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Abstract 

This review compiles recent advances and challenges on photocatalytic treatment of wastewater 

using nanoparticles, nanocomposites, and polymer nanocomposites as photocatalyst. The review 

provides an overview of the fundamental principles of photocatalytic treatment along the recent 

advances on photocatalytic treatment, especially on the modification strategies and operational 

conditions to enhance treatment efficiency and removal of recalcitrant organic contaminants. The 

different types of photocatalysts along the key factors influencing their performance are also 

critically discussed and recommendations for future research are provided.  
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1 Introduction 

Water is an essential resource for the survival of human being and animal on earth. Even though, 

70% of the world is covered by water, only 2.5% of water is considered as fresh that can be used 

for drinking water (Rajasulochana et al. 2016). Scarcity of drinking water has become a 

challenging issue worldwide due to contamination of water bodies by toxic pollutants discharged 

from industries. Around the globe, billions of populations lack fresh water for their basic needs. 

Rapid globalisation and industrialisation lead to higher production of a variety of novel and 

complex chemicals and the waste generated is directly discharged to the water streams (Kumari et 

al. 2019). The prime sources of water pollution include industrial wastes, mining activities, 

sewage, pesticides and chemical fertilizers, radioactive waste, and agricultural wastes (Khalaf et 

al. 2015 Habibi et al. 2020). About 2 million tons of industrial wastes are directly discharged to 

the water bodies without treatment, posing a serious threat to the environment (Bolisetty et al. 

2019). The major contaminants associated with wastewater are summarised in Table 1 along with 

their permissible limits. Pollutant concentrations exceeding the permissible limits are considered 

as hazardous to human health and aquatic species. Due to the complex chemical structure and toxic 

functional groups of the pollutants, it is quite challenging to degrade or remove them via 

conventional techniques. Intensive research which includes physical, chemical, and biological 

methods has been developed and implemented to degrade and remove these pollutants (Table 2). 

While several studies reported optimal results, a major setback is that most of these methods can 

only be operated up to certain contaminants concentration limits and under pH, solubility, and 

favourable conditions. Further to this, common barriers include high cost and high energy demand 

(Natrajan et al. 2018). 
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Table 1: Pollutants present in wastewater with a permissible concentration in wastewater (Ye et 

al. 2019) 

S. No. Pollutants 
Toxic concentration for 

Human health and aquatic 
species 

Challenges in removal 

1 
Organic dyes (cationic 
and anionic dyes) 

>1ppm Stability and non-biodegradable nature 

2 
Aromatic compounds 
(phenol derivatives, 
toluene, xylene) 

Benzene >0.01ppm 
Toluene >0.7ppm 
Xylene> 0.5ppm 

Stable and very difficult to oxidize 

3 
PAHs (Polynuclear 
aromatic 
hydrocarbons) 

>0.0007ppm 

Non-biodegradable in nature, Low 
recovery while using membrane 
filtration, selection of specific 
adsorbents  

4 
Fertilizers and 
pesticides 

>0.3ppm 

Nitrogen and phosphorus-based 
fertilizes released form industries 
contain a very higher COD value. 
Variability of physical pesticides 
structure and pH of pesticides 
contaminated water (range 0.5 -14) 

5 Heavy metals 

As >0.01ppm 
Cd > 0.003ppm 
Cr > 0.05ppm 
Cu >2ppm 
Pb>0.01ppm 
Hg>0.006ppm 
Ni >0.07ppm 
Zn >3ppm 

non-biodegradable nature 

6 PPCPs 

It is found in ng/l-μg/l in 
wastewater and exact 
concentration for each PPCPs are 
not specified as reported 

Persistence and hydrophilic nature 

7 
Aqueous solution of 
NH3 or NH4

+ 
>0.2ppm 

Specific environment (pH, alkalinity, 
and temperature) for nitrification and 
de-nitrification 

 

There are however few emerging methods such as advanced oxidation process (photocatalysis), 

bio-sorption, biomass, membrane-filtration processes by nanofiltration used for the removal of 

organic pollutants(Gaur et al. 2018, Kumari et al. 2020, Anjum et al. 2019, Koutavarapu et al. 

2021, Babu et al. 2021,Reddy et al. 2021). Among these processes, the photocatalytic process is 

considered as the most promising for the degradation/removal of organic pollutants. Apart from 

wastewater treatment, photocatalysis can also be used for energy generation, hydrogen production 

and carbon dioxide reduction (Asadzadeh et al. 2020, Akhundi, et al. 2019, Akhundi et al. 2020, 
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Nasir et al. 2019). However, research is still needed for optimising the process efficiency and 

especially on identifying and selecting photocatalysts for high efficiency and activity.  

 

Table2: Advantages and disadvantages for the degradation of dyes, pesticides, pharmaceutical and 

personal care products (PPCPs) and polycyclic aromatic hydrocarbons (PAHs) 

Methods Types Advantages Disadvantages References 

–Chemical 

 Advanced Oxidation 
Process 

 Oxidation  
 Electrochemical 

Destruction Hydrolysis 
 Photo-Fenton, 
 Ozonation 
 Chlorination 
 Ultraviolet Irradiation 

 Fast process, 
 Highly efficient, 
 Degrade the 

pollutants 
completely  

 High cost, 
 Complex Process, 
 Formation of toxic 

by-products 

Katheresan et 
al. 2017,  
Forgacs et al., 
2004 ;  
Gupta et al. 
2009 
Hameed et al. 
2007 

Physical 

 Adsorption 
 Membrane filtration 
 Coagulation and 

flocculation  
 Air stripping 
 Ion exchange 
 Reverse osmosis 
 Nanofiltration and 

Ultrafiltration 

 Quick process 
 and efficient 

 Cannot degrade 
the pollutants 
completely, 

 Generation of by-
products 

Hethnawi et al. 
2017, 
Holkar et al. 
2016 

Biological 

 Aerobic and anaerobic 
microbial degradation 

 Membrane bioreactor 
 Algae degradation 
 Enzyme degradation 
 Pure and mixed culture 

(Mixture of algae bacteria 
and fungi) 

 Cheap, 
efficiently 
degraded the 
various types of 
dyes and other 
contaminants, 

 Reusable  

 High cost, Slow 
process 

 Formation of toxic 
by-products, 

 Unstable system 

Adegoke et al. 
2015,  
Joshni et al. 
2011 

 

For this purpose, a wide range of visible light active photocatalysts have been developed including 

semiconductor nanoparticles, reduced graphene oxide, multi and singled walled carbon nanotubes 

(MWCNTs, SWCNTs), metal organic frameworks (MOFs), covalent organic frameworks (COFs), 

various types of clays, biodegradable polymers (i.e. chitosan, chitin, cellulose and gelatine) to form 

heterojunction with conducting polymers (Table 3). 



 

 7 

Table 3: Example of various photocatalyst reported in previous literature 100 

 Photocatalyst Band gap Light Intensity Targeted pollutants Effic. Exposure Time (Min) Reference 
1 g-C3N4/TiO2 2.9eV LED (20 W) Reactive Red 4 100% 60 Azami et al. 2020 

2 
3D hierarchical 
flower-like TiO2 

3.2 eV UV Lamp (20 W) Phenol 97% 120 Tian et al. 2011 

3 ZnO 3.2 eV UV Lamp (11W) Methylene Blue 80% 120 Moghaddas et al. 2020 

4 WO3/g-C3N4 
WO3-2.68 eV 
g-C3N4-2.7 eV 

Xenon Lamp (300 W) Methylene Blue 97% 120 Huang et al. 2013 

5 Fe2O3/SiO2 2.2 eV Metal Halide Lamp (400 W) 
Methylene Blue, Congo 
Red 

88% 180 Mandal et al. 2019 

6 
SnO2-ZnO QD-g-
C3N4 

g-C3N4 - 2.7 eV, 
ZnO- 3.2eV, 
SnO2- 3.5 eV 

Xenon Lamp (300 W) Rhodamine B 99% 60 Vattikutti et al.2018 

7 ZnFe2O4-ZnO 3.21-2.0 eV Halogen Lamp (500 W) 
Methylene Blue, Methyl 
Orange 

98% 
99% 

300 
360 

Rameshbabu et al. 
2016 

8 WO3-ZnO 2.83eV UV Lamp (6 W) Direct Blue-15 86.9 120 Ebrahimi et al. 2019 

9 CuO-ZnO 3.16-3.09eV Solar Light (850 W/cm2) 
Rhodamine 6G, 
Methylene Blue, 
Methyl Orange 

78.9% 
93.2% 
90.1% 

80 
40 
60 

Singh et al. 2020 

10 BiOBr-Ag-Ppy 2.72eV Halogen Lamp (150 W) 
Malachite Green, 
Phenol 

97% 60 Liu et al. 2018 

11 
MnO2, 
Polythiophene-
MnO2 

2.0- 1.52eV 
Sun Light Irradiation 

Malachite Green, 
Trichlorophenol 

91% 
93% 

80 Zia et al. 2020 

12 TiO2(B)-CdS 2.24eV Tungsten Lamp (300 W) Rhodamine B 91.9% 30 Cheng et al. 2020 

13 Ag3PO4/BiVO4 
Ag3PO4-2.26eV 
BiVO4-2.98eV Xenon Lamp (300 W) 

Tetracycline 
hydrochloride-phenol 

91% 180 Gao et al. 2020 

14 Cu2O-BiVO4-WO3 
Cu2O- 2.0-2.5eV, 
BiVO4-2.4 eV 
WO3-2.5-3.0 eV 

Tungsten Lamp, 
100W 

Sulfasalazine 89.5% 50 Omrani et al. 2020 

15 Sb2S3/α-Ag2WO4 2.96-2.61 eV Halogen Lamp (300W) Methylene Blue 91.2% 60 Ayappan et al. 2020 

16 TiO2-ZrO2 
TiO2-3.26 eV 
ZrO2- 3.435eV 

Mercury Lamp (125W) Methyl Orange 98% 60 Zhang et al. 2016 

17 SnO2/BiOBr 
SnO2-3.48 eV 
BiOBr-2.58 eV 

LED 
(5 W) 

Rhodamine B, Crystal 
violet 

98.2% 
95% 

40 
70 

Liu et al. 2018 

18 ZnFe2O4–C3N4 
ZnFe2O4-1.9eV 
C3N4-2.7eV 

Xenon Lamp (500 W) Orange II 97% 240 Yao et al. 2014 

19 
Bacterial 
cellulose/ZnO 

2.8-2.89eV UV light Methyl Orange 91% 120 Wahid et al. 2019 

20 BiOBr/TiO2 2.1eV Solar Radiation Ciprofloxacin 100% 150 Rashid et al. 2019 

21 
Graphene 
Oxide/Ag3O4 

Ag3O4- 2.3eV 500 W Xe lamp 
Naphthalene, 
Phenanthrene 

98.2% 
82.1% 

5 
7 

Yang etal. 2018 
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Pyrene 100% 0.5 

22 Fe3O4-TiO2/rGO 
Fe3O4- 1.4 eV 
TiO2-3.2eV 

Sunlight, Visible light and 
UV light 

Atrazine 99% 40 Boruah et al. 2020 

23 SnO2-ZnS 
SnO2-3.8eV 
ZnS-3.1eV 

High-pressure mercury lamp 

Acetaminophen 
Carbamazepine 
Metoprolol 
Triclosan 

70% 
40% 
67% 
40% 

120 
Hojamberdiev et al. 
2020 

24 Ag2S-NiO-ZnO 
NiO-ZnO-3.0eV 
Ag2S-NiO-ZnO-
2.4eV 

500 W Halogen lamp Rhodamine B 
45% 
95% 

120 Shafi et al. 2019 

25 g-C3N4-Bi2O2CO3 
g-C3N4-2.7eV 
Bi2O2CO3-3.5eV 

1000W Xe lamp 

Tetracyclin 
Tetracyclin hydrochloride 
Oxytetracyclin 
Congo red 
Methyl orange 
Malachite green 
Methylene Blue 

 
 

85.5% 
96.2% 
99.2% 
88.9% 

360 Zhao et al. 2019 

26 NaBiS2-ZnO 
NaBiS2 -1.25eV 
ZnO- 3.4eV 

Solar light tetracycline 98% 90 
Koutavarapu et al. 
2021 

27 Bi2WO6-ZnO 
Bi2WO6-2.7eV 
ZnO-3.4eV 

Solar light Rh B 99% 50 
Koutavarapu et al. 
2021 

28 

MnO2-Chitosan-
Aluminium oxy 
hydroxide (MnO2-
C-Al(O)OH 

MnO2-1.7eV 
MnO2-C-1.6eV 
MnO2-C-Al(O)OH-
1.3eV 

500W Tungsten lamp Acid Navy blue dye 88.8% 80 Sultana et al. 2020 
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The above-mentioned nanoparticles and nanocomposites have shown excellent photocatalytic 

activity toward the degradation of toxic organic pollutants. However, the toxicity of the photocatalyst 

must be studied before applying them in photocatalytic treatments. 

Few nanoparticles such as ZnO, CuS, CdS, HgI2, PbS (permissible limits are shown in Table 1) are 

known to be toxic in nature. The toxic concentration of these nanoparticles should be in permissible 

limits otherwise the photocatalysts itself will pollute the water as described by Ahmad et al (2019). 

For the past 15 years, visible-light-driven nanoparticles combined with conducting polymers such as 

polypyrrole, polyaniline and polythiophene found much interest in wastewater treatment owing to 

their remarkable properties like high absorption coefficients, excellent electrical and optical activity 

and mechanical properties (Liang et al. 2019, Ahmad et al. 2017, Bano et al. 2019). These conducting 

polymers can be doped with various nanoparticles in the form of heterojunction to enhance 

conductivity and photocatalytic activity. In the heterojunction or composite form, these conjugated 

polymers act as electron donor and nanoparticles act as the electron acceptor. Despite these recent 

progresses, a critical review on conducting polymer and biopolymer composites as photocatalyst for 

the treatment of wastewater is still lacking. Therefore, this review summarises the different types of 

conducting polymers and composites used as photocatalyst for wastewater treatment along their 

advantages and limitations. This review also highlights the key advantages of the photocatalytic 

methods over other conventional methods. 

2 Photocatalysis 

Photocatalysis is a type of catalytic reaction carried out under the influence of light (ultraviolet or 

visible) that includes catalysis of photochemical reactions to activate the catalytic process. 

Photocatalysis covers two phenomena including photocatalytic decomposition (PCD) in the absence 

of O2 and photocatalytic oxidation (PCO) with atmospheric O2 as a direct participant to the reaction 

(Pirzada et al. 2018). Nowadays, photocatalysts that are active in visible light are frequently applied 

for photodegradation of pollutants as the sunlight spectrum constitutes a large portion of visible light 



 

 10

around 40% (Weon et al. 2019, Pardeshi et al. 2008). This heterogeneous photocatalysis appeared as 

a new emerging advanced oxidation process based on the two-step process of the photocatalysis. It 

adsorbs reactants and absorbs efficient photons (hν ≥ Eg), simultaneously. 

2.1 Principle and mechanistic approach of photocatalysis 

A general photocatalytic mechanism for the degradation of pollutants is presented in Fig.1. The 

process starts with irradiation of the light with energy greater than the band gap energy of the 

photocatalyst. The first step is to approach the adsorption and desorption equilibrium between 

photocatalyst and pollutants in absence of the light and once the equilibrium is attained then 

photocatalyst is permitted to irradiate. Under the influence of light various process are supposed to 

happen: generation of an electron in the conduction band (CB) and holes in the valence band (VB), 

trapping of the electron, electron-hole recombination, electron transfer, reduction reaction with an 

electron acceptor at conduction band, hole transfer and oxidation reaction with a hole acceptor at the 

valence band. Under the influence of light, photocatalyst is excited and ejects electrons from the 

valence band to conduction band leaving behind holes in the valence band. These photogenerated 

charges carriers (e- and h+) may take a different path in the mechanism. 
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Fig.1: A general mechanism of photocatalysis for the degradation of organic pollutants 

These charge carriers either can get caught in shallow traps or deep traps or can recombine radiatively 

or non-radiatively and release energy in the form of heat (Zhang et al. 1996). Photoredox reaction 

occurs at the catalyst surface by trapped electrons and trapped holes rather than from free ones in 

photocatalysis (Hoffmann et al 1995). Quantum efficiency for interfacial charge transfer can be 

ascertained between charge-carrier recombination and charge-carrier trapping (Zhang et al. 1996). 

Higher the charge-carrier recombination lower will be efficiency and vice versa.  Further, electrons 

in CB are supposed to react to atmospheric oxygen supplied in reactor and form superoxide free 

radicals while holes in VB are oxidized by the H2O molecules and form hydroxide free (∙OH) radicals. 

Depending on the edge band potential of photocatalyst there is the possibility of formation of various 
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other reactive species such as superoxide and the peroxide radicals. These reactive species i.e. 

electron, holes, hydroxide radicals, and peroxide radicals, superoxide radicals are results for the 

degradation of organic pollutants. To achieve the higher efficiency of the catalyst, photocatalytic 

processes are assisted with the incorporation of hydrogen peroxide and ultrasonication (Huang et al. 

2013, Aleboyeh et al. 2012) which are useful for the degradation of organic pollutants. A general 

mechanism is shown below in Equations (1-6) where ‘S’ represents the surface-active centre.  

(i) Adsorption: Photocatalyst + Pollutants → Adsorption (Photocatalyst + pollutants) (1) 

(ii) Photoexcitation (generation of e- and h+): Photocatalyst + hν → h+ + e-  (2) 

(iii) Oxidation reaction by photogenerated holes (h+): S + h+ → S+       (3) 

(iv) Reduction reaction by photogenerated electron (e-): S+ + e-→ S    (4) 

(v) Interaction of reactive oxygen species to pollutants: S+ + Pollutants → (S-Pollutants)+ (5) 

       (vi) Degradation Product: (S-Pollutants)+ + e- → S + Degradation Products                   (6) 

2.2 Ideal photocatalyst and light source 

An ideal photocatalyst should be non-toxic, highly efficient, stable and must be inexpensive. 

Moreover, an ideal photocatalyst must have redox potential (H2O/∙OH= -2.8eV) to generate hydroxyl 

radicals, a prime reactive oxygen species in the degradation of pollutants. Photocatalyst with higher 

surface area leads to faster photocatalytic reaction rates and show better activity, however, excess of 

nanoparticles may create surface defect and act as a recombination centre for photogenerated electron 

and lowers the catalyst activity (Li et al. 2013). Crystalline nature of the photocatalyst also results in 

higher photocatalytic activity as the defective sites will be less. Several photocatalysts have band gap 

energies in their electronic structure allowing catalysing a wide spectrum of chemical reactions. 

Photocatalyst with a wide range of band gaps is allowed to irradiate based on their band gap energy 

i.e. if the band gap energy of the photocatalyst is less than 3 eV then photocatalysts are supposed to 

absorb visible light irradiation and generates electron and holes however if the band gap energy is 

greater than 3 eV then the photocatalyst are supposed to irradiate with UV light to generate electron-
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hole pairs. Conducting polymers being visible light active photocatalysts which have the band gap 

energy less than (Eg <3) has become an interesting topic for the photocatalytic purposes for 

wastewater treatment, carbon dioxide reduction and hydrogen generation. 

2.3 Combination of photodegradation and biodegradation of the organic pollutants 

Photocatalytic degradation and biodegradation have its own advantages and disadvantages for the 

when applied separately for the removal of wastewater pollutant. However, combination of these two 

methods has been found quite efficient in removal of pollutants and significant degradation was 

achieved as reported by some earlier literature (He et al. 2014, Wang et al. 2016 Song et al. 2020). In 

the combined process, the pollutants are first treated by photodegradation which is fast process and 

then the persistence intermediates are treated by biodegradation. For example, breakdown of azo 

bonds (–N=N–) of dyes into aromatic amines occurs after photodegradation and these intermediates 

are quite difficult to degrade by photodegradation method (Weldegebrieal, 2020, Kakarndee et al. 

2018). These aromatic amines can be degraded to simpler compound via oxidative degradation using 

aerobic biodegradation process by the action of several oxygenase in aerobic conditions (Khan et al., 

2020). Therefore, a combination of photodegradation and aerobic biodegradation could be an efficient 

combination for the treatment of pollutants (Song et al.2020, He et al. 2014). A combined mechanism 

of the photocatalytic degradation and biological degradation are shown in Fig. 2. In this mechanism 

the biological process is based on aerobic degradation. Several studies for the degradation of various 

pollutants are carried out by various research groups using integrated chemical-biological method for 

the degradation of diclofenac(He et al. 2014), tetracycline (Gomez-Pacheco et al. 2011), 

carbamazepine (Keen et al. 2012) and cefalexin (Estrada et al. 2012). 
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Fig.2: Combined mechanism of photodegradation and biodegradation of organic pollutants 

3 Polymer nanocomposites as photocatalyst 

For the last 15 years, conducting polymer nanocomposites due to their doping chemistry and narrower 

band gap are used as photocatalyst. Several conducting polymers have been used for the treatment of 

wastewater such as polyethylene, poly(vinyl pyrrolidone), polypyrrole, polyaniline, polythiophene, 

polyfurane, Nafion, Poly(3-hexylthiophene) (P3HT), Polyhydroxybutyrate (PHB), 

Poly(tetrafluoroethylene) (Geng et al. 2019, Ibanez et al. 2018, Kumar et al. 2020, Guo et al. 2019, 

Zhu et al. 2010). Among these polymers, polyaniline, polypyrrole, polythiophene and their 

composites have been frequently used as an efficient photocatalyst due to their easy synthesis and 

tuneable band gap energy (Steplin et al 2018, Zhao et al. 2017, Moosvi et al. 2017). These conducting 

polymers have been efficiently used as photocatalyst due to its visible-light-induced photocatalytic 

capability and tuneable band gap energy, redox properties, innocuous nature, inexpensive, chemically 

inert, higher surface area, and doping chemistry with the semiconductor nanoparticles. Moreover, due 
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to the hydrophobic nature of these polymers, organic pollutants are easily adsorbed on its surface and 

can easily be degraded (Mukhopadhyay et al. 2020).  

For the treatment of wastewater, these conducting polymer doped with various nanoparticles can be 

used as membranes such as nanocomposites and thin-film nanocomposites, adsorbents such as 

conducting polymer and biopolymer supported activated carbon, ceramic material, magnetic oxides 

and clays and coagulants such as polymer clay composites, aluminium-silicate polymer composites 

and polymer hydrogels (Jhaveri et al. 2016, Worch 2012, Gao et al. 2002).Each of these materials 

(thin film, adsorbents, clays, and coagulants) is associated with certain limitations such as high cost 

of the membrane, limited for pollutants concentrations and selection of adsorbents according to 

concentration. These polymers nanocomposites with the properties of both polymers and 

nanomaterials generate electron-hole pairs when exposed to light of certain wavelength according to 

their band gap energy and subsequently form various reactive oxygen species. These conducting 

polymers easily absorb photons upon illumination of the visible light source and generate electron-

holes pairs and then transfer these electrons from highest occupied molecular orbital (HOMO) to 

lowest unoccupied molecular orbital (LUMO) through π–π∗ transition. In this process nanoparticles 

helps in suppressing the recombination rate of photogenerated electron and holes by accepting the 

electrons form polymers conduction band to its conduction band through interfacial charge transfer. 

In this way photogenerated electron in the conduction band will not able to recombine to 

photogenerated holes. Other factors that make polymer nanocomposites ideal for their applications in 

photocatalytic degradation are their stability and reusability (Silvestri et al. 2019; Neghi et al. 2019; 

Asgari et al. 2019; Di Mauro et al. 2017; Abinaya et al. 2019; Ahmad et al. 2019). They can be used 

several times (up to fifteen cycles) as they maintain their reactivity and available adsorption sites for 

the adsorption of pollutants.  
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3.1 Enhancing conducting polymers activity 

Photocatalysts, when subjected to light, absorb a photon and subsequently generate the photo induced 

charge carriers (e- and h+). The excited electrons in the conduction band are in a most unstable state 

and will tend to occupy the stable state thus return to the valence band and recombine with 

photogenerated holes as shown in Fig. 3. So, to suppress recombination of the charge carries and 

achieve maximum efficiency, conducting polymers are either doped with nanoparticle, biopolymers, 

MOFs, COFs, reduced graphene oxide and clay to form a heterojunction or few oxidant are added 

during photocatalytic process. Oxidants such as KBrO3, (NH4)2S2O8 and K2S2O8 can also be added 

to suppress the recombination behaviour and promote the charge separation (Augugliaro et al. 2002, 

Abramovic et al. 2015). Authors have reported enhanced photocatalytic activity by adding oxidants 

(Bizani et al. 2006, Sobana et al. 2008). These oxidants trap the photogenerated electrons generated 

upon irradiation and inhibit the recombination of electrons to holes thus suppress the recombination 

process. Hydrogen peroxide (H2O2) is another oxidant commonly used as it plays a dual role in the 

photocatalytic process by generating by hydroxyl radicals, which are the prime reactive species in the 

photocatalytic mechanism and it can also be used to trap the electrons that inhibit the recombination 

of electron-hole pairs (Ajmal et al. 2014).However, H2O2 can be used up to a certain concentration 

otherwise it will retard the photocatalytic activity and generates peroxide radical that can  trap 

photogenerated holes and therefore inhibit the photocatalytic activity (Sobana et al. 2008).  
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Fig.3: Recombination behaviour of photogenerated electrons and holes 

Recombination of charge carriers can be studied by fluorescence spectroscopy (i.e. 

photoluminescence (PL) intensity). Photocatalyst which has lower electron-hole pair recombination 

would have lower PL intensity and show higher activity. Liu et al. (2018) reported the photocatalytic 

activity of the polypyrrole-BiOBr and compare the activity of photocatalyst with PL intensity with a 

various doping concentration of polypyrrole-BiOBr catalyst. Ahmad et al. (2019) reported the 

photocatalyst activity of polyaniline/Ni/Cellulose photocatalyst and PL intensity of 

Polyaniline/Ni/Cellulose is less than as compared to polyaniline/Ni and Polyaniline shows better 

performance of Polyaniline/Ni/Cellulose photocatalyst as shown in Fig. 4. 
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Fig.4:PL intensity of polyaniline and its composites (Ahmad et al. 2019) 

Other way to avoid the recombination of electron-hole pairs and achieve maximum efficiency is to 

form heterojunction. Heterojunction can be formed either by the coupling of two different matrices 

with corresponding band potentials or through the capping of the nanocomposites. In the 

nanocomposites with the coupling, there is the interfacial charge transfer of the electrons and holes 

for reduction and oxidation on the surface of the nanocomposites. However, in the case of capped 

nanocomposites, the mechanism is a little bit different due to the presence of the core shell geometry 

where the electrons are transferred into the energy levels of the core semiconductor. In the case of the 

capped semiconductor, various properties of the nanocomposites such as photocatalytic, optical, and 

magnetic properties can be enhanced by altering parameters such as the shell thickness and the core 

radius (Pirzada et al. 2015). In the case of polymer nanocomposites, the heterojunction between the 

polymer and the nanoparticles are formed by coupling and transfer of charge carriers through 

interfacial contact (Kshirsagar et al. 2019, Wang et al. 2015, Bedja et al. 2002, Spanhel et al. 1991). 

A general representation of the heterogeneous photocatalysis of coupled and capped heterojunction 

are shown in Fig. S1 and S2 (Supplementary Information). 
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MOFs, COFs are also the most promising photocatalysts used for many applications and conducting 

polymer-MOFs and COFs nanocomposites can also be used for the treatment of wastewater while 

information on their use remains scarce to date.  

3.2 Polymer-semiconductor nanocomposites 

Semiconductor nanoparticles doped with the polymer as supporting matrix can act as promising 

photocatalyst for the photodegradation of organic pollutants. A number of researches based on 

polymer nanocomposites as photocatalyst are under progress for the treatment of wastewater and few 

recent examples are provided in Table 4. Semiconductor nanoparticles are found of much interest due 

to their enhanced properties in comparison to bulk counterparts such as larger surface area, reactive 

sites and light absorption capacity. In polymer-nanocomposites, semiconductor nanoparticles are 

doped with conducting polymer based on the suitable edge band potential of the conduction band and 

valence band so that photogenerated electron and holes can easily transfer through interfacial contact. 

Visible light active nanoparticles upon the irradiation generate reactive oxygen species and it also 

assists to suppress the recombination rate of photogenerated electrons and holes of the polymer.  

3.2.1 Heterojunction (p-n, p-p, n-n type) mechanism 

In the context of polymer, polyaniline, polypyrrole and polythiophene are the most investigated 

conducting polymer as photocatalyst due to their higher efficiency. The conducting polymers based 

on the mobility of their charge carriers are classified either as p-type or n-type. The conducting 

polymers (polyaniline, polypyrrole, polythiophene) are classified as p-type semiconductor as they are 

electron rich and conduct holes. In contrast, n-type conducting polymers can be formed through the 

partial reduction of these polymers, but the unstable nature of these n-type conducting polymers is an 

issue for their applications. The p-type conducting polymers can be formed p-p type heterojunction 

by doping with p-type semiconductor (CuS, NiO, V2O5, ZnFe2O4) and p-n type heterojunction by 

doping with n-type semiconductors (ZnO, TiO2, WO3). The movement of photogenerated electrons 

and holes between the junctions is based on the alignment of CB and VB. There is other type of the 



 

 20

heterojunction (n-n type) which are also studied in the photocatalytic application. In n-n type 

heterojunction, both the dopant and the host matrices are n type semiconductor and the heterojunction 

can be designed on the basis of CB and VB potential for the movement of electrons and holes. In the 

heterojunction, two mechanistic pathways are followed for the degradation of pollutants based on the 

potential of the valence band. The mechanisms are based on the generation of reactive oxygen species 

(ROS) during the photocatalytic reaction which is confirmed by the trapping experiment using various 

scavengers. Upon the irradiation of light, polymer nanocomposites absorb visible light irradiation and 

get excited and eject electrons. These exciting photogenerated electrons are transferred from HOMO 

to LUMO of the polymer through π-π* transition (Zhai et al. 2004). Further, the energy level of the 

coupled nanoparticle is matched with a polymer to form a synergistic interaction between these two 

matrixes and the electrons from the polymer are easily transferred to the nanoparticle. The electrons 

in the conduction band and holes of the valence band are reacting with H2O molecules and 

atmospheric O2 to form ROS. The first mechanism is described by taking the example of polyaniline 

(polyaniline, polypyrrole and polythiophene follow the same mechanism) which is based on the 

potential of the EVB and ECB of polyaniline. The EVB and ECB of polyaniline are 2.1 and -0.8 eV and 

EVB of PANI do not have sufficient potential to oxide H2O molecule into H+ and ∙OH- radicals. 

Therefore, polyaniline doped with the semiconductor nanoparticles such as Polyaniline-TiO2 and 

polyaniline-ZnO which have EVB> 2.7eV, so it can directly oxidize H2O molecules to ∙OH- radicals 

and follows the mechanism shown below (Equation 7-8).  

O2+ e- → ˙O2
-                                       (7) 

H2O + h+ (VB) → ˙OH + H+           (8) 

The second mechanism when the polyaniline is doped with the semiconductor nanoparticles which 

have the EVB < 2.7eV such as Polyaniline-CdS, Polaniline-g-C3N4, Polyaniline-Cr3O4 and 

Polyaniline-Nickel ferrite. Here, H2O molecules react with ˙O2
-radical and form ˙OOH and OH-

radicals which subsequently react with H2O to generate ˙OH radical and H2O2. 
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Further, based on alignments of CB and VB potentials in the heterojunction, three types of 

heterojunctions (type I, type II and type III) are generally designed for the photocatalysis mechanism 

as shown in Fig. 5 (Moniz et al. 2015, Zhu et al. 2019). In Type-I heterojunction, the alignments of 

both CB and VB of one matrix (A) is at higher potential than B so that the electrons and holes will 

be transferred from A to B. In such case, the chances of higher recombination of photogenerated 

electron and hole pairs are high because the transfer of electron and holes is happening to B only.  

Type II heterojunction is used to design the photocatalytic mechanism of polymer nanocomposites 

(Ahmad et al. 2019, Ahmad et al. 2020). In type-II heterojunction, the alignments of CB show higher 

negative potential that nanoparticles and the alignment of VB is at lower positive potential than 

nanoparticles. The photoinduced holes and electrons can be transferred in the opposite direction to 

the enhanced the charge separation and suppress the recombination of electrons and holes thus 

enhance the photocatalytic performance. In type-III heterojunction, the alignments of both CB and 

VB of A and B is similar to type II but the difference of potentials are quite high which requires 

higher driving forces to transfer of photogenerated electrons and holes. 

 

Fig. 5: Types of heterojunction of composites based on band alignment 

3.2.2 Z-scheme photocatalysis by conducting polymers 

Nanoparticles as well as conducting polymers such as polyaniline, polypyrrole and polythiophene 

follow Z-scheme photocatalytic degradation (Yang et al. 2021, Xie et al. 2020, Li et al. 2019, 
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Koutavarapu et al. 2021).A Z-scheme mechanism of conducting polymer and nanoparticle are shown 

in Fig. 6.  

 

Fig. 6: Z-scheme mechanism of photocatalytic degradation of organic pollutants 

In the Z-scheme mechanism, the alignment of fermi level of the conduction band of host matrix is 

very close to the valence band of the polymer matrix so that the electrons form a conduction band 

easing the transfer to the valence band and neutralizing the photogenerated holes. The electrons in 

the polymer matrix then reduce the O2 to ∙O2
-radical, and holes in the valence band of host matrix 

oxides the H2O molecules to (∙OH) hydroxyl radicals. 



 

 23

3.3 Polymer-Graphene and Multiwall Carbon Nanotube (MWCNT) composites 

Graphene and its derivatives are highly catalytic materials known as a reservoir of electrons (Zhang 

et al. 2016). Graphene has excellent properties such as higher surface area than most of the 

nanoparticles (Gadipelli et al. 2015) and electrical conductivity and processing. Graphene and its 

derivatives can be doped with conducting polymers to form polymer graphene composites. During 

the photocatalytic reaction, the electrons in the conduction band of the conducting polymer can easily 

transfer to the graphene and lower the recombination rate of electron and holes. Also, graphene has a 

much lower potential than polyaniline, polypyrrole and polythiophene, thus the interfacial charge 

transfer is feasible (Alam et al. 2018). Interaction through the π-π bond between delocalized electrons 

of graphene molecules and conducting polymer enhanced the properties of composites. MWCNTs 

also play a major role in the mechanism of photodegradation of pollutants with its interaction with 

nanoparticles or polymers. Recently Khan et al. (2020) synthesized MWCNT supported polypyrrole 

for the removal of Ponceau-BS dye in which MWCNT play an important role in the interfacial charge 

transfer. Other polymer nanocomposites such as polyaniline-rGO (reduced graphene oxide) (Mitra et 

a. 2019), polypyrrole/CdS-rGO (Ahmad et al. 2020), polyaniline-SWCNT (Chatterjee et al. 2017) 

have been used for the removal of organic pollutants. Graphene and MWCNTs molecules also assist 

in the adsorption of the organic pollutants on its surface and its adsorption efficiency can be increased 

through the addition of surfactant to graphene compound. In the photocatalytic mechanism electron 

from the conduction band can easily be transferred to the graphene sheet suppress the recombination 

of electron and hole pairs as shown in Fig. 7 and reactions (9-15) are shown below. Examples of 

various conducting polymer-biopolymer nanocomposites as photocatalyst are shown in Table S1. 

 

Polymer + rGO + hʋ → Polymer + rGO (h+, e-)       (9) 

Polymer (e-) + O2→ ∙O2
-                                                                 (10) 

H2O + ∙O2
-→∙OOH + OH-                                           (11) 

∙OOH + H2O → ∙OH + H2O2     (12) 
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H2O2 + h+ → ∙OOH + H+    (13) 

H2O2 + ∙OOH → ∙OH + H2O + O2   (14) 

∙O2
- /∙OH/ h+  + pollutants → Degradation products (15) 

 

 

Fig. 7: Photocatalytic mechanism of polymer doped with graphene 

3.4 Conducting polymer-biopolymer composites 

Research work based on the conducting polymer-biopolymer composites as photocatalyst for the 

treatment of wastewater are limited to date. Biopolymer such as chitosan, chitin, cellulose, gelatine 

coupled with conducting polymers in the form of binary or ternary composites have been frequently 

used as photocatalyst for the treatment of wastewater. The formation of ROS is due to conducting 

polymer and the biopolymer helps in the adsorption of pollutants on its surface. These biopolymers 
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are not only assisting in the adsorption of pollutants to the photocatalyst but also act as a carrier of 

the nanoparticle in the photocatalytic mechanism. Chitosan is a cationic and hydrophilic 

polysaccharide, semi-crystalline in nature can be obtained by N-deacetylation of chitin, composed of 

β-D-glucosamine and acyl β-D-glucosamine residues with a 1,4-β-linkage (Younes et al. 2015). 

Chitosan is pH sensitive due to presence of NH2 groups which get protonated in acidic medium 

(NH3
+) and formed strong interaction between the anionic parts (SO3

-) of the many toxic dyes. Ahmad 

et al. (2020) degraded Reactive Orange-16(RO-16) dye by polypyrrole/chitosan/ZnO bio-

nanocomposites in which chitosan play a major role in the degradation of RO-16 dye with the 

interaction of NH3
+ of chitosan and SO3

- of RO-16 dye. Also, the presence of functional groups like 

NH2 and OH provide the chelation ability with the functional group of the pollutants such as 

protonated NH2 groups are capable of bonding with the SO3
- groups of many organic dyes (Wang et 

al. 2007, Adnan et al. 2020).Conducting polymer-chitosan composite shave the ability to degrade 

number of pollutants such as toxic metals, micro pollutants, PAHs, PPCPs and organic dyes (Nagh et 

al. 2011, Kumar et al. 2020). A mechanism of conducting polymer/chitosan for the photodegradation 

of pollutant is shown in Fig. 8 and reactions (16-23) of photodegradation process are summarized 

below.  

Conducting polymer + biopolymer + hʋ → Polymer (h+, e-)               (16) 

Biopolymer + Pollutants→ Biopolymer-pollutants (Adsorption)          (17) 

Polymer (e-) + O2→ ∙O2
-                                                                                                              (18) 

H2O + ∙O2
-→∙OOH + OH-             (19) 

∙OOH + H2O → ∙OH + H2O2                                                                                                            (20) 

H2O2 + h+ → ∙OOH + H+                  (21) 

H2O2 + ∙OOH → ∙OH + H2O + O2                                                                                              (22) 

∙O2
- /∙OH/ h+ + pollutants → Degradation products                                     (23) 

Another biodegradable polymer, cellulose in its several forms such as bacterial cellulose (BC), 

cellulose nano-whiskers, and cellulose microfibres are used for the photocatalytic purpose. Bacterial 
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cellulose is a three- the adsorption of the pollutants on its surface (Mao et al. 2019). A study was 

conducted by Ahmad et al. 2017 of polypyrrole/cellulose/graphene oxide for the photodegradation of 

rhodamine B dye. Various conducting polymer-biopolymer nanocomposites as photocatalyst are 

shown in Table S2. 

 

 

Fig. 8: Photocatalytic mechanism of polymer-biopolymer composites 

3.5 Polymer- Clay nanocomposites (PCNs) 

Polymer-Clay nanocomposites can be used for the wastewater treatment such as membrane 

technology and coagulants column treatment (Ginos et al. 2006, Mukhopadhyay et al. 2020). 

Polymer-clay nanocomposites such as polyurethane-clay, epoxy-clay, polyimide-clay, organoclay-

polymer, biopolymer-clay, and magnetic clay-polymer have been used as an adsorbent for the 
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removal of wastewater contaminants (Mukhopadhyay et al. 2020). Polymers such as polyaniline, 

polypropylene, polystyrene, polyurethane are used to form polymer clay composites in which the clay 

acts as supporting matrix. Natural clay with its excellent properties such as high adsorption capability, 

specific surfaces areas, large pore volumes can be used as supporting material as fillers in the 

composites (Dong et al. 2012, Mishra et al. 2018). These types of photocatalysts are able to degrade 

wide range of pollutants such as toxic metals, micro pollutants, PAHs, PPCPs, volatile organic 

compounds and organic dyes (Mishra et al. 2017). Clays such as sepiolite (Naing et al. 2020), 

imogolite (Irie et al. 2008), halloysite Papoulis et al. 2013), kaolinite (Zhang et al. 2011) and bentonite 

(Mishra et al. 2018) are the examples of the catalysts which show the excellent activity towards the 

degradation of pollutants. A mechanism of conducting polymer-Clay composites is shown in Fig. 9 

and reaction (24-31) are shown below. 

Conducting polymer + Clay + hʋ → Polymer (h+, e-)                      (24) 

Clay + Pollutants→ Clay-pollutants (Adsorption)              (25) 

Polymer (e-) + O2→ ∙O2
-                                                                                                       (26) 

H2O + ∙O2
-→∙OOH + OH-                  (27) 

∙OOH + H2O → ∙OH + H2O2      (28) 

H2O2 + h+ → ∙OOH + H+(+                                                                                                   (29) 

H2O2 + ∙OOH → ∙OH + H2O + O2                                                                                    (30) 

∙O2
- /∙OH/ h+  + pollutants → Degradation products                              (31) 

Few factors affect the adsorption of contaminants on the polymer clay nanocomposites such as 

surface area, functional groups, surface charge, pH, temperature, the concentration of the pollutants. 

Clay can have either cationic or anionic surface charge that helps in the interactions between 

contaminants and polymer clay composites such as electron donor-acceptor interaction, electrostatic 

attraction, hydrogen bonding and ion-exchange to remove the contaminants from 

wastewater(Mukhopadhyay et al. 2020).Clay has been used as excellent support with many 
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nanoparticles such as graphene oxide (Gogoi et al. 2019), ZnO, TiO2 (Szczepanik, 2017), SnO2 (Babu 

et al. 2019) for the photocatalytic degradation of organic pollutants. However, literature is still scarce 

on conducting polymer clay composite for photocatalysis purposes. 

 

Fig. 9: Photocatalytic mechanism of polymer-clay composites 

4 Factors affecting the photocatalytic degradation of organic pollutants in wastewater 

There are many factors which significantly affect the photocatalytic activity of the photocatalysts. A 

concise summary of these factors is presented in Table 4 and the detailed information is discussed 

below. 

 

Table 4: Summary of the factors and their effect on the photocatalytic degradation  

S.No. Factors Effect on photodegradation 

1 Effect of photocatalyst amount 
Photocatalytic activity improves with increase the amount of 
dopant up to certain limit and then decreases. 

2 Size and morphology of photocatalyst 

Size less than 100 nm is quite effective in photodegradation 
as it enhances the surface to volume ratio and different shapes 
of nanoparticles such as nanorods, nanotubes have different 
photocatalytic activity. 
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3 Surface area 
Surface area is directly proportional to the photocatalytic 
activity as it increases the number of active sites on the 
photocatalyst surface that binds to the pollutants. 

4 Reaction temperature 
The ideal temperature to operate photocatalytic experiment 
should be in the range of 20-80 °C. 

5 
Concentration and nature of organic 
pollutants 

Higher concentration of the pollutants leads to the reduction 
of photocatalytic activity as a portion of irradiation are 
absorbed by the pollutants and less photogenerated electrons 
and holes are produced. 
Various functional groups (electron donating and electron 
accepting groups) also affect the photocatalytic activity. 

6 Effect of pH 
pH value of the pollutants is directly interlinked with the 
surface charge of the photocatalyst and helps in the producing 
H+ and Hydroxide radicals. 

7 Inorganic ions present in the water 
Various inorganic ions such as chloride, nitrates, carbonates 
and sulphates affect the photocatalytic activity.  

8 Effect of dopant 
Dopant helps in suppressing the recombination of 
photogenerated of electrons and holes thus increases the 
photocatalytic activity. 

9 
Effects of light intensity, wavelength and the 
irradiation time 

Photocatalyst with different band gap energy requires 
different wavelength of the irradiation (UV or visible 
irradiation). Irradiation time also affects the photocatalytic 
activity. Photocatalyst that degrade the pollutants in less time 
is most effective photocatalyst. 

 

4.1 Effect of photocatalyst amount 

The photodegradation process is significantly affected by the amount of photocatalyst (Ajmal et al. 

2014, Gouvea et al. 2000, Saquib et al. 2002). If the amount of photocatalyst is increased during the 

photocatalysis process, then the numbers of active sites available to bind with pollutants molecules 

are also increased. In the case of heterogeneous photocatalysts, an increase in the amount of dopant 

material favours higher activity because the photogenerated electrons are transferred at the interface 

of the dopant and the host material which suppress the recombination rate of photogenerated electron 

and holes. However, adding too much catalyst can retard or suppress the photocatalysis efficiency 

because the aqueous solution of pollutants and the photocatalyst become turbid which blocks the 

irradiation and inhibits the photocatalytic reaction (Colemn et al. 2007, Kumar et al. 2015, Kumar et 

al. 2017). 

4.2 Size and morphology of the photocatalyst 

Size and structure of the photocatalyst show significant effect in the photodegradation mechanism. 

The size of the photocatalyst in nano range (less than 100 nm) increases its surface to volume ratio 

and can effectively interact to dye molecules. Surface morphology (i.e. the structure of the 
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photocatalyst) has a direct connection in the photocatalysis mechanism in bonding between catalyst 

and pollutants (Zhu et al. 2006). For example, goethite particles in the form of short rod- pancake and 

long rod-like was studied and the particle with a short rod and pancake-like particles have higher 

photocatalytic activity owing to higher surface area (Kakuta et al. 2014). Mogyorosi et al. (2010) 

studied various polyhedral TiO2 particles with varying surface area and the particles P25 B TiO2 with 

the higher surface area had the higher photocatalytic activity toward phenol decomposition 

4.3 Surface area 

Surface area finds an important role in photocatalytic reaction to achieve the maximum efficiency as 

the chemical reactions take place at the surface of the photocatalyst (Ameen et al. 2012). In this case, 

interaction and adsorption of various catalysts play an important role in the reaction. The surface area 

of polymer nanocomposite can be increased by doping the nanostructure materials to the polymers.  

Doping may result in both increasing and decreasing of the resultant synthesized photocatalysts. If 

the surface of the host material is smooth, then there is the probability of increasing surface area of 

the resultant material but if the surface of the host material is in the porous form then that dopant can 

be settling down into that pores and in this case the surface area may be decreased. The photocatalyst 

with the higher surface area has a greater number of reactive species available to bind with the 

pollutants. Ahmad et al. (2017) reported the effect of surface area on the photocatalysis by comparing 

the surface area and photocatalytic activity of polyaniline, polyaniline/Ni and 

polyaniline/Ni/Cellulose. The higher surface area of Polyaniline/Ni/Cellulose favours higher activity 

as compare the other two photocatalysts.  

4.4 Reaction temperature 

The reaction temperature of the photochemical reactor equipped with visible or UV light irradiation 

affects the rate of photodegradation (Soares et al. 2007, Reza et al. 2017). An increase in the 

temperature at a certain level favours higher photocatalytic activity. The desired reaction temperature 

of the photochemical reactor should be in the range of 20-80 ˚C which is the optimum temperature 

condition for the photocatalysis. The temperature above 80 ˚C may result in higher recombination 
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rate of photogenerated electron and holes pairs and also disfavours the adsorption of dyes on the 

photocatalyst surface (Hashimoto et al. 2005). Adsorption also plays an important role in the 

interaction and bonding between dye and photocatalyst. However, the temperature below 20 ˚C may 

lead to a decrease in the apparent activation energy of photocatalyst which is essential for the 

activation of the photocatalyst so the temperature below 20 ˚C is not favourable for photocatalysis 

(Mamba et al. 2014). 

4.5 Concentration and nature of organic pollutants 

The photocatalytic efficiency of catalyst depends upon concentration and the nature of photocatalyst. 

The higher concentration of the dye molecules reduces the photonic efficiency of the photocatalyst 

because the higher concentration of the dye inhibits the irradiation and subsequently lowers the 

efficiency. Various research groups have worked on the degradation of different dyes such as Gentian 

Violet with various concentration 73.4, 101.9, 142.7 and 203 mg/l, however the concentration higher 

than 100 mg/l disfavours the photocatalytic activity (Saquib et al. 2003). Another study of the Acid 

Orange-7 dye was conducted between 25-600 mg/l and the same results was found to the 

concentration of 25-100 mg/l while the concentration above the 200-600 mg/l was not favourable 

(Kiriakodou et al. 1999). Other groups studied various dyes at different concentration like Reactive 

Yellow-150 in range of 0.02 to 0.1 mg/l with a fixed amount of photocatalysts and it has been noted 

that the percentage degradation of the dye decreased when increasing the concentration of dye 

(Illinous et al. 2013). These findings suggested that as the dye concentration increase, the molecules 

of dye are adsorbed on the surface of the photocatalyst which inhibits the penetration of irradiation 

source and therefore inhibit reaction. Another factor is the nature of pollutants is the substituent 

groups present on the pollutants i.e. substrate with electron-withdrawing nature like nitrobenzene, 

benzoic acid, phenol have strong tendency to adhere to photocatalyst and are more liable to 

mineralization (Tian et al. 2009). 
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4.6 Effect of pH 

The photocatalysis consists of three different parts of reactions mechanism in which the formation 

and contribution of the hydroxyl radicals, oxidation by the positive holes and reduction by the 

photogenerated electrons and these factors are interlinked with pH (Reza et al. 2017). The pH value 

of the solution helps to separate the photogenerated electron and the holes pairs. It has been found in 

some study that pH factor is linked with the nature of the dye (cationic or anionic) and the surface 

charge of the photocatalyst. Generally, cationic dye with lower pH favours the higher degradation of 

dye although in case of the degradation of methylene blue by TiO2 favours the higher pH due to basic 

pH electrostatic between negative TiO- and methylene blue cation forms strong interaction which 

results in higher photodegradation (Ling et al. 2004). Baran et al. (2008) observed the dominance of 

acidic pH in the degradation of bromocresol purple but the activity can be increased to a certain level. 

In the higher acidic condition i.e. less than 5 the presence of a higher concentration of proton in the 

solution lowers the efficiency (Baran et al. 2008). Conversely, in the higher basic medium, the 

presence of ˙OH ion neutralizes the acidic end product resulted from photodegradation reaction. 

Chromophores and the substituents also depend on the variation of the pH of the solution. Anionic 

dye with the positive charge groups favours the basic medium for the better photocatalytic activity. 

Various groups present on the dye molecules such as Cl-, SO3
- favours the acidic medium for better 

activity (Hind et al. 2002). 

4.7 Inorganic ions present in the water 

The wastewater contains various ions both cation and anion such as magnesium, calcium, copper, 

zinc, chloride, nitrate, sulphate and carbonates (Rauf et al. 2009, Liao et al. 2001, Wang et al. 

2011)and the presences of these ions in the water is of great obstacle in the photocatalytic process. 

These ions tend to form strong bonding with the photocatalyst. Cations such as Fe2+ and Cu2+ and 

anions such as phosphate, nitrates, chlorides and sulphates significantly retard the photodegradation 

process, while the presence of Mg2+, Zn2+, Ca2+ have a minor effect. The wastewater that contains 

salt reduces the colloidal stability of the solution and decrease the interfacial contact between 
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photocatalyst and the dyes. The presence of the carbonates and chloride ions in the water also works 

as the trapping agents of the ˙OH and h+ thus retards the photocatalytic activity as shown in equation 

(32-37) (Iguchi et al. 2015). 

CO3
2- + OH∙ → CO3

‒∙ + OH‒(‒        (32) 

HCO3
‒ + OH∙ → CO3

‒∙+ H2O      (33) 

CO3
‒∙ + OH∙ → HCO3

‒                        (34) 

Cl‒ + h+(VB) → Cl∙                                  (35) 

OH∙ + Cl‒ → HOCl‒∙                            (36) 

HOCl‒∙ + H+ → Cl∙ + H2O             (37) 

However, in some study, it has been reported that the presence of some ions such as NO3
- and SO4

2- 

enhances the photocatalytic activity (Zhu et al. 2005, Wang et al. 2011). NO3
- upon reaction with 

H2O in the presence of light creates OH∙ which plays an important role in the photodegradation and 

Sulphate ions SO4
2- when react with photogenerated holes it prevents the recombination of 

photogenerated electrons to holes. 

4.8 Effect of dopant 

For a higher photocatalytic, doping of the photocatalyst is of utmost importance. The dopant plays a 

vital role in the photodegradation mechanism through surface modification and reduction of the band 

gap as well. The doping material (dopant) assists the catalyst in the electron transfer via interfacial 

charge transfer of Schottky barrier or transfer of an electron to other particles (Mehraj et al. 2015). In 

order to suppress the recombination rate of the photocatalyst doping is done. One other parameter 

that affects in doping of cation and anion is the shifting of the fermi level of the host material, so the 

band gap decreased in the resultant photocatalyst. Sometimes the band gap of certain photocatalyst 

lies in the UV-region which subsequently changes to the visible region after the doping process and 

the transfer of electron can easily be transferred from the valence band to the conduction band. The 

process of shifting the band gap is known as the bathochromic shift.  A wide range of the 
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photocatalytic studies found that the efficiency increased upon doping of composites rather thana 

single catalyst. Such as TiO2, which is the most promising photocatalyst for the degradation of the 

dyes has been doped by various metal ions like Ni+, Zn+, Cu+, Fe3+ etc because of the major drawback 

of the TiO2 that the band gap energy lies in the UV region (Yu et al. 2002, Chong et al. 2010).  

4.9 Effect of light intensity, wavelength, and the irradiation time 

For the different range of the photocatalysts (i.e. visible range and UV range photocatalyst) different 

irradiation sources are used. Photocatalyst with the band gap energy higher that >3eV (wavelength < 

400 nm) are supposed to irradiate under the influence of the UV light and the catalyst with the band 

gap energy less than <3eV (<400 nm) are irradiated under the visible light (Stylidi et al. 2004). Solar 

energy due to its ease availability and non-hazardous nature is the most effective source of the 

irradiation in photocatalysis. The wavelength of the solar irradiation reaching to the earth is >340 nm 

that contains only a little portion of UV light. The UV light range is 200-400 nm which has the higher 

energy and has significant effect of the photodegradation while the visible light range is 400-800 nm 

is the most suitable for the photocatalyst with lower band gap energy under sun light. Light of the 

lower wavelength with high energy helps in more effectively for the photocatalysis. These two 

factors, wavelength and energy are inversely proportional to each other. 

The photodegradation mechanism depends on the three factors of intensities of the light. At the lower 

intensities of the light, the rate would increase linearly with increasing light intensity (first-order) and 

at the intermediate light intensities, the rate would depend on the square root of the light intensities 

(half order) and at the higher intensities rate of photodegradation is independent of light intensity due 

to generation of more photons which attracts on the catalyst surface while the number of the active 

site on the catalyst is same but the intensity of the light increasing constantly. At higher intensity, the 

formation of electron-hole pairs is high and there is very less chance of the recombination of these 

electron-hole pairs. However, in the case of lower intensities, there is less generation of electron-hole 

pairs and a higher chance of recombination (Ollis et al. 1992). So, it can be concluded that the higher 

intensities favour the higher photocatalysis efficiency. Moreover, the photocatalyst that can degrade 
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the pollutants in less time is considered to be more effective because according to the -pseudo-first-

order kinetic the rate of the reaction decreased with irradiation time. However, in some cases the 

photocatalytic efficiency increases with increase in irradiation time of photodegradation reaction. 

5 Conclusions and Future Perspectives 

The review provides inclusive information about the photocatalysis and its mechanism for treatment 

of wastewater. Photocatalytic methods are preferred over chemical, physical, and biological methods 

for the degradation of the major organic chemical pollutants. The photocatalytic degradation of 

organic pollutants has been found quite efficient with maximum efficiency and complete degradation 

of pollutants to harmless products. However, there are certain drawbacks associated with 

photocatalysis, but they can be overcome by combining it with the biological processes that are 

capable to degrade the pollutant completely. The composite of conducting polymers with 

semiconductor nanoparticles, graphene, MWCNT and biodegradable polymer are promising 

photocatalysts in term of efficient formation of reactive oxygen species and lower recombination of 

electrons and holes. Conducting polymer with clay and biopolymer are showing higher efficiency 

due to their excellent adsorption property and characteristics functional groups. These conducting 

polymer nanocomposites can also be applied for a wide range of pollutants apart from those discussed 

in this review. Thus, in the light of their catalytic activity, stability, and reusability, polymer-based 

nanocomposites make photocatalytic treatment more competitive and effective for the removal of 

contaminants from wastewater. However, understanding the effect or wastewater matrices is needed 

as it will help in developing novel photocatalytic strategies for field application and inform 

operational requirement such as electricity consumption, recovery of the photocatalysts and cost 

consumption for the photocatalytic process.  
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Fig. S1: General mechanism of the photocatalysis process in case of coupled heterojunction 

 

Fig. S2: General mechanism of the photocatalysis process in case of capped heterojunction 

  



Table S1: Various conducting polymer-semiconductor nanocomposites for used for the 

photodegradation. 

S.No Photocatalyst Bandgap energy 
Light 

Intensity 
Targeted 
pollutants 

Effic. 
Exposure 

Time 
(Min) 

Reference 

1 
Polypyrrole/Zinc 
ferrite-g-C3N4 

Polypyrrole- 
2.1eV 

Zinc ferrite- 
1.9eV 

g-C3N4- 2.7 eV 

Xenon 
Lamp 

(150 W) 
Ciprofloxin 92% 120 

Das et al. 
2020 

2 
Polypyrrole 
Nanostructure 

2.41eV Xenon 
Lamp 

(300 W) 

Phenol 
Methyl Orange 

100% 
80% 

270 
300 

Yuan et al. 
2019 

3 TiO2/CDs/PANI 
1.5-3.2eV LED 

(50 W) 
Rhodamine B 99% 90 

Feizpoor et 
al. 2018 

4 
PANI/BiOBr/Zn
Fe2O4 

PANI-1.97eV 
BiOBr-2.78eV 

ZnFe2O4-1.89eV 
 

High 
pressure 

(Hg 
Lamp) 

Rhodamine B 
Nitrobenzene 

99% 
87% 

30 
Zhang et 
al. 2020 

5 
BiOBr-GO-
polyaniline 

BiOBr-2.72eV 
GO-2.50eV 
Polyaniline-

2.70eV 

Halogen 
Lamp 

(150 W) 
Phenol 89% 60 

Lui et al. 
2019 

6 
Polyaniline/CdS
-Hydrolyzed 
Pectin 

CdS-2.4eV UV 
Lamp 
(8 W) 

Rhodamine B 86% 150 
Alipour et 
al. 2019 

7 
Polyaniline-
MIL-100(Fe) 

Polyaniline-
2.70eV 

MIL-100(Fe) 2.77 
eV 

Composites- 2.47-
2.29eV 

Xe Lamp 
(300 W) 

Cr(IV) 
Tetracycline 

100% 
84% 

90 
120 

Chen et al. 
2020 

8 
g-C3N4-
Polyaniline co-
modified TiO2 

g-C3N4- 2.7 eV 
Polyaniline- 

2.1eV 
TiO2-3.2eV 

Xe Lamp 
(120 W) 

Tetrabromobis-
phenol A 

92% 120 
Zhou et al. 

2020 

9 
Porphyrin/ 
ZnFe2O4/ 
Polythiophene 

ZnFe2O4-2.18 eV 
ZnFe/PTh- 

1.95eV 
ZnFe/PTh/Porphy

rin-1.85eV 

LED 
(5W) 

Methylene Blue 
Methyl Orange 

94% 180 
Kharazi et 
al. 2018 

10 
Polythiophene/ 
TiO2 

Polythiophene- 
2.6ev 

TiO2- 3.2eV 

Linear 
Halogen 

Lamp  
(360 W) 

Methyl Orange 
80.3
% 

600 
Zhu et al. 

2010 

 

 



Table S2: Example of various conducting polymer-biopolymer based composite for photocatalytic 

degradation of organic pollutants 

Photocatalyst 
Bandgap 
energy 

Target 
Pollutants 

Efficiency 
Irradiation 

Time 
(Min) 

Light 
Intensity 

Reference 

1 
Polypyrrole Grafted 

Chitosan-decorated CDs 
Polypyrrole 

2.4ev 
2-Chloro 
phenol 

96.7% 90 Sunlight 
Midya et 
al. 2019 

2 Polypyrrole/SnO2-Chitin 
Polypyrrole-

2.1ev 
SnO2 3.4ev 

Rh B 86.8% 220 
Halogen 

Lamp 
(500 W) 

Bano et al. 
2019 

3. Polyaniline-Chitosan-Ag -------- 
Ponceau 

BS 
81% 80 

Halogen 
Lamp 

(500 W) 

Sultana et 
al. 2017 

4 
Polypyrrole/Chitosan-

ZnO 

 
Composites- 

2.4 eV 

Reactive 
Orange-16 

83% 80 
Halogen 

Lamp 
(500 W) 

Ahmad et 
al. 2019 

5 Polyaniline/Cellulose-Ni 
Composites. 

2.2eV 
Reactive 

Orange -16 
91% 60 

Halogen 
Lamp 

(500 W) 

Ahmad et 
al. 2018 
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