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Preface 
United Nations General Assembly set 17 different goals for the sustainable 
development (SD) of the world with the time frame of 2030. Out of 17 SD goals, 8 
goals are directly or indirectly related to water in terms of its availability, municipal 
and industrial waste water treatment, its reuse and recycle policy. Out of total global 
water consumption, approximately 25% is attributed to industrial consumption.  It is 
nearly 40-45% in developed countries as compared to 15-20% consumption rate in 
developing countries. As per one estimate, globally 30-50% of the industrial 
wastewater flows back into the ecosystem either being poorly treated or without being 
treated or reused depending upon the types of industries. This discharged water is 
adversely affecting the ecosystem and the environment. This statistics indicates the 
importance of water and need of its treatment technologies for the coming decade.  

 At present conventional waste water treatment including primary and secondary 
treatment methods are widely being used for the treatment of industrial or municipal 
waste water. Due to rapid growth of industrialization and urbanization, the quality of 
waste water is also changing significantly and the world is facing problems of removal 
of various complex organic compounds from the waste water. Conventional treatment 
technologies are not efficient to treat this waste water effectively and meet the 
discharge norms laid down by different regulatory agencies worldwide. It is the need of 
the present era to find out alternative treatment methods in the collaboration of 
conventional methods to treat the industrial and municipal waste water effectively. 
Worldwide researchers are focusing on these burning issue of how to develop various 
technologies which resulted into improvement in conventional treatment technologies. 
In recent past, there are various alternative materials and methods proposed in the 
literature as part of advances in waste water treatment technologies. These includes 
mainly (i) Advanced Oxidation Processes (ii) Various types of Membrane 
Technologies (iii) Detection and removal of heavy metals and organic compounds (iv) 
Explore the possibility of nanomaterials in waste water treatment (v)  Low cost 
adsorbents and bio flocculants (vi)  Policy making framework  for waste water 
treatment. The basic objective of the proposed book “Advances in Waste Water 
Treatment- Part I” is to address the advancement in waste water treatment technologies 
which try to include majority of the above mentioned points in the different chapters. 

Chapter 1 summarizes conventional waste water treatment technologies bringing out 
the need and highlighting the types of advance waste water treatment technologies.  
Advanced Oxidation Processes (AOPs) are gaining importance due to their ability to 
degrade complex organic molecules into less harmful compounds like carbon dioxide 
and water. Chapter 2 focusing on review of various advanced oxidation processes with 
suitable mechanisms involved.  Chapter 3 emphasizes on application of one of the 
AOPs, photocatalytic degradation of pharmaceutical compounds from waste water 
using nanocrystalline titanium dioxide.  
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Chapter 4 comprises of overview of removal of arsenic from water with various 
treatment methods including membrane technology.  Quantitative arsenic analysis 
includes several colorimetric, luminescence, spectroscopic, atomic absorption, mass 
spectrometric and biosensor based techniques have been highlighted in the same 
chapter. 

Adsorption process is also widely used as a part of tertiary treatment or polishing 
methods to treat waste water. Apart from conventional activated charcoal, research 
community mainly focused on developing alternative low cost adsorbent and how to 
develop immobilized microorganism on conventional powdered activated carbon to 
improve its effectiveness for the removal of organic molecules from waste water. 
Chapter 5 is focusing on applicability of low cost adsorbent derived from egg shells in 
waste water treatment. Chapter 6 highlights new concept of immobilized 
microorganism on powdered activated carbon for the degradation of polycyclic 
aromatic hydrocarbons (PAHs) namely pyrene. Chapter 7 covers various types of bio 
flocculants used for the waste water treatment, which is one of the alternative 
flocculants to conventional chemicals used in primary treatment.  

This volume is indeed the results of remarkable cooperation of many distinguished 
experts for contributing their review or research article. We are very much thankful to 
all the authors for their willingness to provide book chapters and join hands with us to 
create awareness about advances in waste water treatment. We would like to express 
our gratitude to all the publishers and authors for granting us the copyright permission 
to reprint the same. Although sincere efforts have been made to get copyright 
permissions from the respective agencies, we would sincerely apologies to any 
copyright holder if unknowingly their right is being infringed.  

We would like to take this opportunity to express our sincere gratitude towards Dr. 
H.M.Desai Sir(Vice Chancellor, Dharmsinh Desai University-DDU), Dr. P. A. Joshi sir 
and Dr. M.S.Rao sir for their continuous motivations and guidance. We would 
acknowledge the sincere efforts of Mr. Thomas Wohlbier for his support from proposal 
stage to final form of edited book.  Our sincere thanks to Dr. P.A.Joshi, Dr. 
Krishnakumar and Dr. Parasuraman for their supports in review the book chapters and 
provided valuable suggestions. We are also thankful to staff members of Department of 
Chemical Engineering (Dharmsinh Desai University, Nadiad) and group members of 
KJS Lab (Nanjing Tech University, China) for their support in the preparation of book. 
We are also thankful to all the friends and family members for their best wishes. 
 
Dr. Kinjal Shah     Dr. Vimal Gandhi 
College of Urban Construction,   Department of Chemical Engineering, 
Department of Municipal Engineering  Faculty of Technology, 
Nanjing Tech University (NTU),   Dharmsinh Desai University, 
Nanjing, China 218 816    Nadiad-387 001, Gujarat, INDIA  
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Technologies: Limitations and Recent Advances 
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Abstract 

The rapid growth of the industries and population leads to increasing generation of 
industrial and municipal wastewater. This wastewater threatens directly or indirectly the 
human health and industrial processes. Therefore, it is necessary to develop a rapid, 
simple, eco-friendly, effective, and efficient method for eliminating pollutants from 
industrial and municipal wastewater. The wastewater treatment aims to remove pollutants 
including particles, organic/inorganic substances, and pathogenic microorganisms, and 
finally returned to the cycle. This chapter presents a brief introduction to the issue 
associated with municipal and industrial wastewater. Also, this chapter presents detailed 
information about the conventional wastewater treatment methods. Specifically, it 
discusses the steps involved in the wastewater treatment viz. primary, secondary, and 
tertiary treatment.  

Keywords 

Wastewater, Pollutant, Treatment, Industrial, Municipal 
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1. Introduction 

Water is an essential commodity for the survival of all living species [1]. Especially, 
human beings are using the available groundwater as well as surface water for various  
purposes including drinking, irrigation, washing, cooking, and different industrial 
operations [2]. However, water should fulfill the minimum criteria of quality as per the 
world health organization (WHO) standards [3]. But the water is not fulfilling standards 
due to changes in its characteristics (physical, chemical and even in biological). This 
circumstance makes water not a suitable candidates for drinking as well as other 
purposes. This alteration of water properties is termed as water pollution or wastewater. 
Water pollution is mainly due to either industrial waste water or municipal wastewater 
[4]. Different industrial as well as municipal wastewater sources are shown in Fig. 1. 

 

 

Figure 1. Schematic illustration of industrial and municipal wastewater sources. 

 

Generally, municipal wastewater is generated from households, public facilities 
(restaurants & malls), and agricultural activities (fertilizers, insecticides, fungicides, and 
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herbicides) [5]. Meanwhile, industrial wastewater is generated from fresh water which is 
used as integrated part of chemical process industries for various activities starting from 
raw material stage to product finishing stage. As an outcome, wastewater of different 
characteristics are generated depending upon the types of industries like petroleum 
refinery, petrochemical, fertilizers, fine chemicals, pharmaceuticals, etc. [6]. Industrial 
wastewater is adversely affecting human health and its environment as it content toxic 
heavy metals, suspended solids, complex organic compounds [7-11]. Hence, it is 
essential to develop a rapid, simple, effective, and efficient method for the treatment of 
industrial and municipal wastewater. 

The proposed chapter is to give emphasis to conventional wastewater treatment methods 
like preliminary, primary and secondary treatment. Apart from these, various tertiary 
treatment methods are also discussed including membrane-based methods, 
electrodialysis, adsorption method, etc.   

2. The water treatment process for the municipal and industrial sector 

The aim of the wastewater treatment method is to decrease/remove inorganic and organic 
components, toxic substances, killing pathogenic microorganisms, etc. [12-18]. 
Consequently, the quality of treated water is enhanced to meet the requirements of WHO 
standards or pollution control authority of the respective country. The pollutants of both 
municipal and industrial wastewater differ from place to place [19-21]. Therefore, the 
types of treatment of wastewater rely on its nature and the required quality of water after 
the treatment. 

The wastewater treatments usually involve three stages, namely primary, secondary, and 
tertiary treatments (Fig. 2) [4]. The primary and secondary treatment process is used to 
removing the majority of large particles and organic matter, respectively. After the 
primary and secondary treatments, various undesirable matters remain in the treated 
water, the tertiary treatment used to remove such matter as a polishing unit. These 
treatments generally involve a combination of different physical, chemical, and biological 
processes.  
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Figure 2 (a) Flow diagram of primary, secondary and tertiary treatment process; (b) 
Flow chart for levels of wastewater treatment 

2.1 Primary treatment process 

This process includes two consecutive steps viz. preliminary treatment as well as 
sedimentation process [22-24]. Preliminary treatment mainly consists of screening, grit 
chamber and skimming tank for the removal of large particles and debris from 
wastewater, oil and fats. Further, the wastewater is subjected to sedimentation or 
chemical precipitation in primary settling tanks, which removes organic solids, colloidal 
and finer suspended particles in the form of sludge.   

 

Figure 3. Primary treatment process (a) Screening process (b) Grit Chamber and (c) 
Skimming tank of wastewater. 

2.1.1 Screen 

The first step in the wastewater treatment is to remove entrained large, floating, or 
suspended solids, these may consist of pieces of wood, plastic, cloth, and paper. The 
main objective of screening is to protect other mechanical equipment and to prevent 
clogging of valves and other accessories in the wastewater treatment plant [25-28].  

As shown in Fig. 3a, screens are in rectangular with the opening of uniform in size with a 
perforated metal plate. Screens are arranged at an inclined angle (ө) of 30° – 60° to the 
flow direction of the wastewater [29-31]. There are various types of screens available 
based on the size of the opening viz. coarse, medium, and fine screen.  
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2.1.2 Grit chambers 

Grit chamber is used to eliminate grit such as sand, metal fragments and broken glass 
pieces etc. from wastewater [32, 33]. It is important to remove such kind of materials 
from wastewater to protect pumps and such kind of mechanical equipment from wear and 
tear. The grit chamber is a long narrow rectangular channel or long basin works as 
sedimentation tank to take care of the removal of heavier inorganic materials and to pass 
forward lighter organic materials for the next processing steps (Fig. 3b). It is designed to 
control the velocity of the flow of wastewater to remove the material [33-35]. If the flow 
rate is too low or high, it causes the settling of lighter organic matter or settling of the 
entire grit particles, respectively. Therefore, a velocity control device “proportional flow 
weir” is arranged at the outlet of the grit chamber to maintain constant flow velocity. 
Various types of grit removal chambers including aerated grit chambers, vortex-type grit 
removal system, detritus tanks, horizontal flow grit chambers are utilized in wastewater 
treatment plants depending upon characteristics of wastewater. 

2.1.3 Skimming tanks 

A skimming tank is used to remove floating matter such as oil, fat, wax, soaps, and 
grease [36]. This floating matter adversely affecting the performance of the activated 
sludge process and inhibits the biological growth in further treatment stages. The 
skimming tank is a long trough-shaped chamber divided into two or three lateral 
compartments by vertical baffle walls (Fig. 3c)[35]. The wastewater enters the tank from 
the inlet, flows longitudinally, and leaves by a narrow inclined channel. Air blowers are 
arranged at the bottom of the tank to raise the floating matter which remains on the 
surface of the water, which can then be easily removed.  

2.1.4 Primary Settling Tanks (PST) 

Primary settling tanks are used for the removal of remaining organic matter and 
suspended particles  from wastewater [13]. The presences of these substances are leads to 
more oxygen demand to the receiving waterbody, interferes with the biological treatment, 
and reduces disinfection efficiency in the fallowing treatment process [37]. This step 
involves the physical and chemical sedimentation processes for the affective elimination 
of fine particles. 

The physical sedimentation is the strategy of removing heavier suspended particles by 
allowing the wastewater undisturbed in the tank for ~2-6 hours. During this time, the 
heavier particles settled down at the bottom of the tank due to the gravitational force. The 
settled solid partials are termed as sludge. The clear supernatant water (effluent) is then 
drawn from the tank with the help of pumps and used for further chemical treatment.  
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Even after the physical sedimentation process, the effluent still contains finer and 
colloidal particles. Hence chemical sedimentation process used to remove unsettled 
matter by using coagulants like alum, ferric chloride, ferric sulfate, etc. The addition of a 
coagulant leads to the formation of floc, which will trap the fine particles and form 
agglomerate, convert it into heavier and settled down at the bottom of the tank. This 
treatment method with proper coagulant dosages may be expected to remove 45-65 % of 
biological oxygen demand (BOD) and 60-80 % of suspended solids [38-40]. 

2.2 Secondary treatment 

In the secondary treatment process, biodegradable soluble organics compounds are 
degraded through microorganisms [41-42]. Suitable types of microogranisms feed to the 
wastewater, increasing their population by consuming organic mass as feed in the 
presence of oxygen. Generally, biochemical oxygen demand (BOD) used as measuring 
parameter for wastewater, as organic matters are removed, BOD level decreases [43]. 
This biological unit processes are further classified into suspended growth system and 
attached growth system. 

In the suspended growth system, as its name suggest, the wastewater flows around and 
through the free-floating microorganisms, gathering as biological flocs, which is settled 
at the bottom. The settled flocs contain microorganisms which are recycled back to treat 
the wastewater. Activated sludge processes and aerated lagoons are the example of 
suspended growth systems.  On the other hand, attached-growth process use media like 
fixed bed of gravel, ceramic, or plastic media to retain and grow the microorganisms. The 
wastewater flows over the media and create a biofilms that becomes thick on growth and 
falls or detached off as sloughing. Trickling filter and rotating biological contactors 
(RBC) are the example of the same.  

Attached-growth processes are simpler operation, need less equipment maintenance and 
less energy as compared to suspended-growth system. At the same time, it required larger 
space, has odor issues and limitations to handle high volume of wastewater. 

2.2.1 Aerobic attached growth system 

In this system, the surface of the sewage is exposed to oxygen after adding a certain type 
of microorganism (aerobes) such as bacteria [44, 45]. These aerobes are oxidized the 
organic matter whichever liable to decay by using the oxygen. After the oxidation of the 
organic matter, a bacterial film or slime layer on the sewage surface area is formed. The 
organisms present in the film adsorb more of the organic matter and form as coagulated 
matter, consequently it will settle down. There are different types of methods available 
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based on this, but mostly trickling filters and rotating biological contactors have been 
used. 

2.2.1.1 Trickling filters 

The trickling filters consist of a cylindrical tank and filled with high specific surface area 
materials including slag, coke, gravel ceramic, polyurethane foam, etc. (Fig. 4a) [46-48].  

 

 

Figure 4. Secondary treatment process (a) Trickling filters; (b) Rotating biological 
contactor and (c) Flow Diagram of Activated Sludge Process. 

 

A high specific surface provides a large area for biofilm formation. The aerobic bacteria 
grow in the thin film over the surface of the materials. After passing the wastewater from 
the bottom of the trickling filter, the water is sprayed into the bed through a rotating arm. 
The influent is then passed through the bacteria bed and comes out as effluent. For a 
better treatment of this organic matter, it is again re-circulated through the bed. It 
oxidizes the organic compounds in the wastewater to carbon dioxide and water.     

2.2.1.2 Rotating biological contactors (RBC) 

The rotating biological contactor unit contains a series of closely spaced polymeric 
circular discs mounted on a rotating shaft which is supported just above the surface of the 
wastewater [49, 50]. Microorganisms are grown on the surface of the circular discs, 
which is arranged on a horizontal shaft in a cylindrical tank and 40% submerged in 
wastewater (Fig. 4b). The disc rotates in and out of the wastewater as RBC rotates. The 
microorganisms gain the required oxygen when they are out of the water and the discs 
absorb organic compounds while they are inside the wastewater. This process leads to the 
removal of a large number of organic compounds. 

2.2.2 Aerobic suspended growth systems 

In suspended growth system aerobes are suspended in liquid medium with continuous 
mixing; which is responsible for the treatment [51]. Generally, these systems are two 
types based on whether the sludge is re-circulated or not. In this, the microorganisms 
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convert the organic matter presents in the sewage into gases and cell tissue via 
metabolizing the organic matter by a microorganism. Currently, various methods 
developed based on this principle such as activated sludge process, aerated lagoons, and 
oxidation pond.  

2.2.2.1 Activated sludge process 

The effluent from the primary clarifier passes to the aeration tank. Meanwhile, this tank 
receives partially microorganisms from secondary clarifier or activated sludge (Fig. 4c) 
[51]. Subsequently, aeration takes place for maintaining the aerobic conditions for the 
oxidation of impurities. After several hours of agitation, the treated water sends to 
secondary clarifier for the settling of solids matter (sludge). 

2.2.2.2 Aerated lagoons 

After primary treatment, the wastewater enters into the lagoons to remove organic matter 
[52, 53]. Lagoons are fixed with mechanical aerators to oxidize the organic matter by 
using suspended aerobic microorganisms. The treated water sends for further treatment. 
Aerated lagoons are of two types; namely facultative aerated lagoons and aerobic 
lagoons. In the facultative aerated lagoon, solid matter settles down at the bottom layer 
and leads to anaerobic digestion. Subsequently, aerobic digestion takes place at the upper 
layer. But in the aerobic lagoons process, the wastewater is continuously aerated from top 
to bottom. It ceases the formation of a solid settlement at the bottom. 

2.2.2.3 Oxidation pond 

Oxidation pond constructed for the treatment of wastewater via interaction of bacteria, 
algae, and sunlight [54, 55]. In this strategy, various inorganic nutrients (nitrogen, 
phosphorus) and carbon-dioxide is released due to organic matter is metabolized by 
bacteria. These compounds are utilized by algae in the presence of sunlight and produce 
oxygen. This oxygen is taken up by bacteria and decreases the BOD through closing the 
cycle.  

2.3 Tertiary treatment 

Tertiary treatments are also named as advance treatment methods [56]. This step 
specifically removes a remarkable quantity of phosphorous, nitrogen, biodegradable 
organic matter, heavy metals, virus and pathogenic bacteria [57, 58]. There are various 
advanced treatment methods have been developed including disinfection, membrane 
separation, electrodialysis. The advantages and disadvantages of conventional waste 
water treatments along with tertiary treatment have been reported in table 2. 
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Table 2. Advantages and disadvantages of various wastewater treatment processes. 
Technology Advantages Disadvantages 
Coagulation  • Low principal cost 

• Effortless procedure 
• Generating a large 

quantity of sludge  
Trickling 
filters 

• Capability to remove the high 
quantity of the BOD  

• Efficiency in treating a large 
amount of organic matter  

• Remarkable ability to remove 
ammonia  

• Creates a low amount of sludge  
• High skilled and technical 

expertise is not required to 
operate and manage the system 

• High principal cost 
• Blocking of rotating 

arms 
• High intense odour 

generation 

 

Rotating 
biological 
contactors 

• Aeration via atmosphere 
• Affordable operation cost 
• Generation of low quantity of 

sludge 

• A huge area is 
necessary for this 
system 

• Protection of the 
system in a cold 
climate is difficult 

Activated 
sludge process 

• Aeration via atmosphere 
• Available in domestic to 

industrial scale 
• Feasible to remove the high 

quantity of the BOD, COD, 
nitrogen, and phosphorous. 

• Simple operating system  
• Ability in producing electric 

energy from biogas 
• Excellent effluent quality 

• Concentration the of 
sludge to be monitor 

• Operation cost 

 

Disinfection 
(Bleaching 
powder/Cl2 
treatment) 

• Low cost and readily available 
• High water solubility  
• Toxic to pathogens 
• Potential to remove a high 

quantity of the iron, manganese 
and ammonia nitrogen during 

• Corrosive 
• Difficult to handle 

Cl2 gas due to its 
hazards nature 
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oxidation 
Reverse 
osmosis 

• Available in domestic to 
industrial scale  

• The efficient rejection rate of 
salt, organic compounds, and 
pathogens. 

• The low quantity of energy is 
sufficient 

• Membranes can be replaced 
easily 

• Easy to maintain 

• The problem in 
large scale 
treatment due to 
sludge generation  

• Pre-treatment is 
essential before 
purifying the water 

• Membranes are 
highly sensitive to 
pH 

Electrodialysis • High selectivity of ions 
• Regeneration of membrane is 

easy 
• Pre-treatment of water not 

necessary  

• Operational cost is 
high  

• Ions only can be 
removed 

• Based on water 
quality, the 
membrane needs to 
be selective 

UASBR • Energy demand, land 
requirement, and sludge 
production is low 

• Economical 
• Excellent organic and BOD 

removal efficiency  
• Effluents can be used for 

farming  

• Extended stand-up 
period 

• Requires enough 
quantity of granular 
seed sludge 

• Lesser gas yield  

2.3.1 Disinfection process  

Disinfection process method mostly used for the treatment of municipal water at the 
tertiary level [59-62]. The process of destroying the pathogenic microorganisms 
including bacteria and viruses from the water using certain chemicals (chlorine; 
disinfectant) is called disinfection. The disinfection of municipal water can be carried out 
by chlorination method viz. either adding bleaching powder or purging chlorine gas.  

In the bleaching power treatment, the required quantity of bleaching powder is added to 
municipal wastewater and kept for many hours without disturbing [63]. During this 
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process, bleaching powder is reacted with water and forms chlorine gas (Fig. 5). Further, 
this chlorine (Cl2) gas is reacted with water and forms hypo-chlorous acid (HOCl), it acts 
as a germicide. Besides this chlorination process instead of adding bleaching powder, 
chlorine gas is directly purged into municipal water form HOCl germicide [64, 65]. This 
germicide destroys the pathogenic microorganisms.  

 

Figure 5. Flow chart for disinfection action. 

2.3.2 Reverse osmosis 

Reverse osmosis (RO) used to remove inorganic minerals (calcium, magnesium, sodium, 
potassium, phosphorous, and fluoride) and organic compounds which include pesticides 
[66-68].  

In the RO process the wastewater passes through a semi-permeable membrane by 
applying osmotic pressure (Fig. 6a). RO membranes contain tiny pores through which 
water can flow [69, 70]. These pores are not only capable to restrict impurities but also 
allow the water to pass through. So, in RO treatment membranes are playing a key role in 
the purification of wastewater. The most commonly used membranes are cellulose acetate 
and polyamide.  
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Figure 6. Tertiary treatment process (a) Reverse Osmosis Process; (b) Electrodialysis; 
(c) Up-flow anaerobic sludge blanket reactor. 

2.3.3 Electrodialysis 

The electrodialysis process is used to remove cations and anions present in water [71, 
72]. In this process ‘ions’ present in water migrates through ion-exchange membranes 
under the influence of applied potential (Fig. 6b). 

A single Electrodialysis unit contains a cation-selective membrane and an anion-selective 
membrane [73]. These membranes placed between the cathode (-ve) and anode (+ve) 
electrodes. During the process, cations will migrate towards cathode whereas anions 
migrate towards anode upon applying an external potential. In this process, cation-
selective membranes allow cations and anion-selective membranes to allow anions, 
consequently, the water gets purified.  

2.3.4 Up-flow anaerobic sludge blanket reactor (UASBR) 

In this process, the wastewater passes through the bottom of the UASBR reactor (Fig 6c), 
which contains granular anaerobic biomass [74-76]. The influent is pumped from the 
bottom of the UASBR through pump. The biomass in the sludge bed helps in the 
conversion of sludge present in wastewater to different gases through hydrolysis, 
acetogenesis, and methanogenesis processes. Various gases (H2, CO2, and CH4) are 
generated in this process, which are collected at the top of the reactor. Top of the reactor 
fixed with a three-phase separator for the separation of biogas produced in the reactor. 
Especially, this process removes chemical oxygen demand (COD) up to 80% [75].  

3. Advance water purification technologies 

Even though various kinds of traditional technologies have been recognized for domestic 
and industrial water treatment, these methods are limited to a certain level [77-86]. So, 
removing pollutants like various metals, organic and inorganic compounds, and 
pathogens from water are becoming a difficult task. Therefore, researchers came with 
various new techniques by using materials like activated carbon [87-97], nanomaterials 
[98-106], ozonation [107-113], and ultraviolet radiation [114-118] to enhance the 
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pollutant removal capability. Here the discussion is based on the above materials and 
their analog technique. 

3.1 Activated carbon filters 

Activated carbon-based technology has been developed as a water filtering medium for 
purification of both domestic and industrial water [119-124]. Activated carbon can adsorb 
pollutants due to its high surface area composed of porous material [125-128]. Thus, this 
method enhances the adsorption capability of pollutants on the surface of the activated 
carbon material. Additionally, the water further interacted with different sized sand 
particles i.e. fine sand, coarse sand, and gravels to improve the purification. Fig 7a shows 
the schematic illustration of the activated carbon filter assisted water purification system.  
These methods mainly involve three basic steps 

1. Pollutants interact and adsorb to peripheral of the carbon material 

2. Pollutants move to into carbon pores 

3. Pollutants adsorb on the internal walls of the carbon  

 
 

Figure 7. Illustration of (a) activated carbon filter assisted water purification system; (b) 
activated MNPs based water purification system. 

3.2 Magnetic Nanoparticles 

The development of nanoscience and nanotechnology creates a nano-platform for various 
applications including analytical [129-131], bio-medical [132-138], and environmental 
[139-144]. The distinctive size-related features of nanoscale materials have a remarkable 
impact on nanotechnology and making a promising platform for industrial and domestic 
water treatment [145-147].  

Among the various kinds of nanomaterials, magnetic natured nanoparticles have been 
found not only the easiest and cost-effective way in purifying the wastewater but also its 
recovery after purification by a simple magnet. In the category, Fe3O4 magnetic 
nanoparticles (MNPs) showed a promising path for the removal of metals as well as other 
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pollutants [148-152]. Fig 7b represents the schematic illustration of the MNPs based 
water purification system. Like activated carbon, these MNPs have also shown its 
adsorption behaviour towards the pollutants present in water [153, 154]. MNPs based 
adsorbents are showing better adsorption to pollutants due to their high surface to volume 
ratio as well as magnetic behaviour. Further, the surface modification of MNPs by using 
various organic and biomolecules enhances the adsorption ability of various toxic 
pollutants from the contaminated water. Also, its reusability and the simple re-activation 
method after the removal of pollutants from water enhances the interest to researchers 
towards this area.     

3.3 Ozonation 

Ozonation is a type of advanced oxidation process (Fig 8a), involving the generation of 
highly reactive oxygen species (ROS) [155-160]. Ozone is an unstable gas encompassing 
three oxygen atoms, the gas will rapidly degrade and converted to oxygen [161]. During 
this alteration ROS form such as a free oxygen atom, or free radical. These ROS are 
highly reactive and short-lived, under normal conditions. Additionally, ROS are capable 
to attack not only a variety of pathogens but also organic and inorganic pollutants. Thus, 
the treatment of water with ozone is efficient for disinfection as well as for the 
degradation of organic and inorganic pollutants. The main advantage of this method is its 
simple operation as well as the absence of sludge production. 

 

Figure 8. (a) Ozonation process; (b) UV treatment process for disinfection. 

3.4 Ultraviolet (UV) radiation 

The treatment of water with UV radiation is efficient for disinfection (Fig 8b) [162-181]. 
Presently, emerging water treatment technology equipped with UV radiation and 
applying in both domestic and industrial wastewater. In this method, UV radiation 
penetrates the cell wall of the micro-organism and damages the genetic mutant [182, 
183]. Consequently, it prevents the reproduction of cells. Inappropriate quantities, UV 
radiation will destroy nearly 99.9% of micro-organisms present within a water stream. 
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3.5 Lime-Soda (LS) process 

Lime-soda water softening strategy is one of the significant chemical procedure for 
decreasing the hardness of the water [184-188]. In this process required quantities of lime 
(CaO) and soda (Na2CO3) are added into the reaction tank containing hard water along 
with the super-heated steam (Figure 9a). Under high-temperature condition of steam, the 
chemicals are reacted with hardness causing salts present in water. Simultaneously, the 
reacted salts are precipitated as carbonates and hydroxides in the form of sludge into a 
sedimentation tank. The formed sludge can be collected from the sludge outlet. Besides 
this, the treated water is sent into the sand filter which is attached to the sedimentation 
tank. During this, the hardness removed water interacted with different sized sand 
particles which are present in a sand filter, to remove the suspended sludge particles. 

 

Figure 9. (a) Lime Soda process for softening water; (b) Zeolite process for softening 
water. 

3.6 Zeolite process 

Zeolites are hydrated sodium alumina silicates, having the capability to remove the 
hardness from the water via sodium ions exchange [189-194]. In this approach, the hard 
water is passed through the zeolite bed. During this process, the hardness causing ions 
has interacted with the bed and exchange with sodium ions into the water, it leads to 
softening of water (figure 9b). The hardness removing capability of zeolite will be ceased 
at a certain point due to the loss of sodium ions from the zeolite bed. Therefore, the 
zeolite bed is treated with sodium chloride solution to regenerate the sodium ions 
containing the zeolite bed. By this process, the softening of water takes place up to a 
value of 10 ppm.  

4. Future wastewater treatment technologies 

As discussed in section 1 and 2, conventional wastewater treatment technologies mainly 
consist of primary treatment based on adding chemicals/flocculants, secondary treatment 
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by means of biological methods and polishing treatment based on adsorption through 
activated carbon. At present, conventional wastewater treatment technologies are facing 
so many problems in terms of higher rate of chemical consumptions, sludge disposal, 
higher energy and space requirements. Moreover, efficient removal of complex organic 
compounds, limitation of handling more wastewater than the fixed design capacity and 
lack of skilled manpower are also big operational issued in these technologies.  

Due to all these operational and technological barriers in conventional wastewater 
treatment technologies, researchers are trying to develop new classes of advance 
wastewater treatment technologies to overcome the above mentioned problems. 
Advanced wastewater technology require to incorporate (i) Membrane technology (ii) 
Advanced Oxidation Processes (iii) Less amount of Sludge generation and even if sludge 
is generate than how to utilize the sludge rather than disposal at land fill site (iv) Low 
cost adsorption materails (v) Less amount of chemical consumptions or bioflocculants 
(vi) New class of nanomaterials for the treatment of wastewater. There is a huge quantum 
of research work available on the above mentioned points, still research gaps exist in 
open literature to address the issues of advances in wastewater treatment technologies. 
The utilization of advanced wastewater technologies in combination with conventional 
technologies may resulted into effective wastewater treatment and increase in reuse and 
recycle of treated water. 

Conclusion 

Water is part of our life as we cannot survive a single day without it. Most of the 
available water becomes contaminated and changing its physical, chemical, and 
biological nature due to various human activities. To ensure a harmless environment and 
public health, it must be purified. There are various conventional methods for wastewater 
treatment. The selection of a specific method mainly relies on the characteristics of 
wastewater whether it is from a municipality or industry. Sometimes it is also based on 
cost implications, technical expertise for operation and maintenance.  

Here in this chapter, we have discussed various stages of wastewater treatments such as 
primary, secondary, and tertiary. Further, we have discussed various physical, chemical, 
and biological conventional methods involved in the wastewater treatments. Moreover, a 
brief summary of advanced treatment methods have been reported along with glimpse of 
future research in the field of wastewater treatment.  
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Abstract 

Industrialization and modernization in recent times have led to a water crisis across the 
world. Conventional methods of water treatment like physical, chemical and biological 
methods which comprise of many commonly used techniques like membrane separation, 
adsorption, chemical treatment etc. have been in use for many decades. However, 
problems like sludge disposal, high operating costs etc. have led to increased focus on 
Advanced Oxidation Processes (AOPs) as alternative treatment methods. AOPs basically 
involve reactions relying on the high oxidation potential of the hydroxyl (OH•) free 
radical. They have the potential to efficiently treat various toxic, organic pollutants and 
complete degradation of contaminants (mineralization) of emerging concern. Many 
different types of homogenous as well as heterogenous AOPs have been studied viz: 
UV/H2O2, Fenton, Photo-Fenton, Sonolysis, Photocatalysis etc. for treatment of a wide 
variety of organic pollutants. Different AOPs are suitable for different types of 
wastewater and hence proper selection of the right technique for a particular type of 
pollutant is required. The inherent advantages offered by AOPs like elimination of sludge 
disposal problems, operability under mild conditions, ability to harness sunlight, non 
selective nature (ability to degrade all organic and microbial contamination) etc. have 
made it one of the most actively researched areas in recent times for wastewater 
treatment. Despite the benefits and intense research, commercial applicability of AOPs as 
a practical technique for treating wastewater on a large scale is still far from satisfactory. 
Nevertheless, positive results in lab scale and pilot plant studies make them a promising 
water treatment technique for the future. In the present chapter, an attempt has been made 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

38 

to discuss all aspects of AOPs beginning with the fundamental concepts, classification, 
underlying mechanism, comparison, commercialization to the latest developments in 
AOPs. 
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1. Introduction 

Wastewater treatment has been the focus of many researchers and scientists for many 
decades now. Rapid industrialization and population explosion have made the 
conservation and treatment of water a high priority activity throughout the world. 
Wastewater can be broadly classified as industrial, municipal and agricultural and it 
mainly consists of 99.9% water by weight and 0.1 % dissolved/suspended impurities [1]. 
Wastewater treatment has been around for over a century. The earlier methods of 
treatment, in the 1900’s, usually involved spreading of sewage water in large areas on 
land where it decayed under the action of micro-organisms. Subsequent degradation of 
land forced us to set higher targets for wastewater treatment in the later years like 
removal of suspended impurities, treatment of biodegradable and microbial pollutants etc 
[2]. Nowadays, wastewater treatment technologies can be mainly classified as physical, 
chemical, and biological processes (Fig. 1) [1]. 

As seen in Fig. 1, many methods have been employed over the last few decades for the 
treatment of wastewater. Some of these methods include chemical treatment methods, 
adsorption, membrane separation etc. However, all these conventional treatment 
technologies have many drawbacks which need to be overcome. For example, chemical 
methods involve formation of large amounts of sludge and require large quantities of 
chemical. Membrane technologies have operational difficulties and involve high capital 
costs. Similarly, adsorption techniques also involve only the transfer of pollutant from 
one medium to another and again have sludge disposal problems [3]. These problems 
have driven the research towards developing an alternative treatment strategy where the 
Advanced Oxidation Processes (AOPs) have taken the centre stage. The AOPs have 
revolutionized the water treatment field as the process involves direct elimination of the 
pollutants (complete mineralization) rather than their transfer from one medium to 
another.  

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

40 

 

 
 

Figure 1. Flowchart depicting the various physical, chemical and biological processes. 

 

AOPs are methods which utilize the high oxidizing potential of the hydroxyl free radicals 
(OH•) (also sulphate radicals in some cases) in degradation of various types of pollutants 
in wastewater. Although other species are also reported, hydroxyl radicals are the main 
species which are responsible for the degradation of the various contaminants [4]. AOPs 
have been around since the 1980s where these were first used for potable water after 
which their application was then extended to various types of wastewaters [5]. As the 
years went by, AOPs were applied to different types of wastewater and effluents mainly 
for the reduction of their organic content. The non specific nature of these radicals means 
that the process could be used for the degradation of a host of organic pollutants thereby 
proving their versatility. 

The following sections broadly cover the different types of AOPs with their mechanism, 
advantages and limitations. Comparison of different AOPs and their scope for 
commercialization has also been discussed in the later sections. At the end, recent 
developments in this field and future challenges for AOPs as an alternative technology 
for wastewater treatment has also been included.  
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2. Mechanism and classification 

2.1 General mechanism 

Although different AOPs exhibit slightly different mechanisms on how they break down 
the target pollutant, the general steps which are followed remain the same. The basic 
steps involved in any AOP are as follows [1]: 

1) Formation of highly reactive free radicals (oxidants) like OH•, superoxide radical, 
sulphate radical etc. 

2) Reaction between these free radicals and the organic contaminants of the 
wastewater to degrade them into simpler compounds. 

3) Further oxidation of these intermediate products (mineralization) into simpler 
compounds like carbon dioxide, water, inorganic salts, etc. 

A schematic representation of these steps is shown in Fig. 2. It is important to note that 
the extent of these 3 steps varies between the AOPs and is highly dependent on various 
factors like target pollutant, reaction conditions, free radical concentration etc. The 
hydroxyl radical (OH•) is highly reactive and non selective in reacting with organic 
compounds. It reacts by hydrogen abstraction, by addition to unsaturated bonds and 
aromatic rings, or by electron transfer. The common pathway by hydrogen abstraction is 
as follows (Eqs. 1-4) [6] : 

OH• + RH  →     H2O + R•    (1) 

R• + H2O2  →  ROH + OH•  (2) 

R• + O2  →   ROO•  (3) 

ROO•  + R՛H  →  ROOH + R՛•  (4) 

where, RH and R՛H are the organic molecules 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

42 

 

Figure 2. Schematic diagram representing generalized mechanism of  AOPs. 
 

In all AOPs, apart from the free radical mechanism, other mechanisms may also be 
present for the degradation of the target component. And this maybe a dominant or 
insignificant mechanism depending on the AOP [5]. 

Although hydroxyl radicals are the most commonly reported free radical in the literature, 
sulphate radicals based AOPs are also gathering attention in recent years. The associated 
mechanism, however, has been covered in a separate section.  

2.2 Classification 

Classification of AOPs have been proposed in different ways in the literature. Different 
types of classifications include those based on the type (ozone based, UV based, 
electrochemical AOPs, catalytic AOPs etc.) [7], based on radicals involved (hydroxyl 
radicals based or sulphate radicals based) [5], based on whether AOP is homogenous or 
heterogeneous [8], photochemical or non photochemical [9] etc.  

Classification of AOPs becomes a little difficult at times when the same AOP can come 
under multiple categories. An AOP like O3/UV (ozonation under UV light) can be 
classified as a UV based as well as ozone based AOP. Fig. 3 depicts a classification 
which takes into account more than one type of criteria mentioned above. The base 
criteria have been taken as whether the AOP is homogenous or heterogeneous. However, 
AOPs like Wet Air Oxidation, Microwave (MW) and electro-Fenton have been placed in 
the grey area as both homogenous and heterogeneous variants have been explored in the 
literature in separate studies. It must be mentioned that even this classification will find 
the need to be modified in the future as more and more different combination of AOPs 
are being explored everyday for synergistic effects which would make it difficult to place 
them under one roof. 
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Figure 3: Classification of AOPs (US:Ultrasound, MW:Microwave, SO4: sulphate 
radicals based AOPs, WAO: Wet Air Oxidation, CWAO: Catalytic Wet Air Oxidation). 

3. Various advanced oxidation processes 

3.1 Ozonation (O3) 

Ozone is a highly reactive gas which is partially soluble in water. The ozonation process 
for the treatment of wastewater involves two mechanisms viz: direct and indirect. In the 
direct route, the ozone molecule itself reacts directly with the organic molecules present 
in the wastewater thereby leading to its degradation (owing to its high standard redox 
potential (E0) of 2.07 V) [10]. The second route is indirect in the sense that the ozone first 
gets decomposed to produce hydroxyl radicals which then attack the organic molecules 
and degrade them. The second route is the preferred route as the reaction rate in the 
hydroxyl radical mediated reactions is several orders of magnitude higher than the rates 
obtained in the reactions with molecular ozone (direct route) [11]. The main reactions by 
which the ozone decomposes in the indirect route are as follows [10]: 

Acidic to neutral pH: 

O3+ OH− →   HO2  + O2
•−      ki1 = 70 M/s    (5) 

Alkaline pH: 

O3+ OH−→   HO2− + O2
•
    ki2 =  40 M/s (6) 

O3 + HO2− →   HO2
•  + O3

•−      ki3 = 2.2*106 M/s  (7) 
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The ozonation process has some limitations. The production of hydroxyl radicals for the 
indirect route is much lower as compared to other AOPs. Moreover, ozone by itself is 
selective where it reacts preferentially with only ionized and dissociated organic 
compounds through the direct route [5]. Additionally, toxicological aspects of ozone as a 
reagent needs to be taken care of for safe handling.  

3.2. O3/H2O2 (Ozone/Hydrogen Peroxide or Peroxone) 

The peroxone process is probably the best studied and best implemented advanced 
oxidation process [10].  As discussed in ozonation section, the low concentration of 
hydroxyl radicals in standalone ozonation process is a major drawback. However, 
addition of hydrogen peroxide to the system significantly increases the radical 
concentration. Even a low concentration of H2O2 (10-5 to 10-4 M) is enough to accelerate 
the decomposition of ozone in aqueous medium due to which more hydroxyl radicals are 
generated [10]. The reactions involved are as follows (Eqs. 8 and 9) [5]: 

H2O2   →   HO2−  +  H+     (8) 

HO2−    +  O3   →   OH• + O2− + O2  (9) 

The O3/H2O2 system overcomes the inherent drawbacks of the standalone ozonation 
process like reducing the bromate formation, increased efficiencies and shorter reaction 
times for degradation of organic substances [12].  

Depending on the target pollutant, optimal dosages of ozone and hydrogen peroxide can 
be found for best results. However, residual peroxide has been reported to cause some 
problems in the proper assessment of contaminant removal [13]. Moreover, hydrogen 
peroxide also acts as radical scavenger. So, excess peroxide may be counterproductive as 
it might reduce the hydroxyl radical concentration. 

3.3. UV 

UV photolysis is one of the most commonly used technique for water treatment.  In the 
direct photolysis approach, the contaminant absorbs the UV radiation which subsequently 
leads to its degradation. However, the low photo-dissociation efficiencies of the direct 
photolysis by UV light often limits its practical use [14]. As with the standalone 
ozonation, the standalone UV photolysis involves only the direct degradation of the 
contaminants without the involvement of the hydroxyl free radicals. Hence, hydroxyl 
radical based indirect approach is the preferred one where in situ generation of hydroxyl 
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radicals by the photolysis of ozone or hydrogen peroxide results in more efficient 
degradation of the contaminants. 

However, some target pollutants are more susceptible to the direct photolysis and in those 
cases direct photolysis might be the preferred method where degradation can take place 
without the addition of external reagents (O3/H2O2). In some cases, the pollutant might be 
equally degraded by both direct and indirect routes and in such cases optimal conditions 
for best efficiencies might be needed [14]. 

Molecules of different species have differing peak absorption wavelength and hence the 
efficiency of any AOP involving UV radiation is quite dependent on the target pollutant 
and the wavelength of irradiation.  

3.4 O3/UV 

The standalone ozonation, as seen earlier, has some limitations such as slow removal of 
compounds like ammonia, high cost of ozone, toxicity of some intermediate products 
formed (like bromate) etc [12].  In an effort to increase the efficiency of the ozonation 
process, UV radiation has been used in conjunction with ozone for wastewater treatment. 
The O3/UV process can lead to the degradation of molecules by 3 ways: 1) ozonation 2) 
photolysis of ozone by UV which generates hydroxyl radicals 3) and photolysis of the 
pollutant molecule itself [3]. The photolysis of dissolved ozone takes place as per the Eq. 
10 [10].  

O3 +  H2O +  hν  →  H2O2   (10) 

This hydrogen peroxide formed can then lead to generation of hydroxyl radicals by ozone 
decomposition as per reaction (8) and (9), or can undergo further photolysis to form more 
hydroxyl radicals by itself. 

H2O2 + hν  →  2OH•  (11) 

O3/UV process has been widely applied for the treatment of wastewater containing a 
variety of pollutants. 

3.5. UV/H2O2 

The ultraviolet radiation in the UV/H2O2 system serves a dual role in the water 
disinfection process where the UV radiation can aid in the photolysis process of the 
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peroxide for generating the hydroxyl radicals (Eq. 12) as well as physically inactivating 
the microorganisms by itself [15].  

H2O2  +  hν(UV)  → OH• + OH•  (12) 

An optimal concentration of H2O2 is desired as too high a concentration of H2O2 leads to 
scavenging of the generated free radicals by the peroxide molecules themselves through 
the below mentioned reactions (Eq. 13-15)). 

OH• + H2O2   → HO2
• + H2O (13) 

HO2
• + H2O2   → OH• + H2O + O2 (14) 

HO2
• + HO2

• → H2O2  + O2 (15) 

In general, the degradation of organic compounds by UV/H2O2 occurs in two ways: direct 
photolysis and oxidative attack by hydroxyl radicals [16].  

The hydroxyl radical attack follows a second order reaction. However, a pseudo first 
order reaction can be assumed by considering a constant concentration of hydroxyl 
radicals over the range of reactions. Various factors like alkalinity, pH, other organic and 
inorganic matter in the water matrix affect the rate of degradation. 

3.6 UV/O3/H2O2 

Addition of hydrogen peroxide to the O3/UV system is cost effective and leads to further 
increase in the generation of hydroxyl radicals. 

Many studies report that the combination of ozone, hydrogen peroxide and UV light 
indeed shows the best results in terms of degradation/mineralization of contaminants. 
Peternel et al. [17] have compared the decolorization/mineralization efficiencies of 
different processes like UV, UV/H2O2, UV/O3 and UV/O3/H2O2 for the removal of RR45 
commercial dye. The results revealed that except for UV process, all the other systems 
were able to remove the color completely. Moreover, the UV/O3/H2O2 system showed the 
best mineralization performance as compared to other systems. For a 1 hr partial 
mineralization, the systems with increasing order of extent of mineralization was UV < 
UV/H2O2 < UV/O3 < UV/O3/H2O2. The UV/O3/H2O2 was reported to be 4 times faster for 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

47 

complete mineralization as compared to UV/H2O2 process. Similar studies have also been 
carried out by Kusic et al. [18] where phenol degradation capabilities of different systems 
were compared (O3,O3/H2O2, UV/H2O2, UV/O3 and UV/O3/H2O2). Again, the results 
suggested that the UV/O3/H2O2 system was the most effective one with 58% TOC 
removal in 1 hr as compared to 44.3% removal in the next best UV/O3 system. Cost 
effectiveness of different systems was also compared and interestingly, the UV/O3/H2O2 

was found to be the most cost effective one.  

This clearly emphasizes the fact that combination of ozone, hydrogen peroxide and UV 
light not only results in enhanced degradation of organics but also are the most 
economical ones. 

3.7 Fenton’s process 

Fenton’s reagent is a combination of Ferrous salt and H2O2 (discovered by H.J.H. Fenton 
more than 100 years ago). It was quickly realized that the Fenton’s reagent is a strong 
oxidant for a number of organic substances [19]. It was later found that the hydroxyl 
radicals generated as per the Eq. (16)-(21) [20] are responsible for the strong oxidation 
reactions. 

Fe2+   +  H2O2   →  Fe3+  +  OH•  +  OH−   (16) 

OH•  +  H2O2   →  HO2
•  +  H2O (17) 

Fe2+  +  OH•  →  Fe3+  +  OH−    (18) 

Fe3+  +  HO2
•  →  Fe2+  +  O2  +  H+  (19) 

OH•  +  OH•  →   H2O2 (20) 

Organic pollutant  +  OH•   →  Degraded products  (21) 

The reaction between hydrogen peroxide and Fe2+ requires acidic conditions and hence 
sometimes the reaction is shown as follows (Eq. 22) [21]: 

Fe2+  +  H2O2  + H+ →  Fe3+  +  OH•  +  OH−   (22) 
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Many studies have discussed the degradation ability of the Fenton’s reagent. Sun et al. 
[22] have studied the degradation of p-nitroaniline (PNA) by Fenton oxidation where 
they found that the rate of reaction was strongly affected by parameters such as pH, H2O2 
and Fe2+ dosage, temperature and initial PNA concentration.  

The Fenton’s reaction has certain shortcomings viz: 1) Iron sludge generation 2) narrow 
working range of pH 3) high cost and risk associated with storage, transportation and 
handling of various reagents used [21–23]. The iron sludge generation is a major problem 
as it acts as a major barrier for commercialization of this Fenton Process. The Photo-
Fenton process, in some ways, overcomes this barrier. 

3.8 Photo-Fenton process 

The efficiency of the Fenton’s process was found to increase by the UV/light irradiation. 
This then came to be known as the Photo-Fenton process. In the Photo-Fenton reaction, 
in addition to the reaction taking place in the Fenton process, an additional reaction (Eq. 
(23)) takes place in the presence of light which enhanced the catalytic capability of the 
Fenton process [24]. The hydrogen peroxide also yields additional hydroxyl radicals (Eq. 
(24)) for subsequent degradation reactions and the sludge formation is minimized as the 
Fe(OH)2 is converted back into Fe2+ ions which can again participate in the production of 
free radicals through Fenton reaction. This synergistic effect of UV light and Fenton 
process has drawn great attention owing to the reduction of sludge formation. 

Fe(OH)2 + hν   →  Fe2+  +  OH•  (23) 

H2O2  +  hν  → 2OH•  (24) 

The photo-Fenton process has the potential to use sunlight as the light source in place of 
UV light. Since sunlight only contains a small percentage of UV region in its spectrum, 
the degradation efficiencies will obviously be lower. However, high operating costs 
associated with UV light can be saved. 

3.9 Heterogeneous Photocatalysis 

Photocatalysis is a chemical reaction induced in a photocatalyst upon photoabsorption, 
which remains unchanged during the reaction. Principally, it is a “green” technology 
where the photocatalyst, upon irradiation, creates electron–hole pairs, which generate free 
radicals (e.g. hydroxyl radicals: OH•) to be used in secondary reactions. It caters to a 
wide range of applications, with wastewater treatment being one of the main areas. 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

49 

Photocatalysis utilizes light source (artificial or solar) and oxygen from air and takes 
place at ambient temperature and pressure [25].  

The photocatalyst, usually solid, is what makes this process heterogeneous in nature.  
Heterogeneous photocatalysis broadly consists of three main steps [26]: 

 1) light absorption 

 2) electron hole separation and 

 3) surface reaction 

Light with energy greater than bandgap of photocatalyst (like TiO2) excites electrons 
from Valence Band (VB) to Conduction Band (CB) thereby leaving positive holes behind 
in VB as per Eq. (25). These photogenerated electrons and holes which have been 
separated can then take part in oxidation and reduction reactions. Electrons can react with 
oxygen to give superoxide radicals (O2-*) whereas the holes can react with water to yield 
hydroxyl radicals (OH•)(Eq. 27 and Eq. 28) [27]. These free radicals can then react with a 
host of other species through taking part in redox reactions for organic pollutant 
degradation (Eq. 29 and Eq. 30). However, the photogenerated electrons and holes can 
recombine with each other as per Eq. (26). Fig. 4 represents various steps involved in 
heterogenous photocatalysis. 

Photocatalyst  +  hν  →  hVB+  + eCB−              (25) 

hVB+  + eCB−  → energy (heat)  (26) 

H2O +  hVB+    → OH• (hydroxyl radical) +  H+ (27) 

O2 +  eCB−     → O2−• (superoxide radical)  (28) 

OH•  +  pollutant    →   Intermediates  →  H2O + CO2  (29) 

O2−• +  pollutant →  Intermediates  →  H2O + CO2 (30) 
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Figure 4: Schematic representation of steps in Heterogenous Photocatalysis (Reprinted 
with permission from Ref. [27]. Copyright 2017, Elsevier). 

 

A positive hole in the titanium dioxide , TiO2+ has the highest oxidation power of all 
species (3.19 eV, higher than the hydroxyl radical and the fluoride radicals) and hence 
holes have the ability to oxidize most of the chemicals [9]. 

Heterogenous photocatalysis is one of the most researched areas in the scientific 
community. Conventional photocatalysts like titanium dioxide (TiO2) are active only in 
the UV region of the spectrum. However, tremendous research with a motive to develop 
photocatalysts which can operate under sunlight have led to novel visible light active 
photocatalysts. Some of the visible light photocatalysts along with their performances in 
pollutant degradation are summarized in Table 1. 

Some other notable visible light active photocatalysts include WO3, BiVO4, Ag2ZnGeO4, 
Cr2O3/SnO2, Graphene- CdS,  Pt/CdS–Titania Nanotube Arrays etc. [27]. 
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Table 1: Some TiO2 based recyclable visible light photocatalysts and their performance. 
Photocatalyst Light Source Target Pollutant Degradation Ref. 

TiO2–Cu2O Sunlight 
Sodium Dodecyl- 
Benzenesulfonate 

(SDBS) 

100% removal of SDBS 
from the solution in 1 hr. [28] 

TiO2-PANI 
/Cork 

composite 
(polyaniline) 

 

Natural 
Sunlight (10 
am to 2 pm)  

Methyl Orange, 
Phenol, Nitrophenol, 
Toluendene, Salicylic 
acid and Benzoic acid 

TiO2–PANI (50 wt.%)/Cork 
was optimum where 95.2% 

removed in 210 mins of 
sunlight radiation. 

[29] 

Ag/TiO2/Fe3O4 
 

Simulated 
visible light 

(30W, 
Philips, the 

Netherlands) 

Methyl Orange (MO) 

MO degradation 
of magnetic Ag/TiO2/Fe3O4 
was 60.06% after 120 min, 
as compared to that of TiO2 

(25.94%) and Ag/TiO2 
(38.52%). 

[30] 

FeWO4 
nanorods 

UV–Visible 
light Methyl Orange MO 96.8 % in 120 minutes [31] 

 

3.10 Ultrasound AOP (Sonolysis) 

Sonolysis is an advanced oxidation process that consists of generation of hydroxyl 
radicals through ultrasound for degradation of contaminants. The sonication process has 
many inherent advantages including elimination of reagent requirement, ability for 
selective degradation, ease of use, short contact times etc [32]. Basically, the ultrasound 
(20- 10,000 kHz) can be classified into three types viz: low frequency (20-100kHz), high 
frequency (200-1000kHz) and very high frequency (5000-10,000KHz) [33]. 

In sonolysis or sonochemical process, ultrasonic sound waves create ‘acoustic cavitation’ 
when they are transmitted through an aqueous solution. In acoustic cavitation, formation, 
growth and collapse of bubbles takes place. The bubbles are generated from the 
compressive and expansion cycles of the ultrasound wave. These micro-sized bubbles 
collapse in split seconds which act as a localized ‘hot spot’ microreactors where huge 
magnitude of energy is released due to extremely high temperature and pressure (5000K 
and 1000 atm) [33]. 
  

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 37-86  https://doi.org/10.21741/9781644901144-2 

 

52 

The relevant reactions are as follows: 

H2O +   )))   →  OH•  +  OH−  (31) 

H2O +  )))   →  ½H2  +  ½H2O2  (32) 

where, ‘))))’ represents ultrasound. 

Many sonolysis studies are available in the literature for the degradation of organic as 
well as microbial contaminants. In recent years, many studies have been directed towards 
using sonolysis in combination with other AOPs. One of such commonly found hybrid 
AOP is the sonophotocatalysis (also known as sonophotochemical process) where a 
semiconductor photocatalyst is irradiated with UV irradiation in the presence of 
ultrasound waves.  

The relevant reactions are as follows (Eq. 33-40) [34]: 

Water sonolysis: 

H2O  +  ))) → OH• + OH−  (33) 

H2O  +  ))) → ½H2  +   ½H2O2 (34) 

Semiconductor photocatalysis (TiO2 semiconductor) 

TiO2 + hv →  TiO2−   +  OH• (or TiO2+) (35) 

TiO2−  + O2 + H+  →  TiO2 +  HO2 (36) 

TiO2−  +  H2O2  +  H+ → TiO2 + H2O +  OH•  (37) 

TiO2−  +  2H+  →  TiO2  +  •H2  (38) 

H+  +  H2O → OH• + H+  (39) 

H+  +  OH−  → OH•  (40) 
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Here the hybrid of photocatalysis and sonolysis leads to enhanced production of the free 
radicals thereby leading to higher efficiencies in the degradation reactions. 

Similarly, many other combinations have also been reported like the sonolysis/hydrogen 
peroxide (US/H2O2), sonolysis/Fenton (US/Fe2+) or sono-Fenton for the degradation of 
Coomassie Brilliant Blue (CBB) [35].  

3.11 Microwave AOPs 

Microwave based AOPs involve the application of highly energetic radiation in the 
microwave range (300 MHz - 300 GHz) for degradation of organic components present 
in the water [36].  

Both homogenous and heterogeneous based microwave based AOPs exist. In 
heterogeneous processes, the microwave induces formation of hotspots on the edges and 
active sites of solid substrates including solid catalysts. Hydroxyl and superoxide anion 
radicals are formed due to these hotspots which subsequently lead to the degradation of 
pollutant molecules. In case of homogeneous processes, the same free radicals are 
produced by the microwave induced activation of chemical oxidants [36]. 

The response of any compound to microwave is based on the dipole interactions and/or 
ionic conduction. Microwave energy in itself is not sufficient to induce chemical 
reactions and hence microwave radiation is often involved in Microwave Assisted 
Processes (MAP) where it increases the rate of reactions of other AOPs when combined 
with them (MW/UV/TiO2, MW/UV, MW/UV/H2O2, MW/photocatalysis etc.) [37]. Many 
studies have been carried out in the last two decades in microwave assisted processes for 
wastewater treatment. A review of many such studies is available in literature [38]. The 
importance of microwave is particularly emphasized in studies carried out by Jou et al. 
[39] where degradation of pentachlorophenol (PCP) was investigated. Here, the 
degradation was carried out in the presence of zero valence iron (Fe0) and microwave 
radiation. On comparison, the microwave radiation having 700W energy along with (Fe0) 
could remove 99.9% of PCP (1000 ppm solution) whereas only 3% removal efficiency 
was seen without MW. Studies by Parolin et al. [40] give a comparison of various MW 
assisted and other standalone processes. Their result suggest that for the degradation of 
the azo dye tartrazine, UV/H2O2/MW process led to 8 times enhancement in the removal 
efficiency as compared to other processes (MW, H2O2, H2O2/MW and UV/MW).  

Despite promising results, unfortunately, most of the applied microwave energy is 
converted into heat. Beside the low electrical efficiency, cooling devices are required to 
prevent overheating of treated water [7]. 
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3.12 Supercritical Water Oxidation (SCWO) 

Supercritical water oxidation (SCWO) is an advanced oxidation process which makes use 
of the desirable properties of supercritical condition for the oxidation of organics in 
wastewater. In this process, the oxidation reactions take place above the critical point of 
water (647.3 K and 22.12 MPa). As the polarity of water changes at the supercritical 
condition, it is completely miscible with the organics and oxygen creating a homogenous 
reaction medium which is highly desirable for the oxidation reactions [41]. Under 
appropriate conditions (temperatures, pressures and residence times), SCWO has the 
ability to completely destroy any pollutant in residence time of less than 1 minute. In 
general, for waters having organic content < 1%, other AOPs are suited whereas for 
highly concentrated wastewaters with organic content between 1 -20%, SCWO is the 
better option [42].  

Many studies on SCWO as an AOP exist in the literature [42,43]. Despite all the inherent 
benefits, SCWO still has many disadvantages in terms of operational problems. Problems 
of corrosion, deposition, high cost etc. have been responsible for the fact that very few 
studies have been extended beyond laboratory level research. However, Vadillo et al. 
[44] have analyzed all these limitations and have reported that slight operational changes 
can make SCWO a feasible AOP for treatment of real industrial wastewater. 

3.13 Gamma-ray, X-ray and Electron Beam Based Processes 

Gamma-ray, X-ray and Electron Beam Based Processes come under the radiation based 
AOPs (electron beam radiation) where radiolysis of water is the main source of 
generation of free radicals. The products of radiolysis of water react with the organic 
pollutants [45]. Radiolysis of water mainly involves two reactions (Eq. 41 and 42): 

H2O–^^^^^^^^  →  H2O+•  + e-  (41) 

H2O–^^^^^^^  →  H2O*  (42) 

The water radical cation (H2O+•) and electronically excited water molecules (H2O*) may 
be involved in spur reactions [45]. The penetration depth of the electrons thus generated 
depend on the energy of the incident radiation due to which water is irradiated in the form 
of a thin film for high oxidizing power [7]. Many studies have indicated the potential of 
these electron beam process to be used as AOP. Studies by Vahdat et al. [46] have 
confirmed that electron beam radiation is effective for decolorization and mineralization 
of reactive dyes. In similar lines, many such studies have been carried out where 
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disinfection and radiolytic decomposition of organics have been reported. Also, the 
technique had been used in combination with other AOPs as well (like ozone/electron 
beam process) to make it more cost effective [47]. 

3.14 Wet Air Oxidation 

Wet Air Oxidation (WAO) is a type of advanced oxidation process which uses elevated 
conditions of temperature (125-320 °C) and pressure (0.5 -20 MPa) for the oxidation 
reactions whereby, toxic, non biodegradable pollutants in wastewater are completely 
mineralized to carbon dioxide and water or are decomposed to simpler biodegradable 
products [48]. Gaseous oxygen is used as an oxidant. WAO is well suited for wastewaters 
containing high organic loading (10-100 g/L). Application of appropriate catalysts to 
WAO, i.e., Catalytic Wet Air Oxidation (CWAO) further improves the degradation 
ability of the process along with making it more cost effective. Both homogenous and 
heterogenous CWAO have been studied. However, in homogenous CWAO, additional 
step is required for the recovery of catalysts (like dissolved copper ions) and hence 
heterogenous CWAO has gathered much attention in the last few years as the extra 
separation step is eliminated [49]. Various noble metals (Ru, Pd, Ce, Pt etc.), metal 
oxides (CeO2, SiO2, TiO2 etc) and mixed oxides have been used as catalysts over the 
years. An extensive review of such studies for treating phenolics, carboxylic acids and 
nitrogen containing compounds is available in the literature [49,50]. 

WAO becomes self sustaining when feed COD greater than 20000 as high pressure steam 
produced in the process itself acts as a source of energy [48]. 

3.15 Electrochemical Oxidation 

Electrochemical oxidation based AOPs have gained popularity among the scientific 
community. These are basically electrochemical processes which use oxidation reactions 
to degrade the pollutants present in the water [51]. Anodic oxidation was one of the first 
studied process which involved direct electrolysis of pollutants. Later on, other processes 
like anodic oxidation with electrogenerated H2O2, electro-Fenton process, photo-electro-
Fenton processes etc. have been widely studied.  

3.15.1 Anodic oxidation (AO) 

AO involves the oxidation of pollutants by: (i) direct electron transfer to the anode 
surface M, (ii) heterogeneous free radicals produced as intermediates of oxidation of 
water to oxygen, such as physisorbed OH• at the anode surface M(OH•) (Eq. 43), 
oxidants like H2O2 produced from M(OH•) dimerization and O3 formed from water 
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discharge at the anode surface by Eq. 44 and Eq. 45 respectively, and/or (iii) other 
weaker oxidant agents electrochemically produced from ions existing in the bulk [52]. 

M + H2O  →  M(OH•) + H+ + e−   (43) 

2M(OH•)  →  2MO +  H2O2   (44) 

3H2O  →  O3 +  6H+ + 6e−   (45) 

Anodic oxidation with electrogeneration of H2O2 or electroperoxidation involves 
generation of H2O2 at the cathode surface by reduction of oxygen in acidic/neutral media 
as per Eq. 46. 

O2(g) +  2H+  + 2e−  →  H2O2  (46) 

H2O2 is a moderately strong oxidant. For high efficiency for electrogenerating H2O2, 
maximum contact between cathode, oxygen and water is required due to which porous 
electrodes like gas- diffusion electrodes are used which provide high specific surface 
area. However, H2O2 is able to attack only some selective compounds like sulfur 
compounds, aldehydes, ketones, cyanides etc. due to which they are usually performed in 
the presence of Fe2+ ions to yield the Fenton’s reagent. This process is called as the 
electro-Fenton process. 

3.15.2 Electro-Fenton’s Method 

This is derived from the Fenton process and is an emerging technology for degradation of 
organics in wastewater [53]. The major steps involved in the mechanism of Electro-
Fenton process are as follows (Eqs. 47-51)[54]: 

• In situ electrogeneration of hydrogen peroxide through cathodic reduction of 
oxygen. 

• Generation of hydroxyl radicals via Fenton’s reaction between ferrous ions and 
electrogenerated H2O2 

• Promoting the formation of hydroxyl radical physisorbed (anode(OH•)) on the 
electrode surface  

• Regeneration of Fe3+/Fe2+ by direct reduction on the cathode  
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O2 +  2H+  + 2e− → H2O2  (47) 

Fe2+ + H2O2 + H+ → Fe3+ + OH− + OH•    (48) 

Anode + H2O → Anode(OH•) + H+ + e− (49) 

Anode (OH•) + organic compounds → Anode + oxidized products (50) 

Fe3+ + e− → Fe2+ (51) 

Apart from this, there are couple of other variants of Electro-fenton process which are 
sonoelectro-Fenton and bioelectro-Fenton processes [54]. In the sonoelectro-fenton 
process, the ultrasound is coupled with the electro-Fenton process for favouring the 
regeneration of Fe2+ from the complexes. Additionally, ultrasound plays a role in 
improving the efficiency through physical and chemical mechanisms. In the bioelectro-
Fenton process, the cost effective biological methods are coupled to the electro-Fenton 
process. 

3.16  Sulfate Radical based AOPs 

S2O82− (peroxydisulphate) radical is a strong oxidant with a standard oxidation potential 
of 2.01 eV. It can be activated by UV irradiation, heat, pH, or transition metals to form 
more powerful sufate radicals (Eqs. 52 and 53) which have an oxidation potential of 2.6 
eV [5]. 

S2O82−  →  2SO4
•−   (by thermal or UV activation)  (52) 

S2O82−   +  Mn+  → SO4
•− + SO42− + Mn+1  (53) 

Apart from this, sulphate radicals can also produce hydroxyl radicals as per the Eqs. 54 
and 55 [55]: 

SO4
•−  + H2O → OH• + SO42−  +  H+   (54) 
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SO4
•−   + OH− → OH• + SO42−   (55) 

Many studies have reported AOPs based on sulphate radicals. Moussavi  et al. [56] have 
compared VUV and UV/sulphate process for degradation and mineralization of cyanide 
with VUV process showing better results. Olmez-Hanci et al. [57] compared the AOPs 
using persulphate (PS), hydrogen peroxide and peroxymonosulphate (PMS) as free 
radical source for phenol degradation. Highest first order rate constant for degradation 
was shown by process with PMS thereby illustrating the fact that sulphate radical based 
AOPs can easily compete with hydroxyl radical based AOPs and the superior process of 
the two is dependent on the target pollutant and other operating variables. Additionally, 
there are some inherent advantages of sulphate bassed AOPs. Dewil et al. [51] have 
reported that sulphate based AOPs are pH independent and hence don’t require the use of 
additional reagents to adjust the pH of the reaction medium unlike the hydroxyl based 
AOPs  whose efficiency decreases with increasing pH. Moreover, longer lifetime of 
SO4

•− radicals in water and reduced self scavenging effect as compared to OH radicals 
leads to higher mineralization efficiencies. Another beneficial feature in the form of 
higher selectivity of SO4

•− permits destruction of specific functional groups in toxic 
compounds. However, sulphate based AOPs have certain limitations which probably 
have prevented its commercial growth. Use of metals like Cobalt for SO4

•− generation 
and other sulphur based reagents mean that recovery of metals and toxicity associated 
with residual sulphates are a major concern. Despite great deal of studies, experiments in 
continuous modes and subsequent scale up to test their robustness are scarce.  

Table 2 summarizes some of the studies of majority of the AOPs and their performance 
in degradation of different pollutants.  

Table 2: Summary of various AOPs and their performance in the degradation of different 
types of pollutants. 

Sr. 
No 

Target 
pollutant/wa

ter matrix 
AOP Reaction conditions Degradation/Mineraliza

tion Ref. 

1 
Endotoxin 
Escherichia 

coli 

O3/H2O2 
[O3]0 = 2 mg/L, [O3]0/[H2O2]0 

= 2, pH=7.4. Degradation of 80% 

[58] 
UV/H2O2 

5 mg/L of H2O2 
under 480 mJ/cm2 (light 

intensity = 1 mW/cm2 for 8 
min) of monochromatic UV 

irradiation at 254 nm 

Degradation of 68% 

2 Synthetic 
greywater UV/O3 Pilot plant system with 110 L 

of greywater circulated 
Second-order rate 
constant for OH• [59] 
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containing 
orgnanics 

through the reactor having 
600W UV and 25g/hr ozone 

supply. 

mineralization of 
greywater TOC was 

[7.6 ± 0.77]*107 M-1s-1 

3 
6-

mercaptopu
rine (6-MP) 

Heterogen
ous 

photocatal
ysis(TiO2 
+H2O2) 

Under solar irradiation with 
optimal pH of 3.5 and H2O2 

concentration of 3mM. 
> 98% degradation [60] 

4 

Amoxicillin 
and 

ciprofloxaci
n (hospital 
effluent) 

UV-
persulphat

e 

Hg lamps with peak λ=254 
nm as UV source. Optimal 
conditions: initial conc: 1 

mg/L, persulphate conc: 10 
mg/L, reaction time =60 min. 

99.9% and 99.26% 
removal of 

ciprofloxacin and 
amoxicillin 

respectively. Negligible 
mineralization. 

[61] 

5 Dairy 
wastewater 

Sono/pers
ulphate 

Optimal conditions: 
persulphate concentration 

=500mg/L, pH=3, US 
intensity=130kHz, contact 

time=60 min. 

74.5 % COD removal [62] 

6 
Ortho-

Toluidine 
(OT) 

UV/O3/H2

O2 

Mercury lamp source for UV. 
Optimal conditions: 

H2O2=20mM, pH=10, 
ozone=0.5 L/min. 

Almost 100% 
degradation in 40 min. 
82.5 % mineralization 

in 120 min. 

[63] 

7 
Quinolone 
antibiotic, 

norfloxacin 

Gamma 
Radiation 

Co-60 gamma-ray irradiation 
source. Optimal conditions: 

97 Gyh−1 dose rate, N2O 
saturation, low pH. Initial 

conc = 3.4 m/L. 

98.6 % degradation 
efficiency [64] 

8 Semi-coke 
wastewater SCWO 

Optimal conditions of 600°C, 
25 MPa, 1.3 times oxidation 

coefficient and 10 min. 

COD removal: 99.02% 
NH3-N removal: 63.94 

% 
[65] 

9 

Humic 
substance 
(HS) in 

wastewater 

CWAO 
using 

NiCo2O4 
(NCO) 
spinel 

5 g of NCO for 1 L of HS 
solution. Optimal pH of 12 
and temperature of 90 0C. 

93.4 % reduction of 
TOC in 24 hr. [66] 

10 

methylpara
ben, 

ethylparab
en, 

propylpara
ben and 

butylparab
en 

Fenton 
hydrogen peroxide and 

Fe2+ ion equal to 2.6*10-4 

and 2.62*10-5M 

93.0–99.8 % removal 
efficiencies [67] 
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11 

ciprofloxac
in 

hydrochlor
ide (CIP) 

EF 

Carbon felt cathode and Pt 
anode. Optimal current of 

400 mA, Fe2+ concentration 
at 0.1 mM. 

>94% mineralization 
in 6 hrs [68] 

12 

Oxalic acid 
waste from 
chemical 

decontami
nation of 
Nuclear 
Power 
Plant. 

PF 

A 120 W amalgam lamp 
emitting 254 nm. Fe2+ 

concentration of 2 mmol/L. 
Optimal ratio of 1:1 for 
concentration of Oxalic 

acid:H2O2. 

Almost complete 
removal of O.A in 90 

min. 
[69] 

13 

Petroleum 
hydrocarbo
ns (PHC) 
in oil spill 

sludge 

US/Fento
n (sono-
Fenton) 

Ultrasonic power of 100W 
with H2O2/Fe2+ weight ratio 

of 10:1 and ultrasonic 
treatment time of 10 min at 
pH of 3 sludge/water ratio 

of 1:100. 

PHC removal rate of 
62.99 % [70] 

14 

Synthetic 
softdrink 
industry 

wastewater 

MW 
photolysi
s (MWP) 

microwave oven reactor 
operating at a frequency of 

2.45 GHz, 400 W with 
EDL. 

chemical oxygen 
demand (COD), total 

Kjeldahl nitrogen 
(TKN) and total 
phosphate (TP) 

removal much higher 
in MWCP (7.48, 82.5 
and 0.63 mg/L/min 

respectively). 

[71] MW 
photocata

lytic 
(MWPC) 

microwave oven reactor 
operating at a frequency of 
2.45 GHz with EDL and 3 
g/L of Granular Activated 
Carbon supported TiO2. 

15 

Carbamazep
ine, 

Tetracycline 
Hydrochlori

de, 
Rhodamine 
B, Phenol 

and 
Thiamethox

am 

MW/UV 

UV lamp (365 nm) with 
MW power of 800 W. 

Degradation studied with 
activated H2O2, sodium 

percarbonate (SPC), 
persulfate (PS), and 

peroxymonosulfate (PMS). 

Synergy between UV 
and MW for 

degradation of all 
compounds. The 

order of a dominant 
radical generation rate 

was SPC(OH•)> 
H2O2(OH•)> PS 

(SO4
•− > PMS (SO4

•−) 

[72] 
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16 

benzene 
(B), 

toluene 
(T), o-

xylene (X), 
and 

naphthalen
e (N) 

(MW-
CWPO) 

using 
activated 
carbon 
(AC) as 
catalyst 

100-mL stoppered PTFE 
reactor with AC at 1 gL−1 

and H2O2 inside MW 
furnace. Intial aqueous 

pollutant solution (B:1.28 
mM, T:1.09 mM, X:0.94 
mM, and N: 0.78 mM). 

Complete pollutant 
elimination with 90% 
TOC removal after 15 

min. 

[73] 

17 
4-

chlorophen
ol (4-CP) 

MW–
H2O2 

 

MW reactor of 400 W. 
Initial H2O2 concentration 

of 11 g/L and 4-CP 
concentration of 1000 

mg/L. 

Degradation 
efficiency of 34 % in 

20 min at 180 0C. 
[74] 

18 

Organopho
sphorus 

pesticides 
(chlorpyrif

os and 
diazinon) 

US 

US of 20 kHz and 900W. 
500 mL aqueous solution 
of chlorpyrifos (1.4 mg L–

1) and diazinon (2.4 mg L–

1). Reaction time of 60 min. 

85% and 57% 
degradation of 

chlorpyrifos and 
diazinon respectively 

[75] 

19 
Acetamino

phen 
(ACP) 

US 
US of 600 kHz and 60W. 
ACP concentration: 82.69 

µmolL-1 

100 % degradation on 
250 min and 30% 

TOC removal in 500 
min. 

[76] 

20 

phenol, 
bisphenol 
A (BPA) 

and diuron 

US/photo
-Fenton 

US of 400 kHz and 450W. 
Treatment time of 40 min 
under solar radiation with 

200 mg L-1 of H2O2 
and 1 mg L-1 of Fe2+ 

Phenol Degradation: 
100% in 40 min 

TOC: 85% in 120 min 

[77] 
Diuron Degradation 
Degradation: 40% in 

300 min 
BPA Degradation: 

100% in 60 min 
TOC: 8% in 300 min 

4. Comparison of AOPs 

Various types of AOPs, their mechanism along with their pros and cons were discussed 
in the above sections. The above mentioned studies give us only a glimpse of the 
tremendous potential of AOPs in degrading/mineralizing variety of organic pollutants in 
different types of wastewaters. Although the underlying mechanism along with their pros 
and cons give some insights into the applicability of these AOPs, it is difficult to choose 
one AOP over the other based on these studies. The sheer number of variables in all these 
studies (pollutant concentration, pH, temperature, oxidant dosage, light/radiation intensity 
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and wavelength, reactor design, water matrix etc.) make it extremely difficult to compare 
the AOPs with one another. Although some studies have taken up more than one AOP in 
their experiments to compare their performances, more AOPs in a single study under 
similar set of conditions give deeper insights into the suitability of a particular AOP for a 
particular type of effluent/pollutant.   Moreover, such an approach clearly lays down the 
preferred AOP for a particular wastewater which is vital for its commercial viability. 
Table 3 summarizes some of the comparison studies done. 

Table 3: Summary of studies showing comparison between AOPs. 

Pollutant/Effluent/Wate
r Matrix Parameter Studied AOPs compared 

AOP with 
best 

performance 
Ref. 

Landfill leachate 

COD removal 
(BOD5/COD 

ratio) 

Photo-Fenton(UV), Fenton and 
UV-H2O2 

Photo-
Fenton(UV) [78] 

COD removal, 
biodegradability 

and color removal 

Homogenous photo-Fenton and 
heterogeneous photo-Fenton 

Homogenous 
photo-Fenton [79] 

p-hydroxybenzoic acid Degradation 

UV, O3, UV/TiO0, O3/Fe2+, 
O3/H2O2, O3/UV,  UV/H2O2, 

H2O2/ Fe2+, H2O2/Fe2+/O3,  
UV/H2O2/O3, H2O2/Fe2+/UV 

and O3/UV/H2O2/Fe2+ 

O3/UV/H2O2 
/Fe2+ [80] 

Endotoxin (E.Coli) Degradation O3,UV,O3/H2O2 and UV/H2O2 
 O3/H2O2 [58] 

Phenol 
Degradation 

O3,O3/H2O2,UV,UV/O3,UV/H2

O2,O3/UV/H2O2,Fenton 
(Fe2+/H2O2) and photocatalysis 

Fenton 
(Fe2+/H2O2) [81] 

TOC removal 
(mineralization) 

O3,O3/H2O2,UV/H2O2, UV/O3 

and UV/H2O2/O3 
UV/H2O2 

/O3 [18] 

N-methyl-2-pyrolidone 
(NMP) 

TOC removal 
(mineralization) 

UV/O3, O3 and UV/H2O2 
 UV/O3 [82] 

Herbi
cides 

glyphosate (N-
phosphonomet

hyl glycine) 

TOC removal 
(mineralization) 

O3, photolysis and 
heterogenous photocatalysis 

(TiO2) 
O3 at pH 10 [83] 

Phenylurea 
(fenuron, 

monuron and 
diuron) 

TOC removal 
(mineralization) 

UV, O3, UV/O3, TiO2 
(heterogenous photocatalysis) 

and UV/TiO2 

TiO2 and 
UV/TiO2 
both gave 
significant 

mineralizatio
n. Rest 
didn’t. 

[84] 

Petrol
eum/

Ortho-
Toluidine (OT) 

Degradation and 
Mineralization 

UV/O3/H2O2, UV/O3, 
O3/H2O2, and O3 UV/O3/H2O2 [63] 
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Petro
chemi

cal 
Waste
water 

Bitumen 
Effluent 

COD and BOD 
reduction 

O3, H2O2 and O3/H2O2  
(Peroxone) 

O3/H2O2  
(Peroxone) [85] 

Oil spill sludge 
(nC7−C10, 

nC11─C20 and 
nC21─C30 
fractions) 

Degradation Fenton, US and sono-Fenton Sono-Fenton [70] 

Cyanide Degradation VUV and UVC/S2O82- VUV [56] 

Alkyd resin wastewater TOC removal 
(mineralization) 

Fenton process, O3/H2O2, 
electro-oxidation (EO), wet air 
oxidation and cavitation using 

ultrasonic horn (US) 

O3/H2O2 
(cost 

effective) 
[86] 

Dyes 

Reactive 
Orange 4 

(RO4) and 
ReactiveYello
w14 (RY14) 

Decolorization 
Photo-Fenton (Fe2+/H2O2/UV), 

UV/TiO2 and UV/H2O2 
 

Photo-Fenton 
(Fe2+/H2O2/U

V) 
[87] 

C.I. Reactive 
Red 45 

TOC and AOX 
removal 

(mineralization) 

UV/H2O2, UV/O3, and 
UV/H2O2/O3 UV/H2O2/O3 [17] 

Ponceau S 
(PS) Decolorization 

H2O2/UV, Fenton (Fe2+/H2O2), 
Fe2+/H2O2/UV photo Fenton 

and solar photo-Fenton 

Fe2+/H2O2/U
V photo 
Fenton 

[88] 

Phar
ma 

carbamaze- 
pine (CBZ), 
diclofenac 
(DCF), and 

trimethoprim 
(TPM) and 

Degradation 
Heterogeneous photocatalysis 
(sunlight/N doped-TiO2) and 
homogenous sunlight/H2O2 

sunlight/N- 
doped TiO2 [89] 

Degradation 

H2O2/sunlight, solar photo-
Fenton (Fe2+/H2O2/sunlight), 

Fe2+/H2O2/EDDS 
complex/sunlight and  

sunlight/N doped-TiO2 

Fe2+/H2O2/E
DDS 

complex/sunl
ight 

[90] 

60 real 
effluents COD removal 

Fenton oxidation (FO) and 
conductive-diamond electro-

oxidation (CDEO) 
CDEO [91] 

 

It can be seen that, in general, hybrid AOPs utilizing the beneficial aspects of two or 
more individual AOPs show best results. Therefore, standalone processes using just O3, 
H2O2 etc. are generally not preferred. However, merely combining the AOPs do not 
necessarily make them cost effective. Hence, some studies consisting of cost analysis of 
various AOPs give a better idea about the suitability of a particular AOP for a particular 
type of effluent. For e.g.: for the landfill leachate, the Fenton treatment has been reported 
to be the most cost effective AOP [92]. Similar cost studies done by Krishnan et al. [93] 
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have suggested that H2O2/O3 and H2O2/UV are more economical as compared to 
photocatalytic (TiO2/UV) process and Fenton’s reactions.  

Barndõk et al. [94] have studied the degradation of 1,4-Dioxane-containing wastewater 
from the chemical industry. A detailed cost analysis was done based on the lab scale trials 
where the target was 40% reduction in COD for a wastewater treatment capacity of 
43800 m3·y-1. The results suggested that ozonation (O3), conductive diamond 
electrochemical oxidation (CDEO), and zero valent iron-based heterogeneous photo-
Fenton processes (both solar and UV) all displayed similar magnitude of treatment cost 
of about ≈5 €/m3. This again highlights the fact that pilot plant studies are essential to 
assess the actual commercial viability of any process. 

Since cost is also related to the energy consumption of an AOP, some studies have used 
the term Electrical Energy per Order (EEO) for evaluating the energy efficiencies of 
different AOPs. EEO is given by the formula: 

EEO   

Where, electrical energy per order (kWh/m3order1), Pel is the electrical power input (kW), 
t is the irradiation time (min), V is the volume of effluent used (L), Ci and Cf are the 
initial and final effluent concentration (ppm) [95]. EEO depends on factors like rate 
constants, concentration range of pollutant (only if > 1mg/L), molecular structure etc. 
Moreover, factors like water matrix, capacity, chemical dosage etc. can also have 
influence on the overall efficiency of the process. So, optimization of a particular AOP 
with respect to reactor geometry, oxidant dosage etc. is a must before evaluation of EEO 
[7].  

Rosenfeldt et al. [96] have considered oxidant and chemicals used (H2O2) as stored 
electrical energy. They studied the degradation of pCBA for comparing four AOPs 
(ozone, ozone+H2O2, low pressure UV (LP)+H2O2, and medium pressure UV 
(MP)+H2O2). Their results revealed that the ozone-based processes were the most energy 
efficient ones than the UV/H2O2 based processes. Further, process with equimolar 
addition of H2O2 in ozone process was found to be the most energy efficient. 
Interestingly, high operational costs of UV based AOPs were mostly due to the cost of 
H2O2 rather than the operating cost of UV lamps.  On the other hand, Asaithambi et al. 
[95]  have reported that ozone/UV based Fenton process was the most energy efficient 
(among O3/UV, O3/ UV/ H2O2, O3/UV/Fe2+, O3, O3/Fe2+, UV/H2O2, UV/H2O2/Fe2+ and 
O3/UV/Fe2+/H2O2) along with the best removal performance of color and COD in 
distillery wastewater. Muruganandham et al. [87] have carried out similar study where 
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EEO based comparison revealed that UV Fenton process was more effective in 
degradation of azo dyes (Reactive Yellow and Reactive Orange) as compared to 
UV/H2O2 and UV/TiO2.   

Miklos et al. [7] have carried out a comprehensive comparison of various AOPs based on 
their EEO values (Fig. 5). They further classified the AOPs into three groups based on 
their median values of EEOs. 

Processes with median EEO values <1 kWh/m3 (O3,O3/H2O2,O3/UV,UV/H2O2, 
UV/persulfate, UV/chlorine and electron beam) are categorized under group 1 which 
indicate their great potential for large scale application. Photo-Fenton, plasma and 
electrochemical AOPs with median EEO values of 2.6, 3.3, and 38.1 kWh/m3 (1-100 
kWh/m3), respectively, are energy intensive for practical purposes but might find 
usefulness when applied for specific targets. Processes like UV-based photocatalysis, 
ultrasound and microwave-based AOPs are highly energy intensive and are not viable 
commercially with median EEO values > 100 kWh/m3.  

Some obvious points can be taken into consideration for deciding on the suitability of an 
AOP for treating a particular type of effluent. For example, the major limitation of Fenton 
process is the maintenance of pH at 3 during treatment. This might suggest that Fenton 
process is better suited and more cost effective for acidic wastewaters. Similarly, 
effluents with intense color might be kept away from AOPs using light as light 
penetration to deeper layers would not be satisfactory leading to a less effective process 
[97]. The above studies surely indicate that, despite the attractive results, significant 
number of AOPs fall on wrong side of the current cost effectiveness status. However, 
extensive research is being carried out in some of these fields which may render them 
suitable for practical applications sooner than later. Table 4 summarizes some of the main 
advantages and limitations of various AOPs discussed in literature [98].  
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Figure 5: Overview of published EEO-values of different AOPs sorted according to 
median values (Reprinted with permission from Ref. [7]. Copyright 2018, Elsevier). 

 

Table 4: Advantages and Limitations of AOPs. 
AOP Advantages Disadvantages 

O3 

• Effective for a wide range of 
contaminants 

• Existence of many full scale 
plants  

 

• Risks associated with 
ozone generation 

• Reduced ammonia 
removal 

O3/H2O2 

• More hydroxyl radical 
generation as compared to O3 

• Excess residual peroxide 
can create problems in 
assessment of removal of 
pollutant 

UV/O3 • Degradation of organics can 
occur by both radical reactions 
as well as photolysis by UV 

• UV light can result in 
disinfection by killing microbes. 

• Quantities of ozone and 
peroxide can be optimized 
depending on the target 

• Excess peroxide can lead 
to hydroxyl radical 
scavenging 

• High operating costs 
associated with UV 
lamps. 

• Increased turbidity may 
prevent UV light to reach 
greater depths which will 

UV/H2O2 

UV/O3/H2O2 
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reduce the overall 
efficiency. 

Fenton based 
AOPs 

• Less energy requirements 
• Usage of non hazardous 

reagents and easy reactor design 

• Requirement of acidic 
conditions 

• Problems associated with 
sludge generation 

Electrochemical 
Oxidation 

• No additional chemicals 
required 

• Final products are non 
hazardous in nature 

• High efficiency 

• Excessive energy 
requirement 

Ultrasound 
based 

• Versatile technology which can 
be integrated with other AOPs 
as well. 

• Suitable for small volumes. 

• High energy consumption 
(high EEO values) 

• Sonotrode erosion issues 

Microwave 
based 

• Increased selectivity for target 
specific applications 

• Reduction in reaction time and 
activation energy. 

• High energy consumption 
(high EEO values) 

Electron Beam 

• No requirement of chemical 
reagents 

• Can do both disinfection and 
degradation of pollutants. 

• High Operational costs 

SCWO 

• Can be used for highly 
concentrated wastewaters (1-
20% organic matter) 

• Possibility of energy recovery in 
the system 

• High initial investment 
required 

• High maintenance and 
repair costs for 
equipments working 
under extreme conditions 

WAO/CWAO 

• Mild conditions are involved 
without need for any hazardous 
reagent 

• Can be integrated with other 
biological processes for higher 
efficiencies and cost 
effectiveness. 

• Deactivation of  
heterogenous catalysts  
due to metal leaching and 
carbonaceous deposits   

• Complete oxidation to 
CO2 and H2O is difficult 
to achieve 

Sulphate based 
AOPs 

• pH independent process 
• longer lifetimes of sulphate 

radicals as compared to 
hydroxyl radicals 

• Residual sulphates may 
pose a problem 

• Lack of scale-up studies 
for prospects in 
commercial viability 
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Heterogeneous 
Photocatalysis 

• Ability to work under ambient 
conditions 

• Potential to use sunlight through 
visible light active 
photocatalysts 

• Use of non toxic and 
inexpensive inputs 

• Existing reliance on UV 
lamps makes it less 
economical 

• Problems associated with 
recovery and reuse of 
photocatalyst from treated 
water. 

 

5. Commercialization/practical application of AOPs 

As discussed in the earlier sections, many laboratory studies are available in literature 
which show great pollutant removal abilities and promise to be a better alternative to the 
existing treatment plants. Comparison of various AOPs suggest that for a particular target 
pollutant, one AOP maybe better suited and is more cost effective than the others. Also, 
AOPs like UV based photocatalysis, ultrasound and microwave based processes are quite 
energy demanding and hence their commercial viability is still to be worked upon despite 
their enhanced performances in lab studies.  

Ozone based processes were some of the first AOPs to be applied practically in full scale. 
An ozone/UV system was set up in Tinker Air Force Base (Oklahoma, USA) to treat 
cyanides and refractor organics. In 1978, an ozone treatment facility was installed in 
Cadillac Motor Car Division of General Motors Corporation in Detroit, Michigan (USA). 
Other commercial applications include the one at Bell Telephone Laboratories in 1973 
for the control of bacteria, ozone/GAC system at ARCO Products Company, Richmond, 
California, USA where treatment of oily wastewater is being done since 1991 [9]. 

Similarly, a O3/H2O2/UV system was erected for the removal of VOCs in groundwater at 
San Jose, USA [9]. Khan et al. [99] have reported how AOPs have been used for the 
supply of potable water. AOP plants, especially those with UV/H2O2 process have been 
operating in many places around the world. Some of them include the Groundwater 
Replenishment System in Orange county (California, USA) with a 350 ML/day capacity 
implemented in 2008, Raw Water Production facility in Big Spring (Texas, USA), 
UV/H2O2 AOP plant in Beufort West Municipality, South Africa since 2011 with 2 
ML/day capacity. For removal of micro-pollutants, a plant based on UV/H2O2 treatment 
has been installed at Andijk, The Netherlands. 80% atrazine degradation is achieved with 
a UV dose of 5.4 kJ m−2, 0.006 gL−1 H2O2 and has a capacity of 95000 m3/day [100]. 
As far as application of Wet Air Oxidation is concerned, “The Zimpro TSC process” was 
widely used in the earlier days in the USA and Europe. Later on, homogenous processes 
like The VerTech process, The LOPROX process developed by Bayer AG, The WPO 
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process developed in France etc. were used in different parts of the world. Various 
heterogeneous WAO processes like The Osaka Gas process (based on precious and base 
metals like titania and zirconia for treatment of industrial and urban wastes) and The 
Kurita Process (for ammonia removal) were developed. These systems with differing 
conditions were used for treating wastewaters from different sources [101]. 

Ultrasound based AOPs are also catching up in the commercial aspect. These can be 
basically operated as batch or flow types. In the flow types, FFR Ultrasonics Ltd. 
developed a high power system where sonicated disc inserts within a tube were used. 10 
such discs, 3kW of power each, were connected in series making it capable of handling 
33L of fluid every second [102].   

Solar based plants have been installed at different locations for the treatment of industrial 
wastewater.  AOPs involving light in the form of UV have always longed for a system 
which is capable of working under sunlight. The huge reductions in the operating costs 
due to UV lamps have made solar based AOPs one of the most attractive methods of 
pushing AOPs like photo-Fenton and heterogenous photocatalysis towards commercial 
feasibility. Solar photocatalysis has been used for the treatment of landfill leachate of 
landfill site in Rethymnon, Crete, Greece [100].  

A solar-Fenton unit combined with biological treatment was installed in Spain 
(Plataforma Solar de Almeria) featuring a CPC (compound parabolic collector) 
technology. This was part of the SOLARDETOX project in Europe for treating 
recalcitrant pollutants [103]. Later, a new CPC based plant was erected by ALBIADA 
company (Fig. 6) which mineralizes 80% of TOC in batch process. A pilot plant based on 
combined electron beam and biological purification process was developed for treating 
dye wastewater at Taegu City, South Korea in 1998. This system can treat 1000m3/day of 
wastewater. The facility uses a 1MeV, 40kW ELV electron accelerator manufactured by 
Institute of Nuclear Physics, Siberian Division of Russian Academy of Sciences, 
Novosibirsk. Wang et al. [104] have reported that a recent commercial plant for treatment 
of industrial wastewater using electron beam radiation was established in 2017 in Jinhua, 
Zhejiang Province, China. This facility for treating dye wastewater operates with a 
capacity of 2000 m3/day. 

In a nutshell, AOPs are gradually catching the attention of the scientific community and 
governing bodies and a significant number of AOP based treatment plants have been 
installed across the globe. Although, some AOPs are not yet cost effective for 
commercial viability, extensive research on AOPs and novel ways of reducing the capital 
and operating costs are being sought in recent years. This promises to take them one step 
closer at a time towards practical application. 
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Figure 6: A Solar detoxification demonstration plant erected by ALBIADA in Spain 
(Reprinted with permission from Ref. [103]. Copyright 2007, Elsevier).  

6. Recent developments 

Extensive research over the last few years have resulted in some novel ideas which 
further justify the beneficial aspects of AOPs for wastewater applications. One of the core 
ideas based on which recent research is moving forward is the idea of synergism where 
one or more AOPs are integrated together in a novel way. In the previous sections, some 
of such combinations were already discussed (like UV/H2O2/O3, electro-Fenton, US/UV 
etc.) where the combination of AOPs generally have led to enhanced efficiencies for 
pollutant removal in the lab studies. Recent studies have focused more on this aspect 
where novel hybrids between AOPs or between AOP and other treatment methods have 
been explored.  

In general, synergy is defined by the following formula: 

 

Where, kcombined is the rate constant obtained in the combined AOP process and  
represents the summation of rate constants in the standalone individual AOPs. A positive 
value for S represents synergistic effect and vice versa [51]. Table 5 summarizes some 
recent novel hybrid AOPs.  
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Table 5: Hybrid AOPs and their degradation performance. 

Hybrid AOP Pollutant/Water 
Matrix Performance Ref. 

solar photoelectro- Fenton 
(SPEF) coupled with solar 

heterogeneous 
photocatalysis (SPC) 

Salicylic Acid 

87% mineralization, 13% 
current efficiency and 1.133 

kWhg-1 TOC energy 
consumption (6.0 AhL-1) 

after 360 min of electrolysis 

[105] 

Electrocoagualtion coupled 
with Electro-Fenton 

Textile industry 
wastewater 

Color, turbidity and TOC 
removal of 100%, 100% 
and 97% respectively. 

[106] 

sequencing batch biofilter 
granular reactor (SBBGR) 
coupled with solar photo-

Fenton (SphF) 

Municipal landfill 
leachate 

For target COD of 160 
mg/L, hybrid setup was 

more economical than the 
standalone setups. 

[107] 

supercritical Fenton 
oxidation (SCFO) 

P-
aminonaphthalenesul

fonic Acid 

Superior degradation as 
compared with the SCWO [108] 

sequencing batch reactor 
(SBR) coupled with 

electro-Fenton 

Pharmaceutical 
wastewater 

Enhanced COD removal 
and Complete degradation 

of pharmaceuticals. 
[109] 

Photo Electro Fenton 
Process combined with 
membrane bioreactor 

Landfill leachate 

Enhanced removal of TSS, 
BOD, COD, Ammonia 
Nitrogen, Phosphate, 

Sulphate, Sulphide and 
Chloride. 

[110] 

electro-assisted CWAO 
(ECWAO) using partially 
oxidized nickel (Ni@NiO) 
immobilized on a porous 

graphite felt (GF) as a 
catalytic anode 

triclosan (TCS), 
bisphenol A, 
ciprofloxacin, 

sulfamethoxazole, 
congo red, crystal 

violent and rodamine 
B 

High efficiency in 
mineralization at low 
energy consumption 

[111] 

Ultrasound assisted 
heterogeneous 
photocatalysis 

Vinasse 

Highest removal 
efficiencies of Polyphenols, 
COD, and color in hybrid as 

compared to standalone 
processes 

[112] 

TiO2‐based photocatalysis 
combined with photo‐

Fenton process 
Formaldehyde 

Synergy between the two 
AOPs without the need of 

H2O2 addition. 
[113] 
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Paździor et al. [97] have reviewed many AOPs combined with biological treatment 
methods for the treatment of industrial textile wastewater. Recently, heterogenous 
photocatalysis has picked a great deal of momentum with concepts like Photocatalytic 
Membrane Reactors (PMRs) where membrane separation is integrated with 
photocatalysis. Studies dealing with photocatalyst in slurry form or in an immobilized 
form have been carried out with PMRs which offer another promising angle to tackle 
photocatalyst recovery problem which is one of the major limitations of photocatalysis 
[114].  Furthermore, novel photocatalysts have been developed in the recent years like 
magnetic photocatalysts [115] and floating photocatalysts [116] which again resolve the 
photocatalyst recovery problems.  These ideas when coupled with highly effective 
photocatalysts like black TiO2 [117], which are visible light active, can completely 
eliminate all drawbacks of heterogenous photocatalysis and hence can make the system 
cost effective and operable under sunlight. Moreover, heterogenous photocatalysis is 
probably the most researched AOP currently. So, its highly likely that more large scale 
plants based on photocatalytic wastewater treatment are seen across the world in the 
coming years. 

7. Summary and future challenges 

It is quite clear that Advanced Oxidation Processes have revolutionized the research for 
wastewater treatment. With the current global water crisis, AOPs have offered a 
promising alternative to the conventional water treatment techniques. Many different 
AOPs have been reported till date for removal of various types of contaminants from 
different types of effluents/water matrices. Starting from the simple ozonation to the 
sophisticated AOPs based on electron beam, ultrasound and microwave, tremendous 
research and development can be seen in the last three to four decades. It is obvious that 
all these AOPs have their own set of advantages and limitations and have their own areas 
of cost effective applicability. Hybrid AOPs are explored for creating synergistic effects 
between two or more different systems for higher efficiencies as well as cost 
effectiveness. Recent studies done in this line promise to make AOPs much more 
commercially viable in the years to come. Nevertheless, AOPs have made decent 
progress till date boasting good figures when it comes to number of installed AOP based 
commercial plants across the globe. This number can be further improved by keeping 
pace with the advancements in the lab scale research. 

However, some challenges do exist for the practical applications of AOPs. For example, 
for the disinfection process, chlorination is still the most cost-effective method compared 
to various AOPs [118]. So, further research on this area is needed to eliminate the 
problem of reduced lifetime of free radicals which is one of the main reasons for reduced 
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performance in disinfection [1]. Similarly, AOPs have been also proven to be less cost 
effective for landfill leachate. Ammonia removal by OH• radicals is quite slow and also 
the performance of AOP is affected by the presence of organics in the actual wastewater 
[119]. Thus, research studies based on actual wastewaters are vital as lab scale 
degradation of a single pollutant using AOPs does not give reliable results for scale-up.  

What is also clear is that AOPs in most cases need pretreatment in the form of primary, 
secondary, tertiary treatments or combination of one or more such strategies. There might 
be specific applications where adsorption using activated carbon will be more cost 
effective than AOPs. The key in such cases is to look at the possibility of integrating 
AOPs with existing facilities so that the combination becomes even more cost effective 
than the existing conventional method. Hence, instead of completely replacing the 
existing technology, AOPs can rather be used as an additional facility to further polish 
the already treated water.  

Understanding the degradation mechanisms is crucial for AOP studies and its subsequent 
practical implementation. Studies involving the intermediates formed after initial 
degradation and the underlying mechanism are the most difficult but vital from the 
toxicity point of view. Hence, getting deeper insights into the degradation mechanisms is 
essential before application to real life problems.  

Currently, utilization of solar radiation in wastewater applications is gaining momentum. 
AOPs like heterogenous photocatalysis are probably the future of water treatment mainly 
because of massive global research involved in developing visible light active 
photocatalysts which are easily recoverable and can be regenerated on site. Although, 
such photocatalysts will take some time to enter the market, they certainly do offer 
interesting prospective. Meanwhile, the extra UV radiation reaching the earth’s surface 
through sunlight due to ozone layer depletion can be put to good use in relevant areas in 
AOPs reliant on UV light. 

Overall, AOPs have been around for some decades now and have shown promising 
results in terms of becoming an alternative treatment strategy during this global water 
crisis. However, certain aspects in AOPs still need more attention from research as well 
as scale-up point of view. Playing to the strengths is going to be the key for AOP based 
water treatment operations currently. The future of AOPs does look bright as many 
limitations are being overcome using hybrid AOP technologies. With proper awareness 
and utilization of renewable energy sources, AOP can indeed become the future of 
wastewater treatment.  
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Abstract 

Controlling water pollution are huge challenges throughout the world especially 
concerning pharmaceutical pollutants. Common practices at industrial wastewater 
treatment facilities need to be upgraded with advanced wastewater treatment techniques. 
TiO2 based photocatalytic processes have shown great potential for removal of these 
aqueous pharmaceutical pollutants. Reverse micelle based modified sol-gel method is 
utilized for the synthesis of TiO2 nanomaterial. Generated reverse micelle nanodomains 
have controlled size and particle size distribution (PSD) of synthesized TiO2 
nanomaterial, as revealed by SEM and DLS analysis. Thermal behaviour of synthesized 
sample is characterized by TGA analysis. TiO2 photocatalyst is also characterized 
through XRD, BET surface area, and UV-Vis spectroscopy. TiO2 photocatalyst is used 
for degradation of three model pharmaceutical pollutants viz. Levofloxacin hemihydrate 
(LFX), Metronidazole (MNZ) and Ketorolac tromethamine (KRL) under a UV light 
source. Reverse micelle mediated modified sol-gel method synthesized TiO2 
nanomaterial has shown excellent photocatalytical performance, where degradation 
efficiency of LFX, KRL and MNZ were found to be 99.6%, 98% and 91.4% respectively 
within a little as 60 minutes. 

Keywords 

Pharmaceutical Pollutants, Degradation, Photocatalyst, TiO2 Nanomaterial, Reverse 
Micelle, UV Light 
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1. Introduction 

The world economy is hugely depending upon industrial development along with 
urbanization. The pharmaceutical sector is a rapidly expanding industrial sector, due to 
substantial demand of antibiotics, nonsteroidal anti-inflammatory drugs (NSAIDs) and 
many other products. It is found that environmental issues related to antibiotic emissions 
are higher throughout the world especially in Asian countries [1]. Generation of 
wastewater through pharmaceutical industries are contaminating the water matrices, 
which triggering several adverse effects on human and aquatic ecosystems. Complete 
removal of these pharmaceutical pollutants through conventional wastewater treatment 
techniques are huge challenges in front of research and industrial communities due to 
their persistent characteristics [2,3].  

These industrial circumstances demand that advanced wastewater treatment techniques 
must be developed and incorporated alongside with conventional wastewater treatment 
techniques [4,5]. Membrane filtration and advanced oxidation processes (AOPs) are 
widely employed as advanced wastewater treatment techniques [6]. For treating diverse 
complex organic pollutants, AOPs is much explored in recent times due to its ability in 
complete removal of pollutants using generated hydroxyl (OH●) and superoxide (O2‒●) 
radicals [7]. There are different types of AOPs such as Fenton, photo-fenton [8,9], ozone-
based processes [10], photolysis, photoelectrocatalysis and photocatalysis [11,12], which 
are utilized for removing the pollutants from contaminated water. From different AOPs 
techniques, one of the most promising techniques is photocatalysis, which is shown 
effective degradation of various pollutants and exhibited notable environmental 
application [13-16]. In photocatalysis, catalyst material (mostly semiconductor 
nanomaterials) is activated under appropriate light energy and initiated photoreaction, 
without being consumed during the reaction [17].  

Many types of photocatalytic materials (TiO2, ZnO, ZnS, MOS2, Fe2O3, WO3 and 
perovskites) are explored for eliminating the contaminants from polluted water. Amongst 
these materials, titanium dioxide (TiO2) is widely acceptable by research communities 
due to its nontoxicity, stability and their higher strength in oxidization of pollutants 
[18,19]. For synthesis of TiO2 and other photocatalytic nanomaterials, different methods 
which are commonly used are sol-gel, solvothermal, hydrothermal and microemulsion 
[20-25]. One of the most economical and simple synthesis methods for nanomaterials is 
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sol-gel. However, effective control over the nucleation process is the key limitation of the 
sol-gel method, which resulted in the wide size distribution of nanomaterials. Reverse 
micelle based modified sol-gel method is providing better control over the particle size 
distribution (PSD) and shape of the nanomaterials as hydrolysis reaction is governed by 
generated reverse micelles [26,27].  

For complex organic pharmaceutical pollutants, TiO2 nanomaterials is exhibited 
significant degradation performance due to its high oxidization ability under the UV light 
source. TiO2 nanomaterials is utilized for degradation of sulfamethoxazole drug under 
UV-A light source, which has shown more than 95% drug compound degradation in 60 
minutes only [28]. TiO2 nanomaterials suspension is effectively degraded oxolinic acid 
and also provided support to reduce the toxicity of antibiotic solution by 60% [29]. Under 
optimized condition of pH, initial pollutant concentration and catalyst loading, complete 
degradation of benzylparaben was occurred by using TiO2 during the 120 minutes UV 
light irradiation [30]. UV light mediated degradation performance was checked against 
tylosin by using TiO2 nanomaterials, shown the good photocatalytic performance against 
this antibiotic pollutant [31].  

In the present study, TiO2 nanomaterial is synthesized through reverse micelle mediated 
modified sol-gel method. UV light mediated photocatalytic degradation of three 
pharmaceutical pollutants LFX, KRL and MNZ are carried out using TiO2 nanomaterial. 
Moreover, effect of catalyst loading and initial pollutant concentration on LFX 
degradation along with its kinetics are discussed here. 

2. Mechanism of TiO2 photocatalyst against organic pollutants under UV light 
source 

Under the light source, semiconductor TiO2 material is functioned as photocatalyst when 
the photon energy exceeded the band gap energy of TiO2 which is around 3.2 eV (for 
anatase phase). Mechanism of TiO2 against organic pollutant under UV light is illustrated 
as in Fig. 1. Photocatalytic reaction is initiated as electron (e‒) is excited from valence 
band (VB) to conduction band (CB), leads to creation of electron-free void which is 
specified as hole (h+) and recombination of electron-hole pair is immediately occurred at 
swift rate (Eq. 1 and 2).  

TiO2 + hν  → e‒cb   +  h+vb (1) 
h+vb + e‒cb → heat (2) 
h+vb + OH‒ads → OH●ads (3) 
h+vb + H2O          →    OH● + H+ (4) 
e‒cb + O2 → O2‒●  (5) 
O2 + e‒cb (2H+)  →     H2O2 (6) 
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H2O2 + O2‒● → OH●ads  +  OH‒  +   O2 (7) 
H2O2 + e‒cb → OH●ads  +  OH‒ (8) 
 

 

Figure 1.  Mechanism of TiO2 photocatalyst against organic pollutants under UV light 
source. 

 

At the surface of TiO2, adsorbed hydroxyl group (OH‒ads) is formed due to interaction of 
holes and surface adsorbed water or hydroxyl group (Eq. 3). Migration of surface 
adsorbed hydroxyl radical (OH●ads) to bulk solution, resulted in the formation of highly 
reactive free OH radical (OH●) as stated in Eq. 4. At the conduction band, superoxide 
radical (O2‒●) due to interaction of oxygen with free electron (Eq. 5).  H2O2 is formed and 
their interaction with superoxide radical and free electron is illustrated in Eq. 6, 7 and 8. 
Due to highly reactive free radicals, organic pollutants are degraded in presence of light 
energy and are converted to CO2, H2O and other intermediate products [32,33]. 

3. Factors affecting the photocatalyst performance 

Performance of heterogenous photocatalytic process is influenced by many processing 
parameters. Key factors which are influencing the performance of the photocatalytic 
process are initial concentration of pollutant, catalyst loading, pH and light intensity. 
Effect of different parameters on degradation performance are extensively reviewed for 
diverse aqueous pollutants such as pharmaceuticals, dyes and many others [34,35].  
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3.1 Influence of initial concentration of pollutant 

It is important to choose appropriate concentration of pollutant as photocatalytic process 
is occurred on the surface of the photocatalyst. There is the possibility of the declining in 
the degradation performance at high concentration of pollutant, due to over saturation of 
reactive sites [36]. It is found that degradation rate of phthalic acid is decreased when 
initial concentration is increased from 100 mg/L to 300 mg/L, where sol-gel synthesized 
TiO2 nanomaterials is used [20]. It is found that when levofloxacin antibiotic 
concentration is increases from 50 mg/L to 75 mg/L, degradation performance of 
photocatalyst is rapidly decreases from 95.4% to 30.7% [37]. For degradation of 
methylene blue, TiO2 nanomaterials is utilized for photocatalytic degradation process 
under UV-A light source. It is observed that degradation performance is decreases with 
increasing dye concentration, which may be due to higher amount of dye molecules on 
TiO2 surface are interrupted dye molecules interaction with reactive radicals [38].  

3.2 Influence of catalyst loading 

Concentration of pollutant inside the photoreactor must be optimized for enhancing the 
efficiency of the photocatalytic process. At high amount of photocatalyst, light 
penetrability to the surface of catalysts are decreased, which affected the degradation 
efficiency [36]. Degradation of tetracycline antibiotic under UV light is carried out using 
TiO2 nanomaterials. It is found that at optimum TiO2 photocatalyst loading of 1g/L, 
highest antibiotic degradation is occurred. Photocatalytic degradation performance is 
decreased at higher photocatalyst loading which may be due to inadequate light (photon) 
interactions with nanomaterials or aggregation of nanomaterials could occurred [39]. 
Effect of various TiO2 photocatalyst loading on degradation performance against 100 
mg/l phthalic acid is checked, where it is observed that optimum catalyst concentration is 
2.5 g/L. Degradation efficiency is decreased with further increment in catalyst loading 
which may influenced the photons interaction with nanomaterials and pollutant solution 
[20]. Ciprofloxacin antibiotic is degraded using TiO2 nanomaterials supported on 
montmorillonite under UV light. It is found that degradation efficiency is increases when 
catalyst loading is increased from 0.025 g/L to 0.1 g/L and at higher catalyst loading of 
0.15 g/L, degradation performance is decreases which may be due to reduction in reactive 
sites resulted from aggregation of nanomaterials [40]. Degussa P25 nanomaterials is 
utilized for degradation of three different pharmaceutical aqueous pollutant solution i.e., 
sulfisoxazole, sulfachlorpyridazine and sulfapyridine under UV light irradiation. They are 
observed that degradation performance is increased with increment of catalyst amount for 
all targeted pollutants [41].   
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3.3 Influence of pH 

The change in pH may altered the degree of ionization, surface charge of catalyst and 
also adsorption capacity of pollutant molecules on the surface of the photocatalyst [36]. 
Degradation of ciprofloxacin antibiotic aqueous solution under UV-C light source is 
carried out using commercial TiO2 nanomaterials. It is found that degradation efficiency 
is enhanced greatly when pH is increased from 3 to 5. However, further increment in pH 
is affecting the degradation performance, which may be due to electrostatic repulsion 
between TiO2 and negatively charged antibiotic molecules [42]. Effect of pH on phenol 
degradation is checked using immobilized TiO2 type photoreactor system. It is observed 
that removal efficiency of phenol from aqueous pollutant solution is decreased when pH 
is changed from acidic range (pH of 3) to alkaline (pH of 11) [43]. Five different aqueous 
pollutants viz. gemfibrozil, n-nitrosodimethylamine, 1,4 dioxane, tris-2-chloroethyl 
phosphate and 17β estradiol are targeted for photocatalytic degradation application in the 
presence of TiO2 nanomaterials. Effect of pH on degradation of pollutants are checked, 
where it is observed that at pH of 5, highest degradation is occurred. However, at pH of 3 
and pH of 9, degradation performance is declined for all five pollutants, which may be 
due to alternation of surface charge of catalyst [44]. Influence of pH (4-10) is checked on 
degradation efficiency of three dye pollutants Reactive Red 195, Reactive Black 5 and 
Alizarin Cyanine Green G. It is found that the highest degradation is observed in acidic 
pH of 4 for all targeted aqueous pollutants due to interactions of dye molecules and 
positively charged catalyst surface through electrostatic force. While, performance of 
photocatalyst is declined at alkaline pH of 10 [45]. Influence of pH on degradation 
efficiency for different types of pollutants are distinct due to their individual interaction 
behavior with the catalyst. It is found that degradation performance in Acid Orange 7 dye 
is much affected compared to Alizarin Cyanine Green dye pollutant, when pH is varied 
from 2 to 10 under similar catalyst loading and pollutant concentration [46]. 

3.4 Influence of light intensity 

The degradation efficiency is primarily depending upon the number of generated 
electron-hole pairs through light energy. Hence, light intensity is also a crucial factor for 
the photocatalytic process [36]. Degradation performance are compared for five 
commercial TiO2 based nanomaterials against carbamazepine under UV light source. P90 
photocatalyst showed best photocatalytical activity compared to others. Effect of light 
intensity on degradation of pharmaceutical aqueous pollutant is checked, where 
degradation efficiency is improved when light intensity is increased from 15.08 W/m2 to 
18.94 W/m2. At 24.2 W/m2 light intensity, photocatalytical activity is declined, because 
degradation rate is not much relied upon radiant flux at higher light intensity [47]. 
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Change in light intensity can altered the photocatalytical activity. It is found that 
degradation efficiency of TiO2 nanomaterial against furfural is significantly decreased 
from 93% to 50%, when UV light intensity is altered from 125W to 30W [48].  

4. Experiment 

4.1 Chemicals & materials 

Titanium tetraisopropxide (TTIP) (>98%) was procured from Spectrochem Pvt. Ltd., 
Mumbai. Hexane (fraction from petroleum) was procured from S D Fine-Chem Limited, 
Mumbai. Triton X-114 (laboratory grade) was procured from Sigma-Aldrich Chemicals 
Pvt. Ltd., Bangalore. Toluene (≥ 99.0 %) was procured from Merck Speciallities Pvt. 
Ltd., Mumbai. Degussa P25 TiO2 catalyst was given by Degussa. For synthesis, 
characterization and photoactivity of TiO2 material, millipore water was utilized. LFX, 
MNZ, KRL were gifted by Rhombus pharma private limited, Aarti Drugs Ltd., and Surya 
Life Sciences Ltd., Gujrat, India respectively. 

4.2 Synthesis of TiO2 photocatalyst 

TiO2 nanomaterials was synthesized through reverse micelle mediated modified sol-gel 
method. Addition of solvent mixture consists of 210 ml hexane and 90 ml toluene into 
15.87 gm of triton X-114 non-ionic surfactant in a conical flask resulted the formation of 
reverse micelle, which was kept under stirring condition for around 1 H. Millipore water 
of 900 µl was added drop by drop into surfactant-solvent mixture under stirring state for 
about 1 H. Reverse micelle was bloated due to inclusion of water micro-droplets inside 
their core, which are termed as hydrated reverse micelle. TTIP is added at very slow rate 
into hydrated reverse micelle system under constant mixing condition. Hydrolysis of 
TTIP was occurred inside aqueous core of reverse micelle, where transparent sol was 
turned into viscous milky white solution. The sol mixture was kept under stirring 
condition for around 15 H. The resulted gel mixture was centrifuged at 8000 rpm for 10 
min. in ultracentrifuge for separating the gel and solvent-surfactant mixture. The gel was 
left in petridis exposed to air for around 6 H. Drying of gel was carried out in oven at 
130°C for 18 hrs. The dried powder was calcined at 400°C for 4 hrs in a muffle furnace, 
where temperature increment rate is around 10°C/m 

4.3 Characterization of photocatalyst 

Thermogravimetric analysis (TGA) was performed for exploring thermal characteristics 
of dried Ti(OH)4 sample using Mettler Toledo TGA/DSC thermal analyser in the 
temperature range from 25 to 700°C where rate of heating is 10 °C/min. 
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For phase identification and measurement of crystallite size, XRD experiment was 
performed using Bruker AXS (D8 advance) X-ray powder diffractometer with Cu Kα 
radiation (λ = 1.5418 Å), where scanning of TiO2 sample was in 2θ range of 10-85°. 
Rutile phase content in nanomaterials are calculated by using Spurr equation as shown in 
Eq. 9 [49]. 

FR = 1
1+0.8[IA(101)/IR(110)]

 (9) 

Where IA(101) and IR(110) are anatase and rutile peak respectively and FR is quantity of 
rutile phase in fraction. 

Average crystallite size is estimated using Scherer equation as shown in Eq. 10 [50]. 

D = 0.94λ
𝛽𝛽cosθ

 (10) 

Where D is average crystallite size of nanomaterial, λ = 1.5406 Å, θ is the Bragg angle 
and β is full width at half maximum intensity peak. 

To find the size and shape of the TiO2 nanomaterials, scanning electron microscope 
(SEM) of JEOL, JSM-7600 F model was utilized with operating voltage of 5-10 kV. 

The average particle size and particle size distribution (PSD) of was analysed using 
dynamic light scattering (DLS) using Malvern particle size analyser, where TiO2 
nanomaterials were dispersed in Millipore water and sonicated for around 30 min to 
isolate the agglomerated particles.  

Brunauer−Emmett−Teller (BET) surface area and allied properties of TiO2 nanomaterials 
is investigated through N2 gas mediated adsorption-desorption isotherm analysis using 
ASAP 2010, Micromeritics.   

For determining light absorbance behavior of TiO2 sample, Ultraviolet- Visible- Near IR 
(UV-Vis-NIR) spectroscopy was performed using Agilent Cary 5000i spectrophotometer. 

4.4 Photocatalytic degradation of pharmaceutical pollutants 

Photocatalytic degradation of three aqueous pharmaceutical pollutants (LFX, MNZ and 
KRL) was carried out in photocatalytic reactor with cooling jacket under constant stirring 
condition with help of magnetic stirring system. Under the UV light source (Phillips high 
pressure mercury lamp of 125W), 350 ml aqueous pollutant solution was taken with 50 
mg/L initial pollutant concentration and 1 g/L TiO2 catalyst for all three targeted 
pharmaceutical pollutants. For LFX, influence of catalyst loading (0.5-2 g/L) under 
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constant pollutant concentration was studied for studying photoactivity behavior. Also, 
effect of initial LFX concentration (25-100 mg/L) on degradation performance at 
constant catalyst loading was checked. The schematic diagram of photocatalytic reactor is 
shown in Fig. 2.  

 

Figure 2. Schematic diagram of photocatalytic reactor. 

 

During the photocatalytic reaction, the sample was taken out for find out the 
concentration of aqueous pollutant at a 15 min. time interval, which was centrifuged for 
separating TiO2 nanomaterials. The absorption spectra profile of pharmaceutical aqueous 
solutions was analysed in Agilent Cary 5000i spectrophotometer. The rate of degradation 
was determined through change in λmax of targeted pollutants. LFX, KRL and MNZ have 
exhibited maximum absorbance at 288 mm, 323 nm and 319 nm respectively. Calculation 
of degradation percentage is mentioned as in Eq. 11. 

% Degradation = {(C0-C)/C0} × 100 (11) 

Where, C0 is initial concentration of pharmaceutical solution and C is concentration of 
pharmaceutical solution after UV light irradiation.  
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5. Result and discussions 

5.1 TiO2 photocatalyst characteristics 

5.1.1 TGA of Ti(OH)4 

Thermal profile of Ti(OH)4 sample is shown in Fig. 3, where weight losses was noticed at 
different stages. In first stage, physisorbed water and solvents were removed at 
temperature range from 25°C to around 250°C. Removal of surface attached surfactant 
and dihydroxylation of Ti(OH)4 are could be attributed to weight loss in second stage 
(260°C to 350°C). Phase transformation of TiO2 from amorphous to crystalline may be 
occurred after second stage [20,51].  
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Figure 3. TGA profile of Ti(OH)4 sample. 

5.1.2 X-ray diffraction 

The diffraction pattern of TiO2 nanomaterials is shown in Fig. 4, where diffraction peaks 
at 2θ = 25.3°, 37.9°, 48.1°, 54.1°, 55.1° and 62.7° are related to (1 0 1), (0 0 4), (2 0 0), (1 
0 5), (2 1 1), and (2 0 4) orientations of TiO2 anatase phase (ICDD No.01-089-4921) 
which is denoted as A. Rutile phase peak is also observed at 2θ = 27.4° corresponded to 
(1 1 0) phase (ICDD No. 01-083-2242) which is symbolized as R [52]. 
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Figure 4. XRD pattern of TiO2 sample. 
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Based on XRD analysis of TiO2 nanomaterials, anatase and rutile phase are found with 
95.15% and 4.85% respectively. As per the Scherrer's equation, average crystallite size of 
TiO2 is estimated as 7.92 nm. Under the reverse microemulsion environment, Hong et al. 
[53] are utilized Brij 58 surfactant-cyclohexane based method for synthesizing TiO2 
nanomaterials, where only anatase phase for TiO2 was observed which is calcined at 
400°C and crystallite size was 8 nm. 

5.1.3 Scanning electron microscopy 

The SEM picture as shown in Fig. 5 is suggested that synthesized TiO2 nanomaterials 
through reverse micelle mediated sol-gel method is spherical in shape and also PSD of 
nanomaterials are narrow.  

 

 

Figure 5. SEM image of TiO2 sample. 

5.1.4 Particle size using dynamic light scattering 

Based on the DLS analysis, the number of average particle size of TiO2 nanomaterial is 
found as 36.8 nm. It is also observed that distribution of particle size is narrow as shown 
in Fig. 6. 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 87-110  https://doi.org/10.21741/9781644901144-3 

 

99 

10 20 30 40 50 60 700

10

20

30

Nu
m

be
r (

%
)

Size (nm)  

Figure 6. Number (%) vs. particle size of TiO2 sample. 
 

5.1.5 Surface area study 

BET surface area and surface properties of TiO2 nanomaterials is carried out using N2 gas 
as an adsorbate under the bath temperature of -195°C. BET surface area of TiO2 sample 
is found as 77.1 m2/g with pore volume of 0.1255 cm3/g and pore size of 65.13 Å. N2 
adsorption and desorption for TiO2 sample is shown as in Fig. 7. Based on analysis, it is 
observed that from the different isotherm nature, TiO2 nanomaterials have well matched 
with type IV isotherm behavior conferring to IUPAC classification. Moreover, type H2 
hysteresis loop is identical to adsorption isotherm loop for TiO2 nanomaterials. This 
adsorption behavior suggested that nanomaterials have mesoporous structure [54-56]. 
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Figure 7. N2 adsorption-desorption isotherm plot of TiO2 sample. 

5.1.6 UV-visible spectroscopy 

UV-vis spectra of TiO2 solid sample is carried out in wavelength range of 200-800 nm 
which is shown in Fig. 8a. The tauc plot of light energy (αhν)2 versus energy (hν) is 
shown in Fig. 8b, where it is estimated that bang gap energy of TiO2 sample is around 
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3.19 eV. Based on reported study of TiO2 nanomaterials synthesized through sol-gel 
reverse micelle method, it is found that band gap energy of TiO2 nanomaterials is 3.13 eV 
[57].  

 

Figure 8. a) Absorbance spectra of TiO2 sample, b) Tauc plot. 

5.2 Influence of factors on photocatalytic activity of TiO2 against LFX 

5.2.1 Effect of catalyst dose 

For levofloxacin (50 mg/L) degradation study under UV light source, effect of TiO2 
photocatalyst loading is checked. When amount of catalyst is increased from 0.5 g/L to 1 
g/L, removal efficiency of LFX is increased from 97% to 99% as shown in Fig. 9a. 
Performance is not much enhanced for 2 g/L catalyst, which may be resulted due to 
increment in opacity and lesser number of active sites in photoreactor resulted from 
higher catalyst loading. Sharma et al. [58] is synthesized TiO2/C-dots composite 
nanomaterials for levofloxacin degradation and checked the effect of catalyst loading on 
removal efficiency under solar light. It is found that optimum catalyst loading is 0.25 g/L 
and at higher photocatalyst amount of 0.5 g/L degradation efficiency is decreased. 
Similar kind of results of lowering in degradation efficiency with increment in catalyst 
amount is observed, where (BiOBr)x(Bi7O9I3)1-x nanostructure material is utilized for 
levofloxacin degradation [37].  

The kinetics of photocatalytic degradation of LVF is studied by using Langmuir–
Hinshelwood model and its rate equation typified as Eq. 12 [20,59]. 
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-ln (C/C0) = kt (12) 

Where C0 is initial concentration of LFX aqueous solution at time t = 0 and C is 
concentration of LFX aqueous solution at different photocatalytic reaction time t. Slope 
of straight line is provided the rate constant k.   

Plot of -ln(C/C0) vs. time is illustrated as in Fig. 9b. The rate constant for different 
catalyst amount of 0.5, 1 and 2 g/L is 0.0648, 0.1035 and 0.1258 min-1 respectively. 
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Figure 9. a) Effect of catalyst dose on degradation performance, b) Kinetics of LFX 
degradation (LFX concentration =50 mg/L, reaction time = 60 min). 

5.2.2 Effect of initial concentration of LFX 

Initial concentration of pollutant is directly influenced the degradation performance. In 
this study, for three different LFX concentration 25, 50 and 100 mg/L, photoactivity of 
synthesized TiO2 nanomaterial is checked. When concentration of LFX is increased from 
25 to 50 mg/L, photocatalytic performance is almost similar as shown in Fig. 10a. 
However, when 100 mg/L LFX aqueous solution is used, degradation efficiency is 
reached to 88%, which mostly due to over accumulation of LFX molecules which 
covered the active sites of TiO2. Similar kind of declined trend in photoactivity was 
observed at higher initial pollutant concertation as per reported study, where 
TiO2/Carbon-dots nanocomposite was utilized as photocatalyst [58]. 
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Figure 10. a) Effect of initial concentration of LFX on degradation performance, b) 
Kinetics of LFX degradation (catalyst amount=1 g/L, reaction time = 60 min). 

 

Degradation kinetics of LFX at different initial pollutant concentration is shown in Fig. 
10b. The corresponding value of rate constant for 25, 50 and 100 mg/L LFX 
concentration is 0.1134, 0.1035 and 0.0414 min-1 respectively. It is observed that rate 
constant is decreases with increasing pollutant concentration.  

5.3 Photocatalytic activity of TiO2 and Degussa P25 nanomaterials against LFX, 
KRL and MNZ 

Under UV light illumination, comparison of photocatalytic degradation performance of 
TiO2 nanomaterial synthesized through reverse micelle method and commercial Degussa 
P25 (TiO2) nanomaterials have carried out at optimum catalyst loading and initial 
pollutant concentration which was 1 g/L and 50 mg/L respectively. It was observed that 
for LFX and KRL pollutants, TiO2 nanomaterial synthesized through reverse micelle 
method has shown equivalent degradation performance compared to Degussa P25 
nanomaterial as shown in Fig. 11a. While, Degussa P25 nanomaterial has exhibited 
slightly higher degradation performance compared to synthesized TiO2 nanomaterial for 
MNZ pollutant. Plot of degradation performance of synthesized and commercial TiO2 
nanomaterial in terms of C/C0 versus time for all targeted pharmaceutical pollutants is 
given in Fig. 11b. 
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Figure 11. Plot of a) Degradation performance, b) C/C0 vs. time for TiO2 and Degussa 
P25 against LFX, KRL and MNZ (catalysts amount = 1 g/L, concentration of pollutants 

= 50 mg/L). 

Conclusion 

With utilization of reverse micelle based modified sol-gel method, TiO2 has key features 
like narrow particle size distribution with size range of 20-40 nm. Also, synthesized TiO2 
nanomaterial has higher surface area and mesoporous characteristics. TiO2 nanomaterial 
has shown significant performance against LFX, KRL and MNZ aqueous pharmaceutical 
pollutants under UV light irradiation. For LFX and KRL, synthesized TiO2 nanomaterial 
has shown equivalent degradation performance to commercial Degussa P25 
nanomaterial. Optimization study of process parameters for photocatalytic degradation of 
LFX has checked, where optimum catalyst loading and initial pollutant concentration was 
found to be as 1 g/L and 50 mg/L respectively. This experimental study suggested that 
TiO2 nanomaterials synthesized through reverse micelle-based method has performed 
efficiently against pharmaceutical pollutants under UV light source.   
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Abstract 

The presence of arsenic in as many as 245 minerals makes it an indispensable waste in 
the metal refining industry. Hydraulic fracturing, underground drilling, pesticides, 
herbicides, electronic industries are also linked to arsenic contamination. Natural 
processes such as volcanic emissions, hydrothermal ores, and river flow through arsenic 
rich sediments also contribute to arsenic contaminated water. The consumption of arsenic 
contaminated water leads to various types of cancer such as dermatological, respiratory, 
gastrointestinal, cardiovascular, hepatic, neurological, renal, and mutagenesis. Thus, 
remediation and testing of arsenic contaminated water becomes ubiquitous. Arsenic 
removal methods include precipitation, filtration, membrane technology and 
bioremediation. Quantitative arsenic analysis includes several colorimetric, 
luminescence, spectroscopic, atomic absorption, mass spectrometric and biosensor-based 
techniques. In this chapter, we present an overview of the various sources linked with 
arsenic contaminated water followed by a discussion on the available treatment and 
monitoring technologies for waterborne arsenic. 
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1. Introduction 

Arsenic (As) with an atomic number of 33, belongs to group 15 of the modern periodic 
table. It has an electronic configuration of [Ar]3d10 4s2 4p3 and shows several oxidation 
states which include -3, 0, +3, and +5. As many as 29 isotopes of arsenic have been 
discovered, among which 75As is the only stable and naturally occurring isotope [1].  In 
addition to the presence elemental arsenic, arsenic itself also combines with many other 
elements to form as many as 245 minerals [2].  The major arsenic containing minerals 
include arsenides, arsenosulfides, arsenites and arsenates. Less known forms of arsenic 
compounds include sulfide, sulfate, carbonate and even organoarsenicals. 

Many of these arsenic compounds have been used by the human civilizations 
[2,3].  Arsenic compounds such as realgar (As4S4), orpiment (As2S3),and arsenolite 
(As4O6) have been used have been utilized for making pigments, medicines, alloys, 
pesticides, herbicides, glassware, embalming fluids, and also for removing unwanted hair 
in the leather manufacturing industry [3].  Furthermore, the well-known toxic properties 
of arsenic compounds have been widely used in traditional medicines, chemical warfare 
agents, to commit murder and even suicide [2,3].  Moreover, arsenic was utilized in 
livestock dips, feed supplements, and wood preservatives [3].  Recently, with the growing 
demand of various electronic devices such as light emitting diodes (LEDs), lasers, 
photodiodes, mobile phones and navigation systems, the use of gallium arsenide (GaAs) 
and indium arsenide (InAs) in the semiconductor industry has amplified over the past few 
decades [3-7].  However, with the increasing concern on the adverse health effects of 
arsenic exposure found among the workers, health agencies have emphasized upon the 
reduction in the industrial use of arsenic [7-8].  

Arsenic has been associated with wide range of health problems. Inorganic As(III) and 
As(V) compounds, such as arsenic trioxide (As2O3), arsenites (AsO3‾) and arsenates 
(AsO4‾) are known to cause several kinds of cancer which include skin, kidney, urinary 
bladder, lung, and prostate cancer [3-6].  Other serious health issues related to arsenic 
include diabetes, keratosis, hyperpigmentation, liver failure, cardiovascular, hepatic, 
renal, gastrointestinal, neurological, reproductive, chromosomal and DNA damage [2-
7].  Moreover, these diseases have led to many social stigmatization issues in developing 
countries like India and Bangladesh, where most of these diseases have been related to 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 111-170  https://doi.org/10.21741/9781644901144-4 

 

114 

drinking arsenic contaminated water [7-8].  Several other cases of arsenic poisoning due 
to consumption of inorganic arsenic on a large scale are also well documented [7-8].  For 
instance, the case of arsenic poisoning of the Morinaga Milk in several cities of Japan in 
the year 1955 affected more than 12000 infants, including 130 deaths 
[8].  Organoarsenicals such as dimethyarsinic acid (DMA) and monomethylarsenoic acid 
(MMA) are known to be less harmful to humans as they are assimilated from the body 
through urine [9].  In this context, it is necessary to highlight the fact that the main path 
source of arsenic related health hazards are caused due to the consumption of arsenic 
contaminated food and groundwater. As per the recommendation of World Health 
Organization (WHO) guideline value, the maximum permissible level of arsenic in 
drinking water is 10 μg/L (1 μg/L = 1 parts per billion = 1 ppb) [10].  However, in many 
countries around the world such as Mexico, Mongolia, India, Bangladesh, Nepal, Taiwan, 
China and Vietnam, and even the United States, there are places where the arsenic level 
in groundwater is more than 50 μg/L [7].  It is estimated that all over the world, more 
than 42 million people are exposed to drinking water where arsenic levels are in excess of 
50 μg/L, with more than 100 million people believed to be exposed to As concentrations 
above 10 μg/L [7].  

Considering the abovementioned health hazards related to arsenic exposure, measures for 
removal and testing of waterborne arsenic becomes ubiquitous. Major arsenic removal 
technologies are centred around the principles of oxidation, precipitation/co-precipitation, 
sorption, ion-exchange and membrane process [11-137].  Other technologies, being used 
for treatment of arsenic contaminated water and soil include use of magnetic and 
biological treatment [138-166].  The quantitative measurement of arsenic in water 
samples is done using colorimetric, spectroscopic, atomic absorption, electrochemical, 
neutron activation, mass spectrometric methods and biosensors [167-267].  Recently, 
some cheaper test kits and methodologies have been also developed for field testing [167-
171,210-212].  All these methods have their own benefits and restrictions. Several books 
and review articles have made attempts to elaborately address the treatment methods for 
arsenic present in water [3,11,33,40,50,82,84]. Similarly, arsenic analysis techniques 
have also been reviewed separately many times [200,217,227-228,257-258,268-270].  In 
this chapter, a concise effort has been made to bring together some of the major available 
arsenic treatment technologies and analytical methods with an aim to create awareness 
and cease the flow of arsenic in the immediate human environment. 

2. Sources of arsenic 

Arsenic is the 20th most abundant element in the earth’s crust and hence, its presence in 
various rocks, metal ores, concentrates, coal, oil, chemical and industrial products, and its 
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flow through the ecosystem is very much probable [2,3].  Arsenic release in the 
environment can be divided primarily in two main categories. Firstly, natural processes 
which include weathering of rocks and sediments, hydrothermal fluids, ore deposits, 
volcanic eruptions, geothermal activities, forest fire, etc [2,3].   Secondly, anthropogenic 
sources consisting of human and industrial activities such as urban and industrial waste, 
mining, fracking, smelting, ore processing, pesticides, fertilizers, chemical industries, 
thermal power plants using coal and wood preservation industries [2,3].  Below, a brief 
discussion on the abovementioned categories is presented to provide a better 
understanding of the merits and demerits associated with the available removal and 
analytical techniques available for arsenic. 

2.1 Natural processes 

Natural sources of arsenic include weathering and leaching from arsenic rich deposits, 
volcanoes, hydrothermal fluids, sea-salt aerosols, and forest fires. It is estimated that the 
mean annual global atmospheric emission of arsenic from such natural sources is more 
than 31000 metric tons [271].  Volcanoes are one of the major contributors of arsenic 
pollution in the atmosphere [3].  Orpiment (As2S3) and realgar (As4S4) are the common 
minerals associated with the volcanic emissions [2,3].  Hydrothermal fluids are naturally 
occurring hot waters which generally occur in the form of hot springs and natural geysers 
on the surface. These hydrothermal fluids often related with volcanic, metamorphic, and 
sedimentary rocks are known to bring arsenic to the earth’s surface. The fact that 
solubility of arsenic increases in hot water, enables hydrothermal fluids to wash away 
arsenic and its compounds from sediments and rocks [3].  The average value of arsenic in 
sea water is approximately 2 parts per billion (ppb), which makes it the tenth most 
abundant element in sea water [3].  In sea water, arsenic exists mostly in the form of 
inorganic arsenic As(V) and As(III), whereas the organoarsenicals, MMA and DMA 
contribute less than 10% of the total arsenic present in the sea water [3].  Sea-salt 
aerosols are also known to increase the atmospheric arsenic [3].  Under reducing 
conditions, soils, fungi and other microorganisms are known to covert inorganic As(III) 
in to arsine (AsH3) gas and methylated arsenic compounds (such as MMA and DMA) 
which are quite volatile [3].  Plants and trees absorb arsenic from the soil through water 
and when these plants are burnt, or during forest fires, significant amount of arsenic also 
released in the atmosphere [3].  

Earth’s crust contains many arsenic containing minerals such as arsenopyrite (FeAsS), 
orpiment (As2S3), and realgar (As4S4) [2-3].  Geological processes, such as weathering of 
rocks and minerals followed by subsequent leaching and runoff are significantly 
important, as these are associated with soil and groundwater contamination. However, 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 111-170  https://doi.org/10.21741/9781644901144-4 

 

116 

there are many factors that affect the arsenic concentration and transport in groundwater, 
which include redox potential, adsorption/desorption rate, precipitation/dissolution, 
speciation, acidity/basicity, nature of competing ions, biological transformation, etc. 
which may vary from one aquifer to another depending upon the geo-chemistry and 
geological environment of the surroundings [3].  Hence, for sufficient knowledge of 
geological contribution to the arsenic contamination, a thorough analysis of the various 
hydrogeological and geo-environmental surroundings of the aquifers is very much 
necessary while planning for long term remedies. 

2.2 Anthropogenic sources 

Overall contributions to environmental arsenic from anthropogenic emissions are 
estimated at more than 23000 metric tonnes per year [271]. Anthropogenic sources of 
arsenic mainly consist of industrial activities like mining of arsenic rich ores, mineral 
processing, semiconductor industry and coal combustion. Moreover, agricultural use of 
herbicide and pesticides, wood preservation, cement, glass and steel industry are also 
known to release significant amounts of arsenic in the ecosystem [3].  

One of the most important anthropogenic sources of arsenic is mine tailing. Mine tailings, 
following the oxidation of arsenic rich ores such as, arsenopyrite (FeAsS) contribute to 
arsenic in soil and water. Although, Fe(OH)3 apparently provide a useful sink as arsenic 
gets adsorbed on the Fe(OH)3 particles, however, changes in pH and redox conditions 
cause Fe(OH)3 to dissolve and subsequently discharge arsenic in the environment 
[3].  Arsenic is also a common industrial waste produced during the smelting process of 
copper and several other non-iron metals such as silver, cobalt, nickel, lead, gold, zinc, 
manganese and tin [3].  In recent times, industries have been involved in production of 
lasers, photodiodes, light emitting diodes, cell phones which involve arsenic based 
semiconductor substances such as GaAs and InAs [4-5].  Being precious, gallium (Ga) as 
well as indium (In) are generally recycled and during this recycling process sufficient 
amounts of arsenic is converted into volatile arsine gas. This arsine gas poses a health 
hazard for the workers in the semiconductor industry as well as, the risk of any leakage 
may put the entire ecosystem in danger [4-5].  Combustion of arsenic rich coal in the 
industries is another source of volatile arsenic compounds and fine-grained arsenic 
containing aerosols in the atmosphere [3].  Moreover, coal mining has been found to be 
linked with high levels of arsenic in the stream sediments of Alabama, USA [3].  

During the last couple of centuries, inorganic arsenic in the form of arsenic trioxide and 
arsenates of various metals have been widely used in pigments, pesticides, insecticides, 
herbicides and fungicides. Insecticides and pesticides containing arsenic have become a 
diffuse source of arsenic contaminated water mainly due to agricultural practices [3].  In 
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many places, organoarsenicals such as, MMA and DMA were used as herbicides for 
maintenance of lawns and golf courses [3].  Chromated copper arsenate (CrCuAs2O9), 
commonly known as CCA and some other arsenic based chemicals, due to their biocidal 
properties, have been widely used as wood preservatives and have resulted in arsenic 
contaminated water and soil on a large scale [3].  In the steel industry, high 
concentrations of arsenic, along with cadmium (Cd), copper (Cu), iron (Fe), lead (Pb), 
nickel (Ni) and zinc (Zn) are quite common in the acid mine drainage discharges. 
Moreover, arsenic in its elemental form is primarily used in the alloys of Pb, Cu, 
antimony (Sb), tin (Sn), aluminium (Al), and gallium (Ga) [3].   

3. Treatment methodologies of arsenic contaminated water 

The occurrence of arsenic in a large number of natural substances, industrial wastes and 
already contaminated areas, makes it indispensable to think about the possible 
remediation of arsenic contaminated sources. As already mentioned, arsenic 
contamination can take place in surface water, groundwater, soil and air, it becomes 
omnipotent that all the potential sources of arsenic must be treated to stop/reduce any 
kind of health hazard. Atmospheric concentration of arsenic in the form of particulate 
matter and volatile gases is relatively low. Moreover, atmospheric arsenic eventually 
settles down over a period of time to pollute soil and water [3].  Even arsenic from 
contaminated soils and oresis often leached out by run-off water, thus polluting surface 
water and seeps into groundwater as well. Thus, any form of arsenic release eventually 
leads to water contamination which exposes millions of people worldwide to various 
diseases [3-6].  Considering the millions of vulnerable people, the need for efficient yet 
inexpensive arsenic removal technologies from water is imminent.  

Due to inaccessibility, treatment of groundwater without bringing it to the surface, is 
often more expensive compared to that of surface water. Surface waters, where the pH is 
primarily in the range 4-9, contains mostly As(V) [84].  In groundwater, where the 
conditions are less oxidizing contain significant amount of relatively more toxic As(III) 
along with As(V) [3].  Treatment of arsenic contaminated water is achieved through a 
variety of techniques such as sorption, ion exchange, precipitation, filtration, selective 
membranes, biological methods, and natural remediation [11-166].  However, efficiency 
of a particular method is greatly influenced by several factors namely, form of arsenic 
species, concentration, pH, presence or absence of other interfering ions and organic 
contaminants [3].  These factors determine the amount of water required for treatment, 
expenditures, and the fact that where the treated water is going to be used. Sometimes 
two or more of the abovementioned methods are used in combination to achieve the 
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desired results. Selected treatment technologies capable of reducing the level of arsenic in 
water below the standard limit (10μg/L) set by WHO are enlisted in Table 1 and 2. 

In the later sections, discussions on the some of the most important techniques used for 
treatment of waterborne arsenic are presented. A number of these technologies find wide 
use in treatment of arsenic contaminated effluents in industries and while others offer 
solution to naturally affected areas through site remediation. 

3.1 Preoxidation of As(III) in water 

Almost in all commercial wastewaters and most natural waters the pH is generally below 
9 which ensures most of the As(III) is in the form of  H3AsO3. As there is no overall 
charge on H3AsO3, its removal through sorption and ion-exchange technologies are quite 
difficult [15,16].  However, in the same conditions, As(V) exists in the form of oxyanions 
H2AsO4 ̅ and HAsO42 ̅ , where the negative charges on these species supplement the 
removal process. Hence, prior oxidation of waterborne As(III) into As(V) often boosts 
the removal process. 

There are many reports of air and oxygen being too slow to oxidize As(III) into As(V) 
[11-13].  To be more precise, the half-life of As(III) in air and oxygen has been found out 
to be four to nine days and two to five days, respectively [13].  This has led the 
researchers to look out for more effective oxidizing methods. For example, when ozone 
(O3) was passed through arsenic contaminated water, the half-life of As(III) drastically 
reduced to about four minutes [13].  Other methods used to speed up the oxidation in 
presence of air include use of sunlight, ultraviolet light, gamma radiation, electrochemical 
methods, chemical, and bacteria [11-38].  The oxidation of As(III) with ultraviolet 
radiation was observed to be significantly enhanced with the addition of  iron(II) 
compounds, citrates and titanium dioxides (TiO2) [19-20,25-29].  Several chemical 
oxidants have also been successfully used for the same purpose. Some of these 
noteworthy oxidants include chlorine (Cl2), sodium hypochlorite (NaOCl), chlorine 
dioxide (ClO2), potassium permanganate (KMnO4), potassium ferrate (K2FeO4), 
cryptomelane (KMn8O16), manganite (MnOOH), pyrolusite (β-MnO2), and manganese 
(Mn) oxide-coated sands [11,15,23,30-33].  H2O2 in the form of Fenton’s reagent is also 
known to increase the oxidation rate of As(III) [17,34-35].  

However, there are certain cases where the presence of interfering substances create 
problems during the oxidation of As(III). For instance, some naturally present organic 
substances such as, humic acids use up the oxidants themselves [39].  It has also been 
established that chlorine and ozone produce carcinogens upon reacting with organic 
matter and bromide ions, respectively [19, 33].  Moreover, when manganese left behind 
from the manganese-based oxidants exceeds the permissible drinking water standards, it 
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may pose a serious threat itself [19].  Again, highly oxidizing yet relatively less toxic 
compounds such as potassium ferrate have proven to be expensive [23].  

Hence, in the recent years the usage of such costly toxic oxidants has been discouraged 
and more emphasis has been laid on the cost effective choices of bacteria and 
microorganisms. Bacteria such as Microbacterium lacticum and Alcaligenes faecalis are 
known to oxidize As(III) [36-37].  Another worth mentioning methodology for oxidation 
of waterbone As(III) is the use of tartrate-citrate based photocatalyst extracted from the 
tamarind tree (Tamarindus indica) [38].  Such safe and cost effective techniques can 
prove very useful in developing countries such as India, Bangladesh, Nepal, etc.  

3.2 Sorption 

Sorption is referred to any process where adsorption, absorption, or both of them take 
place and the substances on which such processes take place are called sorbents. In most 
cases, to achieve best results with sorption, sorbents are suspended in a reactor. These 
sorbents are generally particles of diameter 0.3-0.6mm and include ion-exchange 
granules, fibres and other materials used for packing of chromatographic columns or 
filters. Due to their appropriate size, such sorbent particles provide sufficient surface area 
for efficient sorption of contaminants and allow the water molecules to flow through. 
Other than being inexpensive, such sorbents must be easily regenerated and must have 
high durability in presence of water. Some of the effective sorbent materials used for 
arsenic removal are discussed next and some sorption based materials which effectively 
reduce the arsenic contamination below 10μg/L are mentioned in Table 1. 

3.2.1 Elemental iron 

Iron in its elemental form is readily oxidized to rust in presence of water and oxygen. 
Rust contains a wide variety of iron compounds such as lepidocrocite (γ -FeO(OH)), 
sulfate (4Fe(OH)2·2FeOOH·FeSO4·4H2O), carbonate green rust, mackinawite 
(Fe9S8),magnetite (Fe3O4), maghemite (γ-Fe2O3), goethite (α-FeO(OH)), and amorphous 
ferrous sulfide (FeS). These compounds along with elemental iron are known to 
preferentially sorb and remove As(III)from water [3,41-44]. Nikolaidis et al. showed that 
iron fillings are quite effective in removing in As(III) with an initial concentration of 
about 300 μg/L from municipal waste leached water [43].  The columns packed with iron 
fillings were able to work efficiently for at least 8 months, after which significant 
leaching of iron starts. Another study showed that iron fillings, in addition to As(III) can 
also remove As(V) from  aqueous solutions having arsenic concentration as high as 2 
mg/L [44].  Moreover, it has been observed that the removal of As(III) and As(V) species 
from water becomes more efficient as the concentration of oxidized iron increases [45]. It 
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must be noted that, elemental iron gets oxidized to iron oxides such as magnetite and 
removes As(III) and As(V) even when the water is devoid of molecular oxygen [45-
46]. When iron nanospheres of diameter 1-120 nm were used, As(III) removal efficiency 
was observed to increase sufficiently [47]. At the same time, nano-alloys made up of 
elemental nickel-iron have also proved more effective for removal of As(V) [48].  

Elemental iron has proved to be a simple, convenient and cost-effective sorption material 
for arsenic removal which can be utilized on a wide scale, especially in developing 
countries like Bangladesh [49].  

3.2.2 (oxy)(hydr)oxides of iron, aluminium and manganese 

The sorption of iron, manganese and aluminium(oxy)(hydr)oxides are largely due to the 
ion exchanges of OH2+, OH, and O−groups present on their surface [50].  The amorphous 
(oxy)(hydr)oxides of these elements provide larger surface area compared to crystalline 
compounds and hence, the former are more suitable for arsenic removal through 
sorption [51].  

Iron (oxy)(hydr)oxides are complexes consisting of hydrous oxides, hydrous hydroxides, 
and hydrous oxyhydroxides of iron(II) and iron(III), which can be easily obtained from 
rocks, sediments, or soils [52]. They are usually more effective in the sorption of As(V), 
rather than As(III) [53]. As(V) sorption takes place more effectively in acidic pH range 
(generally below pH 4). Under basic conditions, As(III) sorption relatively increases with 
the maximum As(III) sorption around pH 9. Similar to As(V), MMA and DMA sorption 
is more effective under acidic conditions [54].  Hematite ore based sorbents have been 
known to efficiently remove As(V) as high as 1 mg/L [55]. Goethite is also known to 
sorb As(V), whose efficiency can be further increased by doping with copper(II), 
nickel(II), or cobalt(II) [56-57]. Enhanced goethite based As(V) sorption was also 
observed when the ionic strength of the water was increased using potassium nitrate 
(KNO3) [57].  Furthermore, sorption of As(V) can be improved by addition of lime which 
increases the amount of positive surface charges due to sorption of Ca2+ ion [58-
59].  As(V) as well as As(III) removal through sorption is also known to increase with the 
use of cotton cellulose beads with iron (oxy)(hydr)oxides [60-61].  

However, when the iron (oxy)(hydr)oxides granules are too coarse, they degenerate into 
impermeable sludges inside the columns used for water treatment [62]. Hence, to 
improve the stability and effectiveness of these compounds, they are often used as 
coatings on sands, cement granules or impregnated on activated carbon, ion-exchange 
fibers, mesoporous silica, mesoporous carbon, and zeolites [62-75]. In fact, iron 
(oxy)(hydr)oxide coated sands can effectively reduce As(III) as well as As(V) 
concentrations of 1 mg/L to below 10 μg/L [64-65]. Activated Bauxsol, a sorbent derived 
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from Fe2O3 rich red mud has been observed to reduce the As(V) concentration below the 
standard limit as well [66]. ArsenXnp is a hybrid sorbent material made by  impregnating 
the surface of polymeric beads with iron NPs and has proved very effective in reducing 
50 μg/L of As(V) to below 10 μg/L [67]. Interferences from phosphates and silicates are 
known to cause problems during arsenic removal using iron 
(oxy)(hydr)oxides [60]. Iron(oxy)(hydr)oxide sorbents are generally easily rejuvenated 
by treating with sodium hydroxide (NaOH) and subsequently rinsing with sulfuric acid 
(H2SO4). 

Manganese (oxy)(hydr)oxides are composed of pyrolusite (β-MnO2), manganite 
(MnO(OH)), cryptomelane (KMn8O16), and birnessite [40,76]. Mine tailings and sea-bed 
rock concentrations are the chief sources of manganese (oxy)(hydr)oxides [40,76]. The 
iron-manganese tailings have high surface areas and porosities which may prove useful in 
arsenic removal [3]. Iron rich manganese ore have been successfully used to treat 
groundwater for removal of As(III) in the range 40-180 μg/L [77]. Mixed 
(oxy)(hydr)oxides of iron and manganese have proved very efficient in reducing100 μg/L 
of As(III) and As(V) inspiked tap water and mining effluents to below 10 
μg/L [78]. Manganese (oxy)(hydr)oxides coated sands have been also used to treat water 
containing 500 μg/L As(III) and As(V) [79]. As(III) oxidation by manganese oxidizing 
bacteria, such as Leptothrix ochracea in manganese containing water is observed to 
significantly improve the arsenic removal efficiency [80].  

Aluminium (oxy)(hydr)oxides include bayerite (α-Al(OH)3, and gibbsite (γ -Al(OH)3, 
diaspore (α-AlO(OH)) and boehmite (γ -AlO(OH)). Activated alumina used by most 
water treatment plants is generally generated by thermally dehydrating aluminum 
(oxy)(hydr)oxides to form amorphous, cubic(γ), and/or other polymorphs of corundum 
(Al2O3) [40,81-82].  However, activated alumina is not so proficient in removing As(III). 
Hence, As(III) is preoxidized to As(V) and subsequently filtered using columns of 
granular activated alumina [40]. Sorption of As(V) using alumina is found to be 
maximum in the pH range 5.5-6.0 [40]. Similar to the case of iron (oxy)(hydr)oxides, 
As(V) sorption on alumina is more effective under low pH conditions and decreases as 
the pH becomes alkaline. 

Due to its reduced porosity, activated alumina often suffers from inefficient arsenic 
removal, which can be resolved by the use of mesoporous alumina [83]. A major problem 
associated with arsenic sorption on alumina is that the process slows down after twenty-
four hours [25]. Activated alumina is generally regenerated or disposed after one to three 
months [33]. Regeneration of alumina includes washing with NaOH, followed by rinsing 
with sulphuric or hydrochloric acid. However, disposal being inexpensive is preferred 
over regeneration as regeneration often discharges harmful effluents. Moreover, even 
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after regeneration some amount of arsenic is left retained on alumina [25]. Interference 
from chloride, fluoride, phosphate, silica, organic materials, and sulfate are additional 
disadvantages related to As(V) sorption on activated alumina [33,40,84].  

Improved arsenic removal have been achieved by combining aluminium compounds with 
manganese or/and iron [40,85-87].  For example, AlcanAAFS-50 is an iron-doped 
alumina sorbent where the arsenic sorption has been observed to betwo to five times of 
the normal capacity of ordinary alumina and is less sensitive to pH 
variations [40].  Calcinated bauxite based sorbents have proved effective in treating water 
containing 2 mg/L of As(V) [88]. Another worth mentioning sorbent is Hydrotalcite 
(Mg6Al2(CO3)(OH)16·4H2O), which removes As(III) as well as As(V) through sorption 
and/or exchanges with interlayer anions [89-90].  

3.2.3 Titanium dioxides(TiO2) 

Titanium dioxidealso removes As(III) and As(V) from water via sorption. [19,91-
95].  Anatase (a mineral of TiO2), in its granular form is known to reduce 300 μg/L 
As(III) and As(V)  in spiked groundwater samples to below 10 μg/L [91]. TiO2 based 
nanoparticles (NPs) have been also observed to remove MMA and DMA from 
water [92].  Manna et al showed that crystals of hydrous titanium dioxide can quickly 
remove significant amounts of arsenic, even in neutral water having pH 7 [94].   

3.2.4 Activated and impregnated activated carbon 
Activated carbon is amorphous and highly porous graphite which has large surface area 
as well. It can be easily produced from wood, coal, crop residues, bones and 
petroleum [82]. Although, activated charcoal is used for removal of many impurities from 
air as well as water, it does not possess the same effectiveness for arsenic removal [84-
85].  High cost and regeneration issues also make the situation 
complicated [86].  Moreover, the use of finely powdered form of activated carbon 
produces impregnable sludge in water. 

To overcome such issues, granular activated carbon impregnated with iron, calcium 
chloride (CaCl2), copper, and zirconium salts, have been employed [82,96,99-101]. Iron 
impregnated granular activated carbon has been observed to remove As(V) from spiked 
ground water samples [102].  Polyanilines ((C6H7N4)n) and other organic compounds 
such as L-cysteine methyl ester (CH3OOCCH(CH2SH)NH2), when used along with 
activated carbon are also know to significantly improve its arsenic removal 
efficiency [103-104]. However, at pH values greater than 8.5, considerable interference 
from phosphate and silicate ions have been during the removal of As(V) using L-cysteine 
methyl ester [104].  
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3.2.5 Biomass 

Sorghum and rice husk wastes have proven to be efficient as well as cost effective 
materials for treating As(V) in water [105-106]. Their arsenic removal ability was further 
enhanced upon addition of iron salts such as FeSO4 or Fe(NO3)2. Sulfate ions and humic 
acids severely interfere with sorption of As(V) on sorghum biomass. More crop and crop 
waste based arsenic removal methods are mentioned under the bioremediation section 
discussed later. As(III) removal was also achieved using ammonium thioglycolate treated 
ground chicken feathers [107].  

3.2.6 Ion-exchange resins and metal-loaded gels 

A wide range ion-exchange resins, polymers and metal-loaded gels have been discovered 
for arsenic removal from water [67,84,108-115]. Such ion-exchange resins are made up 
of mostly natural or synthetic organic polymers and some inorganic substances. Most of 
the gels and polymers can be packed inside a column while some of the polymers 
themselves sorb arsenic [108]. Moreover, there are cases, where polymers and gels only 
act as support media for other materials meant for sorption [66,109-110].  Similar to most 
of the sorption materials, these resins are generally more efficient for As(V) removal 
compared to As(III). In case of arsenic removal, weak-base resins are known to work 
only in a narrow pH range. Whereas strong-base resins which contain amine and 
quaternary ammonium (NR4+), groups are more effective in removal As(V) over a pH 
range of 7-9 [40,84].  For instance, Amberlite IRA-458,is known to remove about 90% of 
1 mg/L of As(V) in just five minutes [84].  

Advantages of ion-exchange resins include insensitivity to water flow variations and easy 
regeneration. On the other hand, the demerits of using ion-exchange resins include large 
volume of disposables after regeneration, variable removal rates in presence of interfering 
species, incompetence in case of high amount of total dissolved solids (TDS), and 
interferences from chloride, sulfate, organic materials and other 
chemicals [40].  Moreover, as ion-exchange resins become saturated after sorption, the 
already sorbed arsenic may start leaking, which is known as chromatographic peaking. 
However, this can be easily evaded by changing the resins before the saturation sets 
in [40].  

To increase the efficiency of the polymers and gels, they are often impregnated with 
cations. These substances are known as metal loaded gels and are prepared by passing or 
mixing aqueous solutions of the metal ions solutions over the polymers or gels. The 
commonly used metals ions are iron(III), aluminium(III), copper(II), zirconium(IV), 
manganese(IV),lanthanum(III), titanium(IV), and molybdenum(VI) [67,84,109-
116]. Strong base ion-exchange resins like Purolite A-505 and Relite A-490 along with 
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zirconium loaded anion-exchange resins are known to remove sub mg/L As(V) from 
laboratory solutions [115-116].  Hydrated form of stannic oxide (SnO4) has proved to be 
an exceptional sorbent material by reducing As(III) and As(V) concentrations from 
several mg/L to below 10 μg/L [117].  All metal-loaded polymers, except iron, are less 
affected by chloride and sulfate interferences [84]. A couple of highly effective and long 
serving arsenic sorption materials developed by the dispersion of iron (oxy)(hydr)oxide 
NPs over a polymer base are already mentioned previously [51,67].  Resins loaded with 
zirconium were found to be efficient for As(III) sorption [84,116]. Fluoride and 
phosphate ions are known to cause interference in the zirconium loaded resins [75,116].  
It can be summarized that the use of ion exchange resins and metal loaded gels have 
proved to be one of the most effective methods of arsenic removal from water. However, 
problems such as regeneration of the resin, disposal of used up resins and wastes remain 
as issues to be addressed. 

Table 1. Selected sorption based waterborne arsenic removal methods capable of 
reducing the arsenic contamination below the standard limit set by WHO (10 μg/L). 

Treatment Method Sample type As species 

Injected As 
concentration 
for treatment 

[mg/L].  

Ref. 

Elemental iron sorbent 

Municipal 
landfill 
leachate 

As(III) 0.3 [43]  

Laboratory 
Solutions 

As(III)/As(
V) 2.0 [44]  

Hematite ore deposit 
sorbents 

Laboratory 
Solutions As(V) 1.0 [55]  

Fe-loaded anion-exchange 
polymer 

Laboratory 
solutions 

As(III) 0.1 
[51]  

As(V) 0.1 

As(V) 0.1 [63]  

Fe (oxy)(hydr)oxide-
coated sand filtration 

Spiked ground 
water 

As(III)/ 
AsV) 1.0 [64]  

As(III)/ 
AsV) 1.0 [65]  

Activated Bauxsol sorbent Laboratory 
solutions As(V) 0.05-16.6 [66]  
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ArsenXnp sorbent Ground water As(V) 0.011-0.023 [67]  
Hardened Portland 

cement sorbent 
Laboratory 
solutions As(V) 0.2 [68]  

Ion-exchange polymeric 
fibers impregnated with 

Fe-(oxy)(hydr)oxide 

Laboratory 
solutions 

As(III) 500 
[69]  

As(V) 500 

Fe-rich Mn ore sorbent Ground water As(III) 0.04-0.18 [77]  
Fe and Mn 

(oxy)(hydr)oxide sorbents 
Laboratory 
Solutions 

As(III) 0.100 
[78] 

As(V) 0.100 
Mn (oxy)(hydr)oxide-
coated sand filtration 

Laboratory 
Solutions 

As(III) 1.0-0.5 
[79]  

As(V) 0.5 
Mn (oxy)(hydr)oxide 

sorbents + Mn-oxidizing 
bacteria 

Laboratory 
Solutions 

As(III) 0.035 
[80] 

As(V) 0.042 

Calcinated bauxite 
sorbent 

Laboratory 
Solutions As(V) 2.0 [88].  

Hydrotalcite sorbent Laboratory 
Solutions As(III) 0.4 [89]  

TiO2 (granular anatase) 
sorbents 

Spiked ground 
water 

As(III) 0.3 
[91]  

As(V) 0.3 
Fe(III)-impregnated 

granular activated carbon 
sorbent 

Spiked ground 
water As(V) 1.031 [102]  

Polyaniline in activated 
carbon sorbent 

Laboratory 
Solutions As(V) 0.15 and 8.0 [103]  

L-cysteine methyl ester 
modified carbon powder 

sorbent 

Laboratory 
Solutions As(III) 0.070 [104]  

Hydrated SnO4 sorbent Laboratory 
Solutions As(III) 5.0 [117]  

3.3 Precipitation/coprecipitation 

Arsenic removal from water through precipitation involves addition of certain specific 
chemicals such as iron or aluminium salts, which have the ability to convert the dissolved 
arsenic into insoluble solids and separate out. Coprecipitation is a kind of precipitation 
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technique where the substance to be removed (such as arsenic) sorbs on the surface or 
bulk of other precipitates. In the next step, these precipitates are removed from water by 
filtration, flotation, sedimentation and centrifugation. At last, thickening and dewatering 
processes are carried out to decrease the amount of sludge, which reduces the 
transportation and disposal costs. However, the dewatered solids must undergo regulatory 
tests before disposal. These methods are comparatively cost effective and efficient for 
treating water with high TDS. Moreover, these methods may prove more effective in 
large-scale water treatment plants. Some of the common precipitation/coprecipitation 
chemicals are discussed below and some of the selected effective 
precipitation/coprecipitation methods are enlisted in Table 2 along with other methods. 

3.3.1 Lime (CaO) 

In the past, addition of lime (CaO) to contaminated water has been used numerous times 
for As(V) removal [33,118].  Lime has been found to precipitate almost 90% of As(V) 
when the pH values are maintained at 10.5 or higher. However, it has proved less 
efficient for As(III) precipitation [33].  Moreover, stability of the calcium arsenate 
precipitates may lead to disposal problems [119].  Furthermore, acidic conditions, 
presences of carbonates, bicarbonates, or carbon dioxide can decompose calcium 
arsenates, resulting in release of arsenic in the ecosystem [120-121].  

3.3.2 Iron and aluminium salts 

Iron (III) salts, such as ferric chloride and ferric sulfate, have proved efficient for As(V) 
removal from water [39]. After peroxidation, As(III) can also be removed using iron(III) 
salts [33].  Several dosages of iron (II) over a few hours aids in the peroxidation of 
As(III) [122].  Addition of a mixture potassium hydrogen phospahte (KH2PO4) and 
hydrated sodium sillicate (Na2SiO3.9H2O) can improve arsenic removal [122].  Regular 
addition of small amounts of aluminum sulfate along with iron(III) salts are also known 
to make arsenic removal from water more effective [123].  Fe-(oxy)(hydr)oxide based 
coprecipitation followed by filtration have  proved efficient in removing up to 50 μg/L of 
As(V) from real and spiked water samples [124-125].  Siderite based coprecipitation 
methods have been tested with laboratory prepared solutions and have shown excellent 
abilities of removing arsenic up to 2 mg/L concentrations [126].  However, interferences 
from natural organic matter, phosphate or silicate may cause problems in the use of iron 
(III) salts [25,124,125].  Again, ferric sulphate is known to reduce the life of the water 
treatment tanks due to corrosion [39,127].  In this regard, sacrificial electrochemical 
coprecipitation with iron electrodes can result inbetter coprecipitation of As(V). For, 
instance, an electrochemical unit using Fe(OH)3 based electrochemical coprecipitation 
with sacrificial anode was developed for treating household water by Sagitova et 
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al [128].  Another electrochemical coprecipitation method with iron and zinc electrodes 
also reports of efficiently treating 0.5 mg/L of arsenic [21]. Regular filtration of the 
precipitates using membranes and sand can further improve the precipitation efficiency. 
This can prove to be an inexpensive and efficient method for As(V) removal from 
household water supplies [125].  

Less effective aluminium sulfate (Al2(SO4)3) has also been used for coprecipitation of 
As(V) [25].  Coprecipitation with aluminium (oxy)(hydr)oxides followed by filtration has 
shown that it can reduce arsenic concentrations to below 10 μg/L [124]. However, the 
coprecipitation of arsenic is hindered by the fact that aluminium hydroxides are soluble in 
water, which would release the arsenic precipitates [124].  

Table 2. Non-sorption arsenic removal methods which have proved effective in reducing 
arsenic contamination below the 10 μg/L limit. 

Treatment Method Sample type As species 

Injected As 
concentration 
for treatment 

[mg/L].  

Ref. 

Fe-(oxy)(hydr)oxide 
coprecipitation followed 

by filtration 

Spiked source/ 
artificial water  As(V) 0.004-0.052 [124]  

Blended well 
water As(V) <0.050 [125]  

Siderite based 
coprecipitation (with 

possible sorption) 

Laboratory 
solutions 

As(III) 0.250–2.000 
[126]  

As(V) 0.250–2.000 

Fe(OH)3 based 
electrochemical 

coprecipitation with 
sacrificial anode 

Laboratory 
Solutions 

As(III) 
oxidized to 

As(V) 
0.500 [128]  

Electrochemical 
coprecipitation with Fe 

and Zn electrodes 
followed by filtration 

Laboratory 
solutions As(V) 0.070, 0.100 

and 0.130 [21]  
 

Synthetic water As(III) 
(preoxidized) 0.5 

Al-(oxy)(hydr)oxide 
coprecipitation followed 

by filtration 

Spiked source/ 
artificial water As(V) 0.004-0.052 [124]  
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PRBs with lime, iron 
oxides, and limestone 

Laboratory 
solutions 

1:1 mixture 
of As(V) + 

As(III) 
1000 [129]  

Cationic surfactant and 
ultrafiltration Drinking water As(V) 0.05-0.250 [133]  

Nanofiltration 
Synthetic water As(V) 0.1 

[137]  
surface water As(V) 0.100-0.382 

Ce-iron oxide based 
magnetic sorbent 

Laboratory 
Solutions As(V) 1.0 [139]  

Water hyacinth dried 
roots sorbent 

Spiked tap 
water As(V) 0.200 [145]  

Maple Wood ash sorbent Laboratory 
Solutions 

As(III) 0.1-0.5 
[146]  

As(V) 0.25-0.5 
Coconut coir pith anion 

exchanger Synthetic water As(V) 1.0 [147]  

Bioaccumulation 
with Fern (Pteris sp.) 

Laboratory 
Solutions As(V) 0.020-0.200 [155]  

Bioaccumulation 
with modified bacteria 

Spiked 
contaminated 

water 
As(III) 0.05 [163] 

 

3.4 Permeable reactive barriers (PRBs) 

Permeable reactive barriers (PRBs) are membranes or barriers which allow selective 
passage of some materials while blocking others. PRBs have proved very useful in 
treating arsenic contaminated water having very high levels of arsenic [129]. As soon as 
the arsenic contaminated water interacts with these barriers, arsenic removal gets initiated 
through sorption, ion-exchange, biodegradation, precipitation/coprecipitation, or 
filtration. Most, PRBs use zero valent iron and occasionally lime, portlandite, steel 
industry by-products are also used as the barrier material [3,42]. PRBs are very efficient 
for arsenic removal as well as other contaminants [129]. However, there is much work is 
still needed to be done regarding designing, installation, long-term monitoring, possible 
recovery and proper waste disposal of these permeable reactive barriers. 

3.5 Filtration and membrane techniques 

Filtration of contaminated water is generally done under pressure so that the 
contaminated water is forced through a selective semipermeable membrane and this 
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process is known as pressure filtration. There are four kinds of pressure filtration, 
namely, microfiltration, ultrafiltration, nanofiltration and reverse osmosis [98,130-137]. 
Microfiltration is useful when the diameter of the contaminated particles is larger than 
0.1 μm. Only larger arsenic precipitates can be removed using microfiltration after 
precipitation/coprecipitation with iron(III) salts [98,130]. However, the relatively larger 
grain size of microfilters proves difficult to separate dissolved and colloidal arsenic. 

Ultrafiltration is performed for removing particles as small as 0.01 μm. Similar to 
microfilters, the grain size of ultrafilters renders them incapable of removing dissolved 
arsenic [98].  As(V) removal using ultrafilters can be improved by electrodialysis and 
presence of dissolved organic carbon [98,132].  Cationic surfactant aided ultrafiltration 
methods have proved useful in treating drinking water having a As(V) contamination in 
the range 50-250 μg/L [133].  

Nanofiltration separates particles whose diameter are in the nanometer dimensions and 
involves the principles of charge and size exclusion [98,135]. Hence, the ability of a 
certain nanofilter is decided by its electrical charge and permeability. As a result, 
inorganic As(V) is more efficiently removed than As(III) [98,136].  The removal of 
As(III) and DMA(V) with nanofilters are known to improve at relatively higher pH 
values. Moreover, arsenic removal efficiency with nanofilters is also observed to improve 
at higher pressures [98].  Sometimes, the negative charges on the surface of nanofilters 
repel the chemical species carrying similar charges such as oxyanions of arsenic and thus, 
aiding their removal. This process is known as Donnan exclusion and often occurs 
simultaneous along with nanofiltration [136].  Nanofiltration has been successfully 
utilized to treat surface waters having 100-382 μg/L of As(V) [137].  

Reverse osmosis is known to filter very small particles having a diameter of 
approximately 0.0001 μm. Reverse osmosis is well known to remove As(V) efficiently 
(up to 98%), by utilizing membranes generally made up of cellulose acetate, polyamides, 
polyvinyl alcohol, and other synthetic materials [98].  However, even at high pH, 
effectiveness of As(III) removal remains relatively low at around 48-
75% [33].  Peroxidation of As(III) does not offer any help in this case as the oxidants 
may damage the membrane [98].  

Generally, the processes of nanofiltration and reverse osmosis involve capillary flow and 
solution diffusion, respectively, and both need high pressures leading to slightly higher 
energy consumption and expenses. On the other hand, comparatively less efficient 
microfiltration and ultrafiltration techniques which remove contaminants through 
mechanical sieving require relatively lower pressures and are inexpensive. 
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3.6 Magnetic treatment 

Magnetic properties of magnetite (Fe3O4) along with its high surface area have been 
utilized to develop good sorbent material for As(V) and As(III)in the form of NPs. When 
homogenously distributed in contaminated water, magnetite NPs having a diameter of 12 
nm show increased efficiency for arsenic removal [138].  When cerium(IV) are used as 
dopants in magnetite, As(V) sorption increases significantly and reduces arsenic 
contamination below 10 μg/L [139].  Again, compared to natural magnetite, synthetically 
prepared magnetite has proved more efficient for arsenic sorption, especially when coated 
with calcium alginate [140].  Magnetite has been also used along with activated charcoal 
sorbents for arsenic removal [141].  Dopinghydrotalcite with excess iron(III) and 
nickel(II) also increases magnetic sorption based arsenic recovery from 
clays [142]. Superconducting magnets have been also utilized for arsenic 
removal [143].  Although superconducting magnets were able to reduce the arsenic 
concentration considerably, the level of arsenic left in the water after the treatment was 
over the WHO recommended limit of 10 μg/L. Moreover, the use of superconducting 
magnets may prove too demanding for developing countries. 

3.7 Bioremediation and biological treatment 

Living organisms or substances derived from them are also capable of sorption of arsenic. 
Crop produce, crop wastes, ferns, algae, and chitosan have been observed to remove 
arsenic from water [120,144-159]. Bacteria, fungi, plants, and other microorganisms are 
also known to remove arsenic from water [160-165].    

Some plants, plant parts or their wastes are capable of accumulating arsenic biologically 
from the environment. This process is generally known as phytoremediation. For 
example, sorption of arsenic iron coatings present in the roots of the rice plant (Oryza 
sativa L.) leads to arsenic accumulation in the plant which is well known [144].  Dried 
roots of water hyacinth, ash derived from maple wood and coconut coir have proved very 
effective in lowering arsenic concentrations to below 10 μg/L [145-147].  Even simple 
aquatic plants and ferns such as, Apium nodiflorum, Salvinia natans and Pteris vittata 
have been observed to sorb As(V) [148-155].  It has also been found that there is 
preferential bioaccumulation of arsenic in the stems and leaves of Pteris cretica cv 
Mayii [153].  Furthermore, high levels of arsenic were discovered in old needles of Pinus 
pinaster, Calluna vulgaris, and C. tridentatum and in leaves from C. ladanifer, Erica 
umbellate, and Quercus ilex subsp. ballota [156].  Such kind of phytoremediation can be 
additionally improved with the aid genetic engineering [157].  Even after the cost-
effectiveness of such phytoremediation, large scale implementation of the process suffers 
from slowness and may be stalled by drought and pests. Over a long period of time, 
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changes in chemical and physical conditions of a site could also render phytoremediation 
ineffective. Moreover, disposal of arsenic enriched biomass could prove to be an 
additional issue. 

Bacteria such as Gallionella ferruginea and L. ochracea when incorporated in fixed-bed 
up-flow bioreactors are known to treat arsenic-spiked groundwater by oxidizing As(III) 
to As(V) and subsequent removal by precipation/coprecipitation [161-162]. Some 
bacteria, such as Escherichia coli and Acidithiobacillus ferrooxidans directly 
removeAs(III) from water [163]. Moreover, colonies of a bacteria named, Gallionella sp 
was observed to induce coprecipitation of As(V) in iron-rich mine water [164]. The 
methylated sludge obtained after the chemical modification of dead fungal (P. 
chrysogenum) biomasses are also known for effective sorption of As(V) from 
wastewaters [165].  Thus, bacteria and fungi provide us with cheaper and safer methods 
of arsenic removal from water. However, such methods should be very carefully 
monitored and managed to prevent significant methylation of inorganic arsenic which 
often leads to formation of highly hazardous methylarsine gases. 

Many naturally occurring process biodegrade, precipitate, sorb, as well as reduce the 
toxicity and mobility of arsenicwithout any significant human activity. For example, 
sorption of arsenic in iron rich ores under oxidizing conditions and coprecipitation with 
sulfides under strongly reducing conditions [166].  Although it offers a smart and 
inexpensive solution, this method is too slow to meet the immediate concerns. 

4. Analysis of arsenic contaminated water 

As already mentioned in the previous sections, arsenic contamination in water can prove 
to be very harmful for the human population as well as the overall ecosystem. Even 
though the content of arsenic in ambient air is in the range of ng/m3 which is considered 
relatively low, its prolonged exposure may cause health issues for workers involved in 
arsenic related industries [4-5]. Briefly, emission of arsenic in the form of particulate 
matter or volatile arsine gas can prove a serious health hazard for the workers in the 
smelting, coal combustion and semiconductor industry. Disposal without efficient 
treatment or improper disposal of arsenic contaminated solid wastes and water discharges 
can potentially pollute soils, sediments, and safe groundwater sources. Nevertheless, 
issues due consumption of arsenic contaminated water has taken enormous proportions 
all over the world. Hence, testing of arsenic in industrial effluents, natural aquifers as 
well as drinking water resources of the affected areas has become ubiquitous. Moreover, 
quantitative estimation of arsenic in water is also essential for the correct selection of the 
preferred treatment methodology.  
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Several analytical techniques are used for arsenic estimation which include colorimetric, 
spectrophotometric, electrochemical, atomic absorption and mass spectrometric 
methods [167-267]. In addition to these state-of the art expensive methods, recently many 
cost effective field techniques have been also developed. Although, the sample 
preparation methods greatly differ in case of contaminated water, solids and gases, the 
quantifying techniques used for arsenic are more or less common in each case. In the later 
sections, the different analytical techniques for estimation of the arsenic are discussed. 
Considering the fact that globally millions of people are affected due to drinking arsenic 
contaminated water, some of the highly sensitive arsenic estimation techniques which 
might find use in large scale field analysis are also summarized in Table 3 and Table 4. 

4.1 Techniques analysis of waterborne arsenic 

4.1.1 Colorimetric methods 

Inexpensive nature combined with relatively less complications of sample preparations, 
have made several colorimetry based methods ideal for field tests. Some of the highly 
sensitive colorimetric methods used for arsenic quantification are presented in Table 3. 
Based on these techniques, a number of color based test kits for arsenic have been 
developed over the years [167-171]. Almost all of these colorimetric tests are based on 
the Gutzeit method which was first proposed in the year 1879 [172].  In the Gutzeit 
method, inorganic arsenic species containing As(V) and As(III) are converted into 
volatile arsine (AsH3) gas using a suitable reducing agent such as a combination of zinc 
and hydrochloric acid. The arsine gas is subsequently made to react with silver nitrate 
(AgNO3) to form dark coloured complex. The colour of the complex varies from light 
grey to black depending upon the amount of arsenic in the sample. Later, expensive silver 
nitrate crystals were replaced by a strip of filter paper impregnated with mercuric 
bromide which formed a yellow stain upon reaction with arsine [173]. The amount of the 
arsenic is generally estimated by comparing the colour of the crystal or the stain with a 
standard chart. Initially, the Gutzeit method could estimate arsenic with the lower limit of 
detection being 100 μg/L. However, some of these automated kits claim to detect arsenic 
as low as 10 μg/L [167-171].  The Gutzeit method can also be utilized to speciate As(III) 
and As(V). Conversion of As(III) species into arsine can be achieved under mild acidic 
conditions (at pH ~ 4), whereas for conversion of As(V) into arsine, the pH should be 1 
or less. 

Other than the limit of detection being high, Gutziet methods also suffer from a number 
of drawbacks including use of toxic mercuric bromide, leakage of harmful arsine gas, 
color degradation in sunlight and human error in colour identification resulting in 
inaccuracy and irreproducible results. Moreover, presence of arsenic in zinc (used for 
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conversion to AsH3) as an impurity, can result in ambiguous estimations. This method 
with slight modifications has been widely used for developing countries like Bangladesh, 
where the concentration of arsenic in groundwater often exceeds 100 μg/L [174-
177]. Lately, there are reports that these test kits have proved inaccurate [178-179]. With 
the use of automated delivery and detection techniques many of the human error related 
problems can be negated to yield better accuracy and reproducibility. Moreover, the 
lower detection limit of the Gutzeit method can be further improved by using 
spectrophotometers for measuring the color intensity. For instance, with the aid of image 
scanning and computation, Salman et al. were able to achieve a limit of detection of 1 
μg/L for As(III) analysis in well and canal water [180].  Nevertheless, automation and the 
use of spectrophotometers increase the cost per test as well as require skilled manpower. 

Another important colorimetric method for arsenic is the molybdenum blue test [181-
183].  In this method, As(V) reacts with molybdate forming a molybdenum blue 
complex, whose color intensity is measured to estimate the amount of As(V). As(III) 
must be peroxidised to As(V) in order to estimate the total inorganic arsenic. However, 
this method is less sensitive and often suffers from interferences from silica and iron (III). 
Later, addition of a preconcentration step significantly improved the accuracy of the 
method (limit of detection of about 0.08 μg/L) [184]. In another method, the generated 
arsine gas is made to react with silver diethyl dithiocarbamate dissolved in pyridine 
which results in a red colored complex [185-186].  The intensity of the red colored 
complex was measured spectrophotometrically at 536 nm, to estimate the amount of 
arsenic. Silver diethyl dithiocarbamate forms colored complexes with many metals and 
thus,the number of interfering sources also increases [187].  Moreover, the molybdenum 
blue and silver diethyl dithiocarbamate methods involve the use of harmful chemicals 
such as potassium bromate (KBrO3) and pyridine, respectively. Another colorimetric 
method utilized the adsorption of a cationic dye named ethylviolet on molybodoarsenate 
to form ionic associates in the form of particulate matter and achieve a limit of detection 
of 4 μg/L [188]. However, the process is lengthy and arduous. 

Color based detection of arsenic using functionalized gold (Au) NPs have also proved to 
be very sensitive [189-190].  Moreover, interferences from other metal ions are almost 
absent in such studies. Specifically, whenever arsenic binds to these functionalized 
AuNPs, they develop a distinct colour. Again, the intensity of the color measured 
spectrophotometrically at a suitable wavelength gives an estimate of the arsenic present 
in the sample. With detection limits of sub μg/L level being achieved in these studies, 
such methods can be very handy in detection of trace levels of arsenic in potable drinking 
water. However, use of expensive reagents and spectrophotometers demand a lot of 
capital and skilled labour. 
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4.1.2 Other spectroscopic methods 

With the advancement of technology, several spectroscopy based techniques have been 
explored for arsenic measurement. These methods include Laser-induced breakdown 
spectroscopy (LIBS), Surface-enhanced Raman spectroscopy (SERS), Total reflection X-
ray fluorescence spectrometry (TXRF), Attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR), Surface plasmon resonance (SPR) based 
sensors [191-199].  

LIBS has been proved to be a very quick analytical tool for arsenic determination in 
wastewater [191].  SERS is based on the detection of surface plasmon activity shown by 
the contaminants when adsorbed on certain surfaces such asAu, Ag and CuNPs [192-
193].  At the same time, TXRF has proved very slow while arsenic estimation in seawater 
tailings, from gold-copper mine, acid mine drainage water [194-197].  ATR-FTIR 
measurements have very poor sensitivity towards waterborne arsenic [198].  SPR sensors 
using thiol based organic compounds as coatings have been claimed to detect arsenic as 
low as 1.5 ng/L [199].  However, these results fail to match with graphite furnace atomic 
absorption spectroscopy (GF-AAS) data and with real samples SPR sensors are known to 
produce ambiguous results [199-200].  

Most these methods involve the use of the bulky, expensive instruments which require 
high maintenance cost and skilled manpower. Moreover, with the limit of detection 
mostly being in the range g/L-mg/L, the sensitivity towards arsenic measurement needs 
to be improved vastly for these methods. 

4.1.3 Luminescence-based methods 

Arsenic estimation by measuring the fluorescence produced upon reaction of As(III) or 
As(V) with surface derivatized quantum dots (QDs) such as CdS, L-cysteine capped CdS, 
and glutathione (GSH)-capped CdTe QDs have also been probed [201-203]. Although, a 
limit of detection of 0.75 μg/L is encouraging, cost-effective methods of detecting 
fluorescence must be explored to achieve arsenic analysis on a large scale. Liquid phase 
chemiluminescence (LPCL) detection of As(V) with a limit of detection of 0.15 μg/L has 
proved to be more sensitive and cost-effective comparatively [204-205].  It involves 
reaction of As(V) with molybdate in acidified vanadate solution, resulting in formation of 
vanadomolybdoarsenic heteropoly acid (V-HPA). In the next step, Subsequently, V-HPA 
complex is reacted with alkaline solution of luminol to produce a signal which is 
measured by a photo multiplier tube (PMT). However, phosphate and other heavy metals 
must be co-precipitated to remove any interference. 
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Table 3. Highly sensitive colorimetry and luminescence based arsenic analysis 
techniques with field deployable abilities. 

Method Sample type Arsenic 
Species 

Limit of 
detection 
[μg/L].  

Practical 
range 

[μg/L].  
Ref. 

HgBr2 impregnated 
paper 

Well/canal 
water As(III) 1 2-20 [180]  

Molybdenum Blue Groundwater total As 8 10-
10,000 [183]  

Molybdenum Blue River/well/ 
lake water 

As(III)/ 
total As 0.07/0.09 0-50 [184]  

Molybdoarsenate-
ethylviolet complex 

Tap/river/ 
ground/mine 

water 
As(V) 4 0-300 [188]  

Spectrophotometric 
using Au-NPs 

Well/tap/ 
bottled water total As 0.003 0.001-

50 [189]  

Spectrophotometric 
using Au-NPs 

Laboratory 
solutions As(III) 0.6 0-100 [190]  

Mg-Coprecipitaion 
+ VMA-HPA 

Luminol, LPCL 
Fresh water As(V) 0.15 0.15-7 [204]  

VMA-HPA 
preconditioned 
Luminol, LPCL 

Mineral/ tap 
drinking 

water 
As(V) 6.7 7.5-

37,500 [205]  

HG- gas diffusion - 
O3 -GPCL 

Drinking 
water As(III) 0.6 0.6-

25,000 [207]  

Electrochemical 
HG- O3- GPCL 

Tap/ Spiked 
water Total As 0.36 - [208]  

Electrochemical 
HG-O3-GPCL 

Ground/ tap 
water 

As(III)/ 
total As 0.76/ 0.09 - [209]  

HG-O3-GPCL Ground/ tap 
water 

As(III)/ 
As(V) 0.05/0.09 - [210]  

Manual HG-O3-
GPCL 

Ground/ tap 
water Total As 1.0 - [212]  
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Figure 1. A schematic diagram of automated gas phase chemiluminescence based arsenic 
detection system. 

 

The gas phase chemiluminescence(GPCL) technique is based on the measurement of 
chemiluminescence produced during the reaction between arsine and ozone, initially 
reported by Fujiwara et al [206].  Utilizing this GPCL, several studies have reported cost-
effective methods of detecting sub μg/L level of inorganic arsenic in water [207-
212].  For instance, Idowu et al. [210].  developed a fully automated instrument to 
demonstrate sequential analysis As(III) and As(V) along with determination of total 
inorganic arsenic. No significant interferences were observed from phosphates and other 
heavy metals. Later, efforts were made to this instrument small, compact, portable and 
robust [211].  A schematic diagram of the automated GPCL based detection system is 
presented in Figure 1. The detailed description of the same is already available in the 
literature [210-211]. A manually operated system was also explored to make it more 
affordable for countries like Bangladesh, where manual labour is relatively 
reasonable [212].  These GPCL based methods are highly sensitive with the limit of 
detection mostly being lower than 1 μg/L. In addition to low cost per test, automation 
opens the choice of untrained labour which could prove very effective solution for 
waterborne arsenic analysis in some of the developed countries as well. Some of the field 
deployable highly sensitive luminescence based arsenic detection techniques are 
mentioned in Table 3. 
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4.1.4 Hydride generation -atomic absorption spectroscopy (HG-AAS) 

Atomic Absorption Spectroscopy (AAS) is a well-established instrumental technique 
where minute amount of metals contaminants in parts per million (ppm) or parts per 
billion (ppb) level concentrations can be estimated accurately and reproducibly [213].  In 
this method, the metal contaminants are volatilized, atomized and burnt in high 
temperature flame. The amount of the metal contaminant is estimated by measuring the 
intensity of the spectroscopic signatures of the metal using an absorption 
spectrophotometer. 

Arsenic metal itself is not volatile and hence, to convert all the arsenic into volatile 
arsenic hydride (arsine gas) quantitatively, reduction with sodium borohydride (NaBH4) 
is performed [214-216]. In this method, hydride generation (HG) is much efficient and 
the issue of erroneous measurement due to the use of zinc or magnesium is resolved. 
Specifically, for arsenic determination using HG-AAS, the sample is acidified and excess 
NaBH4 is added to quantitatively convert all the different forms of arsenic into volatile 
arsine gas. The resulting arsine gas is then carried by an inert gas such as nitrogen or 
argon to the atomizer. Arsine is atomized by heating it inside a quartz tube by an 
air/acetylene flame. Finally, the amount of arsenic in the flame is estimated by measuring 
the intensity of a characteristic wavelength of 193.7 nm using a spectrophotometer. This 
HG method significantly enhances the sensitivity of detecting arsenic using AAS and can 
also be used with other detection techniques [217].  Again, in HG-AAS, interferences due 
to overlapping spectrum are greatly reduced [218]. However, HG-AAS alone cannot 
speciate between As(III) and As(V),that is, only the total arsenic content can be 
determined. This issue can be resolved by coupling HG-AAS with one of the many 
chromatography based speciation techniques [219]. Moreover, due to requirement of 
skilled labour combined with high cost per test, and maintenance cost HG-AAS is not 
recommended for large scale arsenic measurements in the field. 

4.1.5 Electrothermal atomic absorption spectroscopy (ETAAS) 

In this AAS method, samples are deposited in a small graphite coated tube which can 
then be heated using high electric current to vaporize and atomize the 
analyte [213].  Hence it is also known as graphite furnace atomic absorption spectroscopy 
(GF-AAS). Chemical matrix modifiers are also introduced along with the samples to 
stabilize the analyte and increase the volatility of the sample matrix. The most widely 
used chemical modifier for arsenic estimation is Pd(NO3)2 [219-222].  Au and AgNPs are 
also reported to serve as good chemical modifiers for reducing any interferences arising 
in sea water or water rich in sodium ions [223-224].  These substances aid in increasing 
the pyrolysis temperature beyond 1100 °C, thus increasing the sensitivity of arsenic 
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detection. Other modifiers such as a combination of zirconium(Zr) with iridium (Ir) and 
mixture of tungsten with noble metals(such as W-Rh, W-Ru, W-Ir) have proved very 
efficient for arsenic estimation in sludge, soil, sediments, coal, ashes and water by 
ETAAS [225-226].  Similar to HG-AAS, ETAAS must be combined with a 
chromatographic separation technique for arsenic speciation [218].  

4.1.6 Electrochemical methods 

Electrochemical methods such as cyclic voltammetry (CV), cathodic stripping 
voltammetry (CSV) and anodic stripping voltammetry (ASV) using a variety of 
electrodes have been explored for arsenic analysis [227-242].  Most of such 
electrochemical methods are cost effective and at the same time, they have proved to be 
immensely sensitive. Some of the most sensitive electrochemical techniques are enlisted 
in Table 4. Specifically, the limit of detection was observed to be 0.3 μg/L  in a ASV 
study of total arsenic analysis using a coating of ammonium 2-amino-1-cyclopentene-1-
dithiocarboxylate (AACD) on a mercury (Hg) film electrode with prior Cr(III) 
accumulation [229].  It is noteworthy to mention the work of Gibbon-Wash et al where 
ASV studies using a Mn coated Au microwire presented a limit of detection of 0.15 
ng/L [231].  Differential pulse anode stripping voltammetry (DPASV) using vibrating Au 
microwire and Au surface have also shown sub μg/L detection limits [232-233].  ASV on 
glassy carbon electrode (GCE) modified with coatings of Au/Pd NPsand microwalled 
carbon nanotubes (MWCNT) have also proved sensitive for arsenic analysis [234-
235].  Anode stripping linear sweep voltammetry (ASLSV) studies with 
mercaptoethylamine coated Au electrode achieved 0.07 μg/L limit of detection in river, 
spring and tap water samples [236].  ASV and Linear sweep voltammetry (LSV) using a 
mixed self-assembled monolayer of glutathione (GT), dithiothreitol (DTT) and N-acetyl-
L-cysteine (NaLc) produced a good linear response in the 3-100 μg/L range with a 0.5 
μg/L limit of detection [237]. Recently, Lalmalswami et al. developed an inexpensive and 
low cost silane grafted nanocomposite based sensor for electrochemical detection of 
As(III) [238]. Although, in their ASV and CV studies they achieved, an exceptional 
detection limit of 3.6 ng/L with spiked river water, elaborate studies with real water 
samples will be more encouraging.  

Square wave ASV (SWASV) with Fe3O4 based room temperature ionic liquid (RTIL) 
composite electrode has shown an exceptional0.8 ng/L limit of detection for arsenic 
analysis in the range of 1-10 μg/L [239]. Although, CSV studies with vibrating Au 
microwire has shown very good sensitivity and a large linear workable range, there are 
significant interferences from iodide ion [240].  CSV using Hg electrode needs long 
accumulation times for accurate and reproducible results [241].  Cyclic voltammetry 
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(CV) studies with modified Au electrodes have shown very good sensitivity for arsenic 
determination in real water samples [242-243]. However, these CV methods with 
modified Au electrodes were used mostly for As(III) and also suffer from interferences 
from a lot of metal ions. Overall, electrochemical methods present many sensitive and 
cost-effective methods for arsenic analysis. Nevertheless, electrodes require a lot of 
attention along with regular checking and field analysis with electrodes has not proved to 
be robust method [244].  

Table 4. Highly sensitive electrochemical techniques for arsenic analysis with field 
deployable abilities. 

Method Sample type Arsenic 
Species 

Limit of 
detection 
[μg/L].  

Practical 
range 

[μg/L].  
Ref. 

ASV on modified Hg 
film 

Tap/lake/ 
natural water As(III) 0.3 0.5-448 [229]  

ASV on modified Au 
electrode Lake water As(III) 0.02 0.2-300 [230]  

ASV on a Mn coated 
Au microwire Seawater As(V) 0.0015 - [231]  

DPSAV on vibrating 
Au microwire River water As(V) 0.07 0.07-3.0 [232]  

DPASV, square wave 
ASV on Au surface 

Drinking 
water As(III) 0.06 1-15 [233]  

ASV on GCE  with 
Au/Pd NPs 

Laboratory 
solutions As(III) 0.25 1-25 [234]  

ASV on GCE ( Pt/ 
Fe(III) MWCNT 

Laboratory 
solutions As(III) 0.75 7.5-22.5 [235]  

ASLSV with Au-NPs Tap/spring/ 
river As(III) 0.07 1.5-225 [236]  

ASV/LSV (GT+DTT+ 
NaLc on Au electrode) 

Sea/river/lake
/tap water As(III) 0.5 3-100 [237]  

CV, ASV (Silane 
grafted nanocomposite 

electrode ) 

Laboratory 
solutions As(III) 0.0036 0.5 - 20 [238]  

SWASV (Fe3O4-RTIL 
composite electrode) Groundwater As(III) 0.0008 1-10 [239]  
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CSV on vibrating Au 
microwire 

Ground/river/ 
lake/tap water As(III) 0.035 0.07-

7500 [240]  

CSV on Hg electrode River/rain/ 
lake/tap water As(III) 0.2 0.75-750 [241]  

CV, modified Au 
electrode 

River/tap/ 
ground water As(III) 0.018 0.1-1800 [242]  

CV, modified Au 
electrode 

River/lake 
water As(III) 0.047 0.1-120 [243]  

 

4.1.7 Inductively coupled plasma mass spectrometry (ICP-MS) 

ICP-MS is another standard detection technique widely used for arsenic and other metal 
contaminants in trace analysis [200,218].  This method can be coupled with a wide range 
of pretreatment and separation techniques such as hydride generation (HG), solid phase 
micro extraction (SPME), capillary micro extraction (CME), solvent bar micro extraction 
(SBME), high performance liquid chromatography (HPLC), ion chromatography (IC) 
and diffusive gradient in thin films (DGT). Recently, liquid-liquid micro extraction 
(LLME) and capillary electrophoresis (CE) are being also explored for arsenic extraction 
and speciation [200,218].  

HPLC/IC enabled separation coupled with ICP-MS detection is one of the most common 
and widely used technique for arsenic testing and speciation [200]. When combined with 
column chromatography, HG-ICP-MS is capable of speciation of all major arsenic 
species in water as well as extracts obtained from solid substances. In SPME, a suitable 
sorbent material is coated on a solid metal or silica fiber/rod to ensure separation [245-
250].  Due to availability of several sorbents combined with very less use of organic 
solvents, SPME-ICP-MS offer outstanding detection options. Similarly, in CME, an 
active sorbent layer inside a capillary serves as the extraction medium [251-252]. SBME 
ensures that the solvent used for extraction is restricted within a hollow fiber membrane, 
which is placed within the sample solution with continuous stirring. Sinking the 
extraction set-up within the sample solution further aids the extraction process. In case of 
SBME, As(V) must be pre-reduced to As(III) for better results. SBME offers better 
enrichment factor and faster extraction compared to CME [253]. DGT offers an in situ 
technique by integrating diffusive and binding gels for sampling and preconcentration 
using various environmental matrices. DGT methods have shown linear response over a 
considerable period of time and also have been used for field analysis [254-256].  

ICP-MS has been widely used for arsenic analysis of water samples as well as particulate 
matter [200,218,257].  The minimum limit of detection achieved for water and particulate 
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samples are 0.7ng/L and 0.05 ng/m3 respectively [251,257]. In the estimation of arsenic 
(m/z = 75) using the ICP-MS technique, there can be interferences from 
40Ar35Cl+,59Co16O, Sm2+and Nd2+ [200].  In this regard, digestion of solid particulates 
with chlorine containing substances such as HClO4 must be avoided. Also, 35Cl 
containing calibrating agents are discouraged, as they may combine with the inert carrier 
gas, Ar to produce 40Ar35Cl+ [200].  Moreover, except HG-ICP-MS, other techniques 
when coupled with ICP-MS are prone to matrix interferences due to variations in 
ionization. Laser Ablation (LA) techniques have also been used for plasma generation 
(LA-ICP-MS) from the sample [258].  Nevertheless, instability of the used lasers and 
inhomogeneity of the filters result in less reproducible results. High cost per test, 
maintenance cost, bulky instrumentation and requirement of skilled manpower make it 
less likeable for large scale testing. 

4.1.8 Inductively coupled plasma- optical emission spectroscopy (ICP-OES) 

ICP-OES is similar to ICP-MS, except for the fact that the emission from analyte ion is 
measured instead of detection of the charged ion. The optical emission spectroscopy 
(OES) is often referred as atomic emission spectroscopy (AES). Again, if the emission is 
in the form of fluorescence, then it is known as atomic fluorescence spectroscopy (AFS). 
Although, the ICP-OES method can be applied for water, solid and gaseous samples, 
most of the studies have used it for arsenic determination in atmospheric particulate 
matter [257]. The gaseous particulate matter is digested and converted into liquid 
samples. The minimum limit of detection of arsenic achieved using this method is 
relatively high (50 μg/L) [259]. Hence, it is suitable only for samples having high arsenic 
concentration. However, when coupled with HG, the limit of detection of arsenic with 
ICP-OES may improve to 1 μg/L [260].  

4.1.9 Neutron activation analysis (NAA) 

In case of NAA, the sample is subjected to neutron bombardment resulting in formation 
of radioactive nuclides, which undergo β and/or γ with particular half-lives and energy 
emissions. The measurement of the half-life and energy emitted from the arsenic or any 
other contaminant nuclide present in the sample provides an estimate for their 
concentration in water, herbal and soil samples [261-263].  It can provide accurate results 
over a wide range from 1 μg/L to several mg/L. This method is not only expensive but 
considering its radioactive nature, also requires following of a number of safety protocols 
by well-trained personnel. 
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4.1.10 Biosensors 

A few bacteria-based assays have been explored for estimation of arsenic in 
water [264].  For instance, a spore forming bacteria namely, Bacillus subtilis was utilized 
for preconcentration of As(III) as well as As(V) in water under certain pH conditions. 
Several enzymes-based biosensors for arsenic estimation are also reported [265-
266].  When acid phosphatase and polyphenol oxidase are trapped into clays and layered 
double hydroxides, they allow detection of As(V). The hydrolysis of phenyl phosphate 
into phenol by acid phosphatase, followed by the oxidation of phenol into o-quinone by 
polyphenol oxidase involves exchange of electrons [265]. As(V) inhibits this activity of 
acid phosphatase and the same inhibition rate can be monitored as function of As(V) 
concentration. Arsenite oxidase, is an enzyme which oxidizes arsenite to arsenate and is 
used for estimation of As(III) in the form of a coating on a suitable electrode [266]. The 
redox reactions occurring on the bio-electrode can reflect the As(III) concentration in the 
water. Recently, a molybdenum sulphide (MoS2) transducer used in a liquid-ion gated 
field-effect transistor (FET) based biosensor was used to develop a very sensitive method 
for arsenic estimation which can prove very useful for potable drinking water. This 
method was observed to detect arsenic as low as 75 pg/L [267].  However, in this study 
the maximum concentration of arsenic to be estimated accurately was 0.75 μg/L, which is 
too low considering the amount of arsenic present in the water of the affected areas. 
Remarkably, copper, which generally interferes during arsenic estimation by 
electrochemical methods, did not interfere in the case of such biosensors. These 
biosensors offer a very cost effective and environment-friendly technique for arsenic 
estimation. Nevertheless, the performance of these biosensors over a wide range of 
arsenic concentrations, especially in the high concentration region is yet to be explored. 

Conclusion 

The choice of arsenic removal and its effectiveness depends upon the source, volume, 
chemical composition, pH, presence of interfering ions and the amount of arsenic in the 
contaminated water. Hence, prior to the implementation of any technique for arsenic 
removal from a particular site, it must be thoroughly tested. 

Conventional arsenic removal technologies of precipitation/coprecipitation which involve 
addition of other chemicals are generally used for treatment of industrial effluents. 
However, careful pH monitoring, slow settling of precipitate and use of large flocculation 
tanks increase the economic burden. Several sorption techniques which use iron, iron-
manganese and/or aluminium based compounds along with PRBs have proven to be very 
efficient and offer inexpensive solutions. Some of these most effective sorption-based 
techniques are listed in Table 1. However, they suffer from interferences from 
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phosphates, silicates, carbonates, sulfates and dissolved organic materials, especially at 
higher pH. Disposal of the used sorbent materials also present an additional problem. At 
the same time, ion exchange due to their regeneration ability, effectiveness and low-cost 
are good treatment methods for the removal of arsenic species from water. Membrane 
technologies involving microfiltration, ultrafiltration, nanofiltration and reverse osmosis 
have proved highly effective in arsenic removal. Reverse osmosis and nanofiltration have 
found wide use in rural areas, with nanofiltration proving to be a better option due to its 
ability to work under low pressures. Magnetic treatment based arsenic removal has very 
little use for practical purposes. Bioremediation of arsenic offers a cost-effective green 
technology. However, subsequent removal of bacteria and organic wastes from the water 
is necessary prior to human consumption. Moreover, such methods need more research to 
be implemented on a large scale. Overall, ultrafiltration and nanofiltration based 
membrane technologies offer quick, effective, inexpensive, and easily implementable 
solution for arsenic removal. 

Post treatment, it is ubiquitous to test the level of arsenic in the discharged water. Again, 
prior to human consumption, testing of arsenic in groundwater and other water sources is 
essential. Inexpensive colorimetric methods based on Gutzeit method present viable 
solution for arsenic analysis on a large scale, especially in the most affected developing 
countries like Nepal, Bangladesh. Most of these methods are overwhelmed by arsine 
leakage, operator judgement error, color degradation often result in inaccurate and 
irreproducible results. Other spectroscopic techniques such as LIBS, SERS, TXRF, ATR-
FTIR have proved insensitive below mg/L level of arsenic. Electrochemical methods of 
arsenic analysis using different kinds of electrodes are observed to be extremely sensitive 
with limit of detection in the sub μg/L level. Although such electrode-based methods 
have often proved time-saving and cost effective in field analysis, the robustness of the 
electrodes needs to be improved. For timesaving, sensitive and accurate arsenic analysis, 
sophisticated and expensive techniques such as ICP-MS and HG-AAS are highly 
recommended. Such instruments have multi element capabilities, require skilled 
manpower and thus, use of such instruments for single element analysis will be unwise. 
Moreover, ICP-MS and HG-AAS instruments being expensive and bulky prove less 
useful in large scale field analysis. To conclude, electrochemical and GPCL based 
automated instruments along with emerging biosensor technology offer inexpensive 
solutions for accurate, reproducible, portable and rapid field testing of arsenic on a large 
scale. 
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Abstract 

The exemplary properties of eggshell waste have gained a lot of attention due to its 
chemical composition and bio-degradable features making it a suitable choice to be used 
in wastewater treatment. The use of biosorption as an alternate treatment technology to 
conventional processes such as chemical precipitation and ion exchange is seen as a 
promising solution to the many drawbacks experienced by conventional processes. 
Furthermore, due to higher imposed environmental legislations, eco-friendly and low-
cost considerations have set the momentum in the search for biosorbents of this nature. 
With the circular economy being the focal point of industrial operations, eggshell waste is 
a highly promising biosorbent due to its non-toxicity properties and its ability to be 
converted from a waste material to a valuable product. In this review paper, fundamental 
aspects of biosorption will be discussed where the main focus will lie in qualitatively 
examining the properties of eggshell waste, binding mechanisms, kinetics and isotherm 
modelling that make it an attractive option to be used in the biosorptive process. Finally, 
a summary of the important considerations for future research work in this field is 
presented.  
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1. Introduction 

In recent decades, the marked increase in industrial activities and water usage worldwide 
have resulted in the release of several contaminants into the aquatic environment, such as 
toxic heavy metals, dyes and pesticides, amongst others [1]. Aquatic bodies are 
continually being degraded through the discharge of industrial wastewaters and domestic 
wastes [2]. With that said, anthropogenic activities are the most common sources where 
hazardous contaminants are distributed into the environment through the continual 
discharge of sewage and industrial effluent [3]. Thus, governments have established 
environmental restrictions with regards to the quality of wastewater, forcing industries to 
treat waste effluent before being discharged [4]. Currently, there are several treatment 
technologies used for the removal of hazardous pollutants which include chemical 
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precipitation, ion exchange, reverse osmosis and ultrafiltration to name a few, all of 
which have been reviewed by several researchers [5-7]. 

However, the use of these processes come with drawbacks where they are not 
recommended for applications with low concentrations of metal ions [8]. They become 
technically inefficient when the target concentration falls below 100 ppm. Additionally, 
some of these technologies require large quantities of reagents, have high energy 
requirements not to mention the production of large amounts of secondary waste sludge 
[1]. Thus, the adsorption process has been the focus of research studies in recent times for 
the removal of toxic contaminants. The main attraction of this process is its cost 
effectiveness and good removal performance [9].   

Commercially, there are available adsorbents such as activated carbon and zeolites 
however it has restricted use due to its high costs [10] leaving a gap in the market. This 
gap has led to the investigation of materials of agricultural and biological origin [9]. Raw 
and natural agricultural wastes are among some of the cheap adsorbents that can be used. 
One such agricultural-based adsorbent is eggshell waste.  

Statistically, China was the leading egg producing country worldwide in a 2016 report, 
producing 453.17 billion eggs (The Statistics Portal) with the United States producing 
101.95 billion cases followed by India, Mexico and Brazil with 83, 54 and 46 billion tons 
and 20.8 million cases being produced in South Africa in 2014 [11, 12]. Due to the large 
quantities of egg production worldwide, a considerable quantity of shell residue is 
generated, which is considered as waste [13]. Landfill sites generally reject eggshell 
waste due to the protein component of the membrane which attracts vermin [14]. 
Additionally, disposal costs (mainly on landfill sites) are quite significant and are 
expected to rise due to the continual increase in landfill taxes [15]. Thus, several research 
studies have been conducted on eggshell waste to source alternative uses to remediate 
this worldwide concern [13, 15, 16]. Possible applications range from applications as 
fertilizers and animal feed to the adsorption of heavy metals, paper treatment, catalysts 
for biodiesel production, production of hydrolyzed protein to bone and dental implants to 
name a few [13]. Proposing the use of eggshell waste as a biosorbent serves a twofold 
solution, it lessens the impact of environment pollution while simultaneously providing 
an environmentally friendly treatment technology to be used in wastewater treatment. 

Eggshells are an attractive option due to their low costs, abundant availability in nature, 
non-toxic properties, large specific surface areas, and high potential of ion exchange for 
charged pollutants [17]. Sorption by eggshells occurs mainly by an exchange reaction 
making it suitable to be used as a biological sorbent of metal ions [14]. Currently, 
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eggshells have few industrial applications despite being a plentiful waste, and several 
potential applications are being investigated due to its calcium carbonate structure [18]. 
This review paper concentrates on the use of eggshell waste as the adsorbent medium for 
the process of biosorption. The chemical and physical properties of eggshells make them 
exemplary materials to be used in the biosorption process.  

1.1 Characterization of eggshell waste 

 

 

Figure 1. (a) Longitudinal section to depict the interior contents of a chicken egg and (b) 
Cross-sectional view, Adapted from [19]. 

 

The hen shell represents approximately 11% of the total weight (approximately 60 g) of 
the egg [15]. It is comprised of a calcified shell and shell membrane layer including both 
inner and outer membranes [20]. There are three layers, the outermost layer called the 
cuticle, the calcium carbonate layer called the testa, and the innermost layer called the 
mammillary layer. The cuticle and mammillary layers both form a matrix composed of 
protein fibers bonded to calcite (calcium carbonate) crystal. The two layers are also 
constructed such that there are numerous circular openings (pores), which allow the 
transpiration of water and gaseous exchanges, throughout the shell. Each eggshell has 
been estimated to contain between 7000 and 17,000 pores [15] making it an excellent 
choice to be used as an adsorbent.  

The outer surface of the shell is covered with a mucin protein, which acts as a soluble 
plug for the pores in the shell [21] with the organic matter of the shell and shell 
membrane containing proteins as major constituents with small amounts of carbohydrates 
and lipids [20]. 

a b 
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The membrane layer of the eggshell is an amorphous natural biomaterial with an intricate 
lattice of stable and water insoluble fibers [22]. There are two membranes which lie 
directly beneath the shell called the inner and outer shell membrane. The outer membrane 
remains adhered to the mammillary layer of the shell, while the inner membrane 
surrounds the liquid of the egg. The two membranes separate at the larger end of the egg 
and create a space between them called the “Air Cell”. The membranes are composed of 
protein fiber arranged to form a semi-permeable membrane with a total thickness of 
around 100 μm [21]. The membrane surface bears positively charged sites produced by 
basic side chains of amino acids. It has a very high surface area with functional groups 
such as hydroxyl (−OH), thiol (−SH), carboxyl (−COOH), amino (−NH2) and amide 
(−CONH2) to name a few [22].  

The mineralized shell constitutes about 96% calcium carbonate with the remaining 
components comprising of the organic matrix (2%), magnesium, phosphorus and a 
variety of trace elements [19, 22]. The membrane constitutes nearly 60% protein of 
which 35 % is collagen, 10% glucosamine, 9% chondroitin and 5 % hyaluronic acid 
together with other inorganic components like Ca, Mg, Si, Zn, etc. in minor quantities. 
The density of the shell is approximately 2.53 g/cm3, which is significantly larger than 
that of the membrane which is 1.358 g/cm3 [22]. 

2. Modifications 

There are many ways in which eggshell waste can be prepared for use in the biosorptive 
process however several researchers prefer modifications to enhance sorption capabilities 
[23-27]. Having said that, using it in its natural form without any physical or chemical 
modifications have also proven to be effective [14, 18, 28-31]. 

The most commonly used modification process of eggshell waste is achieved through 
calcination. Calcination is a form of thermal modification which can be performed using 
several methodologies achieved by subjecting the eggshell biomass to a furnace at a 
specified temperature. This provides several advantageous characteristics to the eggshell, 
such as increased surface area, pore volumes and an enriched CaO content which 
facilitates in the ion exchange process between the surface of the biosorbent and the 
metal ion/dye. The temperature range generally used varies between 600-900 °C [23, 32]. 

The goal of calcination is to dissociate calcium carbonate into calcium oxide and carbon 
dioxide as explained by the following reaction: 

CaCO3 → CaO + CO2 (1) 
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In doing so, the high calcium oxide content achieved through calcination provides the 
necessary sites to bind heavy metals and dyes through the mechanism of ion exchange as 
explained by various researchers [32-34]. 

The method of Slimani et al. [35] involved calcination at 900 °C  for 2 hr to produce a 
composition of 61.95% Ca, 0.79% Mg, 0.65% Si, 0.64% Na, 0.47% P, 0.17% Al, 0.12% 
Cl with a surface area of 62.42 m2/g. In contrast to this, 800 °C for a period of 4 hr was 
used by Al-Ghouti et al. [33] which produced a CaO content of 58.31% (3.02%, C and 
53.33% O2), 0.09% SiO2, 0.02% Al2O3, 0.01% MgO, 0.02% Fe2O3, 0.10% Na2O and 
0.16% P2O5 respectively. Interestingly, a very low surface area of 1.81 m2/g was achieved 
compared to the raw form of 1.15 m2/g using this methodology. 

In the methodology of Witoon et al. [34], eggshells were calcined at 900 °C for 1 h under 
a N2 atmosphere producing 97.42% CaO, 1.63 % MgO, 0.52 % P2O5, 0.26 % SO3, 0.08% 
K2O, 0.05 % SrO, 0.02% Cl, 0.01% Fe2O3 and 0.01% CuO respectively. Following this 
methodology produced a reasonably high surface area of 13.45 m2/g in comparison to the 
raw form of 0.05 m2/g.   

Generally, a pre-screening run should be conducted to determine a suitable temperature 
for calcination. The raw eggshell should be dried at a low and high range temperature to 
determine which temperature yields the highest weight loss. Thereafter, this temperature 
is recommended to be used until a constant weight is achieved, at which, the constant 
weight temperature should be used to ensure maximum conversion to CaO. 

Although the term modification generally implies alteration by thermal or chemical 
means, another form of modifying the properties of eggshell waste includes mechanical 
activation, as demonstrated by Baláž et al. [36]. Significant increase of the sorption 
capacity of the eggshell biomaterial toward Cd(II) was observed upon milling, as 
evidenced by the maximum monolayer value of 329 mg/g. Baláž et al. [37] attributed the 
main driving force to be the presence of the aragonite phase as a consequence of phase 
transformation from calcite which occurred during milling. 

Modification by converting eggshell waste to CHAP which is carbonate hydroxylapatite, 
is also effective in achieving high biosorptive capacities. Zheng et al. [38] used eggshell 
waste synthesized to CHAP to investigate the removal of Cd (II) and Cu (II) from 
aqueous solutions. The mechanisms proposed were ion exchange and surface adsorption 
which produced maximum capacities of 111.1 mg/g Cd and 142.86 mg/g Cu 
corresponding to a 94% and 93.17 % removal efficiency respectively. Using synthesized 
CHAP from eggshells is highly effective however this methodology consists of costly 
chemicals and thermal treatments as demonstrated by Ramesh et al. [39], who produced 
hydroxyapatite by a sintering method. In the above process, calcined eggshell and 
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dicalcium hydrogen phosphate di-hydrate was mixed followed by a heat treatment at 800 
°C to produce a flower-like powder which was then subjected to a thermal treatment in 
the range of 1050 – 1350 °C for 2 hr. 

The aim of biosorption is to source a cost- effective biosorbent and the use of 
thermal/chemical modifications defeat this purpose. A trade-off is generally needed to 
obtain reasonable removal capacities through the use of pre-treatment processes of 
moderate costs. In this respect, mechanical modification is the preferred choice to costly 
thermal and chemical treatment processes. 

Table 1. Modifications of eggshell waste. 

No Type of 
Modification Modifying Agents Adsorbate Types References 

1 Thermal Furnace 
 

Basic yellow 28 
 

[35] 
2 Thermal 

 
Furnace Boron [33] 

3 Thermal Furnace Carbon dioxide [34] 
4 Thermal 

 
Furnace Carbon dioxide [40] 

5 Thermal Furnace Cyanide [23] 
6 Thermal Furnace Lead [41] 
7 Thermal Furnace Carbon dioxide [42] 
8 Thermal Furnace Phosphorus [43] 
9 Thermal Furnace Phenol [44] 
10 Thermal Furnace Phosphorous [45] 

11 Thermal Furnace Basic blue 9 
Acid orange 51 [46] 

12 Thermal Furnace Phosphate [47] 
13 Thermal Furnace Chromium [48] 

14 Thermal Furnace 
Cadmium 
Chromium 

Lead 
[49] 

15 Chemical H3PO4 
Calcium hydroxide 

Cadmium 
Copper [38] 

16 Chemical Iron oxide Copper [50] 

17 Chemical Methanol 
Hydrochloric acid Boron [33] 
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18 Chemical 

FeCl3·6H2O 
Potassium hydroxide 

sodium alginate 
calcium chloride 

Congo red [51] 

19 Chemical Hydrochloric acid (0.5%) Cyanide [52] 

20 Chemical Iron chloride Phosphate [25] 

21 Chemical 

Magnesium nitrate 
Aluminium nitrate 

Urea 
Hydrochloric acid 

Chromium [53] 

22 Chemical 

Titanium tetraisopropoxide 
Hydrochloric acid 

Cadmium acetate dehydrate 
ammonium sulphide 

Methylene blue [24] 

23 Chemical 

5% polyvinyl alcohol 
0.5% sodium alginate 

Calcium chloride 
Boric acid 

Reactive red dye [54] 

24 Chemical 
40 % acetic acid 

Ammonia 
nickel chloride 

Copper [55] 

25 Chemical 
nitric acid 

phosphoric acid 
ammonium hydroxide 

Nickel [56] 

26 Chemical Phosphoric acid 
Calcium hydroxide Lead [26] 

27 Thermal, 
chemical 

goethite, a-MnO2 
and goethite/a-MnO2 

Arsenate [57] 

28 Thermal, 
chemical 

Calcium chloride 
Sodium alginate 

Ammonia 
Carbon dioxide [58] 
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29 Thermal, 
chemical 

Nitric acid 
(NH4)3PO4 

Copper 
Zinc 
Lead 

[59] 

30 Thermal, 
chemical 

Furnace,dimethylformamide 
(DMF) Lead [60] 

31 Thermal, 
chemical 

Furnace 
ferric sulphate 

pathogenic 
bacteria 

and antibiotic 
resistance genes 

[61] 

32 Thermal, 
chemical 

Furnace 
Sulphuric acid 

Sodium hydroxide 
Aluminium nitrate 

Aluminium sulphate. 

Fluoride [62] 

33 Thermal, 
chemical 

Furnace 
Nitric acid 

Sulphuric acid 
Congo red [63] 

34 Thermal, 
chemical 

Furnace 
Sodium hydroxide 
Hydrochloric acid 

Sodium citrate monohydrate, 
Sodium dihydrogen phosphate 

Sodium tetraborate 
Glycine 

Nitric acid 

Lead [64] 

35 Physical Ball mill Cadmium [36, 65] 
 
 

 

3. Isotherm modelling 

Biosorption equilibrium data are often required to develop an effective and accurate 
model that describes the behavior of pollutant sequestration from aqueous media. 
Isotherm modelling provides useful information relating the maximum adsorption 
capacity to the possible interactions between an adsorbent and adsorbate [66]. Among the 
various models that exist (Langmuir, Frendlich, Redlich-Peterson, Dubinin-
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Radushkevich, Elovich, Sips, Extended Langmuir, Extended Sips etc.), the most 
commonly adopted models by researchers include the Langmuir and Freundlich models 
[67-70]. These models are used to identify the adsorption performance and adsorption 
mechanism of adsorbents or adsorbates. With respect to biosorption using eggshell 
biomass, the adsorption equilibrium can be satisfactorily represented by the Langmuir 
isotherm [28, 35, 38, 57]. In the Langmuir model, the distribution of adsorbate on a 
biosorbent (qe) is graphed against the equilibrium concentration (Ce) in solution [67]. 
The Langmuir isotherm describes a homogenous monolayer adsorption, where all the 
active sites (identical and in a fixed number) have an equal affinity for the sorbate, with 
no interaction between the sorbate molecules in the plane of the surface [71].  On the 
other hand, the Freundlich model is an empirical model developed for adsorption at lower 
concentrations on heterogeneous surfaces and assumes the adsorbed molecules interact 
with their adjacent neighbors [72]. The works of  Al-Ghouti et al. [33] demonstrated the 
applicability of this model. The model equation of this model states that the adsorption 
energy is reduced exponentially with the decreasing in the number of active sites of an 
adsorbent [73]. 

4. Kinetic modelling 

In order to investigate and determine the mechanism of biosorption and any potential 
rate-controlling steps such as mass transport and chemical reaction processes, several 
kinetic models are proposed [74]. However, there are three models that can adequately 
describe the biosorption process which includes the pseudo-1st order, pseudo 2nd order 
and intraparticle diffusion equation [75-77]. The pseudo-first order model was proposed 
by Lagergren in 1898 which describes the rate of sorption to be proportional to the 
number of sites unoccupied by the solutes [78]. With respect to the pseudo second order 
kinetics model, Qaiser et al. [79], states that  biosorption is based on a chemical reaction, 
involving the exchange of electrons between the biosorbent and metal. In intraparticle 
diffusion, there is a migration of metal ions from the liquid phase to the solid phase [80]. 
In this model, the sorption capacity is related to the diffusion constant which changes 
with time and the boundary layer thickness is proportional to the intercept of this model. 
When it equates to zero, it implies that intraparticle diffusion is the rate controlling step 
in biosorption.  

5. Mechanism of biosorption 

The mechanism of biosorption regarding the affinity of a pollutant to a biosorbent is very 
complex and there are many ways for a pollutant to bind/accumulate to a biosorbent. The 
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complex structure of raw biomass implies that there are many ways, by which these 
biosorbents remove pollutants, but these are not yet fully understood [81]. 

The mechanism by which adsorption occurs may be classified according to the 
dependence on the cell structure as suggested by Veglio et al. [82] which can be 
metabolism dependent or non – metabolism dependent. In their work, they proposed that 
the location where the pollutant is removed determines the type of removal mechanism 
that occurs. For example, extracellular accumulation/precipitation, cell surface 
sorption/precipitation and Intracellular accumulation.  

 

 

Figure 2. Biosorption mechanisms as classified by [82]. (a) – Classified according to the 
dependence on the cellular metabolism. (b) – Classified according to the location where 

biosorption occurs. 

Agricultural based wastes are classified as non – metabolism dependent and so the 
removal mechanisms include precipitation reactions, physical adsorption, ion exchange 
and complexation to name a few. They normally contain a variety of organic compounds 
(lignin, cellulose and hemicelluloses) and functional groups such as hydroxyl, carbonyl 
and amino [83] capable of binding pollutants. Both organic compounds and functional 
groups have great affinity for metal ion complexation [84]. Eggshell waste consists of 
carbonates due to their calcium carbonate structure which favors metal ion binding [85]. 
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As explained by Putra et al. [83], eggshell waste mainly consists of calcium carbonate 
which binds metal ions such as Cu, Pb and Zn through the electrostatic interaction 
between the metal and the carbonate group. Additionally, the mechanism of 
complexation was found to occur through electron pair sharing between the electron 
donor atoms (N and O). The mechanism proposed by Flores-Cano et al. [18] was 
precipitation and ion exchange in the removal of Cd using eggshell waste.  With respect 
to dyes, ionic interactions between sulfonate groups in dyes and positively charged sites 
on the surface of eggshell seem to be the dominating mechanism of removal according to 
Tsai et al. [46]. Supplementing this theory, cationic dyes are explained through the 
electrical double layer mechanism whilst that of the anionic dyes favor the electrostatic 
attraction on the positively charged surface of eggshell. It can be said that the mechanism 
of removal in biosorption is highly dependent on the pollutant being removed and the 
surface chemistry of a biosorbent with environmental factors such as solution chemistry 
playing an important role. For example, as reported by Vijayaraghavan et al. [86], 
eggshell was used as an additive to precipitate Pb within a pH range of 2- 5.  

6. Factors Affecting biosorption 

6.1 pH 

Solution pH is a fundamental parameter that affects the speciation of metal ions in 
solution through hydrolysis, complexation, and redox reactions [87]. Among all other 
variables, pH is most critical since it not only influences the speciation of metal ions but 
also the charge on the sorption site of a biomass [88]. Thus, it is vital to consider the ionic 
state of a functional group in the biomass together with the metal solution chemistry at 
different pH values. With a change in pH, the behavior of a functional group will change 
accordingly. 

Adsorption due to complexation is pH dependent which occurs at some specific pH [89] 
and when the pH of a solution changes, the complex formation will be affected resulting 
in a change in biosorption efficiency of the biomass. In low pH environments, metal ions 
are generally positively charged and are attracted by negatively charged biomass. As the 
pH of a solution is increased, the amount of hydroxide ions is increased. In general, metal 
ions are precipitated out in the alkaline pH range and do not contribute towards 
biosorption which inherently highlights the upper limit of pH to be used.  

6.2 Concentration 

The effect of concentration affects the sorption capacity of a biosorbent with a higher 
concentration resulting in a higher solute uptake. At low solute concentrations, the ratio 
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of moles of solute to available surface area is low and the resultant fraction sorbed 
becomes independent of the initial metal concentration [87]. At higher concentrations, the 
sites available for adsorption to occur are fewer compared to the number of moles of 
solute present, hence, the removal of solute strongly depends on the initial solute 
concentration.  

Many researchers propose that a lower biosorption capacity is obtained with an increase 
in metal ion concentration due to insufficient surface area to accommodate higher 
concentrations of metal ions available in solution [90]. At lower concentrations, metal 
ions present in solution interact with the binding sites and thus the percentage biosorption 
is higher than those at higher initial metal ion concentrations. At higher concentrations, 
lower biosorption yield is due to the saturation of biosorption sites. As a result, diluting 
effluent containing high metal ion concentrations can increase the purification yield [90]. 
Malakondaiah et al. [90] used hen egg shell to remove Cu from a concentration range of 
20-100 mg/L with an increase in metal uptake observed at increased initial metal ion 
concentration with a decrease in biosorption capacity from 89.25% – 74.84%. It was 
proposed that metal uptake increased due to the increase in driving force that is, the 
concentration gradient.  

The concentration of solute in the adsorbate is an important parameter, which determines 
both the utilization and feasibility of a biosorbent in a biosorption process. Jin et al. [67] 
suggests experiments to be carried out at the maximum possible initial solute 
concentration to attain the highest saturation potential of a biosorbent.  

6.3 Contact time 

Heavy metal biosorption is metabolism-independent and typically occurs rapidly, in 
particular, for the uptake of cationic metal ions [91]. As demonstrated by Senthilkumar et 
al. [92], a contact time of 120 minutes was sufficient to achieve equilibrium in the 
removal of Cu with rapid uptake observed within the first 120 min within the range of 5- 
360 min that was varied, achieving an 84.41 % removal capacity. In this regard, Jai and 
co-workers compared the efficiencies of both raw and calcined eggshell only to find that 
the natural form performed better for Pb removal achieving an 86% removal within the 
first 10 min. On the other hand, complete removal of Cd and a 99% removal of Cr was 
achievable with the calcined form with rapid uptake observed within the first 10 min. 
Generally, biosorption equilibrium of cationic metals are reached within the first 60-120 
min with rapid uptake being observed at the initial stages [93-95]. With respect to dye 
removal, equilibrium time was found to be concentration dependent in a study conducted 
by Slimani et al., 2014 who investigated the removal of basic yellow 28 dye onto 
calcined eggshells. Equilibrium was achieved in 45 min for the ranges of concentration 
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40–60 mg/L and about 120 min for the ranges of concentration 20–30 mg/L. This was in 
agreement with the work conducted by Ehrampoush et al. [31] who investigated the 
removal of reactive red dye. According to Abdel-Khalek et al. [96] cationic and anionic 
dye removal is comprised of two phases: a primary rapid phase and a second slow phase 
which were corroborated by the results of Kobiraj et al. [29] and Zulfikar et al. [30].The 
equilibrium time of cationic and anionic dyes using whole eggshell matrix (eggshell + 
membrane) exhibited an initial rapid phase lasting 40 min followed by a plateau around 
50 min. In elaborating on dyes, 40 minutes was sufficient to reach equilibrium in the 
removal of methyl orange using thermally treated eggshell [97].  The adsorption rate was 
rapid during the first 5 min and then continued at a slower rate from 5 to 35 min, and 
reached a plateau after 40 min. In contrast, 180 minutes was required for the removal of 
Reactive red dye in the work of Elkady et al. [54]. Overall, it can be concluded that a 
shorter equilibrium time is required for the elimination of dyes in comparison to heavy 
metals with dyes generally requiring between 5-60 min at most. 

6.4 Adsorbent mass 

The biosorbent mass strongly influences the extent of adsorption in a biosorption process. 
An increase in the biomass concentration increases the amount of solute adsorbed due to 
the increased number of binding sites. On the other hand, the quantity of biosorbed solute 
per unit weight of biosorbent decreases with increasing biosorbent dosage due to complex 
interactions [87]. Sometimes, at high sorbent loads, the available solute is insufficient to 
completely cover the available exchangeable sites on the sorbent surface resulting in slow 
uptake. As suggested by Barka et al. [76], a further increase in biomass concentration 
above a certain dosage does not lead to a significant improvement in biosorption yield 
explained as a consequence of partial aggregation of  biomass, resulting in a decrease in 
effective specific surface area. 

7. Eggshell waste for heavy metal removal 

In the last decade, the use of poultry waste in wastewater treatment processes has 
received much attention from researchers all over the world [22]. The removal of heavy 
metals from waste effluent is a matter of great interest due to the water scarcity and 
declining quality of water worldwide. Numerous metals such as lead, copper, chromium, 
cadmium, lead, arsenic etc. are known to be significantly toxic and in recent years their 
effective removal using eggshell biomass as adsorbents have been achieved [18, 23, 28, 
49, 83, 92]. 

Operating parameters such as concentration, dosage and pH amongst others greatly 
affects the efficacy of a biomass and it is important to investigate these variables to find 
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the optimal conditions which will give the highest percentage removal. In this regard, a 
study conducted by Putra and colleagues revealed optimal conditions at pH 6.0, 0.1 g 
biomass with 90 min equilibrium time in the removal of Cu, Pb and Zn ions [83]. 
Mezenner and Bensmaili [25], however, reported optimal conditions at a biomass dosage 
of 10 g/L, pH 7, 60 min contact time with an initial concentration of 2.8 mg/L for the 
removal of phosphate. In a study by Yeddou and Bensmaili [95], the optimum conditions 
were found to be 2.5 g/L biomass dosage, pH 6, 40 min contact time, 10 mg/L solution at 
a temperature of 20 °C for the removal of Fe(II) ions.  

It is generally agreed that optimal conditions depend on the type of biomass used, 
adsorbate being removed as well as environmental conditions that prevail as can be 
demonstrated by a study conducted by Kanyal et al. [98] who varied the contact time, 
agitation speed and pH to investigate the removal efficiency of Cu and Pb ions. The 
optimized conditions concluded from this experiment was obtained at a pH of 7, 100 
rev/min with a contact time of 90 minutes. In this regard, process parameters in an 
investigation by Mashangwa et al. [99] revealed optimal conditions being attainable at 
pH 7, biomass dose of 7 g with a contact time of 360 min (for the removal of 100 ppm 
metal ions) in the removal of Zn, Pb, Cu and Ni ions from synthetic solutions and several 
metals from three acid mine drainage (AMD) samples. Under these conditions, a 97% 
removal for Pb, 95% for Cu, 94% for Ni, and 80% for Zn was achievable signifying the 
applicability of eggshells as a biosorbent. It is also of note that many other metals 
inclusive of Al, Fe, K, Ni, and Zn, exhibited removal capacities greater than 75 % in 
AMD sample 1. Additionally, K had a 98.78% adsorption, while Mg, Sr, and Zn had 
72.33, 68.75, and 53.07% capacities respectively in sample 2. In sample 3, As, Cr, Cu, 
Fe, antimony, and tellurium ions were greater than 75%. 

Particle size is another variable which affects the removal capacity as highlighted by a 
study investigating the removal of divalent Pb cations by Vijayaraghavan et al. [86] who 
used eggshell as an additive to precipitation. On reducing the particle size from 750 to 
100 microns, a significant increase in removal efficiency from 30.7 to 99.6% was 
achieved with 35 min being sufficient to achieve equilibrium. 
Characterisation studies form a vital component in understanding the interaction between 
a biosorbent and adsorbate in an adsorption process. Putra et al. [83] used the techniques 
of Scanning Electron Microscope (SEM), Energy Dispersive X-ray Spectrometer (EDX) 
and Fourier Transform Infrared Spectrometer (FTIR) to characterise their biomass which 
revealed interactions with metal ions resulting in the formation of discrete aggregates on 
the biosorbent surface. Ion exchange proceeded through the electrostatic attraction 
between the metal ion and carbonate group whilst the complexation mechanism involved 
electron pair sharing between electron donor atoms (O and N). Results from this study 
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proposed that carbonate, carbonyl, hydroxyl and amine groups were the main adsorption 
sites in eggshell. In a study involving the sorption mechanism of Cd(II), Flores-Cano et 
al. [18] attributed the main mechanisms to the calcareous layer of the eggshell, but also 
slightly on the membrane layer. It was demonstrated that the sorption process was not 
reversible with the main mechanisms of removal being attributed to precipitation and ion 
exchange. The precipitation of (Cd,Ca)CO3 on the surface of the eggshell was 
corroborated by SEM and XRD analysis where the biosorbent was characterized by 
several techniques which confirmed the calcite phase of the eggshell due to its CaCO3 
structure. In elaborating on Cd removal, research conducted by Baláž et al. [37] revealed 
a significant increase in adsorption upon milling with the main driving force for 
adsorption proven to be the presence of the aragonite phase as a consequence of phase 
transformation from the calcite phase which occurred during milling. Cd was found to be 
adsorbed in a non-reversible way, as documented by XRD and EDX measurements [100]. 
Ok et al.[101] investigated the effectiveness of eggshell waste on the immobilization of 
Cd and Pb using techniques such as SEM and XRD to characterize the eggshell biomass.  

Table 2. Biosorptive capacity of heavy metals using eggshell waste. 

No Type of 
Modification Modifying Agents Adsorbate Types References 

1 Thermal Furnace Basic yellow 28 
dye [35] 

2 Thermal 
 

Furnace Boron [33] 
3 Thermal Furnace Carbon dioxide [34] 
4 Thermal 

 
Furnace Carbon dioxide [40] 

5 Thermal Furnace Cyanide [23] 
6 Thermal Furnace Lead [50] 
7 Thermal Furnace Carbon dioxide [58] 
8 Thermal Furnace Phosphorus [43] 
9 Thermal Furnace Phenol [44] 
10 Thermal Furnace Phosphorous [45] 

11 Thermal Furnace Basic blue 9 
Acid orange 51 [46] 

12 Thermal Furnace Phosphate [47] 
13 Thermal Furnace Chromium [48] 

14 Thermal Furnace 
Cadmium 
Chromium 

Lead 
[49] 
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15 Chemical H3PO4 
Calcium hydroxide 

Cadmium 
Copper [38] 

16 Chemical Iron oxide Copper [50] 

17 Chemical Methanol 
Hydrochloric acid Boron [33] 

18 Chemical 

FeCl3·6H2O 
Potassium hydroxide 

sodium alginate 
calcium chloride 

Congo red [51] 

19 Chemical Hydrochloric acid (0.5%) Cyanide [52] 

20 Chemical Iron chloride Phosphate [25, 53] 

21 Chemical 

Magnesium nitrate 
Aluminium nitrate 

Urea 
Hydrochloric acid 

Chromium [53] 

22 Chemical 

Titanium tetraisopropoxide 
Hydrochloric acid 

Cadmium acetate dehydrate 
ammonium sulphide 

Methylene blue [24] 

23 Chemical 

5% polyvinyl alcohol 
0.5% sodium alginate 

Calcium chloride 
Boric acid 

Reactive red dye [102] 

24 Chemical 
40 % acetic acid 

Ammonia 
nickel chloride 

Copper [55] 

25 Chemical 
Nitric acid 

Phosphoric acid 
Ammonium hydroxide 

Nickel [56] 

26 Chemical Phosphoric acid 
Calcium hydroxide Lead [26] 

27 Thermal, 
chemical 

goethite, a-MnO2 
and goethite/a-MnO2 

Arsenate [57] 
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28 Thermal, 
chemical 

Calcium chloride 
Sodium alginate 

Ammonia 
Carbon dioxide [58] 

29 Thermal, 
chemical 

Nitric acid 
(NH4)3PO4 

Copper 
Zinc 
Lead 

[59] 

30 Thermal, 
chemical 

Furnace, dimethylformamide 
(DMF) Lead [60] 

31 Thermal, 
chemical 

Furnace 
ferric sulphate 

pathogenic bacteria 
and antibiotic 

resistance genes 
[61] 

32 Thermal, 
chemical 

Furnace 
Sulphuric acid 

Sodium hydroxide 
Aluminium nitrate 

Aluminium sulphate. 

Fluoride [62] 

33 Thermal, 
chemical 

Furnace 
Nitric acid 

Sulphuric acid 
Congo red [63] 

34 Thermal, 
chemical 

Furnace 
Sodium hydroxide 
Hydrochloric acid 

Sodium citrate monohydrate, 
Sodium dihydrogen phosphate   

Sodium tetraborate 
Glycine 

Nitric acid 

Lead [64] 

35 Physical Ball mill Cadmium [100] 
 
 8. Eggshell waste for dye removal 

Apart from heavy metals, dyes and pigments also pose an environmental threat as they 
are emitted into wastewaters from various industries such as dye manufacturing, textile 
finishing, food, cosmetics, paper and carpet industries [35]. The adsorption characteristics 
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of basic yellow 28 dye onto calcined eggshells was investigated in batch studies which 
revealed a maximum biosorption capacity of 28.87 mg/g [35]. Results obtained inferred 
multilayer adsorption from the Freundlich model which was in agreement with work 
conducted by other researchers in the removal of brilliant green dye, methylene blue and 
congo red dye and reactive red 123 dye [29, 31, 96, 103]. Contrasting to these views, 
studies by Zulfikar et al. [30] involving the adsorption of congo red (CR) using untreated 
powdered eggshell, revealed the Langmuir model as the best fit model, as did Elkady et 
al. [54] who used immobilized eggshell with a polymer mixture of alginate and polyvinyl 
alcohol applied as a biocomposite adsorbent in the removal of C.I. Remazol Reactive Red 
198 dye.  

In investigating optimal conditions for dye removal, many studies have been conducted. 
An adsorption capacity of 1.26 mg/g was achieved in the removal of reactive red 123 dye 
by Ehrampoush et al. [103] with Kobiraj et al. [29] being able to achieve capacities of 
44.7 mg/g, 34.23 mg/g and 30.23 mg/g at 303 K, 313 K and 323 K respectively in the 
removal of brilliant green dye [29]. Zulfikar et al.[30] studied the adsorption of congo red 
(CR) achieving a maximum capacity of 95.25 mg/g at a contact time of 20 minutes, 
adsorbent dosage of 20 g, initial concentration of 20 mg/L and pH 2. In elaborating on 
this, the maximum capacity of methylene blue and congo red was 94.9 mg/g and 49.5 
mg/g for a concentration of 1000 mg/L at room temperature in a study by Abdel-Khalek 
et al. [96] who investigated the feasibility of the use of whole eggshell matrix (eggshell 
and membrane) to remove methylene blue and congo red. Mohamad et al. [104] on the 
other hand, focused on malachite green removal, achieving a 92.39% removal efficiency 
with optimal conditions of 70 mg/L, dosage of 1.99 g and contact time of 16.25 minutes 
using eggshell biochar.  

Belay [97] used thermally treated eggshell to remove methyl orange and was able to 
achieve a 98.8% removal efficiency with conditions of 12.5mg/L, 2g adsorbent with a 
contact time of 20 minutes. Batch studies conducted by Elkady et al. [54] using 
immobilized eggshell with a polymer mixture of alginate and polyvinyl alcohol applied 
as a biocomposite adsorbent to remove C.I. Remazol Reactive Red 198 dye revealed a 
maximum dye removal capacity of 46.9 mg/g at the optimum pH 1.0 and 22 °C. An 
adsorption capacity of 1.26 mg/g was achieved when chicken eggshells were used to 
remove of reactive red 123 dye [31]. 

Podstawczyk et al.[105]focused on the removal mechanism of malachite green dye where 
it was found that physical adsorption, alkaline fading phenomenon and microprecipitation 
were the main mechanisms. Elaborating on this, Kobiraj et al.[29] found that adsorption 
followed both surface and intra-particle diffusion mechanisms in a study using hen 
eggshell powder to remove brilliant green dye [29].  
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Table 3. Biosorptive capacity of dyes using eggshell waste 

No Adsorbate 
Adsorption 
capacity, 
𝒒𝒒𝒎𝒎  �𝒎𝒎𝒎𝒎

𝒈𝒈
� 

Characteriza
-tion Isotherms Kinetic models Ref. 

1 Basic yellow 
28 dye 28.87 

FTIR 
SEM 
BET 
XRD 

Freundlich 
Tempkin 

Toth 
Dubinin 

Radushkevich 
Sips 

Koble-Corrigan 

Pseudo 1st 
order  pseudo 

2nd order 
[35] 

2 Methylene 
blue 

1 FTIR 
BET 

Langmuir 
Freundlich 

 

 [21] 

3 Reactive red 
dye 46.93 

XRD 
TGA 
FTIR 
SEM 

 
Langmuir 
Freundlich 
Tempkin 

 

Pseudo 2nd  
order 

Intraparticle 
diffusion Boyd 

[54] 

4 
Basic blue 9 
Acid orange 

 

113.6 FTIR 
BET 

Langmuir 
Freundlich 

 
 

Pseudo 2nd  
order 

 

[46] 

5 Brilliant 
green 44.7  

Langmuir 
Freundlich 

Intraparticle 
diffusion 

 

Pseudo 2nd  
order [29] 

6 Congo red 95.25  
Langmuir 
Freundlich 

Sips 
-  [30] 

7 
Methylene 

blue 
Congo red 

94.9 
49.5 

FTIR 
FESEM 

Langmuir 
Freundlich 

 

Pseudo 1st  
order 

Pseudo 2nd  
order 

 

[96] 

8 Reactive Red 
123 1.26 

SEM 
EDX 
BET 

Langmuir 
Freundlich 

Temkin 

Pseudo 1st  
order 

Pseudo 2nd  
order 

 

[31] 
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9 Congo red 136.99 

SEM 
XRD 
Zeta 

potential 

Langmuir 
Freundlich 
Tempkin 
Dubinin 

Raduskovich 

Pseudo 1st 
order pseudo 

2nd order 
Elovich 

Intraparticle 
diffusion 

[63] 

10 

Rhodamine B 
Eriochrome 

black T 
Murexide 

1.20 
1.03 
1.57 

FTIR 
TGA 
SEM 
XRD 

Langmuir 
Freundlich 
Tempkin 
Dubinin 

Raduskovich 

Pseudo 1st 
order pseudo 

2nd order 
[106] 

11 Styrylpyridin
ium dye 166.67 FTIR 

SEM 

Langmuir 
Freundlich 

 

Pseudo 1st 
order 

pseudo 2nd 
order 

[107] 

12 Reactive red 
35 41.85 BET 

FTIR 

Langmuir 
Freundlich 

 

Pseudo 1st 
order 

pseudo 2nd 
order 

Intraparticle 
diffusion 

[108] 

Concluding remarks 

Conventional technologies used to remove pollutants from waste effluent heavily rely on 
expensive chemicals for the treatment of industrial waste effluent. However, due to costs, 
technical applicability and stringent environmental regulations, the use of locally 
available biomass such as eggshell waste is an attractive alternative. From the literature 
cited in this review, eggshell waste is an excellent source of inorganic and bio-organic 
materials. Suitable processing may be developed for use as a biosorbent in the water 
treatment industry. Due to their micro-porous structure they behave as a good biosorbent 
for removing various contaminants such as textile dyes and heavy metals amongst other 
pollutants. Since this material is abundant, low-cost and biodegradable, it can be 
employed in the process of biosorption. 

It was found that the efficiency of a biosorption process is governed by the form of 
biomass present, which can be used in its natural form, modified or its derivatives. The 
mechanism of biosorption is often related to its process chemistry which determines the 
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efficacy of the biomass used. In most cases, the Langmuir isotherm model can be used to 
adequately describe the interaction between the adsorbate and adsorbent which is 
indicative that biosorption occurs as a monolayer on a homogenous surface. In addition, 
the pseudo 2nd order kinetic modelling equation works well in the description and 
prediction of metal uptake. In terms of surface functional groups, carbonate groups 
mainly consisting of carbon and oxygen play a key role in the uptake of metals and byes 
by the biomass.  

Research has provided a better understanding of biosorption to a certain extent, however, 
there are shortcomings which cannot be overlooked such as competitive adsorption which 
has been limited in its study. Additionally, real wastewater interactions between the 
adsorbate-adsorbent systems have not been adequately investigated and further research 
into this is needed. On the contrary, eggshell waste can be considered a viable potential 
low-cost biomass however more information is required to determine the best 
combination of pollutants that can be removed which is highly dependent on 
environmental conditions. 

Abbreviations 

FTIR Fourier Transform Infrared Spectroscopy  

SEM Scanning Electron Microscopy  

XRD X-Ray Diffraction  

EDX Energy Dispersive Spectroscopy  

TEM Transmission Electron Microscopy 

BET Brunauer Emmett Teller   

FESEM Field Emission Scanning Electron Microscopy 

TGA Thermal Gravimetric Analysis 
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Abstract 

The aim of this study was to develop immobilized microorganism carrier for effectively 
degradation of petroleum hydrocarbons (PAHs), especially pyrene. Powdered activated 
carbon (PAC) was used to immobilize the bacterial consortium (Klebsiella pneumoniae 
and Pseudomonas aeruginosa) with binder CaCl2 and sodium alginate (SA) for 
improving mass transfer rate of the pyrene pollutants. Mass transfer properties, 
embedding ratio, and mechanical strength were inspected for the immobilization 
particles. Mechanical strength of SA beads was more influenced by proportion of SA and 
CaCl2 than by proportion of PAC. The optimum proportion of SA, CaCl2 and PAC were 
2.5%, 2% and 0.5% for immobilization SA beads. The degradation of bacterial 
consortium (Pa+Kp) had the best degradation rates at 48.2% on 14 days. SA embedding 
immobilization by adding PAC can obviously enhanced effect of pyrene degradation 
because of bacterial absorption ability and nutrient permeability being improved. 

Keywords 

Petroleum Hydrocarbons, Powdered Activated Carbon, Mass Transfer Properties, Pyrene, 
Degradation 

Contents 

Removal of PAHs from Wastewater Using Powdered Activated Carbon: A 
Case Study ........................................................................................................204 

1. Introduction ............................................................................................205 

2. Materials and methods ..........................................................................207 

2.1 Chemicals and culture medium .......................................................207 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 204-218  https://doi.org/10.21741/9781644901144-6 

 

205 

2.2 Strains and culture ...........................................................................208 

2.3 Bacterial strain degradation and PAC adsorption ...........................208 

2.4 PAC-SA immobilization ..................................................................208 

2.5 Mechanical strength .........................................................................209 

3. Results and discussion ...........................................................................209 

3.1 Bacteria degrade pyrene and PAC adsorption .................................209 

3.2 Embedding and immobilization.......................................................211 

3.2.1 Ratio of Gel agent, crosslinking agent and PAC .............................211 

3.2.2 Immobilized condition .....................................................................212 

3.3 Physical properties of immobilized beads. ......................................213 

Conclusion .........................................................................................................214 

Reference ...........................................................................................................215 
 

1. Introduction 

Water quality is the biggest challenges that people will face during the 21st century, 
threatening to human health and limiting food quality [1]. To assure the quality of water, 
Sustainable Development Goal has announced goal 6 as availability and sustainable 
management of water and sanitation for all [2]. In recent years, organic compounds such 
as polycyclic aromatic hydrocarbons (PAHs) have been commonly observed in water 
environment [3]. A recent study has stated the occurrence of PAHs in influent and 
effluent plant, groundwater, and surface and sea water [4]. The European Environment 
Agency and United State Environmental Protection Agency has reported the leakages of 
PAHs from petroleum industries leads to increase groundwater pollution [5]. Hence, it is 
essential to develop economic and viable way to limit emission or remove PAHs from 
water system to maintain health of ecosystem and human health. 

Various physico-chemical and biological treatments have been used to limit the PAHs 
pollution [5]. However, physico-chemical processes are high in operation cost and 
generate secondary pollutants [6]. Thus, bioremediation treatments have received 
immense attention due to its cost-effective and eco-friendly in nature. However, it has an 
important impact on bioremediation technology about temperature, pH, oxygen, nutrients 
and other environmental conditions [5]. Microbial species, substrate properties, chemical 
structure and so on, also affect bioremediation technology [7]. Additionally, it has 
limitation of adsorbing sites, which can be overcome by suitable adsorbents. Powdered 
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activated carbon (PAC) is characterized by high surface area and high pore sites for 
adsorption of pollutants. PAC is also commonly used adsorbent in wastewater treatment 
worldwide. Other forms of carbons are also used as adsorbent for PAHs (See Table 1) 
such as carbon fiber, fabrics, petroleum pitch, rayon, etc.  

Table 1 List of polycyclic aromatic hydrocarbons (PAHs) removed by carbon materials. 
Acenaphthene 

Granular active carbon (GAC)   
[8] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
 

Biochar [11-14] 
 

Acenaphthylene 
Granular active carbon (GAC)   
[8] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
 

Biochar [12-14] 
 

Anthracene 
Powdered active carbon (PAC)   
[15] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 
Mesoporous carbon 
nanoparticles [17] 

Biochar [11-14] 
 

Benzo[ghi]perylene 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 

Biochar [11-14] 
 

Benz[a]anthracene 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 

Biochar [11-14] 
 

Benzo[a]pyrene 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 
Carbon nano-onion [18] 

Biochar [11-14] 
 

Benzo[b]fluoranthene 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 

Biochar [11-14] 
 

Benzo[k]fluoranthene 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 

Biochar [11-14] 
 

Dibenz[a,h]anthracene 
Carbonaceous adsorbents 
(CAs) [9] 
Graphene nanosheets [19]  

Activated carbon (AC) [10] 
Corn straw [16] 
 

Biochar [11-14] 
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Fluorene 
Granular active carbon (GAC)    
[8] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 
Carbon nanotubes [20] 

Biochar [11-14] 
 

Indeno[1.2.3-cd]pyrene 
Carbonaceous adsorbents 
(CAs) [9] 

Corn straw [16] 
 

Biochar [11-14] 
 

Naphthalene 
Granular active carbon (GAC)   
[8] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) 
[10,22] 
Corn straw [16] 
Carbon nanotubes [20] 
Coal-based activated carbon 
(CAC) [23] 

Biochar [11-14] 
Porous carbon 
materials [24] 
Graphene oxide [25] 

Phenanthrene 
Granular active carbon (GAC)   
[8] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 
Carbon nano-onion [18] 
Coal-based activated carbon 
(CAC) [23] 

Biochar [11-14, 21] 
Graphene oxide [25] 
Inoculated biochar 
[26] 

Pyrene 
Powdered active carbon (PAC)   
[1] 
Carbonaceous adsorbents 
(CAs) [9] 

Activated carbon (AC) [10] 
Corn straw [16] 
Coal-based activated carbon 
(CAC) [23] 

Biochar [11-14, 21] 
Graphene oxide [25] 
Inoculated biochar 
[26] 

 

 In the present study, immobilized beads were prepared by mixing PAC, sodium 
alginate (SA) and CaCl2 binder to improve mass transfer in the system for degradation of 
PAHs. In this study, we have listed all the possible PAHs, from which we have selected 
pyrene as pollutant for our study. In addition to the immobilized beads, the ratio of PAC, 
gel, and ratio of crosslinking agent with other immobilized conditions such as pH and 
temperature are described in this work.   

2. Materials and methods 

2.1 Chemicals and culture medium 

As described in our previous publication, Luria-Bertani (LB) culture medium (g/L) was 
prepared by adding 10-g peptone, 5-g yeast extraction, and 10-g NaCl into 1-L deionized 
(DI) water with maintaining pH 7.2 [5]. Mineral salt medium (MSN) (g/L) was prepared 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 204-218  https://doi.org/10.21741/9781644901144-6 

 

208 

by adding MgSO4·7H2O 0.25-g, (NH4)2SO4 1-g, NaNO3 2-g, K2HPO4·3H2O 10-g, 
KH2PO4 4-g, NaCl 5-g into DI water at pH 7.2. The medium was used for degradation of 
pyrene by strain. The Pyrene–MSN (g/L) was prepared by introducing 1 mL of the 
acetone mixed pyrene solution to a conical flask and volatilize acetone by heat, followed 
by introducing 50 mL MSN medium to a conical flak. In order to make solid beads, 15 to 
20-g of agar was added in it to a medium. All the commercially available chemicals were 
of HPLC grade and used without further purifications. 

2.2 Strains and culture 

Klebsiella pneumonia (Kp) and Pseudomonas aeruginosa (Pa) were screened from 
sludge of petroleum refinery of Nanjing, China, as described in our previous report [5]. 
The strain was cultured in conical flask with LB medium at 180 rpm at 30 ºC on a 
shaking table until optical density (OD) OD600 (UV-5500 UV spectrophotometer, 
Shanghai) was obtained 1.0.  

2.3 Bacterial strain degradation and PAC adsorption 

As described in our previous report, optical density (OD) analysis was used to measure 
bacterial strain degradation and PAC adsorption at wavelength 600 nm by UV 
spectrophotometer [5]. In brief, the strain was centrifuged at 180 rpm at 30 ˚C as 
described earlier and mixed with 10 mL bacterial suspension, which centrifuged at 2000 
rpm for 10 min, discard the supernatant, and use phosphate-buffered saline (PBS) buffer 
to adjust the substratum into bacterial solution OD600=2.0. Then, 0.1 g of PAC was added 
and adsorbed dynamically in a 25℃ shaker. Take the bacterial suspension and settle for 5 
min every 1 h, then measure its OD600, and calculate the adsorption amount of the 
bacterial suspension. Repeat it 3 times and get the average value [27]. 

2.4 PAC-SA immobilization 

The mass fraction of PAC (0.5%, 1%, and 1.5%), SA (2%, 2.5%, and 3%) and CaCl2 
(2%, 3%, 4%) were changed to make immobilization beads, and the optimal ratio was 
obtained by comparing the degradation performance. Briefly, 6% bacterial suspension of 
PAC was added with 2.5% SA gel and 2% CaCl2 at pH 7.5, with continues stirring for 
24h to prevent lump formation. The beads were washed 3-5 times with saline and stored 
at 4 ˚C for further use. The effects of operating conditions of immobilization was 
investigated by changing crosslinking temperature (4,10,15,20,25 and 30℃), crosslinking 
time(6,12,18,24 and 30h), pH (5,6,7,7.5 and 8) and concentration of bacterial solution 
(0,2%,4%, 6%,8%, 10%). The mass transfer was determined by measuring luminosity of 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 204-218  https://doi.org/10.21741/9781644901144-6 

 

209 

the solution at 665 nm for 50 beads in 20 mL methylene blue solution for every 10 min of 
measurement. 

2.5 Mechanical strength 

Take 4 immobilized microspheres of similar size and shape, place them diagonally, place 
the glass slide on them, then place a beaker holding water on the glass slide, observe the 
microsphere until it deforms and cannot recover, and calculate the load bearing capacity. 
The mechanical strength of the microsphere is indirectly expressed by the mass borne by 
each microsphere. 

3. Results and discussion 

3.1 Bacteria degrade pyrene and PAC adsorption 

0 1 2 3 4 5
0.2

0.3

0.4

0.5

0.6

O
D

60
0

Time (h)

    Pa
    Kp
 Pa+Kp

 

Figure 1: Adsorption curve of activated carbon. 
 

PAC was used to adsorb strains Pa, Kp and bacterial consortium (Pa : Kp =1:1). It was 
found that OD600 value of bacterial suspension of the three groups decreased rapidly in 
the first 1h (Fig.1). This indicates that the concentration of bacteria is decreasing, that is, 
a large number of bacteria are adsorbed and deposited on PAC. After 3h, the OD600 of the 
superlative bacteria suspension did not decrease, indicating that the adsorption of PAC 
was approaching saturation. However, the OD600 of bacterial consortium was 
significantly lower than that of single bacteria (P < 0.05), that means the adsorption 
capacity of PAC to bacterial consortium was higher than that of single bacteria. 
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PAC has a strong adsorption capacity as a non-polar adsorbent. Materials with high 
adsorption properties can promote the migration of pyrene to the adsorption carrier, and 
enrich high concentration of microorganisms, which will increase the contact between 
pyrene and microorganisms. In some studies, red coccus immobilized by PAC was in the 
dominant position in the microbial community, and the removal efficiency of phenol was 
increased by 5 times [28]. The immobilized hybrid technology has also been applied to 
remove organic pollutants, which may be the main development direction of immobilized 
microbial technology in the future. Sekaran et al. found pollutants degradation is the 
result of the metabolism of bacteria and algae together, which form a mutually beneficial 
symbiosis in the leather-making wastewater, bacteria provide the carbon source and 
energy required for algae, and algae in situ generated photosynthetic oxygen for 
heterotrophic bacteria to mineralize pollutants [29]. Iqbal and Saeed also found that the 
adsorption immobilization of carrier not only had physical adsorption but also chemical 
adsorption for pollutants [30]. Microorganisms can absorb organic pollutants adsorbed on 
carriers and their own surfaces and use them as carbon sources and energy for their 
metabolism. The effects of immobilized carriers and microorganisms on organic 
pollutants degradation do not exist alone but in combination. Maleki et al. also found that 
this degradation process was completed under the synergistic effect of physical 
adsorption and biodegradation [31].  

Table 2 Degradation efficiency of pyrene. 
Culturing time 

(day) 
Pyrene removal efficiency (%) 

CK Pa Kp Pa+Kp 
 3 4.6 23.6 25.1 28.5 
 7 6.5 28.7 29.5 35.4 
14 7.2 37.5 44.3 48.2 

 

The degradation effect of Pyrene (CK), Pa, Kp and bacterial consortium (Pa:Kp =1:1) 
after 14d were mentioned in Table 2. It can be seen that the degradation of Kp had higher 
degradation rates of pyrene than Pa, but bacterial consortium (Pa+Kp) had the best 
degradation rates of 35.4% and 48.2% on 7 and 14 days, respectively. This indicates that 
the mixed strains can improve the degradation rate than single microorganism. The 
obtained results proved that the different enzyme system or metabolic have higher 
potential to work together to improve degradation.  
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3.2 Embedding and immobilization 
3.2.1 Ratio of Gel agent, crosslinking agent and PAC 

 2%+2%+0.5%     2%+2%+1.0%
 2%+2%+1.5%     2%+3%+0.5%
 2%+3%+1.0%     2%+3%+1.5%
 2%+4%+0.5%     2%+4%+1.0%
 2%+4%+1.5%     2.5%+2%+0.5%
 2.5%+2%+1.0%  2.5%+2%+1.5%
 2.5%+3%+0.5%  2.5%+3%+1.0%
 2.5%+3%+1.5%  2.5%+4%+0.5%
 2.5%+4%+1.0%  2.5%+4%+1.5%
 3%+2%+0.5%     3%+2%+1.0%
 3%+2%+1.5%     3%+3%+0.5%
 3%+3%+1.0%
 3%+3%+1.5%
 3%+4%+0.5%
 3%+4%+1.0%
 3%+4%+1.5%
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Figure 2: Mass transfer properties of beads with different proportions (SA%+ CaCl2%+ 
PAC%). 

 

Fig 2 shows the mass transfer of gel beads with different 27 groups of immobilized 
beads. Mass transfer of 27 groups of immobilized beads with different proportion was 
tested within 60 min. The mass transfer of gel beads directly affects enzyme transfer and 
pyrene degradation of microorganisms. The mass transfer of gel beads was significantly 
improved after the addition of PAC, and 0.5% PAC- beads was increased by 3% in first 
10 minutes (Fig.2). However, the mass transfer was not improved significantly while 
increasing PAC proportion. The reason was the inefficiency of free bacteria to use low 
soluble pyrene in soil, and thus, the immobilization strains have more adaptability than 
free microorganisms. Moreover, presence of PAC can increase porosity and permeability 
in beads with reducing diffusion resistance of pyrene. However, at higher concentration, 
mass transfer performance was decreased due to formation of irregular shapes of beads. 
This may lead to lower mechanical properties, higher swelling in the degradation process 
and lower strength to beads. This may also be excessive PAC blocking the beads during 
crosslinking, resulting in incomplete cross-linking of SA and CaCl2. In common, the 
embedded ratio was the most important factor for obtaining good mass transfer and 
properties.  
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3.2.2 Immobilized condition 

 

Figure 3: Effect of different experimental conditions (a) temperature, (b) embedded 
quantity, (c) crosslinking time, (d) crosslinking pH on mass transfer rate. 

 

Factors such as cross-linking temperature, cross-linking time, cross-linking pH and the 
number of embedded bacteria have important effects on mass transfer of immobilized 
beads. With the increase of crosslinking temperature, mass transfer of beads improved 
continuously, and reached the best mass transfer at 25℃ (Fig.4a). Temperature affects 
the density of cross-linking in the process of calcification of beads surface, and then 
affects the efficiency of material exchange. Fig. 3b shows that the concentration of 
bacteria had a certain influence on mass transfer, and the embedded quantity of bacteria 
content 6% increased 6.1% mass transfer in 60 min. It was not conducive to mass transfer 
and removal efficiency with too high bacterial concentration. The amount of bacteria of 
beads is an important factor that affects the properties of beads and is directly related to 
the activity of immobilized bacteria. The larger the amount of bacteria often gets the 
higher the biological activity, but it was not found in this study. When the amount of 

(a) (b)

(c) (d)
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bacteria embedded in beads is too large, a large number of bacteria will die because of 
the lack of space, nutrition and dissolved oxygen. In addition, the high concentration of 
bacteria will also make the bead pores blocked, which affected the material transfer in 
and out. Mass transfer of immobilization beads improved with the increase of 
crosslinking time (Fig.3c). It may be that the immobilization beads becomes denser when 
the crosslinking time is too long. Moreover, the activity of immobilized bacteria would 
be affected by the cross-linking effect. Because the SA gel might achieve complete 
crosslinking with too long crosslinking time, and the mechanical strength of the beads 
also increased, which leaded the mass transfer of beads decline because of excessive 
calcification. Mass transfer of beads almost was nothing with pH in immobilization 
preparation (Fig. 3d). In summary, from the perspective of pyrene removal rate and mass 
transfer of immobilization beads, the best crosslinking temperature is 25 ℃, the best 
bacterial content is 6%, the best crosslinking time is 24 h, the best crosslinking pH is 7.5. 

3.3 Physical properties of immobilized beads. 

 

Figure 4: Physical properties of SA-PAC beads (SA%+CaCl2%+ PAC%). 
 

The density, diameter and mechanical strength (load bearing capacity) of beads were 
checked in the experiment, and the results were shown in Fig. 4. The average diameter of 
the beads of each group was observed to be 3.4-mm, the average density was found to be 
1.1-g /cm3, and the average mechanical strength was observed to be 11.3-g. It can be seen 
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that the relative fluctuation of diameter and density is small from the trend line, while it 
has large difference for mechanical strength of immobilization beads. It can significantly 
improve mechanical strength while proportion 2.5% ~ 3% SA and 2% ~ 3% CaCl2. And 
the immobilized beads of 2.5%SA + 2%CaCl2 + 0.5% PAC had no damage after 7 days 
of degradation in the conical bottle in the degradation process for damage rate test. Nedal 
Massalha et al. found that the smaller the diameter lead the higher the degradation rate of 
phenanthrene by studying prepared beads of diameter 1, 2, 4 and 6-mm, this because the 
larger the diameter may be caused by larger resistance of mass transfer [32]. In addition, 
after adding PAC, direct structure of beads were disturbed, which may responsible to 
generates pores to obtain nutrients and dissolved oxygen. This behavior will adhere to 
grow after the microorganism is immobilized by the carrier. The obtained results also 
support the PAC has a strong adsorption capacity, which can double adsorb the bacteria 
and substrates, fixing more bacteria, and improving the utilization rate of the bacteria 
substrates. In general, It is concluded that the distribution pattern is different due to 
uncontrollable and ununiformed loading of PAC, the possibilities to grow bacterial was 
higher on the surface, which not affect the other properties but it has ability to enhance 
mechanical properties. In addition, factors such as carrier concentration and type, 
crosslinking agent concentration, pH, temperature and others are directly affects the mass 
transfer.  

Conclusion 

Bio-retention is the promising and an economical option to remove PAHs from the 
wastewater system. Our study investigated the contribution of PAC to effectively remove 
Pyrene pollutant. In this study, 27 different groups of immobilized beads were prepared 
through different mixing ratio of PAC, SA and CaCl2. In addition, bacterial consortium of 
Pa, Kp and Pa+Kp were cultured in pyrene -MSN medium for 14 days, bacterial 
consortium had better degradation effect than single strain. It was 3 h to reach saturation 
adsorption to strain for PAC, which was beneficial to the growth and reproduction of the 
strain and promoted the effective contact with pyrene substrate while being added into 
SA immobilization. The optimum preparation conditions for the SA－PAC 
immobilization beads were 2.5% SA+ 2% CaCl2+0.5% PAC, adsorption for 3 h, bacterial 
uptake of 6% (v:v), pH7.5 and 25℃ for 24 h. This study confirms the specific ratio of 
embedded beads were responsible for higher mass transfer and also responsible for higher 
strength which may further use for degradation of PAHs.  
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Abstract 

Coagulation is a kind of efficient water treatment method commonly used in domestic 
anhydrous and industrial wastewater treatment. Inorganic polymer coagulants (polyvalent 
metal salts) are widely used because of their low cost and ease of use. However, due to 
the low flocculation effectiveness and the presence of residual metal concentrations in the 
treated water, their application is limited. Organic synthetic flocculant has been widely 
used due to its higher flocculation efficiency at lower dosage. However, it has limitations 
in applicability due to its molecular structure which is less biodegradable and less 
disperse in water. Therefore, flocculants based on natural polymers have attracted 
extensive attention from researchers due to their advantages such as biodegradability and 
environmental friendliness. This paper summarizes the overview of the development of 
various types of flocculants that were used for industrial wastewater treatment. In 
addition, the characteristics and application of flocculant is reviewed with their behavior. 
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1. Introduction 

Wastewater from chemical processing industries contains various concentrations of 
suspended solids, metal ions and other pollutants being smaller in size [1]. Due to the 
small size of those particles, sedimentation and filtration has become challenge in recent 
years [2]. Therefore, removing those colloidal particles from the wastewater is a serious 
challenge for the industry. There are various traditional and advanced technologies been 
used to remove colloidal particles from wastewater, such as ion exchange, membrane 
filtration, precipitation, flotation, adsorption, coagulation, flocculation, and electrolysis 
[3]. Among these methods, coagulation/flocculation is one of the most widely used 
techniques to remove small particles from wastewater. Moreover, coagulation is a simple 
and effective wastewater treatment method, and has been widely used to treat various 
types of wastewater, such as domestic sewage, fine chemical wastewater, papermaking 
wastewater, oily wastewater, pharmaceutical wastewater, etc. [4, 5]. In the coagulation 
process, finely dispersed particles, aggregate or coagulate together to form large particles 
(flocculate) after adding the coagulant and/or flocculant of larger size, which settle and 
cause clarification of the system [6]. 
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Inorganic polymer coagulant, mainly composed of inorganic metal salts such as iron salts 
and aluminum salts (such as iron sulfate, ferric chloride, aluminum chloride, etc.) have a 
long history of use [7]. However, such flocculants are more corrosive and costly. 
Moreover, under certain conditions, the water purification effect is still not ideal. 
Compared with traditional agents, inorganic polymer flocculants have better flocculation 
effect, lower cost, less dosage, and wider pH requirements for wastewater [8]. However, 
for complex sewage systems, it is difficult to obtain a satisfactory treatment effect using a 
single flocculant. On the other hand, organic/inorganic composite flocculants can 
overcome the shortcomings of using a single flocculant to make effective flocculation at 
lower cost. Composite flocculant has greater advantages than single polymer flocculant, 
lower cost, better flocculation effect and wider application fields; but still has the 
disadvantages of producing more sludge and the need of large dosage. In case of the 
organic flocculants, they are expensive, difficult to degrade, and their residual monomers 
are toxic in nature. Moreover, its large dosage requirement, and poor stability, attracts the 
research community to find alternative organic flocculants.  

Meanwhile, natural flocculants have received more and more attention due to their low 
cost, renewable, easily biodegradable and non-toxic nature [10]. So far, various polymer 
flocculants have been developed or designed to improve the flocculation process of 
wastewater treatment. Natural flocculants with macromolecule size are widely used in 
wastewater treatment due to its pH resistance, small dosage, high efficiency, and ease of 
treatment [11]. However, natural flocculants have moderate efficiency and short shelf 
life. While, the main problems of synthetic polymer flocculants are non-biodegradability 
and residual monomer toxicity. Thus, a lot of synthesis and research have been carried 
out on grafting copolymers to enhance optimal properties [12]. However, finding 
efficient and economical flocculants has always been a challenge faced by many studies. 
The main influencing factors of flocculation efficiency include flocculation rate, 
sedimentation rate, solid sedimentation percentage, turbidity removal rate, and pollutant 
removal percentage or water recovery rate [13]. These influencing factors actually reflect 
the size distribution and structure characteristics of flocs during flocculation. Larger, 
stronger and denser flocs result in improved settling, filtration and clarification 
performance in wastewater treatment [14]. 

This article reviews the flocculants studied and applied in wastewater treatment, 
including inorganic salt coagulants/flocculants, polyacrylamide coagulants, organic-
inorganic composite coagulants, and natural modified coagulants. Inorganic salt-type 
natural modified coagulants are natural raw materials widely developed and utilized in 
recent years. At the same time, the graft flocculant has been studied recently, and 
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combined with the performance of chemical flocculant and natural flocculant. This article 
reviews the literature on flocculants and its application in recent years. 

2. Polymer iron coagulant 

Inorganic polymer iron-based coagulant is a combination product of the intermediate 
product of iron ions and other metal ions in the hydrolysis process and the negatively 
charged sol particles and different anions in the solution. In the actual water treatment 
process, especially for drinking water, due to the toxicity of aluminum-based coagulants, 
the research and development of iron-based varieties have become the focus of the 
development of inorganic polymer coagulants [15]. The polymeric iron coagulant has the 
advantages of safety and harmlessness, fast flocculation speed, better dehydration of the 
formed flocs, and high impurity removal rate. It can be used for sewage treatment and 
drinking water purification. At present, polymeric iron coagulants are mainly divided into 
traditional polymeric iron coagulants and composite polymeric iron coagulants [16]. 
Traditional polymeric iron coagulants mainly include polymeric ferric sulfate (PFS), 
polymeric ferric chloride (PFC), etc. Composite polymeric iron coagulants mainly 
include polyferric silicate sulfate (PFSS), polyferric silicate chloride (PFSC), polyferric 
aluminum silicate (PSFA), polyferric aluminum chloride (PAFC), and polyphosphoric 
iron sulfate (PPFS), Polyferric Chloride Sulfate (PFSC), etc. As the requirements for 
water quality monitoring become more stringent, a single coagulant can no longer meet 
the current sewage treatment requirements. Compared with the traditional single iron-
containing coagulant, inorganic composite polymeric iron coagulant can achieve good 
flocculation effect in water and wastewater treatment, while reducing the cost of 
flocculation, and also expanding the application range of coagulant [16]. 

Domestic research on iron-based coagulants began in the early 1980s, represented by 
Tianjin Chemical Industry Research Institute. Since the development of the iron-based 
coagulant, people have paid more and more attention because of its rapid settling speed 
and large floc formation. In the research on the flocculation mechanism of the coagulant, 
since the research of the aluminum-based coagulant is earlier, there is more knowledge 
about its flocculation mechanism and production process [18]. The iron-based coagulants 
are rarely reported even in foreign countries. At present, most researchers believe that 
when iron ions enter water, it forms a polymer with water in a short time. The polymer 
quickly deprotonates and hydrolyzes into a series of polynuclear iron hydroxide ion 
monomer forms. Then it is further polymerized into polymer. Since impurities and 
colloidal ions in water are generally negatively charged, and these inorganic high 
molecular polymers carry a large amount of positive charge, they quickly neutralize with 
colloidal ions, destabilizing the colloidal ions. At the same time, this hydrolyzed iron ion 
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has a strong adsorption and bridging effect on particles in water. During the falling 
process of this polymer, the particulate matter in the water is net-trapped and swept, 
thereby forming coarse flocs to sink to achieve the purpose of water purification. In 
addition, in the formed series of multinuclear ions, the ions in the critical state before 
flocculent precipitation have the best flocculation performance [19]. This may be related 
to the ability of this critical product to neutralize the colloidal charge, compress the 
electric double layer, and reduce the colloid potential, which promotes the rapid 
aggregation and precipitation of colloidal particles and suspended solids [20]. 

2.1 Traditional polymeric iron coagulant 

2.1.1 Polyferric sulfate (PFS) 

Polyferric sulfate (PFS) is a polymer iron coagulant that was developed earlier and is also 
a relatively mature coagulant. The molecular formula can be expressed as 
[Fe2(OH)n(SO4)3-n/2]m, which is an intermediate product of ferric sulfate in the 
hydrolysis-flocculation process, and is a six-coordinate formed by -O- or -OH bridges 
[21]. The multi-core polymer of iron has an octahedral structure. At present, there are 
many production processes of polyferric sulfate, such as nitric acid catalytic oxidation 
method, air oxidation catalytic method, potassium chlorate (sodium chlorate) catalytic 
oxidation method, one-step method, two-step oxidation method and microbial oxidation 
method, etc. [21]. The most important factor affecting the quality of PFS is the degree of 
basicity, namely [OH-]/[Fe3+]. The greater the degree of basicity, the higher the degree of 
molecular polymerization, the more positive charge the formed hydroxy polymer has, the 
better the water purification effect. But the basicity is not as large as possible. The 
basicity of the current mature process is 8% to 15%. Luting [23] used a catalytic 
oxidation method to prepare a water purifying agent, polyferric sulfate, using ferrous 
sulfate heptahydrate as a raw material, NaNO2 as a catalyst, and oxygen as an oxidant 
under acidic conditions. The influence of time, reaction temperature and concentrated 
sulfuric acid dosage on the preparation of polyferric sulfate, and the effect of the 
polyferric sulfate prepared by this method on the treatment of municipal sewage was 
studied. Experiments show that the method has high sensitivity, good selectivity, good 
retention time and peak area reproducibility, and linear correlation coefficient R>0.999, 
which satisfies the requirement of sensitive, accurate, and fast analysis methods for water 
quality detection, and can better serve water quality and ensure the safety of water 
supply. Liu [24] prepared liquid PFS by air-oxidant combined oxidation method, and 
studied the effects of the feed ratio, solution pH and reaction temperature on the quality 
of liquid PFS products. The optimal process for preparing liquid PFS was determined by 
the feed ratio (Fe2SO4·7H2O:H2SO4), the solution pH, the reaction temperature, and 
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sodium chlorate. In the printing and dyeing wastewater treatment experiment, when the 
dosage of liquid PFS was 146 mg•L-1, the COD removal rate was 65.2%, and the 
turbidity removal rate was 91.4%. It can be seen that the preparation of PFS by different 
preparation methods has a greater impact on the coagulation performance of PFS. 

2.1.2 Polyferric chloride (PFC) 

PFC is one of the main varieties of inorganic polymer coagulants. It is an efficient 
coagulant and has been widely used in water treatment, such as the removal of harmful 
metals such as arsenic. The coagulation results indicate. Compared with polyferric 
sulfate, polyferric chloride has the characteristics of fast floc formation, large particle 
density, good precipitation performance, wide adaptability to water temperature and pH 
value, and strong COD, BOD and chroma removal ability [25]. There are many methods 
for preparing PFC. For example, Yang [26] and others use pickling waste liquid as a raw 
material, and use the catalytic oxidation-polymerization one-step method to prepare. 
There are also studies on the synthesis of polyferric chloride using nitrogen oxides as 
catalysts, packed towers as reactors, and pickling waste liquid or iron scraps as iron-
containing raw materials. In the preparation process, the acidity of the solution is mainly 
controlled, part of the iron salt solution is hydrolyzed, the generated hydroxyl group 
enters into the ferric chloride molecule, and the bridge forms the polyhydroxy core 
complex—[Fe2(OH)nC16-n]. However, the stability of PFC is poor, and precipitation 
usually occurs within a week, which reduces the efficiency of water treatment. Sheng 
[27] used the pickling wastewater from the iron and steel industry to prepare four 
polyferric chloride coagulants. The experimental results show that the prepared iron 
coagulants not only achieve the resource utilization of waste acid, but also become 
hazardous waste. It is a useful resource, and the iron-based coagulant shows good 
coagulation effect, and has strong market competitive advantages and application 
development prospects. 

2.2 Composite polymeric iron coagulant 

2.2.1 Ferric polysilicate sulfate (PFSS) 

Polysilicate ferric sulfate (PFSS) is a new type of water treatment agent developed on the 
basis of activated silicic acid and polyferric iron. It is a composite inorganic polymer 
coagulant prepared by introducing metallic iron ions into active silicic acid. The 
polysilicic acid is used to enhance the adhesion and aggregation ability of the iron 
polymer, and the gelation time of the polysilicic acid is prolonged by an appropriate 
amount of iron ions, so the polyferric silicate sulfate has better coagulation performance. 
Such as turbidity removal, high COD removal efficiency, fast floc sedimentation speed, 
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long stability time and other advantages. The improvement of the properties of coagulant 
can improve the efficiency of wastewater treatment, save the amount of reagents and 
reduce secondary pollution, which is conducive to sludge removal and drying treatment. 
Zhang et al. [29] prepared silica sol by stirring polymerized water glass and acidulant for 
several hours, and then added ferrous sulfate and sodium chlorate to the silica sol to 
prepare polymerized ferric silicate by copolymerization. The effects of 4 different 
acidifiers and different n(Si):(Fe) on its reaction mechanism, stability, surface 
morphology and coagulation performance were investigated [30]. As a result, it was 
found that using acetic acid as the acidifying agent can delay the polymerization of silicic 
acid, and the prepared polymeric silicic acid and polymeric ferric silicate have the best 
stability. Polysilicate ferric sulfate is a new type of inorganic polymer coagulant 
synthesized by compounding or copolymerizing iron ions and activated silicic acid using 
the principle of synergy. Because this coagulant has both electrical neutralization and 
adsorption bridging effects, with an average relative molecular mass of up to 200,000, it 
is possible to partially replace organic synthetic polymer coagulants in water treatment to 
avoid toxicity. Generally, iron ions and aluminum ions are used as coupling metal ions. 
Compared with polyaluminum silicate, polyiron silicate is a better performance 
coagulant, because it is basically harmless to the environment, fundamentally Eliminate 
the problem of residual aluminum in water [31]. 

2.2.2 Polysilicate ferric chloride (PFSC) 

Polyferric chloride is one of the main varieties of inorganic polymer coagulants. The 
composite coagulant prepared by compounding polysilicic acid and polyferric chloride 
has both flocculation characteristics, long storage time, convenient use, and greatly 
reduces corrosion compared with traditional iron salt coagulant. Shi et al. [32] used 
oligomeric silicic acid as a stabilizer, ferric chloride and sodium bicarbonate as raw 
materials to prepare polyferric chloride with different degrees of polymerization, and then 
polymerized with high degree of polymerization Silicic acid is compounded and reacted 
for 1 to 4 hours to prepare a polymerized ferric chloride coagulant product. Tests show 
that its flocculation effect is significantly better than ferric chloride. Jian [33] used 
hydrochloric acid pickling waste liquid as raw materials, and added Pb2+ in the 
precipitated waste liquid of Na2S, and added sodium silicate for polymerization to 
prepare polysilicate composite ferric chloride coagulant (PSFC). The influence of Na2S 
dosage and reaction temperature on the removal effect of Pb2+ was studied, and the 
reaction kinetics of Pb2+ precipitation by Na2S was investigated. The influence of 
different preparation temperature, n(Fe):n(Si), n(NaOH):n(Fe) on Fe3+ polymerization 
morphology and PSFC flocculation effect was analyzed by single factor experiment 
method, and the preparation conditions were optimized by orthogonal experiment. The 
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results show that the optimal condition for Na2S removal of Pb2+ is n(Na2S):n(Pb2+)=3.0, 
and the reaction of Na2S precipitation Pb2+ satisfies the first-order reaction kinetic model. 
The best preparation conditions of coagulant: temperature is 25 ℃, n(Fe):n(Si)=25, 
n(NaOH):n(Fe)=0.5. 

2.2.3 Polyaluminum ferric silicate (PSFA) 

As a new inorganic polymer coagulant, polyaluminum ferric silicate (PSAF) has 
excellent performance in removing turbidity, decoloring and removing organic matter 
[34]. The key factors to control the performance and stability of PSAF are the Al/Fe/Si 
molar ratio, silicic acid concentration, alkalinity, curing time, etc. At the same time, the 
flocculation effect of PSAF is also affected by the water parameters. Polyaluminum ferric 
silicate introduces two kinds of metal ions into polysilicic acid at the same time. It not 
only overcomes the PSA's sensitivity to pH, but also has a large amount of residual 
aluminum, and it also overcomes the shortcomings of PFS effluent with residual color. 
Common preparation methods of polyaluminum ferric silicate include copolymerization 
method, compound method and acid solution neutralization method. The difference 
between the two is whether the cationic solution has polymerized before adding 
polysilicic acid. The compound method and the copolymerization method affect the 
morphological distribution of silicon to iron. In the system with the same alkalinity, when 
the silicon content is large, the iron fraction of the mesoporous state prepared by the 
compound method is higher than that of the mesoporous state prepared by the 
copolymerization method [35]. The fraction, while the high iron content in the middle 
polymer, the low iron content in the high polymer, the polymerization degree is low [36]. 
The opposite is true when the silicon content is small. Therefore, the experimental 
method should be determined according to the required mole fraction of iron in the 
mesomeric state. In actual production, it is usually prepared by the acid leaching 
neutralization method. 

Polysilicic acid is negatively charged and belongs to anionic inorganic polymer material. 
Introducing Al3+, Fe3+, Al3+, Fe3+ into polysilicic acid, the hydrolysate plays a bridging 
role, so that the charge of polysilicic acid changes from negative to positive, PSAF has 
electrical neutralization effect on colloidal particles in water, forming a more stable floc 
body [37]. The addition of polysilicic acid increases the molecular weight of PSAF and 
improves the adsorption and bridging ability of the coagulant. After the formation of 
large particles, PSAF's net catching and sweeping effect is more prominent. Especially in 
water bodies with a high concentration of suspended particles, the net-sweeping action of 
polymerized silicic acid has a greater effect on the improvement of turbidity removal rate. 
At present, polyaluminum ferric silicate coagulant can be used to treat printing and 

 EBSCOhost - printed on 2/14/2023 2:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Advances in Wastewater Treatment I  Materials Research Forum LLC 
Materials Research Foundations 91 (2021) 219-252  https://doi.org/10.21741/9781644901144-7 

 

227 

dyeing wastewater, domestic sewage, coking wastewater and so on. There are many 
studies on the influencing factors that affect the flocculation effect, mainly including the 
Al/Fe/Si molar ratio, the dosage of the coagulant and the pH value of the flocculation 
treatment. In the polyaluminum ferric silicate coagulant, the Al/Fe/Si molar ratio mainly 
affects the electric neutralization and adsorption bridging effect [38]. When the ratio is 
too low, the negatively charged polysilicic acid neutralizes the positive charge of 
aluminum iron ions, reduces the zeta potential of the electric double layer, reduces the 
electrical neutralization ability, and affects the flocculation effect. When the ratio is too 
high, the adsorption bridging effect of polyaluminum ferric silicate coagulant is affected. 
The charge of the polyaluminum ferric silicate coagulant can neutralize the charge of 
suspended particles, making the colloid unstable and remove it [39]. When the amount of 
polyaluminum ferric silicate is too much, the adsorption of suspended particles to the 
polyaluminum ferric silicate is too large, which may cause the colloid to re-stabilize, or 
the polyaluminum ferric silicate wraps the suspended particles, and the "colloid 
protection" effect occurs. Make the flocculation ability worse. When the dosage of 
coagulant is too small, the adsorption bridging capacity is too weak, it is difficult to 
connect the rubber bridging bridge, and the flocculation capacity is poor. Therefore, the 
most suitable dosage of coagulant should not only ensure the rapid flocculation of the 
colloidal particles, but also make the largest flocculated colloidal particles not easily fall 
off [40]. In the process of preparing polyaluminum ferric silicate coagulant, pre-
hydrolysis experiment was carried out to greatly reduce the hydrolysis reaction in the 
sewage treatment process. The coagulant can be applied to water bodies with a wider pH 
range. Adjusting the pH value can change the nature and size of the charged surface of 
the colloid in water, and affect the hydrolyzability of the coagulant. Generally speaking, 
the pH value of the water body is within a certain range, and the coagulant has a better 
treatment effect [41]. Each coagulant has its own suitable pH value range for different 
water samples. If the pH value is too large, the polynuclear hydroxyl complex ion 
generated by the hydrolysis of the polyaluminum ferric silicate coagulant decreases the 
electrical neutralization ability, so the flocculation effect is poor, pH If the value is too 
low, the protonation effect is obvious, which may cause the zeta potential to change from 
negative to positive, causing the particles to re-stabilize, thereby affecting the 
flocculation effect [42]. 

2.2.4 Polyphosphate ferric sulfate (PPFS) 

Polyphosphate ferric sulfate (PPFS) is a new type of inorganic polymer coagulant 
introduced by PO43-synthesis on the basis of polyferric sulfate (PFS). Because PO43- can 
interact with Fe, it can enhance the coordination and coordination ability of PFS and form 
a multinuclear complex, so it has fast floc formation, large particle density, and high 
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removal rate of turbidity, color, and phosphate [43]. It has the advantages of wide 
adaptability to water temperature and pH, but it has strong corrosivity and is easy to color 
water. Tang et al. studied the FeC13-Na2HPO4-NaHCO3 system, and as a result, the 
surface PO43- participated in the hydrolysis and polymerization of Fe3+ [44]. Amorphous 
Fe(OH)3 can adsorb H2PO4- and reduce the volume of the solution. These studies indicate 
that PO43- can interact with Fe3+ and form a bridge. It can be expected that the 
introduction of PO43- in PFS can increase the degree of polymerization due to the 
formation of bridge bonds, which is beneficial to improve the flocculation performance 
of PFS. Based on the polymerization of phosphate on Fe3+, related scholars have also 
begun to study the preparation and application of polyphosphoric ferric sulfate [45]. 
There is a method for preparing solid PPFS by reacting solid PFS and Na3PO4•12H2O, 
which are ground and mixed uniformly, at 120-180°C. Or use hydrogen peroxide to 
oxidize ferrous sulfate to obtain PFS, then add Na3PO4, and dry to obtain solid PPFS. 
Studies have shown that PPFS is significantly better than PFS in treating printing and 
dyeing wastewater, titanium dioxide wastewater, and electroplating wastewater. 

3. Polyaluminum coagulant 

Polyaluminum chloride [PAC, Alm(OH)n(H2O)x] is an inorganic polymer coagulant 
developed in the late 1960s. It is currently the most widely used and sold inorganic 
coagulant and water treatment agent. The inorganic polymer coagulant represented by 
PAC is much lower in price than the organic polymer coagulant, and it is easy to store, 
and the preparation conditions are not as harsh as the organic polymer [47]. Compared 
with traditional inorganic low-molecular aluminum salts, PAC has more high electric 
charge, so it has stronger electrical neutralization ability and strong adsorption ability 
and, shows excellent coagulation effect after being added to water. PAC has the 
advantages of little influence on the pH of the effluent, less dosage, less sludge, and high 
turbidity removal [48]. Currently, about 60% of water treatment plants in China use PAC 
for coagulation treatment. The production process of PAC can be divided into aluminum-
containing mineral method, aluminum hydroxide method, aluminum chloride method, 
and metal aluminum method according to the different raw materials. In addition, there is 
a method for preparing PAC by using waste molecular sieve, polysilicon residue and red 
mud as raw materials [49, 50]. 

As the quality of sewage water becomes more and more complex, a single coagulant can 
no longer meet the needs of water treatment, the development of cationic composite 
coagulant has been developed, and a lot of performance, copolymerization mechanism 
and morphology of cationic composite coagulant have been developed. The 
representative is iron-aluminum composite, that is, introducing Fe3+ into PAC to prepare 
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composite coagulant polyaluminum-iron chloride. PAFC is an inorganic polymer 
coagulant polymerized by aluminum and iron salts under certain conditions [51]. It has 
extremely strong electrical neutralization ability, the flocs formed are large and dense, 
easy to settle, and the raw material source is wide, the cost is low, and the amount of 
residual aluminum in the effluent is low. It has the characteristics of high basicity of 
polymerized aluminum salt and strong adaptability to raw water, as well as the 
advantages of high density of polymerized iron and fast sedimentation of flocs [52]. 
Therefore, it is widely used in the coagulation treatment of various industrial wastewater, 
domestic sewage and drinking water. 

Although aluminum salt coagulation is widely used in wastewater treatment, aluminum is 
a substance that is harmful to human health. Once it enters the human body, it will be 
deposited in certain tissues and cells of the body, which will cause human cells to be 
unable to absorb various nutrients and trace elements necessary for metabolism, which 
affects the normal physiological functions of the human body and causes various 
symptoms of aluminum poisoning [53]. Although the composite inorganic polymer 
coagulant may enhance the flocculation aggregation effect, improve stability, and prolong 
the gelation period, the positive charge is significantly reduced. Therefore, in the 
preparation, it is necessary to take into account the hydrolysis of iron salts and the 
electrical neutralization capacity of the hydrolysate, and to control their respective 
optimal polymerization conditions, in order to develop excellent products with large 
molecular weight, high charge capacity, and strong adaptability [54]. At the same time, 
the formulation and process should be determined according to the requirements of water 
quality treatment, and the focus of future research should also be on improving product 
stability. In addition, the structure of the polysilicate composite coagulant should be 
characterized with the help of modern analytical instruments, the relationship between the 
morphological structure and coagulation performance of the polysilicate composite 
coagulant should be analyzed, and the coagulation mechanism should be further explored 
[55]. 

4. Literature references 

Polyacrylamide (Polyacrylamide, PAM for short) is a general term for homopolymers 
and copolymers of Acrylamide (AM for short) and its derivatives. It is a linear water-
soluble polymer [56]. It is derived from its molecular structure. Characteristics, PAM has 
special physical properties and chemical properties, which are not only good in 
flocculation, surface activity and thickening, but it is also easy to obtain a variety of 
branched or network structures through grafting or crosslinking [57]. Modified products 
are widely used in petroleum mining, sewage treatment, papermaking, mining and other 
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industries. According to the different charged properties of polyacrylamide, it can be 
divided into nonionic polyacrylamide (NPAM), anionic Polyacrylamide (APAM or 
HPAM) and cationic polymers are collectively called polyacrylamide (PAM). After 
dissociation in aqueous solution, polyacrylamide can dissociate different charges, 
according to the different charge properties of the product, it can be divided into four 
categories: nonionic polyacrylamide (NPAM), anionic polyacrylamide (APAM), cationic 
polyacrylamide (CPAM) and amphoteric polyacrylamide (AmPAM) [58]. 

At present, the methods of synthesizing polyacrylamide mainly include aqueous solution 
polymerization, inverse suspension polymerization, emulsion polymerization, inverse 
emulsion polymerization, dispersion polymerization, and photo-initiated polymerization. 
Aqueous solution polymerization refers to the polymerization reaction that takes water as 
a solvent and induces the monomer solution through an initiator or radiation [59]. This 
method has the characteristics of simple operation, uniform material mixing, and low 
production cost, but at the same time, it also has low average molecular weight of the 
product, difficulty in dispersing the heat of polymerization and prone to burst 
polymerization, and easy crosslinking of the product during the preparation process, 
which leads to a decrease in product performance. Disadvantages such as long dissolution 
time during use. Inverse emulsion polymerization refers to the polymerization of water-
soluble monomers, emulsifiers, and initiators dispersed in an oil-soluble medium into an 
emulsion to obtain a "water-in-oil" (W/O) type emulsion polymer. This method has easy 
heat transfer, the polymerization rate is fast and easy to control, less gel is generated, the 
relative molecular weight of the polymer is relatively high, but there are also complex 
processes, high cost, easy to cause secondary pollution of the environment, and a wide 
distribution of latex particle size. Disadvantages such as dispersion polymerization means 
that the monomer, initiator, and stabilizer are all dissolved in the dispersion medium to 
form a homogeneous system, and the resulting polymer is insoluble in the dispersion 
medium, and finally precipitates out of the solution. The polymerization method easily 
dissipates heat [60]. the polymerization process is easy to control and the product has 
good solubility. At the same time, water-dispersed polymerization greatly reduces the use 
of organic solvents and surfactants and avoids repeated pollution of the environment. 
Photo-initiated polymerization is initiated by the system through light excitation in a 
certain excited state. A crack occurs to generate active radicals to initiate polymerization. 
Photo-initiated polymerization has the advantages of strong selectivity, rapid initiation at 
room temperature, easy operation control, and reliable and stable polymerization effect 
[61]. 

The flocculation mechanism of polyacrylamide coagulant for impurities in water is 
mainly divided into three categories: adsorption-electrical neutralization, adsorption 
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bridging, and net-sweeping. The specific mechanism of flocculation depends on the type 
of coagulant, the size, concentration and nature of the impurity particles in the water, as 
well as several environmental factors such as pH and ions. It often requires specific 
analysis. The basis of adsorption-electricity neutralization is still that suspended particles 
attract differently charged polymers, neutralize the charge carried by the colloidal 
particles themselves, weaken the electrostatic repulsion between the particles, and thus 
cause the suspended particles to coagulate spontaneously [62]. Adsorption is also 
accomplished by electrical or van der Waals forces. Suspended matter in water is 
generally not prone to aggregation due to the same charge of the particles or has a lower 
density, so it exists stably in a highly dispersed state. The polymer chain of the 
polyacrylamide coagulant can attract each other with the suspended particles. If the chain 
contains groups that are different from the particles in electrical properties or are purely 
attracted to each other by Edward force, then these particles can interact with coagulant 
molecules combine to form a structure where a large molecule connects several 
suspended particles. When polyacrylamide coagulant is put into water, if its molecular 
chain can be fully stretched, a large number of coagulant molecules can form a fishnet-
like structure with each other, and they will come into contact with suspended solids 
during their natural sinking process, and through mechanical action The particles are 
rolled into the network structure, or entrapped between the gaps in the molecular chain, 
so that the particles settle together with the coagulant [63]. 

Polyacrylamide (PAM) is one of the most important synthetic organic polymer 
coagulants and one of the components of inorganic-organic composite polymer 
coagulants. Xu et al. [64] dispersed diatomaceous earth into a solution containing 
ammonium chloride and acrylamide. The prepared polycationic acrylamide/diatomite 
composite coagulant can make the treated wastewater the light transmittance exceeds 
95%, and the dosage of coagulant is only 7.5mg/L, which is much lower than that of 
conventional coagulant 60~90mg/L. At the same time, the settling time is less than 5s, 
similar to conventional coagulants. Li et al. [65] used modified coal gangue and 
polyacrylamide (PAM) to prepare a new type of coagulant with both turbidity and color 
removal properties. The flocculation test of oilfield drilling wastewater showed that the 
turbidity removal rate of the new coagulant is 85.5%, the light transmittance of 
wastewater after flocculation and sedimentation is 53.6%, and the turbidity removal 
efficiency is much higher than PAM or PAM/gangue mixture. Xiong et al. [66] used 
aluminum sulfate, iron sulfate, sodium silicate and cationic polyacrylamide (CPAM) as 
the main raw materials, and prepared the PSAF-CPAM inorganic-organic composite 
polymer blend by copolymerization. The results show that the best preparation ratio of 
PSAF-CPAM is the mass ratio of inorganic coagulant to organic coagulant is 70:1. The 
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removal rate of PSAF-CPAM to the total phosphorus in printing and dyeing wastewater 
increases with the increase of the dosage of coagulant Gradually increasing, the growth 
trend slows down after the metal ion concentration of the coagulant dosage reaches 1 
mol/L, and the total phosphorus removal rate is above 98%. Electron microscope 
scanning (SEM) and Fourier infrared analysis (FTIR) were used to characterize and 
analyze the morphology and structure of PSAF-CPAM coagulant, and it was found that a 
new polymer formed due to a chemical reaction between PSAF and CPAM. Sun et al. 
[67] placed acrylamide monomer, ferric chloride hexahydrate and aluminum chloride 
hexahydrate in (NH4)2S2O8-NaHSO3 solution to synthesize a new type of composite 
coagulant-poly Acrylamide (PAM)-polyaluminum ferric chloride (PAFC). A composite 
flocculant synthesized with an initiator mass fraction of 0.5%, a polymerization 
temperature of 50°C, a monomer mass fraction of 20%, and a polymerization time of 4h 
was subjected to a flocculation experiment on kaolin-humic acid suspension and 
synthetic dye wastewater. It shows that the optimal turbidity removal rate is 98.38% 
when the dosage is 0.6mg/L, and the decolorization efficiency of Congo red and blue-
green GL is higher than 93% and 94%, respectively. 

5. Organic/inorganic composite coagulant 

At present, with the enhancement of people's awareness of environmental protection and 
the improvement of water quality requirements, composite polymer coagulants have 
gradually become the focus of research [68]. At this stage, it is mainly divided into: 
inorganic-inorganic composite coagulant (including composite coagulants such as 
aluminum iron, aluminum silicon, etc.), organic composite coagulant, inorganic-organic 
composite coagulation three categories of agents. Among them, organic-inorganic 
composite coagulant occupies a dominant position due to its variety, simple process and 
superior performance [69]. 

Inorganic-organic composite coagulant is a new type of coagulant developed from the 
combination of inorganic and organic composite coagulants. It is a combination of 
inorganic and organic coagulants. It has the dual advantages of inorganic and organic 
coagulants [70]. While avoiding their respective shortcomings, their performance is well 
played. The addition of organic polymer coagulant enhances the adsorption and bridging 
ability of the coagulant, which accelerates the flocculation speed, the flocs are larger, and 
the settling performance is better. At the same time, it also broadens the scope of use of 
coagulant, reduces the dosage of coagulant, and reduces the processing cost. Inorganic 
polymer coagulants can provide a large amount of complex ions in water, and have a 
strong adsorption effect on particles in water. Due to the low molecular weight, the 
dosage is generally large. Organic polymer coagulants have a wide range of sources, and 
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the molecular structure contains many functional groups such as carboxyl, amino, or 
hydroxyl groups [71]. They are easily soluble in water, and have the characteristics of 
flocculation, thickening, shearing, dispersibility, etc. Strong electric neutrality can 
accelerate flocculation and precipitation. In order to make up for the shortcomings of 
more residual inorganic coagulant and smaller molecular weight, inorganic-organic 
composite polymer coagulant has developed rapidly. 

The inorganic components of inorganic-organic composite flocculants are mostly studied 
in iron salts and aluminum salts. The iron salts are mainly polyferric sulfate (PFS) and 
polyferric chloride (PFC), and the aluminum salts are polyaluminum chloride (PAC). 
Organic components mainly include artificial synthesis and natural organic 
macromolecule polymers. The widely used synthetic organic high molecular polymers 
include polyacrylamide (PAM), polyvinyl ether, sulfonated polyethylene and so on. 
Natural organic polymer is the first flocculant discovered and used by humans, but due to 
its properties of natural substances such as low molecular weight, low charge density, and 
easily degraded by biodegradation, it is rarely used. Modification of natural organic 
polymer flocculant can diversify its structure and enhance flocculation performance. In 
addition, after modification, it is non-toxic or low-toxic, easy to biodegrade, does not 
produce secondary pollution, and has low price and good quality with application 
prospects [72]. 

The composite coagulant of aluminum salt and PAM is one of the most commonly used 
inorganic-organic composite coagulants. Tang et al. [73] combined PAM with PAC, 
ferric chloride, alum, and starch to treat the Yangtze River water. The results show that 
PAM combined with PAC has the best flocculation effect, can effectively remove 
suspended particles in water, and put the coagulant into use on the Yangtze River 
passenger ship, which has produced considerable economic benefits. Pinotti et al. [74] 
using PAC and PAM composite coagulants have strong electrical neutralization ability 
and adsorption bridging performance, strong adsorption activity, compared with PAC, the 
removal rate of organic matter can be improved More than 30%. Xue et al. [74] used 
AlCl3-PAC-PAM composite coagulant to treat papermaking wastewater, and their 
biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) removal rates 
were 58.9%, 63.4%, the removal rate of chroma is as high as 75%. 

The composite coagulant made by PFS and PAM has the characteristics of low dosage, 
fast settling and large floc particle size, etc. It has good coagulation and decolorization 
effect in water treatment. Zeng et al. [76] used PFS-PAM composite coagulant and added 
sodium diethyldithiocarbamate (DDTC) to treat copper electroplating wastewater, with a 
copper removal rate exceeding 99.6%. Lee et al. [77] found that the coagulant prepared 
by the composite of FeCl3 and non-ionic PAM has a better flocculation effect on 
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beverage industrial wastewater and produces less sludge than FeCl3 alone. The amount of 
sludge produced is reduced by 60%. 

Dimethyl diallyl ammonium chloride (DMDAAC) homopolymer (PDMDAAC) and its 
copolymers are water-soluble cationic coagulants, with high charge density, easy to 
control molecular weight, low price, and good flocculation effect. The combined use of 
PDMDAAC and PAC can give full play to the synergistic effect of the two coagulants, 
improve the flocculation effect, and reduce the treatment cost. Yue et al. [78] used 
PDMDAAC, a copolymer of PDMDAAC and acrylamide (AM) [P(PDMDAAC-AM)] 
and PAC to simulate the treatment of kaolin water samples. The results show that when 
the dosage of PDMDAAC series coagulant is unchanged, the residual turbidity in water 
gradually decreases with the increase of PAC dosage, and can reach the minimum value 
when PAC is treated alone, that is, when a small amount of PAC is used It achieves a 
better flocculation effect and simplifies the dosing and post-treatment process. The 
composite coagulant of iron series and PDMDAAC has a better treatment effect on low 
turbid water. Gao et al. [79] found that after PFC and PDMDAAC were combined, the 
Zeta potential increased, and the effect of pH on the Zeta potential was weakened. In the 
coagulation treatment of dye wastewater, PFC-PDMDAAC, PFC, and PDMDAAC were 
added in a step-by-step comparison experiment. The results showed that PFC-
PDMDAAC had the highest removal rate of dye. Wei et al. [80] prepared composite 
coagulants with PFS and PDMDAAC, and found that they have good removal effect on 
pollutants in water, turbidity of surface water, organic matter, etc. 

Modified natural organic polymer flocculants can be divided into starch derivatives, 
chitin derivatives, natural vegetable gum modification, etc. according to different raw 
materials. Among them, starch derivatives are widely used due to the advantages of easy 
availability of raw materials and low prices. However, the treatment effect when used 
alone is not ideal. Therefore, it is usually used in combination with inorganic flocculants. 
Ekhtera et al. [81] used composite flocculants synthesized with aluminum-based 
flocculants and corn starch to simulate the treatment of wastewater. It was found that not 
only the dosage is reduced, but the turbidity removal effect is good, and the residual 
amount of aluminum is lower. Ridgway et al. [82] used PAC and cationic modified starch 
compound flocculant to treat oil refining wastewater, and found that the flocs formed 
during the coagulation process were large, and significant turbidity removal could be 
achieved with less dosage and degreasing effect. Chitosan (CTS) is a product of 
deacetylation of chitin. It can achieve a better treatment effect on wastewater containing 
metal ions such as chromium, copper, and zinc, but it is expensive and rarely used alone. 
In order to reduce the treatment cost, PAC was used to prepare composite CTS 
flocculant. Due to the poor electrical neutralization ability of the CTS molecule, it is also 
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greatly affected by acid and alkali. After the introduction of PAC, the positive charge on 
the CTS molecular chain and the positive charge on the PAC are superimposed, which 
significantly enhances the electrical neutralization of the composite flocculant Ability, 
the flocculation effect has been greatly improved in the application of removing turbidity 
and heavy metal ions, and the dosage is small, the sedimentation is fast, and the price is 
low. Pereira et al. [83] used the prepared CTS composite flocculant to treat copper 
smelting wastewater and found that not only the turbidity removal effect is good, but also 
some heavy metals can be removed, and the removal rate is greater than 97%.  

In the field of water treatment technology, polymerization, compounding, and 
multifunctionalization have become the current development direction of coagulants. 
Inorganic-organic polymer composite coagulant has the advantages of perfect preparation 
technology, large processing capacity, good processing effect, high efficiency and low 
energy, easy operation and wide application range. It has become the main direction of 
research and application of composite coagulant. In the future, we should further study 
the coagulation mechanism of inorganic-organic polymer composite coagulants, optimize 
the synthesis process, expand the scope of compounding raw materials, give full play to 
the synergistic effect of inorganic and organic components, and prepare highly targeted 
and stable quality. High-efficiency, low-cost, green and environment-friendly composite 
coagulant are best used in water treatment technology. 

6. Natural modified coagulant 

Mankind has entered the 21st century, actively promoting green industries, and making 
"green flocculants" for water treatment has particularly important practical significance. 
Because the residual monomer-acrylamide contained in PAM is toxic, researchers have 
been working hard for a long time to reduce the residual monomers in the product, and 
has already produced advanced products with a monomer content of less than 0.05% in 
foreign countries [84]. However, to date, it has not been generally recognized as a water 
purification agent for drinking water plants. Therefore, green natural modified coagulant 
came into being. Natural modified polymer flocculant has the characteristics and 
advantages of rich and diversified resources, relatively low raw material prices, non-toxic 
or low toxicity of raw materials and products, and easy biodegradation after use [84]. 
Natural polymers have the characteristics of wide molecular weight distribution, many 
active groups and diversified structures, which are helpful for the development of 
multifunctional and multi-purpose products with excellent performance. The 
characteristics and advantages of these natural polymer flocculants make up for the 
weaknesses and disadvantages of synthetic polymer flocculants [86]. 
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Among the many natural modified coagulants, chitosan and its derivatives have been 
researched, developed and applied the most. Others include micro-natural modified 
coagulants (mainly laboratory research), amphoteric flocculants, starch derivatives, 
cellulose derivatives, lignin derivatives and cationic polyacrylamides [87]. Starch and 
lignin flocculants have been poorly studied, because of their poor stability. The flocculant 
containing chitosan and plant gum has been used and developed unprecedentedly in 
recent years due to its versatility, biocompatibility and stability. The research directions 
of natural polymer flocculants mainly focus on the following three aspects: First, improve 
and stabilize the performance of existing natural polymer flocculants, and broaden its 
application fields. The second is to develop a multifunctional natural polymer flocculant 
mainly based on cationic groups [88]. The third is to develop and research a new type of 
flocculant containing organic polymer-inorganic phase compound. 

6.1 Chitosan and its derivatives 

Most of the pollutants in the water body have a negative charge, so cationic natural 
polymer flocculants have received more attention. Chitosan is a product of the partial 
deacetylation of chitin, and chitin is mainly derived from shells [89]. Chitosan contains 
glucosamine and acetylglucosamine units and is a linear hydrophilic amino 
polysaccharide molecule. It is difficult to dissolve in water or other organic solvents. In 
an aqueous solution with a pH lower than 5 or less, chitosan is easily dissolved, and -NH2 
in the chitosan molecule is protonated to form -NH3+, which has the characteristics of a 
cationic polyelectrolyte and contains a high positive charge density [90]. Moreover, the 
protonated amino group can form an electrostatic attraction with negatively charged 
substances such as acid ions, dyes, and organic matter in water. Since chitosan has 
cationic characteristics, and its molecular chain length and molecular weight are large, 
these characteristics make chitosan particularly suitable for the treatment of pollutants 
dissolved in water. As a new type of natural polymer flocculant, chitosan has achieved 
certain research and development, and has received more and more attention because of 
its safety, non-toxicity, and easy biodegradation. It is worth noting that the defect of poor 
solubility of chitosan in neutral and alkaline water environments greatly limits the 
application of chitosan. Based on the amino and hydroxyl groups on the chitosan 
molecular chain, chemical groups can be introduced through modification to effectively 
improve the physical and chemical properties of chitosan, improve water solubility, 
charge density, relative molecular weight and selectivity, and further expand the 
flocculant Scope of application [91]. The most widely used modification of chitosan is 
chemical modification, and there are many chemical modification methods. The main 
reaction types are acylation, carboxylation, etherification, Schiff reaction, alkylation, and 
sulfonation, Azide, halogenation, salt formation, integration, hydrolysis, crosslinking, 
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graft copolymerization and other reactions. At present, the chemical modification of 
chitosan at home and abroad mainly uses the activity of amino and hydroxyl groups on 
the chitosan molecule to introduce new chemical groups to achieve the purpose of 
improving the performance of chitosan. 

Chitosan natural modified coagulant is used for the treatment of heavy metal wastewater, 
dye wastewater and other pollutant wastewater. Shuyingjia et al. [92] obtained a new 
shell by reacting 2,4-bis(dimethylamino)-6-chloro-[1,3,5]-triazine (BDAT) with chitosan 
Glycan-based flocculant (BDAT-CTS), due to the interaction between the introduced 
aromatic rings and the existence of charge attraction and coordination, BDAT-CTS has a 
significant removal rate for the binary pollutants tetracycline TC and Cu(II) improve. Ge 
et al. [93] used maleated chitosan prepared by microwave irradiation to remove metal 
ions. Studies have shown that as the degree of maleic anhydride substitution increases, 
the residual metal ion concentration shows a downward trend. The carboxyl group 
introduced by maleic anhydride can form more coordination sites to chelate with metal 
ions, thereby enhancing the removal effect of metal ions. Research by Ma et al. [94] 
pointed out that although alkylation can effectively improve the solubility of chitosan, the 
solubility increases with the degree of substitution. However, the substitution of amino 
groups will affect the reactivity of the modified chitosan flocculant to a certain extent. 
Huang et al. [95] further proved that succinyl chitosan obtained by introducing succinyl 
into the amino group of chitosan due to the presence of carboxyl groups can also have 
cationic dyes in neutral and alkaline environments. Ma et al. [95] used 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropanedione as a photoinitiator to promote acrylamide and 
chitosan through ultraviolet light Sugar nanoparticles synthesized polyacrylamide grafted 
chitosan nanoparticles (NCS-G-PAM). This reaction shortens the reaction time and 
lowers the reaction temperature compared to the general free radical reaction. In addition, 
the grafting of the PAM chain enhances the adsorption and bridging effect, promotes the 
formation of large shear-resistant flocs between unstable particles, and improves the 
flocculation effect of the modified chitosan flocculant. Fan et al. [97] compared the effect 
of magnetic chitosan synthesized by in-situ precipitation and embedding on the removal 
of Cu(II) and Hg(II) ions. The experimental results show that embedding the magnetic 
chitosan obtained by the method has a narrower particle size distribution and a larger 
specific surface area, so it is better than the in-situ precipitation method in removal. 
Therefore, related studies have begun to improve the preparation conditions of the 
synthesis and modification of magnetic chitosan to improve its physical and chemical 
adsorption neutralization ability. Lou et al. [98] used chitosan, acrylamide and fulvic acid 
for graft copolymerization to synthesize a new flocculant for flocculation experiments on 
dye wastewater. The study found that at the beginning, the amphoteric copolymer 
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neutralized the net charge of the dye and caused the rapid removal of the dye. After 
obtaining the optimal dose, the resuspension of the suspension occurred due to the 
electrostatic repulsion between the charged particles. In the case of high pollutant 
concentration, the bridging flocculation produced by the grafted acrylamide long chain 
plays a key role. 

At present, the mechanism of action of the modified chitosan flocculant is still in its 
infancy, and the morphology and flocculation kinetics of the floc are lacking in-depth 
exploration. Factors such as rearrangement of the internal structure of the floc, fractal 
geometry of the floc and other factors are important factors [99]. The effect of model 
accuracy has not been fully studied further. Use mathematical models to strengthen the 
research on the influence of pH, ionic strength, dosage, temperature and other factors on 
the modified chitosan flocculant, and explore the removal of new environmental 
pollutants and multi-component pollutants by the synergistic effect of other water 
treatment methods Potential, broaden the application range of modified chitosan 
flocculant [100]. Most of the research on modified chitosan flocculants is still in the 
small-scale laboratory test stage, so it is necessary to develop cheaper and more efficient 
flocculants to promote future large-scale production and application. 

6.2 Starch derivatives 

Starch is a green natural renewable resource and an inexhaustible "green organic raw 
material". Starch has wide sources, large output, and cheap price. It is biodegradable and 
non-toxic to the environment [101]. Starch and its derivatives were first used in paper, 
textile, food and other industries, and are an important renewable and biodegradable 
natural resource. Although starch has certain water solubility, it cannot provide ionic 
properties as a flocculant and needs to be modified. The methods of starch modification 
include physical methods and chemical methods, mainly through oxidation, 
carboxylation, esterification, grafting of other functional groups and etherification of free 
hydroxyl groups on the starch molecular chain [102]. The modified starch flocculant has 
the advantages of high efficiency, easy degradation and no secondary pollution. It is an 
environmentally friendly flocculant, can be used in the water treatment industry, and is a 
promising polymer flocculant. 

The sugar ring monomer in the starch molecule contains many hydroxyl groups, which 
can be modified by methods such as etherification and grafting to prepare a wide variety 
of flocculants with excellent performance [103]. Due to the different charge properties of 
the modifier, the modified starch flocculant can be divided into cationic, anionic and 
amphoteric types. And because of the different modification methods, its structure can be 
divided into linear and grafted. Since most of the pollutants in the water show a negative 
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charge state, there are many studies on cationic modified starch flocculants. Hacck et al. 
[104] prepared 3-chloro-2-lightpropyltrimethylammonium chloride modified cationic 
linear starch flocculant (St-CTA) by etherification method. Changing the dosage of 
modifier can change the degree of cation substitution. Through the method of 
flocculation conditioning, the St-CTA has a good dehydration effect on the suspension of 
port sediments, and it is used in combination with anionic polyacrylamide to have a better 
dehydration effect. In the research of Liu et al. [105], this synthesis method was also 
adopted to prepare a series of St-CTA with different degrees of substitution, and the 
simultaneous deturbidity and antibacterial performance were investigated. The study 
found that St-CTA has the dual performance of simultaneously removing turbidity and 
bacteriostasis. When kaolin and bacteria in water coexist, its flocculation removal has a 
certain synergistic enhancement effect. The quaternary ammonium salt cation has a 
strong positive charge property, has the effect of destroying the cell wall of the cell body, 
and has a significant effect on the cell wall of the Gram-negative bacteria. 

Huang et al. [106] prepared methacryloyloxyethyl graft-modified cationic starch 
flocculant (St-g-PDMC) by grafting method. The copolymer was dehydrated and 
precipitated by acetone Down, you can improve the purity of the product and reduce 
toxicity. Compared with starch and polyacrylamide, St-g-PDMC has a good flocculation 
and purification effect on kaolin suspension. In the low dosage range, the electrical 
neutralization played a leading role in the flocculation process. In addition, St-g-PDMC 
can also regulate and dehydrate anaerobic sludge. The conditioned sludge can be easily 
filtered out, and the dosage is 0.696% of the dry weight of the sludge. St-g-PDMC has 
very good application prospects for sewage treatment and sludge conditioning. The 
quaternization of starch can make it have the dual functions of turbidity removal and 
bacteriostasis, showing broad application prospects. 

6.3 Cellulose derivatives 

Cellulose is one of the most abundant polysaccharide molecules in the world. In recent 
years, people have expanded its application in water treatment by modifying it. Sodium 
carboxymethylcellulose is an anionic water-soluble polyelectrolyte widely used in 
industrial fields such as food, textile, paper, adhesives, coatings, medicine and cosmetics 
[107]. The chemical modification of agricultural waste date palm to prepare sodium 
carboxymethyl cellulose as a flocculant and aluminum sulfate as a coagulant has a good 
effect on removing the turbidity of drinking water [108]. Compared with the commercial 
anionic polyacrylamide, the prepared sodium carboxymethylcellulose showed that the 
sodium carboxymethylcellulose with a degree of substitution of 1.17 and a 
polymerization degree of 480 had 10% better performance than the commercial anionic 
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polyacrylamide. In the study of Shaabani et al. [109], a sulfonated cellulose was prepared 
by modifying cotton, using alum as a coagulant, and the sulfonated cellulose as a 
flocculant, coagulating. After purifying the kaolin suspension and optimizing it by 
response surface method, the dosage of alum has been reduced. It believes that sulfonated 
cellulose can be used as a substitute for traditional flocculants. In the study of Suopajarvi 
et al. [110], an anionic dicarboxylic acid nanocellulose was prepared and used as a 
flocculant and ferric sulfate as a coagulant to treat municipal wastewater. In the combined 
use of coagulation and flocculation, the turbidity and COD of the effluent are low, and 
the dosage of ferric sulfate can be effectively reduced. The anionic dicarboxylic acid 
nanocellulose exhibits higher stability and wider pH adaptation range in long-term use. In 
another study by Suopajarvi et al. [111], two types of cationic nanocellulose with 
different charge densities were prepared by modifying the cellulose of trees. The charge 
densities were 1.07 and 1.70 mmol/g, respectively. The performance of the cationic 
nanocellulose on municipal sludge conditioning was investigated and compared with 
cationic polyacrylamide. The results show that the cationic nanocellulose can effectively 
condition municipal sludge, and its dosage is close to polyacrylamide. In terms of 
turbidity removal, the performance of cationic nanocellulose is close to that of cationic 
polyacrylamide. In terms of COD removal, the performance of cationic nanocellulose is 
higher than that of cationic polyacrylamide [112]. 

Conclusion 

The potential applications of inorganic polymer coagulants, synthetic polymer 
coagulants, organic/inorganic composite coagulants and natural modified coagulants in 
wastewater treatment have been summarized in depth. In some studies, it has a significant 
removal effect on water quality parameters such as suspended solids, turbidity, COD and 
color, and the removal rate is generally more than 90%. As far as traditional inorganic 
coagulants are concerned, due to the high complexity of the flocculation process and the 
variety of polyelectrolytes available, there are still few industrial practices for 
optimization of flocculation. One way to optimize the flocculation process is to select or 
control the molecular weight and charge density range of the polymer. Different 
molecular weights and charge densities produce different flocculation mechanisms. 
Research is needed to investigate how molecular weight and charge density distribution 
affect flocculation performance in order to provide better flocculant choices for specific 
industrial applications. Optimizing these factors can significantly improve processing 
efficiency and reduce chemical costs.  

Since the use of conventional flocculants is closely related to environmental pollution and 
health hazards, it is necessary to synthesize environmentally friendly, economically 
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viable flocculants with high flocculation efficiency. Some of the developed natural 
modified coagulants have good flocculation performance, and have excellent removal 
effects on suspended solids, turbidity, COD and color in various wastewaters. According 
to the actual industrial production and application, the cost-benefit analysis and 
optimization of natural modified coagulants are needed to produce a standard production 
protocol and maximize the flocculation efficiency. It is necessary to judge the economics 
of its actual use. In addition, the work carried out on an industrial scale is very limited, 
focusing mainly on laboratory testing. Finally, choosing a high-efficiency flocculant that 
can remove or reduce almost all pollutants in wastewater is the key to the success of the 
flocculation process. From two aspects of performance and cost of flocculant, it is a 
promising flocculant material to produce environmentally friendly flocculant with high 
removal rate and high concentration flocculant by simple, economical and feasible 
process. 
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