, the solution was transmitted cautiously into a 
separatory funnel and allowed to settle at room temperature (25°C) for 
30 minutes. The aqueous phase formed at the bottom of the separatory 
funnel was collected for metal concentration determination using atomic 
absorption spectrometry (AAS). The efficiency of the extraction process 
was evaluated based on the mass balance technique.

To evaluate the synergistic effect, an equivalent amount of aqueous feed 
phase was mixed with organic phase (mixed carrier in diluent) and shook in 
the rotary flask shaker for 1 hour at 300 rpm. Investigations on the effect of 
individual and mixed carriers, together with their concentrations were car-
ried out employing a similar method. The aqueous and organic phase set-
tling, as well as the determination of metal concentration, were performed 
utilizing the aforementioned procedure. The overall metal extraction proce-
dure using single and mixed carriers is shown in Figure 3.3.

Feed phase

-Ag/Cr/Ni/Zn
(metal solution)

Organic phase
(single/mixed carrier in diluent)

- Carriers:  Cyanex      302 /      Cyanex      272 /
   D2EHPA /   LIX    63 /  Aliquat     336 /     TOA / 
   TOPO / TBP

- Diluents: Kerosene / Palm oil

Reactive extraction
1-18 hours, 300 rpm

Phase separation

Aqueous phase Organic (loaded) phase

Metal concentration analysis
-AAS

Figure 3.3 Overall metal extraction procedure using single and mixed carriers.
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3.3.3 Determination and Calculations

The metal extraction performance, distribution ratio (D), and synergistic 
factor (SC) were determined employing Equations 3.1–3.3, accordingly.

 
= − ×Extraction(%) C C

C
100 i f

i  
(3.1)

 
= ×Distribution ratio, D

C
C

100 org

aq  
(3.2)

 
=

+
×Synergistic factor, SC D

D D
100 mixture

carrier synergist  
(3.3)

where Ci and Cf are the initial and final metal concentrations (ppm) in the 
feed phase for the extraction process. Corg and Caq denote as the metal con-
centrations in the extract and raffinate phases, correspondingly. Dmixture is 
the distribution ratio of the synergistic extraction process, while subcarrier 
and synergies referred to the distribution ratio obtained using individual 
carrier and synergist, respectively.

3.4 Results and Discussion

3.4.1 Extraction of Metal Ions Using Single Carrier

The study of the single carrier for metal removal is carried out and the 
result for the extraction performance is shown in Table 3.2. As observed, 
Cyanex 302 shows the capability for the extraction of Ag. The result is 
owing to the ability of the acidic carrier to extract metals ion through 
 cation-exchange reaction, wherein the hydrogen in Cyanex 302 was sub-
stituted with silver ion. Notably, the targeted solute is in the form of silver 
nitrate (AgNO3) solution. The AgNO3 is soluble and possesses a lipophobic 
characteristic that could not diffuse into the organic phase. In the presence 
of carrier molecules, lipophilic complexes were formed from the interac-
tion of Cyanex 302 with silver ions. The result further supports the findings 
of the previous studies that reported the viability of employing Cyanex 302 
in the extraction of metal [38, 39].
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On the other hand, Cyanex 302 also shows the ability to extract Cr(VI) 
from acidic waste solution. Such a condition was strongly supported by 
literature that claimed that Cyanex 302 is a strong acidic carrier that can 
extract the metal from acidic aqueous solution [40, 41]. Sole and Hiskey 
[40] also revealed that the acidity of Cyanex 302 increases due to the low 
acid dissociation constant (pKa) where pKa of Cyanex 302 (5.63) > Cyanex 
272 (6.37). Besides, Cyanex 302 also could reduce Cr(VI) to Cr(III) [41]. 
In terms of reaction, the shared electron between metal-sulfur bonds is 
more stable compared to metal-oxygen, thus enhancing the strength of the 
bonding [42].

Meanwhile, Chauhan and Patel [43] revealed that LIX63 offers low 
extraction kinetics but excellently extracts nickel from acidic waste solu-
tion. Normally, LIX63 is commonly used with the mixture of other carri-
ers, hence raising a synergism effect toward nickel extraction from acidic 
feed solution [44].

As for zinc extraction, the high affinity of D2EHPA might be explained 
by the existence of oxygen-phosphorous chemical bonding and alkyl rad-
icals which results in its strong acidic character (phosphoric acid) [45]. In 
addition, pH 4.9 of zinc solution provides a lower proton concentration, 
hence resulting in high extraction efficiency. This phenomenon generally 
occurs during the extraction of cationic metals using the acidic carrier 
including D2EHPA.

3.4.2 Extraction of Metal Ions Using Mixed of Carriers

The results of metal ions extraction from a single carrier show the suit-
ability of the employed carrier accordingly. However, the performance of 
extraction was unfavorable, which is only around 13% to 68% of extraction 

Table 3.2 LM formulation using a single carrier (Experimental 
conditions: stirring speed: 300 rpm; extraction time: 18 hours).

Metals Carrier Diluent Performance (%)

Ag 0.2 mM Cyanex 302 Palm oil 45.4

Cr 0.10 M Cyanex 302 Kerosene 68.0

Ni 0.10 M LIX63 Kerosene 13.0

Zn 0.01 M D2EHPA Kerosene 64.0
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was achieved. One way to enhance the extractive capacities of the carrier 
and minimize the amount of carrier used is through the employment of 
a synergistic extraction system. The synergistic effect can be achieved 
through a combination of two carrier types that are capable of enhancing 
extraction efficiency. The result for the synergistic mixture of carriers in 
LM for metal removal is shown in Table 3.3.

The result shows that the combination of Cyanex 272 with Cyanex 302 
enhanced the extraction of silver ions. Principally, an anionic substance 
is needed to generate complexes with the metal ions in the aqueous feed. 
Consequently, a combination of acidic carriers is very effective to extract 
silver ions through the cation exchange reaction. It can be seen that more 
than 98% of silver ions extraction was achieved using 0.2 mM Cyanex 302 
and 0.3 mM Cyanex 272. Besides, a high synergistic coefficient value was 
attained which is 62.70.

According to the preliminary reported results, Ag reacts with Cyanex 
302 and Cyanex 272 at the ratio of 10:20:1 [46]. This is based on the stoi-
chiometric plot of log Dmixture versus log carrier concentration. As can 
be seen from Figure 3.4, the slope is around 0.12, implying the quantity 
of Cyanex 272 participated in the reaction is very small. The result of this 
study suggests that Cyanex 272 functions as a transporter to carry com-
plexes of silver ions in the organic phase. Referring to Figure 3.5, the slope 
value of 4.1 was obtained, indicating that 4 moles of Cyanex 302 were 
required to react with silver ions. According to the general principle of 

Table 3.3 LM formulation using a mixed carrier (Experimental conditions: 
extraction speed: 300 rpm; extraction time: 1 hour).

Metals Carriers Diluent Performance (%)
Synergistic 

factor (SC)

Ag 0.0002 M Cyanex 
302 + 0.0003 M 
Cyanex 272 

Palm oil 98 62.70

Cr 0.01 M Cyanex 272 
+ 0.04 M Cyanex 
302

Kerosene 99 7.73

Ni 0.08 M LIX63 + 
0.02 M D2EHPA

Palm oil 83 29.56

Zn 1 mM Cyanex 302 + 
9 mM D2EHPA

Kerosene 80 2.90
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kinetic, the foremost carrier usually gives low extraction kinetics, while 
the synergist carrier provides rapid extraction and kinetics. Therefore, this 
finding suggests that Cyanex 302 and Cyanex 272 are designated as a car-
rier and synergists, respectively.

The proposed extraction mechanism of Ag ions by the synergistic car-
rier is shown in Equation 3.4. Besides, the investigation of the individual 
and carriers mixture indicates Cyanex 302 and Cyanex 272 serve as a car-
rier and synergist, respectively.

 10Ag+ + 20(HA)2 + (HB)2 → 10(AgHA2) + 10(HA)2
. (HB)2 + 10H+ 

 (3.4)
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Figure 3.4 Stoichiometric study of mixture system on silver ions extraction at a rigid 
Cyanex 302 concentration (diluent: palm oil; extraction speed: 300 rpm; extraction time:  
1 hour; temperature: 25°C).
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rigid Cyanex 272 concentration (diluent, palm oil; extraction speed, 300 rp; extraction 
time, 1 hour; temperature, 25°C).
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where (HA)2 and (HB)2 are Cyanex 302 and Cyanex 272 that commonly 
exists in a dimeric arrangement in the low polarities diluent [47].

According to Table 3.3, compared to the single system, almost 99% 
of Cr(VI) was successfully extracted to the Cr(III) via combinations of 
0.01 M Cyanex 272 with 0.04 M Cyanex 302. It means this mixture sys-
tem pronounces synergism effect with a synergistic coefficient (SC) of 
7.73. Dichromate (Cr2O7

2-) is dominant for the aqueous phase containing 
Cr which is orange in color [48]. HCrO4

- dimerizes to form Cr2O7
2-, as 

denoted by Equation 5. In terms of mechanism, Liu et al. [49] reported 
that the synergism effect is predominantly influenced by the property 
of the solute and the organic phase. Cyanex 302 offers a double role in 
this system. First, Cyanex 302 tends to reduce the pKa value of Cyanex 
272 in the organic phase for the maximum Cr(VI) separation from an 
acidic aqueous feed phase [50]. Second, Cyanex 302 acts as a reducer 
of Cr(VI) to Cr(III) [40, 42]. As for reaction, hydrogen chromate ion 
(HCrO4-) dimerizes to form dichromate (Cr2O72-), which is dominant 
for the aqueous phase containing Cr as denoted by Equation 3.5. An 
equation that represents the reduction of chromium after reacting with 
(R2P(S)OH) (Cynex 302) is shown in Equation 3.6, Figure 3.6(a) illus-
trates the molar proportion of Cyanex 302: Cr is 2:1 in the solute-carrier 
complexes, thus signifying 1 mole of Cr interact with 2 moles of Cyanex 
302 forming complex [51].

 → +− −HCrO Cr O H O2 aq aq aq4( ) 2 7( )
2

2 ( )  (3.5)

    
( )+ +− − +Cr O H O R P S OH R P OH S Cr O2 ( ) ) 2( ( ) ) . ( )aq aq org2 7( )

2
2 ( ) 2 2( ) 2 2 2

 (3.6)

      
( )+ + → +− − +O R P S OH R P OH S Cr OH O2 ( ) ) 2( ( ) ) . ( ) 3aq org org g2 ( ) 2 2( ) 2 2 2 ( ) 2( )

 

Conferring to the hard-soft-acid-base (HSAB) principles, soft-soft and 
hard-hard interactions form the most stable molecule complexes [49]. 
Thus, Cyanex 272 (hard base) forms a stable complex with reduced Cr (III) 
ions (hard acid) [52]. Figure 3.6(b) shows the stoichiometric of Cyanex 
272 by constructing a graph of log Dmix versus log [Cyanex 272]. The slope 
of 0.2 suggests that the molar proportions of Cyanex 272: Cr is 1:5 in the 
solute-carrier complexes as represented by Equation 3.7 [51]:
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Thereafter, a synergistic system involving a mixture of D2EHPA and 
LIX63 has been studied for nickel removal from electroplating wastewater. 
Through the synergistic process, 83% of nickel was successfully extracted 
using 0.08 M LIX63 with 0.02 M D2EHPA with a high SC value of 30. 
In terms of synergism, the mixture of LIX63 and D2EHPA can transport 
a higher number of hydrogen atoms to the aqueous feed phase which is 
later replaced by the nickel ions [53]. Then, the stoichiometric reaction was 
studied through a graph of log Dmix versus log [D2EHPA]. The slope of 
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Figure 3.6 Stoichiometric study of mixture system at fixed (a) Cyanex 272 and 
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the graph is approaching 1.0, thus indicating that 1.0 mole of D2EHPA is 
needed in the reaction as shown in Figure 3.7. Meanwhile, Figure 3.8 pro-
poses 4 moles of LIX63 needed in the extraction process. The mechanism 
involved during nickel reaction is illustrated in Equation 3.8 wherein (HL) 
and (HR)2 represent LIX 63 and D2EHPA in the reaction, respectively [54].

 + + → ++ +Ni HL HR NiL HL HR H4( ) ( ) ( ) ( ) 2aq org org org( )
2

( ) 2( ) 2 2 2( )  (3.8)
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Meanwhile, the combination of D2EHPA/Cyanex 302 increased the 
zinc extraction performance. Results show that at a concentration of 1 mM 
Cyanex 302 + 9 mM D2EHPA, 72% of zinc was extracted with a synergistic 
coefficient (SC) of 2.9. This is due to Cyanex 302 being a mono-thio con-
figuration of Cyanex 272 possessing low metal extraction level and slow 
phase disengagement properties.

The plot of log D against log carrier was constructed to find synergistic 
reactive extraction equilibrium for zinc extraction. Based on Figure 3.9, 
the slope of the graph log Dmix vs. log [HA]org is 0.98 implying that 1 mole 
of D2EHPA is required extraction with 1 mole of Zn (II). The number of 
moles of Cyanex 302 required for the reaction is determined using a sim-
ilar method. A graph of log Dmix versus log [HB]org is constructed, while 
maintaining the other parameters at constant. Conferring to Figure 3.10, 
the slope of the graph is 1.18, indicating that 1 mole of Cyanex 302 involves 
in the extraction of zinc.
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When Cyanex 302 is added to D2EHPA as a synergist carrier, it helps 
to improve the extraction performance of zinc by disassociating dimeric 
D2EHPA to two monomeric D2EHPA molecules (Equation 3.9). Hence, 
the capacity of D2EHPA increases due to its disassociation that over-
comes the less extraction capacity of dimeric D2EHPA. In the D2EHPA 
and Cyanex 302 mixture, the influence of D2EHPA as an extractor is more 
prominent compared with Cyanex 302. From this reactive extraction pro-
cess, Cyanex 302 functions as a synergist. The reaction equation of zinc 
with the D2EHPA/Cyanex 302 can be expressed in Equation 3.10:

 2HA + 2HB → 2H+ + 2 [A− . HB] (3.9)

 + → ++ − +Zn A HB Zn A HB H2[ . ] . .2  2   aq org org aq( )
2

( ) 2 ( ) ( )  
(3.10)

where 2HA and 2HB are the dimeric form of D2EHPA and Cyanex 302.

3.4.3 Approach to a Sustainable ELM Process

The diluent is one of the most significant constituents in the ELM formu-
lation. The general requirements of the diluent are compatible with car-
rier and surfactant, less soluble in the aqueous feed phase and receiving 
phase (to minimize diluent loss during emulsification as well as solvent 
extraction), present adequate density difference with the aqueous external 
phase to facilitate the separation development, moderate viscosity which 
can balance the membrane permeability and stability, low price, low toxic-
ity to prevent pollution, and low dielectric constant (represents the diluent 
polarity where a diluent with a dielectric constant of less than 15 is non-
polar). Other than that, several diluent properties include melting point, 
relative permittivity, relative density, viscosity, flash point, and vapor pres-
sure. The widely used diluent in LM formulation is petroleum-based such 
as kerosene, hexane, heptane, dodecane, and dichloromethane.

An emulsion liquid membrane could be adapted to a sustainable system 
by incorporating environmentally friendly resources. Since conventional 
volatile organic diluents are the main component in the liquid membrane 
formulation, it is vital to replace the diluent with a greener component. 
Most studies commonly used petroleum derivatives such as kerosene and 
hexane as organic diluents owing to the appropriate viscosity, readily avail-
ability, and possessing nonpolar properties. These reagents are recognized 
to be nonrenewable, easily volatile, difficult to handle, highly flamma-
ble, and harmful to living organisms. On the other hand, the ELM’s total 
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operating costs could be affected as a result of price discrepancy owing to a 
restricted source of petroleum-based diluent.

To promote green chemistry, environmentally friendly materials are 
incorporated in certain LM formulations. In this work, kerosene and 
vegetable-based palm cooking oil were used as the diluent as stated in 
Tables 3.2 and 3.3. It can be seen that both materials are suitable to be 
used in the LM formulation owing to the similar properties possessed. For 
example, kerosene and palm cooking oil are almost completely immisci-
ble with water that provides good phase separations in the aqueous phase. 
Other properties comprise high flash point, low dielectric constant, a lower 
melting point, and good density gap with the aqueous phase, which are the 
general requirements for a good diluent. Meanwhile, the viscosity of palm 
oil is higher compared to kerosene. This could be attributed to the intermo-
lecular interaction in the long-chain fatty acid in palm oil. The higher vis-
cosity is usually unfavorable to avoid resistance of solute transport across 
the LM phase. In this study, it was found the viscosity of palm oil gives 
an insignificant outcome on the metals extraction performance. Following 
the present results, previous research has demonstrated that vegetable oil 
can be used as a diluent [12, 55].

3.4.4 Prospect and Future Challenges in ELM Technology

Synergism among carriers has become a new perspective employed in the 
LM formulation for various metal extractions. Through synergism, several 
good impacts can be observed, including the reduction of a single system’s 
total concentration and fast reaction. For instance, the extraction of silver 
using a combination of 0.0002 M Cyanex 302 + 0.0003 M Cyanex 272 gives 
98% extraction, which is greater compared to the sum of the discrete car-
rier effects of 0.0002 M Cyanex 302 (45.45%) and 0.0003 M Cyanex 272 
(19.16%). Throughout synergistic extraction of chromium, a 50% reduc-
tion of the individual carrier concentration (0.10 M) was achieved when 
employing the mixed system (0.05 M) containing 0.01 M Cyanex 272 and 
0.04 M Cyanex 302. Cyanex 302 as a synergist helps reduce the Cr (VI) to 
Cr (III) before being extracted by Cyanex 272 into the organic phase.

Referring to data for nickel extraction, there is no change in terms of the 
total concentration of single and mixture systems. However, it can be per-
ceived that there is a significant gap in terms of the extraction performance 
wherein a carrier combination of 0.08 M LIX63 and 0.02 M D2EHPA has 
provided 83% of nickel extraction compared to the total concentration of 
individual carriers of 0.10 M LIX63 (13%) and 0.10 M D2EHPA (33%). 
Additionally, this system equilibrium can be achieved within 20 minutes 
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only. However, there are similarities between the D2EHPA and Cyanex 302 
mixtures for zinc extraction, with a mixture of 1 mM Cyanex 302 + 9 mM 
D2EHPA providing 78% zinc extraction compared to the total concentra-
tion of a single carrier system of 0.01 M D2EHPA (52% + 0.01 M Cyanex 
302 (64%). The finding indicates that the transport of solute-carrier com-
plexes is enhanced using synergistic reactive extraction.

To extend the application of synergistic LM formulation in the ELM 
process, several aspects must be considered. For instance, the determi-
nation of ELM optimum conditions has proven to be complicated. This 
is because several factors affecting the ELM process must be considered, 
including emulsification time, emulsification speed, surfactant concentra-
tion, agitation speed, carrier, and strippant concentration, treatment ratio, 
extraction time, etc. The optimization of these parameters is important to 
obtain excellent high-removal and recovery performance.

For instance, ELM efficiency is influenced by emulsification time. If 
insufficient time was provided for the emulsification time, the emulsion 
would tend to break immediately. At a longer emulsification time, a small 
size of emulsion will be produced, thus providing a larger area for solute 
transportation and enhancing extraction performance. Besides, this con-
dition also enhances the solution intensity and improves emulsion stability 
[17]. This is owing to the increasing homogeneity of the emulsion and the 
fact that more stripping agents will be confined to the liquid membrane 
phase. Therefore, the interfacial area contact will be increased owing to the 
finer droplets produced. However, prolonged emulsification time over a 
certain limit leads to undesirable extraction performance as a consequence 
of the increment in emulsion viscosity and emulsion swelling [56].

Besides that, the extraction efficiency in the ELM process is influenced 
by emulsification speed. At a lower speed, the energy provided to break 
the emulsion is insufficient to produce a larger droplet with a small inter-
facial area for mass transfer. Meanwhile, higher emulsification speeds 
enhance the extraction performance by virtue of the production of smaller 
emulsion droplets with a larger interfacial area for mass transport [57]. A 
further increase in emulsification speed might decrease the extraction per-
formance due to the excess energy provided that leads to emulsion rupture.

An additional significant parameter in the ELM system is the surfactant 
that controls the stability and affects the permeation of solutes in the liquid 
membrane. A small amount of surfactant introduced during the emulsifi-
cation process causes difficulty in emulsion dispersion due to high surface 
tension [58]. According to Kislik [59], the extraction efficiency increased 
with surfactant concentration wherein smaller droplet sizes were produced 
as a result of lower interfacial tension. Consequently, a larger mass transfer 
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interfacial area was provided and enhanced the extraction performance. 
Research by Othman et al. [60] asserted the increase of Span 80 (surfactant) 
concentration in phenolic compound removal resulted in high extraction 
performance due to high contact and area of mass transport. Meanwhile, 
the addition of surfactant concentration beyond a certain limit reduced 
the extraction performance. This is due to the emulsion tending to swell 
and break, which is attributed to water cotransport from the aqueous feed 
phase to the emulsion phase [61].

Furthermore, agitation speed is another important factor in the 
ELM process. Several studies [62] found that the performance of ELM 
extraction improves with increasing agitation speed. Generally, a higher 
agitation speed promotes the production of larger emulsion globules, con-
sequently providing a larger interfacial area amid the emulsion and aque-
ous feed phase. Subsequently, the rate of mass transport is increased, which 
enhances the extraction performance. Nevertheless, the increase in agita-
tion speed exceeding a certain level causes emulsion rupture and breakage, 
thereby obstructing the extraction performance and diluting the concen-
tration of the recovered substance in the internal phase. A short review 
by Jusoh et al. [63] indicated that 200 to 300 rpm of agitation speed is 
adequate for the ELM process.

In addition, the carrier and its concentration also significantly influence 
ELM process efficiency. Essentially, the exploration of the carrier effect in 
the ELM process is initiated by the screening of suitable carriers and varia-
tion of their concentration. Yet, a study by Sulaiman et al. [64] reported that 
no significant effect on extraction efficiency was observed after increasing 
the carrier concentration beyond the optimum level. This is because the 
viscosity of the emulsion was higher and caused a higher mass transfer 
resistance, thus the extraction performance was affected [65].

Meanwhile, another factor that affects the ELM’s performance is strip-
ping agent concentration. Generally, the capacity of the internal phase for 
solute recovery increases with stripping agent concentration, consequently 
increasing the extraction performance [59]. In contrast, the ELM perfor-
mance was reduced at stripping agent concentration beyond a certain limit 
on account of emulsion instability owing to the swelling of emulsion that 
occurs due to the osmotic pressure gap amid the internal and external 
phases [15].

Besides that, the volume fraction of the emulsion towards the aqueous 
external phase, also known as the treat ratio, also influences the extraction 
performance. The extraction efficiency increases with the treat ratio [31]. 
According to Ooi et al. [66], the extraction rate is enhanced due to the 
improvement of solute permeation and stripping. The molar ratio of 
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internal stripping agents to the solute in the external phase increases with 
emulsion volume, therefore, increasing the capacity of the internal reagent 
for solute recovery [67]. On the other hand, Kumbasar [68] found that the 
increment of the treat ratio beyond a certain level could affect emulsion 
stability owing to the creation of a viscous emulsion.

Extraction time or agitation time is also another parameter affecting 
the ELM process. It exemplified the contact period amid the emulsion 
and the aqueous external phase during the ELM process. Sufficient time 
is required for the distribution of a higher number of emulsion globules 
in the aqueous external phase. In contrast, Kulkarni [69] found that pro-
longed extraction time induced water transportation from the aqueous 
external phase toward the emulsion phase, resulting in the swelling of the 
emulsion. Consequently, the accumulation of water in the internal phase 
will cause emulsion breakage and result in internal phase leakage [70]. 
Hence, a longer extraction time is not recommended, but adequate time is 
compulsory for the emulsion dispersion and extraction process.

Meanwhile, in the case of carrier-mediated ELM transport, the pH 
of the external aqueous phase is critical for solute extraction. This is on 
account of the carrier being controlled by the pH of the feed phase solu-
tion to attain equilibrium during the reaction with the targeted solute. The 
external phase pH also needs to be adjusted to prevent emulsion swelling 
and ensure emulsion stability [71].

Notably, the stability of the emulsion should be taken into account for 
a long-term operation. Emulsion stability is designated as the capability to 
prevent globule breakage or leakage of extracted solute during the ELM 
process [72]. During the emulsion dispersion in the aqueous feed phase, 
adequate stability is essential to extract the targeted solute into the internal 
stripping phase. The breakage of the emulsion will lower the extraction 
efficiency, and the extracted solute will be lost. To recover the extracted 
solute, the emulsion should be easily demulsified by the use of appropri-
ate demulsification methods, such as heating, chemical demulsification, or 
applying an electrostatic field.

Emulsion breakage or rupture of the emulsion can reduce the extracted 
solute concentration. As a result, the volume of the stripping phase affects 
the solute recovery. Meanwhile, swelling involves the transportation of 
some aqueous feed phase into the emulsion phase. This drives the increase 
in stripping phase volume, causing emulsion stability problems during the 
process. There are several studies on factors contributing to emulsion sta-
bility that are particularly related to the emulsion formulation, processing 
condition, and emulsification procedure.
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3.5 Conclusion

In this study, the improvement of extraction performance through the 
employment of synergists in several metal extraction processes was demon-
strated. Besides, the incorporation of vegetable oil as an environmentally 
friendly material in the organic liquid formulation has been presented. 
The results show that 98% of Ag extraction was synergistically obtained by 
employing 0.0002 M Cyanex 302 + 0.0003 M Cyanex 272 in palm oil with a 
synergistic factor of 62.70. Almost 99% of Cr (VI) extraction was achieved 
using 0.01 M Cyanex 272 + 0.04 M Cyanex 302 with a synergistic factor of 
7.73. Meanwhile, 83% of nickel ion extraction was obtained through the 
combination of 0.08 M LIX 63 with 0.02 M D2EHPA in palm oil, with a 
29.56 synergistic factor value. On the other hand, 80% of Zn was extracted 
using 1 mM Cyanex 302 + 9 mM D2EHPA with a 2.90 synergistic coeffi-
cient value. It is inferred that the developed formulation can enhance the 
extraction using ELM as one of the sustainable methods for various metal 
removals in the future.
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Abstract
The behavior pattern of rhodamine B dye adsorption from wastewater on chemi-
cally activated carbonized neem seed powder was considered via the batch adsorp-
tion process. The surface chemistry of neem seed biomass was investigated using 
a scanning electron microscope (SEM), X-ray diffraction (XRD), and Fourier 
transform infrared spectroscopy (FT-IR). Various parameters, such as dye con-
centration, adsorbent amount, temperature, contact time, and solution pH, were 
tested. The pseudo-first-order kinetic model demonstrated good suitability with 
better correlation coefficients and adsorption capacities for raw and carbonized 
neem seed biomass, while that of the magnetic carbonized neem seed obeyed the 
second-order model. The maximum adsorption capacities from the Langmuir 
isotherm for raw neem seed (RNS), carbonized neem seed (CNS), and magne-
tized carbonized neem seed (MCNS) are 106.226, 130.438, and 188.532 mg∙g−1, 
respectively. The heats evolved by RNS, CNS, and MCNS are 7.488 kJ∙mol−1, 7.148 
kJ∙mol−1, and 23.570 kJ∙mol−1, respectively. It was deduced that although both 
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the RNS and CNS showed good adsorption potency toward RB dye, the MCNS 
demonstrated better affinity towards the elimination of RB, thus offering the 
advantage of magnetic separation and eliminating the challenges connected with 
the removal of adsorbents from aqueous media.

Keywords: Adsorption, characterization, neem seed, pollution, rhodamine B

4.1 Introduction

The rapid increase in population, expansion in social civilization cou-
pled with recent development in industrial and technological growth has 
resulted in a spiky increase in innovation and municipal growth [1]. This 
spiky increase in industrial activities has increased the spate of destruction 
of the ecosystems and equally caused a serious threat to human health [2]. 
Nowadays, thousands of dyes are prepared for printing and dyeing indus-
tries while their waste products are been discharged directly into the water 
stream. Large quantities of dye are often generated from the textile indus-
try which contaminates waste systems [3]. Dyestuffs in effluents affect the 
photosynthesis process because of their color and the fact that they can-
not be broken down by biological means [4–7], could be potentially toxic, 
carcinogenic, or mutagenic [4–7]. Water-borne diseases arising from the 
breeding of bacteria, viruses, and vectors from such dirty water could also 
be a serious environmental challenge [8]. The Rhodamine B (RB) is com-
monly utilized as a pigment in paint, textile, and paper industries [9], which 
has been documented to be mutagenic and causes reproductive damages 
[10, 11]. As such, the search for possible ways of mitigating against the 
discharge of contaminants by various industries becomes imperative. 
Conventional methods of treating wastewater had been reported not only 
to be very expensive but also not effective [12]. The use of adsorbents is 
thus an alternative, striking and ecofriendly practice for decontaminating 
dyes in wastewater and is fairly economical when match up with other 
treatment methods [13, 14]. The dominance of adsorption in the environ-
mental chemistry for the treatment of wastewater has been causing great 
attention, as a result of its low price and ease of operation [15]. Activated 
carbon (AC) is considered an excellent adsorbent as a result of its great 
permeable structure, and low acid/base reactivity and could be useful in 
the elimination of vast organic and inorganic pollutants [16, 17]. However, 
the cost of obtaining pure commercial activated carbon is very expensive 
coupled with the loss of adsorption competence after rebirth are some of 
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the inconveniences which are normally come across during separation 
[18]. Conversely, separation via the magnetic process has been proposed as 
a more favored technique in the deletion of contaminants due to its ease of 
operation, suitability for the heterogeneous systems in bulk solutions, and a 
very quick separation technique orchestrated by an external magnetic field 
[18]. Thus, the needs for low-cost and effective magnetic activated carbon 
from waste materials become imperative. In this study, the preparation, 
characterization, and Rhodamine B adsorption onto magnetic activated 
carbon prepared from neem seed under different operating conditions via 
batch adsorption process were evaluated. Operating factors like initial RB 
concentration, hydrogen ion concentration, activated carbon dose, contact 
time, and temperature were assessed. Isotherms and kinetics studies for 
both adsorbents were established.

4.2 Materials and Methods

4.2.1 Chemicals

Rhodamine B (RB) (C28H31CN2O3), with 95% purity (Sigma-Aldrich, 
USA) was used without further purification. Deionized water was used to 
dissolve 1 g of RB in other to prepare a stock solution of RB, while several 
RB concentrations were made through the dilution process. Measurements 
of color changes were performed via UV-vis-spectrophotometer at a wave-
length of maximum absorption (λmax) of 555 nm.

4.2.2 Preparation of Adsorbent

Samples of raw neem seed (RNS) were sourced locally from Foursquare 
Camp, Ajebo, Nigeria, and reduced to small pieces, while external dirt 
was removed via washing with distilled water. Samples were air-dried for 
5 days, followed by drying at 110 °C for 12 hours in an oven and thereafter 
pulverized. In other to prepare the activated carbon from the dried neem 
seed powder, about 200 g of the dried samples were carbonized at 800 °C 
under N2 gas flow (100 cm3/min) in a muffle furnace. After reaching 800 
°C, the heating process was maintained for 25 min and thereafter cooled 
at room temperature under N2 flow (100 cm3/min). This was referred to as 
carbonized neem seed (CNS). Figure 4.1 shows the molecular structure of 
Rhodamine B dye and raw neem seeds in form of beads.
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4.2.3 Magnetic Activation Carbonized Neem Seed

In other to prepare the magnetic form of the carbonized neem seed, 50 g of 
CNS was dissolved in a magnetic solution containing the mixture of FeCl3 
and FeSO4 in a 500 ml beaker and stirred with the aid of a magnetic stirrer. 
Solution pH between 10 and 11 was maintained using NaOH solution and 
the process was left to age for 24 h, separated, and cleansed with distilled 
water. The obtained product was allowed to dry and this was referred to as 
magnetic carbonized neem seed (MCNS).

4.2.4 Adsorbent Characterizations

The surface chemistry of the various adsorbents was determined with dif-
ferent analytical tools which were done with a Hitachi (Japan) S-3000H 
scanning electron microscope to picture the imaging of the adsorbent 
surface. FT-IR spectrometry (Bruker Optics, TENSOR 27 series FT-IR 
spectrometer) was engaged to determine the functional groups of the 
adsorbents by the KBr disc method. The X-ray diffraction (XRD) were 
measured by PANalytical (X’Pert PRO, Netherland) in the range between 
2θ = 10–60° with Cu Kα monochromatic radiation (1.5406 A°). In other 
to measure the point of zero charges (PHP C), the modified method of 
Oyetade et al. [18] was used. Briefly, 50 cm3 of NaCl solutions was mea-
sured into three different conical flasks and the solution pH was regulated 
within the pH of 1 to 10 using either HCl or NaOH solution. Then 10 g of 
the prepared adsorbents were introduced into each flask and the content 
was equilibrated on an orbital shaker for 12 h. Thereafter, the mixture was 

COOH

O

(a) (b)

NH3C CH3

CH3Cl–H3C

N
+

Figure 4.1 (a) chemical structure of Rhodamine B dye and (b) neem seed.
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separated final pH was measured. A plot of change in pH against initial was 
used to obtain the pHPZC of the adsorbents by measuring the intersection 
point of the curve. The thermal property of RNS was investigated with the 
aid of SDT Q600 V8.3 Build 101simultaneous DSC-TGA instrument.

4.2.5 Batch Adsorption Experiments

The batch experiment was achieved via mixing (30 mg) of the prepared 
sorbent with 25 mL of RB solution in clean Erlenmeyer flasks and con-
tacted at 150 rpm on a temperature control shaker for 100 mins to arrive at 
equilibrium. The medium pH was regulated with 0.1M NaOH/HCl prior 
to adsorbent introduction. Dye concentration was analyzed via UV–visible 
spectrophotometer. Operating conditions, such as effects of dosage (10–
50.0 mg), contact time (10–160 min), hydrogen ion concentration (2–8), 
initial RB dye concentration (50–300 mg L−1 ), and temperature (25–65 °C) 
were examined. The quantity of dye adsorbed at, qe (mgg−1), was estimated 
via:

 
= − ×C C

m
Vq i e

e
 

(4.1)

where Ci is RB concentration at the beginning of the reaction (mgL−1), Ce is 
RB concentration after the reaction has attained equilibrium (mgL−1), V is 
RB volume utilized (L) and m is the adsorbent mass used (g).

Percentage removal of RB was evaluated as follows:

 
= − ×C C

C
Percentage removal 100i e

i  
(4.2)

4.3 Results and Discussion

The physicochemical characteristics of the prepared RNS, CNS, and MCNS 
adsorbents are shown in Table 4.1. The surface area obtained are 566, 782, 
and 954 m2/g for RNS, CNS, and MCNS respectively with the magnetic 
carbonized neem seed showing a significantly high value than the other 
two adsorbents prepared. With higher surface area, adsorbents have better 
adsorption capacity which enhances the adsorbents to absorb more pollut-
ants onto the surface of the adsorbents. The chemical activated neem seed, 
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MCNS gave the largest surface area, 954 m2/g when compared with CNS 
and RNS which is because the activating agent has created new pores and 
widened the existing pores. This is evident with the highest pore volume 
exhibited by the magnetic carbonized neem seed (0.67 cm3/g), followed 
by CNS (0.34 cm3/g) and the least value was demonstrated by RNS (0.16 
cm3/g). The values of the average pore size and bulk density obtained are 
14.21, 12.44, 10.36 (nm) and 1.46, 2.37, 5.88 (g/cm2) for RNS, CNS, and 
MCNS respectively.

The XRD pattern for raw neem seed (RNS), carbonized neem seed 
(CNS) and magnetic carbonized neem seed (MCNS) are shown in Figure 
4.2. From this figure, the effects of physical and chemical treatment on 
the raw neem seed can be seen. For the RNS, two main broad diffraction 
peaks located at 2θ = 18.3o and 22.1o were exhibited depicting the pres-
ence the of amorphous structure of carbon. The result the of XRD dif-
fractogram for CNS showed that tactivatededted carbons contain high 
crystallinity afteractivationion process with the appearance of many sharp 
peaks corresponding to carbon structure. Prominent peaks were located at 
around 2θ = 28, 31–34°, 40–41°, 50.2°, and 60.2°. Fomagneticiactivateded, 
the sharp peaks that were observed at 2θ equals 30.13o, 31.30o, 36.85o, 
57.15o, and 63.10o were due to the presence of Fe3O4 (JCPDS No. 75-0033), 
while those observed at 2θ = 24.40o, 33.35o, 41.10o, 50.25o were assigned to 
α-Fe2O3 (JCPDS No. 80-2377) which were introduced into the carbonized 
neem seed during the chemical activation process. The raw neem seed, 
carbonized neem seed, and magnetic carbonized neem seed before and 
after the adsorption of RB were analyzed using FT-IR as depicted in Figure 
4.3. As seen, the raw neem seed spectra show four major absorption peaks 
between 3600 and 1000 cm−1. These bands correspond to the vibrations 
of –OH and –NH between 3445 to 3620 cm−1, –CH2 at 2930 cm−1, C=O 
at 1660 to 1730 cm−1, and C-O between 1009 to 1107 cm−1 respectively 

Table 4.1 The physicochemical characteristics of the prepared adsorbents.

Parameters RNS CNS MCNS

Surface area (m2/g) 566 782 954

Average pore size (nm) 14.21 12.44 10.36

Pore volume (cm2/g) 0.16 0.34 0.67

Bulk density (g/cm2) 1.46 2.37 5.88

pHZPC 4.3 4.5 4.7
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[13, 14]. The presence of these peaks confirmed that the neem seed is made 
up of lots of cellulose and hemicelluloses [14]. The FT-IR spectra of the 
carbonized neem seed revealed that the absorption peaks corresponding to 
–OH and –NH, –CH2, and C=O in the raw neem seed had all disappeared. 
This is an indication of structural destruction of the cellulose and hemicel-
luloses molecular chain of the neem seed as the functional groups present 
on the raw biomass were released as volatile materials. The main absorp-
tion bands observed for the carbonized neem seed were observed between 
870 to 920 and 1000 to 1104 cm−1 respectively and signal that carbonate 
functional group (C-O) is present in the structure. Analysis of the FT-IR of 
MCNS shows that the –OH group which was eliminated by the heat treat-
ment has been reintroduced. After chemical activation, the prepared mag-
netic carbon show vibration peaks of –OH between 3450 to 3565 cm−1 and 
at 1508 cm−1 which could be as a result of the water molecules adsorbed, 
while that at 1140 cm−1 is for C-O stretch. The Peaks observed in the region 
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Figure 4.2 XRD spectra of (a) raw neem seed and (b) carbonized neem seed and  
(c) magnetic carbonized neem seed.
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of 887 cm−1and 569 cm−1 were attributed to that of Fe-O bond [18, 19], thus 
confirming the formation of magnetic activated carbon nanoparticles.

After the reaction of the various adsorbents with RB, a shift in peak 
positions coupled with the formation of new absorption bands was seen. 
For the RNS loaded with RB, a shift in wavenumber position for –OH, 
C=O, and -C-O to 3560 cm−1, 1735 cm−1, and 1025 cm–1 were observed, 
while the formation of new peaks for –OH and C=O at 3450 and 1680 cm–1 
were observed respectively for the FT-IR spectra of CNS with RB load. 
Finally, peak position corresponding to –OH, -C-O, Fe-O shifted to 3660 
cm–1, 1156 cm–1, and 890 cm–1 [18]. The shift in peak positions and the 
formation of new peaks (in the case of CNS) implies that these functional 
groups were used during the adsorption of RB by these adsorbents.

Figure 4.4 shows the scanning electron micrographs of RNS (Figure 
4.4a), CNS (Figure 4.4b), and MCNS (Figure 4.4c). The surface images of 
RNS and CNS show rough morphology with no visible openings, whereas, 
MCNS demonstrates some openings with different sizes. The structure of 
the CNS showed a more agglomerated structure, which could have been 
fused by the heat treatment. The presence of the pores is due to the chem-
ical treatment, which could serve as transport pores for the RB molecules. 
Upon interaction with RB, the pores previously seen on the surface of 
CNS disappeared, which could be as a result of the covering of the sur-
face by the molecules RB molecules which adhered to the sorbent surface. 

4000 3500 3000 2500 2000 1500 1000 500

MCNS + RB

CNS + RB

RNS+RB

MCNS

CNS

RNS

Tr
an

sm
ita

nc
e 

(%
)

Wavenumber (cm–1)

Figure 4.3 The FTIR spectra for RNS, CNS, and MCNS before and after adsorption of 
RB.
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The thermal property of the raw adsorbent is shown in Figure 4.5a indicat-
ing three major weight losses of 96.63 %, 94.41 %, and 88.23% at a tempera-
ture of 101.5°C, 510°C, and 730°C, respectively [20]. The first weight loss 
is assigned to water molecules, the other reduction in weight corresponds 
to thermal degradation of cellulose components of the neem seed and the 
last weight is associated with the degradation of lignin components of the 
sample [20].

4.3.1 Adsorption Studies

The adsorption amount of RB by RNS, CNS, and MCNS increased with 
the dosage of the adsorbents as revealed in Figure 4.5b. The percentage 
removal of RB by RNS increased from 47.33% at the initial dosage of 10 
mg to 66.40% at a dosage of 50 mg, while that of CNS showed an increase 
from 53.42% at 10 mg to 73.29% at 50 mg of adsorbent. Upon chemical 
treatment, the amount removal of RB increased from 57.45% at 10 mg to 
85.89% at 50 mg of MCNS. The surface area, as well as the effectiveness 

(a) (b)

(c)

Figure 4.4 SEM images of (a) raw neem seed and (b) carbonized neem seed and 
(c) magnetic carbonized neem seed.
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of the adsorbents to adsorb the RB, increased with the adsorbent dosage 
within a certain range, after which there was no significant difference in 
the amount of RB adsorbed [21]. The plots showing time-concentration 
relation for RNS, CNS, and MCNS are depicted in Figure 4.6, which indi-
cated that the QE for the removal of RB by RNS increases from 4.5 mg/g 
at RB initial concentration of 50 mg/L to 40.22 mg at RB final concen-
tration of 300 mg/L at a time of just 10 min. However, when the contact 
time was adjusted to 100 min, the adsorption capacity increased from 
19.56 mg at 10 mg/L of RB to 96.78 mg for 300 mg/L of RB (Figure 4.6b). 
When CNS was used, the adsorption capacity rise from 7.89 mg at 10 
mg/L of RB to 46.34 mg at 300 mg/L of RB within 10 min of agitation. But 
when the time was elevated to 100 min, the adsorption capacity of CNS 
increased sharply from 23.45 mg at 50 mg/L of RB to 146.54 mg when 
300 mg/L of RB was used (Figure 4.6b). Upon chemical activation of the 
carbonized neem seed, the adsorption capacity increased from 11.34 mg 
at 50 mg/L of RB to 55.62 mg at 300 mg/L of RB (Figure 4.6c). But when 
the time was raised to 100 min, the adsorption capacity increased greatly 
from 34.56 mg at 10 mg/L of RB to 185.34 mg at a final concentration of 
300 mg/L of RB (Figure 4.6c). For all the tested adsorbents, adsorption 
was quick within the first 460 min due to the presence of more receptor 
sites that were readily accessible for the uptake of RB onto the surface 
of the adsorbents, leading to a quick interface between the fabricated 
adsorbents and the RB molecules [18, 22]. However, with a continuous 
adsorption process, these receptor sites become fully occupied with the 
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RB molecules and as such, the rate of sorption is impeded and the move-
ment of contaminants from the media to the adsorbent surface is lowered 
leading to fewer amounts of dye uptake [18, 22].

The extent of the functional group’s dissociation, the adsorbent surface 
net charges in addition to the adsorption ability of the adsorbent are largely 
influenced by the pH of the solution [23]. The maximum percentage of 
the RB dyes removed of 73.50 %, 85.60 %, and 95.40 % was attained at pH 
3.5 for RNS, CNS, and MCNS respectively (Figure 4.7b). The percentage 
removal thereafter decreased drastically on increasing the solution pH. The 
point of Zero charges of RNS, CNS, and MCNS was found to be 4.3, 4.5, 
and 4.7 respectively (Figure 4.7a). With a lower pH value as compared to 
that of the point of Zero charges of the adsorbents, the surface is expected 
to be positively charged and as such, the removal of cationic RB dyes would 
be below. But with increased pH above that of the zero point of charge, the 
surface becomes negatively charged thus, giving rise to better uptake of the 
dye.
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This electrostatic attraction explanation is however contrary to the 
present findings in this work. Akeremale and Olaseni [23] reported the 
maximum removal of RB by bentonite clay was attained at a pH of 4 and 
this was ascribed to the existence of the acidic group (-COOH-) in the 
structure of the RB molecule. It is believed that the acidic group presents 
in the structure of RB increases the negative charge density of the adsor-
bate and as such, enhances repulsion involving the adsorbent’s nega-
tively charged surface and the molecules of dye [23]. Similarly, Kooh 
et al. [24] noted that the uptake of RB by Casuarina equisetifolia was 
optimum at a pH of 2.9 and this was as a result of the formation of both 
cationic and monomeric RB molecules and that at a pH higher than 4.0, 
RB molecules forms a dimer in solution as a result of the existence of the 
zwitterionic form.

4.3.2 Adsorption Kinetics of RB Dye Removal

The fitting of the sorption data of RB dye onto the three adsorbents used 
was achieved via Weber–Morris intra-particle diffusion model, Elovich, 
Pseudo-first-order (PFO), and Pseudo-second-order (PSO) using the 
equations described in the non-linear equations 4.3 to 4.6 [25–28]:

 Qt = Kid t
0.5 + Ci (4.3)
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where qt denotes the RB concentrations (mgg−1) at the time (t), and k1(min−1) 
and k2(mgg−1min−1) are the rate constants of the PFO and PSO respectively. 
The intraparticle diffusion coefficient and the diffusion constant as corre-
sponds to the boundary layer thickness are given as kid(mgg−1min−1) and 
Ci(mgg−1) respectively. From the Elovich model, the adsorption rate con-
stant as well as the desorption rate constant which represents the accessible 
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Table 4.2 RNS kinetics parameters of Rhodamine B dye adsorption.

Co (mg/L) 50 100 150 200 250 300

Pseudo-first-
order

Qe(exp) (mg/g) 19.56 35.65 55.34 67.55 90.34 112.65

Qe(cal) (mg/g) 21.300 37.049 58.184 70.875 93.110 116.544

k1 (mins-1) 0.123 0.122 0.193 0.155 0.135 0.122

R2 0.996 0.999 0.998 0.995 0.997 0.995

% SSE 0.027 0.012 0.015 0.015 0.009 0.010

Pseudo-first-
order

Qe(cal) (mg/g) 35.063 67.037 96.200 106.193 122.229 156.538

k2 (g/mg/min) 0.030 0.015 0.012 0.012 0.013 0.037

R2 0.994 0.998 0.995 0.997 0.989 0.993

% SSE 0.239 0.265 0.223 0.172 0.106 0.117

Elovich α(mg/g/mins) 2.121 4.271 5.420 7.401 9.572 12.691

β(g/mg) 0.383 0.864 0.648 0.893 0.717 0.828

R2 0.988 0.979 0.985 0.997 0.996 0.998

Intraparticle
Diffusion 

Kid (mg/g/
mins1/2) 

3.889 5.308 8.784 10.227 16.653 22.448

C (mg/g) 0.312 1.148 1.915 1.155 1.820 1.900

R2 0.989 0.996 0.996 0.989 0.995 0.997
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Table 4.3 CNS kinetics parameters of Rhodamine B dye absorption.

Co (mg/L) 50 100 150 200 250 300

Pseudo-first-
order

Qe(exp) (mg/g) 23.451 45.671 70.452 86.412 112.651 146.542

Qe(cal) (mg/g) 24.493 46.270 69.012 87.217 114.232 147.701

k1 (mins-1) 0.012 0.012 0.015 0.016 0.012 0.015

R2 0.998 0.999 0.998 0.997 0.998 0.995

% SSE 0.013 0.004 0.006 0.003 0.004 0.002

Pseudo-first-
order

Qe(cal) (mg/g) 30.891 64.271 95.771 127.976 138.139 180.010

k2 (g/mg/min) 0.055 0.099 0.042 0.053 0.067 0.030

R2 0.993 0.993 0.998 0.997 0.996 0.995

% SSE 0.096 0.123 0.108 0.145 0.068 0.069

Elovich α(mg/g/mins) 0.362 0.934 2.331 5.316 6.658 8.283

β(g/mg) 0.244 0.477 0.331 0.033 0.026 0.015

R2 0.993 0.995 0.998 0.996 0.989 0.994

Intraparticle
Diffusion 

Kid (mg/g/
mins1/2) 

2.873 4.097 7.807 9.039 10.186 16.223

C (mg/g) 0.600 0.791 0.773 0.594 3.326 8.993

R2 0.994 0.994 0.995 0.996 0.997 0.993
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Table 4.4 MCNS kinetics parameters of Rhodamine B dye absorption.

Co (mg/L) 50 100 150 200 250 300

Pseudo-first-
order

Qe(exp) (mg/g) 34.561 55.653 80.351 112.655 144.761 185.344

Qe(cal) (mg/g) 21.487 46.903 70.086 98.100 104.947 134.942

k1 (mins-1) 0.223 0.417 0.683 0.879 0.957 1.540

R2 0.992 0.976 0.987 0.998 0.991 0.988

% SSE 0.114 0.047 0.039 0.039 0.083 0.082

Pseudo-first-
order

Qe(cal) (mg/g) 32.139 56.705 82.113 114.991 149.380 188.221

k2 (g/mg/min) 0.083 0.012 0.022 0.018 0.048 0.026

R2 0.995 0.997 0.986 0.979 0.950 0.959

% SSE 0.021 0.006 0.007 0.006 0.010 0.005

Elovich α(mg/g/mins) 4.047 6.521 8.284 10.350 13.276 15.057

β(g/mg) 0.889 0.390 0.521 0.249 0.186 0.690

R2 0.992 0.996 0.992 0.987 0.997 0.995

Intraparticle
Diffusion 

Kid (mg/g/
mins1/2) 

4.986 6.823 9.948 12.349 15.130 20.392

C (mg/g) 1.093 2.566 3.135 7.758 10.072 12.742

R2 0.989 0.984 0.989 0.999 0.986 0.988
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spots on the sorbent surface is denoted as α (mg g-1 min-1) and β (g mg-1) 
respectively. The parameters of all the kinetic models were estimated from 
the non-linear curve as shown in Figures 4.8b–d and represented in Tables 
4.2 to 4.4. The values of the equilibrium capacities (Qe) as derived from the 
experimental data and the kinetic models of PFO and PSO alongside the 
correlation coefficients (R2) were deployed to describe the mechanism of 
the three sorbents. Judging from these studies, it can be established that 
the kinetics data of RB adsorption by RNS and CNS fitted with the PFO 
indicates a physical adsorption process, while that of MCNS fitted with the 
PSO kinetics suggests a chemical adsorption process.
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This was further confirmed using the sum square error function (SSE) 
which is given in equation 4.7 with smaller values of SSE for the PFO when 
RNS and CNS were used and PSO for MCNS respectively. The correlation 
coefficients from the Elovich model were found in the range of (0.979–
0.998) for RNS, (0.989–0.99) for CNS, and (0.978–0.997) for MCNS respec-
tively thus implying the suitability of Elovich this model. The rate constant 
(Kid) of the Weber–Morris intraparticle diffusion models obtained demon-
strated an increase with the initial RB concentration for all the adsorbents 
tested. Two distinct diffusion phases were noticed for the adsorption route 
with the first stage occurring rapidly within the first 40 min and the second 
phase proceeding until the equilibrium stage sets in.

4.3.3 Adsorption Isotherms of RB Dye Removal

Adsorption models from Langmuir isotherm [29], Freundlich isotherm 
[30] as well as Dubinin–Radushkevich (D-R) [31] were applied to decide 
the RB adsorption capacities of RNS, CNS, and MCNS adsorbents as 
described in equations 4.8 to 4.10 respectively. From the Langmuir iso-
therm, Qmax denotes the ceiling amount of the RB required for the for-
mation of the entire monolayer surface, while the equilibrium constant 
(Lmg-1) is represented as b.
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+
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The value of b can be used to obtain the separation factor (RL) which 
portrays the nature of the adsorption process:

 
= +R bC

1
(1 )L

0  
(4.11)

The Freundlich isotherm constant (KF) relates the bonding energy 
which defines as the distribution coefficient of the amount of RB adsorbed 
onto the available receptor sites the adsorbents, while the value of 1/n mea-
sures the surface heterogeneity of the adsorption intensity. The theoretical 
saturation capacity of the D-R is denoted as Qs (mol g-1), while the Polanyi 
potential (ε) is represented as: such that R (J mol-1 K-1) and T (K) is the 
molar gas constant and temperature of the adsorption process respectively. 
The values of β (mol2 J-2) as related to the mean free energy E (kJ mol-1) of 
adsorption is given as:

 E = (2β)−0.5 (4.12)

The nonlinear curves of Qe vs Ce as represented in Figures 4.9a–c were 
used to obtain the isotherm constants as given in Table 4.5. Standing on the 
values of the correlation coefficients (R2) as well as the adsorption capaci-
ties of the three isotherms investigated, better suitability with the Langmuir 
isotherm model was observed with RNS as well as CNS (R2 = 0.998 and 
0.986), while that of the MCNS was adjudged to be better fitted with the 
Freundlich isotherm (R2 = 0.987). Consequently, it can be deduced that 
while the uptake of RB onto the surface of RNS and CNS proceeds via 
homogeneous surface, that of MCNS took place on a heterogeneous sur-
face of signifying chemical adsorption process though.

The Langmuir maximum adsorption capacities for RNS, CNS, and 
MCNS are 106.226, 130.438, and 188.532 mgg-1 respectively. The 1/n val-
ues obtained are 0.154, 0.225, and 0.254 RNS, CNS, and MCNS respec-
tively thus confirming that the sorption of RB is favorable. The Qs values 
derived from D-R isotherms are 98.742, 120.503, and 143.362 for RNS. 
CNS and MCNS respectively with the magnetic-activated form showing 
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greater adsorption capacity. The values of E calculated are 0.249 for RNS, 
0.136 for CNS, and 10.395 MCNS suggesting physisorption for RNS and 
CNS and chemisorptions for MCNS respectively. The adsorption capac-
ities (QM) of the tested adsorbents from the Langmuir isotherm were 
compared with published data as indicated in Table 4.6 for the removal of 
RB. As illustrated in Table 4.6, the adsorption capacities of RNS, CNS, and 
MCNS adsorbents used in this study match up with the literature data.

4.3.4 Thermodynamic of RB Dye Removal

The impact of temperature on the elimination of RB by RNS, CNS, and 
MCNS can be described in terms of the relationship between the solute 
particles in solution and at equilibrium, as follows:

 
=K Q

Cd
e

e  
(4.13)
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Figure 4.9 Isotherm plots for the sorption of Rhodamine B by (a) RNS, (b) CNS and  
(c) MCNS.
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Table 4.5 Isotherms parameters of Rhodamine B dye absorption.

Isotherms Parameters RNS CNS MCNS

Langmuir Qmax (mg/g) 106.226 130.438 188.532

ALL 0.135 0.485 0.113

b (mg/L) 0.224 0.356 0.651

R2 0.998 0.986 0.977

Freundlich KF (mg/g)
(mg/L)-1/2

12.543 29.128 30.387

1/n 0.154 0.225 0.254

R2 0.991 0.958 0.987

Dubinin– 
Radushkevich

Qs(mg-1) 98.742 120.503 143.362

KR, (mg−1L)1/g

E 0.249 0.136 10.395

R2 0.989 0.979 0.926

Table 4.6 Comparison of neem seed-derived adsorbents with literature reports.

Adsorbents  Qmax(mg/g) References 

Duolite C-20 resin 28.571 Al-Rashed and 
Al-Gaid [3]

Pomegranate peel 30.47 Rajae et al. [4]

CT269DR resin 164.44 Jinbei et al. [5]

Porous organic polymer adsorbent 
(DAPS-TPPOP)

59.20 Xiao-Cheng et al. [6]

ZSM-5 Directly Synthesized from 
Bangka Kaolin

128.21 Ani et al. [7]

Cobalt ferrite nanoparticles 5.165 Oyetade et al. [18]

Acid-functionalized multiwalled
carbon nanotubes

42.68 Oyetade et al. [18]

(Continued)
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Knowledge of the equilibrium constant was deployed to ascertain the 
entropy change (∆S◦), free energy change (∆G◦), and the enthalpy change 
(∆H◦) by using the expressions [31−33]:

 ΔGo = −RT ln KD (4.14)

 
lnK S

R
H

RTd
o o

 
(4.15)

 ΔGo = ΔHo − TΔS  (4.16)

From the linear plot of In Kd against the reciprocal of tempera-
ture, the intercept, ∆H◦ and slope, and ∆S◦ can be deduced respectively 

Table 4.6 Comparison of neem seed-derived adsorbents with literature reports. 
(Continued)

Adsorbents  Qmax(mg/g) References 

Casuarina equisetifolia cone 82.34 mg Kooh et al. [24]

Centrifuge treated Olivedos clay 58.82 Neto et al. [33]

Centrifuge treated Sessego clay 344.82 Neto et al. [33]

Cuba clay 123.46 Neto et al. [33]

Black tea leaves 53.2 Mohammad and 
Shah [34]

Modified three-dimensional layered 
double hydroxide

128.21 Zhu et al. [35]

Cassava slag biochar (HCS) 105.30 Wu et al. [36]

Dowex 5WX8 Resin 43.4 Khan et al. [37]

Zeolitic imidazolate frameworks 
(ZIF)

85.00 Zhang et al. [38]

Grass-Waste 54.00 Zahir et al. [39]

Raw neem seed 106.226 This study

Carbonized neem seed 130.4381 This study

Magnetic carbonized neem seed 188.532 This study
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(see Figure 4.10). The spontaneous character of the process was established 
from the negative values observed for ∆G◦ which rises with the tempera-
ture, thus suggesting better diffusion of pollutant particles onto the vacant 
sites of the adsorbent at elevated temperature (see Table 4.7). The values 
of the ∆S◦ for RNS, CNS, and MCNS were positive suggesting a rise in 
the degree of randomness of the adsorption system. According to Oyetade 
et al. [18], the adsorption process could be described as entropy-driven an 
endothermic enthalpy is observed.

The values of ∆H◦ were estimated at 7.488 kJmol-1 for RNS, 7.148 kJmol-1 

for CNS, and 23.570 kJmol-1 for MCNS. The adsorption of pollutants onto 
the surface of the adsorbent could proceed via physical or chemical inter-
actions [18]. Yu and Ya-Juan [40] reported that during physical adsorp-
tion, the heat evolved is similar to that of the heat of condensation, which 
is between 2.1 and 20.9 kJmol−1, however, that of chemical interactions is 
within 80 to 200 kJ mol−1. Thus, RB sorption by RNS and CNS can be said 
to have followed physical interactions, while that of MCNS obeyed chem-
ical interaction. Furthermore, with ∆H◦ being positive, the adsorption is 
an endothermic process (see Table 4.7). The differences observed in the 
reaction mechanisms of the adsorbents could be due to different chemical 
compositions of the adsorbents as revealed by the FT-IR analysis.
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Figure 4.10 Vant Hoffe plot of ln Kd versus 1/T for the adsorption of Rhodamine B dye.
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Table 4.7 Thermodynamic parameters of Rhodamine B dye absorption.

RNS

T (K) Kd ΔH (kJmol-1) 
ΔS 

(kJmol-1) R2 

298 1.021 -51.534

313 1.102 245.113

318 1.144 344.416

323 1,240 -559.751 7.488 25.466 0.978

328 1.280 -652.767

333 1.300 -704.653

338 1.357 -832.005

CNS

298 1.107 -174.669

313 1.085 -205.262

318 1.104 -253.254

323 1.302 -686.742 7.148 25.211 0.963

328 1.552 -1160.790

333 1.613 -1283.900

338 1.687 -1425.940

MCNS

298 1.212 -176.363

313 1.221 -503.073

318 1.261 -593.829

323 1.324 -730.461 23.570 45.677 0.928

328 1.356 -805.053

333 1.371 -847.251

338 1.376 -869.638
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4.4 Conclusions

The sorption of RB from wastewater was effectively achieved using raw 
neem seed, carbonized neem seed, and magnetic carbonized neem seed. 
The chemistry of the surface of the adsorbents was confirmed using FT-IR, 
XRD, and SEM respectively. It was discovered that the effectiveness of the 
adsorbent greatly depends on the temperature, pH, pollutant concentra-
tion, contact time, and the amount of the adsorbent used. The magnetic 
carbonized neem seed demonstrated the highest adsorption capacity for 
the uptake of RB. Based on the information obtained on the adsorption 
capacities of the tested isotherms, the magnetic carbonized neem seed 
(MCNS) showed the greatest affinity towards RB dye, followed by the 
carbonized form, and the least was observed with the raw neem seed 
adsorbent. This study, therefore, revealed that both the heat and chemi-
cal activation of the raw neem seed improve the textural properties of the 
material thereby enhancing the adsorption potency of the adsorbent which 
offers suitable adsorbents for the remediation wastewater.
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5.1 Introduction

It has been shown that the release of hazardous wastewater into the ecosys-
tem is a substantial cause of pollution, eutrophication, and disturbance of 
aquatic life [1, 2]. Organic pollution residues have been identified in prac-
tically all environmental matrices on every continent during the last three 
decades. Surface water (seawater, lakes, rivers, and streams), groundwa-
ter, wastewater treatment plant effluent, and sludge are all included in this 
category [3]. Effluents often contain a variety of chemical substances that 
are mutagenic, carcinogenic, teratogenic, or otherwise hazardous, putting 
human health at risk [4, 5]. Due to these concerns, there have undoubtedly 
been tougher rules on wastewater emissions, which must be considered in 
a variety of polluting operations. Wastewater treatment is often required 
in numerous situations. Advanced oxidation processes (AOPs) make it 
possible to oxidize organic chemicals that would normally be difficult to 
convert into end products that are less toxic to living organisms [6, 7]. 
Advanced oxidation processes are characterized by forming hydroxyl free 
radicals (OH), which are very potent and non-selective chemical oxidants 
[8, 9]. Comparing the hydroxyl radical to other well-known oxidants, such 
as ozone and hydrogen peroxide, the hydroxyl radical has greater relative 
oxidation activity. Following the characteristic features of organic sub-
strates, the produced hydroxyl radicals degrade the organic molecules in 
a variety of ways, such as radical abstraction, radical addition, electron 
transfer, and radical combination [10, 11]. When a semiconductor mate-
rial is excited by electromagnetic irradiation of appropriate energy, the 
electrons in the valence band are excited into the conduction band. The 
photocatalytic process is one example of an AOP in which a semiconduc-
tor material is excited. The production of electron-hole pairs is the result 
of this process. The excited electrons can generate superoxide radical ions 
from the dissolved oxygen, which are highly reactive [12]. The holes gen-
erated are also powerful oxidizing agents that may oxidize adsorbed water 
or hydroxyl radicals to create reactive hydroxyl radicals in the presence 
of oxygen. It is anticipated that these two radical species would destroy 
aqueous organic contaminants. TiO2 has been the most extensively utilized 
photocatalyst material up to this point with many other catalytic materials, 
also being explored as photocatalysts [13]. The commercial TiO2 catalyst, 
which comprises around 80 weight percent anatase and 20 weight percent 
rutile, is the most often used catalyst in photocatalytic processes and is 
available in various sizes. Although it is greatly reliant on the kind and 
concentration of the pollutant being treated, its optimal activity depends 
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heavily on these factors. Doping TiO2 with transition metals and nonmet-
als has been investigated for the last decade, and this combination has 
been found almost ideal for photocatalysis [4]. The photocatalytic method 
is effective on a wide range of organic substrates, including diverse haz-
ardous organic pollutants [14, 15], volatile organic compounds. Although 
the photocatalytic process has great promise, its industrial applicability has 
remained restricted owing to the high operating costs associated with the 
process [16]. Specifically, the purpose of this chapter is to demonstrate the 
applicability of the green photocatalysis approach for the treatment of an 
aquatic environment contaminated with organic contaminants in general. 
While this chapter focuses on the degradation of organic pollutants, such 
as dyes, toxic organic compounds, and antibiotics, it also includes studies 
of the degradation of model compounds in synthetic and real wastewater. 
The effects of kinetic energy modeling have been employed to determine 
the specific applied energy (ESAE) required to degrade the model pollut-
ants. Because AOPs are often energy-intensive processes, electric energy 
accounts for a significant portion of the operational expenses. The sug-
gested ESAE value provides for quick assessment of system expenses and 
indicators of the overall amount of power required. It may also be used to 
estimate the costs associated with system operation.

5.2 Solar Energy

Solar light is the most important source of energy for all life on the planet. 
Sunlight continuously reaches the earth’s surface by a continuous flow of 
electromagnetic radiation waves throughout the day. Only a very tiny frac-
tion of the total emitted energy in the solar system gets absorbed by the 
earth’s atmosphere.

5.3 Green Photocatalysis

Photocatalysis is a form of catalysis that involves various reactions when 
light is applied to a surface of the photocatalyst. Photocatalysis includes 
some critical responses, such as photoactivation of catalysts and degrada-
tion of organic molecules via different pathways. The characteristic features 
of an ideal photocatalyst include stability, cost-effectiveness, efficiency, and 
nonhazardous. Figure 5.1 shows the simplest schematic photo-driven deg-
radation processes of organic pollutants.
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The semiconductor materials that possess sufficient bandgap could 
act as sensors for photo redox processes due to their electronic proper-
ties. Materials that possess a filled valence band and an empty conduction 
band absorb light of a specific wavelength, and the electrons present in 
VB are excited to the CB. The excited electrons to conduction band act 
as an energy source to be used directly to degrade organic pollutants or 
create different types of species through attacking O2 molecules (Figure 
5.1). There has been a slew of technologies developed throughout the years 
to expel toxic contaminants from wastewater. Treatment procedures like 
adsorption, ion exchange, air, and stripping capture the pollutants but can-
not break them down into harmless compounds. The fact that there is no 
need for after-treatment or disposal procedures makes the photocatalytic 
process one of the most attractive options compared to other technologies. 
Another benefit of this procedure is that it does not need costly oxidizing 
chemicals since ambient oxygen serves as the oxidant. An optimum cat-
alyst should possess the necessary bandgap, absorb a broad range of the 
solar spectrum, dissociate water molecules, destroy organic contaminants, 
and must be stable in an aqueous environment during the reaction process.

5.4 Organic Pollutants

Specifically, four distinct model compounds were chosen for this research 
to reflect the various kinds of contaminants found in wastewaters [17]. 
Pharmaceutical contaminants are still unregulated, and their residues 
in the environment are classified as “compounds of emerging concern” 
because they have a significant effect on the ecosystem and human health. 
PCOU, also known as 3-(4 hydroxyphenyl)-2 propenoic acid (PCOU), 
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Figure 5.1 Illustration of photodegradation process of organic contaminates.
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is an organic chemical often discovered in agroindustrial wastes like olive 
pressing and wine distillery wastewaters. PCOU is prevalent in south-
ern Europe, particularly in the Mediterranean area [6]. It is classified as 
a contaminant because it interferes with standard biological wastewater 
treatment. Agriculture wastewaters are thought to include phenolic com-
pounds, which have been linked to increased toxicity and antibacterial 
activity. As a result, removing these chemicals is critical.

2-Benzofuran-1,3-diene 9 (phthalic anhydride [PHA]) is a chemical 
compound discharged into the environment by different chemical indus-
tries. The majority of the emissions originate during the synthesis of PHA, 
plasticizers, insecticides, and surfactants, all of which require phthalic acid 
ester as a component. Besides that, PHA is employed to manufacture a 
range of products, including polyesters, alkyl resin and polyurethane, halo-
genated anhydrides, insect repellents, phthalocyanine pigments, dyes, and 
perfumes, as well as intermediates in the chemical industry [18]. Process 
off-gases and industrial effluents are the two most significant sources of 
these emissions. Exposure to phthalic anhydride results in the malfunc-
tioning of the respiratory system irritates the skin and eyes in human 
beings.

Bisphenol A (2,2-bisphenol A) is a chemical compound found in plants 
(4-hydroxyphenyl). Phosphoric acid (BPA) is an essential organic chemical 
that is utilized to synthesize a variety of resins (polycarbonate and epoxy 
resin type) and a stabilizer during the polymerization process. Compressed 
discs, dental fillings, plastics, and the support of electrical equipment are 
all made with BPA. It is possible for BPA to leach into the environment, 
for example, into surface waters, during production operations, and via 
migration from finished goods. Because of its estrogenicity, BPA is exten-
sively utilized despite being a recognized endocrine-disrupting chemical 
(EDC). The EDCs have physiological effects by acting as the natural hor-
mone or interfering with the generation, release, metabolism, and removal 
of the hormone.

5.5 Reactive Species Responsible for Green 
Photocatalysis Treatment

Before developing a successful photocatalytic system, it is essential to 
investigate the function of reactive species during the photocatalytic pro-
cess. The generation of highly reactive intermediates (holes (h+), electrons 
(e), hydroxyl (•OH), and superoxide ion (O2

•) radicals) is quite a necessary 
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step during the photocatalytic reactions. The photochemical reactions car-
ried out by light are the fundamental principle of the semiconductor pho-
tocatalytic reactions. During the photocatalytic irradiation process, a light 
of a specific wavelength falls on the surface of the semiconductor photo-
catalyst, as a result of this radiation reactive intermediates are produced 
in the aqueous solution. Organic pollutants are attacked and destroyed by 
these photogenerated reactive species. During this process, holes are gen-
erated in the VB, and electrons are excited to the CB. These photogene-
rated holes and electrons react with dissolved oxygen and water molecules 
to produce highly reactive species in different ways, as described in Figure 
5.2. Water oxidation produces ·OH and H2O2, and dimerization of ·OH 
can also produce H2O2. H2O2 can then be oxidized to ·O2

−, and ·O2 and 
reacts with photogenerated holes to produce 1O2. The O2 is produced ·O2. A 
 proton-coupled process converts O2 to H2O2. Then, H2O2 is broken down 
into ·OH, and ·OH is further reduced into H2O.

5.6 Advancements in Photocatalysts

The development of new nanohybrid as photocatalysts with excellent cata-
lytic and regenerative capacities increases attention in research.

5.6.1 Titanium/Tin-Based Nanocomposite-Mediated 
Photocatalysis

Various semiconductor materials have been extensively employed as pho-
tocatalysts to remediate organic contaminants in recent decades, with the 
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Figure 5.2 Schematic diagram explaining the role of reactive species during the 
photocatalytic process [19].
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most common being germanium. On the other hand, pure photocatalysts 
are often hampered in their photocatalytic activities by poor adsorption 
efficiency, and quick recombination of photogenerated electron-hole 
pairs, among other factors. Furthermore, their inability to be separated 
from treated water makes them unsuitable for use in practical applica-
tions. Various size-dependent features of semiconductor nanocompos-
ites (SC NCs) have been observed, including electronic bandgap energies, 
 solid-state phase transition temperatures, melting temperature, and com-
pressive behavior. The additional energy needed to excite an electron into 
the neighboring higher conduction band (CB) in semiconductors allows 
the electron to flow freely and generate an electric current. This results in 
a hole being created in the valence band (VB), which travels in the reverse 
direction of the electron. As a result of their ultra-low bandgap energy, 
high surface-to-volume ratio, enhanced active sites, self-supporting archi-
tecture, and outstanding mechanical qualities, semiconductor nanoparti-
cles are considered as one of the most featured photocatalysts currently 
available.

The most commonly used photocatalysts for the degradation of toxic 
pollutants from water and wastewater are Ti-based photocatalysts such as 
TiO2, titanium dioxide compounds. Ti is considered as one of the standard 
reference photocatalysts to compare photocatalytic efficiency under vari-
ous treatment procedures. A visible light active photocatalyst is extremely 
desirable, and the amount of light that can be absorbed in appropriate 
energy depends on the bandgap of the semiconductors. A new form of 
potential visible light-responsive photocatalyst for organic pollutants, on 
the other hand, is being developed using tin-based catalysts. Because of its 
suitable band gap and enhanced chemical stability, it is resistant to degra-
dation. Their photo activities may be increased by modifications in the size 
and morphology of the catalytic surfaces, which results in a decrease in the 
recombination of e− h+ couples on the catalytic surfaces. A beneficial influ-
ence on the photocatalytic action is provided by doping metals or their 
oxides, which allows charge carrier movement between the photocatalyst 
and an extra phase, which may delay the recombination of charge carriers. 
The characteristics of photocatalysts may alter when the interstitial sites 
are occupied by Ti/Tin and form aggregates on the surface of the catalyst. 
As a result, the synthesis and use of titanium and tin photocatalysts have 
piqued the attention of many researchers.

Recently, numerous efforts have been focused on enhancing the phys-
icochemical properties of Tin(IV) and Ti(IV)-based semiconductors, 
which are highly efficient, stable, and less toxic to our environment as com-
pared to aerogels composed of metal oxides, graphene oxide, and carbon 
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nanotubes. Most of the research work is focused on achieving a high 
degree of exfoliation, excellent dispersion of (Tin(IV) and Ti(IV))-NPs, 
and better encapsulation of the active ingredients into the polymer matri-
ces through surface modifications. However, the improvement of such 
properties is limited to the above influences and is determined by many 
other factors, including the size, shape, and aspect ratio of the various com-
ponents. Relevant modeling work has confirmed the importance of these 
factors on the properties of hybrid materials. Further, it is still a matter of 
debate how the nanosize affects these mechanical properties due to the 
limited aspect ratios of the various components. The catalysts’ visible light 
activity has been increased by modifying semiconductors using various 
techniques, including doping, composite synthesis, size reduction, surface 
modification, and other techniques. Modification of powdered photocata-
lysts has been investigated extensively during the past two decades. Table 
5.1 shows different kinds of semiconductors photocatalyst and their photo-
catalytic degradation efficiencies toward different organic pollutants. For 
example, Ti(IV) phosphate/Poly o-anisidine (TP-POA), SM(III) doped 
POA-TP, TiO2@polyaniline, BiVO4/TiO2, Tin(IV) silicomolybedate@
Acrylamide(TSM/AC), and TSM@Polyacrylamide-g-Chitosan (TSM@
PA-CS) [20, 21]. The following characteristics of the improved photocat-
alyst are observed:

1. Improved harvesting of visible light.
2. Decrease in the bandgap energy.
3. Catalytic characteristics that have been improved.
4. Increased reusability.

5.6.2 Synthesis of Various Nanocomposites as Photocatalysts

Manea and colleagues have developed a photocatalyst-based titanium 
(IV) nanocomposite for the breakdown of MB and MG dyes that is very 
efficient. Poly o-inside @titanium phosphate (POA-TP) nanocomposite 
catalyst with acidic surface properties was synthesized using the sol-gel 
process and had a mesoporous structure. To synthesize the POA polymer 
with inorganic complex TP, an in situ oxidative polymerization procedure 
was carried out in the laboratory. Typically, the gel of POA was added to 
the white precipitate of TP. At the same time, the combination was con-
stantly stirred, and the resulting mixture was progressively transformed 
into black-colored slurries over some time. After that, the material was 
allowed to rest at room temperature for 24 hours. The POA-TP products 
were filtered out and extensively washed with DMW to eliminate any 
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Figure 5.3 (a, b) Schematic diagram showing the route synthesis of (a) Sm@POA-TP and (b) CS-g-PA@TSM nanocomposites [9].
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excess acid from the mixture. After multiple washes, the gel was dried in 
an oven at 40°C for 20 minutes, as shown in Figure 5.3a.

On the other hand, the sol-gel technique was used to create a unique 
semicrystalline PANI-Ti (IV) as a nanocomposite, which was then char-
acterized. PANI-Ti is an abbreviation for PANI-Ti (IV). Additionally, the 
capacity to cause photochemical destruction of AB-29, an organic con-
taminant, was investigated. The findings of the photochemical degradation 
investigations revealed that (PANI@Titanium arsenate) may be utilized to 
successfully reduce the toxicity of AB-29 dye and can also be employed as 
conducting material. The advanced technique of hydrothermal processes 
was applied to prepare the new class of hydrogel by impregnations Tin(IV) 
silicomolybdate NPs into chitosan-g-polyacrylamide gel to produce CS/
PA-Sn(Si/MoOx) nanohybrid. The chitosan-grafted polyacrylamide gel 
(CS-g-PA) served as the host in this approach, while (Sn(Si/MoOx) served 
as the filler. The nanoparticles of Sn(Si/MoOx) were added dropwise into 
the matrix of CS-g-PA for 3 hours at 70°C while vigorously stirring. The 
cross-linking agent N, N methylene bisacrylamide [22]. As a result, the 
redox initiator (KPS) generates hydroxyl radicals (•OH), which form active 
free-radical sites on PA, which is then graft copolymerized with CS bio-
polymer to form 3D gel network (Scheme 2-1). The resulting CS/PA-Sn(Si/
MoOx) product was heated at 120°C for 24 hours in a Teflon-lined auto-
clave, as shown in Figure 5.3b.

5.6.3 Photocatalytic Degradation of Organic Pollutants

The heterogeneous photocatalysis exhibits a strong dependence on the 
process parameters, i.e. doping effect, temperature, pH, pollutant concen-
tration, surface area, and catalyst mass. The photodegradation efficiency of 
catalysts or biocatalysts is enhanced by the introduction of the doping effect 
of noble metals, such as Au and Ag, owing to their empty orbital, which 
could allow to spread of the excited electrons, which improve the visible 
light absorption with the manipulation of optical properties. Further, com-
bined photocatalysts with inorganic, biotemplates, nanostructures filler, 
and micelles, such as TiO2, ZnO, spent leaves, sodium dodecyl sulfate, and 
metal oxide nanoparticles enhance the photocatalytic efficiency. For exam-
ple, the use of Co3O4 NPs, NiO nanorods, the bimetal oxide nanohybrid 
of CeO2@Y2O3, and NiO@MnO exhibited strong photodegradation activ-
ity toward MO, RhB, MB, and rose bengal dyes. Manea et al. have been 
studying the doping effect by introducing Sm(III) rare earth metal ion into 
poly-o anisidine-Ti(IV) phosphate to produce Sm/POA-TiP nanocompos-
ite, which was effective for the degradation of MB (94%) and MG (90%) 



Photocatalytic Degradation of Organic Pollutants 117

Table 5.1 Different kinds of semiconductors photocatalyst and their efficiencies for photodegradation of some organic pollutants.

S. no. Sn(IV) NCs
Synthesis 

method

Parameters 
Potential 

applications Efficiency Ref.Sn (Amt) T(°C)/time pH

1 SnO2-PBS Sol-gel Sn4+ (0.315 g and 
30%)

100°C/4 h 11-12 Photocatalytic 
degradation of 
RhB

87% [23]

2 r-GO –SnO2 Hydrothermal Sn4+ (0.1M and 
30%)

180°C/4 h 9 Photocatalytic 
degradation of 
MO

100% [24]

3 TiO2@SnS2 Hydrothermal Sn4+ (0.1M and 
25%)

40 °C/24 h — K2CrO7
reduction 

90% [25]

4 CS/PA@Tin(IV)
Si/Mo

Hydrothermal Sn (0.1M and 
25%) 

120°C/24 h 1-2 photodegradation 
CIP

95.5% [26]

5 AC-Tin(IV)  
Si/Mo

Sol-gel Sn4+ (0.1M and 
25%)

Refluxed 
60°C/ 
24 h

0.63 MB degradation  90% [21]
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dyes. The most important factors influencing the photocatalytic process 
are summarized in Table 5.1.

Several researchers have studied the photodegradation of organic pol-
lutants using different semiconductor materials, i.e., transition metal ions 
and their metal oxides, due to their efficiencies as catalysts for organic pol-
lutant degradation. This chapter also focuses on the recent developments 
of the mechanism and applications of some nanocomposites based, Tin 
(Sn+4) and Titanium (Ti+4) as promising candidates. In addition, this article 
presents a systematic series of studies on preparation with controllable size 
and shape using a wide range of methods. Relevant growth mechanisms 
are also discussed. Furthermore, the promising potential of Ti/Sn (IV) 
NCs as building blocks for energy, sensors, and catalysis is highlighted. 
Tailor-made nanocomposites combining rare earth metals or conducting 
polymers are being developed to improve the performance of photocata-
lyst composites. This chapter can provide researchers with key snapshots of 
recent advances and future challenges, resulting in significant progress in 
2D CNT and biopolymers, as well as M(IV) - semiconductor NCs.

5.7 Green Treatment of Pollutants

The green treatment of antibiotics, dyes and other hazardous compounds 
by photocatalysis approach is the major chemical process of decompo-
sition. Toxic properties must be reduced and their transport into water 
systems must be restricted. Table 5.2 shows the most important factors 
influencing the photocatalytic process.

5.7.1 Photodegradation of Toxic Dyes

The presence of organic dyes in bodies of water, even at low concentra-
tions, is highly undesirable. In general, all dyes cause a slew of health prob-
lems in humans, including allergic dermatitis, skin problems, and cancer. 
Photocatalytic process using highly efficient catalyst/semiconductor is 
known as green and active approach for treating the toxic dyes. Increasing 
the absorption capacity toward the solar/visible light area by inducing the 
photoexcited dye molecule decreases the absorption capacity toward the 
visible light region. Many dyes, such as methylene blue rhodamine B, por-
phyrins, malachite green thionine, rose Bengal, erythrosine B, and others, 
can harvest visible light, which is why they are utilized as sensitizers. When 
the energy level of the dye molecule is more negative than the energy level 
of the semiconductor, electrons are moved from the dye molecule to the 
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semiconductor’s conduction band that they are transported. The processes 
involved, photoexcitation, electron injection, and dye regeneration, as 
explained in Figure 5.4.

For example, Cinelli and his colleagues has been investigated the degra-
dation efficiency of RhB+ dye using CoFe2O4/BiOCl composite. The exper-
imental results demonstrated that visible light photocatalysis induced by 
CoFe2O4/BiOCl for Rhodamine B degradation was successful, and spectro-
scopic analysis revealed the presence of a hypochromic shift 554 nm to 495 
nm (Figure 5.4). Furthermore, it has been discovered that photobleaching 

Table 5.2 The most important factors influencing the photocatalytic process.

Factors Effects

Pollutant 
concentration

Inorganic pollutant elimination on the surface of the 
photocatalyst is directly proportional to the initial 
concentration of organic pollutants. Even if the 
breakdown percentage of organic pollutants falls with 
an increase in pollutant concentration, it is necessary 
to maintain the appropriate amount of photocatalyst in 
the system. 

pH solution Depending on the nature of the material and the qualities 
of the pollutant, the pH solution may either stimulate 
or prevent photocatalytic activity. 

Temperature-
dependent 
reaction

To obtain effective photocatalytic activity, the reaction 
temperature should be in the range of 0–80°C. If the 
temperature is higher than 80°C, the catalyst will 
enhance the recombination of the electron-hole pair 
and reduce the system’s photocatalytic activity.

Surface area The use of nanomaterials with large surface areas may 
improve the photocatalytic performance by increasing 
the number of active sites (AS) on the photocatalyst 
surface, resulting in the formation of more radical 
reactive species, which is necessary for effective 
photodegradation activity. 

Doping on 
the catalyst 
surface

There are several ways available for intercalating active 
ions, which can capture photons with very little energy. 
Bandgap engineering is achieved by doping metals and 
nonmetals into photocatalytic materials, which may 
then be used to adjust and continually alter valence 
and conduction bands in the photocatalytic materials.
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is required for the production of RhB+, whereas percent OH is responsi-
ble for the N-demethylation reaction. Because of RhB’s oxidation potential 
and TiO2’s band edges, the excited dye may inject electrons into the TiO2 
conduction band, resulting in particles that become cationic radicals and 
undergo a further transition to products. It is possible that the photosensi-
tization response includes the following reactions.

Furthermore, it has been discovered that photobleaching is required 
for the production of RhB+, whereas percent OH is responsible for the 
N-demethylation reaction. Because of RhB’s oxidation potential and TiO2’s 
band edges, the excited dye may inject electrons into the TiO2 conduc-
tion band, resulting in particles that become cationic radicals and undergo 
a further transition to products. It is possible that the photosensitization 
response reaction was suggested as following:

 RhB + hv RhB* + TiO2 RhB+ + TiO2 (e)

5.7.2 Photodegradation of Antibiotics

The presence of emerging contaminants (ECs) in hospital sewage, such as 
pharmaceutical compounds [anti-inflammatory drugs (NSAIDs), steroidal 
hormones, and antibiotics (e.g., ciprofloxacin, tetracycline, Amoxicillin, 
salbutamol, estrone, benzocaine, and others)] [28–30], has been observed 
in wastewater around the world. So, it is essential to utilize an effective 
method to cleanse wastewater that contains these contaminants before it 
can be put to any good use. According to the researchers, improvement in 
the photodegradation of antibiotics with the help of nanocatalysts may be 
ascribed to their better visible light absorption capacity and their ability 
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to separate photogenerated electron-hole pairs efficiently. Furthermore, 
the huge surface area of the photocatalyst has the potential to increase the 
effectiveness of photocatalytic degradation. The active sites on the catalyst 
surface may be responsible for forming free radicals (during photocatal-
ysis) on the catalyst surface. After being grabbed (and transferred to O2 
molecules), the electrons were adsorbed on the surface. They generated 
reactive species (radical dot OH, e_, O2−, and h+) released into the envi-
ronment. As a result of the above facts, we previously described a correct 
photocatalytic degradation process of ciprofloxacin utilizing a tin-based 
nanocomposite (CS/PA-Sn(Si/MoOx)), which is depicted by the schematic 
diagram in Figure 5.5.

 Catalyst + hν → Catalyst* + e− + h+

 h+ + H2O → .OH + H+

 e− + O2 → O2−

 •O2− + • OH + H+ → H2O2 + •O2

 O2− + •OH + h+ + Ciprofloxacin → CO2 + H2O + other anions

5.7.3 Photodegradation of Bisphenol BPA

In water pipes, medical equipment, dental sealants, epoxy resins (such as 
plastic water bottles and polycarbonate plastics), numerous food contain-
ers, thermo bond, electronics, and toys, the chemical bisphenol (BPA) may 
be found in high concentrations. Because it resembles the human hormone 
estrogen, the chemical is harmful to the reproductive system. Inorganic 
metabolism, such as organism growth, reproduction, metabolic systems, 
brain networks, and cardiovascular irrigation, are negatively affected by 
bisphenol A (BPA) in the environment. It has been discovered that BPA 
may be found in almost every environmental compartment investigated, 
including the air, water, and soil [31]. According to published research, 
BPA exposure is associated with elevated anxiety, sadness, hyperactivity, 
and inattention. There is evidence of bisphenol in the organic body, which 
suggests that it is present in the blood and urine and a risk factor for car-
diovascular disease, diabetes, and obesity. It also appears to be a risk factor 
for fetal development and reduces basal testosterone secretion in males. 
Another finding is that BPA and other related compounds have been found 



122 Green Chemistry for Sustainable Water Purification

1.2 Pure
10 min
20 min
30 min
40 min
50 min
60 min
70 min
90 min
110 min
130 min

PTSM
CS-g-PA@TSM

pH=7
pH=10
pH=3

Cipro�oxacin-HCl

TSM
CS/PA
Ads
photolysis

PTSM
CS-g-PA@TSM
TSM

CS/PA
Ads (CS-g-PA@TSM)

1.0

(a) (b)

(c)

(e)

(d)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

1.0

0.8

0.6

0.4

0.2

0.0

0.0

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

210

0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 120

240 270 300
Wavelength (nm)

Time (min)

O O

O

N
O

O O

O

N
HHN

O

•OH

e–

h+

•OH

Intermediate

Intermediate

Intermediate

F

N

F
N

NN N

N

OH

NH2

H2O + CO2 + F–

OHF O

O

O

N
H

OH

OHF

H2N

H2O

F

HN

Time (min)

Time (min)

A
bs

or
pt

io
n 

(a
.u

.)
In

 (C
o/

C t
)

C t
/C

o
(C

o/
C t

)

330 360 390 0 20 40 60 80 100 120 140

CS-g-PA@TSM
•O2

O2

Figure 5.5 Schematically shows photodegradation of antibiotic ciprofloxacin.



Photocatalytic Degradation of Organic Pollutants 123

0.12

0.05

0.04

0.00

Direct photodegradation

OH
Further
photolysis

hv
X2

HO

X3
X1

OH

Indirect photodegration

X2

HO
X3 X1

OH

Cl
NaOO

jEƒOM•
hv Effluent organic matter

(EƒOM)

1. X1 = X2  = X0  = H
2. X1 = X0  = H . X1 = Cl
3. X1 = X X2 = H
4. X1 = X2 = Cl, X1 = H
5. X1 = X2 = X3 = Cl

HO OH

EPA

Calorine
Disinfection

1 2 3 4 5
WWTP

km
c1

, m
ln

-1

DAa

200 300 350
λ nvm

pHa7BpHa7B

200 300 350

Ch
ol

or
in

e

Chlorinified DPA detoxification 

hv

Bathochorinc sun
ka
ka1cem
ka

λ nvm

UV-LEDs
(batch reactor)

Sunlight
(compound parabolic collector)

Bisphenol-A

Bisphenol-A

Conventional
UV lamps

(batch reactor)

1

0.8

0.6

0.4

0.2

0
0 30 60 90 120

Bi
sp

he
no

l-A
, C

1C o

TiO2

(b)(a)
Irradiation time, min   

Figure 5.6 (a) Bisphenol-A removal by TiO2 photocatalyst in three different systems [32]; (b) photodegradation of chlorinated derivatives of BPAs 
under direct and indirect sunlight [33].



124 Green Chemistry for Sustainable Water Purification

in various environments, foods, and food-holding containers, as well as in 
human milk, urine, and placental tissue; this is evidence of probable world-
wide exposure to the chemicals. David et al. investigated the photocatalytic 
treatment of bisphenol-A (BPA) under various irradiation conditions [32]. 
The experiments were conducted in two batch-operated slurry photoreac-
tors with UV irradiation provided by either an ultraviolet light-emitting 
diode (UV-LED) or an ultraviolet blacklight lamp (UV-BL); additionally, 
the experiments were done in a solar reactor with natural sunlight.

Under optimized circumstances (C0 = 2.5 mg/L, TiO2 = 250 mg/L), 
BPA was destroyed in a short time of about 20, 30, and 120 minutes under 
UV-LED, solar, and UV-BL irradiation, with total decomposition occurring 
in approximately 20, 30, and 120 minutes, respectively. After 90 minutes of 
treatment, the corresponding response rates were 0.230, 0.151, and 0.025 
minutes, and the TOC removal rates were 88%, 67%, and 33%, respectively. 
On the other hand, Wan and his coworkers [33] were explained the effect 
of the effluent organic matter on the degradation of BPAs and its chlori-
nated derivatives as shown in Figure 5.6a. The series of quenching stud-
ies and laser flash photolysis analysis confirmed the association of triplet 
states of (EfOM) to the indirect photocatalytic degradation of BPAs with a 
rate constant 109 M∙s−1.

The experimental findings indicated that the photoproducts for direct 
and indirect photodegradation of BPA and its chlorinated derivatives 
mainly ascribed to the cleavage of C–Cl bond and hydroxylation with fur-
ther cleavage of the benzene ring as explained in Figure 5.6b.

5.8 Conclusion

In recent decades, various methods have been extensively used to remediate 
organic contaminants. We have described the photodegradation approach 
as a green technology for organic contaminants mostly found in polluted 
waters, such as dyes, hormones, phenols, antibiotics. This study indicated 
that the exfoliation and dispersion of (Tin(IV) and Ti(IV))-NPs as active 
ingredients into the polymer matrices through surface modifications 
enhance the photocatalytic efficacy. However, the improvement of such 
properties is limited to the abovementioned influences and is determined 
by many other factors, including the size, shape, and aspect ratio of the var-
ious components. Relevant modeling work has confirmed the importance 
of these factors on the properties of hybrid materials. Therefore, this chap-
ter will provide valuable information for developing novel nanocatalysts 
for rapid, economical, and high-performance wastewater treatment.
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Abstract
The textile industry has become the largest water consumption industry in the 
world. Wastewater released from textile industries is comprised of several pol-
lutants, like synthetic dyes, cleaners, steadying agents, chemicals, inorganic salts, 
and heavy metals. Many textile industries are generally responsible for releasing 
unprocessed wastewater into rivers, lakes, etc., thus causing serious health threats 
to humans, aquatic life, plants, etc. Textile wet processing methods generate efflu-
ents like chemical oxygen demand (COD), biological oxygen demand (BOD), 
reactive dyes, chemicals, and various organic compounds. Therefore, the textile 
effluents need to be treated before being released into rivers, lakes, etc. Elimination 
of pollutants from water bodies includes various methods, such as physicochem-
ical, biological, combined treatment methods, and other different techniques. 
Researchers are still doing research to process textile wastewater in a more sus-
tainable, cost-effective, and effective way. Nowadays, sustainable green wastewa-
ter treatment methods are gaining more importance in the textile industry. It is 
necessary to implement an eco-friendly green technology method for wastewater 
treatment to avoid adverse effects on the environment and ecological balance. In 
this chapter, we mainly discuss the different green technologies for treating textile 
wastewater.

Keywords: Population growth, green technology, textile dye pollution, removal 
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6.1 Introduction

Textile industries contribute a lot in maintaining the economy of coun-
tries worldwide. The textile industry itself contributes almost 12-14% of 
total production to the market economy. According to a survey, in 2020 
the market value of the textile industry has been increased to around 4% 
from 2019 and reached 842.6 billion dollars. With the rise in textile prod-
ucts demand, the number of textile industries increases and also concur-
rently increase in wastewater pollution, thus causing severe health hazards 
to the people. Generally, in textile industries, the yarn spinning method 
such as ring spinning, winding, etc and weaving of fabric on the loom 
is a kind of dry process and does not consume that much water but in 
wet processing methods like singeing, desizing, scouring, bleaching, mer-
cerizing, dyeing, printing, finishing, etc, consumes maximum amount of 
water and thus discharging various chemicals like dyes, acids, alkalis, dis-
persing agents, suspended solids in large amount, and hence, generating 
polluted wastewater. In a study, it was found that, commercially, around 
100,000 types of dyes would be there and at a worldwide level, approxi-
mately 1,000,000 tons of dyes were produced annually. Also, it was stated 
that each year textile dyes of nearly 280,000 tons were released as indus-
trial waste in water bodies all over the world. Therefore, it was observed 
that most of the dyes are extremely toxic, hazardous, reduce diffusion 
of light and photosynthetic activity that can cause a shortage of oxygen 
and restrain downstream valuable uses like drinking water, regeneration, 
and irrigation. Hence, causing serious health problems to humans like 
cholera, jaundice, etc. Thus, it is very essential to treat textile wastewater 
by eliminating the pollutants from water. Earlier, conventional wastewa-
ter treatments technology become responsible for rising the landfill and 
wide-ranging infrastructure needs, and also it affects the ecosystem as 
the landfill management is not done correctly. Moreover, this technology 
requires extensive energy that subsequently can emit carbon. Some of the 
textile wastewater treatments are done using biological processes followed 
by chemical coagulation. Though chemical and biological processes are 
best suited for eliminating dyes, they need a particular technique and 
are energy-intensive; furthermore, a high level of by-products is pro-
duced that generates a safe discarding issue. Nowadays, green sustainable 
technologies are mainly focused to treat wastewater for an eco-friendly 
environment. Sustainable green technology wastewater treatments give 
substantial pollutant removal efficiency, and significantly decrease the 
management of slush, consumption of energy, and running cost [1,  2]. 
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This process mostly involves biologically built treatments providing 
greater organic exclusion efficacy and reducing the adversative effect on 
the ecosystem, thus providing sludge management through a sustainable 
way that devours less energy and decreases the inclusive cost [3–6]. This 
chapter mainly focuses on environmental challenges in textile industries 
and the importance of green technology for wastewater treatment and dif-
ferent methods for treating textile effluents [7, 8].

6.1.1 Textile Industries: Causes of Water Pollution

The wastewater generated by textile industries usually depends on the col-
oration of textiles and chemicals used in different stages of processing and 
manufacturing. The dyeing of textiles could be done by using several kinds 
of dyes like acid dye, direct dye, reactive dye, vat dye, disperse dye, etc. 
Mostly dyes are made up of organic and inorganic complexes that can be 
applied in various ways to textiles. Generally, exhaustion of dyes ranges 
from 50% to 85% and thereby released as a pollutant in effluents due to 
which water bodies got affected severely. The discharged wastewater of col-
orants comprises around 4000 to 5000 parts per million (ppm) of suspended 
solids. However, the wastewater released by textile industries contains high 
levels of BOD, COD, total solids, chemicals, salts, residual dyes, acid/alka-
lis, some cleaning solvents, etc that can cause a serious threat to human 
health as well as water species [9, 10]. The different processing stages in 
textile manufacturing that are mainly responsible for generating pollutants 
are shown in Figure 6.1. Initially, the textile fibers are converted into yarns 

• High BOD, medium COD, suspended solids, starch,
  fats, enzymes, etc.Sizing/Desizing

• Oils, hydrolyzed pectins, proteind suspended solids,
  high COD.Scouring

• High BOD, high alkali, suspended solid, TDS, high pH.Mercerizing

• Chlorines. TDS, suspended solids, silicates, alcohol, etc.Bleaching 

• Dyes, high toxic matter, high dissolved solids,
  detergents, high BOD, high TDS, etc.   Dyeing

• Thickeners, acids, alkali, high BOD and COD, dyes,
  strong color, high pH, etc.Printing 

• Silicons, low BOD, high toxicity, cationic compounds,
  suspended dissolved solids, etc. Finishing

Figure 6.1 Wastewater characteristic for various levels of the textile processing industry.
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through spinning process then they are finally woven into fabrics and run 
further for various wet processing stages (dyeing, finishing, etc). Wet pro-
cessing generally requires a high amount of water during processing and 
thus discharges wastewater in rivers, lakes, etc. Various wet processing 
methods are more responsible for producing pollutants and effluents in 
large quantities (sizing, scouring, bleaching, mercerizing, dyeing, printing, 
finishing). However, among them, the dying process produces more waste-
water. Around 15% of textile dyestuff was utilized in the manufacturing 
of products that got released worldwide annually into the environment. 
Usually, reactive dyes are widely used for dyeing textiles because of having 
extensive diversity of shades of color, high wet fastness property, easy appli-
cation, intense colors, and nominal energy requirement. Thus, from textile 
dyeing industries reactive dyes are generally responsible for contributing 
high levels of wastewater in effluents. Moreover, some of the dyes, such 
as aromatic and heterocyclic dyes, show complex and firm structures so 
they might become more hazardous in degradation when existing in textile 
wastewaters. In addition to this spinning process also produce wastewater. 
The melt and the dry spinning process do not produce that much waste-
water, but the wet spinning process produces a large amount of effluent, 

Table 6.1 Standards for effluent released by textile processing industries 
in India.

Constraints Concentration apart from (pH)

COD (Chemical oxygen demand) approx. 250 mg/l

BOD (Biological oxygen demand) approx. 30 mg/l

pH 6-9 mg/l range

TSS (Total suspended solids) around 100 mg/l

Ammonia (NH3) 12-15 mg/l

Sulfide (S) approx. 1 mg/l

Remaining chlorine (Cl) ≥1 mg/l

Chromium (Cr) ≥2 mg/l

Aniline (C6H5NH2) ≥1 mg/l

Oil and grease around 10 mg/l

C6H5OH (phenolic compound) ≥1 mg/l
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such as the wet spinning of viscose rayon generates a high number of pol-
lutants in wastewater. Table 6.1 shows the number of pollutants generated 
by wet and dry spinning operations in textile industries. The textile indus-
try in India set some specific values for effluent discharge that are listed in 
Table 6.1. Moreover, some specific values are also set for domestic effluent 
discharge that is listed in Table 6.2.

6.1.2 The Effect of Polluted Water Discharged From  
Textile Industries on the Environment

Textile industries generally consume a large volume of water along with 
some chemicals during different steps of processing and at last releases 
wastewater containing pollutants and various coloring agents in rivers, 
lakes, etc. In the dyeing process, the uptake and dyes fixation degree on 
the substrate is not proper thus remaining dyes discharge with wastewater 
where some dyes are water-soluble, and some are water insoluble. However, 
it was assumed that around 2% of dyes were released directly into effluents, 

Table 6.2 Standards for domestic effluent discharge [11].

Parameters (mg/l) 
except pH

Domestic 
surface 
water

Municipal 
sewers

Domestic 
irrigation

Seaside 
areas

pH 5.5 to 9.0 5.5 to 9.0 5.5 to 9.0 5.5 to 9.0

Total suspended 
solids 

1.0 ×102 6.0×102 2.0×102 1.0×102

Total dissolved 
solids 

21.0 ×102 - 21.0 ×102 -

Biochemical 
oxygen demand 

3.0×101 3.50×102 1.0×102 1.0×102

Chemical oxygen 
demand 

2.50×102 - - 2.50×102

Sulfate (SO4
2-) 10.0×102 10.0×102 10.0×102 -

Chloride (cl-) 10.0×102 10.0×102 6.0×102 -

Oil or grease 1.0×101 2.0×101 1.0×101 2.0×101

Lead 1.0×10-1 1.0 - 2.0
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and around 10% vanished in the coloration process. Thus, it was expected 
that almost 20% of colorants were released into the environment through 
textile wastewater and hence causing a serious environmental hazard to 
human health and aquatic life. Treatment of textile wastewater is very 
tough because of having various chemical compositions, high color inten-
sity, etc. Some of the dyes persist for a longer duration in the environment. 
Among them, azo (dye) under aerobic conditions is usually resilient to bio-
degradation while in the anaerobic condition they release aromatic amines 
as the azo bond shows easy reductive splitting. Effluent released from dye 
industries includes high organic content and high COD and BOD values. 
Wastewater released from dye and pigment industries contains insoluble 
organic pigments, dyes, emulsifiers, and heavy metals as shown in Table 
6.3. The BOD and COD values do not give complete information about 
the toxicity level of wastewater. Thus, it can be achieved through acute and 
enrichment toxicity tests [12]. Generally, the acute/chronic effect of dyes is 
based on dye concentration and exposure time on organisms. The greatest 
environmental distress is sunlight absorption and reflection in water hav-
ing dyes. Absorption of sunlight may disturb the activity of photosynthesis 
of algae and thus deploy the food chain. In addition to it, degradation of 
dyes via bacteria is known and it can be précised by several parameters like 
oxygen, temperature, pH, dye concentration, dye structure, carbon con-
centration, and other bases of nitrogen. Therefore, to achieve efficient dye 
degradation, it is a must to observe the consequence of these parameters 
on the biodegradation of dyes. Table 6.4 shows some aspects that affect 
the degradation of dyes. Few dyes and their by-products used in textile 
industries show carcinogenic, mutagenic behavior and can cause liver, 
kidney cancer in humans. Some textile dyes can also cause skin irritation, 

Table 6.3 Dyes and pigment waste released by textile industries.

Colorants Properties 

Diazotization-based coupling 
reaction, the reaction by 
condensation process, nitration, 
sulfonation, reduction, and 
oxidation. 

High organic content, high BOD 
(2×102 to 4×102 mg/l) and high 
COD (5×102 to 2×103 mg/l) and 
their ration up to 0.4, high TDS, 
high acidic pH, Co+2, Cr+6, Cu, etc.

Tint 

Grinding using ball mills, washings Strong colors, high BOD and COD, 
organic matter turbidity.
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respiratory diseases, allergenic reaction to eyes, dermatitis, etc. Hence, for 
the safety of human health, the elimination of textile dyes color from water 
is necessary after that other soluble colorless organic matter and other pol-
lutants from water need to be removed.

6.1.3 Various Techniques for Effluent Treatment

Wastewater discharged from textile industries contains toxic dyes, chem-
icals, and other auxiliaries in which maximum of them are added while 
doing textile processing. Dye colors exist in textile wastewater usually 
inhibiting the activity of photosynthesis and also affecting the growth of 
aquatic species thus disturbing the ecological balance. Moreover, contam-
inated water can cause various diseases to humans, such as diarrhea, skin 
irritation, nausea, ulceration of skin, etc. Thus, water needs to be treated 
for removing these types of toxic compounds and colors to avoid any harm 
to humans and ecological activity. Various types of methods are adopted to 
eliminate the contamination from wastewaters such as physical methods, 

Table 6.4 The parameters affecting the bacterial degradation of dyes.

Parameters Details

Effect of pH For eliminating colors, the range of pH for bacterial 
biodegradation is 6 to 10 [13].

Effect of 
Temperature

In the case of azo dyes rate of decolorization rises to 
an ideal temperature and then there is a peripheral 
decrease in decolorization. 

Concentration of 
dyes

In the case of dye concentration, as dye concentration 
increases toxicity will also increase and thus 
decrease in bacterial decolorization rate.

Carbon, nitrogen 
bases

Dye-biodegradation needs carbon and nitrogen-based 
organic sources (extract of yeast, carbohydrates 
peptone, or organic compounds) so that 
degradation and decolorization can occur. 

Structure of dye The low molecular weight structure of Dyes shows 
better decolorization.

Oxygen It was observed that in oxidative enzymes activity 
some quantity of oxygen is needed for better 
degradation of azo dyes. 
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chemical methods, biological methods, and eco-friendly methods or green 
treatment methods. Figure 6.2 shows that the effluent treatment process 
occurred in different sections, primary treatment, secondary treatment, 
and tertiary treatment. Within this, primary treatment usually eliminates 
suspended solids, floating and determined substances, after this second-
ary treatment helps in oxygen demand reduction, chemicals, and pollutant 
colors and finally, the tertiary treatment part eliminates all the remaining 
contaminations from the pollutant. After the treatment process water qual-
ity should be measured before using it or discharging into rivers, lakes, etc. 
[14–17].

6.1.4 Physical Treatment Technique

This technique helps to eliminate the pollutants from wastewater through 
various forces like electric magnetism, gravity, Van der Waals force, and by 
any means of physical barrier. This technique does not change the material 
structure chemically, but any physical change or coagulation of materials 
that exist in water can happen. Few techniques have been conferred here.

6.1.4.1 Adsorption Method

The adsorption method is one of the most useful physicochemical meth-
ods used for treating wastewater. It shows higher efficiency in eliminat-
ing pollutants as compared to other methods. Generally activated carbon, 
silicon polymers, and kaolin adsorbents show better dye adsorption abil-
ity. Ions or molecules in this method normally exist in the gas or liquid 
phase and got accumulated on the solid-phase matter. Physical adsorption 

Wastewater treatment techniques

Primary treatment
1. Screening
2. Sedimentations
3. Homozenization
4. Neutralization
5. Mechanical
    flocculation

Secondary treatment
1. Aerobic and
    anaerobic method
2. Activated sludge  
    method
3. Trickling filteration
4. Oxidation

Tertiary
treatment
1. Membrane
    method
2. Adsorption
3. Oxidation
4. Electrochemical
    coagulation
5. Ion exchange
6. Thermal
    evaporation

Figure 6.2 The techniques for treating wastewater of textile industries 2.
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occurs when there is feeble interspecies attraction among adsorbate and 
adsorbents but if there is robust interspecies attraction among them then 
because of electrons exchange chemical adsorption take place. Moreover, 
the process is contingent on the surface area of the adsorbent, size of the 
particle, contact time, the concentration of adsorbent and adsorbate, pH, 
and temperature. Activated carbon is the most widely used adsorbent for 
effluent treatment. This helps in adsorbing metal ions, many dyes, cations, 
and mordants efficiently. For sustainable green treatment methods, they 
can be manufactured from a carbonaceous substance like sawdust, coco-
nut husks, materials made from cellulosic, palm kernel husks, peanut skins 
and hulls, coffee, tea waste, modified sugar beet pulp, maize leaves, etc. and 
give better adsorption. Further in this chapter, the physical bioadsorption 
method is also discussed in detail [2, 11].

6.1.4.2 Ion-Exchange Method

This method is used to purify, separate, and eliminate contaminations 
of ion and aqueous solutions. This technique is not much preferred for 
wastewater treatment as it cannot treat all types of dyes. They are only able 
to eliminate unwanted cationic or basic dyes, anionic or acid, direct and 
reactive dyes effectively. Some common ion exchangers are zeolites, res-
ins, montmorillonite, clay, soil humus, etc. few amphoteric ion exchangers 
are capable to change cations and anions both concurrently and also used 
effectively in mixing beds comprising of cation and anion exchange res-
ins mixture. Some of the important benefits of this method are adsorbent 
retrieval, solvent reclamation after the use of solvent, and efficient elimina-
tion of soluble dyes [18].

6.1.4.3 Floatation

In the floatation method, air at high pressure is provided under which 
suspended organic compounds or particles get attached with bubbles of 
air that are less dense as compared to water and thus make a group of 
suspended particles, which helps in increasing the surface area of feed 
wastewater. There are different kinds of flotation methods used for treat-
ing effluents like dissolved air flotation, precipitate flotation, and ion 
flotation. But this process has some disadvantages, such as energy con-
sumption is high, operational cost, including intense mechanical oper-
ations is also high. Hence, it is best suitable for maintenance workplace 
areas [19].
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6.1.5 Chemical Treatment Technique

To remove pollutants from wastewater chemicals are used so that water 
can be purified and used again. Chemical procedures used show chemical 
reactions and along with this chemical unit processing physical and bio-
logical processes are also applied. The various type of chemical methods 
used for wastewater treatment are chemical precipitation, coagulation, and 
flocculation, chemical oxidation, Fenton oxidation, etc. [2].

6.1.5.1 Chemical Precipitation Method

This is the most widely used chemical method for removing pollutants and 
other toxic materials from wastewater. In this method, the metals that exist 
in wastewater in a dissolved state are changed into solid particles because 
of the addition of a precipitate reagent. Precipitate reagent initiates the 
chemical reaction to take place that converts the dissolved metals to solid 
form and thus eliminated by the filtration process. The type of precipita-
tion method to be used usually depends on the type of metals that exist, 
their concentration level, and also the type of reagents used. For exam-
ple, in the case of the hydroxide precipitation method, sodium or calcium 
hydroxides are mostly required as a reagent to change dissolved metals into 
solid particles, although this is quite tough to form hydroxides as wastewa-
ter comprises mixed metals [2].

6.1.5.2 Coagulation and Sedimentation Method

This method has been widely used earlier. In this procedure, a few chem-
icals are mixed with water and then charged particles form compounds 
that coagulate in water. Generally, the coagulants are organic or inorganic 
having a positive charge in water. Many organic polymers create a good 
level of coagulation and hence coagulants produce sediments that can be 
extracted easily. Some of the chemicals are used frequently, such as FeCI3, 
AI2 (SO4)3, FeSO4, lime, etc. [20].

6.1.6 Chemical Oxidation

In the chemical oxidation technique, some of the chemicals are used to 
eliminate the pollutants from wastewater either by demolishing them or 
by neutralizing their harsh effects. This process can also be utilized along 
with the physical treatment process to get better results. Chemical oxida-
tion treatment of textile wastewater can be done by oxidizing the pigment 
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present in dyeing and printing or by bleaching it. Among all the different 
chemical methods, Fenton oxidation and ozone oxidation are used widely 
for treating wastewater. Photocatalytic oxidation and sonocatalytic oxida-
tion methods are also useful in this technique. O3 and H2O2 chemicals are 
generally used in this method that makes robust hydroxyl radicals at a high 
pH, which efficiently breaks conjugated double bonds of chromophore dye 
group and complex aromatic rings thus, decreasing the wastewater color 
effectively [15].

6.1.6.1 Ozonation Method

The ozonation technique is the utmost efficient technique that breaks the 
double bond of dye molecules and helps in removing the color of tex-
tile wastewater. It helps in oxidizing a significant quantity of COD and 
restrains the foaming behavior of remaining surfactants. Moreover, it also 
helps in increasing the biodegradability rate of the effluent by convert-
ing the high amount of nonbiodegradable and toxic substances into bio-
degradable mediates. One of the benefits of this method is that there is 
no sludge production. Ozone is a good oxidizing agent as it shows high 
reactivity and efficiently degrades phenols, chlorinated hydrocarbons, 
aromatic hydrocarbons, and pesticides. The major disadvantage of this 
method is that ozone has a short life span because it got decays within 20 
minutes, hence this technique requires a constant supply of ozone that is 
very costly [22].

6.1.6.2 Fenton Oxidation Method

In this method, hydrogen peroxide is generally used as an oxidizing agent 
that makes hydroxyl radicals which helps in decolorizing various dyes 
from textile wastewater. In the Fenton reaction, hydroxyl radicals are 
formed and got activated when an acidic solution is added in H2O2 having 
Fe2+ ions. In large-scale plants, at higher temperatures reactions are done 
and also a high amount of iron and H2O2 are utilized and a high amount 
of COD is eliminated. One of the disadvantages of this method is the high 
level of sludge production and elevated effluent release.

6.1.6.3 Evaporation

Evaporation is one of the significant methods under tertiary wastewa-
ter treatment techniques. It is used to dry up the solutions that are con-
centrated such as retrieval of caustic from mercerized and separation of 
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solid substances that are dissolved, dyes, water through dye bath, and the 
excluded water from both nanofiltration and RO process also be separated 
via evaporation by doing pure water vaporization and condensation [63]. 
In textile effluent treatment, RO saturates and condensed water from the 
evaporator gives pure distilled water that is again utilized in different tex-
tile processing or boilers. Two evaporation methods are generally used for 
treating textile effluent: solar evaporation and mechanical evaporation. 
[23–25].

Table 6.5 Advantages and disadvantages of solar evaporation method.

Advantages Disadvantages

Construction is simple The rate of evaporation is very low.

Less energy cost required Large surface area is required.

Very less maintenance 
required

In the rainy season more chances of 
contamination to be overflowed into 
groundwater.

No need for highly skilled 
workers

Water vapor goes into the atmosphere causing 
fewer chances for retrieval of pure water for 
recycling purposes.

Figure 6.3 Solar-evaporation-based plant grafted in textile industries.
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6.1.6.4 Solar Evaporation Method

The saline effluent goes into the large surface area within open tanks, which 
is known as solar ponds having 0.5 to 0.75 mt height. Various solar ponds 
that are constructed get filled up regularly and need to be operated and 
maintained properly on regular basis. Surface water gets evaporated during 
sunlight and vapors are gone into the atmosphere as shown in Figure 6.3. 
Therefore, all the dissolved solids or the dehydrated substance in concen-
trated form which settled down at the bottom got eliminated frequently. 
But there are some advantages and disadvantages of this treatment tech-
nique as given below in Table 6.5.

6.1.7 Mechanical Evaporation Method

In this method, mechanical-based evaporators are provided heat through 
steam condenses on metallic and cylindrical tubes. When steam got con-
denses on the outer side of the tube, condensation heat makes the saline 
water slurry to become boiled. This technique is useful in desalination, 
dehydration for dilute concentrated solutions, separate pure water from 
effluents. In textile industries, for treating saline effluents multiple-effect 
evaporation plants (MEEP) have been used. In this, first, dye bath then 
washes followed by RO or nanorejects after that fluid crystallizer used to 
separate water and solid matter. Batch or continuous operating evaporators 
can be used, and their configuration may be vertical or horizontal. MEEP, a 
vertical cell carrying a stainless-steel tube, which is heated using steam and 
the concentrated liquid part got collected at the bottom of the evaporator 
after that it was sent to next treatment level of the evaporator, where at the 
first level of evaporator freshwater has been added. In the meantime, steam 
can also be provided to the first level of evaporator so that the next level 
got steam from the preceding one. The liquid is circulated again and again 

Table 6.6 Multiple effect evaporation plant (MEEP) operating  
parameters [28].

Required properties Level I Level II Level III Level IV

Temp (ºC) 83±2 72±2 62±2 55±2

Cylindrical Tube distance 
(mt.)

6.0 6.0 4.5 4.5

Cylindrical Tube dia (mt.) 90.0 90.0 45.0 45.0
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till the required concentration is reached at the time of evaporation. The 
parameters of MEEP are given below in Table 6.6 [21, 26, 27].

6.2 Green Water Treatment Technique  
for Textile Effluents

The development of green water treatment techniques has gained wide 
interest because of having various benefits to our ecological balance. Green 
technology is also helpful in preserving non-renewable energy sources and 
reducing the misuse of water. Moreover, this technique reduces pollution 
and mishandling of natural resources. Nowadays, this technique is also 
become important to keep the biodiversity, their habitats, and especially 
aquatic species life safe. Here, some of the sustainable and green water 
treatment techniques were discussed briefly.

6.2.1 Electrocoagulation (EC)

Electrocoagulation is one of the sustainable techniques for treating textile 
industry wastewater. This technique is generally based on electrochemi-
cal methods that eliminate the suspended solids, colloidal matter, metals, 
also some other dissolved solids present in wastewater. In this process, 
constituents are broken down by passing electricity which is known as 
“electrolysis,” basically, this process involves direct current (DC) supply 
to metal electrodes due to which reaction occur on electrode water inter-
face and convert from neutral to a charged state. Thus, charged metal ions 
enters the water by leaving the plate, and hence, electricity is transferred 
to electrodes and form charged metal coagulants that make bond along 
with pollutants as the passed electricity weakens the suspended solids 
and precipitate out from the solution. The main benefit of this technique 
is that it produces less amount of sludge as compared to other coagula-
tion methods like the chemical methods. Here, dewatering of sludge is 
easier that substantially decreases the cost of disposal. This technique can 
treat wastewater by eliminating heavy metals, suspended solids, bacteria, 
pesticides, etc. present in water. Its eliminating efficacy is more than 95% 
and can be a better pretreatment to membrane method in which a large 
quantity of water can be again utilized. Table 6.7 shows the electrocoag-
ulation treatment of some of the different types of dyes present in textile 
wastewater [29–31].
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Table 6.7 The electrocoagulation process of various dyes present in textile 
wastewater.

Dye 
Density of 

current
Anode & 

cathode

Dye 
removing 
efficacy References

Orange-84 
(reactive 
dye)

130 A.m-2 SS & SS, Fe 
& Fe

66% & 76% [32]

Black (B), 
Orange (3R), 
Yellow (GR) 
(reactive 
dyes)

6.25×10-2A.
cm-2 

Al & Al Upto 98% [33]

Black (5) 
(reactive 
dye)

0.75×10 
mA. cm-2 

Fe & SS Upto 90% [34]

RB 133 
(remazol red 
dye) 

15 mA.cm-2 Al & Al 90-92% [35]

Red 23 (direct 
dye)

30 A.m-2 Fe & Fe, Al 
& Al

˃95% [36]

Red 14 (acid 
dye)

80 A.m-2 Fe & St 304 Up to 93% [37]

Orange7 (acid 
dye)

5 mA.cm-2 Boron doped 
diamond 
& copper 
foil

Up to 98% [38]

Red (disperse 
dye)

20.8 
mA.cm-2

Al & Al 90-95% [39]

RR 241 and DB 
60

75 and 50 
A.m-2

Fe & Fe SS 
& SS, Al 
& Al-SS 
& SS

Upto 99% [40]
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6.2.2 Advanced Oxidation Process (AOP)

Nowadays, the advanced oxidation process (AOP) has also been preferred 
for treating textile effluent. Organic, inorganic substances and pollutants 
are eliminated by hydroxyl or sulfate radicals discharged in a specific 
amount and also increase the biodegradability rate of water. AOP type, 
pollutant physical and chemical characteristics, and operating parameters 
affect the efficiency of this method. AOP is an important technique for 
removing contaminants from industrial wastewater as it shows the good 
oxidative ability of ozone and formed OH radicals. AOP based on ozone 
has been widely considered in simulated and real conditions. The role of 
auxiliary agents presents in dye that helps in dye degradation and also the 
consequence of different salts on ozonation was observed through AOP. 
This method is also very useful in leachate treatment and recycling of water. 
Various types of AOP that can be applied are O3, O3/H2O2, O3/UV, UV/
TiO2, UV/H2O2, Fenton reaction, photo-Fenton based reaction, ultrasonic 
irradiation, heat or persulfate, UV or persulfate, Fe2+ or persulfate, OH/
persulfate. Using AOP we can form and use hydroxyl free radicals. One 
other process based on Activated carbon catalyzed ozonation (ACCO) 
helped enhance the oxidation of organic compounds and thus inspires 
stimulated carbon in a radical form chain reaction of ozone decomposition 
and OH also formed. In the case of the chloride ions effect, an increase in 
the concentration of NaCl effectively remove dyes like RB194. ACCO per-
formance can also be improved by more chlorine radicals creating acidic 
nature. Hence, this technique becomes an effective color removal tech-
nique from saline textile wastewater [41].

6.2.3 Rotating Biological Contactor (RBC)

This method has been used since the early 1900 for treating domestic 
wastewater. RBC consists of various sizes of glass containers known as 
reactors; circular disc arrangement set comprised of a polymeric substance 
such as polystyrene or PVC. The disc around 40% is emersed in waste-
water and the shaft stay above the surface of the water this whole process 
is assisted by a motor. In this biological treatment method, biofilm-based 
filters were used in circular disc form, which was fixed to a horizontal shaft 
that slowly rotates to gather the contamination. This could be immersed 
partly or entirely in wastewater, and these RBS shafts remain parallel or 
perpendicular towards the effluent flow. According to some researchers, it 
was found that when reaction among the microbial community and RBC 
film takes place, then biofilms behave as an active source of bacteria having 
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high biochemical potential, which is very useful in eliminating the con-
taminations having phenol compounds from aqueous medium. The main 
advantage of RBC is a high level of concentration of biomass, which shows 
high efficacy, and also bacterial study can be done correspondingly. The 
medium, efficacy of wastewater treatment, bacterial community configu-
ration all are interrelated and help in the adsorption process. RBC pro-
cess utilizes low energy, is easy to handle, requires lesser area, is usually 
aerobic, and helps in eliminating biodegradable matter, also in BOD and 
COD elimination therefore generally utilized in the textile industry. In the 
case of the biological treatment process, the wastewater and microorgan-
isms get interconnected among the layer of biomass in the RBC disc which 
shows biodegradation and also decreases the nitrate level in the effluent. 
Moreover, the disc in an organized order having several stages is more 
useful in eliminating the maximum quantity of organic matter and as the 
biofilm got air exposure because of rotation, the biofilm can absorb oxygen 
present in wastewater. Also, the existing microbial culture allows entire 
dye adsorption from wastewater. It is necessary to eradicate biomass when 
it gets exceeded the limit. The main member of this process is the rotating 
disc that gives interfacial space in between the biofilm and the impurities 
and helps in removing the pollutants [42].

6.2.4 Sequencing Batch Reactor (SBR)

SBR method shows better biodegradation of both sulfonated azo and diazo 
reactive dyes from textile effluent and it is also good for removing phospho-
rous and nitrogen from piggery waste. According to the research studies, 
adding amines to SBR culture degrades the aerobic bacteria and increases 
the efficiency of azo dye elimination. In one of the studies, it was stated that 
novel microbial consortia by using SBR shows a very good elimination of 
blue Bezaktiv S-GLD 150 dye from wastewater, around 90% to 97% decol-
orization occur and up to 98% COD eliminated from effluent. Also, it was 
found that biological treatment method both aerobic and anaerobic along 
with NF shows good results in treating textile effluent [43].

6.2.5 Effluent Treatment Using Enzymes

Biological catalysts and their actions can cause chemical reactions in which 
enzymatic systems are involved that also occur among the two chemical 
and biological processes. Some substances that are harmful to the environ-
ment can be grown by the enzymatic method. The enzymatic method is 
one of the virtuous methods for those that contain a high concentration of 
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contaminants or the lowest concentration of different contaminants which 
tends to inhibit enzymes’ vulnerability to inactive in presence of added 
chemicals. It was observed that white-rot fungal cultures can decolorize 
different types of eight synthetic dyes, as well as azo, anthraquinone metal 
complex, and indigo. Ligninase-based catalyzed oxidation can decolor-
ize these dyes around 80%, and their decolorization rate can be increased 
by increasing the ligninase dosage. Chrysosporium culture is capable to 
degrade the entire azo and heterocyclic dyes. P. tremella, P. ostreatus, B. 
adusta, and C. versicolor are four types of white-rot fungi that are used 
as an enzymatic treatment for removing textile dyes. Nowadays, enzyme 
membrane reactors are developed for treating textile wastewater, especially 
for the depolarization of dyes [44].

6.2.6 Membrane Filtration

The membrane filtration technique has been developed as a sustainable 
and economical method that can eliminate dyes from textile wastewater. 
It can decrease the coloration level, BOD, and COD in textile wastewater. 
Ultrafiltration is one of the membrane filtration methods in which macro 
size particles within a range of 1 nm to 0.05 µm got separated but it can-
not separate diluted substances or nanosize particles so the treated water 
cannot be reused. Therefore, the nanofiltration method is much preferred 
for the removal of dyes from textile effluent. The combination of adsorp-
tion and nanofiltration is adopted for effluent treatment in which adsorp-
tion occurs first, and then the nanofiltration process is used to reduce 
the effluent concentration. Membranes of nanofiltration can reserve the 
divalent ions of low molecular weight, large monovalent ions, hydrolyzed 
type reactive dyes, dyeing auxiliaries, etc. This method helps in treating the 
extremely complicated solutions and also environment-friendly method. 
Table 6.8 shows some research done on the nanofiltration technique for the 
removal of dyes from textile effluent [2].

6.2.7 Bioadsorbents Process for Effluent Treatment

The main mechanism of the adsorption process is based on interaction 
among the surface of the cell and positive dye ions. Living biomass sur-
face cell is made up of polysaccharides, proteins, lipids and also contain 
negative charges that can attract the maximum amount of positive dye 
ions present in wastewater. Azo, nitro, and hydroxyl groups present in dye 
molecules can increase the adsorption process. Microbial biomass shows 
the ability to adsorb because of the mechanism of the exchange of ions. 
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Figure 6.4 shows the dye and cell interaction with each other. There are 
two types of sorption chemisorption and physisorption and they occur as 
liquid phase molecules got clutched to the solid phase surface because of 
the force of attraction in the adsorbent surface, thus disabling the kinetic 
energy of adsorbate molecules [52].

An adsorption isotherm model is given which shows a curve that 
relates the concentration of solute on the adsorbent surface (QE) to the 

Table 6.8 Eco-friendly nanofiltration membranes for textile dye removal.

Nanofiltration 
membranes Dyes

Removal 
efficiency References

PVDF loose 
nanofiltration (NF) 
membrane with 
multilayer structure 
modified with GO and 
PPy. 

Negative dyes (dye/
salt solution) 

98.5% [45]

Chitosan (CS) based NF 
membrane

Methyl viologen 
(MV), 
methylene blue, 
orange G, rose 
bengal, brilliant 
blue G250

Up to 99.9% [46]

PEI-based membrane RR120 81% [47]

Coating AMTHBA 
and PEI on L-NF 
membranes 

MB AND CR dyes 98-99% [48]

CA-f-TA nanofiller 
fabricated on PES-NF 
membranes

Direct Red 16 dye 95.7% [49]

CS–EDTA–mGO (M6-
NF) membrane

RR195 97.2% [50]

 Helical type carbon 
incorporated by 
chitosan L-NF 
membrane, cross-
linked with SDS.

Both cationic and 
anionic dyes

˃90% [51]
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concentration of solute in liquid in contact (ce). The age and Ce parameters 
relation can be put to more than one isotherm model. There are differ-
ent equations of isotherm to observe the parameters of sorption equilib-
rium. In the case of activated carbon adsorption treatment, Freundlich and 
Langmuir’s isotherms are generally used [53].
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Figure 6.4 The process of interaction between the dye molecule and biomass [10].
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Figure 6.5 The categories of textile-based adsorbents.
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Generally, solid-type surfaces show the ability to adsorb as in effluent 
treatment the efficacy of solid matter depends on its assembly, poros-
ity degree, permeability, specific area, etc. Adsorbate could be organic 
compound consisting of color, smell, etc. for textile effluent treatment 

Table 6.9 Adsorbents used for textile effluent removal.

Bioadsorbent Dye Characteristics References

Wheat flour 
biodegradable 
adsorbent based 
on carbohydrate

Cationic 
Rhodamine B 
(RB) dye

Langmuir-isotherm 
model used and 
shows high dye 
adsorption ability.

[55]

Cellulose 
nanofibers PCFs 
modified to 
get (DAMNC) 
cellulose grafts.

Uranium (VI) 
metal ion, 
safranin-o dye, 
methylene-
blue dyes

Langmuir isotherm 
model used 
depicts the 
adsorbate 
monolayer 
coverage on DOC.

[56]

Banana waste Novacron Blue 
FN-R (reactive 
dye), methyl 
red, malachite 
green dye

Able to change dark 
colored effluent 
water to colorless

[57]

Banana, orange 
peels activated 
surfaces

Red dye (reactive 
dye)

Dye reduction. 
Langmuir and 
Freundlich 
isotherm model 
was used.

[58]

The remainder of 
waste tea 

Blue 25 (acid 
dye)

Anionic dye 
bioremediation 
occur.

[59]

Pd NPs made 
from cotton boll 
waste

Toxic azo dye Effective in 
degrading the 
toxicity in waste

[60]

Waste of wheat 
husk 

RB 19 and RB 
195

Heavy metal 
elimination from 
textile effluent

[61]
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adsorbents can be activated carbon, organic polymers, silica-based com-
pounds, etc.

Nowadays, everyone is focusing on the application of organic wastes 
from agriculture, forest and there is a need to use recycled products in 
industries. For treating the wastewater of textile industries adsorbents 
are very helpful in adsorbing the harsh and poisonous substances from 
wastewater so that water can be reused for different purposes. Figure 6.5 
shows the various categories for textile-based adsorbents. This method has 
gained so much importance as it is eco-friendly green technology, less cost, 
biodegradable, sustainable, etc. It has been found that utilization of gar-
lic peel waste, sugarcane waste, banana waste, orange waste, banana stalk, 
coir, and its waste, husk of a coconut, citrus rind, rice hull, and many more 
organic wastes have shown good results in adsorption of toxic matter from 
wastewater. They are much better than the costly activated carbon. Some 
sorbents considerably show very good dye adsorbing ability, such as reac-
tive dyes. This method is simple in use, nontoxic, less cost for effluent treat-
ment. Table 6.9 shows bioadsorbent-based research for removing textile 
effluent. Some normally applied adsorbents for effluent treatment are given 
below [54].

6.2.7.1 Citrus Fruits

Citrus fruits are a highly rich source of vitamins and minerals. It has been 
observed that every year approximately 120 million tons of waste citrus are 
produced. According to research findings, these types of waste can be uti-
lized for making various productive materials, such as fiber, biodegradable 
polymer, 3D substances, energy storage materials, etc. Orange peels show 
good results in adsorbing 1-naphthyl amine dye from wastewater of textile 
industries.

6.2.7.2 Coir Fiber

Coir fiber is normally used for the removal of color and COD. The layer 
by layer technique has recently been used for removing pollutants from 
wastewater. For example, chitosan and polyacrylic when deposited on coir 
using the layer-by-layer method then their ability to adsorb get enhanced 
as the energy required during pressure filtration was dazed. It shows good 
results in removing pollutants from textile wastewater. It has low-cost,  
easily available, strong, etc. [56, 62].
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6.2.7.3 Coconut Shell–Activated Carbon

Coconut shell–activated carbon is effective in removing dyes from textile 
effluent. Sulfuric acid is used for the activation of coconut husk. In a study, 
it has been reported that maximum blue-GRL and yellow DY-12 (direct 
dye) can be removed through adsorption. This coconut shell is treated 
with sulfuric acid that acts as a bioadsorbent. Adsorptions occur through 
multilayers, which are heterogeneous, endothermic. Methylene blue also 
shows good result at optimum conditions when 0.1 g/100 ml is used at pH 
8, temperature 303°K. Cheaper, easy to use, shows good efficiency for dye 
removal.

6.3 Conclusions

All over the world, textile industries generate a large number of effluents 
that pollute the water bodies. Textile effluent comprises a large amount of 
chemical oxygen demand, biological oxygen demand, TDS, SS, toxic dyes 
that need to be treated before releasing in water bodies, otherwise it can 
cause serious diseases to human and aquatic species. Hence, treatment of 
textile effluent is very necessary to avoid any environmental issues. There 
are various methods available that can be adopted for treating wastewa-
ter like physical methods: adsorption technique, ion exchange, flotation; 
chemical methods: sedimentation and coagulation, chemical precipi-
tation, chemical oxidation, ozonation; evaporation method, and green 
technology- based techniques. The key focus in this chapter is to elaborate 
on various green techniques or sustainable methods for treating textile 
effluent, such as advanced oxidation process, rotating biological contactor, 
electrocoagulation, sequencing batch reactor, enzyme treatment, mem-
brane filtration, bioadsorbents. These green techniques are less expensive, 
easy to use, almost chemical-free, easily available, and show good results in 
treating textile effluent.
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Anionic dye is a notable constituent of textile effluent, which renders water unsafe 
for human and animal use. A notable approach to mitigating effluent is the use of 
membranes. In this study, a mixed matrix technique was adopted for the prepa-
ration of composite membranes. The composite membranes consist of crumb 
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by Fourier transform spectroscopy, scanning electron microscopy coupled with 
energy dispersive x-ray, thermogravimetric analyser, and drop shape analyzer. 
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The photocatalytic activities of the mixed matrix membranes were investigated 
with anionic dye in the UV/visible region. Photocatalytic activity of composite 
membranes showed high degradation with an apparent rate constant. This study 
presents a rubber-based membrane for wastewater treatment.

Keywords: Mixed matrix membranes, nanoparticles, natural crumb rubber, 
titanium (IV) oxide, anionic dye

7.1 Introduction

Wastewater treatment is a major channel to achieve safe water and elim-
inate surface water contamination. Membrane technology has recorded 
huge success in the field of wastewater treatment and water purification 
[1]. The first membrane was reported in 1960 by Loeb and Sourirajan, 
which was a cellulose acetate membrane. Twenty years later, a thin film 
composite reverse osmosis membrane was developed [1]. These develop-
ments have provoked global attention from researchers and industrialists 
to improve membrane performance and properties. Since then numerous 
inorganic, organic (synthetic and natural polymers) membranes have been 
reported for several applications [1]. In recent years, the interest in natural 
polymer has escalated due to their biodegradability and non-toxicity. It 
is worthy to note that properties, namely cost-effectiveness, hydrophilic-
ity, semipermeability, porosity, film-forming ability, and good transport 
characteristics have provoked the use of natural polymer for membrane 
applications. Natural polymers such as chitin, chitosan, and cellulose are 
commonly used as membranes. Several efforts are being made to improve 
the performance of natural-based membranes, worthy efforts include 
incorporating additives such as organic and/or inorganic into the natural 
polymer [2]. This modification of natural polymers is critical for devel-
oping high-performance membranes. The incorporation of additives into 
natural polymers is classified as a mixed matrix membrane [3]. For exam-
ple, cellulose acetate membrane was doped with TiO2 nanoparticles, ther-
mal stability and water permeation of the mixed matrix membrane were 
enhanced [4]. The incorporation of nanochitin whiskers in polyvinylidene 
fluoride membrane was found to improve the mechanical strength, as well 
as water permeability and antifouling properties [2]. The membrane of this 
nature is tailor-made for specific pollutants in wastewater treatment.

Several tailor-made mixed matrix membranes (MMM) have been 
reported in water/wastewater treatment. For instance, Venkatanarasinihan 
and Raghavachari, [5] reported the use of epoxidized natural rubber/Fe3O4 



Green-Mixed Matrix Membranes  159

membrane for removal of oil. Membrane-based on TiO2/ZnO-cellulose 
composite was reported effective for photocatalytic degradation of phe-
nol [6], methylene blue, humic acid [7], rhodamine B [8], and methyl 
orange [9]. Zhao et al. [10] observed that the addition of TiO2 enhanced 
membrane functionality through adsorption, which was simultaneously 
accompanied by degradation of pollutant dye. The advantages of MMM for 
effluent treatment are high permeance performance for removal of pollut-
ants particularly organic compounds, membrane recovery, and composite 
formation.

A notable constituent of the tailor-made membrane is a photocatalyst, 
which is incorporated photodegradation of pollutants, namely organic 
and inorganic, and disinfestation of wastewater. The most popular photo-
catalyst is TiO2. A viable route for the enhancement of the photocatalytic 
property of TiO2 under visible light is the use of doping technology. The 
dopants, such as metallic ions or nonmetallic ions, were introduced into 
TiO2 lattice during synthesis [11]. Titanium dioxide is the most widely used 
product of titanium, about 95% of titanium ore is currently processed into 
TiO2. The global market value is estimated at around 17 billion US dollars, 
an annual increment of eight million tonnes. Its application cut across vari-
ous sectors; wastewater treatment inclusive. In wastewater treatment, TiO2 
is used for disinfestation, microbial inhibition, and photocatalytic degra-
dation. Properties, such as high photocatalytic activity in the UV region, 
affordability, nontoxic nature, chemical stability, availability, and strong 
oxidizing power favor its use in wastewater treatment processes. In order 
to shift photocatalytic activity from UV to visible region, which requires 
lower energy, doping with impurities usually metallic/nonmetallic sub-
stances have yielded huge success with enhanced efficiency, particularly 
for metallic dopants [11].

On the other hand, natural rubber is also known as cis-1,4-poly(iso-
prene), natively obtained from the tree of Hevea brasiliensis. It is non-
toxic, biomaterial, flexible, biodegradable, affordable, readily available, and 
sourced from renewable feedstock. When concentrated or coagulated with 
acetic acid and dried forms crumb rubber [12]. Further subjected to pro-
cessing into rubber sheets, vulcanization, and compounding. Conventional, 
fillers are added to rubber to improve mechanical, electrical, thermal, and 
chemical properties. The process leads to the rubber reinforcement effect. 
The effect has been reported for enhanced stiffness, cross-linking of rubber 
and filler, in case of multicomponent filler system; filler-filler pairing. Two 
notable hysteretic mechanisms are Payne and Mullins’s effects [13]. The lat-
est concept involves the use of nanomaterials as fillers. This is largely due to 
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the large interfacial area provided with the rubber matrix, therefore, giving 
rise to high interaction between rubber and filler network [13].

In the present study, natural crumb rubber, a natural polymer was uti-
lized as a support for TiO2, Ag-TiO2, and Ag/Zn-TiO2 nanoparticles for the 
preparation of Mixed Matrix Membrane for photocatalytic degradation of 
methyl orange dye under visible light.

7.2 Materials and Methods

7.2.1 Materials

Natural rubber latex was obtained from the Rubber Research Institute 
of Nigeria (RRIN), Benin City, Nigeria. All chemicals (2-propanol, tita-
nium tetraisopropoxide, zinc trioxonitrate (V) hexahydrate concentrated 
nitric acid, and silver trioxonitrate (V)) used were purchased from Sigma 
Aldrich, South Africa. Q-Millipore purification system was used deioniz-
ing water used.

7.2.2 Methods

7.2.2.1 Synthesis of TiO2 Nanoparticles

TiO2, Ag-doped TiO2 and Ag-Zn co-doped TiO2 nanopowders were pre-
pared using our previous method [11, 14].

7.2.2.2 Preparation of Natural Rubber Composites

20 g of dry crumb rubber was mixed with a required amount of NR 
(without nanoparticles), TiO2, Ag doped TiO2 and Ag-Zn co-doped TiO2 
nanoparticle. The samples were calculated by wt% based on the amount 
of the dopant added to crumb rubber using Rheomixer. The RheoDrive 7 
was connected to Polysoft OS software where operation conditions were 
set (mixing temperature, 200°C and time, 20 min). The membranes were 
extruded out in a flat shape with 40 mm thickness. The following samples 
were prepared NR, NR-4% TiO2, NR-4% Ag-TiO2, NR-4%Ag-Zn co-doped 
TiO2, NR-6% TiO2, NR-6% Ag-TiO2, and NR-6% Ag-Zn co-doped TiO2 
nanoparticles.



Green-Mixed Matrix Membranes  161

7.2.3 Analysis

7.2.3.1 Micrograph Analysis

The phase morphology, particle size distribution, and elemental compo-
sition of nanoTiO2 and doped nanoTiO2 were examined using SEM/EDS 
(model JSM-IT300 JEOL Ltd., Japan). 

A small amount or portion of dried samples was placed on the top of 
the SEM-EDX stub using carbon tape. The samples were coated with a 
gold thin layer of 10 µm thickness via a Hummer X sputtering coater of 
Quorum (model Q150R ES) [15].

7.2.3.2 Structural Analysis

The FT-IR spectra of composite membranes were analyzed at room tem-
perature using a PerkinElmer FT-IR spectrometer, Frontier. A portion of 
the membrane was mounted on the ATR sample holder, in a spectra range 
of 4000 to 400 cm [16].

7.2.3.3 Thermal Analysis

TGA of the samples was carried out with TGA thermal analyzer (TGA 
5500 Discovery series). The heating rate was 10°C/min with a flow of nitro-
gen gas at 50 mL/min heated from 50°C to 900°C [17].

7.2.3.4 Wetting Analysis

The composite membrane was mounted on the sample holder using 
double- sided foam tape. A test fluid was chosen and placed in the syringe. 
Water was used as a test fluid even though other fluids may be required 
for surface energy analysis. A video image of the sample was obtained by 
adjusting focus and lighting. The needle position was adjusted so that the 
tip is visible in the image [18]. 

7.2.3.5 Photocatalytic Performance

The photocatalytic activity of the membranes on methyl orange dye was 
investigated under a solar simulator (HAL-320 F.S, ASAHI SPECTRA). An 
initial concentration of 4 ppm of methyl orange dye was used for the degra-
dation experiments. A portion of composite membrane mixed with 50 mL 
of methyl orange solution was stirred at 100 rpm for 30 min without solar 



162 Green Chemistry for Sustainable Water Purification

irradiation. This step is essential to ascertain adsorption-desorption equi-
librium. At 30-min intervals, a Millipore Millex-LCR hydrophilic filter was 
used to remove the membrane while 3 mL of the suspensions were pipet-
ted. These solutions were subjected to further analysis mainly absorption 
measurement. PerkinElmer Lamda 650 S UV–Vis spectrophotometer was 
used in this study. To irradiate the solution with visible light, a Compact 
Xenon lamp was positioned at 80 mm away from the dye solution. The 
concentration of degraded methyl orange dye solution was determined 
from the calibration one plotted with six standard solutions. The degrada-
tion efficiency was estimated as follows: 

 
( )= − ×Co Ct

Co
Degradation efficiency  %      100

 

The degradation of dye was estimated from the ratio (C/Co) concerning 
irradiation time. The plot of ln(Co/C) against irradiation time was linear, 
then the slope is rate constant (k) can be extrapolated for each sample used 
for the photocatalytic degradation [19].

 ( ) =Co
C k tln app  

where Co is the initial concentration of methyl orange dye, kapp is apparent rate 
constant while C is the concentration after irradiation at a time interval, t.

7.3 Results and Discussion

7.3.1 Fourier Transform Infrared Spectroscopy of Composites 
Membranes

Chemical molecular vibrations of the natural rubber and composite mem-
branes were confirmed by the FT-IR technique and shown in Figures 7.1a-
b. The composites show similar spectra, which include C-H bands notable 
for methylene symmetric and asymmetric stretching at 2852 cm and 2918 
cm, respectively. Another peak was connected with asymmetric stretching 
vibration of methyl, a group notable at 2958 cm. Also, the vibration of a 
hydrogen-bonded C=O group band was notable at 1665 cm [20, 21]. The 
C=C stretching vibration at 1675 cm was observed in the natural rubber 
matrix. The presence of inorganic additives may be confirmed in the fin-
gerprint region, which is noted for several interferences. 
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7.3.2 SEM-EDX of Composite Membranes

The observed SEM micrographs of TiO2, doped or co-doped TiO2 are pre-
sented in Figures 7.2, 7.3, and 7.4. The particles are tetragonal in shape, 
and the average sizes are found in the range of 50 to 170 nm at different 
magnification. The variation of sizes and morphology is due to particle 
agglomeration. It can also be observed that the Ag dopant is seen on the 
surfaces of the particle as a dotted black spot.

40
00

38
66

37
32

35
98

34
64

33
30

31
96

30
62

29
28

27
94

26
60

25
26

23
92

22
58

21
24

19
90

18
56

17
22

15
88

14
54

13
20

11
86

10
52 91

8
78

4
65

0
51

6

%
T

Wavenumber

NR-Ag-Zn-TiO2 NR NR-Ag-TiO2 NR-TiO2

40
00

38
66

37
32

35
98

34
64

33
30

31
96

30
62

29
28

27
94

26
60

25
26

23
92

22
58

21
24

19
90

18
56

17
22

15
88

14
54

13
20

11
86

10
52 91

8
78

4
65

0
51

6

%
T

Wave number

(a)

(b)

NR NR-TiO2 NR-Ag-TiO2 NR-Ag-Zn-TiO2

60
70
80
90

100
110
120
130
140
150

60

70

80

90

100

110

120

Figure 7.1 (a) FT-IR Spectra of natural rubber composite filled with 6% nanoparticles 
additive. (b) FT-IR spectra of natural rubber composite filled with 4% nanoparticles 
additives.
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Figure 7.4 SEM image of Ag-Zn-TiO2 nanoparticle.

Figure 7.2 SEM image of TiO2 nanoparticle.

Figure 7.3 SEM image of Ag-TiO2 nanoparticle.
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Figure 7.7 EDX mass spectrum of Ag-Zn-TiO2 nanoparticle.

Figure 7.5 EDS Mass spectrum of TiO2 nanoparticle.

Figure 7.6 EDS mass spectrum of Ag-TiO2 nanoparticle.
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(a)

(e)

(g)

(f)

(d)(c)

(b)

Figure 7.8 (a) SEM image of natural rubber (NR), (b) SEM image of NR-4% TiO2, (c) 
SEM image of NR-6% TiO2, (d) SEM image of NR-4% Ag-TiO2, (e) SEM image of NR-6% 
Ag-TiO2, (f) SEM image of NR-4% Ag-Zn-TiO2, (g) SEM image of NR-6% Ag-Zn-TiO2.
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The examination of nanopowder by EDX technique confirms the pres-
ence of Ti, O, Ag, and Zn as well as impurities from the gold coating and 
carbon tape as shown in Figures 7.5, 7.6, and 7.7. From the weight propor-
tions of the elements identified, one can observe a high oxygen content of 
61.7% and 60.9% for doped and co-doped TiO2 nanoparticles, but some-
what lower (44.2%) for undoped TiO2 nanoparticles. The high oxygen con-
tent for doped and codoped TiO2 may be from the salts used during the 
doping synthesis. However, Zn wt% content might be below the sensitivity 
of the instrument.

Figure 7.8a-g show the SEM micrographs of NR, 4% Ag doped, 6% Ag/
Zn co-doped TiO2 rubber composite membranes. The nanoparticles were 
found to be dispersed on the surface of the natural rubber (NR). However, 
there was some large clusters of the particles on the surface of NR, which 
indicate the uneven distribution of the particles due to particles’ agglom-
eration. This might hinder the availability of the nanoparticles for photo-
generation of more electron holes.

EDX of the micrograms shows carbon, titanium, oxygen, silver, and 
zinc. In the elements identified, carbon predominates, while oxygen, silver, 
and zinc are distributed evenly.

7.3.3 Thermogravimetric Analysis of Composite Membranes

The thermogram of the rubber composite membranes is presented in 
Figure 7.9. Thermal degradation of composite membranes begins at 300°C. 
All composite membranes showed a single-stage thermal degradation. The 
thermal decomposition was notable slightly below 400°C in all the com-
posites membranes; however, there was little variation in the two compos-
ites, which was not proportional to the nanoparticles content. One of the 
challenges with rubber compounding is even distribution of compound-
ing ingredients on the rubber surfaces, this has limited the use of natu-
ral rubber. The addition of nanoparticles to NR resulted in to increase in 
thermal stability as a result of the nanoparticles [11]. The highest thermal 
stability was exhibited by NR-4%Ag-Zn-TiO2 composite membrane with 
about 70.25% weight loss while NR showed the lowest thermal stability 
with 99.32% weight loss. 

7.3.4 Contact Angle Measurement of Composite Membranes

Table 7.1 shows the water contact angle of all the rubber composite mem-
branes. The values ranged from 76.3 to 85.8°. The NR is observed to have 
the lowest value in comparison with others. Water contact angle below 
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90° describes favorable wetting of the surface, such fluid such as water 
will spread over a large area on the membrane. This refers to the hydro-
philic property of the membrane. When water contact angles > 90°, this 
denotes hydrophobic property [22]. This means water will minimize its 
contact with the membrane surface. The wetting of such membrane will 
be unfavourable [22]. The membranes are hydrophilic which tend toward 
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Figure 7.9 Thermograms of NR and composite membranes.

Table 7.1 Contact angle measurement.

Composite Contact angle

NR 76.3 + 5.4

NR-TiO2 (4%) 85.8 + 16.0

NR-TiO2 (6%) 84.2 + 13.0

NR-Ag-TiO2 (4%) 82.7 + 6.0

NR-Ag-TiO2 (6%) 81.8 + 6.3

NR-Ag-Zn-TiO2 (4%) 81.2 + 9.1

NR-Ag-Zn-TiO2 (6%) 80.4 + 5.4
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hydrophobicity. Such membranes are applicable for wastewater treatment; 
these materials can be applied without membrane dissolution in pollutants. 

7.3.5 Photodegradation of Composite Membranes

The adsorption of methyl orange dye on NR filled with 4/6% TiO2 doped/
undoped nanoparticles investigated under solar irradiation at pH 4.1 is 
shown in Figure 7.10 and illustrated by absorption spectra (Figures 7.11–
7.17). It was observed that the 6% NR-Ag/Zn-TiO2 membrane showed 
the highest adsorption and/or degradation of methyl orange at 33%. The 
efficiency of 26% and 17% was obtained for TiO2 membranes doped and 
undoped with Ag respectively for the same dye. However, 14%, 25%, and 
21% degradation are obtained for NR with 4% additive membranes respec-
tively. The absorption peak at 274 nm signifies π-π* transition notable in 
the benzene ring. This peak increases as the irradiation time increases. 
These might be attributed to the adsorption capacity of membranes cou-
pled with slow photodegradation of methyl orange dye by catalysts. This 
might suggest that the azo group (-N=N) of methyl orange dye is decom-
posed to another benzene derivative rather than complete mineralization. 
The lowest adsorption (8%) is observed for natural rubber. The low con-
centration of catalysts in the entire portion of the composite membrane 
may be responsible for the lower rate of photodegradation compared to the 
previous success achieved with the nanoparticles [11].
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Figure 7.10 Photodegradation of methyl orange dye by NR with 4 and 6% photocatalyst 
at pH 4.1.
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Figure 7.13 UV-Vis spectra of methyl orange by NR 6% TiO2.
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Figure 7.15 UV-Vis spectra of methyl orange by NR 6% Ag-TiO2.
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The degradation of methyl orange using rubber membranes was calcu-
lated using Langmuir-Hinshelwood adsorption kinetic model. In Figure 
7.18, a sharp concentration decrease is observed for all the composites 
membranes at the initial stage of photocatalysis. This becomes relatively 
slow and steady as the irradiation time increases. However, Ag and/or Zn 
codoped TiO2 membranes showed different trends, and these accounted 
for their enhanced percentage photodegradation. The different deficiencies 
may be attributed to the location of the TiO2 nanoparticle on the rubber 
matrix and their contact with the dye and visible light. The concentration 
of dye diminished during reaction linearly with the contact time, indicat-
ing degradation. The percentage degradation at 360 min was 52% in this 
study. There was reduction in efficiency of the photocatalysts and increased 
contact time compared to our previous study using doped and undoped 
TiO2 nanoparticles [11]. The reason for these is mainly due to impregna-
tion in the host, reducing surface area, and activity of photocatalysts.

In Figure 7.19, the L-H model used to study the degradation rates of 
the dye showed kinetics properties. Kinetics of heterogeneous catalytic 
processes has been widely studied by pseudo-first-order kinetics and 
Langmuir–Hinshelwood (L–H) models [19]. The apparent first-order rate 
constant for the composite membranes filled with nanoparticles was also 
monitored at pH 4.1 and shown in Figure 7.19. NR with 4/6% TiO2 nanopar-
ticle was showed poor photodegradation and their apparent first-order 
rate constants were approximately zero. The highest photodegradation 
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rate was observed at 0.00182 min for NR with 6% Ag-Zn-TiO2 nanoparticle 
followed by NR with 4% Ag-TiO2 (0.00076 min). Meanwhile, the apparent-
first- order rate constant of NR-4%Ag/Zn-TiO2 and NR-6% Ag-TiO2 mem-
branes are 0.00054 and 0.00065 min, respectively. This simply revealed the 
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Figure 7.18 Photocatalytic degradation of methyl orange dye by NR and composites 
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rate at which the dye is degraded and consequently, the highest rate con-
stant gives the highest percentage degradation.

7.4 Conclusion

The result shows the effects of metal dopants on TiO2 nanoparticles and 
subsequent immobilization on natural rubber for photodegradation of 
simulated textile effluent. The thermal stability of the NR membranes 
was improved with impregnation with photocatalysts. The mixed matrix 
membranes showed relatively reduced photodegradation of the organic. 
However, the highest degradation is attained with a composite membrane 
filled with 6% Ag-Zn-TiO2 nanoparticles. The pseudo-first-order and 
apparent-first-order rate constant ranging from 0.00054 to 0.00182 min 
are appropriate models for the photodegradation process.
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Abstract
Presently, wastewater treatment is a growing and essential topic in water purifica-
tion. Many factors, such as increasing population, industrialization, urbanization, 
etc., are majorly responsible for the discharge of different pollutants into the water 
resources. Previously, many traditional wastewater treatment techniques, such as 
ion exchange, thermal treatment adsorption, coagulation, electrochemical degra-
dation, and chemical precipitation, were introduced. The mentioned techniques 
have some drawbacks, such as high-energy demand, production of by-products, 
toxic effects, cost issues, etc., which make them inefficient for cleaning water. A 
few important and effective approaches are summarized in this chapter by discuss-
ing comprehensive literature based on the wastewater treatment process. Among 
the abovementioned techniques, the microbial fuel cell (MFC) is considered an 
effective and effective approach to treating wastewater and has recently attracted 
researchers and academicians from all over the world. MFCs are a bioelectro-
chemical approach in which bacterial species serve as biocatalysts for the oxida-
tion of organic matters and reduce the heavy metal content, which leads to the 
generation of electricity and concurrently cleaning of the wastewater. In this chap-
ter, the role of MFCs in the field of wastewater treatment is briefly summarized. 

*Corresponding author: aj.ahmad@psau.edu.sa 
†Corresponding author: mnm@usm.my

mailto:aj.ahmad@psau.edu.sa
mailto:mnm@usm.my


180 Green Chemistry for Sustainable Water Purification

Finally, the concluding remarks of the literature survey and future recommenda-
tions are discussed.

Keywords: Wastewater, wastewater techniques, microbial fuel cell, conventional 
wastewater treatment, energy generation

8.1 Introduction

Insufficient sources of freshwater availability and high demand for water 
supply are major issues of the present world due to the growing population 
and industries. The availability of clean and healthy water is one of the 
main challenges facing modern society. With urban population growth in 
developed countries, residual discharge enters into the water bodies due to 
anthropogenic activities, which produce higher quantities of wastewater 
[1, 2]. Approximately 15% to 25% of water is drained or drawn from an 
urban area and the remaining water is recycled to the hydrological sys-
tem as wastewater [3]. Wastewater is typically a combination of waste and 
floodwaters in both residential and commercial applications. Industrial 
wastewater also includes high amounts of chemicals, volatile or metal-
loid compounds while the pathogenic discharge of domestic wastewater is 
extremely detrimental [4–6]. As the population increases in many urban 
areas of the Asian and African continents, wastewater collection is becom-
ing an enormous problem for the municipality. In particular examples, in 
India, only 24% of household and industrial wastewater is being treated 
while in Pakistan only 2% of wastewater is treated [7]. Currently, less than 
10% of the wastewater is stored in sewage pipes in western African cities 
and is being treated [8]. Various integrated wastewater storage and treat-
ment facilities have proved to be difficult to maintain in many developed 
countries. Several areas are supported by decentralized schemes, which 
are additional durable for long-time service and economic stabilization 
and compliant with regional sewage demand without any difficulties [9, 
10]. In the broad sense, the following factors for water continue to rise 
increased growth and relocation to drought-prone zones; swift industri-
alization growth and increased per capita water usage; climate variation 
in urban areas due to fluctuations in weather restrictions [11–13]. On the 
other hand, the presence of a huge amount of pathogens and antipathogens 
in urban and rural water bodies is a threat to water quality [14]. Discharges 
of wastewater have been recognized as one of the world’s problems of 
water contamination, mainly contributed by municipalities and industrial 
processing plants. Most of the domestic and agricultural wastewater in 
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many developed worlds is released immediately into water streams with-
out any therapy or primary treatment. Approximately 55% of their waste 
was dumped without treatment in such a heavily industrialized country 
as China [13]. The dumping of wastewater without treatment would cause 
several environmental issues. For example, an excessive amount of heavy 
metal ions can cause severe health issues as shown in Figure 8.1. As a 
result, wastewater treatment is needed before it is discharged into natu-
ral water sources. The adsorption, biological decay, coagulation, chemical 
deposition, flocculation, ion exchange, reverse osmosis, and other physical 
or chemical treatment processes for wastewater treatment have also been 
reviewed in this chapter. These treatment approaches have some limita-
tions and are not sufficient to treat these toxins. Therefore, in this book 
chapter, the most innovative and green technology like microbial fuel cells 
for dealing with wastewater problems is briefly addressed.
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Figure 8.1 Environmental exposure to heavy metals has an effect on the body’s major 
organs and processes (adapted from reference [15] with Elsevier permission).
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8.2 Advanced Approaches for Wastewater Treatment

To fulfill the water security requirements for public health, advanced 
treatment approaches play a vital role in urban and industrial wastewater 
treatment. Conventional and advanced wastewater management consists 
of the mixture, settling, suspending, and dissolved solids, organic matter, 
contaminants, minerals, etc. Nowadays, wastewater recycling technol-
ogies are a prime concern for researchers and academicians. The pros-
pects and advances of water reuse have a great impact on the country’s 
economic aspects and open the door for an alternative water source [16]. 
Furthermore, the use of water regeneration is not a prejudice, as water 
regeneration and reuse allow more stability in water quality management 
and thus more possibilities to implement emerging technology. However, 
the advanced methods, which are used to treat wastewater, are as follows.

8.2.1 Photocatalytic Method

The term “photocatalyst” consists of two Greek terms “film” and “catalytic,” 
meaning in the presence of light, decay of compounds occurred. In science, 
the concept of photocatalysis is usually unconscious [17]. This method 
may be used to describe a mechanism for activating or stimulating the 
material with light (UV/Visible/Sunlight). Photocatalyst is a material that 
changes the reaction rate without intervention during the chemical phase. 
Furthermore, it is important to note that, previously, it is triggered by heat 
and finally activated by light energy photons [18]. Nanosize photocatalysts 
are also used in the purification of wastewater due to their large surface 
area which makes them more suitable for improved catalytic activities. 
Due to their surface properties and distinct quantum, the nanosize mate-
rials are different from bulk materials. It also helps to improve the chemi-
cal reactivity, optical, electrical, mechanical, and magnetic properties [19]. 
Nanophotocatalysts have been demonstrated to increase the capacity of 
the oxidation process at the material surface which efficiently degrades the 
wastewater pollutants. Nanoparticles are mostly applied for environmen-
tal pollutants degradation, such as chlorpyrifos, dyes, nitroaromatics, etc. 
[20]. Many literature studies showed that TiO2 nanoparticles were effec-
tively used for the elimination of various contaminants from wastewater 
[21–23]. Nevertheless, Al2O3, SiO2, TiO2, ZnO, etc. are reported as the 
most typical and significant metal oxide nanophotocatalysts for the pol-
lutant’s removal from wastewater [24–27]. In addition, nanophotocatalysts 
may take place heterogeneously or homogenously in two states. Due to 
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the broad variety of water depletion and environmental applications, the 
most comprehensive analyzed condition is heterogeneous nanophotoca-
talysis in recent times. In heterogeneity of photocatalyst, an interaction 
between solid and fluid photocatalyst should be established in advance 
(such as semiconductor or metal). The term “heterogeneous photocatal-
ysis” is generally used when a light-based photocatalyst interacts with the 
liquid/gaseous form [28, 29]. The applications of heterogeneous photoca-
talysis mostly rely on the scaled-up apparatus established on advanced and 
enhanced solutions. The main thing in reactor design is to enlighten nano-
catalysts and optimize the mass transfer, particularly for liquid phases. By 
using light-emitting diodes and optical fibers, photon transference can 
be enhanced. But in this region, there are still no productive revolutions 
found. The positive effect of nanophotocatalyst in the research center for 
air cleansing and water cleaning has been demonstrated according to the 
literature. It is also not a perfect means of minimizing the issue at the com-
mercial stage. In the nonexistence of effective photocatalytic structures and 
reduce photocatalytic skills, the present shortage of substantial industrial 
implementations is also attributed [19, 22].

The hazardous natural compounds mineralization at 25 °C was demon-
strated with a highly accurate and efficient process of detoxification by 
nanophotocatalysts of water. A highly effective and efficient detoxication 
procedure was carried out by nanophotocatalysts of water for the hazard-
ous natural compounds mineralization at 25 °C [17]. Overall, the bene-
fits that nanophotocatalysts provide include solidity, low cost, and being 
biologically friendly. For example, the TiO2 is photostable, but many of 
these nanophotocatalysts, such as copper nanoparticles, zinc oxides, metal 
sulfides, etc. have very little natural resilience as a result of photo corro-
sion occurring [30, 31]. As light shines, they are reduced or oxidized, and 
their oxidation conditions change when holes or electrons are produced 
which leads to photocatalyst decomposition and reduces photocatalysts’ 
effectiveness. For this purpose, a nanocomposite needs to be synthesized 
strongly to produce long-lasting stable photocatalysts. The main benefit 
of nanosize is the quantum scale, energy bandgap enhancement, and size 
reduction [32]. In addition, the benefits of photographing as a medium are 
various, such as being recyclable, low cost, and having good deprivation 
capacity. Besides all advances, nanophotocatalysts continue to face prob-
lems, such as the toxicity and rehabilitation of catalysts. The use and extent 
of nanophotocatalyst at a higher level is limited due to the abovemen-
tioned problems [33]. The scientific community, therefore, concentrates 
on other nanocomposites for wastewater treatment that can reduce tox-
icity. Thus, modern photocatalyst, can act in visible scales for the natural 
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outcome and encourage the use of dialer substances, such as graphene or 
its derivatives, for the doped photocatalyst to decrease the toxicity effects. 
Further, the approach to nanophotocatalysts for toxins removal is defined 
as a highly efficient approach. Figure 8.2 shows several specific uses of 
nanophotocatalysts.

8.2.1.1 Mechanism of Photocatalysis

The mechanism of photocatalysis was well explained by Yaqoob et al. [34]. 
Figure 8.3 provides a formal overview of the function. The photoelectron 
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is encouraged from the packed valence band in the photocatalyst’s blank 
conduction band (GO-ZnO) by sunlight radiation in the photocatalytic 
reaction. The absorbed photon is equivalent to or greater than the semi-
conductor photocatalyst’s bandgap, the energy. The valence band (hVB+) 
hole is caused by sunlight irradiation (excitation). As a result, the following 
equations show that a set of electrons and hole (e/h +) is formed [35, 36].

 L – GO − ZnO + hυ → GO − ZnO e–(CB) + h+(VB)  (8.1)

 H2O + h+(VB) ∙ → H+ + OH∙ (8.2)

 e–(CB) + O2 → O2
─∙ (anionic superoxide radical) (8.3)

 O2
−∙ + H+ → HOO∙  (8.4)

 2HOO∙ → H2O2 + O2 (8.5)

 H2O2 → 2OH∙ (8.6)

 OH∙ + Dye → CO2+ H2O (8.7)

 e–(CB) + dye →Reduction (8.8)

 h+(VB) + dye → oxidation  (8.9)

The OH∙ is formed in water ionization by the hole produced in the 
valence band, which serves as an oxidant. The anionic superoxide radi-
cal (O2

−) is supplied with oxygen by the electron of the conduction tape. 
Following the protonation of superoxide radicals (O2

−), the formation 
of peroxide H2O2 is produced which breaks further into more reactive 
hydroxyl radicals (OH∙) [37].

8.2.2 Nanomembranes Technology

Nanomembranes are a form of membrane made up of various nanofibers 
that are used to remove unwanted contaminants from the wastewater. 
The treatment is carried out at an extreme degree of removal by a dense 
fouling capacity and has been used as a reverse osmosis technique. Many 
works have already been reported on membrane technology to create mul-
tifunction membranes through different nanosized substances in various 
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polymer-derived membranes [38]. Nanofiltration, reverse osmosis, ultra-
filtration, and other water treatment methods were preferably used nano-
sized porous membranes. The membrane has a composite layer of porous 
support. The significant composite sheet is usually carbon- derived (CNT, 
graphene) which has been fixed into a polymer matrix. This offers excit-
ing and substantial advances in waterborne transport and resistance. For 
example, CNTs have antimicrobial properties, which can help mitigate 
fouling, the forming of a biological film, and decrease the likelihood of 
mechanical disasters [39]. The nanomaterials incorporation into poly-
meric membranes results in the creation of an expanded membrane with 
increased fouling resistance and hydrophilicity. Polymer doping is also 
used to manufacture polymer membranes to avoid bacteria attachment 
and to prevent biofilm formation at membrane shallow [40, 41]. An anti-
microbial agent, such as silver-metal nanoparticles, was used to inactivate 
bacteria, fungus, etc., and also prevents membrane biofouling [42, 43]. The 
synthesis and development of thin nanomaterial by doping with metals 
nanoparticles during surface alteration into an active composite of the 
thin film. Normally, nanomembrane clogging and membrane fouling have 
several challenges. Therefore, this issue must be addressed and solved. 
The prevention from blockage and fouling can be tested by adding super- 
hydrophilic-based nanosize particles to make a thin film nanomembrane. 
Nanomembrane is often used for wastewater treatment because it has vital 
characteristics to increase the proliferation of this substance, high unitary, 
homogeneous, optimal, short-term, readily managed, and produce a high 
range of reactions [44]. In a nanocomposite membrane, the oxidation of 
the organic compounds can match those nanophotocatalysts. For exam-
ple, nanomembranes and films integrated into TiO2 effectively disable and 
degrade organic contaminants along with blocking the growth of differ-
ent microorganisms [45]. Nanotechnologies have been developing and 
increasingly producing many catalytic nanostructured membranes with 
new properties, such as increased selectivity, high decomposition rates, and 
higher resistance against fouling [46, 47]. There have been several meth-
ods used to synthesize these types of nanomaterials to generate multipur-
pose functions [17, 48]. Constructive advances in this technique have been 
achieved through the inclusion in the pore membrane of nanocatalysts 
including iron-catalyst-dependent free radical and enzymatic catalysis. 
Oxidative reactions can also be performed without the use of radioactive 
chemicals to remove toxins and detoxify water. Metallic nanoparticles were 
immobilized with membranes (e.g., cellulose, chitosan, polysulphone, etc.) 
for dichlorination and toxic deprivation that include novel properties, such 
as impediment, high responsiveness, lack of accumulation, and reduction 



Advanced Technologies for Wastewater Treatment 187

in the surface, have been documented in many tests [49, 50]. In addi-
tion, nanotechnology advances yield many important, high discernment, 
improved absorbency, and high conflict flooding catalytic membranes. 
Innovative approaches to enhancing the multifunctional characteristics of 
wastewater management include mixed and bottom-up approaches.

8.2.2.1 Limitations and Future of the Nanomembranes Technology

The key purpose of membranes is to isolate radioactive particles from water 
supplies in case of drinking water. Filters from nanomembrane are used in 
water safety measurement [51]. Compared to the filtration technique with 
conventional approaches, the benefits of nanomembrane are that calcium 
and magnesium have needed a different ion in the whole phase to compen-
sate for it. The Na+ ions are not required for nanomembrane. In compari-
son with other traditional methods, nanomembrane restrictions typically 
reduce its performance. The first is nanomembrane fouling, which occurs 
a few days after using the membrane. This procedure is more costly and 
ineffective. The nanomembrane has fouling problems since it is completely 
dependent on operational parameters. The operational parameters are 
often not suitable, such as high pressure, temperature, and optimization 
[52]. Membrane stability is the second main constraint. For a long time, 
the nanomembrane did not maintain equilibrium. After that, its efficiency 
decreases and does not provide a good result as before. There will also be 
a need to change the nanomembrane to obtain outstanding performance, 
but this will lead to many other problems, such as high costs, impurities, 
etc. [53]. The stability depends on the necessary chemical resistance to 
material purification. The inconvenience is less reliability, inefficient oper-
ating processes, lower selectivity, high maintenance costs, and a reduction 
in operational efficiency over time. Common drawbacks are therefore not 
thoroughly investigated. While these nanomembranes have been success-
fully demonstrated at the laboratory level, they rise to lower prices but are 
still an obstacle to making them suitable for industrial applications. The 
commercialization goal needs to be combated through research institutes 
and manufacturing firms to cross this hurdle to a productive rise. The nano-
membrane selectivity should be increased and the nanomembrane resis-
tivity improved to prevent insufficiency of the membrane. The synthesis 
of new generation membranes may be an important candidate for surface 
grafting-oriented polymers, such as zwitterionic. However, surface graft-
ing is not reported to be a barrier to internal pore walls [54]. So, suitable 
antifouling converters become critical to fix on the membrane matrix. The 
high susceptibility of polyamide membranes to several forms of oxidizers, 
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such as chlorine and ozone is also quite important. Moreover, the man-
ufacture of multifunctional membranes needs considerable attention for 
better industrial innovation. However, the manufacture of less costly and 
efficient nanomembrane for water treatment still has many challenges to 
be addressed.

8.2.3 Utilization of Nanosorbent for Wastewater Treatment

Nanosorbents possess broad functions, such as high-sorption capacity, 
which make them more suitable for water treatment and more efficient [17]. 
The nanosorbent is very scarce in trade form, but researchers work hard to 
manufacture vast quantities of nanosorbents at the trade level. Carbon is 
the most often notified nanosorbent (e.g., graphite, carbon black, graphene 
oxide). In addition, there have been also metal/metal oxides and polymer 
nanosorbents [55–57]. The composite of various materials, such as Ag/car-
bon, Ag/polyaniline, carbon/TiO2, etc. are of great significance to reduce 
the impact of toxicity of wastewater. The carbons like CNTs cylinder- 
shaped nanostructure can appear as single or multiwalled nanotubes. CNTs 
keep observable sites and maintain sustainable surfaces due to high surface 
area. To prevent the accumulation of surface sites from decreasing since 
CNTs have hydrophobic properties on the surface, they must be stabilized 
[58, 59]. Therefore, the adsorption mechanism is an effective material for 
the toxins. Polymer nanoadsorbents are also functional for the removal 
of wastewater toxins like organic and metals [60]. For instance, the use of 
dendrimer-ultrafiltration has reduced copper ions. They are regenerated 
easily by pH change and are seen to be biocompatible, biodegrading, and 
toxic-free. In addition, the percentage of organic dyes or other contami-
nants removed is reached almost 99% [61]. The zeolites act as an absorbent 
in which various nanoparticles like silver, copper ions, can be implanted 
to make it a more significant nanosorbent [62]. It has the advantage of 
controlling metal quantities and even acts as an antimicrobial agent [63]. 
In addition, magnetic nanosorbents also play an important part in waste-
water remediation and have become a distinctive method to extract var-
ious pollutants [64]. A magnetic filtration can also strip certain organic 
contaminants. Ligands are covered with magnetic nanoparticles at vari-
ous magnet separation nanosorbents. Many processes, such as magnetic 
forces, cleaning agents, ion exchange, and so on, have been identified to 
stimulate these nanosorbents. The redeveloped nanosorbent can be cost- 
effective and used for further investigation of pollutants to reduce the cost. 
However, there are certain health hazards to biomass. Studies show that 
nanoadsorbents, chemical stabilizers, and surface changes are dependent 
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on morphology for the removal of toxic pollutants. To address toxicity 
problems and health concerns, the focus must also be paid to synthesizing 
more stable morphology (size and shape). In addition, the adsorbents are 
characterized by high biodegradability, high biocompatibility, and strong 
nontoxicity which can be replaced by chemical nanosorbents. Graphene 
oxide should be suggested to scientists since very emerging nanomaterials 
can be used as nanosorbents to extract pollutants with their superior prop-
erties and receive better results than others [65]. Some nanosorbents and 
their functions are listed in Table 8.1. Because of their extraordinary phys-
icochemical properties, nanomaterials have a strong interest in explaining 
ecological problems as well as wastewater decontamination. These charac-
teristics differentiate them from typical sorbents in many areas. To make it 
perfect for treating the pollutant very quickly, it would have a great surface 
area, superb adsorption efficiency, fast adsorption times, and balancing 
intervals. Nanomaterials have a very high absorption rate over some time 
because of their nanosize. In addition, nanosorbents can be used to sepa-
rate organic, inorganic contaminants from wastewater. Some issues need 
to be tackled completely for the commercialization of nanosized decon-
taminating water sorbents, such as manufacturing scalability, adsorption 

Table 8.1 List of nanosorbents and their application in pollutants removal 
(reproduced from reference [17]).

List of nanosorbents Functions References 

Polymer fibers Arsenic and other dangerous 
metals are removed

[67]

Nanosize-based iron oxides Removal of hormones 
and poisonous drugs 
contaminations

[68]

Nanosize-based metal oxides Various toxic metals [69]

Nanoaerogels Uranium is removed from 
drinking water

[70]

Regenerable nanosorbents Organic toxins, sewage water 
inorganic pollutants

[71]

Graphite oxide Removal of dyes [72]

Carbon-derived nanosorbents Ions of nickel in water [73]

Nanoclay Hydrocarbons, Dyes [74]
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calculations, selectivity, substrate consistency, material operating time, etc. 
[66]. A successful approach to wastewater treatment and the development 
of new nanosorbent is, however, enormously necessary for the manage-
ment of wastewater toxic ions and compounds. For the future, the research 
community works to improve the understanding and processes of adsorp-
tion. Researchers, consultants, and experts in the real world are worried 
about wastewater contaminants with health hazards and they are all com-
mitted to finding and clarification the use at the industrial level.

8.2.4 Microbial Fuel Cells as a Sustainable Technique

To remove the different contaminants from water sources, various treat-
ment methods have been studied before [75]. Those procedures are effi-
cient and provide improved performance, but they have few limits e.g., 
large energy requirements, high costs of service, high chemical utiliza-
tion, and released toxic waste by-products. The research group has thus 
introduced a groundbreaking technique for the deprivation of pollutants 
from wastewater, it is known as Microbial Fuel Cells (MFCs) [76–78]. 
This theory was first proposed in the early 1900s (1911) by M.C. Potter, 
using microbes to degrade pollutants and generate energy from bacteria 
[79].

Later in the 1970s, bacteria were discovered to have redox proteins that 
are electrochemically active and can be transported by anode electrons 
[80]. This approach has now attracted considerable exposure than most 
traditional approaches. MFCs are considered as a green energy generation 
system that simultaneously reduces wastewater pollutants. The bacteria 
transfer the electron to the anode and the electron travels via an outer cir-
cuit to the cathode chamber, in the presence of an oxidative environment, 
protons pass directly from anode to cathode [81, 82].

However, there are several factors, like, biocatalyst, internal resistance, 
chemical concentration, chemical substrates, MFCs modeling, exoelec-
trogens separated, and electrode characteristics, that play an important 
role in the efficiency of MFCs [82–84]. The electrode content is a very 
significant element in making MFCs more commercially viable and pro-
lific. Microbes receive electrons from the anode and also transform the 
toxic compound into less toxic elements in electrographic electrophs [85, 
86]. The MFC technique was established as an optimal technology to 
eliminate toxins from wastewater through waste-derived catalysts and 
also generate bioenergy. Centered on their structure, MFCs can be cate-
gorized as single, double, and stacked MFCs, sedimental MFCs, benthic 
MFCs, etc. [87–89].
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8.2.4.1 Mechanism and Application of MFCs in Wastewater 
Treatment

The energy production and its mechanism must be known before the metal 
reduction by bacterial organisms. Bacterial organisms serve as biocatalysts 
in which the organic matter is oxidized to produce the protons and elec-
trons by the microorganisms species [90]. Some bacterial species of the 
plant, including E. coli, Clostridium butyric, Shewanella sp., Rhodoferax 
ferrireducens, Geobacter, Bacillus, Aeromonas hydrophila, and Klebsiella 
pneumonia are well recognized as metal reduction genus and exoelectro-
gens [90–92]. Nevertheless, organic matter is used to oxidize protons and 
electrons by bacterial organisms. The biochemical reaction is as follows:

 Anode reaction : C6H12O6 + 6H2O  6CO2 + 24H+ +24e−

 Cathode reaction: 24H+ + 24e− + 6O2  12H2O

Overall reaction: C6H12O6 + 6O2 6CO2 + 6H2O + Electricity + 
Biomass

The biofilm was present on the anode, it transfer the produced elec-
trons and protons. The electrons used the outer way to enter the cathode, 
while the protons were passed directly by PEM. As seen in Figure 8.4, two 
main mechanisms were engaged in the electron’s transportation from bac-
teria to the surface of the anode before turning to the cathode. (1) Direct 
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Table 8.2 The remediation efficiency of toxic metals through MFCs in previous literature.

Metal 
ions 

Inoculation 
source

Organic 
substrate Anode electrode

Cathode 
electrode

Removal 
percentage (%) Reference

Cr (VI) Anaerobic digester 
sludge

Glucose Graphite felt Graphite felt 79 [95]

Cr (VI) Anaerobic sludge - Plain carbon cloth Plain carbon 
cloth

99 [96]

Cd (II) Contaminated soil Sodium acetate Graphite granules Carbon felt 31 [97]

Pb (II) Contaminated soil Sodium acetate Graphite granules Carbon felt 44.1 [97]

V(V) Dysgonomonas and 
Klebsiella

Acetate Carbon fiber felt Carbon fiber 
felt

60.7 [98]

Cd(II) Mixed species  Acetate Graphite felt Graphite felt 60 [99]

Hg (II) Mixed species Acetate Graphite felt Graphite felt 55 [99]

Ni (II) Mixed microbial 
culture

Sodium acetate Graphite felt Graphite felt 95 [100]

Cr (VI) Anaerobic sludge 
bed

Sodium acetate Graphite plate Graphite plate 82 [100]

Cr (VI) Anaerobic sludge Glucose Graphite brushes Carbon cloth 99 [101]

(Continued)
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Table 8.2 The remediation efficiency of toxic metals through MFCs in previous literature. (Continued)

Metal 
ions 

Inoculation 
source

Organic 
substrate Anode electrode

Cathode 
electrode

Removal 
percentage (%) Reference

U(VI) Nuclear waste 
sludge 

Acetate Graphite felt Graphite felt 90 [102]

Cu (II) Soil sludge Glucose Carbon felt Carbon felt 94 [103]

Pb (II) Wastewater Sweat potatoes 
wastes

Graphene oxide Graphite rod 60.33 [104]

Cd (II) Wastewater Sweat potatoes 
wastes

Graphene oxide/
PANI

Graphite rod 65.51 [104]

Pb (II) Wastewater Oil palm trunk 
sap (OPTs)

L-GO Graphite rod 85.00 [105]

Pb (II) Wastewater OPTs L-GO-ZnO Graphite 
rod

91.07 [105]

Cd (II) Wastewater OPTs L-GO Graphite 
rod

83.50 [94]

Cd (II) Wastewater OPTs L-GO-ZnO Graphite rod 90.00 [94]
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electron transfer is subdivided into two methods: electron transportation 
via conductive pili-type bacterial species or electron transfer via redox-ac-
tive proteins. Aeromonas hydrophila, Acinetobacter radioresistance 
strains, Klebsiella pneumonia, and many other bacteria have conductive 
pili. Pili is a conductive component of the bacterium’s body that passes 
electrons directly to any conductive substance. The bacterial detection 
method revealed the species that related to the conductive pili-type bacte-
rial, according to the current analysis. (2) The indirect electron transport 
process employs soluble oxidized/reduced electron shuttles. This method 
was mostly used by Geobacteraceae and Desulfuromonadaceae to transfer 
electrons [89, 93]. Another side, the reduction of pollutants was carried 
out. There are many studies on pollutant reduction via MFCs, especially 
metal, some are summarized in Table 8.2. For example, there was also the 
Cd (II) to Cd reduction process. As a result of the reduction, Cd (II) to 
Cd(s) ensures that the soluble metal ion condition is transformed into a 
solid state of insolubility. Compared to the soluble Cd condition, it is less 
poisonous. The reduction from Cd (II) to Cd is as follows [94]:

 Cd2++ 2e− Cd(s)

 2Cd2+ + 2H2O 2CdO + 4H+

 CdO + 2e− +2H+ Cd(s)+ H2O

8.3 Conclusion and Future Recommendations

The treatment of wastewater is closely linked with the effluent quality 
requirements and prospects. The wastewater treatment processes are con-
structed in such a way as to improve water quality. Thus, the choice of tech-
niques best suited to one particular plant should consider various factors, 
such as quantity and quality of wastewater, accessibility of land, economic 
flexibility, etc. Besides numerous technological advances, 100% treatment 
has yet to be done to confirm improved ecological protection. Water man-
agement is a critical ecological protection mechanism to be promoted in 
the developed world. This book chapter reviewed the application of various 
adsorbents, such as nanophotocatalyst, nanosorbents, nanomembrane, and 
MFCs technologies, for wastewater treatment. At the moment, these are 
well-known modern technologies but all the MFCs attract more attention 
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due to their eco-friendly nature. For the treatment of wastewater, develop-
ing a suitable treatment technology should prime the work of researchers 
and academicians and ensured the best water quality is achieved. In addi-
tion, improvements in public education are proposed to ensure knowledge 
of the technology and its environmental and economic advantages.
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Abstract
The problem of effective oil-water separation has prompted a rise in fundamental 
research in recent years, which has had a considerable influence on the develop-
ment of practical applications. Owing to their remarkable absorption properties, 
chemical stability, excellent selectivity, and good recyclability, superhydrophobic 
and super oleophilic nature show enormous potential as absorbents to clean up 
an oil spill. The most current manufacturing processes for polydimethylsilox-
ane (PDMS), the most often used oil-absorbent sponge to separate oil-water is 
discussed in this chapter. A study of the various manufacturing methods will 
be beneficial for individuals who are new to the matter since it will offer a brief 
knowledge of the possible uses of a PDMS sponge manufactured using a particular 
approach. Future selective oil absorbents with significant economic potential will 
need a thorough understanding of how the manufacturing process, structure, and 
performance interact.

Keywords: Oil-water separation, polydimethylsiloxane (PDMS), manufacture of 
PDMS sponges

9.1 Introduction

Oil spills and oily industrial wastewater treatment have grown more com-
mon as a result of the fast expansion of the petrochemical and marine sec-
tors. This has posed a severe issue across the nation. Oil spills and organic 
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liquid spills have impacted negatively on natural systems in recent years, 
with major health, social, and economic ramifications for the people who 
are affected [1]. For example, in April 2010, an explosion on a drilling site off 
the coast of Louisiana led to a tremendous mass of crude oil being released 
into the Gulf of Mexico, resulting in a long-term effect on the environment 
[2]. There might be a vast variety of environmental consequences from 
the oil spill in the water, including physical harm to animals and species, 
habitat destruction, and ecological disturbance [3]. It has resulted in the 
development of a broad range of technologies for cleaning oil from water. 
It may be divided into the following categories: Spillages are collected off 
the ocean’s surface, mixed with water with the use of emulsifiers to acceler-
ate natural decomposition and then burnt on the place to prevent further 
pollution [4]. On the other hand, natural degradation results in material 
waste, while in situ burning causes energy waste [5].

One of the most practical solutions available is to develop a lightweight 
porous absorbent with a maximum oil uptake capacity [1]. In terms of hav-
ing strong hydrophobicity and oleophilic, a great oil spill cleanup sorbent 
material also has a relatively high sorption potential, low water pickup, and 
is very affordable and simple to utilize [6]. A good absorbent’s surface has 
both microscale and nanoscale roughness, and air pockets may be used 
to effectively discard a water droplet from its surface. Super-hydrophobic 
surfaces with water contact angles (WCA) more than 150° and water slide 
angles (WSA) less than 10° are generally referred to as superhydropho-
bic surfaces because they resist water extremely efficiently. These materials 
might potentially be helpful as oil absorbents [7]. Therefore, developing 
porous materials with variable relative permeability along with low surface 
energy is a viable research area for commercial oil separation [8].

Polydimethylsiloxane (PDMS) has a high hydrophobicity combined 
with flexibility and oleophilic, as well as thermal, mechanical, and chem-
ical durability, and it is also simple to manufacture [1]. PDMS is a flexi-
ble polymer with good physical and chemical characteristics, in addition 
to its structural elements (Si-O-Si angles; Si-O bond length, dissociation 
energy, and freedom of rotation; weak intermolecular forces) [9]. Aside 
from that, due to their hydrophobic nature, PDMS sponges have the poten-
tial to gather oils and organic solvents from water on their own without 
the assistance of other materials [10]. Considering the high chain mobility 
of the material, even though PDMS has a low glass transition tempera-
ture (120°C), introducing small holes or surface functional groups into 
the polymer may result in a quick restoration of the original structure 
[8]. The present chapter provides an overview of the general character-
istics of polydimethylsiloxane (PDMS), followed by a description of how 
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to fabricate PDMS sponges for use as oil/water separation materials using 
typical synthetic procedures.

9.2 Fabrications Techniques of PDMS Sponges  
as Oil Absorbent

To develop PDMS sponges as an oil absorbent various methods have been 
proposed: using sacrificial templates, such as sugar [4], salt [11] and nickel 
foam [12], emulsion templating [13], phase separation [14], 3D printing 
method [15], and gas foaming method [16]. However, the characteristics 
and performance of PDMS depend on the fabrication strategies where 
they determine the bulk and surface structure. PDMS is also highly super-
hydrophobic due to the precise incorporation of micropores and surface 
roughness [8].

9.2.1 Sacrificial Templates

To create PDMS sponges that can be disintegrated or removed selectively, 
porogen, also known as a solid template group, was utilized. PDMS skele-
ton with linked voids was revealed when the leachate particles were either 
dissolved or removed from sample [17]. The most often used sacrificial 
templates are salt or sugar cubes, and their production is simple since no 
complex laboratory equipment or toxic solvents are necessary [17]. The 
PDMS crosslink in this procedure when the PDMS precursors are com-
bined with the scarifying template particles [8]. Pores are generated as a 
result of the shape of the PDMS template particles after they have been 
removed via particulate leaching with salt or sugar cube [8].

It is a common practice to use water for the leaching process. If it is 
essential, the extractable salt or sugar particles/cubes can be retrieved after 
they have been dispersed in the water. As a consequence, sugar leaching 
technologies are being developed for use in large-scale industrial applica-
tions as well. This method does not need complicated equipment, and the 
leachate may be retrieved without any disturbance. Choi et al., for example, 
created PDMS sponges using sugar as a sacrificial template. The template’s 
absorption performance can be improved by adequately mixing various 
sugar particles (2011). Porous structure, in which the size and shape of 
the porogen particles determine the size and shape of the pores, as well 
as the morphology of the pores, is another important feature to consider 
when developing efficient oil absorbents [8]. Overall, sugar cubes are put 
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in a container that will be utilized as a template for producing PDMS elas-
tomers further on. In a 10:1 volume ratio, PDMS prepolymer and curing 
agent are prepared and applied on sugar cubes, which are subsequently 
degassed in a vacuum chamber to allow liquid prepolymer to penetrate 
between the sugar cubes. The PDMS-sugar cube is then cured for many 
hours. Finally, water extracts the sugar cubes from the PDMS template, 
resulting in a three-dimensional interconnected porous network of PDMS 
sponges.

A modified sugar leaching technique for PDMS sponge fabrication in 
p-xylene (PX) solution is shown in Figure 9.1 [18]. The PX solution aimed to 
make the PDMS prepolymer less viscous during the moulding process. As 
a result, enhancing its fluidity makes it possible to avoid bubbles and func-
tion without needing a vacuum. Carbon nanotubes have been introduced 
into the PDMS porous structure. The scarifying template used to improve 
surface roughness has been demonstrated by Ong and colleagues to pro-
duce high-surface-area polydimethylsiloxane (PDMS) that is extremely 
hydrophobic and oleophilic (2018) [19]. As an alternative to using sugar 
or salt as particulate leaching particles, Yu and colleagues developed a 
more direct and straightforward method for fabricating a PDMS sponge 
by using citric acid monohydrate (CAM) as a hard template and varying 
the mass ratio of 1:1, 1:3, and 1:7 to regulate the porosity structure of the 
sponge (2017). Since ethanol is super wetting and can penetrate the porous 
structure of PDMS, the CAM may be readily removed by dissolving it in 

PX PDMS Sugar

add Sugar

remove
Sugar and PX

crosslink

Figure 9.1 Schematic representation of the sugar template technique for producing 
PDMS oil absorbents [18] (adapted with permission).
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CAM. When compared to polyethene foam or polypropylene foam, nickel 
foam offers a much more precise sacrificial template for the manufacture 
of PDMS sponges with well-defined size, shape, and wall width. As part 
of their research, Zhao and colleagues established a simplified method for 
producing oil-absorbing materials that comprised the use of candle shoot 
coating and PDMS modification, among other techniques. Consequently, a 
straightforward way for creating nickel foam surfaces with enhanced water 
and oil repulsion was established.

PDMS sponge materials are assessed for pore size and porosity using 
the sacrificial template approach. The size of the particles and the mix-
ing ratio with a PDMS prepolymer solution are the two most prominent 
parameters to consider when employing the sacrificial template method. 
The pore size for sugar leaching is typically dozens to hundreds of microm-
eters. However, it can be reduced to tens of micrometers [17]. The use of 
additional sacrificial templates, such as colloidal crystal, as alternatives for 
sugar or salt, is necessary to compensate for the lack of narrow-sized pore 
distribution in these materials. When evaluating the porosity of PDMS 
sponges, the mixing ratio of particles and PDMS prepolymer solutions is 
crucial to the experiment’s outcome. In association with a rise in the parti-
cle concentration in the prepolymer solution and a reduction in the density 
of the PDMS sponges, interconnected holes form [17].

9.2.2 Emulsion Templating Method

When the continuous emulsion phase is polymerized, emulsion templated 
macroporous polymers are formed, with the emulsion droplets acting as 
macropore templates [13]. Based on the internal phase volume ratio, which 
can be high (HIPE, >70 % or commonly 74 %), medium (MIPE, 30–70 %), 
or low (LIPE, 30 %), porous systems with varying pore size and porosity 
can be used. The products are referred to as polyHIPEs, polyMIPEs, and 
polyLIPEs, depending on their composition [17]. Because of its adapt-
ability in changing material characteristics and the shape and thickness of 
the products, polymer emulsion templating is an intriguing approach for 
generating porous structures [20]. Controlling and understanding liquid 
emulsion template stability in ageing processes such as droplet coalescence 
is essential in establishing the optimum porous structure [17]. In order 
to determine the viability of using an emulsion templating strategy in the 
context of droplet microfluidics, it is necessary to consider several factors. 
To manufacture oil/water droplets, the surfaces must be sufficiently hydro-
philic. Treatments must be long-lasting and irreversible, particularly when 
exposed to both oil and water [21].
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This type of microporous polymer was generated in a continuous flow 
of water by combining water in oil emulsions, oil in water emulsions 
including ionic liquids, and supercritical carbon dioxide internal phases 
[13]. Water is one of the cheapest and most eco-friendly porogens among 
them [20]. Kovalenko et al., for example, porous PDMS structure is cre-
ated by polymerizing inverse water-in-oil emulsions (Using a crosslinking 
emulsion technique with repelling or adhesion interactions between water 
droplets, they developed bulk elastomer polyMIPE with isolated or linked 
porous structures [21]. Furthermore, because PDMS is a hydrophobic 
polymer, it has implications for droplet-based microfluidics. As a conse-
quence, it is also ideal for generating droplets from a water-in-oil emulsion 
when the continuous phase needs to adequately moisten the device walls 
[21]. However, since the surfactant remains in the polymer, this technique 
has the disadvantage of not eliminating it. Therefore, surfactant elimina-
tion may be a time-consuming and difficult task. Emulsion templating, on 
the other hand, is frequently employed in 3D porous polymers for some 
applications such as tissue engineering, separation, water retention, and 
others [17]. Figure 9.2 shows the findings of research conducted by Riesco 
et al., who demonstrated a three-step preparation technique for manufac-
turing centimeter-scale porous PDMS scaffolds with pores with diameters 
ranging from millimeter to micrometer in size could be constructed.

In the reticulation process, temperature and pressure have been used 
to regulate pore size and distribution in two distinct methods. In the first 
stage, deionized water (10% of the PDMS mass) was poured into the PDMS 
and agitated until the water-in-silicone emulsion reached 70%. Following 
that, the water-in-PDMS emulsion was used to form a cylindrical sample 
container, which was then filled with the sample. Vasquez et al., created 
polyHIPE foams (PDMS foams) with open-cell and interconnected porous 
characteristics that are lightweight and durable using the HIPE templating 

Preparation of
water-in-PDMS

injectable emulsion

Pre-reticulation
at 60°C

during t1 min

Reticulation
at T2°C

and
P2 mbar

during 120 min

Seeding and
cell culture
of SaOS-2

(15000 c/cm2)

Figure 9.2 A schematic example of the PDMS porous scaffold production method 
employing water/PDMS emulsion casting [22] (adapted with permission).



PDMS-Supported Composite Materials as Oil Absorbent 209

technique (2020). The surface of the polyHIPE PDMS foams was coated 
with a layer of polydopamine (PDA). Then, they were dipped in a dopa-
mine solution for 30 minutes. Ag nanoparticles were evenly dispersed 
using an in-situ growth method. PDMS foams were changed from hydro-
phobic to hydrophilic/underwater oleophilic due to the PDA layer’s strong 
redox sites (hydroxyl and amine groups) and the chemical reduction of the 
adsorbed Ag precursors to generate Ag nanoparticles [23].

Based on a paper tissue, Sun et al., recently produced superhydropho-
bic SiO2/PDMS composites for oil absorption and water-in-oil emulsion 
separation to be used in oil filtration (2020). Paper tissue was chosen since 
it is a typical and inexpensive material with a natural capillary solid force 
that allows liquid traces to be quickly absorbed. PDMS/SiO2 composites 
are produced using multiple processes as depicted in Figure 9.3a PDMS/
SiO2 paper coating dispersion is first generated, and then a paper tissue 
is submerged in the dispersion until the paper tissue is fully immersed. 
At the end of the process, the paper tissue is unfolded and allowed to dry 
at ambient temperature before being blasted at 120°C. for an hour. In a 
comparative investigation, ten different oils/organic solvents were studied, 
including motor oil, cyclohexane, butylene oxide, and others. As a conse-
quence, the PDMS/SiO2 composite was capable of absorbing roughly 20 
times its weight in oils/organic solvents. Moreover, after 50 cycles, the com-
posites paper’s absorption capacity remained very steady. Due to the sheer 
paper tissue’s strong capillary, PDMS/SiO2 paper composites may absorb a 
broad spectrum of oils and organic solutions. These paper composites have 
the ability to independently extract oil from surfactant-stabilized water-in-
oil emulsions while retaining high flux and separation efficiency through-
out the extraction process [24].

(a) (b) (c)

Figure 9.3 Three stages are involved in the fabrication of PDMS/SiO2 composites paper: 
(a) Preparation of PDMS/SiO2 paper coating dispersion. (b) Absorbing the dispersion 
with a paper tissue. (c) Unfolding the paper and allowing it to dry at room temperature 
before annealing it for about an hour at 120°C.
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9.2.3 Phase Separation Method

The phase separation method is among the most promising technologies in 
the area of spongy polymer membrane manufacturing. It is one of the four 
major strategies, along with precipitation by cooling, which is also known 
as thermally induced phase separation (TIPS) [25];  nonsolvent-induced 
phase separation is the term used to describe the process of immersion 
precipitation (NIPS) [26]; vapor induced phase separation is defined as the 
precipitation of non-solvent (water) from the vapor phase by adsorption 
(VIPS) [27], and solvent evaporation-induced phase separation (EIPS) 
[28]. This approach is dependable and straightforward since the template 
dimensions do not restrict pore size. The templates do not need to be 
removed after the polymer has dried, making it one of the most conve-
nient. Furthermore, because it is a surfactant-free process, the surfactant 
does not affect the mechanical properties of the polymer [29].

Among all of them, EIPS is the most commonly used technique for pro-
ducing porous PDMS. This procedure entails dissolving a polymer in a 
volatile solvent and a less volatile non-solvent and then drying the result-
ing solution. As the solvent evaporates, the concentration of the polymer 
increases. When the solvent evaporated, the nonsolvent enriched droplets 
grew and merged, becoming more prominent. Separation of  polymer-rich 
and polymer-lean phases is forced in the polymer solution [26]. The 
 polymer-solvent system then transitions from the stable single-phase zone 
to the unstable two-phase zone through the metastable region, where 
nucleation and growth processes promote phase separation before return-
ing to the stable single-phase zone. At the end of the process, removing the 
nonsolvent enriched droplets results in creating the porous structure [17].

To enhance PDMS porous morphology, Le et al. created porous struc-
ture PDMS-CNT nanocomposites by creating polymethylmethacrylate 
(PMMA) phase separation in PDMS using EIPS (2012). The manufac-
ture of the spongy PDMS-CNT nanocomposite indicated schematically in 
Figure 9.3 requires multiple processes. To begin, different mixing ratios of 
PDMS and PMMA were dissolved in toluene at 75°C at various concentra-
tions. To establish phase separation between PDMS and PMMA, toluene 
was slowly vaporized while the mixture was stirred at 75°C to 105°C. This 
PDMS/PMMA combination was then merged with carbon nanotubes and 
a curing agent, and the composition was then baked at 140°C for 12 hours 
to crosslink the PDMS and permanently fix the phase-separated struc-
ture. After being completely submerged in acetic acid to produce pores, 
the samples were thoroughly washed with deionized water to remove the 
PMMA present. When determining the pore size, factors, such as drying 
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temperature and the quantities of three polymer components in the mix-
ture, were critical to consider. A nitrogen gas blast and high-temperature 
drying were performed after the procedure to manufacture porous nano-
composites from the PDMS-CNT composite [14].

In addition, Abshirini et al. performed a further study to describe the 
fabrication and characterization of porous PDMS structures by utilizing 
the solvent EIPS (2021). To investigate the pore size distribution, mechan-
ical properties, and porosity microstructure of the porous samples, a num-
ber of research techniques were used. In the PDMS-dense phase of the 
experiment, discrete holes with average pore diameters ranging from 330 
to 1900 m were discovered. Raising the water/THF proportion while main-
taining the PDMS percentage offers the greatest benefit of decreasing the 
average pore size of the water/THF combination. Nonetheless, raising the 
PDMS content from 30% to 60% while maintaining a steady water/THF 
ratio improved relative pore size [29].

9.2.4 3D Printing Techniques

Several improved techniques for 3D printing with PDMS have arisen due 
to advancements in additive manufacturing and the development of the 
maker movement [30]. Despite this, the liquid prepolymer’s low elastic 
modulus enables direct 3D printing of PDMS in complicated geometries, 
which had previously been considered an unsolvable problem. There are 
two general methods to dealing with this problem. First, the starting mate-
rial’s thixotropic flow properties must be successfully fabricated by using 
low-temperature vulcanizing PDMS sealants, nonflowing PDMS elasto-
mers, and PDMS prepolymers with increased viscosity, as well as fillers, 
to ensure that the material’s geometric integrity is preserved during curing 
[17]. Due to the general low elastic modulus of pre-and post-cured PDMS, 
as well as its distortion under gravity, the 3D geometries that may be 
employed are highly restricted, resulting in structures that are only capable 
of supporting themselves in their whole [30].

Apart from that, conventional production processes (such as casting or 
weaving) have the following drawbacks moulds and every time the geom-
etry of a product changes [31]. 3D printing has made it feasible to create 
large-area 3D structures without expensive moulds or multistep procedures 
in recent years due to significant advances in technology. A vast number of 
ordered and controlled structures may be readily created as a consequence 
of this process, and 3D printing technology, rather than the moulds often 
employed in prior fabrication techniques, allows for precise adjustment of 
the surface structure and wettability of the structures [32]. Additionally, 
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unlike previous systems, this approach does not need the use of extra 
materials, such as sacrifice layers, or supplementary operations, such as 
the removal of the sacrificial layers and the insertion of the microneedles. 
Freeform deposition can be used for fabrication, and geometrical qualities 
can be easily adjusted by adjusting the printing parameters [33].

He et al. demonstrated a mould-free and straightforward strategy for 
manufacturing distinct wetting surfaces by designing an ordered porous 
structure with varying geometric properties using PDMS ink 3D print-
ing in a single step (2017). The aligned filaments crossed perpendicularly 
over the underlying filaments, resulting in a typical anisotropic physical 
structure with multiple submillimeter grooves that proved ideal for gen-
erating anisotropic wettability using a computer program. Filament diam-
eters (FD) drop as printing speeds rises from 0.75 to 6.00 mm/s. This is 
due to the nozzle’s increased translation speed-boosting the stretching 
ratio of PDMS filaments. The superhydrophobic layers were also created 
by 3D printing PDMS ink into predetermined geometric designs, which 
eliminated the need for additional operations. Consequently, the enhanced 
wettability of the porous film created may be employed for air-breathable 
water-proofing applications in the future.

Duan and colleagues have also developed carbon nanomaterial-based 
SCMs that are extraordinarily stretchy and conductive. Split-level and 
aligned 3D porous polylactic acid (O-PLA) templates for O-PDMS were 
created using 3D printing. A 3D conducting network was established on 
the 3D frame when carbon nanofillers, such as carbon nanotubes (CNTs) 
and graphene were combined with the O-PDMS polymer. A-OPCG and 
S-OPCG, both OPDMS/CNTs/graphene composites with improved 
stretchability and conductivity, are the results of the last step in the pro-
cess. The manufacturing procedure for S-OPCG is shown in Figure 9.4. 
Polylactic acid (PLA) was selected for printing the 3D skeleton since it is 
environmentally benign and easy to remove using a specific solvent.

Studies suggest that by altering the software and route of a 3D printer, 
they could produce structural O-PLA scaffolds with split-level and aligned 
geometries. After dissolving PLA and backfilling PDMS into the pores of 
O-PLA, the porous architectures of the material were precisely recreated, 
resulting in O-PDMS that was aligned and split-level in structure. As a 
consequence, in terms of electrical conductivity and deformation capabil-
ity, S-OPCG surpassed A-OPCG. S-OPCG, for example, retains 40% of its 
conductivity after 100% uniaxial stretching, but A-OPCG only possesses 
25%. Despite this, the electrical conductivity of S-OPCG remains constant 
after 5000 bending cycles and only marginally decreases after 100 repe-
titions of a % stretching-releasing process [34]. This method enables the 
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creation of porous substrates with variable pore size, porosity, patterns, and 
a 3D gradient spongy look. However, this approach is time- consuming, 
costly, and pollutes the environment with hazardous organic solvents. 
As a result, a significant upscaling is no longer feasible. Additionally, this 
approach is still in its early stages, and further study is needed to improve 
its precision, economic feasibility, and dependability [17].

9.2.5 Gas-Forming Technique

The manufacture of polymer foams with open or closed pores for use in 
joint sealants, mechanical shock absorbers, insulators, and other appli-
cations is a well-known gas-forming technology. The process of forming 
gas is quite straightforward [17], and this method requires two simulta-
neous processes: linking reactions and foaming. The two most common 
silicone elastomer and rubber (SR) crosslinking procedures are vulca-
nization at high and low temperatures. High-temperature vulcanization 
SR systems were crosslinked using the radical reaction approach, and 
ethylene connections between the polysiloxane chains formed a polymer 
network [35]. To produce heat-activated vulcanization, a peroxide-vul-
canizing agent is used to cure a higher molecular weight vinyl or methyl 
functionalized silicone polymer. This approach is known as “peroxide 
vulcanization” [36].

At room-temperature vulcanization systems, silanes, siloxanes, and 
polysiloxanes, which are crosslinking agents that attach to silicon atoms 
and comprise varied functional groups (hydroxyl, acetoxy, alkoxyl, and 
hydrogen atoms), as well as additional crosslinking agents, are required. 
In the presence of catalysts (mostly platinum or tin compounds), 
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Figure 9.4 The schematic design for the manufacture of porous PDMS-CNT 
nanostructures.
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polycondensation and polyaddition reactions occur between PDMS and 
the crosslinking agents, resulting in the creation of a polymer network 
inside the crosslinking silicone substance. The gas is disseminated as dis-
crete bubbles in closed-cell foam, and a polymer matrix generates a con-
tinuous phase [35]. In addition, gas foamed scaffolds are less hazardous 
than traditional scaffolds, making them excellent for in-vivo applications. 
Furthermore, this is an easy and reasonably priced solution [17]. It has 
been extensively applied owing to the lack of hazardous solvents require-
ment, medical uses of porous materials created using this approach have 
subsequently arisen.

According to Kobayashi et al., a hydrosilylation cure for porous PDMS 
elastomers with porous structures formed by hydrogen foams may be 
achieved using hydrosilylation (1993). A vinyl group and a SiH group were 
used to make PDMS membranes, then treated with an -OH group to make 
them more flexible [37]. To produce porous biphasic calcium phosphate, 
Kim et al. used the foaming process (2012). In order to increase mechanical 
strength, they used hydroxyapatite (HA), and biodegradable BCP was made 
using tricalcium phosphate (TCP). The utilization of the foaming technique 
to create an exceptionally highly permeable wound dressing by polymer-
izing alcohol groups in the polyol and isocyanate groups in the toluene 
diisocyanate may have influenced the wound dressing’s porosity, pore size, 
and mechanical properties. Toluene diisocyanate is used in the PU foaming 
method to form urethane bonds, when hydroxyl groups in the polyol react 
with the isocyanate groups in the toluene diisocyanate. In this method, the 
polyurea reaction, which occurs when the isocyanate groups react with 
H2O as an additive, results in the formation of urea and CO2 [38].

According to Li et al., a viable technique for continuous PDMS/PVDF 
composite membrane fabrication was developed, as shown in Figure 9.5 
(2019). As part of the coating slurry preparation process, the PDMS cross-
linking agent and catalyst are mixed with an organic solvent to form a 
solution then sprayed onto the membrane support surface. A substantial 
volume of organic solvent must dissipate at room temperature to avoid 
explosion. After that the temperature is elevated to allow the PDMS cov-
ering layer to deep cure. The dried membrane is coiled up and placed on 
a take-up roll at the other end of the machine. When the linear PDMS 
is progressively crosslinked during the PDMS membrane manufactur-
ing process, the coated layer moves from a liquid to a gel to a solid. As a 
consequence, to prevent sticking to surrounding membrane support, the 
PDMS coating layer must be dry before winding up. A small amount of 
catalyst was applied before coating in the presence of water to hinder fast 
cross-linking resulting in a lengthy curing process. As a result, the amount 
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of water used before the coating process was lowered. Ethanol was added 
to the PDMS coating slurry as an inhibitor to lower the temperature and 
slow down the crosslinking reaction. In order to facilitate the curing of 
the PDMS coating layer, higher temperatures were retained throughout the 
process. This was done by adding more catalysts to the coating solution 
[39]. An outline for the development of PDMS/PVDF-based composite 
membrane is illustrated in Figure 9.6.

Moreover, Kargari et al., employed a foaming procedure to develop 
a polyetherimide (PEI) membrane covered with polydimethylsiloxane 
(PDMS) for hydrogen-methane separation (2014). PEI membranes were 
first dried at 105°C for 12 hours to eliminate any remaining solvents. To 
make uniform PDMS coating solutions, n-hexane was treated with PDMS 
polymer resin and crosslinking agent (in a weight ratio of 10:1 (w/w)). 
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Figure 9.6 Manufacturing of PDMS/PVDF composite membrane [39].
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Three coating methods were used in this study were: the 45-degree pour-
ing of the solution, film casting, and dip-coating. Using the first approach, 
a coating solution was poured onto a PEI membrane that was angled at 
45 degrees. The membrane was attached to a glass plate to prevent it from 
moving during the film casting process, and a 5-mm-thick layer of PDMS 
solution was applied with a film applicator. Finally, the membranes were 
immersed for 5 minutes in a coating solution of various concentrations 
before being withdrawn and held to allow the excess solution to drip out. 
This method is called the dip-coating method. After curing the created 
composite membrane in an oven at varying temperatures for 60 minutes, 
crosslinking would take place. H2 and CH4 gas permeation was used to 
evaluate the composites’ final performance. Consequently, with escalating 
PDMS coating concentration, H2 permeance initially decreased signifi-
cantly but eventually stabilized [40].

9.3 PDMS Sponges as an Oil/Water Separation

PDMS sponge-based materials have been used in various sectors, such as 
flexible conductors [41], sensors [42], energy harvesting and storage devices 
[43], absorbents and oil/water separation appliances [4], biomedical appli-
cations [44], catalysis [45], microfluidics [46], and so on. The present chap-
ter deals with the significant application of PDMS in oil/water separation.

Oil and other organic liquid pollutants endanger our ecology. When it 
comes to cleaning up oil spills in water, it includes three ways: collecting oil 
off the water’s surface, combining oil with water, and burning it on the spot 
[4]. There are currently three primary methods up the pollution: collect-
ing it off the ocean’s surface, mixing it with water and utilizing dispersion 
agents to speed up natural degradation, and in situ burning [19]. By using 
oil-absorbent material to absorb spills, spill cleaning is simple, inexpensive, 
and efficient because no additional pollution is created during the process 
[18]. Therefore, hydrophobic polymeric sponges were developed recently 
to absorb reversible oils from oil spills over water. Porous structure’s supe-
rhydrophobicity and superoleophilicity enhance PDMS sponges’ oil/water 
separation and storage capabilities [17]. Aside from that, PDMS is the most 
widely used polymer due to its biocompatibility, elasticity, chemical and 
physical stability, low glass transition temperature, high performance, and 
ease of moulding [10]. As a result, its properties are retained even after 
repeated absorption and release cycles.

Zhang and his colleagues created a new oil-absorbent by combining the 
absorption processes of filling for porous materials and swell for organogels 
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to boost their materials’ absorption capacity for oil (2013). Interconnected 
pores and a stretchable structure allow these PDMS oil-absorbents to 
absorb and retain oils. To put it another way, the PDMS oil-absorbents 
were capable of absorbing up to 434 g/g of different oils and organic sol-
vents. PDMS oil-absorbents are solid and flexible, and when squeezed, they 
recover more than 80% of the absorbed oil or organic solvent. Meanwhile, 
they can be used up to 20 times without losing their absorption capacity 
or weight [18]. That is the most important and attractive characteristic of 
PDMS.

Turco et al. mixed polydimethylsiloxane (PDMS) sponges with multi-
walled carbon nanotubes (MWNTs) and a rigid template to generate 
a porous magnetic reusable nanocomposite with magnetic properties 
(2015). Magnetic sponges swell at a high and rapid rate of absorption in 
a variety of organic liquids. Organic liquids may also be quickly recov-
ered by squeezing the sponges and re-used without deteriorating perfor-
mance. To dilute the prepolymer, hexane was utilized as a solvent, and the 
absorption of dichloromethane was measured. According to the findings, 
PDMS-MWNT sponges with a volume ratio of 4:6 PDMS/hexane, a tem-
plate particle size of 6829 m, and 3% (by weight) MWNTs on the template 
absorbed more than 70 g/g of dichloromethane [1].

The introduction of inorganic nanoparticles into a graphene/PDMS 
sponge resulted in more excellent mechanical stability, according to Pan 
et al. [47]. To lower the “trade-off ” effect, a minimal quantity of graphene 
was deposited on the surface of a PDMS sponge skeleton, which improved 
mechanical durability and flexibility while simultaneously decreasing 
the concentration of graphene in the structure. Moreover, graphene on 
the surface of the PDMS sponge improves the quick adsorption of oils/
organic solvents. This has resulted in a variation in maximum absorption 
capacity between 400% and 1500% of the weight of the PDMS sponge and 
graphene/PDMS sponge for various oils or organic solvents, depending on 
the material employed. Aside from that, after 100 cycles of compressive 
testing at an 80% strain under a 400-kPa load, graphene/PDMS can pre-
serve its structure, suggesting that it has an outstanding mechanical elas-
ticity and stability [47].

9.4 Conclusion

Porous PDMS materials with optimal pore shape and size have been devel-
oped to employ various methods and designs, including nature-inspired 
superhydrophobic materials. The convenience of manufacturing PDMS has 
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been merged with the production process, including templates, substrates, 
and chemical treatments. A better understanding of existing manufactur-
ing procedures for porous PDMS materials used in oil-water separation 
will assist in the creation of modular, high-performance materials that are 
based on novel engineering design and technical innovation. Adsorbents 
with rough surfaces and low-surface energy coating patterns are projected 
to perform better in oil-water separation, which will be beneficial to the 
environment as a result. The scalability of the manufacturing processes for 
porous PDMS sponges is crucial owing to the vast volume and big size 
of porous PDMS sponges required for large-scale production, especially 
for industrial applications. Low-cost, economically viable, and ecologically 
safe manufacturing processes should be used in their development.
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10.1 Introduction

Nonrenewable energy is mostly derived from fossil fuels and is limited 
in its ability to meet the global increase in energy demand. Likewise, this 
source of energy is related to the emission of ozone-depleting substances 
(greenhouse gases) prompting natural contamination issues and global 
warming [1]. Fossil fuels, for example, natural gas and oil are estimated to 
be exhausted by the end of the year 2040 [2]. Thus, it is critically required 
to discover other renewable sources of energy. Choices are bioethanol, 
biodiesel, hydrogen fuel cell, biohydrogen [3–6], and bioenergy using bio-
electrochemical system (BES) most common is microbial fuel cell (MFC) 
[1, 7] (Figure 10.1). The increasing expectations for everyday comforts 
and quickly developing population stimulate the worldwide demand for 
clean water, energy, and materials. The difficulties in the supply of energy 
and preservation, and in decreasing environmental contamination profi-
ciency, make the advancement of BES technology, which can specifically 
use the energy of complex organic substrates with no other extra process-
ing or strengthening the utilization of natural assets, vital in worldwide 
practical advancement [8]. BES as an encouraging alternative system for 
treating wastewater and self-managed energy generation using the metab-
olism of microbes have pulled strong attraction for scientists. This system 
has incredible possibilities for applications like bioelectricity generation 
[1, 7], treatment of wastewater [9, 10], bioremediation [1, 9, 10], biofuel 
production [6], and biosensors. A simple BES (MFC) setup includes ed 
anaerobic anodic chamber connected with a cathodic chamber (which is 
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open to air) by means of a proton or cation exchange membrane. The BES 
performance is directly influenced by many factors, such as ohmic loss, 
electron exchange from microbes using anode, microbial inoculum, type 
of substrate, electrode overpotential, and indirectly by a few factors like 
design of BES and cost of electrode and membrane [11]. Electrodes are an 
important part of BES whether it is in MFC for bioelectricity generation or 
microbial electrolysis cell (MEC) for generating biohydrogen and biofuel 
utilizing electricity [1, 6]. The anodic chamber is the basic segment for the 
BES system, as the microbial metabolic electrons are present in the anode 
chamber. As an essential part of BES, the material of anode has the highest 
effects on its execution. The morphology, architecture, and properties of 
the surface of anode materials have a significant impact on overall BES 
performance, such as affecting the attachment of microbes, oxidation of 
substrates, and electron transfer [11]. Even though BESs are environmen-
tally friendly and have a built-in basic design, the qualities of the anode 
material play an important role and have been the root cause of low or 
even bad performance in some BES models. Ideal anode material must be 
favorable for microbial biofilm formation and also encourage the transfer 
and transport of electrons [12]. If microbial attachment on the anode is 
poor, it will suppress the productivity of transfer of an electron between 
bacteria and anode and ultimately it will affect the overall performance of 
BES and obstruct practical applications of BES technology [13]. Carbon 
felt (CF), carbon cloth (CC), carbon paper (CP), activated carbon fiber 
felt, graphite felt (GF), and graphite foil is the commonly used anodes in 
BES. Regardless of them being moderately cheap, stable, and showing great 
electronic conductivity, their innate character (hydrophobic) is harmful 
to vigorous microbes attachment bringing about low transfer of electron 
ability, and fouling of surface of materials from microbial discharge addi-
tionally intensified the issue [14, 15]. These are the factors responsible for 
the low energy yield of the unmodified anode. However, some properties 
(physicochemical) of the anodes could be improved utilizing artificially 
made materials using wanted characteristics to enhance the transfer of 
electron and microbial attachment to anode [16, 17]. Different modified 
anode materials have been functionalized in recent years with nanostruc-
tural modifications, for example,  carbon nanotube (CNT), graphene and 
graphene oxide (GO), carbon black nanomaterial (CB), conducting poly-
mers like polyaniline (PANI), polypyrrole (PPy), polymer nanocompos-
ites like PANI/GO, PPy/GO, PANI/CNT [18]. To improve the efficiency of 
BES, valuable advancements have been made currently concerning anode 
modification. This chapter reviews and features the utilization of various 
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anode materials for enhancing the overall BES performance and future 
directions in anode modification are talked about.

10.2 Conventional Anode Materials Based on Carbon

Due to properties, such as high surface area, higher conductivity for elec-
tricity, stability for chemicals, low cost, and biocompatibility, carbona-
ceous materials like CP, graphite brushes, CC, graphite rods, CF are the 
most commonly utilized anodes in BESs [19, 20]. In a work, Liu et al. [21] 
reported that by using a single compartment BES having 1 cathode and 
8 graphite anodes, the achieved removal of almost 80% of chemical oxy-
gen demand (COD), however, power density (PD) achieved was low due 
to low surface area and porosity of carbon-based anode. In other work, 
Chaudhuri et al. [22] used the same anode materials having a higher sur-
face area (GF)  and achieved three times greater current as reported by 
Liu and coworkers [21]. Logan and coworkers also used a graphite fiber 
brush as anode, and to increase surface area and microbial attachment to 
the anode, they coiled a titanium wire around the anode the maximum 
PD measured was 2400 mW/m2, and it was four times greater than the 
PD measured using CP [23, 24]. CC also showed satisfactory PD. Due to 
the low cost of carbon mesh, Wang and coworkers used this as anode and 
PD achieved was higher than that of CC as anode [25, 26]. A new kind of 
filler anode was created through the mixing of CP and CF, which reduces 
the resistance by reducing grain limits and thus enhancing the association.

10.3 Modification of Anode with Nanomaterials 
Based on Carbon

Due to exceptional properties like specific surface area, high electronic con-
ductivity, chemical stability, and strength, CNTs and graphene are famous 
carbon nanostructures. In small-sized BES, CNTs as modifying material 
for anode have shown great performance [27]. It is an effective material for 
anode modification in BES. Due to their outstanding stability for chemi-
cals, biocompatibility, high conductivity, high specific area, and catalytic 
properties, CNTs have been used as promising substitute materials for BES 
anode [28]. CNTs also have strong growth properties, great cell attachment, 
and adhesion. In a work, Liang et al. [29] utilized CNT which is modified to 
improve biofilm attachment ultimately improving the performance of BES. 
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They showed that by using CNT powder as anode modifier with plain CP, 
the internal resistance of BES was less as compared to BES operated with 
only plain CP. Anode potential, generation of current, internal resistance 
in BES, and PD were affected by different loading rates of CNT powder. 
Thepsuparungsikul et al. [30] reported the influence of different morphol-
ogies of CNT like multiwalled CNT (MWCNT-COOH, MWCNT-OH) 
and single-walled (CNTCOOH) on the performance of BES performance. 
The BES operated with pore flow membrane MWCNT-OH has shown bet-
ter performance as compared to other form of CNT and plain CC anode; 
this is because of the presence of OH functional group which improves 
the microbial attachment. Ren et al. [31] have utilized three types of CNT-
modified anodes with various alignments and reported high PD in min-
iature BES. The BES operated with horizontally aligned CNT modified 
anode showed the lowest sheet resistance and thicker formation of biofilm 
as compared to BES worked with CNT which is randomly and vertically 
aligned [31]. Essentially, past research has demonstrated that CC anode 
altered with carbon nanomaterial doped with nitrogen expanded the 
anode ingestion of flavin discharged by Shewanella oneidensis, straightly 
promoting the electron transfer and improved contact area ensuing direct 
transfer of electrons from the microbes to the anode [32]. In a work, 
Erbay and coworkers reported the great charge transfer qualities shown 
by microbes grown on CNT due to a combination between pili and atoms 
of carbon [33]. To keep the ohmic resistances low in BES, CNTs can be 
applied directly over the stainless steel mesh. To establish a highly con-
ductive anode for BES, CNTs can be applied over the CC to produce a 
large surface area and more PD than plain CC. Fraiwan and coworkers 
[34] demonstrated that CNT anodes will need modification of contact area 
for lessening the losses due to activation and poisoning of the cell. The 
advancement achieved in modification using chemical means and func-
tional group attachment techniques for CNTs enhanced the action of sur-
face, biocompatibility, accessibility, disclosing the path for an assortment of 
biological applications. A large portion of studies relates the enhancements 
of performance of BES with CNT modified two-dimensional anode based 
on carbon with the layer that is conductive that expanded the conductivity 
and contact area of the electrode. These examinations uncover that using 
two-dimensional CNTs modified anode can improve the capability of the 
microbes to bind and transfer electrons to the anode and reduce the inter-
nal resistance of BES [11]. Graphene is standout amongst the best nano-
materials with effective mechanical, electrical, and electricity conducting 
properties with high contact areas [11]. As of now graphene is rivaling 
CNT and in some cases surpass CNT in various implementations due to 
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its low cost, high contact area, easy processing, and functionalization. GO, 
single and multilayer graphene, reduce graphene oxide (rGO) and hybrid-
ized nanocomposites are the family members of graphene nanomaterials 
[35]. Graphene is the most rigid and slimmest nanomaterial; its 2D grid 
made of hybridized carbon atoms and conjugation in long-range pro-
duces electrocatalytic properties [8]. This has initiated a solid logical and 
mechanical interest with extraordinary applications like energy storage 
devices, catalysts, nanoelectronics, biosensing. It might give new chances 
to BES also. Stainless steel mesh can also be modified using graphene [8]. 
In another work, Huang et al. [36] showed that by using a network of GO 
nanoribbons over an anode, the electron transfer process can be enhanced. 
These outcomes have been affirmed by Xiao et al. [37] where crumpled and 
regular graphene sheets and particles have been utilized for anode modifi-
cation in BESs. The better execution of BES anode utilizing crusty particles 
of graphene has been credited to the larger surface area, higher electronic 
conductivity, and the free structure, which fundamentally upgrade mass 
transfer, biological reaction, and reaction kinetics. These outcomes have 
shown the strong capability of anode modified with graphene to enhance 
the execution of anode in BES. Additionally, by mixing graphene or CNTs 
with boron, sulfur, nitrogen, especially nitrogen functionals, electron 
transfer can be increased which ultimately improves the electrochemical 
behavior of BES [38]. Currently, the extraordinary qualities of graphene 
and CNTs have been used in the designing of three-dimensional anodes 
which are macroporous that empower inside accumulation and productive 
substrates transport, limiting the loss of energy in the BES [39]. In a work 
using a similar three-dimensional design, Flexer and coworkers [40] used 
reticulated vitreous carbon (RVC) and coated with carbon-based Nanoweb 
and accomplished a high current density (CD) compared with plain RVC 
anode, and the result was among the highest CD reported up to date car-
bon black nanomaterials (CBN) are broadly used to manufacture enzyme 
functionalized anodes as they possess characteristics appropriate to a bio-
interface, i.e., relatively high surface, and contact area, high electrical con-
ductivity combined with high porosity [41].

10.4 Metal or Metal Oxide-Based Modified Anode

Latest nanotechnology gives an exceptional chance to create a nanoparticle 
that alters anode as effective materials due to the extremely good struc-
tural, chemical, and electrical qualities of nanomaterials [11]. BES perfor-
mance can be enhanced significantly by the alteration of the electrode with 



Polymer Nanocomposite-Based Anode for BESs 229

the help of a nanocomposite of metal or oxides of metals which reduces the 
hindrance of electron and enhance the electron transportation between the 
electrolyte & bacterial cell. A great number of researchers have explored 
the effect of variations in chemistry and morphology of the surface which 
introduced via nanomaterials, for example, metal and metal oxides on the 
overall execution of the BES [42, 43]. Different types of oxides of metals, 
such as titanium (Ti), iron (Fe), manganese (Mn), tin (Sn), etc. with car-
bonaceous material, have been used for the modification of anode [44]. A 
large number of metal oxides from which titanium (Ti) oxide has an allur-
ing material that is structurally stable, electrically conductive, inexpensive 
& abundant in nature. A rare kind of physicochemical property shows a 
clear route for its implementation as an electrode modifier in BES. TiO2 is 
also chemically stable & biologically compatible for the BES anode appli-
cations. Yin and coworkers [45] revealed that using TiO2 nanotubes ver-
tically adjusted on CP, the performance of BES improved. It was assigned 
to the development of 3D pores which is penetrating vertically offering a 
broad surface region for the coordinate exchange of electrons and more 
biocompatibility that encourages the diffusion of molecules and extremely 
good electron transfer channel. In a comparative report, Tang and cowork-
ers [46] enhanced the anode execution of BES by utilizing egg white pro-
tein combined with TiO2 and incorporated the mixture into a sponge 
framing a three-dimensional electrode with enhanced capacitance. TiO2 
independently did not drastically enhance the PD in BES because of the 
low electrical conductivity of TiO2 operated with Shewanella putrefaciens. 
Therefore, it needs a modification along with CC or nickel. Performance of 
BES fused electrode with reduced graphene oxide (rGO) can be increased 
up to nineteen folds greater than the plain CC [47]. The glassy carbon elec-
trode (GCE) was modified by MWCNT doped SnO2. MWCNT-SnO2/GCE 
in contrast to MWCNT/GCE composite alone or GCE alone in BES has 
a great impressive performance [48]. Hybrid electrode (SnO2/rGO-CC) 
recovered almost five times more PD than its plain CC [49]. Zhu and 
coworkers [14] demonstrated that indium TiO2 combined with nanosheets 
(GR) and poly (allylamine hydrochloride) improved the electrical conduc-
tive electron exchange between the bacteria and anode bringing about an 
increase in the level of bioelectricity. Oxides of iron, for example, mag-
netite (Fe3O4), hematite (Fe2O3), and goethite (Fe(OH)O) were utilized as 
modifiers of the electrode to enhance bacterial electron transfer with shift-
ing level of achievement [16, 50, 51]. In a study, BES was modified by Fe3O4 
composite with CNT in a mediator less BESs. This brings upon an attrac-
tive fascination that expanded the connection of anode with CNT, permit-
ting the CNT to give a more ideal structural condition for the development 
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of bacterial biofilm [14, 16]. By pyrolysis of ferrocene under normal pres-
sure, Fe2O3 was coated on CC for reduction of cost, and this treatment was 
revealed that they increased the electron transfer efficiency of S. oneidensis 
based BES and also increased the maximum CD almost six times more than 
that of plain CC [50]. Peng et al. [51] showed a study where an enhance-
ment in the capability of BES by 22% higher than that of normal electrode 
both kinetic activity and capacitance behavior of electrode by attachment 
of nano Fe3O4 to anodes. Similarly, the attachment of α-FeOOH (nano-
semiconductor goethite) was studied by Peng and coworkers [51]. Here the 
PD has increased 36% as compared to that of the normal anode. This shows 
that the addition of nanosemiconductor goethite increases the extracel-
lular transfer of electrons between electrodes and bacteria. The available 
surface region, electron exchangeability, and superb behavior of CP anode 
can be increased by the MnO2 coating. MnO2/MWCNT coating on a plain 
graphite electrode is utilized as an anode in BES [52]. The addition of 50% 
MnO2 to MW-CNT enhanced the electrode’s wettability and reduced the 
contact angle, resulting in improved kinetic activity and PD of BES oper-
ated with the modified electrode compared to its unmodified anode [52]. 
Alatraktchi and coworkers [53] showed the relationship between a micro-
bial colony and nanomaterial density where the utilization of gold-based 
nanomaterial was demonstrated to upgrade BES performance by almost 
30% compared to the unmodified counterpart.

10.5 Polymer-Based Modified Anode

Modification of anode can be done superbly by a polymer coating. A 
large number of studies showed the impact of conducting polymer mod-
ified anode on the performance of BES. Polyaniline (PANI) and polypyr-
role (PPy) have got consideration in light of their great redox properties, 
high electrical conductivity, stability toward the environment, and sim-
plicity of synthesis. In electrochemical studies, PANI has attracted more 
consideration due to its specific physical and chemical, capability of eas-
ily forming nanostructures, simplicity of preparation, and great stability 
[54, 55]. All the detailed outcomes showed that using PANI to modify 
the anode is a good technique to improve the performance of BESs. 
Different anodes modified with PANI have been targeted in BES, such as 
PANI-modified-CF, PANI-modified Pt-based CF, HSO4

– combined PANI-
modified CC, PANI-modified CF, and PANI modified glassy carbon [56]. 
By using PANI-modified natural loofah sponge nanostructured macropo-
rous, the maximum PD achieved was almost 1100 mW/m2 compared with 
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graphene-coated sponge anode (612 mW/m2) and RVC (650 mW/m2) 
anodes. The enhancement of PD over those of ordinary three- dimensional 
anodes was an outcome of the synergetic impact of both parts: nitrogen- 
enhanced carbon nanoparticle covering that advanced extracellular elec-
tron transfer between anode and microbes and open three-dimensional 
structure that encouraged the development of biofilm. PPy due to its bio-
compatibility, stability, and high conductivity, has been utilized mostly in 
biomedical applications and biosensors even if the pH of the solution is 
neutral [57]. In a work, PPY-covered RVC was utilized as anode for BES 
prompting a huge improvement of energy generation in BES ascribed to 
the positive charge nature of PPy covering and the higher surface and 
contact area, which improved the electron transfer process [58]. In other 
work, granular PPY-fabricated anode and nanostructured fiber like PPY 
fabricated anode were utilized to enhance Bess’s efficiency [59]. Results 
depicted an increment of 450% of PD using fiber like PPy-modified anode 
as compared to past reported outcomes. 

10.6 Polymer Nanocomposites for Anode 
Modification

Certain drawbacks of PANI and PPy, for example, moderately low elec-
trical conductivity, poor stability, and poor electron transfer properties 
restrict the BES performance if used in the long term. These drawbacks 
of conducting polymers expose the doors to utilizing the polymer nano-
composite modified anode as a powerful methodology for improving the 
performance of the anode in BES. Combining conductive polymers with 
nanomaterials (e.g., metal or metal oxides), the performance can be addi-
tionally improved which enhances the surface area for biofilm develop-
ment and a number of catalytic sites. Additionally, CNT and graphene with 
polymer have been utilized to improve PD in BES due to their extraordi-
nary properties. Incorporation of carbon nanostructures with conducting 
polymers is relied upon to enhance the performance of anode in BES due 
to the collective impact of both the materials, such as electrical conduc-
tivity, redox electrochemistry, and surface area. The use of nanocomposite 
based on PPy and PANI with CNTs as a modified BES anode resulted in 
improved PD in BES, which is a significant benefit for BES applications 
[60, 61]. Studies show that polymer nanocomposite-modified anode not 
only enhances the specific surface area and conductivity of anode but at 
the same time improves direct electron transfer, and consequently, exclude 
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costly and other harmful mediators utilized in BES applications [62]. In 
graphene and conducting polymer-based nanocomposite, graphene serves 
as both doping and supporting agents. The examination of the monolithic 
and macroporous BES anode given PANI hybridized three-dimensional 
graphene demonstrated the fabricated anode outperforms the planar 
carbon anode as a result of its capabilities to 3D interface with bacterial 
biofilm, encourage electron transfer, and give exceptionally conductive 
pathways. Hou and colleagues utilized graphene/PANI nano complex- 
fabricated carbon cloth as a modified BES anode by combining the benefits 
of rGO and PANI. The electron transfer efficiency and loading of the bacte-
rial biofilm were greatly improved by a graphene/PANI combination with a 
large surface area and conductivity. The enhancement has been credited to 
graphene because it provides a high surface area for PANI and also serves 
as a highly conductive support material [63]. CNTs are outstanding for 
their famous properties, for example, quality, hardness, remarkable con-
ductivity, and lightweight. The PANI/CNT composites had a fiber-like 
design over the anodes and had a good discharge performance. The PANI/
CNT which contains 20 wt% CNT displayed the maximum PD of 42 mW/
m2 and is credited to the predominant and specific catalytic effect of the 
PANI/CNT [59]. PPy/CNT composite exhibits high electrical conductivity 
and surface area which decreases the electron and mass transfer resistance 
and increases the contact between the electrode and the microorganisms. 
PPy/CNT brought about a PD of 228 mW/m2 and good discharge perfor-
mance [64]. For improving the performance of BES, PPy/rGO compos-
ites having high surface area and electrical conductivity have been used 
for CC modification [65]. Through electrostatic interaction, the positively 
charged PPy improves the attachment of the negatively charged surface of 
the bacteria, encouraging the development of biofilm and better transfer of 
electrons. Using polymer nanocomposites-based anode, greater PD can be 
achieved as compared to unmodified PPy. In another study, PPY/GO poly-
mer nanocomposites on GF electrodes have been investigated as the anode 
of BES [66]. Compared to graphene or PPy alone, PPy/rGO with high sur-
face area, high conductivity, stability, and biocompatibility improved the 
power production and BES performance in long term. Biocatalytic oxida-
tion of glucose can be increased by providing more active sites, and high 
surface area [60]. 

Despite polymer nanocomposite with carbon-based nanostructures, 
research on conducting polymers demonstrate that combining metal or 
metal nanoparticles in a polymer framework produces nanocomposite 
materials of great sensing, optoelectronic, and catalysis properties [11]. In 
such a manner, PANI-TiO2 nanocomposite has been used because of the 
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cheap, nontoxic, stable, and biocompatible nature of TiO2. Electrochemical 
degradation and cycle capability of PANI as electrode catalyst can be 
reduced by introducing TiO2 in polymer matrix [67]. PANI/TiO2 and Ti/
TiO2–PANI as anode for BES improved the power production and turned 
out to be reasonable materials for high power BES development [68]. Table 
10.1 shows the various types of polymer nanocomposite materials used in 
BESs with corresponding efficiencies. In a work PANI–titania anodes were 
used in BESs with E. coli as a biocatalyst, which provides a large specific 
surface area for bacterial attachment due to the incorporation of titania 
nanostructures. E. coli cells adhered homogeneously to the surface of the 
anode with like hair structures. The pili allowed bacteria to adhere to the 
neighboring cells and showed a vital part as a mediator in the movement 
of the bacteria and biofilm formation, resulting in an improved PD of 1495 
mW/m2 [69]. These enhancements have been associated with high anode 
surface area, more biocompatibility, more electrochemical activity and 

Table 10.1 Performance of BES (MFC) using modified polymer nanocomposite 
materials.

Type of BES
Carbon 

source Modified anode Efficiency Reference

Two chamber Acetate PANI/MWCNT-GF PD= 257 
mW/m2

[70]

Two chamber Glucose PANI/rGO/Pt-CC PD= 2059 
mW/m2

[71]

Two chamber Glucose PPy/rGO-CC PD= 1068 
mW/m2

[65]

Two chamber Glucose PANI/CNT-Ni 
foam

PD= 42 
mW/m2

[61]

Two chamber Lactate PPy/rGO-CF PD= 1326 
mW/m2

[66]

Two chamber Acetate PANI/Ti-TiO2-CF PD= 980 
mW/m2

[68]

Two chamber Acetate PANI/GO-GF PD= 183.8 
mW/m2

[72]

Two chamber Azo dye 
wastewater

PPy/AQDS/Mn PD= 84.58 
mW/m2

[73]

(Continued)
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stability, and giving a new condition for microbial attachment [70–80]. 
The incorporation of metal nanoparticles or carbon nanostructures in the 
polymers network is a successful method to improve the performance of 
anode and eliminating the drawbacks of conducting polymers [11].

It is clear from the literature that the growth of BESs with conducting 
polymer nanocomposites fabricated anodes is assumed to be higher as 
compared to other modifications in the coming future. Nanomaterials and 
polymer concentration play an essential role in the discharge cycles and 
cell potential determination and must be optimized before being used in 
BES [64].

Table 10.1 Performance of BES (MFC) using modified polymer nanocomposite 
materials. (Continued)

Type of BES
Carbon 

source Modified anode Efficiency Reference

Two chamber Glucose PANI/rGO-CC PD= 1390 
mW/m2

[63]

Two chamber Acetate PANI/TiO2-Ni 
foam

PD= 1490 
mW/m2

[69]

Two chamber Glucose PANI/Pt-GF PD= 2900 
mW/m2

[74]

Two chamber Glucose PPy/CB-CP PD= 452 
mW/m2

[58]

Two chamber Acetate PPy/MnO2-GF PD= 32.7 
Wc/m2

[75]

Two chamber - Lac. PANI/GO-GF PD= 756 
mW/m2

[76]

Two chamber Lactate PANI/GO-GP PD= 381 
mW/m2

[77]

Two chamber Glucose PPy/CNT-CP PD= 650 
mW/m2

[78]

Two chamber Lactate PPy/GO-CF CD= 18 A/
m2

[79]

Two chamber Lactic zcid PPy/AQDS-CF PD= 1300 
mW/m2

[80]
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10.7 Concluding Remarks and Future Perspectives

Currently, BESs are utilized in several applications, like bioelectricity gen-
eration, biofuel production, biosensors, bioremediation, and metal recov-
ery. The impact of texture, composition, and properties of the surface of 
anode materials on the performance of BES must be examined clearly. 
Also, the working response of particular materials of anode for different 
microbes should be researched which will be useful for understudying 
the mechanism, depending on energy generation in BES. The standpoint 
for the use of BESs in sustainable energy generation might be very plau-
sible because of the momentum level of the research exercise. The perfor-
mance of BES has been incredibly upgraded in recent years by modifying 
the engineering and individual segments. The anode chamber is the most 
important part of BES since it exclusively decides the production and 
transportation of electrons. Anodic materials design and their techniques 
of modification are the most important deciding factors, which administer 
the overall performance of BESs. To deliver the greener BES, the materials 
developed from natural resources should be used as anodes. The current 
anode surface treatment methods are very costly and complex. Therefore, 
simple and strongly effective methods should be searched to advance 
these anodes. As of now, various techniques of surface modification are 
in progress like nanomaterials, treatment of the surface, polymer, polymer 
nanocomposites to understand the performance and compatibility issue. 
Studies concentrated on the modifications serve to the other options to 
the bioincompatible metal anodes that would positively improve the BES 
energy generation. Nanoparticle’s arrangement is of the field of interest in 
recent years. The application of nanomaterials over anode by utilizing elec-
trochemistry is likewise dynamic. Therefore, more efforts should be given 
to unite forward those innovations. The impact of morphology, structure, 
and aspect of conducting polymer nanocomposite catalysts over the per-
formance of BES must be studied in detail. Besides the nanometal catalysts, 
bi, tri, and quadratic metal catalysts should be planned and arranged to 
improve the surface and contact area and number of active sites of polymer 
nanocomposites to enhance the catalytic fuel oxidation. Positively charged 
functional groups are introduced on the anode surface after modifica-
tion which ultimately interacts with a negatively charged cell of bacteria. 
Unfortunately, across the broad use, BES is yet to be practically inferable 
from the cost of material and further intensified by the way that modifi-
cation generally causes environmental issues. Additionally, research and 
analysis are needed to be explored to set up functional group stability on 
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the anode surface that can improve the generation of power and long-term 
operation of BES. The demanding R&D of nanotechnology & material sci-
ence is required to develop novel polymer nanocomposites with excep-
tional mechanical, physical, and chemical properties, which will bring 
critical advancement to energy-based applications. Despite significant 
achievements in the architecture of nanocomposites, there are still many 
challenges and problems that need to be addressed for their application 
in BES. For their application in BES, numerous factors must be consid-
ered like material choice and accessibility, conductivity, synthesis methods, 
biocompatibility, and surface area. Advancements in material science and 
nanotechnology may give novel devices to the improvement of BES anode 
applications in the future.
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Abstract
Membrane technology research has advanced rapidly to treat wastewater, recycle 
contaminated water, and provide more freshwater. Because of their unique fea-
tures, such as high porosity (up to 90%) and large specific surface area, electrospun 
nanofibrous membranes offer a lot of potential for use in membrane processes. 
When compared to other nanofiber manufacturing techniques, electrospinning 
can generate new nanofibrous scaffold structures by creating complex assemblies, 
and it is straightforward to functionalize nanofibers by adding multifunctional 
elements. Even though there are numerous alternative methods for producing 
nanofibers, electrospinning is the most versatile. Materials, particularly polymeric 
nanofibers, have been fabricated by electrospinning, either directly or through 
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postspinning processes. Electrospinning, on the other hand, differs from other 
nanofiber production processes in that it allows for the creation of a wide range 
of fiber assemblies. This would undoubtedly improve the performance of nano-
fiber-based materials while also allowing for application-specific changes. As a 
result, we must understand the numerous characteristics and methods that allow 
us to construct the required fiber assemblies. The goal of this book chapter is to 
discuss the recent development of the produced nanofibrous photocatalytic mem-
branes based on various electrospinning setups, with a focus on physical and mor-
phological structure developments for high wastewater treatment efficiency. The 
potential of nanofibrous membranes in wastewater treatment, as well as the issues 
and future approaches, have been comprehensively covered. 

Keywords: Electrospinning, photocatalytic membranes, wastewater treatment, 
polymeric nanofibers

11.1 Introduction

The most promising technology for treating organic contaminated waste-
water was revealed to be photocatalytic degradation using nanosized pho-
tocatalysts. This is because, in aqueous systems, photocatalysts destroy 
organic contaminants. Reactive oxygen species (ROS) such as •OH, O2, 
H2O2, and 1O2 are produced by photocatalysts and are responsible for min-
eralizing organic contaminants and releasing CO2 and H2O as innocuous 
end products [1]. Three components were found to be the most important 
in the creation of ROS: (1) energy sources such as visible light, ultrasonic, 
UV light, and heat; (2) major oxidants such as ozone and hydrogen perox-
ide; and (3) catalysts such as zinc oxide, titania, or other semiconductors. 
Electrons in the valence band are stimulated to the conductance band when 
a catalyst is subjected to an energy source (for example, UV radiation). In 
the valence band, this results in positive charge holes. The electrons and 
hole pairs then migrate to the photocatalyst’s surface to participate in a 
sequence of redox reactions. When oxygen is present, electrons decrease 
the photocatalyst before combining with the oxygen to generate superox-
ide radical anions. Electrons and hole pairs react in water molecules to 
form ROS. The produced ROS can oxidize organic substances, resulting in 
innocuous carbon dioxide and water [2].

Tio, ZnO, graphitic carbon nitride, platinum, tungsten oxide, cop-
per oxide, sternum, and other nanosized photocatalysts and composites 
have recently been produced for wastewater applications. They have a 
large basic surface area and a diverse functional community, and they are 
effective photocatalysts. If photocatalytic degradation is to be employed 
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individually in wastewater treatment, several hurdles must be solved suc-
cessfully, such as difficulty in isolating the suspended photocatalyst from 
solution and a low reutilization rate [3].

Many investigations have been conducted to immobilize the nanosized 
photocatalyst in a substrate such as membranes or floating materials to 
protect the photocatalyst in solution. Immobilization of photocatalysts in 
porous membranes, commonly known as “photocatalytic membranes.” 
Photocatalytic membranes can reduce photocatalyst loss while retain-
ing effective photocatalytic degradation. PVDF/TiO2, PVDF/TNT, PSF/
Fe-TiO2, PSF/Cu2O, and other photocatalytic membranes have been suc-
cessfully fabricated for wastewater treatment [4]. However, existing pho-
tocatalytic membranes need to be improved in terms of photocatalyst 
dispersion and light use. Traditionally, photocatalytic membranes were 
made by depositing the photocatalyst on the membrane surface or inte-
grating the photocatalyst into the membrane layer, then casting the mem-
brane. The separation and photocatalytic degradation capacities of these 
photocatalytic membranes could be limited using this method. On the 
photocatalyst-coated membrane, the photocatalysts clump together on the 
membrane surface, limiting the effective catalytic area. Due to poor adhe-
sion, the coated photocatalyst on the membrane surface frequently begins 
to break off after many reaction cycles [5]. For the photocatalyst-blended 
membrane, most photocatalysts were integrated into the membrane 
matrix, although agglomeration within the membrane structure resulted 
in limited catalyst implementation. Undifferentiated photocatalytic pro-
cesses can potentially weaken the membrane matrix, reducing the photo-
catalytic membrane’s mechanical durability over time. A modest amount 
of photocatalyst put to the top surface of the membrane can also dimin-
ish photodegradation efficiency. A larger photocatalyst dosage resulted 
in membrane pore blockage and deterioration of the continuous porous 
structure, resulting in a significant decrease in membrane permeability due 
to the formation of agglomerates. As a result, it is critical to look into inno-
vative techniques to cope with this challenging yet critical issue [6].

Nanofibers are made using a variety of procedures, including template 
synthesis, drawing, self-assembly, phase separation, and electrospin-
ning. It is worth noting that electrospinning is a quick and easy approach 
to create nanofibrous substrates with a high specific area and porosity, 
which have a lot of potential in wastewater treatment. Electrospinning 
is a process for producing nanofibers from a charged or molten polymer 
solution using a high electric field. In summary, the inorganic precur-
sor, polymer, additive, and volatile solvent in a typical electrospinning 
precursor solution should all be carefully prepared to ensure that the 
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solution spins swiftly. Changing the electrospinning conditions and the 
characteristics of the polymer solution can result in a range of mor-
phologies [7]. The most efficient method for manufacturing continuous 
nanofibers and ultrafine fibers with very small diameters is electrospin-
ning. Small-diameter fibers are preferred because of their stiffness and 
tensile strength, which can result in improved mechanical performance. 
Electrospun nanofibrous membranes can also be used to deposit/grow 
functional nanoparticles for a variety of purposes [8].

In recent decades, the architecture of electrospinning nanofibrous 
photocatalytic membranes has become more widespread (ENPM). 
ENPM, which combines a photocatalyst with a nanofibrous membrane, 
has been developed as a viable option for pollutant degradation in 
wastewater employing an improved oxidation mechanism. This is due 
to changes in their physical and morphological structure, which have 
aided in the improvement of wastewater treatment efficiency. There are 
more photocatalytic reaction sites available because of the higher spe-
cific surface area and porosity, which increases the efficiency of elec-
tron separation [9].

Materials, such as polymers and composites, have been fabricated 
by electrospinning, either directly or through postspinning processes. 
Electrospinning, on the other hand, is unique among nanofiber synthesis 
methods in that it may manufacture several fiber assemblies. This would 
boost the efficacy of photocatalytic membranes made of nanofibers. As 
a result, we must understand the numerous characteristics and methods 
that allow us to create the required fiber assemblies. Fiber assemblies can 
be made from nonwoven fiber mesh, aligned fiber mesh, patterned fiber 
mesh, random three-dimensional shapes, and submicron spring and tan-
gled fibers [10]. However, more research is needed to fully know and 
accurately control the dynamics of the production of electrospun fibrous 
assemblies. For the first time, this research focuses on the design and 
modification of electrospinning setups to fabricate electrospun nanofi-
brous membranes with photocatalytic capabilities for wastewater treat-
ment applications. The purpose of this report is to highlight the ENPM’s 
recent accomplishments, with a focus on breakthroughs in electro-
spinning setup design for high-performance photocatalytic wastewater 
treatment. This research investigated the effect of designs on the char-
acteristics and photocatalytic effectiveness of ENPM. Furthermore, the 
performance evaluation, issues, and prospective directions for ENPM 
application in wastewater treatment are intended to aid researchers in 
this sector [11].
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11.2 Application of Electrospun Nanofibers 
Polymeric Membranes (ENPM)  
on Wastewater Treatments

Organic contaminants are organic pollutants and are often composed of 
biomass, hydrogen, and perhaps other components. Chemical contami-
nants can cause water turbidity to rise, resulting in eutrophication, which 
reduces the amount of dissolved oxygen in the system. Chemical contam-
inants, such as dyes, herbicides, humid chemicals, pharmaceuticals, coal, 
poisons, and phenolic compounds, are toxic to the setting. Anthropogenic 
practices, such as domestic, farming, animal husbandry, and industrial 
drainage, are common sources of organic contaminants in water [12].

Dye-containing wastewater is one of the most important causes of 
water contamination. Meat, painting, paper, cosmetics, leather, and textile 
industries all use dyes as a colorant. Traditionally, dyes have been derived 
from natural plant and insect sources before being quickly converted to 
synthetic production methods. Unfortunately, certain dyes have been dis-
covered to be mutagenic and poisonous to living organisms. Therefore, 
pathways to creativity remediation must be studied. Researchers unani-
mously agreed that developing photocatalysts through electrospinning is 
the most effective method for improving photocatalytic efficiency. This is 
because there is more actual surface area and less electron-hole recom-
bination, allowing for faster electron movement [6]. Immobilized 0.02M 
silver phosphate (Ag3PO4) nanoparticles on electrospun PAN nanofibers 
destroyed MB dye almost completely in 60 minutes, according to Panthi 
et al. As seen in Figure 11.1, Ag3PO4 nanoparticles attached strongly to the 
surface of the nanofiber in agglomerated forms (a). Ag3PO4 nanoparticles 
have been identified as a promising visible-light-driven photocatalyst for 
the degradation of organic pollutants. This resulted in poor recombination 
of photogenerated holes (h*) and electrons (e) [13].

As demonstrated in Figure 11.1, the production of reactive oxygen 
species is a mechanism for photocatalytic degradation of Ag3PO4/PAN 
composite nanofibers against MB. (b). In the presence of visible light irra-
diation, Ag3PO4 freed electrons from the valence band (VB) and promoted 
them to the conduction band (CB), leaving photogenerated holes behind. 
The excited electrons are absorbed by dissolved O2 in solution, forming 
•O2 radicals that combine with H+ to create H2O2, forming •OH radicals. 
The photogenerated holes react with H20 or OH ions to make •OH radicals 
at the same time. These radicals are responsible for AgPO4’s photodegra-
dation effectiveness toward MB. The MB depletion process is depicted in 
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Figure 11.1 as an example (c). After being assaulted with •OH radicals, 
the alkyl groups in N-CH3 attached to C-12 and C-7 were dissociated and 
oxidized into HCOH and HCOOH. The bombardment of •OH also dis-
rupts the relationship between C-S and C-N in the surviving structure of 
MB. Finally, further, simpler organic molecules are created, which are then 
oxidized until inorganic species, such as Cl-1, H2O, CO2, NO3, and SO4−, are 
formed.[6].

Azo dyes have been prohibited all around the world because of their tox-
icity and mutagenicity. Azo dyes have vibrant colors such as red, orange, 
and yellow, as well as the azo property (N=N). Azo dyes include Aniline 
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Yellow, Bismarck Blue, Congo Red, Direct Black 38, and Methyl Orange 
(MO). Methyl orange has long been utilized as a model chemical for azo 
dye photodegradation investigations. Li et al. found that tungstosilicic 
acid hydrate H4SiW12O40(SiW12)/cellulose acetate composite nanofibrous 
membranes degraded MO dye and tetracycline antibiotic better than neat 
SiW12 photocatalyst when exposed to UV light. They discovered that the 
ideal mass ratio of SiW12 to CA was 1:4, with MO and tetracycline degrada-
tion efficiency of 94.6% and 63%, respectively. The cellulose acetate nanofi-
brous membrane’s added feature of donating electrons to SiW4 during MO 
degradation could explain why MO decayed more quickly than TC under 
the same conditions. This interaction has hastened the breakdown of MO 
rather than tetracycline. Incorporating SiW12 photocatalyst into an electro-
spun cellulose acetate substrate further increased efficiency by providing 
a more efficient and larger contact surface between the pollutant and the 
SiW12 photocatalyst [14].

Qayum et al. investigated the photocatalytic activity of PAN/AgBr/Ag 
fiber membrane against salicylic acid. The barrier photodegraded salicylic 
acid in under 5 hours, the researchers claim. They further stated that the 
PAN/AgBr/Ag membrane was stable after five cycles, with up to 96% deg-
radation efficiency. Lian and Meng successfully discolored MB dye solu-
tion using electrospun TiO2/bioglass hybrid nanofiber [15]. Efficacy of 
TiO2 wallpaper membrane and TiO2 film photocatalysis compared. The 
photocatalytic efficiency of the membrane was studied by altering the top 
layer of TiO2 wallpaper thickness. After 120 minutes, the thickest top layer 
(0.051 mm) membrane had 60% MB discoloration, compared to 33.5% 
for the TiO2 film. This preserves the nanofibrous’ porous structure while 
increasing the photocatalyst’s surface area. So, the discoloration reaction 
may be more effective. The porous structure of the TiO2 film may be closed 
as the layer of TiO2 film is raised to four layers, reducing the photocatalytic 
output. Since heat can bond multilayered photocatalyst wallpaper to non-
photocatalyst carriers [15].

As a photocatalyst for organic pollutant degradation, polyoxometalates 
(POM) have recently gained attention. POMs are transition metal- oxygen 
clusters that are nontoxic, adjustable in size, and photostable. POMs are 
water and organic solvent-soluble, making recovery and reuse difficult. 
POMs also have a tiny surface area. So genuine POM host materials are 
urgently required to allow recovery and increase contact area for practi-
cal applications. One of the most studied POMs was silicotungstic acid, 
H4SiW12O40 (SiW12). Its photocatalytic activity and chemical stability are 
due to its Keggin structure (W-O-W). Li et al. (2017) investigated the 
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effects of different mass ratios of SiW12 to cellulose acetate substrate (1:5, 
1:4, and 1:3) on ENPM tetracycline and methylene blue degradation [13].

Cellulose acetate was chosen for its biodegradability, hydrophilicity, high 
mechanical qualities, and chemical resilience. The SiW12 to CA 1:4 mem-
brane was shown to have a greater rate of TC and MO degradation, with 
63.8% and 94.6%, respectively. The photocatalytic performance declined 
as the SiW12 loading in CA was raised further, which was attributable to 
the formation of beads in the membrane, which reduced the photocata-
lytic membrane’s basic surface area. Figure 11.2(a–d) shows SEM repre-
sentations of the manufactured membranes, with the evolution of beads 
arrangement in membrane 1:3 visible rather than membrane 1:4. In addi-
tion, as the mass ratio of SiW12 to CA approaches 1:3, the hydrophilicity 
of the membrane diminishes, as seen in Figure 11.2(e). This could inhibit 
complete interaction between the photocatalyst and impurities, reducing 
the photocatalytic capacity of the membranes [13].

The global expansion of agriculture has required the widespread use of 
pesticides to control unwanted vegetation like weeds and grass. Herbicides 
can be absorbed into the soil before entering the water table. Humans and 
animals ingest herbicides present in industrial wastewater. Xie et al. claim 
ENPM can degrade colors and low toxicity phenyl urea herbicides like 
isoproterenol. Figure 11.3: Isoproterenol degradation by CQDs-Bi20TiO32/
PAN electrospun fiber membranes. Typical isoproterenol elimination 
steps were as follows: (1) The fiber surface CQDs-Bi20TiO32 photocatalysts 
absorbed visible light energy to create electrons in the conduction band 
(ECB) and photon in the valence band (hVB+) [16].
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Figure 11.2 SEM images of (a) neat CA nanofiber membrane (b) SiW12/CA composite 
nanofibers with ratio of SiW12:CA = 1.5, (c) SiW12:CA = 1.4, (d) SiW12:CA = 1.3, (e) water 
contact angle of the fabricated membranes [13].
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11.3 Improvements in Morphology and Physical 
Structure of ENPM

ENPMs now have better physical and morphological features for photo-
catalysis and filtering. Several variables explain this pattern. In addition to 
increasing the number of photocatalytic reaction sites, they also improve 
electron-hole pair separation efficiency. Second, the unique electrospin-
ning approach allows for fine-tuning surface functionality during process-
ing, efficiently dispersing photocatalyst into a polymer-based nanofiber. 
This state promotes full source light irradiation of the photocatalyst, 
increasing photocatalytic efficiency. Third, the separation process is tripled 
due to the 3-D interlaced pore structure of electrospun nanofiber mem-
branes and their superior porosity compared to typical polymeric mem-
branes with a 2-D framework. When removing contaminants from feed, 
a multitarget separation system is preferred. Finally, compared to normal 
phase inversion membranes (5–35%), ENPMs offer excellent pore inter-
connectivity, constant pore sizes, and porosity of over 80%. These features 
improve water filtration efficiency by increasing membrane permeability 
[17].

ENPM has attracted the interest of many people in this regard due to 
its enormous ability for decomposing organic molecules in wastewater. 
Nevertheless, one typical issue with nanofibrous materials is that increas-
ing the working pressure induces pore structural deformation and a 
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reduction in inflow. In hydraulic flow, this is typical of electrospun mats 
because pressure-induced compression reduces porosity and thus mem-
brane permeability. As a result, several initiatives and attempts to solve 
these issues have been developed. Researchers were able to accomplish this 
by experimenting with different fabrication methods and altering ENPM 
to take advantage of advances in morphological and physical structure to 
boost photocatalytic and filtering efficiency. In the sections that followed, 
the specifics were examined and reviewed [18].

11.3.1 Surface Modification

Wet chemical treatment of the relatively inert polymer nanofiber yields 
reactive functional groups such as amine, carboxyl, hydroxyl, or nitrile 
groups. On the polymer molecular level, the nuclear or electrophilic attack 
is feasible. This is usually done in an alkaline medium. The polymeric 
nanofibrous membrane substrate surface can be changed to enhance pho-
tocatalyst particle interaction or deposition.

Panthi et al., for example, reported electrospinning Ag3PO4/PAN com-
posite nanofibers and subsequently surface modification of PAN nanofi-
bers by treating with NH2OH aqueous solution for 15 minutes at 65°C [19]. 
During the treatment, PAN’s nitrile groups were converted to amidoxime 
groups, which were employed to anchor Ag+ ions on the surface of PAN 
nanofibers, as seen in Figure 11.4. The Ag+ ions are then combined with the 
PO4

3− ions to form Ag3PO4 nanoparticles. The system’s use of amidoxime 
functional groups in combination with Ag3PO4 nanoparticles was thought 
to be an effective strategy for correct nanoparticle attachment, resulting in 
greater efficiency.
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Figure 11.4 Schematic diagrams for surface modification of electrospun PAN nanofibers 
with amidoxime groups and development of Ag3PO4/PAN composite nanofibers [19].
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Kim et al. claim that the immersion process allows for polydopamine 
functionalization of nanofibers, changing their surface and facilitating par-
ticle interaction. Photocatalytic nanoparticles may now be embedded in 
nanofiber surfaces while retaining their mechanical properties. An aque-
ous ZnO nanoparticle solution was used to bind the photocatalyst to the 
polydopamine-coated PU nanofibrous mat. The surface of the nanofibers 
was then hydrothermally generated with ZnO nanorods. Figure 11.5 shows 
the fabrication process. Hydrothermal treatment was proposed to increase 
photocatalyst nanoparticle adhesion within the electrospun nanofibrous 
polymeric substrate. Kim et al. developed Pdopa-ZNRs/PU ENPM using 
electrospinning, surface functionalization, and hydrothermal treatment. 
12 hours in a dopamine hydrochloride solution with tris-HCl buffer [20]. 

The ZnO nanorods adhered to the polydopamine functionalized nano-
fibers, the researchers claim. The polydopamine-ZNRs/PU nanofibers 
had strong photocatalytic/antimicrobial activity and reusability at low- 
intensity UV-LEDs. Polydopamine’s catechol group acts as an electron 
trap, lowering e–h pair recombination, and increasing ENPM photocata-
lytic efficiency [20].
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Figure 11.5 Schematic flow path of fabrication of Pdopa-ZNRs/PU through surface 
functionalization and hydrothermal treatment [3].
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A multifunctional polyacrylonitrile (PAN)/AgBr/Ag fibrous membrane 
was designed and manufactured by Qayum et al. [21]. Initially, the dope 
remedy failed. They produced a PAN/AgBr/Ag fibrous membrane in four 
phases, labeling the samples FM1, FM2, FM3, and FM4 (a). (b–e) SEM 
pictures showed photocatalyst growth on PAN fiber after electrospinning, 
heating, FeBr3 treatment, and UV light irradiation. Figure 11.6 shows the 
growth of Ag nanoparticles on the surface of AgBr implanted in PAN fiber 
(f). The findings indicated that creating an AgBr/Ag Schottky circuit could 
increase photocatalytic performance by increasing AgBr’s electron density 
[21]. It could also successfully prevent photocatalyst nanoparticles from 
peeling from the PAN nanofibrous membrane in real-world applications.

11.3.2 Chemical Modification

A novel method to the production of flexible, stronger, and stable nanofi-
brous photocatalysts is very wanted since nanofibrous photocatalysts are 
typically breakable and have a tiny recoverable deformation. The use of 
electrospinning and in situ polymerization to produce inorganic-based 
ENPM for pollutant degradation has been proven to be effective. This 
approach was supposed to be able to retain the nanofibrous photocatalyst’s 
structural integrity despite substantial deformation. Zhang et al. created 
flexible and hierarchical mesoporous TiO2 nanoparticles modified TNF 
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Figure 11.6 (a) The four steps of the PAN/AgBr/Ag fibrous membrane fabrication 
technique are depicted in this diagram, (b–e) (f) HRTEM image of the AgBr/Ag on the 
membrane surface, SEM images of the fabricated membranes from each stage [15].
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(TiNFNP) composites by combining electrospinning and in situ polym-
erization [4]. 

This technique uses pristine electrospun titanium dioxide nanofibers 
(TNF) as a template to decorate TiO2 photocatalyst nanoparticles. The 
white electro spun TiNF was then immersed in a solution containing TiO2 
nanoparticles, bifunctional benzoxazine, and acetone before being dried 
and processed with in situ polymerizations of BA-a monomers at 200°C 
for 1 hour, resulting in the formation of a Poly benzoxazine (PBZ) layer 
on the TNF surface. The color of the created PBZ/TiNF was yellow. PBZ 
was utilized as a carrier and fixative to prevent photocatalyst nanoparticle 
aggregation. After that, the membrane was calcined at 550°C for 2 hours 
under N2 flow, yielding a black TiO2 nanofibrous membrane. A schematic 
diagram of the fabrication process, as well as the membranes that are pro-
duced, is shown in Figure 11.7 [4].

The MB deterioration of the constructed ENPM was evaluated, and the 
MB was shown to deteriorate after 30 minutes. In terms of photodegra-
dation, the manufactured membrane surpasses commercial catalysts like 
P25. Importantly, the rapid synthesis of these intriguing materials could 
pave the way for photoreactors based on the nanofibrous membrane to 
remediate water and air pollutants.
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Figure 11.7 Images of TNF, PBZ/TNF, and TiNFNP membrane are shown in a schematic 
representation of the TiNFNP production method [4].
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11.4 Setup and Configurations of Electrospinning  
for Core-Sheath Structures of EPNM  
for Photocatalytic Membranes

Electrospun polymer nanofibers have been the subject of much research 
to understand the fundamental phenomena of the manufacturing process 
as well as the physical and chemical properties from a material science 
approach. Researchers will be able to better monitor the fiber component, 
morphology, and aggregate structure, as a result, offering electrospun 
nanofiber applications a significant boost. Electrospinning nanofibers, in 
particular, have shown significant evidence of potential roles in resolving 
energy and environmental concerns, which are two of the most pressing 
issues confronting society in the 21st century [14].

In emerging countries, the need for clean water and air is growing, and it 
will be a major stressor for modern economies in the future. To address this 
environmental concern, nanofibrous membranes have been widely explored 
for usage in sensors, photocatalytic, air filtration, liquid filtration, oil spill 
cleaning, self-cleaning, adsorbents, and electrical insulation [18]. Sensors are 
a significant application of nanofibers in the linked sectors, including the 
many forms of nanofiber sensors, to multiple analytes in the air or water 
since environmental control is a required necessity for environmental man-
agement. As a result, useable nanofibers could be employed for air filtration, 
oil spill clean-up, self-cleaning, adsorbents, and wastewater treatment. A 
cursory review of nanofibers employed in advanced environmental appli-
cations over the last 10 years demonstrates that their impact is significant, 
and promising electrospun nanofibrous materials will continue to reflect a 
vital technology that provides a solution to contaminants in water and air 
ecosystems. The basic electrospinning processing technique for nanofibers 
in wastewater treatment will be covered in the subtopics that follow.

Electrostatic drawing (electrospinning) is another method of generating 
one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) 
materials. Electrospun fibers can be kilometers long because nanotubes and 
nanotubes generate fiber lengths ranging from 100 nm to tens of microns. 
Over the last two decades, electrospinning has attracted an increasing volume 
of research in the form of almost exponential growth in publications [6]. 

11.4.1 Impacts of Electrospinning Set Up on EPNM Structures

Corporate involvement in different sectors of the market, such as air and 
water filtration systems routed by pharmacology problem innovation 



Electrospinning for Photocatalytic Membranes  257

and regenerative medicine (TE & RM), as well as industrial areas based 
on nanomicron and submicron fibers, with diverse nonbiological content 
and physicochemical characteristics, has been recognized as field trans-
formation. Technology advancements in the so-called 1D characteristics 
of ultrafine fiber, where positively directed structural elements along the 
length of the fiber firmly restrict material and electronic diffusion distances 
perpendicular to the fiber axis, could support energy conservation, gener-
ation, and electronics. The classes of electrospinning processing methods 
are illustrated in Figure 11.8.

These materials can currently be manufactured and synthesized using 
several methods. Since these technologies allow for the development of 1D 
organic nanostructures and polymer fibers on a laboratory scale, electro-
spinning blends unrivaled laboratory operational simplicity with indus-
trial production capacity. The sections that follow will go into every aspect 
of electrospinning.

11.4.1.1 Coaxial Electrospinning

Around the year 2003, coaxial electrospinning technology was developed 
to create core-shell tailored fibers with a variety of material qualities. By 
combining two distinct types of polymers, the coaxial electrospinning tech-
nique can be utilized to create core-shell structured micro nanometer-scale 
threads. The use of coaxial electrospinning to make core-shell structured 
fibers has grown in popularity to improve material property profiles for 
possible applications, particularly in environmental purification. The coax-
ial electrospinning process appears to be successful in preventing core and 
shell polymer mixing, as well as contaminating chemicals. This approach 
also has good mechanical characteristics, porosity, and hydrophilicity, as 
well as the ability to keep membranes from bulging. This is due to the syn-
ergistic effect of combining two distinct polymers, in which the strength of 
the other polymer overcomes the weakness of the polymer [22].

Electrospinning

coaxial
electrospinning

electrospinning and
electrospraying

melt phase
separation

Electrospinning and
precipitation process

Figure 11.8 Electrospinning and fabrication methods.
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By permitting photocatalyst adherence to the fiber surface to be firm, 
the ENPM, which was generated via the coaxial electrospinning process, 
maintains good photocatalytic characteristics. Xie et al. created a CQDs-
Bi20TiO32/PAN fiber membrane by producing a core and sheath solution 
with variable concentrations of PAN polymer. CQDs-Bi20TiO32, a photo-
catalyst, was injected into the sheath solution and coated on the outside 
surface of the produced membrane. According to their findings, the CQDs-
Bi20TiO32 photocatalysts were equally anchored to the composite fiber sur-
faces. This state exposes the photocatalyst to source light, which promotes 
photocatalytic performance. The average fiber diameter expanded as the 
photocatalyst loading increased, and the fiber surface got rougher. This 
could be because the sheath solution has a higher viscosity, preventing the 
fiber from expanding during the electrospinning process [16].

The ENPM was made utilizing a coaxial electrospinning approach, 
which improves the morphological structure by creating a new nanofi-
brous photocatalytic membrane architecture. Tang et al. recently reported 
that using a coaxial electrospinning technique, they were able to success-
fully produce a unique TiO2 microsphere/nanosphere structure on the 
surface of nanofiber. The core solution contains polyvinyl acetate, butyl 
titanate, acetic acid, and tert-butyl alcohol. The shell solution is made 

(a)

(b)

1µm

1µm

Figure 11.9 SEM image of nanofibers embedded in TiO2 micro/nanospheres: (a) a 
beaded structure and (b) a beaded structure (b) embedded structure.
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up of ethanol, polyvinylpyrrolidone, acetic acid, and butyl titanate [23]. 
Both solutions were pumped into the core and shell micropumps of the 
electrospinning equipment. The SEM images obtained using this method 
revealed two manufactured membrane structures, a bead structure, and 
an embossed structure, both of which had been calcined at 550°C (Figure 
11.9). The spherical products were not autonomously expelled but securely 
embedded on the nanofiber’s surface after drying and calcining, and the 
electrical field strength was used to form the patterns [23].

11.4.1.2 Electrospinning and Electrospraying

The combination of electrospinning and electrospraying is another inter-
esting technology to produce polymeric-based ENPM that caught the 
researchers’ attention. Using electrical forces, the electrospraying pro-
cess atomizes liquid material. Coulombic repulsion between the surface 
charges disperses the dope solution ejected from the needle nozzle into 
finely charged droplets when the electrical potential is high. The feed rate 
and voltage settings can influence the size of the droplet. The previous 
study has indicated that combining electrospinning and electrospraying 
in the fabrication of flexible photoelectrodes for solar cells and fuel cells is 
advantageous. As a result, combining these two methodologies may lead 
to the development of an ENPM that is both adaptable and effective [24].

Ramasundaram et al. created highly adaptable and porous poly 
(vinylidene fluoride)/TiO2 membranes for photocatalytic applications 
using successive electrospinning and electrospraying processes. On the 
surface of the electrospun PVDF mat, the photocatalyst dispersion of TiO2 
was electrosprayed (Figure 11.10). According to the morphological exam-
ination, the electro sprayed TiO2 is deposited as clusters on the PVDF mat 
in a single pot. The photocatalytic behavior of the electro sprayed TiO2/
PVDF mat as compared to the nonporous PVFF/TiO2 film made by solu-
tion casting with a similar amount of photocatalyst. The photocatalytic 
activity of the PVDF/TiO2 mat was substantially higher than that of the 
PVDF/TiO2 film. The porous structure of the electrospun PVDF/TiO2 mat 
allows for greater photocatalyst activation sites, resulting in increased pho-
tocatalytic efficiency. The creation of photocatalyst clusters on the upper 
surface of the PVDF mat, on the other hand, will accelerate separation 
from the substrate during actual operation. Furthermore, this technology 
involves two different electrospinning and electrospraying procedures, 
each of which adds expenses and time to the process [25].

The SEE system can be formed by combining electrospinning and electro-
spraying, which are fundamentally the same electrohydrodynamic-based 
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processes. Pahasupan created and interlocked tiny TiO2 photocatalyst 
clusters within a nonwoven nylon-6 electrospun membrane network using 
the SEE process. Anatase-TiO2 suspensions were prepared at concentra-
tions of 2.5%, 5%, and 10% by weight. The nylon-6 solution and the TiO2 
suspension were each put into their syringe pumps and ejected through a 
metallic needle attached to an opposite-polarity high voltage source. The 
membrane’s base layer was made by electrospinning nylon-6 solution at 
a voltage of 25 kV for 15 minutes. The nylon-6 nanofibrous network and 
TiO2 suspension at concentrations of 2.5%, 5%, and 10% (TN-2.5, TN-5, 
and TN-10, respectively) were electrospun and electro sprayed simultane-
ously for 4 hours before drying in an oven at 80°C for 24 hours to generate 
a nanofibrous photocatalytic membrane [3].

As evidenced by the related XRD spectra, the range of the produced 
membranes is closely aligned with the anatase-TiO2 concentration, sug-
gesting that the TiO2 nanoparticles were successfully integrated into the 
nylon-6 membrane utilizing SEE. The UV-VIS transmittance spectra 

(a) Electrospinning (b) Electrospraying

(c) Flexible

PVDF NFs TiO2NPs

(d) Porous

High voltage 
supply

High voltage 
supply

Figure 11.10 Diagram of a setup for electrospinning and electrospraying simultaneously 
period [20].
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demonstrated that the production of TiO2 microclusters in the PEVM 
generated using this process did not affect the optical characteristics of 
 anatase-TiO2 particles with virtually identical photocatalytic activity 
within the same wavelength range of 390 to 393 nm [3].

All Nylon-6/TiO2 PEVM produced using SEE technology achieved a 
removal rate of about 99% after 120 minutes using MB as a model pollut-
ant. These findings suggest that using simultaneous electrospinning and 
electrospraying to reduce nanoparticle photocatalyst separation from the 
nanocomposite membrane is an effective and easy strategy. The heaviest 
loaded membrane, the TN-10, however, lost roughly 10% of its weight after 
5 cycles of photocatalytic therapy due to photocatalyst micro cluster break-
down, as seen in Figure 11.11. The mechanical strength of the Nylon-6/
TiO2 ENPMs in their current state was moderate, according to the find-
ings. Further advancements in the mechanical stability of the ENPM man-
ufactured by EES are necessary to resist the rigorous circumstances of 
real-world water treatment [26].

(a) (b)

(c) (d)

500nm 500nm

200nm200nm

Figure 11.11 FSEM images of the pristine nylon-6 mat (a) and TiO2/nylon-6 mat (b). 
TEM images of TiO2/nylon-6 nanofibers (c) and microtome TEM of TiO2/nylon-6 
nanofibers (d).
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11.4.1.3 Separation of the Melt Phase Technique

A simple process known as suspension coating and melt-phase separa-
tion was recently used to fabricate large-scale photocatalytic nanofibrous 
membranes. Previous research on nanofibrous photocatalytic membranes 
tended to focus on the individual performance of photocatalytic and fil-
tration processes, with only a few studies focusing on the two processes’ 
synergistic performance. This is because of its low mechanical stability, low 
reusability, and unusually high porosity, all of which might lead to weak 
photocatalyst-membrane support contact. As a result of the melt phase 
separation procedure, the morphological and physical structure of the 
membrane may be improved, which are important factors for membrane 
filtration efficacy [27].

The TiO2 photocatalyst was distributed before using the melt extrusion 
process, PVA-co-PE was mixed with cellulose acetate butyrate (CAB), 
resulting in mixed composite pellets, as illustrated in Figure 11.12 (a). 
Temperatures ranged from 190 to 230 o C throughout processing. Another 
study employing a similar approach sprayed the composite solution CAB/
PVA-co-PE/TiO2 onto the polyproline substratum to form a nanofibrous 
membrane for photocatalytic degradation and filtration of MB [28]. Three 
different concentrations of TiO2 were utilized to boost photocatalytic 
activity and filtration effectiveness: 1%, 3%, and 5%. They discovered that 
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Figure 11.12 (a)  The fabrication of a PVA-co-PE/TiO2 hybrid membrane and the 
filtration procedure is depicted in this diagram [28].
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increasing the TiO2 loading did not influence the synthesized membranes’ 
water contact angles.

11.4.1.4 Process of Electrospinning and Precipitation

Various ENPMs have been created in recent studies using a mix of electro-
spinning and UV calcination. There was also a paper there that discussed 
the creation of ENPM using in situ polymerization. PMs with photocat-
alysts packed in nanofibers are more likely to exhibit intriguing stability 
than photocatalysts on top of nanofibers. The dispersion problem of pre-
cursor solution mixing, however, is a key challenge for ENPM processing. 
As a result, a variety of approaches were investigated as possible candi-
dates for creating ENPM to effectively treat contaminants in wastewater 
[29]. Electrospinning and precipitation techniques are combined in one of 
them. For example, Bai et al. created a unique stand-alone p-n nano het-
erojunction photocatalyst with YSZ nanofibers as the backbone to support 
TiO2 NPs and Ag2O nanocrystals, as illustrated in Figure 11.13, electro-
spinning and precipitation were used in combination.

The backbone of the YSZ-TiO2 nanofibers was created by electrospin-
ning and subsequently calcined at 800 degrees Celsius. The Ag2O@YSZ-
TiO2 p-n nano heterojunction ENPM was precipitated by immersing the 
produced YSZ-TiO2 membranes in alkaline AgNO3 solution and exposing 
them to a 24 W UV light for 1 hour. Adjusting the weight ratio of AgNO3 
and YSZ-TiO2 membranes from 0.1:1, 0.3:1, and 0.5:1 to 0.5:1 yielded 
AZT-1, AZT-3, and AZT-5. The best weight ratio of AgNO3 and YSZ-TiO2 

YSZ-TiO2 nano�bers

Calcination

UV

YSZ nano�ber TIO2 nanoparticle

pH=11

200 nm 200 nm

Ag*

Ag2O nanoparticle

AZT nano�bers

Figure 11.13 Using a combination of electrospinning and precipitation methods, a 
flexible Ag2O@YSZ-TiO2 ENPM can be produced [5].
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according to the Kubelka-Munk equation was 0.3:1 (AZT-3), which had 
the lowest bandgap energy of 2.89 eV [5].

The results of photocatalytic decolorization of MB aqueous solution 
under UV irradiation were compared, and the findings are shown in Figure 
11.14 (a). The concentration of MB was unaffected by UV irradiation in the 
blank experiment without photocatalyst. The YSZ nanofibrous membranes 
show no photocatalytic performance and are even similar to the blank 
experiment due to the high bandgap (5.0 eV) of zirconia. Surprisingly, after 
the anatase TiO2 NPs were injected into the YSZ nanofibers, the photocat-
alytic performance of the YSZ-TiO2 membranes improved considerably. 
After the surface texturing of Ag2O nanocrystals on the YSZ-TiO2 nanofi-
bers, which was induced by the Ag2O/TiO2 p-n nano heterojunction in the 
AZT fibers, the photocatalytic action was greatly enhanced.
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11.5 Future Directions and Challenges

The general opinion is that electrospun nanofiber photocatalytic mem-
branes are fragile, brittle, and prone to breaking into individual pieces. As 
a result, ENPM is frequently used as a mat that is simply soaked in unclean 
water. However, to extract the mat from the treated water, this technique 
demands additional treatment. The deposition of ENPM in filtered water 
resulted in secondary waste generation. PM should be included on a sturdy 
and durable substrate to maximize the mechanical strength and durability 
of the electrospinning nanofibrous photocatalytic membrane. At the same 
time, it aided in the processing and recycling of waste.

According to the research, the bulk of studies showed that the manu-
factured electrospinning nanofibrous photocatalytic membranes were par-
ticularly submerged in polluted solutions for photocatalytic degradation, 
but the membrane’s key characteristic, filtering, was ignored. As a result 
of this scenario, the photocatalytic degradation effectiveness of the pro-
duced nanofibrous photocatalytic membrane is reduced. The importance 
of filtration in photocatalytic destruction of pollutants by nanofibrous 
photocatalytic membranes, as well as its contribution (CITE) has been 
reported. Furthermore, the mechanism behind photocatalytic degradation 
and filtration coupling is unknown. There is also a scientific question that 
requires more research, such as why filtration can improve photocatalytic 
degradation efficacy. As a result, comprehensive research into this mecha-
nism is required, which will help to guide future research and applications 
of photocatalytic membrane materials.

ENPM was created using solution-based electrospinning in gen-
eral. Photocatalyst nanoparticles may leak from the substrate because of 
this approach. Melt electrospinning, on the other hand, is an intriguing 
approach for manufacturing ENPM. Melt electrospinning was first pro-
posed in Norton in 1936 and developed fully in the 20th century. Melt 
materials by electrospinning them with hot air, an oil pan, and an elec-
trical laser. This process is effective for making stiff, insoluble polymers 
like polytetrafluoroethylene, polyethylene, and polypropylene that are dif-
ficult to dissolve in a solvent. Aside from that, melt electrospinning has the 
advantage of being a safer and more environmentally friendly technique 
because harmful solvents may be avoided. As a result, the residual solvent 
that is generally utilized in the solution-based electrospinning process 
does not need to be treated. Figure 11.15 shows a visual example and sche-
matic diagram of a melt electrospinning apparatus with a laser as a heating 
source.
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The melt electrospinning rig is made up of four parts: A feeding device 
(nozzle and feeder), a high-voltage system, a CO2 laser system (beam split-
ter, reflector, beam baffle, laser transmitter), and a grounded collecting 
target are all required. The molten membrane is frequently structured as 
a larger fiber in this process due to the higher viscosity, making it less desir-
able than the solution-based electrospinning procedure, which is vulnera-
ble to the formation of the micron-sized fiber. In terms of immobilization 
of photocatalyst nanoparticles into the polymeric substrate, melt electro-
spinning produced an improvement. As a result, these proposed remedies 
were designed to address ENPM’s primary flaws in actual wastewater treat-
ment, including basic limits like solvent recovery, increased voltage utiliza-
tion, and lower mechanical stability.

High voltage consumption, high electric field dependence, and low 
throughput are all key constraints for ENPM manufacture. As a result, it is 
critical to improve the nanofibrous photocatalytic membrane production 
technology now in use. Solution blow spinning, plasma-induced synthe-
sis, centrifugal spinning, and melting electrospinning are only a few of the 
new nanofibrous photocatalytic membrane solutions that might be offered. 
Solution blow spinning, which uses compressed air to shape the fibers, can 
be used to create the nanofibrous photocatalytic membrane.

Solution blow spinning has the potential to solve the drawbacks of tra-
ditional electrospinning, such as the high electrical voltage required and 
the difficulties of fabricating nanofibers in situ. This approach combined 
electrospinning and melt-blowing processes to achieve a greater output 
volume. Another scalable method for producing ENPM is plasma-induced 
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Figure 11.15 Schematic diagram and a digital image of laser-heated melt electrospinning 
setup (labeled 1: nozzle, 2: beam splitter, 3: reflector, 4: beam baffle, 5: feeder, 6: high voltage  
system, 7: Melt electrospinning is a method of producing fibrous structures from polymer 
melts. The collection of the fibre can be very focused in this case of electrospinning. 
Melt electrospinning writing, when combined with moving collectors, is thus a method  
of performing 3D printing with ultrathin fibres) [30].
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synthesis. With the help of the plasma generated between the electrodes, 
the ENPM may be formed utilizing this technique. The plasma would be 
created without the use of any chemicals or gases underwater. By rapidly 
blasting electrode surfaces with extremely energetic radicals, the ENPM 
might be created. Centrifugal spinning, rather than using an electrical 
field, might be presented as a method of producing ENPM by utilizing 
centrifugal force to accomplish the promised production of nanofibrous 
membranes. The nanofiber is extruded using the centrifugal force of a spin-
ning reservoir. In general, the controlled monitoring of centrifugal force, 
viscoelasticity, and mass transfer features of spinning solutions is used to 
deplete polymer jets into nanofibers. Centrifugal force was projected to be 
500 times more effective than standard electrospinning in the creation of 
nanofibrous membranes.

11.6 Conclusion

Major efforts to solve the problem of water and energy scarcity have been 
motivated by the growing necessity to do so. Nanotechnology is becoming 
increasingly popular in the field of water treatment around the world. The 
fascinating features of nanomaterials, in combination with present tech-
nology, hint at a bright future for wastewater treatment revolutionization. 
For a long time, scientists and engineers have been attempting to combine 
photocatalytic and nanofiber technologies to clean wastewater. The current 
state and prospective improvements in photocatalytic nanofibrous technol-
ogy are discussed in this paper, with an emphasis on their synthesis, struc-
tural and morphological enhancement, and water treatment applications. 
This research looked into modern procedures like electrospinning, coaxial 
electrospinning, electrospraying, melt phase separation, and precipitation. 
Surface modification, in situ polymerization, calcination, drying, hydro-
thermal, and carbonization are all chemical and thermal processes for 
posttreatment of ENPM. The deficiencies of ENPM science advancement, 
as well as prospective discoveries, were thoroughly examined to realize 
their future practical applications. This study adds to our understanding of 
modular ENPM for wastewater treatment.
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