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Abstract 

 

Huge consumption of fresh water and generation of huge quantity of effluent having 

high toxic potential towards environment is one of the most important environmental 

concerns associated with pulp and paper (P & P) industry. Advanced oxidation processes 

(AOPs) and electrochemical advanced oxidation processes (EAOPs) such as photocatalysis 

(PC) and electrochemical oxidation (EC) has proven their potential against the treatment of 

highly toxic and recalcitrant pollutants present in wastewater. However, these techniques 

possess few drawbacks which results in the restriction of their application. 

Photoelectrocatalysis (PEC), a combination of photocatalysis and electrochemical oxidation 

has shown its viability by overcoming the shortcomings observed in these two treatment 

techniques.  

In the present study, efforts have been made to study the potential viability of PEC 

treatment process against the biorecalcitrant pollutants commonly found in P & P industrial 

effluent. For PEC treatment method, novel electrodes have also been synthesized at 

laboratory scale to overcome the issues associated with present electrodes. The synthesized 

electrodes have been evaluated for their possible application in the PEC treatment of highly 

stable contaminants. PEC treatment of pentachlorophenol (PCP) and 4-chloroguaiacol (4-CG) 

and P & P mill simulated effluent have been studied using prepared electrodes. 

TiO2 and GO/TiO2 nanotube array electrodes have been synthesized on a titania plate 

by a simple in-situ anodization method. The physicochemical characteristics of synthesized 

TiO2 and GO/TiO2 electrodes has been determined by Field emission scanning electron 

microscopy (FE-SEM), X-ray diffraction (XRD), Raman Spectroscopy, Ultraviolet-vis 

diffuse reflectance spectroscopy (UV-vis DRS), Fourier Transform Infrared spectra (FTIR), 

Photoluminescence (PL) spectroscopy and X-ray photoelectron spectroscopy (XPS). 

Synthesized GO/TiO2 nanotube electrode has been adjudged for its efficacy in the PEC 

degradation of PCP aqueous solution. Box-Behnken design (BBD) has been used to optimize 

the effect of graphene oxide (GO) loading (0.005-0.25 g/L), pH (3-8), applied current (20-60 

mA) and degradation time (10-120 min) on the decomposition of PCP and energy 

consumption. At optimum conditions, 91% degradation and 85% mineralization of PCP has 

been achieved after 90 min under UV-A illumination with 0.015 g/L of GO concentration, 

20.68 mA applied current and at pH 3.14 by consuming 0.00068 kWh energy. Effect of 

reactive species scavengers on the degradation of PCP has also been studied and presence of 
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hydroxyl radical has been determined. Based on the LC-MS analysis results possible 

intermediates has been identified and corresponding decomposition pathway of PCP has been 

proposed. 

The other model compound (4-CG) has been then targeted using novel Cesium (Cs) 

doped TiO2 nanotubes photoelectrode (Cs/TiO2NTs). The electrode has been synthesized by 

simple electrochemical anodization method and characterized by several physicochemical 

techniques. In particular, the PC, EC and PEC activity of newly synthesized Cs/TiO2NTs 

electrodes has been investigated using against the degradation of 4-CG. The effect of 

operating parameters like Cs concentration, electrolyte concentration, external current and pH 

on degradation efficacy has been examined. PEC oxidation using Cs/TiO2NTs lead to 92% 

degradation of 4-CG in 6 h of solar light irradiation under optimized conditions (2.5 mM Cs, 

160 mg L
-1

 Na2SO4, 0.03 A current and pH 3). A comparative assessment between PEC, PC 

and EC process manifested that PEC process has been most efficient when compared with 

other two processes and Cs/TiO2NTs exhibited higher PEC activity than bare-TiO2 electrodes 

in terms of degradation and mineralization of organic pollutant. The generation of 
•
OH 

radicals has been found to be highest in PEC when compared to EC and PC process. Possible 

intermediates/byproducts have been identified by GC-MS technique and a corresponding 

tentative degradation pathway has been proposed. Cytotoxicity study showed that PEC has 

potential to detoxify 4-CG. Hence, combination of TiO2 electrodes decorated with Cs metal 

can act as a highly efficient photoelectrode for the degradation of hazardous pollutants. 

An attempt has been made to synthesize Au/TiO2NTs electrode for the effect 

degradation of 4-CG. Anodization technique has been adopted for the preparation gold 

loaded TiO2 nanotubes electrode. The synthesized electrode has been characterized by FE-

SEM and EDS, XRD, UV-vis DRS and Raman measurements. 4-CG degradation 

experiments have been performed and optimum process parameters have been determined 

(0.15 mM Au concentration, 0.08 g/L electrolyte concentration, 0.03 A external current and 

pH 3). The presence of generated 
•
OH radicals has been detected and their concentration with 

respect to treatment time has been determined. The intermediates formed during the 

degradation process have also been identified.  

A novel Ag co-doped GO/TiO2 nanotube photoelectrode has been synthesized by 

anodic oxidation method to assess its PEC, PC and PEC activity against the degradation of 

PCP. The nanotube electrode has been characterized by XPS, XRD, along with different 

spectroscopic and microscopic techniques, enabling to ensure the synthesis of planned 

photoeletrode material. The effect of applied current, pH, Na2SO4 concentration and Ag 
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loading on the removal of PCP has been studied which resulted in high degradation (87%) 

and mineralization (78%) efficacy after 25 min of short treatment time. Moreover, it 

exhibited enhanced activity when compared to TiO2 and GO/TiO2 nanotube electrodes. The 

contribution of different reactive species in PEC process has been studied by conducting 

experiments in the presence of scavengers and assessment of •OH in the degradation process 

has been performed. The photoelectrode exhibited good reusability properties. Degradation 

products have also been identified using LC-MS technique. This study demonstrates that the 

combination of semiconductor and graphene oxide decorated with Ag nanoparticles can act 

as a highly efficient photoelectrodes for removing biorecalcitrant compounds. 

Finally, the PEC degradation potential of all the synthesized electrodes have been 

assessed for the treatment of simulated P & P mill effluent. The simulated effluent has been 

prepared by diluting the real effluent of P & P mill collected after the bleaching section of P 

& P mill with tap water. During the experiments, the conductivity and pH of the effluent has 

not been altered. All the experiments have been performed under the naturally available solar 

light. The prepared effluent has been characterized before and after treatment by measuring 

its chemical oxygen demand (COD), total organic carbon (TOC), total solids (TS), chloride, 

sulphate, nitrate, nitrite and phosphate concentrations. All the electrodes exhibited 

satisfactory performance in treating the simulated effluent however, the co-doped Ag-

GO/TiO2 nanotube electrode has been observed to be best among all the other synthesized 

electrodes. 

 All the synthesized nanotubes electrodes exhibited significant degradation efficiency 

towards the biorecalcitrant compounds and simulated P & P mill effluents. Cs/TiO2 and Au 

TiO2 nanotube electrodes exhibited considerable degradation of 4-CG while, GO/TiO2 and 

Ag-GO/TiO2 nanotube electrodes showed the significant degradation of PCP. The role of 

reactive species in the degradation process has been studied and observed that each reactive 

species has significant effect in regulating the PEC degradation. The simulated effluent was 

subjected to PEC treatment using all the synthesized electrodes and analyzed by measuring 

its COD, TOC, chloride, sulphate, nitrate, nitrite, phosphate and total solids concentration. 
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Chapter 1 

Introduction         

 Increased generation of toxic compounds as a result of anthropogenic activities have 

caused a considerable damage to our environment. In recent times, problems related to 

environmental quality of water have been considered increasingly critical and persistent. Out 

of the total earth‘s surface, over two third parts is covered by water. With increasing 

population, pressure on the earth‘s water resources is also increasing. Due to intensive human 

activities, rivers, oceans and other inland water resources are under huge pressure and are 

also facing challenge of poor quality which indicates water pollution. Industrialization around 

the globe has further intensified the problem of environmental contamination. 

 Negative impact on water bodies is caused by human activities such as fertilizers used 

by farmers in the fields gets gradually washed into ground and surface water by rain, 

chemicals emitted in the atmosphere by industrial chimneys can fall back to the surface of 

earth with rain, ultimately polluting lakes, seas and rivers causing water pollution. There are 

many sources of water pollution like chemical waste, plastic waste, sewage, radioactive 

waste, nutrients etc. The common contaminants consists toxic compounds like heavy metals, 

dyes, chlorinated/non-chlorinated aromatic and aliphatic compounds, noxious gases such as 

NH3, SOx, NOx, CO and pathogens like viruses, bacteria and fungi (Zhang et al., 2012). The 

existence of recalcitrant contaminants like phenols, hormones, pesticides, pharmaceuticals, 

dyes, surfactants, color in water and wastewater are one of the most critical and serious 

problems for humans as well as for the environment (Chong et al., 2010).    

 The remediation of contaminated water and wastewater is a major research field as its 

consumption at global level is fast due to high growth rate of population and rapid industrial 

expansion. One of the serious environmental concerns today is the impact related with the 

disposal of industrial effluent/wastewater and some other residues into surface and ground 

water reservoirs. A continuing consistent change in the water, soil and air composition has 

been observed due to the industrial revolution. In the developing world, a wide range of 

organic contaminants are responsible for the highest pollution exposures in the environment. 

The anthropogenic domestic, agricultural and industrial activities gives rise to these 

pollutants which have characteristics, like bioaccumulation, bio-concentration, and 

persistence in the atmosphere or longer half- lives (Zeghioud et al., 2016). Some considerably 

major sources of water pollution have been shown in Figure 1.1. Extensive research has being 
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carried out worldwide to develop techniques which can treat wastewater effectively at low 

cost.  

 

Fig. 1.1 Some major sources of water pollution (Novotny, 1994) 

 

1.1 Pulp and Paper Industry and associated environmental concerns    

 The pulp and paper (P & P) industry in India is oldest and core industrial division and 

is considered one of the major pollution contributing industries worldwide (Sumathi & Hung, 

2006). The manufacturing of paper is extremely capital intensive as well as water and energy 

intensive procedure which gives rise to significant amount of waste effluent, which is 

generally characterized by the presence of high colour, Chemical Oxygen Demand (COD), 

Biochemical Oxygen Demand (BOD), Total Dissolved Solids (TDS), tannins, resin acids and 

potentially toxic chlorinated compounds (Singh et al. 1996; Kumar et al., 2012; Haq et al. 

2017). The production of 1 ton pulp contributes approximately 100 kg of colour imparting 

compounds and around 2 to 4 kg total organo-chlorines to the effluents coming out from 

industry (Dhir et al., 2012). The consistently rising demand of paper and its products with 

limited availability of natural wood based raw materials has compelled the consideration and 

utilization of alternative agro-residues based raw materials such as bagasse, wheat straw, 

sarkanda, rice straw, cotton stalks, jute, etc., availability of which are plentiful in an 

agriculture based country like India (Government of India, Report 1995; Kansal et al., 2008; 

Dhir et al., 2011).        

 Worldwide, the total P & P industries are 7745 and paper demand is 402 million per 
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annum. India has approximately 759 P & P industries with the approximate production of 

paper ranging up to 10.11 million tons, which is about 2.52% of total world production 

(Singh et al. 2016). P & P industry is extremely water intensive which consumes around 100-

250 m
3
 freshwater/ton paper and generates around 75-225 m

3
wastewater/ton of paper 

production that possess characteristics like high COD, BOD and TDS values depending upon 

the type of raw materials utilized and the employed manufacturing process (Howe and 

Wagner, 1999; Pathak et al., 2012; Kamali and Khodaparast, 2015; Haq et al. 2017). In P & P 

industries, the steps including in paper production are pulping of raw material followed by 

bleaching, and paper making. The raw wastewater from pulping process commonly called as 

‗black liquor‘ is of very polluting potential and its dark brown or black color adversely 

affects aquatic ecosystem (Thompson et al., 2001). The high molecular weight lignin and its 

derivates are the primary contributors of dark colored appearance of black liquor. Black 

liquor is used in chemical recovery plants for the recovery of chemicals and energy from 

incineration of dissolved lignin and other organics. Few medium scale agro-based P & P 

industries have started the usage of non-conventional chemical recovery plants in order to 

incinerate black liquor, which is a major environment polluter. Lignin is highly recalcitrant in 

nature because of the existence of aryl ether bonds and non-hydrolysable C-C linkages (Minu 

et al., 2012). Generally, COD, BOD and TDS present in wastewater of P & P mill is 

contributed by alkali-lignin and degradation residues of polysaccharide (Lara et al., 2003). 

Several studies performed in the early 80‘s in the United States, Japan, Scandinavia and 

Canada demonstrated existence of chlorinated compounds such as lignosulfonic acids, 

phenols, hydrocarbons, and resin acids in P & P effluents (Kringstad and Lindstrom, 1984). 

The main challenge for P & P industries is to comply with strict environmental regulations 

(Kamali and Khodaparast, 2015). The environmental concerns of P & P industry are not only 

limited to the high consumption of fresh water resources, but also, huge volumes of generated 

wastewater, solid waste generation concerns including sludge generation from wastewater 

treatment plants (WWTPs) and harmful air emissions are some other problems for which 

effective disposal and treatment is essential. The effluent also gives rise to problems like 

scum formation, slime growth, color problems, thermal impacts and also imparts toxicity in 

the water causing serious harm to zooplankton and fishes (Pokhrel and Viraraghavan, 2004). 

The different type of wastewater generated during various stages of paper making process has 

been shown in Figure 1.2. 
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Fig. 1.2 Different type of wastewater generation during various stages of paper making 

(Hubbe et al., 2016) 

 

The common treatment processes employed in P & P industries includes primary 

treatment by sedimentation/flotation, secondary treatment comprising activated sludge 

process (ASP) /anaerobic digestion processes and/or tertiary processes like membrane 

technology (Thomson et al., 2001). In most of the wastewater treatment plants, ASP are 

commonly used for the removal of organic contaminants; however, there are various 

problems with ASP process such as, generation of sludge with highly variable settling 

properties, sensitivity towards shock loading and incapability in removing non- 

biodegradable toxic pollutants. Conventional treatment technologies like precipitation, 

adsorption (Gautam et al., 2017; Zha et al., 2018), reverse osmosis and flocculation simply 

transfers organic contaminants from one phase to other phase or even concentrate them in one 
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phase, without degrading those (Chong et al., 2010). Therefore, many scientists have 

attempted the development of new techniques which can support or can replace some of the 

conventional treatments (Khansorthong and Hunsom, 2009). Among them, advanced 

oxidative processes (AOPs) have received attention as an effective and competent approach 

for the degradation of pollutants as an alternative to conventional treatment techniques 

(Mansilla et al., 1994; Rodriguez et al., 1998). 

 

1.2 Pollutants present in pulp and paper mill effluent      

 Due to the consumption of significant amount of chemicals and solvents in paper 

manufacturing, larger quantities of effluents are generated containing organic and inorganic 

salts, biorecalcitrants and toxic pollutants. The list of pollutants generated by P & P mill has 

been listed in Table 1.1. 

 

Table 1.1 List of pollutants present in P & P mill effluents (Ali and Sreekrishnan, 2001) 

Type of pollutants Example of pollutants 

Organic pollutants and 

suspended solids 

Organic acids, hemi-cellulose, starch, fugitive fibers etc. 

Organochlorine 

compounds 

Phenols, chlorinated derivatives of phenols, ,  chloroform, carbon 

tetrachloride, chlorinated benzenes, epoxy stearic acid and 

dichloromethane, guaiacols etc. 

Chemicals Chloroform, chloro-acetones, aldehydes, acetic acids etc. 

Chlorophenolics Trichlorophenol, pentachlorophenol etc.  

Dioxins and Furans Polychlorinated dibenzo-dioxins, Polychlorinated dibenzofurans 

etc. 

 

 The Central Pollution Control Board (CPCB) has taken several initiatives to control 

the pollution by P & P mill effluents in water bodies. Accordingly, wastewater discharge 

norms and standards have been brought out by CPCB for Indian P & P industries which are 

given in Table. 1.2.   
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Table 1.2 Wastewater discharge norms by Indian pulp and paper industry 

Source: CPCB, 2005 

 

1.3 Advanced Oxidation Processes: an overview 

In past, various physical, chemical and biological treatment methods have been 

explored for the degradation of organic contaminants present in wastewater. Conversion of 

organic pollutants into secondary pollutants has been observed when the conventional 

treatment technologies were employed (Saha et al., 2011). This leads to the development of 

energy effective and innovative treatment technology such as AOPs, which facilitates the 

oxidation of recalcitrant environmental pollutants by generating extremely reactive hydroxyl 

radical (
•
OH) species (Hoffmann et al., 1995). AOPs have been proven as a powerful and 

efficient treatment method for the decomposition and mineralization of highly stable, toxic 

and recalcitrant pollutants (Legrini et al., 1993; Sahoo et al., 2013). These techniques can be 

used for the remediation of polluted surface water, groundwater and wastewaters 

contaminated with stable and recalcitrant organic pollutants with low biodegradability. AOPs 

have been observed to be successfully employed for the remediation of landfill leachates 

(Amor et al., 2015); dyes and pigments (Wang et al., 2015); wastewater (Rodríguez-Chueca 
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et al., 2014); surface water and drinking water (Lanao et al., 2010); agri-food industries 

(Velegraki and Mantzavinos, 2015) and many more.      

 AOPs are a group of techniques in which generation of 
•
OH radicals (second highest 

powerful oxidant after fluorine) as a primary oxidant takes place. The relative oxidizing 

power of different oxidizing species has been shown in Table 1.3. 
•
OH radical gets generated 

by oxidizing agent like hydrogen peroxide (H2O2) and ozone (O3), ultrasound, ultraviolet 

(UV) irradiation and homogeneous/ heterogeneous catalysts. 
•
OH radicals are non-selective 

and can rapidly react with a wide variety of pollutants (Changotra et al., 2018). They can 

degrade pollutants either by abstracting or adding an atom of hydrogen to the double bonds. 

When toxic and non-biodegradable pollutants are involved, use of alternate treatment 

technology like AOPs is needed. The pollutants gets eliminated by reactive oxygen species 

(ROS) including 
•
OH radicals, superoxide radicals (O2

-•
) and H2O2 generated by different 

routes, which causes breakdown of contaminants into simpler molecules to facilitate 

biodegradation process (Xiong et al., 2016; Changotra et al., 2019). The classification of 

AOPs has been shown in Figure 1.3. 

 

Table 1.3 Relative oxidizing powers of different oxidizing species (Carey, 1992) 

S.No. Oxidizing Species Oxidation power 

1 Positively charged hole on TiO2 (TiO2
+
) 2.35 

2 Hydroxyl radical (HO
•
) 2.05 

3 Atomic oxygen  1.78 

4 Ozone (O3) 1.52 

5 Hydrogen peroxide (H2O2) 1.31 

6 Permanganate 1.24 

7 Hypochlorous acid (HClO) 1.10 

8 Chlorie (Cl) 1.00 
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Fig. 1.3 Classifications of Advanced Oxidation Processes (Divyapriya et al., 2016) 

 

The AOP technique is particularly useful in treating biologically toxic and recalcitrant 

materials like pesticides, volatile organic compounds, insecticides, aromatics and petroleum 

constituents (Brillas et al., 1998; Rezaei et al., 2013; Roshani et al., 2014; Mudhoo et al., 

2018). Additionally, AOPs can be useful for treating secondary treated effluent from WWTPs 

which is commonly considered as tertiary treatment (Audenaert et al., 2011). After 

undergoing AOP treatment techniques, environmental pollutants gets mineralized and 

majorly gets converted into stable and non-toxic inorganic compounds like water, carbon 

dioxide and salts. The goal of using AOP techniques for wastewater purification is the overall 

reduction of toxicity and chemical pollutants to a degree where the wastewater after treatment 

may be reintroduced to ground and surface water reservoirs or, at least can be introduced into 

a conventional sewage treatment unit.  

 

1.3.1 Photocatalysis (PC), Electrocatalysis (EC) and Photoelectrocatalysis (PEC)  

To remediate the serious problems associated with environmental pollution, various 

efforts have been made, and several catalytic oxidation techniques are being developed and 

applied for environmental protection.  

 

1.3.1.1 Mechanism of Photocatalysis 

Among the AOP techniques, heterogeneous photocatalysis has proven its promising 

potential in pollutant removal (Daghrir et al., 2013). In this process, when semiconductor 
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photo-catalyst gets exposed to irradiations, redox reactions takes place on its surface after 

absorption of photons energy with equals to or higher than the band gap energy of 

semiconductor. This promotes the transfer of electrons (e
-
) from valence band (VB) to 

conduction band (CB) resulting in formation of election-hole (e
-
/h

+
) pairs which further 

facilitates the formation of ROS mostly accountable for the degradation of pollutants (Akpan 

and Hameed, 2009). Figure 1.4 represents the photocatalytic mechanism of titanium dioxide 

(TiO2) semiconductor. 

 

Fig. 1.4 Mechanism of photocatalysis (Samsudin et al., 2015) 

 

Several semiconductor photocatalyst have been examined and reported like titanium 

dioxide (Pattanaik and Sahoo, 2014; Tryba et al., 2019), zinc oxide (Shen et al., 2008), iron 

oxide (Yamada et al., 2007), tungsten trioxide (Yu et al., 2008a), copper oxide (Bhatta et al., 

1991) and cadmium sulfide (Di et al., 2009). Previous findings shows that TiO2 is highly 

promising than the other semiconductor photocatalysts for applications in air purification, 

water decontamination (Pichat et al., 2000), antimicrobial (Chung et al., 2008), adsorption of 

contaminants (Dixit et al., 2017; Tanzifi et al., 2018), cleaning of cement slabs (Arora et al., 

2018) and treatment of wastewater (Shahrezaei et al., 2012) due to its properties like low 

cost, non-corrosivity, high chemical resistance and antioxidant ability (Chen et al., 2011; 

Choi et al., 2009). PC has proven its applications in various environmental fields like removal 

of aqueous pollutants (Matthews, 1991), metal recovery, air purification, and materials 

synthesis such as self-cleaning glass surfaces (Pichat et al., 2000). 
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The series of reaction involved in the photocatalytic process are as follows: 

 

OH
− 

+ hvb
+
 → 

•
OH                                                                                                          (1.1) 

O2 + ecb
−
 → 

•
O2

− 
                                                                                                            (1.2) 

•
O2

−
 + H

+
 → 

•
HO2                                                                                                          (1.3) 

2
•
HO2 →O2 + H2O2                                                                                                        (1.4) 

H2O2 + 
•
O2

−
 → OH

−
 + O2                                                                                              (1.5) 

 

Doping of TiO2 is performed in order to extend the spectral response into visible 

region and to ensure the effective separation of photo-generated (e
-
/h

+
) pairs (Zhao, 2004; 

Fujishima et al., 2008; Wu et al., 2015). The photocatalytic mechanism of un-doped TiO2 

(hv1), metal-doped TiO2 (hv2), and non-metal doped TiO2 (hv3), has been shown in Figure 

1.5. The photocatalytic activity of metal doped TiO2 in visible region can be due to the 

production of new energy level in TiO2 band gap by the metal nano-particle dispersion 

occurred in TiO2 matrix. As explained in Figure 1.5, e
- 
can get excited from the defect state to 

TiO2 conduction band by photon of energy equal or higher to hv2. Furthermore, the advantage 

of TiO2 metal doping is trapping of e
-
 which results in inhibited recombination rates of e

-
/h

+
 

which ultimately results in elevated photo-catalytic activities. The three major TiO2 

modifications occur by non-metal doping are (i) narrowing of band gap, (ii) formation of 

impurity energy levels, and (iii) vacancies of oxygen. 

 

Fig. 1.5 Photocatalytic mechanism of un-doped TiO2 (hv1), metal doped TiO2 (hv2), and non 

metal doped TiO2 (hv3) (Zaleska, 2008) 
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1.3.1.2 Mechanism of Electrocatalysis 

 Recently electrochemical based AOPs i.e., electrochemical advanced oxidation 

processes (EAOPs), have came into picture (Fryda et al., 2003; Sirés and Brillas, 2012). The 

EAOPs possess various advantages for the remediation of environmental pollution concerns 

as the electrons are a clean reagent. Electrocatalytic oxidation is an eco-friendly technology 

capable in completely mineralizing non-biodegradable organic pollutants. The oxidation of 

contaminants occur at the surface of anode by the help of external current and the pollutants 

get transformed into simpler non-toxic end products. In the wastewater treatment by EC 

process, contaminants gets directly oxidized at the electrode surface or by electrochemically 

in-situ generated oxidizing agents.  EC oxidation of contaminants can occur via two different 

oxidation routes (a) Direct oxidation and (b) Indirect oxidation, as represented in Figure 1.6. 

Direct anodic oxidation of contaminants at the surface of anode can occur as well as indirect 

oxidation can occur where mediator oxidative species (HClO, H2S2O8 etc.) gets generated 

electrochemically which can degrade the pollutants. During electro-oxidation of polluted 

aqueous solutions, both the direct and indirect oxidation mechanisms can coexist (Chiang et 

al., 1995).           

 During direct anodic oxidation, contaminants get directly oxidized by getting diffused 

from bulk solution to the surface of anode followed by their oxidation via anodic electron 

transfer reactions. Direct electro-oxidation of contaminants can occur due to the physically 

adsorbed ―active oxygen‖ (adsorbed 
•
OH) or chemically adsorbed ―active oxygen‖ (oxygen 

in the oxide lattice, MO(x+1)) (Kaur et al., 2015). The treatment efficiency of direct electro-

oxidation depends on several parameters such as: nature of used anode material, generation of 

•
OH radicals, O2 evolution potential. Two steps are involved in the direct oxidation of 

pollutants:  

 Contaminant‘s diffusion from bulk solution to the surface of anode  

 Oxidation of contaminants at anode surface.   

 

𝑀𝑂𝑋 + 𝐻2𝑂 → 𝑀𝑂𝑋(𝑂𝐻•) + 𝐻+ + 𝑒−                                                     (1.6) 

𝑅 + 𝑀𝑂𝑋(𝑂𝐻•) → 𝐶𝑂2 + 𝐻+ + 𝑒− + 𝑀𝑂𝑋                                                             (1.7)  

𝑅 + 𝑀𝑂𝑋+1 → 𝑅𝑂 + 𝑀𝑂𝑋                                                                       (1.8) 

𝑀𝑂𝑋(𝑂𝐻•) →
1

2
𝑂2 + 𝐻+ + 𝑒−                                                                                (1.9) 
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During the indirect oxidation process, generation of strong oxidizing agents at anode 

surface occurs which degrades the pollutants present in the bulk solution. Chlorine is the 

common electro-generated oxidant generated by the oxidation of chloride at anode, however; 

its role in EC process is not clearly defined yet. Some other oxidizing agents generated during 

the indirect electrochemical oxidation process are ozone, hydrogen peroxide, 

peroxodisulfuric acid and the reactions involved are stated in Eq. 1.10 to Eq. 1.19 (Särkkä et 

al., 2015). All the in-situ generated oxidants are utilized immediately in the degradation 

reactions. 

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒−                                                                                      (1.10) 

𝐶𝑙2 + 𝑂𝐻− → 𝐶𝑙− + 𝐶𝑙𝑂3
− + 𝐶𝑙𝑂−                                                             (1.11) 

𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻+ + 𝐶𝑙−                                                                (1.12) 

𝐻𝑂𝐶𝑙 → 𝐻+ + 𝑂𝐶𝑙−                                                                                    (1.13) 

𝐻2𝑂 → 𝑂𝐻• + 𝐻+ + 𝑒−                                                                               (1.14) 

2𝑂𝐻• → 𝐻2𝑂2                                                                                               (1.15) 

𝑂2 + 𝑂• → 𝑂3                            (1.16) 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2                                                                  (1.17) 

𝐻𝐶𝑙 + 𝑆𝑂3 → 𝐶𝑙𝑆𝑂3𝐻                                                                                  (1.18) 

𝐶𝑙𝑆𝑂3𝐻 + 𝐻2𝑂2 → 𝐻2𝑆2𝑂8 + 2𝐻𝐶𝑙                                                             (1.19) 

 

 

 

Fig. 1.6 Mechanism of (a) Direct and (b) Indirect electro-oxidation (Anglada et al., 2009) 
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1.3.1.3 Mechanism of Photoelectrocatalysis     

 Photoelectrocatalysis has been intensively studied as potential alternative method to 

degrade organic pollutants and also to eliminate toxicity from polluted waters, since they 

remove pollutants in short durations. The wide applications of TiO2 is greatly inhibited by 

wide band gap (i.e ~3.2 eV), which need UV radiations for its activation, resulting in very 

poor efficiency towards solar irradiations utilization (Yin et al., 2003; Chong et al., 2010). In 

PEC processes, TiO2 is extensively utilized as photo-anode material (Berger et al., 2012). 

When TiO2 gets exposure to irradiations, generation of e
-
/h

+
 pairs takes place where, the h

+
 

get concentrated in the semiconductor while e
-
 gets relocated from TiO2/solution interface to 

the substrate. Afterwards, electrons travel towards cathode by the external circuit of the cell, 

thereby giving rise to photocurrent (Gerischer, 1990). The major constraint of TiO2 is its 

activation requirements through UV light, which limits its overall PEC performance. TiO2 

modification can improve the visible light absorption allowing the utilization of sunlight 

(Akpan and Hameed, 2010). The PEC mechanism has been shown in Figure 1.7. 

 

Fig. 1.7 Mechanism of Photoelectrocatalysis (Daghrir et al., 2012a) 

 

The PEC treatment efficiency is dependent on various parameters such as electrode 

material, pH of the solution, type of electrolyte, conductivity and applied current. The 

electrochemical mediated oxidation of polluted water is dominantly influenced by the 

properties of used anode material such as stability, conductivity, high oxygen and hydrogen 

evolution over potential, and resistance towards anodic corrosion (Anglada et al., 2009).  

 The influence of current have significant impact on the electrochemical mediated 



 
14 

 

oxidation of wastewater as the generation of oxidants is directly influenced by the amount of 

current supplied. With increase in the electric current, the rate of generation of oxidant 

species also increases. However, after the current reaches a certain optimum limit, it hinders 

the degradation performance, as at values higher than the optimum limit various side 

reactions become prominent (Sirés et al., 2014).       

 The conductivity of wastewater to be treated is highly responsible in the overall 

energy consumption of the treatment process. It has been reported that electrochemical 

oxidation becomes more cost effective and convenient when aqueous solution requiring 

treatment already possess high salinity, as the energy consumption gets reduced with 

increasing conductivity of electrolyte (Anglada et al., 2009).    

 The pH of electrolyte influences the performance as the type of oxidant generated is 

highly dependent upon the pH of the solution. Electrochemical oxidation can perform well in 

both acidic and basic environment. Under acidic environment, direct anodic oxidation is 

dominant while under alkaline environment indirect electrochemical oxidation is dominant. 

However, acidic environment provides better degradation chances as at acidic pH, chlorine 

the strongest oxidation specie dominates followed by HOCl specie (Anglada et al., 2009; 

Särkkä et al., 2015). The plot of generation of chlorinated species with respect to pH has been 

shown in Figure 1.8.  

 

 

Fig 1.8 Generation of chlorinated species with respect to pH 
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1.4 Motivation and Aim of the proposed study 

For treating phenolic wastewater, various treatment technologies including biological 

treatment (Fang et al., 2006), precipitation/coagulation (Golbaz et al., 2014), adsorption 

(Zagklis et al., 2015) and chemical oxidation (Santos et al., 2006) have been tested which 

possess drawbacks like generation of secondary pollutants, incomplete degradation and high 

consumption of energy. Hence, the proposed research work has been performed to investigate 

the PEC degradation of recalcitrant compounds i.e. Pentachlorophenol (PCP) and 4-

chloroguaiacol (4-CG) commonly found in the effluent of P & P industry. 

Efforts have been carried out to overcome the e
-
/h

+
 recombination limitation of PC 

technique by making use of external current as well as by adopting doping of TiO2. PEC 

treatment technology was employed using novel laboratory synthesized electrodes to 

overcome certain limitations like catalyst separation, recombination of charged species and 

longer treatment time. The synthesized electrodes have been extensively characterized using 

various techniques to study their physicochemical properties. The treatment process has been 

carried out in batch mode and degradation of model compounds and simulated P & P mill 

effluent has been assessed. The role of 
•
OH radicals was studied and their quantitative 

analysis has been performed. The practical viability of the optimized processes was assessed 

by treating simulated effluent which was prepared by diluting the real effluent collected from 

bleaching section of P & P mill located in Punjab province of India. Moreover, the treatment 

cost associated with degradation studies of model compounds and simulated effluent has also 

been examined. The mineralization studies were performed through residual Total Organic 

Carbon (TOC) concentration and formed intermediates during the course of reaction were 

identified using Gas Chromatography-Mass Spectroscopy (GC-MS) and Liquid 

Chromatography-Mass Spectroscopy (LC-MS).  
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Chapter 2 

Review of Literature         

 P & P industry is considered as a major environmental polluter worldwide. The 

recalcitrant compounds present in the effluent of P & P mills are hazardous and have long 

retention time in the environment as they cannot be biologically degraded. Hence, special 

attention is required in this area and this chapter deals with the literature analysis related to P 

& P industries concerning their impacts on environment and past studies conducted to treat 

the P & P industries wastewater using conventional treatment technologies/advanced 

treatment technologies.  

2.1 Overview of pollution caused by P & P industry      

 All the aspects of environment i.e. air; water and land are severely polluted by the 

discharged pollutants from P & P industries. Each process involved in pulping consumes 

huge amounts of fresh water and discharges it in the form of black liquor. The most polluter 

process steps involved in the production of paper are raw material preparation and its 

washing, pulping and washing of pulp, screening and washing, bleaching of pulp, paper 

machine and coating procedures. Among these, wastewater generated by pulping process 

specifically, by the means of chemical pulping is of very high strength. Chlorine/chlorine 

dioxide is utilized for brightening of pulp in the bleaching process which generates most of 

the toxic compounds. For the preparation of pulp fibres, wide species of plants can be utilized 

like, bamboos, wood, canes, reeds, straws and grasses. The non-biodegradable compounds 

like carbohydrate, lignin and other extractives are the constituents of raw material which gets 

washed from the fibres during the paper making processes (washing, dewatering and 

screening).          

 During the paper making process, various toxic compounds are generated which 

depends on the type of pulping process adopted such as, unsaturated fatty acids, chlorinated 

resin acids, diterpene alcohols, resin acids, juvaniones, etc. The pollutants generated at 

different stages of paper making have been shown in Table 2.1. Majority of environmental 

problems are originated form chlorine based bleaching step involved in paper making. 

Effluents from bleaching segment consists huge concentration of recalcitrant compounds like 

chlorophenols, chloroguaiacols, chlorinated resin acids, adsorbable organic halogens (AOX), 

dioxins, dichlorodiphenyltrichloroethane (DDT), polychlorinated dibenzodioxines, furans, 
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and polychlorinated biphenyls (Ali and Sreekrishnan, 2001; Karrasch et al.,2006; Requejo et 

al., 2012).           

 Constantly and continuously studies by various scientific groups have been performed 

to find out the toxic effect of P & P mill effluent on various species of fishes. Several studies 

suggested the appearance of toxic effects upon exposure to P & P effluents on various species 

of fish like toxicity and mutagenicity, genotoxic effects, lethal effects, liver damage, mixed 

oxygenase activity and respiratory stress (Erisction and Larsson, 2000; Li et al., 2018). The 

effect on aquatic organism of P & P mill effluent discharged into Dong Nai River in Vietnam 

has been studied by Yen et al., (1997) however; few other authors stated some contradictory 

report. The fate of resin acid discharged by P & P mills in the environment has been studied 

by Makris and Banerjee (2002). A serious concern has been raised and reported by Baruah 

(1997) on change in the population of surface plankton in Elengabeel‘s wetland, India 

because of the untreated discharge of P & P mill effluent into the environment.   

 In northern Arizona, some serious changes in the soil chemistry have been detected by 

Howe and Wagner (1999) due to the P & P mill treated effluent discharge on the irrigation 

soil. Study conducted by Singh et al., (1996) and Yadan and Chandra (2018) reported the 

presence of high load of organic pollutants and coliform count in various effluents in Punjab 

and Tamil Nadu, India. However, another researcher Archibald (2000) reported that coliform 

presence in the P & P effluent can not necessarily impose health hazard until the presence of 

pathogens has been observed. Existence of several trace metals in the P & P industrial 

effluent was detected by Holmbom et al., (1994) and Haq et al., (2017). Manganese 

accumulation at elevated levels in Crayfish coming in contact with P & P wastewater has 

been observed by King et al., (1999). Mandal and Bandana (1996) reported that humans 

coming in contact with environmental discharged P & P industrial effluent faces health 

problems like headaches, eye irritation, diarrhea and nausea. High CO2 level contributed by P 

& P mill effluent has been studied by O‘connor et al., (2000) and found to be a potential 

cause of toxicity and distress in rainbow trout fishes. Dutta (1999) demonstrated the toxicity 

effects of treated P & P mill effluent on paddy field in Assam, India. The presence of 

chlorinated compounds such as phenols and resin acids in hardwood kraft mill has been 

observed to be 3 to 8 folds lower than that in softwood kraft mill effluent (Mohamed et al., 

1989).  
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Table 2.1 P & P mill wastewater characteristics at different processes involved in paper 

making (Bajpai, 2000) 

 

Pollution caused by P & P making sector can be reduced by modifying several 

internal processes and adopting certain management techniques like the use of Best Available 

Technology (BAT). In the effluent, 60 % BOD reduction has been observed by Dube et al., 

(2000) when an internal process was modified in Irving P & P Limited, Canada. Several 

researchers indicated the reduction in COD, BOD, and colour by internal process change 

(Raghuveer and Sastry, 1991; Hossain and Ismail, 2015; Vashi et al., 2017). However, 

treatment of P & P industry by various other processes is mandatory as it discharges 

pollutants of different variety which are highly toxic and recalcitrant in nature. 

2.2 AOPs: Current status and Prospects      

 AOPs has been defined as the water treatment technique performed at room 

temperature and pressure, dependent on the in-situ generation of oxidative species 

specifically 
•
OH radicals to degrade contaminants (Glaze et al., 1987). AOPs are gaining 

increasing interest worldwide, as shown by several research groups due to their attractive 

performance against the degradation of highly recalcitrant compounds present in water 
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(Herrmann et al., 1999; Laine and Cheng, 2007; Changotra et al., 2017; Kaur et al., 2018). In 

different types of AOPs, 
•
OH radicals are formed by different reactions like, photochemical, 

chemical, electrochemical or sonochemical. The different reactions involved in the generation 

of 
•
OH in different AOPs has been shown in Table 2.2.   

Table 2.2 Different reactions involved in the generation of 
•
OH radicals in different AOPs  

(Sirés et al., 2014) 

Reactions 

Dark AOPs  

Ozone + catalyst O3 + Fe
2+

 + H2O            Fe
3+

 + OH
-
 + 

•
OH + O2 

Ozone + H2O2 2O3 + H2O2              2
•
OH + 3O2 

Ozone at elevated pH 3O3 + OH
- 
+ H

+          
     2

•
OH + 4O2 

Fenton Fe
2+

 + H2O2               Fe
3+

 + OH
-
 + 

•
OH 

Photo-assisted AOPs  

H2O2/UV H2O2 + hv             2
•
OH 

Ozone/UV O3 + H2O2 + hv            O2 + H2O2 

TiO2/UV TiO2 + hv             TiO2 (e
-
 + h

+
) 

 h
+ 

+ H2O             
•
OH + H

+
 

 e
- 
+ O2             O2

-•
 

Photo-Fenton Fe
2+

 + H2O2 + hv            Fe
3+

 + OH
-
 + 

•
OH 

 Fe(OH)
2+

 + hv            Fe
2+

 + 
•
OH 

 Fe(OOCR)
2+

 + hv             Fe
2+

 + CO2 + R
•
 

Electro-oxidation MOx + H2O             MOx(
•
OH) + H

+ 
+ e

-
 

 2Cl
-
            Cl2 + 2 e

-
 

 

 Fenton‘s process is the oldest type of AOP technique in which a mixture of iron 

source and H2O2 are required to generate 
•
OH radicals. This technique has been widely 

employed for treating persistent organic pollutants (POPs) (Andreozzi et al., 1999; Parsons, 

2004; Gan and Ng, 2012). However, the major drawbacks associated with this technique are 

the requirement of chemicals and generation of iron sludge which further needs treatment. 

For bleaching kraft mill effluent, combination of Fenton and photo-Fenton process has been 

observed to be highly efficient by Perez et al., (2002). The activity of Fenton‘s treatment 

process can be further improved by providing simultaneous irradiations like UV irradiation 
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(photo- Fenton process), or solar irradiation (solar mediated photo- Fenton process) 

(Changotra et al., 2018a). To remove the colour of kraft mill effluent, horseradish peroxide 

has been utilized by Peralta-Zamora et al., (1998). The authors reported 50 % decolourization 

of effluent within 3 h of reaction time.       

 Some other AOP based techniques such as heterogeneous photocatalysis employing 

TiO2 as photo-catalyst (Černigoj et al., 2007; Etacheri et al., 2015; Marinho et al., 2017; Cai 

and Hu, 2018), ozonolysis (Mehrjouei et al., 2015; Vatankhah et al., 2018) has also been 

frequently investigated. Heterogeneous photocatalysis often faces limitations like 

recombination of e
-
/h

+
 at high rate, separation of catalyst after treatment, limited reusability 

potential of photo-catalyst (Dong et al., 2017; Zhao et al., 2018).    

 Recently, electrochemical assisted AOPs have come into picture and reported by 

several researchers for treating polluted water (Panizza and Cerisola, 2009; Rocha et al., 

2012; Radjenovic et al., 2015; Agnihotri et al., 2018). In this process, generation of 
•
OH 

occur by the means of electrochemistry. It is an emerging technology and is considered as 

environmental friendly process since it greatly inhibits the need of chemical reagents. This 

technology has major advantage like high inhibition of e
-
/h

+
, no need for catalyst separation, 

degradation of recalcitrant pollutant in shorter duration of time (Nidheesh et al., 2018). 

2.2.1 Photocatalysis for wastewater treatment     

 Semiconductor photocatalysis has been considered among one of the promising 

techniques for the degradation and complete mineralization of organic contaminants 

(Solomon et al., 2012; Ayekoe et al., 2017). Heterogeneous photocatalysis has been widely 

used for treating several types of organic contaminants such as antibiotics (Kanakaraju et al., 

2014; Hwangbo et al., 2019), aldehydes (Ding et al., 2018), dyes (Wang et al., 2015; Vaiano 

et al., 2017), chloroanilines (Szczepanik et al., 2017), insecticides (Mir et al., 2013; Joseph 

and Thiripuranthagan, 2018), herbicides (Tang et al., 2013), polymers (Singh et al., 2013), 

and phenols (Shet and Vidya, 2016; Vaiano et al., 2018). Recently, photocatalysis has been 

found to be effective for the real water samples taken from Agbo river (Ayekoe et al., 2017). 

The wide application of heterogeneous photocatalysis has been shown in Figure 2.1. 
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Fig. 2.1 Potential applications of Heterogeneous photocatalysis (Ahmed and Haider, 2018) 

 

2.2.1.1 Photocatalytic treatment of P & P mill pollutants    

 Photocatalytic treatment of kraft mill effluent has been observed to be largely 

dependent on the effluent strength in terms of COD and chloride content (Balcioğlu and 

Cecen, 1999). The pollutant responsible for odour problems, total reduced sulphur (TRS) was 

catalytically oxidized by Dufresne et al., (2000) to obtain odour free products. The 

recalcitrant phenolic compounds from bleaching stage effluent has been treated by advanced 

oxidation techniques using TiO2/O2/UV, ozone, ozone/UV and ZnO/O2/UV and found out 

TiO2/O2/UV and ZnO/O2/UV to be the best treatment option among others to treat effluent in 

short time period. UVA-LED based photoreactor has been used by Levchuk et al., (2015) for 

the degradation of formic acid and phenol by using commercial TiO2 as a photocatalyst. 

Heterogeneous photocatalysis for the treatment of P & P mill effluent have been adopted by 

using magnetically separable Fe2O3-TiO2 photocatalyst. The activity of synthesized catalyst 

has been observed to be better than the commercial P25 (Subramonian et al., 2017). 

TiO2/Polystyrene composite has been utilized for the P & P industry wastewater treatment 

under UV-LED irradiations. Effective COD, lignin and toxicity removal has been observed 

after the treatment time of 120 min (Haghighi et al., 2018). The PC treatment for the 

synthetic wastewater comprising of biorecalcitrant chlorinated phenols such as: 4-CP; 2,4-
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DCP; 2,4,6-TCP, and PCP have been studied and significant TOC reduction have been 

observed (Singh and Garg, 2019).         

 Considering the target pollutants, few studies have been reported for the efficient 

degradation of PCP using photocatalysts like RGO/PbS-TiO2 NTs (Zhang et al., 2013); TiO2 

sol–gel catalysts; Bi12SiO20 (Li et al., 2011); Ti-Doped β-Bi2O3 (Yin et al., 2010); 

Bi2O3/TiO2–xBx (Su et al. 2012) and α-Fe2O3/ ZnO (Xie et al. 2015). However, limited studies 

are available for 4-CG degradation including UV/TiO2 and UV/TiO2/H2O2 process (Kumar et 

al., 2011a); ZnO/TiO2 photocatalysts (Dhir et al., 2012a) and CuO·ZnO/Al2O3 catalyst 

(Hamoudi et al., 2001).         

 Upon comparison, TiO2 has been observed to be more effective than ZnO in terms of 

mineralization of effluent from bleaching section of kraft pulp mill (Yeber et al., 2000). The 

authors observed 55 % TOC reduction with TiO2 and only 31 % reduction of TOC with ZnO. 

Kansal et al., (2008), has also reported TiO2 as a better catalyst for treating acid effluent from 

kraft mill utilizing agro waste as its raw material. TiO2 has also been observed to be an 

efficient catalyst in immobilized form (immobilized on glass surface) (Yeber et al., 1999). 

The studies have suggested that the treatment utilizing TiO2 in immobilized form to be as 

effective as when it utilized in suspended form, but TiO2 in immobilized form requires longer 

reaction duration to achieve similar treatment targets. The immobilization step facilitates the 

utilization of photo-catalyst in continuous mode reaction eliminating the need of catalyst 

separation and recovery step (Bhatia et al., 2018). Several researchers combine H2O2 with 

UV-TiO2 photocatalytic process to additionally supply 
•
OH radicals to the reaction system as 

an additional oxidizing species. All the studies reported improved COD reduction when H2O2 

was added in addition to UV-TiO2 treatment particularly at near neutral pH (Chang et al., 

2004; Catalkaya and Kargi 2008; Kumar et al., 2011; Affam et al., 2018).  

2.2.1.2 Solar mediated photocatalytic treatment     

 Solar light for the activation of semiconductor photo-catalyst has also been 

investigated extensively in order to reduce the treatment cost by utilizing naturally available 

resources. Amat et al., (2005) have studied efficient COD reduction of board industrial 

effluent in the presence of solar irradiations and observed 40% reduction at pilot scale while, 

50% at laboratory scale. Kansal et al., (2008) reported solar mediated PC treatment of bleach 

section effluent and observed ZnO to be better catalyst as compared to TiO2 in the presence 

of solar light which was contradictory in case the of UV radiations. Dhir et al., 2012 studied 

role of ZnO photocatalyst for the treatment of chlorinated effluent from agriculture based P & 
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P industry in combination with biological treatment. The overall 92% COD reduction has 

beeb observed when solar mediated ZnO photocatalysis was employed as pre-treatment 

before biological process and 95% COD removal has been observed when photocatalysis was 

used as post treatment to biological process. CdSe/TiO2 nanocatalysts have been synthesized 

for the PC treatment of phenol under solar irradiations. The results demonstrate that a CdSe 

nanoparticle extend the spectral response of TiO2 into visible region and reduces the 

recombination of e
-
/h

+
 pair (Ghodrati et al., 2011). Dye-sensitisation method using methylene 

blue and rhodamine B has been used for the modification of TiO2 catalyst. The modified 

catalyst has been then employed for the solar light mediated photocatalytic degradation of P 

& P industry wastewater (Priya et al., 2015). Hydrothermal process has been employed for 

preparing C-modified TiO2 material by utilizing lignin as precursor and providing a 

possibility of lignin valorization (Gómez-Avilés et al., 2019). 

2.2.2 Electro catalysis for wastewater treatment     

 Electrochemical methods are gaining increasing interest due to their technical and 

economic feasibility for large scale functioning in comparison to several other 

physicochemical treatment techniques (Soloman et al., 2009; Montiel et al., 2018). EC 

process is based on either direct degradation of pollutants on the surface of electrode or 

indirect degradation by oxidative radicals in the solution itself. Removal of various 

contaminants by employing these methods significantly depends upon the used process 

operational conditions. The main treatment conditions which affect the treatment process are 

characteristics of wastewater, material of electrode, current density and treatment time. 

Electrochemical oxidation methods have fetched considerable attention as they are capable in 

complete mineralization of contaminants such as dyes (De Aragao Umbuzeuro et al., 2005; 

Florenza et al., 2014; Labiadh et al., 2015), pharmaceuticals (Sopaj et al., 2015; Ganzenko et 

al., 2018), pesticide (Landeros et al., 2017), herbicide (Dos Santos et al., 2015), chlorinated 

compounds (Zazou et al., 2016). Electro-Fenton technique has been adopted by Olvera-

Vargas et al., (2018) to treat pharmaceutical (acetaminophen) contaminated aqueous solution. 

It has been observed that, optimum current has a positive effect on the degradation and 

mineralization of pharmaceutical compound. The electro-Fenton degradation of phenol has 

been studied by Khatri et al., (2018) by using iron electrodes and activated carbon as a co-

catalyst. The enhanced degradation was observed due to the synergestic effect of adsorption 

and electro-oxidation reactions. 

The wide applicability of electrochemical oxidation technique has been shown in Figure 2.2. 
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Fig. 2.2 Wide applications of electrochemical oxidation (Garcia-Segura et al., 2018) 

 

2.2.2.1 Electrochemical treatment of P & P mill pollutants     

 A significant COD reduction (63%) of cellulose pulp mill effluent has been observed 

by Buzzini et al. (2006), at 22.5 Adm
-2

 after a time period of 180 min. Commercially 

available iron and aluminium electrodes have been tested against COD reduction of P & P 

mill effluent by Boroski et al., (2008) and the both type of electrodes were found to exhibit 

similar COD removal trends. When the other P & P mill pollutants like phenol, lignin and 

BOD were treated using these electrodes, Al electrodes showed higher removal efficiency 

when compared to Fe electrodes (Uğurlu et al., 2008). The influence of pH on the treatment 

of paper mill effluent has been studied by Perng et al., (2008) and concluded that 28% COD 

reduction and 94% decolourization was achieved at pH 9, current density 187 Am
-2

, gap 

between the electrodes 15 mm and retention time as 57 s. Domínguez-Ramos et al., (2008) 

reported 80% TOC reduction of lignosulfonate by electrochemical oxidation. The 

decolourization and COD reduction of effluent has been evaluated and the concentration of 

polyelectrolytes has been optimized by Khansorthong and Hunsom, (2009). Selvabharathi 

and Kanmani, (2010) combined electrochemical oxidation with Fenton‘s process commonly 

known as electro-Fenton treatment process, and checked its efficiency against the treatment 

of biologically treated paper mill effluent and observed 90% COD removal and 95 % of 

decolourization. Treatment at higher pH resulted into decreased efficiency of electro-Fenton 

process due to the precipitation of Fe(OH)3 as observed by previous published reports of 

Fenton treatment. It has been suggested that the use of polyacrylamide, sodium silicate and 
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calcium carbonate as electrolytes can be neglected due to their insignificant contribution in 

decolourization and COD removal of the effluent, saving down the operational cost of the 

treatment process.          

 Moodley et al., (2011) reported the electrochemical conversion of lignin into vanillin, 

a by-product of commercial value. Antony and Natesan, (2012) reported the COD removal of 

bleaching effluent of bagasse based paper mill to be 53 % at 0.87 Adm
-2

 in 1.75 h as 

operating conditions. Elevated COD reduction (87%) of similar bleaching effluent of bagasse 

based paper mill has also been reported, when electro-oxidation was combined with post 

biological treatment. The probable reason might be that, after electro-oxidation of effluent its 

biodegradability gets increased which on further undergoing biological treatment resulted in 

increased COD reduction as compared to electro-oxidation process alone. Furthermore, when 

authors studied combined electro-coagulation (1 Adm
-2

 for 34.4 min), electro-oxidation (1.5 

Adm
-2

 for 90.5 min) followed by biological treatment for 521 min, 95% reduction in the 

COD values has been noticed. Treatment of model compounds present in P & P industry 

effluent also showed significantly effective results. The two types of granular electrodes 

(bentonite and hydroxy-aluminum pillared bentonite) has been prepared by Chu et al., (2016) 

for the COD and colour removal of P & P mill wastewater. The significant reduction in COD 

(84.3 %) and colour (93.0 %) was observed. Buftia et al., (2018) utilized electro-Fenton 

process for the successful treatment of non-recoverable lignin and other contaminants present 

in acid black liquor of P & P mill. Recently, electrochemical based treatment techniques have 

been adopted for the management of P & P mill industrial wastewater (Zainith et al., 2019).

 Few authors have reported the degradation of target pollutant PCP using different 

electrochemical oxidation methods using simple electrochemical treatment (Patel and Suresh, 

2008); electro-Fenton (Hanna et al., 2005; Song-Hu and Xiao-Hua, 2005; Govindan et al., 

2014); Ti/SnO2–Sb electrodes; diamond electrodes (Codognoto et al., 2003) and anatase 

TiO2/Ti nanotube electrodes (Yang et al., 2006); and Nb/PbO2 electrodes for electrochemical 

oxidation of 4-CG. However, these reports face limitation like high treatment cost, use of 

expensive electrodes, longer treatment time and insufficient knowledge of intermediates 

generated during the degradation process. 

2.2.3 Photoelectrocatalysis: A combination of photocatalysis and electrooxidation 

The high recombination of photo-generated e
-
/h

+
 rate in the case of TiO2 

photocatalysis leads to reduced photonic efficiency imposing a major limitation to the 

photocatalytic process (Waldner et al., 2003). Zanoni et al., (2003) used photoelectrocatalysis 
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technique to degrade the reactive dye RBO (Remazol Brilliant Orange) using TiO2 thin film 

photoelectrode in the presence of UV light achieving nearly complete mineralization of the 

dye. PEC treatment is fetching considerable attention in the field of wastewater treatment due 

to its remarkable efficiency towards the degradation of wide variety of recalcitrant pollutants 

present in aqueous phase which are not degraded by conventional treatment methods (He et 

al., 2003; 2006; Daghrir et al., 2012a). Electrochemical anodization of silicon doped titania 

nanotube array by Chemical Vapour Deposition (CVD) resulted in significant blue shift in 

the UV spectrum (Su et al., 2008). Yu et al., (2008) fabricated TiO2 nanostructured thin films 

having large surface to volume ratio using an anodization technique and investigated the 

influence of different electrolytes like HF-containing or neutral electrolyte and different 

substrates such as silicon or silicon carbide substrate on the formed structure of the anodized 

thin films.  

Due to the major drawback of recombination, PEC, a combination of photocatalysis 

and electrolytic processes has been employed as an alternative cost effective treatment 

process (Liu and Du, 2011). Previous research suggested the applied external current as a key 

factor in PEC technique as it accelerates the photo-catalytic reactions (Daghrir et al., 2012b). 

The reaction mechanism of PEC is almost similar as of PC except the involvement of 

external current. Cheng et al., (2016) studied microwave reduction to prepare photoelectrodes 

of reduced TiO2 nanotubes and tested its photoelectrocatalytic degradation efficiency against 

Diclofenac achieving better degradation rates under visible light.  

 

2.2.3.1 Laboratory synthesized electrodes for the PEC degradation of pollutants 

A thin film photocathode having corrosion resistant property has been developed by 

Siripala et al., (2003) using TiO2 cathode surface electrochemically deposited on cuprous 

oxide and demonstrated that corrosion limitations of Cu2O while maintaining high 

photoelectrolysis efficiency. Shaogui et al., (2004) synthesized nanocrystalline Fe2O3/TiO2, 

ZnO/TiO2, and Fe2O3/ZnO/TiO2 electrodes and found that Zn2+ doped electrodes were most 

efficient towards pentachlorophenol degradation. Li et al., (2006a) synthesized PbO2 electrode 

by TiO2 co-deposition, which were found to be more uniform when compared with 

unmodified PbO2 electrode for PEC degradation of Acid Orange 7. A TiO2/Ti mesh electrode 

using laser calcinations has been prepared and photo-degradation has been tested against 

Methylene Blue (Li et al., 2007). Paulose et al., (2007) synthesized self-aligned titania 

nanotube arrays of around 1000 µm length by potentiostatic anodization of titanium. Two Sb-
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doped SnO2 films were prepared (Ti/SnO2-Sb2O4/SnO2-Sb2O4 and Ti/SnO2-Sb2O4) on 

titanium substrate using electro-deposition and dip-coating, and the results showed that 

Ti/SnO2-Sb2O4 electrode with sub-layer exhibited enhanced PEC degradation efficiency 

against phenol when compared to Ti/SnO2-Sb2O4 electrode. (Yan et al., 2009). Sadek et al., 

(2008) performed Ti film deposition onto the Indium Tin Oxide substrate by anodization 

process and studied the role of temperature in anodization process as well as on the structure 

of the film. It has been reported that high temperature anodization films resulted in the nano 

tube type structures, while anodization at room temperature resulted in irregular pores. 

Esquivel et al., (2011) achieved electrophoretic deposition of TiO2 doped with varying 

amounts of Co and Ni on Indium Tin Oxide electrodes and results indicated higher colour 

removal efficiency of Methyl Orange dye when compared to the commercially used TiO2. 

Lin et al., (2012) investigated that PEC degradation efficiency of persistent pollutant 

perfluorooctanoic acid in aqueous medium by employing Ti/SnO2-Sb/MnO2, Ti/SnO2-

Sb/PbO2 and Ti/SnO2-Sb were found to be 90.3, 91.1, and 31.7%, respectively. The 

combination of these two techniques provides the opportunity of photo-generated e
-
/h

+
 

separation thereby, preventing their recombination. In the recent study, Yao et al., (2016) 

prepared Ti/Sb-SnO2 and Ti/F-PbO2 electrodes using electrodeposition and thermal 

decomposition process; their electrocatalytic performance was compared against Malachite 

Green dye and it has been observed that higher oxygen evolution capability was possessed by 

Ti/Sb-SnO2 electrodes over Ti/F-PbO2 electrodes, whereas, corrosion resistance property and 

stability of latter was much higher. For improving the photo-catalytic degradation of salicylic 

acid, Momeni and Hosseini, (2016) studied the fabrication of TiO2 nanotube arrays (TNTAs) 

by two-step anodization method followed by their treatment in methanol solution under the 

influence of UV light irradiation which exhibited better photo-catalytic activity than the 

electrodes prepared in one-step anodization process. Tantis et al., (2016) degraded dye in the 

presence of Sodium chloride by coupling electrochemical process with photocatalytic 

degradation and observed that coupling of these two processes accelerated the mineralization 

process. A novel petaline NiO@polyaniline-carbon felt anode has been prepared by in-situ 

polymerization (Zhong et al., 2018). The synthesized electrodes exhibited significant colour 

(95.9 %) and COD (64.2 %) removal of dye wastewater. 

 

2.2.3.2 PC, EC and PEC comparison 
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TiO2 has been used in both photocatalytic and photoelectrocatalytic studies to assess 

the influence of current on the improvement of the photocatalytic reaction efficiency and 

observed that degradation rates of photocatalytic reaction were proportional to the thickness 

of TiO2 film (Kim and Anderson, 1994). Xie and Li (2006) prepared TiO2/Ti film electrode 

by anodiziation at low voltage where the TiO2 thick film was synthesized in H2SO4-H2O2-

H3PO4-HF based electrolyte while the TiO2 thin film was prepared in H3PO4-HF solution. 

The reactivity of prepared films for PC and PEC degradation of Bisphenol A in aqueous 

solution showed the degradation efficiency of TiO2/Ti thin film to be higher with PEC 

oxidation (Li et al., 2007). Li et al., (2009) synthesized an electrode by combining TiO2 

photocatalyst and Sb-doped electrocatalyst (SnO2), which exhibited high PC and EC 

oxidation efficiency at the same time. This research enabled to enlighten the PEC theory on 

the electrode‘s microstructured interface and lead to exploration of highly efficient PEC 

technology. He et al., (2010) prepared TiO2 nanocrystalline structure by depositing metals 

like Pt, Ag and Cu and concluded that degradation efficiency against formic acid has been 

higher of metal deposited TiO2 film when compared to TiO2 film in both PEC and PC 

process. Chai et al., (2011) prepared a novel electrode using a block co-polymer soft template 

method and the synthesiezed electrode exhibited significant PC and EC performances against 

the degradation of p- Nitrophenol wastewater. The band gap of the synthesized electrode i.e. 

Mp-SnO2/TiO2NTs has been observed to be 2.93 eV and it showed good light absorption 

properties. Nurdin, (2014) fabricated TiO2/Ti nano tube electrodes through anodization 

method and degraded Acid Orange 7 dye.  

 

2.2.3.3 Role of co-catalyst 

It was suggested that by using co-catalyst on the surface of photoelectrode, the over 

potential can be reduced which is necessary for occurance of redox reactions and in some 

cases promotes separation and diffusion of carrier species (Costi et al., 2008; Meekins and 

Kamat, 2011). Study performed by Wang and Zang, (2012) revelead that modification of 

TiO2 nanorod with graphite-like carbon nitride by chemical vapour deposition (CVD) method 

had dramatically improved the electron-transfer rate to the electrode surface from electrolyte 

and showed high activity towards PEC degradation of Rhodamine B. Chen et al., (2011a) 

studied the oxidation resistance of CVD mediated coating of graphene with Cu and Cu/Ni 

alloy and found that graphene layer acts as a barrier for Cu and Cu/Ni alloy against air and 

chemical oxidation in the solution of 30% H2O2. Zhai et al., (2014) modified TNTAs 
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electrodes with RGO-TNTs and utilized for PEC degradation of Methyl Orange (MO) under 

visible light illumination. Results showed RGO–TNT arrays electrodes were more stable and 

provided improved PEC activity against the degradation of MO in comparison to bare 

TNTAs electrode. Zheng et al., (2016) combined in-situ anodization and electro-deposition 

process for the fabrication of Graphene/TiO2 nanotube arrays photoelectrodes and reported 

99.5% of degradation of alachlor (herbicide) after 15 cycles with 60 min irradiation for each 

cycle. Similar work has been reported by Zheng et al., (2016) for degrading Rhodamine B 

which showed degradation of 75% with GR/TNAs photoelectrodes within 60 min of 

irradiation at pH 6.  

The fabrication of graphene on anodized Ti soft wire bearing TiO2 nanotubes using 

CVD followed by electrochemical deposition of Cu2O was performed by Yang et al., (2016).  

The fabricated mesh of TiO2/graphene/Cu2O has been successfully applied in effective PEC 

oxidation of Bisphenol A. Almeida et al., (2015) synthesized a novel nanocomposite of TiO2 

and Cu2O nanoparticles combined with RGO and studied the activity of nanocomposite 

against the photodegradation of Methylene Blue dye under solar irradiation. Li et al., (2016) 

fabricated nano-graphite/TiO2 photoelectrode through sol-gel method followed by the hot-

press approach and observed enhanced degradation efficiency of 99.2% towards the PEC 

degradation of phenol when compared to 29.1 and 58.3% removal effieicncy with TiO2 and 

Nano-G electrode, respectively. Liu et al., (2016) developed a PEC system for the removal of 

Ofloxacin in which electrodeposited Cu
2+

 ions on titanium plate served as the cathode and 

highly ordered TiO2 nanotubes served as a highly active photoanode. Zhang et al., (2017) 

used Ti sheet as precursor in NaOH solutions to synthesize highly ordered TiO2NTs 

nanotubes by a low-temperature hydrothermal process. Further, deposition of gold 

nanoparticles was done on the surface of TiO2NTs by a microwave-assisted chemical 

reduction route, which exhibited higher degradation effificency in the PEC treatment of 

Methylene Blue. Cobalt doped black TiO2 nanotube array electrode has been synthesized and 

exhibited higher performance as compared to IrO2 anode for the treatment of organic rich 

wastewater (Yang et al., 2018). 

 Literature analysis revealed that P & P industries are facing improper reforms in 

environmental performances considering the wastewater treatment. At industrial scale, 

several physicochemical methods including adsorption, coagulation, membrane processes and 

biological methods are being employed to treat the recalcitrant pollutants in effluents, but still  
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they are unable to degrade the recalcitrant organic pollutants present in P & P effluents. The 

reviewed literature studies have demonstrated that use of several advanced oxidation 

processes including photoelectrocatalysis technique have been explored as an effective 

method in treatment of wide range of toxic and recalcitrant compounds in different aqueous 

solution. However, more studies related to PEC treatment are requisite to improve the 

degradation of recalcitrant pollutants found in P & P effluents.  

 

2.3 Research Gaps  

AOP treatments for the oxidation of pollutants have been observed to be a proficient and 

effective method to mineralize the organic matters. It has been observed that all the AOPs 

have few drawbacks for utilization in industrial sector which include: 

 Due to the high rate of electron−hole pair recombination and difficulty in catalyst 

separation from aqueous solutions for reusability, the practical applications of TiO2 as 

photocatalyst are found to be significantly restricted. 

  Most of the semiconductors are active in the range of UV region and the efficacy of 

degradation is low in visible light so, doping is needed to extend the absorption 

spectra in visible region. 

 Few scattered reports exists which employed electrochemically assisted photocatalytic 

degradation for the degradation studies of real and simulated industrial effluent.  

 In photoelectrocatalytic process, electrodes often face limitations like creep, substrate 

corrosion, lead contamination of the electrolyte, high over potential for oxygen 

evolution. Loss of electrode activity is observed when used for long time, so 

durability studies are needed.  

 Commercially available electrodes have the limitation of their high cost so 

development of novel working electrodes with good electrochemical and catalytic 

properties with moderate cost needs to be explored. 

 The reaction mechanisms alonwith the complete mineralization of organic pollutants 

and the characterization of intermediates/secondary by-products have not been 

frequently explored using PEC treatment. 

 Enhancement of treatment efficiency in short time durations by synthesizing new 

electrode has not been extensively studied. 
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 To the best of author‘s knowledge, no report manifests the application of PEC 

processes using laboratory synthesised doped Cs, Ag, Ag/GO based titania electrodes 

for the degradation of P & P industrial and simulated effluents. 

2.4 Objectives of research work 

Keeping in view of these gaps, the proposed study aims to utilize PEC, a synergistic 

approach of photocatalysis and electrooxidation for the treatment of P & P industry 

pollutants. Different dopants (GO, Cs, Au, Ag-GO) has been anodized on the surface of 

synthesized TiO2 electrodes and their contribution in the degradation activity enhancement 

has been assessed. Characterization of prepared electrodes has been performed to justify the 

successful synthesis and doping of electrodes. The synthesized electrodes has been tested 

against the treatment of recalcitrant compounds present in P & P mill effluents i.e. PCP and 

4-CG. For assessing the practical applicability of PEC process using laboratory synthesized 

electrodes, the treatment efficacy has been observed against the treatment of simulated 

effluent.            

 In order to reuse the wastewater, it is essential to remove the recalcitrant compounds 

like chlorinated organic, dyes etc. which the conventional treatment technologies (mainly 

biological treatment) fails to do. Hence, this study aims at exploring the effectiveness of PEC 

process using laboratory synthesized electrodes under solar/UV light for the degradation of 

model compounds and simulated wastewater. Hence, the study has been focused at the 

fabrication of titania based electrodes for the photoelectrocatalytic degradation of few model 

compounds present in P & P mill effluents; use of various dopants to enhance the activity of 

synthesized electrodes under UV/solar irradiations; and treatment of simulated effluent with 

solar induced photoelectrocatalytic process under optimized conditions. 

 

The following objectives were followed and achieved during the course of this study: 

 

 Fabrication of Titania based electrodes for the photoelectrocatalytic degradation of 

few model compounds present in pulp & paper mill effluents; 

 Use of various dopants to enhance the activity of synthesized electrodes under 

UV/solar irradiations; and 

 Treatment of simulated effluent with solar induced photoelectrocatalytic process 

under optimized conditions. 

 



 
32 

 

Chapter 3 

Materials and Methods 

This chapter deals with all the details of materials (chemicals and reagents) used in 

the photoelectrocatalytic degradation of model compounds and simulated P & P mill effluent. 

The methodology used for the synthesis of different electrodes has been explained. All the 

details of characterization techniques adopted for the physicochemical study of synthesized 

electrodes has been elucidated.  

3.1 Chemicals and materials        

  Titanium (Ti) sheet (thickness 1.0 mm, purity 99.5 %) was purchased from Sanghvi 

Steel Co., Ltd., New Delhi, India. D.C. Power supply (Output: 30 V, 5 A) was supplied by 

Batra Trading Company, Ambala, India. Pentachlorophenol (>99%), 4-chloroguaiacol (4-

chloro-2-methoxyphenol, 98%), Cesium nitrate (99%), Terephthalic acid (98%), graphite 

flakes (>99%) were purchased from Sigma Aldrich. Sodium sulphate (>99%), silver nitrate 

(>99%) and terephthalic acid (98%) were procured from Merck. 2-Hydroxyterephthalic acid 

(>98%) was procured from TCI Chemicals. Analytical grade reagents were used in this study 

without any purification. Experimental solutions were prepared using ultrapure water (Milli-

Q
TM

 system). 

3.3.1 Model compounds 

Pentachlorophenol (>99%) and 4-chloroguaiacol (4-chloro-2-methoxyphenol, 98%), 

were purchased from Sigma Aldrich. The PCP stock solution (20 mg L
-1

) was prepared by 

mixing 20 mg L
-1

 of PCP in distilled water overnight. The 4-CG stock solution (20 mg L
-1

) 

was prepared by mixing 20 µL of 4-CG in 1 L of distilled water overnight. 

3.3.2 Simulated Effluent 

 P & P industrial effluent has been collected after bleaching stage from the 

representative industry located in Punjab, India. The sample has been collected in plastic 

containers and stored at -4 °C in a cold room. The simulated effluent has been prepared by 

diluting the real effluent collected from the bleaching section of P & P mill with tap water in 

50:50 (v/v). In previously reported studies, simulated effluent has also been prepared by 

diluting the real P & P mill effluent (Yadav and Garg, 2017; Yadav and Garg, 2018). 
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3.2 Synthesis methodology of different electrodes     

 Various novel Titanium based electrodes were synthesized using anodization 

technique at laboratory scale and their efficacy towards the degradation of model compounds 

and simulated P & P mill effluent was assessed.  

3.2.1 Synthesis of TiO2 nanotube electrode      

 TiO2 nanotube electrodes were fabricated by anodization method (Yun et al., 2012) 

followed by calcination. Ti sheet was firstly gently rubbed using different sized abrasive 

paper, ultrasonically cleaned in acetone and double distilled water for 20 min each, 

chemically etched in HF:HNO3:H2O solution (1:4:10,v/v/v) for 10 second and then rinsed 

with acetone and double distilled water. Anodization was performed using Ti sheet as 

positive, while Cu (copper) sheet as negative electrode at 2 cm distance apart in 200 ml HF 

(4%) based electrolyte. The anodization was performed for duration of 20 min at a constant 

voltage of 20V. The freshly prepared electrode was then washed with double distilled water, 

air dried and calcined in muffle furnace at 500 °C for 3 h.  

3.2.2 Synthesis of Cs-TiO2 nanotube electrode      

 The synthesized TiO2 nanotube electrode as discussed in section 3.2.1, has been used 

as a cathode and Ti sheet as an anode for the electro-deposition of cesium to yield Cs-TiO2 

nanotube electrodes. The anodization with varying concentration of cesium nitrate (CsNO3) 

was executed for 15 min at 15 V and annealed at 300 °C for 1 h to get Cs-doped TiO2NT 

electrode. The schematic diagram illustrating the synthesis process has been show in Figure 

3.1. 

 

Fig. 3.1 Schematic representation of synthesis of Cs doped TiO2 nanotubes photoelectrode 
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3.2.3 Synthesis of Au doped TiO2 nanotube electrode     

 The synthesized TiO2 nanotube electrode was used as a cathode and Ti sheet as an 

anode for the electro-deposition of Au to yield Au-TiO2 nanotube electrodes. The anodization 

with varying concentration of chloroauric acid (HAuCl4) was executed for 15 min at 15 V 

and annealed at 300 °C for 1 h to get Au-doped TiO2NT electrode. The schematic diagram 

illustrating the synthesis process has been show in Figure 3.2. 

 

Fig. 3.2 Schematic representation of synthesis of Au doped TiO2 nanotubes photoelectrode 

 

3.2.4 Synthesis of GO/TiO2 nanotube electrodes 

GO was synthesized from graphite flakes using modified Hummers method (Marcano 

et al., 2010). The schematic process of GO synthesis from graphite flakes has been shown in 

Figure 3.3. GO/TiO2 nanotube electrodes were prepared by electrodeposition of GO at 

different concentrations on the TiO2 electrode surface. TiO2 nanotube electrode was used as 

anode while Cu as cathode, and anodization was executed at a constant voltage of 15 V for 15 

min followed by calcination of prepared electrode at 300 °C for 1 h.  
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Fig. 3.3 Synthesis procedure of Graphene oxide (Marcano et al., 2010) 

 

3.2.5 Synthesis of Ag loaded GO/TiO2 nanotube electrode    

 TiO2 and GO/TiO2 nanotube electrodes were prepared as discussed in section 3.2.1 

and 3.2.4. For the synthesis of Ag loaded GO/TiO2 nanotube electrode, anodization was 

performed at 15 V for 15 min followed by calcination at 300 °C for 1 h. During this process, 

GO/TiO2 nanotube electrodes was taken as anode and deposition of varying quantity of Ag 

was carried out in 200 ml silver nitrate (25, 50, 75 and 100 mg/L) electrolyte at 15 V for 10 

min. Annealing was performed at 300 °C for 1 h.  

 

3.3 Characterization of synthesized electrodes      

 The physicochemical properties of synthesized electrodes like structure, composition, 

morphology, crystalline structure, bonding etc. has been examined using various techniques. 

The morphology of synthesized electrodes has been characterized using Field Emission-

Scanning Electron Microscopy (FE-SEM, Nova Nano FE-SEM 450) with an accelerating 

voltage of 15 kV associated with Energy Dispersive Spectrometry (EDS). The crystalline 

structure has been confirmed using X-ray diffractometer (XRD, PanAlytical) using Cu Kα 



 
36 

 

radiation source (α = 1.5406 Å) operated at an applied current of 40 mA and accelerating 

voltage of 45 kV. Raman measurements has been performed using a confocal micro Raman 

Spectrophotometer (STR 500, Airix Corporation, Japan) with a 532 nm diode green laser. 

The Ultraviolet-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements has been 

performed on UV-2600 (Shimadzu, Asia-Pacific) and were recorded in the range of 400-700 

nm. The composition and surface properties of electrodes has been analysed by X-ray 

photoelectron spectroscopy (XPS, Omicron Nanotechnology, Oxford Instruments). Fourier 

Transform Infrared spectrum (FTIR) has been obtained using a FT-IR Spectrum 2 (Perkin 

Elmer). Photoluminescence (PL) spectrum has been acquired using a Fluorescence 

spectrophotometer (LS 55, Perkin Elmer). 

3.4 Experimental          

 The degradation experiments have been performed using synthesized electrodes and 

their PEC activity has been assessed against the removal of model compounds i.e. 

pentachlorophenol, 4-chloroguaiacol and simulated effluent. The initial concentration kept 

throughout the study was 20 mg L
-1

 for both the model compounds 

3.4.1 Batch experiments of PEC, PC and EC       

 The photoelectrocatalytic degradation experiment in batch mode has been carried out 

in a cylindrical glass reactor (9.5 x 7 cm) using synthesized electrode (4.6 x 6.5 cm) serving 

as a photo anode and Cu electrode serving as cathode. The diagrammatic representation of 

PEC batch reactor has been shown in Figure 3.4. Model compound‘s solution (20 mg/L, 250 

mL) has been magnetically stirred with optimized concentration of Na2SO4 as a supporting 

electrolyte. All the UV radiation based experiments have been performed in a chamber 

consisting of two long wave UV tubes (Philips, 36 W, λmax = 365 nm) each having intensity 

of 1.6 W/m
2
. Solar radiation based experiments have been performed on the roof top of 

Thapar Institute of Engineering and Technology, with solar light at an average intensity of 

941W m
-2

. External current has been applied using a DC regulated power supply. The 

solution pH has been adjusted with 1 M solution of HCL and NaOH. For each experiment 

run, freshly anodized electrodes has been prepared and used. All the experiments have been 

performed in triplicate and the average values are reported.    

 Photocatalytic experiments has been carried out using synthesized electrodes as 

immobilized catalyst and rest of the reaction conditions has been kept similar in the absence 

of supplied current. However, while performing Electrocatalytic experiments novel 



 
37 

 

synthesized electrodes has been used under the influence of externally applied current but in 

the absence of UV/solar irradiations. 

 

Fig. 3.4 Diagrammatic representation of PEC batch reactor 

 

3.4.2 Response surface Methodology (RSM) and Box-Benkhen Design (BBD)  

 The widely exploited statistical tool, RSM on the basis of BBD has been utilized in 

this study for the optimization of process parameters in context to the treatment of model 

compound PCP by using TiO2 and GO/TiO2 nanotube electrodes in PEC degradation process. 

Design Expert v.6.0.8 (Stat-Ease, Inc., Minneapolis, USA) software has been used for the 

regression analysis and process optimization. The experiments were performed as suggested 

by BBD. The correlation between independent variables and the responses were obtained by 

quadratic polynomial model as presented in Eq. 3.1: 

                                         Y= βo + ∑βiXi + ∑βijXiXj + ∑βiiXi
2
                                   (3.1) 

Where, Y is the response output, X1(i = 1,2,3,4) are controlling independent variables; 

βo, βi(i = 1,2,3,4) and βij(i = 1,2,3,4 and j = 1,2,3,4) are the coefficient model parameters. The 
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desirability functional approach has been used for the parametric optimization. The 

desirability value resides between 0 and 1, showing the proximity of response towards its 

ideal value (Hiwarkar et al., 2017). 

 

3.5 Analytical techniques used for the assessment of degradation efficacy  

 The concentration value of PCP and 4-CG before and after irradiations has been 

determined using spectrophotometer (T60 LabIndia) and high-performance liquid 

chomatography (HPLC, Shimadzu, SED 20A). HPLC system has been equipped with C18 

reversed- phase column and Diode array detector (SPD-M20A). A mixture of 1% acetic acid 

and methanol/water, 80:20 (v/v) at 1.0 mL/min has been used as mobile phase for PCP while 

for 4-CG, 70:30 % (v/v) HPLC grade methanol: water at 1 mL/min has been used as mobile 

phase. Sample injections have been held at 20 µL using a fixed volume injection loop. The 

detection wavelength for PCP and 4-CG has been 210 nm and 281.5 nm, respectively. 

 The PCP degradation products have been identified using LC-MS (Micromass Q-TOF 

micro, Waters, USA) equipped with Unisol YVR C18 reverse-phased column. The sample 

injection volume has been kept 25 µL and mobile phase was similar as used in the analysis of 

PCP in HPLC system. The ESI-MS analysis has been performed in positive mode using 

electro spray ionization source with source temperature at 110 °C and spray voltage of 3000 

V. Nitrogen has been used as sheath gas at a flow rate of 30 L/h and pressure of 6-7 bar. The 

spectrum has been acquired in negative scan mode over the 60-400 m/z range. The 

degradation intermediates and by-products of 4-CG has been identified by GC-MS 

(Micromass Q-TOF micro, Waters, USA).       

 Mineralization of PCP and 4-CG solution has been studied using Total organic carbon 

(TOC) analyzer by Multi N/C 2100 BU (Analytic Jena AG Corporation, Germany). Standard 

methods from APHA manual (1989) has been followed for the determination of COD 

(APHA- 5220, C), chloride (APHA- 4500), sulphate (APHA- 4500-SO4
2-

, E), nitrite (APHA- 

4500- NO2, B), nitrate (APHA- 4500- NO3, E), phosphate (APHA- 4500, P), Total solids 

(APHA-2540, B).          

 The active species generated during the PEC degradation process have been 

investigated by the scavenger quenching experiments using, iso-propyl alcohol (IPA) as a 

•
OH scavenger (Li et al., 2009a), disodium ethylenediaminetetra acetate (EDTA) as h

+ 

scavenger (Cui et al., 2014) and L-ascorbic acid as scavenger of 
•
O2

-
 (Xu et al., 2016). 

 The 
•
OH formed during the PEC treatment has been studied by fluorescence method. 
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In this method, terephthalic acid (TA) was used as probe molecule which rapidly reacts with 

•
OH to generate highly fluorescent compound i.e. 2-hydroxyterephthalic (2-HTA) having 

fluorescence signal at 425 nm (Ishibashi et al., 2000). For the estimation of 
•
OH 

concentration, UV/solar irradiations based experiments were conducted using synthesized 

electrodes in 250 mL of 0.5 mM TA and 5 mM NaOH solution. The fluorescent intensity of 

2-HTA at 425 nm was measured using a fluorescent spectrophotometer (LS 45, Perkin 

Elmer). Standard curve of 2-HTA was made and used to determine the concentration of 
•
OH 

generated during the PEC, PC and EC process for the degradation of PCP and 4-CG. The 

samples were diluted with distilled water before the analysis due to very high peak intensity 

at 425 nm.   

3.6 PEC treatment of simulated effluent       

 The batch experiments for the treatment of simulated experiments have been 

conducted as described in section 3.4.1. The pH and conductivity of prepared simulated 

effluent has not been altered and the treatment time has been fixed to 6 h for all the 

electrodes. All the reactions have been conducted under the influence of solar irradiations 

with solar light at an average intensity of 941W m
-2

. External current has been selected as 

0.05 A, on the basis of experiments conducted on different current values as explained in 

section 4.5. An overall framework of resesrch work performed has been shown in Fig. 3.5. 

  

Fig. 3.5 An Overall framework of research work performed 
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Chapter 4 

Results and Discussion  

This chapter deals with the results and observations of photoelectrocatalytic 

degradation of recalcitrant and hazardous compounds commonly present in P & P mill 

effluents using laboratory synthesized titania based electrodes. Several electrodes like TiO2, 

GO/TiO2, Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 have been fabricated and their PEC efficacy 

has been tested against the degradation of model compounds, i.e. PCP and 4-CG. The 

simulated effluent which has been prepared by diluting real effluent collected at the bleaching 

stage of P & P mill has also been treated using the synthesized electrodes.  

4.1 PEC degradation of 4-CG using Cs/TiO2 nanotube electrodes    

 4-CG is a widespread recalcitrant pollutant present in pulp and paper effluents 

(Kringstad and Lindström, 1984). Softwood pulp effluents contain abundant amount of 

chlorinated derivatives like catechol, vanillin, phenol and guaiacol (Tam et al., 1994). The 

problems associated with these compounds have been their carcinogenic and mutagenic 

impacts on environment, resistance to biodegradation, toxicity, drinking water pollution, 

adverse impacts on human respiratory and nervous system like altered pulmonary function 

and chronic bronchitis (Tsutsui et al., 1997; Yan et al., 2009). The physicochemical 

properties of 4-CG have been presented in Table 4.1. 

Table 4.1 Physicochemical properties of 4-CG 

Name of the compound 4-Chloroguaiacol 

IUPAC Name 4-Chloro-2-methoxyphenol 

Molecular weight 158.581 g/mol 

Molecular formula C7H7ClO2  

Boiling point 241 °C 

Melting Point 16-17 °C 

Structure 
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For effective photocatalysis, oxides containing Cs have been receiving increasing 

investigations and incorporation of Cs
+
 has shown many folds increased photocalatylic 

activity of semiconductor than the pure sample (Luo et al., 2010). Hence, Cs- TiO2 nanotube 

electrodes have been synthesized and their PEC efficiency have been assessed against the 

degradation of 4-CG. 

4.1.1 Characterization of TiO2 and Cs/TiO2 nanotube electrodes    

 The structural and surface morphological evaluation of TiO2 and Cs-doped TiO2 

nanotube electrodes have been performed using Field Emission-Scanning Electron 

Microscopy (FE-SEM), Raman Spectroscopy, X-ray Diffraction pattern, Ultraviolet-vis 

diffuse reflectance spectroscopy and Fourier Transform Infrared spectra analysis.  

4.1.1.1 FE-SEM and EDS analysis        

 A typical FE-SEM top-view image of porous TiO2 nanotubes has been shown in 

Figure 4.1(a). The TiO2 nanotubes over Ti sheet have been found to be ordered structure and 

their top-view orientation has been used as a substrate to deposit Cs nanoparticles. Figure 

4.1(b) displays the FE-SEM images of Cs sitting over TiO2NTs. The results suggest that Cs 

has been present in scattered form over TiO2 nanotube electrode. The elemental analysis of 

TiO2 and Cs/TiO2 nanotube electrode has been assessed using EDS analysis and presented in 

Table 4.2. 

Table 4.2 EDS analysis of (a) TiO2 and (b) Cs/TiO2 nanotube electrodes 

Element O Ti Cs Totals 

                                      Weight (%) 

(a) 24.67 75.33 0.00 100.00 

(b) 27.28 70.94 1.78 100.00 
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Fig. 4.1 FE-SEM images of (a) TiO2 and (b) Cs/TiO2 nanotube electrodes 

 

4.1.1.2 X-ray diffraction study 

Figure 4.2 displays the XRD pattern of synthesized electrodes. The diffraction pattern 

of the TiO2 nanotubes electrodes showed several peaks assigned to crystalline phases of 

anatase, predominantly the formation of peak at 38.2°
 
corresponding to (112) plane and 

several other peaks at 25.6° (101), 48.2° (200), 63.2° (204), 72.1° (220) and 76.4° (215) 

(JCPDS No. 21-1272). The XRD pattern exhibits a weak peak of rutile at 27.5° 

corresponding to (110) plane. It is necessarily notable that the rutile peak is much lesser than 

the anatase peak, so it is justifiable to overlook the effect of such trace content of rutile on the 

PEC activity. When compared to TiO2, XRD pattern of Cs/TiO2 nanotube electrode exhibits 

the intense peak of metallic Cs at 35.1° (002) (JCPDS No. 080-2257). Moreover, the separate 

peaks have not been witnessed probably due to very less concentration of Cs (<2.5 mM), 

though decrease in the intensity of 25.6°, 27.7° and 48.2° peak can be attributed to the 

presence of Cs (JCPDS No. 080-2257).  
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Fig. 4.2 XRD pattern of TiO2 and Cs/TiO2 nanotube electrodes 

 

4.1.1.3 UV-vis diffuse reflection spectrum  

UV-vis/DRS spectroscopy of TiO2 and Cs/TiO2 nanotube electrodes has been shown 

in Figure 4.3. The major absorbance at wavelengths less than 400 nm might be due to the 

intrinsic band gap absorption of titanium dioxide. The parent TiO2 electrode exhibits 

maximum absorbance at 245 nm which corresponds to the charge transfer from O 2p to Ti 3d 

of TiO2 (Yu et al., 2008).  For Cs/TiO2 electrodes, the absorption edge showed a significant 

red-shift and displayed stronger and broader absorption in the range of 390 to 700 nm in 

comparison to the parent TiO2 electrode. The shown UV-vis/DRS results indicate that 

introduction of Cs onto TiO2 electrode has a significant influence on coordination framework 

of TiO2 crystalline structure, resulting in the red shifts of the absorption band. It has been 

expected that the Cs-doped TiO2 nanotubes could exhibit a higher PEC oxidation capability 

as compared to bare TiO2 electrodes for the degradation of organic pollutants under solar 

irradiation.  
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Fig. 4.3 UV-vis diffuse reflection spectrum of TiO2 and Cs/TiO2 nanotube electrodes 

 

4.1.1.4 FTIR spectrum         

 FT-IR spectra of TiO2 and Cs/TiO2NTs electrode have been shown in Figure 4.4. In 

case of TiO2, the peak at ~1216 cm
-1

 and a broader peak at ~3308 cm
-1 

may be due to O-H 

stretching of hydroxyl groups. Peak present at 1367 cm
-1

 corresponds to carboxyl groups. The 

peak emerging at ~591 cm
-1

 might be due to the bending and stretching of Ti-O-Ti bond 

(McDevitt and Baun, 1964). Peak approximately observed at 1635 cm
-1

 has been assigned to 

the O-H-O bending on the TiO2 surface (Zhou et al., 2016). In the case of Cs/TiO2, shifting of 

absorption peak at 424 cm
-1

 towards reduced wave numbers might be due to the formation of 

Ti-O-Cs bridges. The main differences between TiO2 and Cs doped TiO2 spectra begin at the 

low wave number region, where the influence of Cs can be seen. In this region, the peak at 

591 cm
−1

 disappears with Cs adsorption, while the peaks at 661 and 724 cm
−1

 become more 

intense as shown in Fig. 4.4 (Inset1), which might be due to vibrational modes of O-Ti-O 

bonds. The peak at 3364 cm
-1

 in Cs/TiO2 reflects the adsorption of hydroxyl groups on the 

electrode surface with Cs doping onto TiO2; and thus it signifies that doping of Cs 

nanoparticles has been advantageous for the adsorption of hydroxyl groups on TiO2 nanotube 

electrode which will subsequently improve the PEC activity.  
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Fig. 4.4 FTIR spectrum of TiO2 and Cs/TiO2 nanotube electrodes 

 

4.1.1.5 Raman measurement         

 The Raman spectra of TiO2 and Cs/TiO2 nanotube electrode obtained after calcination 

has been measured at room temperature and shown in Figure 4.5. The Eg peaks corresponds 

to symmetric stretching vibration of O–Ti–O at 142 and 639 cm
-1

, the B1g peak at 396 cm
-1 

is 

due to symmetric bending vibration of O–Ti–O, and the A1g peak at 514 cm
-1

 correspond to 

anti-symmetric bending vibration of O–Ti–O (Tian et al., 2012). The absence of Raman 

bands at 235, 447 and 612 cm
-1

 could be due to the TiO2 rutile phase which further confirms 

the phase purity of synthesized electrodes (Li et al., 2007). In comparison to TiO2, the 

Cs/TiO2 peak widths displayed more obvious changes, thus indicates that doping of Cs plays 

a significant role in decreasing the dimensions of TiO2 crystallites. As shown in figure, the 

peak intensity of Eg at 142 cm
-1

 increase, indicating less exposure of TiO2 facets on doping 

with Cs ions (Tian et al., 2012). The results showed that doping of TiO2 with Cs marginally 

shifts in the absorption towards higher wave numbers which could be ascribed to the 

generated structural changes by substitutional or interstitial impurities (Sibu et al., 2002).  
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Fig. 4.5 Raman spectrum of TiO2 and Cs/TiO2 nanotube electrodes 

 

4.1.2 PEC degradation of 4-CG and effect of parameters     

 The PEC activity of Cs/TiO2 system has been evaluated against the degradation of 4-

CG (20 mg L
-1

) aqueous solutions under solar light. The effect of various process parameters 

such as Cs concentration, conductivity of electrolyte, external current and pH have been 

studied. 

4.1.2.1 Effect of Cs concentration        

 The effect of Cs loading onto TiO2 nanotube electrode for the PEC degradation of 4-

CG has been shown in Figure 4.6 demonstrates. As the concentration of cesium has been 

varied at 1.3, 1.9, 2.5 and 3.2 mM, the degradation of 4-CG has been measured as 48.8, 66.6, 

83.3 and 76.3%, respectively. Hereafter, the increase in degradation rate constant could be 

ascribed to development of Schottky barrier at the interface of metal and semiconductor 

facilitating the reduction in recombination rate of charged species (Bannat et al., 2009). 

However, after a limit (2.5 mM) Cs loading reversed the rising trend in degradation which 

could be attributed to the active site blockage by excessive Cs and also might be due to 

reduced photons invasion inside the porous layer of TiO2 (Gao et al., 2015). As suggested by 

the results, 2.5 mM has been considered as the optimal Cs loading for efficient PEC 

degradation of 4-CG.  
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Fig. 4.6 Effect of Cs loading on PEC degradation of 4-CG 

 

4.1.2.2 Effect of conductivity         

 The effect of sulphate concentration, which has been directly related to the 

conductivity of the electrolyte, on 4-CG degradation efficacy has been investigated and 

shown in Figure 4.7. With increasing amount of supporting electrolyte, initially degradation 

of 4-CG increased, however, after reaching a certain limit increased concentration of sulphate 

ions did not favour removal of pollutant. This can be ascribed to the fact that at elevated 

concentrations of the electrolyte some side reactions involved in oxygen evolution have been 

favoured rather than the oxidation of organic contaminant (Tiwana et al., 2011). However, at 

lower concentrations of sulphate ions, diminished 4-CG removal has been noticed which 

might be due to the higher solution resistance occurred at low concentration of electrolyte 

(Hu et al., 2016). The results showed that 160 mg L
-1

 was observed to be the optimum 

electrolyte concentration for the PEC degradation of 4-CG. 
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Fig. 4.7 Effect of sulphate concentration on PEC degradation of 4-CG 

 

4.1.2.3 Effect of applied current        

 The effect of applied current on PEC reaction system for the oxidative removal of 4-

CG has been investigated within the range of 0.02 to 0.04 A and the obtained results have 

been shown in Figure 4.8. Participation of current in the PEC process enhances the 

degradation of organic contaminants as the electric field facilitates the separation of photo-

generated charged species, thereby resulting in reduced recombination. 4-CG degradation has 

been observed to be highest at 0.03 A. With increasing external current, reaction rate 

increased which could be due to the decreased recombination of e
-
 and h

+
. However, further 

increase in applied current did not yield high degradation of 4-CG which may be attributed to 

the competitive side reactions which include evolution of hydrogen and cathodic reduction of 

in-situ generated H2O2 to H2O. Moreover, oxygen generated due to water splitting at current 

higher than the optimum value can also interfere in the catalytic oxidation process (Zhang et 

al., 2012; Ramirez et al., 2015).        
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Fig. 4.8 Effect of applied current on PEC degradation of 4-CG 

 

4.1.2.4 Effect of pH          

 The influence of pH on degradation efficiency of 4-CG has been shown in Figure 4.9. 

Under acidic condition, specifically, pH 3 favours the degradation of 4-CG, whereas 

degradation reduced both at alkaline and neutral conditions due to the insufficient quantity of 

active hydrogen formation under alkaline and neutral environment. Under acidic conditions, 

the formation of active hydrogen could be accelerated due to the electro-reduction of 

hydrogen ions. However, under alkaline or neutral environment, H2O molecules could not be 

electrolyzed to generate active hydrogen. The in-situ generated active hydrogen under acidic 

environment evolved from H
+
 ions could effectively degrade 4-CG due to their high 

reactivity (Cui et al., 2008). Moreover, at pH smaller than the point zero charge of TiO2 (pH 

6.5), the surface of TiO2 becomes positively charged and results in easy transfer of 

photogenerated electrons consequently, reducing recombination rates and facilitating 

photocatalytic treatment (Leng et al., 2006). 
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Fig. 4.9 Effect of pH on PEC degradation of 4-CG 

 

4.1.3 PC, EC and PEC efficacies        

 A comparative assessment between the PEC, PC and EC process for the degradation 

of 4-CG (20 mg L
-1

) under the optimized conditions viz. 2.5 mM Cs, 160 mg L
-1

, Na2SO4, 

0.03 A current at pH 3 has been performed.  

 

4.1.3.1 Degradation efficacy with different treatment process 

When compared with EC, PEC and PC processes, the degradation of 4-CG through 

direct photolysis and dark adsorption has been quite low (<6%) which could be neglected. 

The EC process for 4-CG degradation has been observed to be slower when compared to 

PEC and PC processes, demonstrating the possibility of enhanced degradation efficacy in the 

presence of visible irradiation. Additionally, PC performance (53%) of Cs/TiO2 nanotube 

electrodes has been found to be higher than that of bare-TiO2 nanotube electrodes (31%) 

within 6 h under visible light irradiation, which could be primarily ascribed to the improved 

charge separation efficiency and enhanced visible light absorption with Cs loading, as evident 

from UV-vis/DRS results (Figure 4.3). Low PC performance of bare-TiO2 nanotube 

photoelectrode might be owing to the higher recombination rate of photogenerated charged 

species and relatively weaker light absorption capacity (Cheng et al., 2016). For elucidating 

the enhanced light driven PEC performance, ability of Cs/TiO2 nanotube photoelectrode has 

been assessed under optimized conditions which led to almost 92% degradation within 6 h as 

shown in Figure 4.10. The Cs/TiO2 nanotube electrode showed higher PEC activity for the 
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degradation of 4-CG than the TiO2 nanotube electrode, as a result of synergistic effect of the 

large surface areas, enhanced mass and electron transfer. Moreover, the higher PEC 

performance of Cs doped TiO2 nanotube electrode has been probably because the external 

current hinders the recombination of photogenerated electron–hole pairs and leads to 

prolonged life of photogenerated carrier‘s. Accordingly, deposition of suitable Cs 

concentration on TiO2 nanotube, an effective charge separation of the photogenerated 

electron–hole pairs can be achieved. 

  

 

Figure 4.10 Degradation profile of 4-CG under different conditions 

 

4.1.3.2 Mineralization study         

 In order to verify the results obtained after comparative assessment of Cs/TiO2 

nanotube electrode for PC, EC and PEC degradation, total organic carbon (TOC) removal has 

been assessed to evaluate the mineralization extent of 4-CG. The mineralization results 

demonstrate that TOC removal efficiency reached 70.2, 42.3 and 12% for PEC, PC and EC 

process, respectively as shown in Figure 4.11.  
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Fig. 4.11 TOC removal of 4-CG after PEC, PC and EC treatment 

 

4.1.3.3 Hydroxyl radical quantification       

 The quantification of 
•
OH radicals has been conducted to further validate the obtained 

results. The results as shown in Figure 4.10 and 4.11 depicts that PEC led to efficient 

degradation and mineralization when compared to EC and PC processes. Figure 4.12 

displayed the formation of 
•
OH radicals in PEC, PC and EC process. Noticeably, it can be 

evidently observed that the as-fabricated Cs/TiO2 nanotube photoelectrode exhibited 

increasing pattern of 
•
OH radical concentration with time in PEC process when compared to 

EC and PC process. PEC yielded of 118.7 mM with Cs/TiO2 nanotube electrode; whereas the 

•
OH radical concentration for PC and EC process has been found to be 34.1 and 0.64 mM, 

respectively, after 6 h irradiation time. The 
•
OH radical concentration was observed to be 

30.84 mM when TiO2 nanotube electrodes were used. The results suggested that doping of Cs 

over TiO2 nanotube electrodes results in generation of higher amount of 
•
OH radicals. Thus, 

Cs/TiO2 nanotube photoelectrode exhibited higher activity in terms of degradation and 

mineralization of organic pollutant when compared to EC and PC process.  
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Fig. 4.12 
•
OH radical concentration with PEC, PC and EC process 

 

4.1.4 PEC degradation mechanism of 4-CG        

 The mechanism of enhanced degradation of 4-CG under visible light has been 

proposed and illustrated in Figure 4.13. The electrons (𝑒𝑐𝑏
− ) get excited excited from the 

valence band (VB) to conduction band (CB) leaving behind the holes (ℎ𝑣𝑏
+ ). The defined 

work-function is as follows (Chatterjee et al., 2005): 

W = E0 − EF                                                           (4.1) 

Where, E0 and EF are vacuum energy and Fermi energy, respectively. TiO2 work-

function is lesser than Cs and hence, the Fermi energy of Cs is lower when compared to TiO2. 

The Schottky barriers have been formed between TiO2 nanotubes and Cs nanoparticles after 

Cs loading over TiO2 surface (Traversa et al., 2000) which facilitates the smooth transfer of 

photo-generated electrons from CB of TiO2 to Cs (solid black arrow shown in Figure 4.13(b). 

Therefore, the doped Cs nanoparticles could effectively separate the photo-generated charged 

species, resulting in reduced recombination. During PC, the photo-generated electrons could 

rapidly transfer to surface-absorbed oxygen in order to generate superoxide radical, 
•𝑂2

−, 

(Figure 4.13b, dotted arrows). The 
•𝑂2

− then generates 
•
OH radicals through photo-reduction 

process involving reactions with H
+ 

ions. The 
•
OH radicals have also been produced from the 

photo-generated holes (h
+
) on reaction with H2O, which is the photo-oxidation process (red 

arrow shown in Figure 4.13b). The 
•
OH radicals accountable for degrading organic pollutants 

have been generated by both photo-reduction and photo-oxidation processes. Thus, the 
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significant improvement of the photocatalytic activity could be assigned to the lower 

recombination rate of charged species. When external current is supplied to Cs/TiO2 

nanotube electrode, the electrons (e
-
) forcefully get transferred to the counter electrode via 

potential gradient thereby, reducing the absorbed oxygen on its surface to form 
•𝑂2

−, which 

further generates 
•
OH radicals. The PEC reactions could be summarized as follows (Eq. 4.2– 

4.3): 

𝑇𝑖𝑂2 → 𝑇𝑖𝑂2 − 𝑒𝑐𝑏
−  + 𝑇𝑖𝑂2 − ℎ𝑣𝑏

+                                                   (4.2) 

 𝑇𝑖𝑂2 − ℎ𝑣𝑏
+  + 𝐻2𝑂 → 𝑇𝑖𝑂2 − 𝑂𝐻𝑎𝑑𝑠 +  𝐻+                                          (4.3) 

 

 

Figure 4.13 (a) Experimental set-up of PEC and; (b) Schematic diagram representing the 

transfer of charged species with Cs/TiO2 nanotube electrode under visible light 

 

4.1.5 GC-MS Analysis         

 The intermediate products formed during the PEC degradation of 4-CG using Cs/TiO2 

NTs have been identified through GC-MS analysis and are shown in Figure 4.14. Based upon 

these identified intermediates (a-m), a tentative pathway has ben proposed for the 

degradation of model compound 4-CG. Dehydroxylation of the parent compound (a) lead to 

the formation of by product (b). Further the removal of methoxy group could possibly 

generate (c) which could undergo hydroxylation to form (d). The cleavage of benzene ring in 

(d) could possibly leads to the generation of by product (e) which could further form (f) after 

undergoing dehydroxylation. The formed intermediate (f) could lead to the generation of (g) 

after undergoing dechlorination through route (1). The successive oxidation and 
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hydroxylation of (g) could lead to the formation of (i). Demethylation of (i) followed by its 

hydroxylation could finally lead to the end product (l). On the other hand by product (f) could 

get fragmented into (j) through route (2). By product (j) on further getting demethylated 

could lead to the formation of (k) which could finally yield the end product (l) after 

undergoing dechlorination followed by hydroxylation.  
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Fig. 4.14 Proposed pathway for the degradation of 4-CG through PEC 
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4.2 PEC degradation of 4-CG using Au/TiO2 nanotube electrode    

 After the doping of Cs on TiO2 nanotubes electrode, gold particles were doped on 

TiO2 electrode for the PEC treatment of 4-CG and was characterized for its physical and 

chemical properties. The optimization of process parameters has been carried out for 4-CG 

degradation. The quantitative analysis of hydroxyl radical generated during the reaction 

process has been estimated and their concentration has been reported.    

4.2.1. Characterization of Au/TiO2 nanotube electrodes     

 The physicochemical properties of Au/TiO2 nanotube electrodes have been studied 

using FE-SEM, Raman Spectroscopy, XRD and UV-vis DRS analysis techniques and 

compared with TiO2 nanotube electrodes.  

4.2.1.1 FE-SEM and EDS analysis        

 The morphology of TiO2 and Au loaded TiO2 nanotube electrodes have been 

examined by FE-SEM and the images have been shown in Figure 4.15(a) and (b). Figure 

4.15(a) shows the formation of uniform framework of nanotubes with the top end open and 

the bottom end attached to the surface of Ti substrate. Furthermore, irregular shaped scattered 

clusters of Au nanoparticles have been clearly visible in Figure 4.15(b). The image shows 

that the TiO2 nanotubes serve as substrate and carrier for Au nanoparticles. The elemental 

analysis of synthesized electrodes has been performed by EDS analysis and the results have 

been shown in Table 4.3. 

 

Fig. 4.15 FE-SEM images of (a) TiO2 and (b) Au/TiO2 nanotube electrodes 
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Table 4.3 EDS analysis of TiO2 and Au/TiO2 nanotube electrodes 

Element O Ti Au Totals 

                                      Weight (%) 

TiO2 26.63 73.37 0.00 100.00 

Au/TiO2 28.51 70.69 0.81 100.00 

 

4.2.1.2 X-ray diffraction study        

 The phase composition and crystalline structure of synthesized TiO2 and Au/TiO2 

nanotube electrodes have been examined by XRD spectra as shown in Figure 4.16. The TiO2 

anatase peaks have been evident at 25.31° (310), 38.61° (111), 53.92° (432), 63.31° (204) 

and 72.1° (220) (JCPDS No. 21-1272). The diffraction peaks at 35.16° (101) and 41.1° (111) 

corresponds to the rutile phase of TiO2 (JCPDS No. 21-1276). The separate peaks for Au in 

the XRD spectrum of Au-TiO2NTs electrode has not been observed probably due to its low 

concentration i.e. 0.15 mM and/or the probable overlapping of Au and TiO2 characteristic 

peaks. This finding also indicates that the deposition of Au did not considerably alter the 

crystal phase of TiO2. The obtained results are in accordance with the previous findings 

(Ghanem et al., 2018).  

 

Fig. 4.16 XRD pattern of TiO2 and Au/TiO2 nanotube electrodes 
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4.2.1.3 UV-vis diffuse reflection spectroscopy      

 The UV-vis absorption pattern of synthesized electrodes has been presented in Figure 

4.17. It can be clearly seen that after the doping of Au, Au/TiO2 nanotube electrode exhibited 

strong absorption in the range 400 nm to 550 nm causing the red-shift of spectrum in visible 

region (Wu et al., 2015). However, TiO2NTs electrode showed its absorption in mainly 

ultraviolet region i.e. less than 400 nm. Based on the outcome, it can be concluded that the 

doping of Au exhibited significant influence on the crystalline structure of TiO2 which 

resulted in the red shift of adsorption band. It can also in inferred that, Au-TiO2NTs electrode 

can perform higher PEC degradation under solar irradiation when compared to TiO2NTs 

electrode.  

 

Fig. 4.17 UV-vis diffuse reflection spectrum of TiO2 and Au/TiO2 nanotube electrodes 

 

4.2.1.4 Raman measurements         

 The synthesized TiO2 and Au-TiO2NTs electrodes have been investigated by Raman 

spectroscopy and the results have been shown in Figure 4.18. TiO2NTs electrodes exhibited 

four Raman bands at around 142, 397, 516 and 639 cm
-1

 corresponding to anatase phase of 

TiO2 in Eg, B1g, A1g and Eg modes, respectively. The Eg peaks in the spectrum are due to 

symmetric stretching vibrations of O–Ti–O bonds, B1g peak corresponds to the symmetric 

bending vibrations of O–Ti–O bonds while, A1g peak is due to the anti-symmetric bending 

vibrations of O–Ti–O bonds (Tian et al., 2012). Upon modification with Au, no distinct 

change in the number of peaks has been noticed. However, Eg peak of TiO2NTs electrode 
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shift towards higher wavenumber after doping which indicates the enhanced crystalline 

defects within TiO2 (anatase) which can influence its vibrational frequency and can act as 

photoelectrons trapping sites (Li et al., 2013).  

 

Fig. 4.18 Raman spectrum of TiO2 and Au/TiO2 nanotube electrodes 

 

4.2.2 PEC degradation of 4-CG and optimization of process parameters   

 PEC degradation of model compound 4-CG (20 mg L
-1

) has been studied in batch 

mode using synthesized Au/TiO2 nanotube electrodes and parametric optimization has been 

performed.  

4.2.2.1 Effect of Au loading         

 The PEC removal of 4-CG has been observed to be 56, 74, 54 and 48% after 6 h, 

when the concentration of Au on TiO2 nanotube electrode was kept 0.075, 0.15, 0.225 and 

0.3 mM, respectively. However, only 46% 4-CG degradation after 6 h has been achieved with 

un-doped TiO2 nanotube electrodes which indicated significant improvement in the PEC 

activity of electrodes after incorporation of Au. With increasing Au concentration, increased 

degradation has been observed till a certain value and then, a decreased degradation trend 

was observed as shown in Figure 4.19. The probable reason behind the increasing trend might 

be the formation of schottky barrier at Au/TiO2 interface because of the high work function 

of Au, resulting into the smooth transfer of photo-generated e
-
 to the conduction band of TiO2 

nanotubes (Tian and Tatsuma, 2005). Through the external circuit, the photo-generated e
- 
gets 
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transferred from TiO2 nanotubes to Ti sheet and ultimately to the counter electrode (Cu) 

where, the electrons reduce the electrode surface absorbed oxygen molecules to produce 

reactive species superoxide anions, hydroxyl radicals etc. which further contributes towards 

the degradation of contaminants (Xie et al., 2010). Above the optimum dopant concentration, 

the degradation performance decreases, as the recombination of e
-
/h

+
 might increase above 

the optimum value (Ni et al., 2007) and also the excessive dopant concentration can cause 

active site shielding effect resulting in decreased PEC activity (Gao et al., 2015). The optimal 

concentration of Au has been determined to be 0.15 mM for the highest PEC degradation 

efficiency of 74% after 6 h which was 28% higher than that of un-doped TiO2 nanotube 

electrode under the similar conditions.  

 

Fig. 4.19 Effect of Au concentration on PEC degradation of 4-CG 

 

4.2.2.2 Effect of electrolyte concentration       

 The concentration of electrolyte plays a vital role in the electrochemical processes 

hence, the effect of sodium sulphate concentration i.e. conductivity of electrolyte has been 

studied and presented in Figure 4.20. Na2SO4 has been selected as a supporting electrolyte 

and its concentration has been varied from 0.04 to 0.16 g L
-1

 to investigate its effect on 4-CG 

degradation. 4-CG degradation has been initially enhanced in the presence of Na2SO4 till it 

reaches optimum value i.e. 0.08 g L
-1

 and afterwards downfall in the degradation efficiency 

was observed. The electrolyte increases the conductivity of reaction solution and poses 

positive impact on degradation rates (Quan et al., 2007). However, after reaching a certain 

concentration, SO4
2-

 exhibit inhibition effect on catalytic oxidation as it causes blocking of 
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active sites of photo-catalyst accordingly reducing the adsorption of pollutant on catalyst 

surface (Mahmoodi et al., 2011). 

 

Fig. 4.20 Effect of electrolyte concentration on PEC degradation of 4-CG 

 

4.2.2.3 Effect of external current        

 The effect of external current on PEC degradation of 4-CG has been investigated from 

0.01 to 0.04 A. The photodegradation of 4-CG versus various external applied current has 

been shown in Figure 4.21. An obvious positive effect of external current till a certain value 

was observed on PEC degradation of 4-CG as it facilitates the transfer of e
-
/h

+
 leading to 

reduced recombination rates. The highest degradation using Au/TiO2 nanotube electrodes has 

been observed when the external current was 0.03 A. When the current exceeding 0.03 A has 

been supplied, gradual decrease in the degradation was observed which might be due to the 

initiation of several side reactions (Zhang et al., 2012). 
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Fig. 4.21 Effect of external current on PEC degradation of 4-CG 

4.2.2.4 Effect of pH          

 The influence of pH from 3 to 11 on the PEC degradation of 4-CG has been studied 

and illustrated in Figure 4.22. Acidic conditions (pH 3) have been observed to favour the 

degradation of 4-CG however, reduced degradation was observed under neutral (pH 7) and 

alkaline (pH 11) conditions. The reduced degradation efficiency under neutral and alkaline 

conditions might be due to the insufficient generation of active hydrogen under these 

circumstances (Cui et al., 2008). Also, pH values lower than the TiO2 (pH 6.5) point of zero 

charge imparts positive charge to the catalyst surface and facilitates the transfer of photo-

generated charged species (Leng et al., 2006). 

 

Fig. 4.22 Effect of pH on PEC degradation of 4-CG 
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4.2.3. Hydroxyl radical detection and quantification      

 The detection and quantification of 
•
OH radicals have been performed to further 

validate the obtained results. The intensity of hydroxyl radical production has been measured 

at 425 nm and the results are presented in Figure 4.23. It can be clearly seen that Au/TiO2 

nanotube electrode exhibited many folds increased performance towards the production of 

radicals when compared to bare TiO2 nanotube electrode after 6 h of exposure time. 

Furthermore, the concentration of hydroxyl radical has been determined by the standard 

curve of 2-HTA. Au/TiO2 electrode yielded 105 mM of 
•
OH radical concentration however, 

the yield was merely 30.84 mM, when bare TiO2 nanotube electrode has employed. Thus, 

Au/TiO2 nanotube photoelectrode exhibited higher activity in terms of degradation and 

mineralization of organic pollutant when compared to TiO2 nanotube electrode. 

 

Fig. 4.23 
•
OH radical production using TiO2 and Au/TiO2 nanotube electrode 

 

4.2.4. GC/MS analysis for intermediates identification     

 The intermediate products formed during the PEC degradation of 4-CG using 

Au/TiO2 nanotube electrode have been identified through GC-MS analysis and are shown in 

Table 4.4. On the basis of GC/MS analysis intermediates (A-K) have been identified and are 

presented along with their molecular formula and structure. 
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Table 4.4 Identified intermediate compounds for 4-CG photoelectrocatalytic degradation 

under optimized conditions  

Compound                   Main Fragment                 Molecular                        Molecular 

(m/z)                                                                         formula                            structure 

 

 

4-CG                                     158                              C7H7ClO2 

 

 

 

A                                          142                               C7H7ClO 

 

 

B                                           112                               C6H5Cl 

 

 

C                                           128                                             C6H5ClO2 

 

 

D                                          130                               C6H7ClO 

 

 

E                                           114                               C6H7Cl 

 

 

F                                             88                               C4H5Cl
 

 

 

G                                           80                                C6H8 

 

 

H                                            76                              C3H4Cl
 

 

OH

Cl

OCH3

Cl

OCH3

Cl

Cl

OH

Cl

OH

Cl

Cl

Cl
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I                                               72                            C3H4O2 

 

 

J                                              54                            C6H4
 

 

 

K                                              44                           C2H4O
 

 

When compared to TiO2 and Au/TiO2, Cs/TiO2 nanotube electrodes exhibited higher 

degradation efficiency of 92% against the degradation of 4-CG after 6 h treatment time under 

solar irradiations. The probable reason might be that the yield of 
•
OH radical concentration 

was higher in the case of Cs/TiO2 nanotube electrodes (118.7 mM), when compared to 

Au/TiO2 (105 mM) and TiO2 (30.84 mM) nanotube electrodes. A comparative assessment of 

TiO2, Cs/TiO2 and Au/TiO2 nanotube electrodes have been shown in Table 4.5. 

Table 4.5 Comparative assessment of synthesized electrodes in terms of 4-CG degradation 

and 
•
OH radical generation 

Type of 

electrode 

Degradation 

efficiency (%) 

Average 

treatment 

time (min) 

Light 

source 

•
OH radical 

concentration 

(mM) 

TiO
2
 48 360 UV 30.84 

Cs/TiO
2
 92 360 Solar 118.7 

Au/TiO
2
 84 360 UV 105 

 

 

 

 

 

O OH

HO
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4.3 Photoelectrocatalytic degradation of PCP using GO/TiO2 nanotube electrodes  

 After achieving the significant degradation efficinecy of 4-CG using Cs/TiO2 and 

Au/TiO2 electrodes, PCP was selected for the PEC degradation. PCP is a highly-chlorinated 

hydrocarbon widely used as a broad-spectrum biocide and wood preservative (Lewandowski 

and Filippi, 1998; Hong and Zeng, 2002). PCP has been regarded as a priority pollutant on 

the United States Environmental Protection Agency (USEPA) list due to its toxic and 

carcinogenic nature. It has been widely present in the ground water and soil due to its poor 

handling and disposal techniques (McGinnis et al., 1991). Due to the persistence of PCP in 

soil, its migration to groundwater aquifers may pose risk to human beings (Lee et al., 1991; 

Rao, 2013). The adverse effects of PCP on ecological receptors and human may include: 

alteration in the electrical conductivities of biomembranes and inhibition of cellular enzymes 

(Umemura et al., 1999); exhibition of carcinogenic, teratogenic and reproductive effects in 

animal and humans due to cell mutations (Lewis and Irving, 2003); and adverse effects on 

terrestrial and aquatic flora and fauna (Repetto et al., 2001). The physicochemical properties 

of PCP have been presented in Table 4.6. 

Table 4.6 Physicochemical properties of PCP 

Name of the compound Pentachlorophenol 

IUPAC Name 2,3,4,5,6-pentachlorophenol 

Molecular weight 266.323 g/mol 

Molecular formula C6Cl5OH or C6HCl5O 

Boiling point 309-310 °C 

Melting Point 174 °C 

Structure 

 

 

4.3.1 Characterization of GO/TiO2 nanotube electrodes    

 GO/TiO2 photoelectrodes have been synthesized by the in-situ anodization method 

and used for the PEC degradation of PCP (20 mg L
-1

) as discussed in section 3.2. It has been 

reported that incorporation of graphene oxide on TiO2 nanotubes array could highly promote 

photocatalysis on contaminants (Cheng et al., 2014; Kusumwati et al., 2014). The synthesized 
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TiO2 and GO/TiO2 nanotube electrodes have been characterized using FE-SEM, XRD, 

Raman spectra, UV-vis DRS, XPS, FTIR and PL spectra. 

4.3.1.1 FE-SEM and EDS analysis        

 FE-SEM images of TiO2 nanotube electrodes and GO/TiO2 electrodes have been 

shown in Figure 4.24(a) and (b), respectively. Table 4.7 presents the EDS analysis of 

synthesized electrodes. TiO2 nanotube electrode displayed porous surface and well aligned 

TiO2 nanotubes with top end open formed onto the surface of Ti sheet with tube diameter 

ranging from ~ 20 to 25 nm and thickness of wall ~ 2 to 5 nm. It has been observed that the 

morphology of TiO2 nanotube electrodes has greatly changed when decorated with GO 

particles. On comparing Figure 4.24(a) and 4.24(b), it can be observed that after electro-

deposition, GO particles have been located at TiO2 nanotubes covering most of its surface 

and has been seen to coexist with the rest of the uncovered region. The obtained FE-SEM 

results have been observed to be in good agreement with the previously reported studies (Yun 

et al., 2012). 

 

Fig. 4.24 FE-SEM images of (a) TiO2 and (b) GO/TiO2 nanotube electrodes 

 

Table 4.7 EDS analysis of (a) TiO2 and (b) GO/TiO2 nanotube electrodes 

Element C O Ti Totals 

Weight (%) 

(a) 0.00 29.74 70.26 100.00 

(b) 10.45 32.62 56.93 100.00 
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4.3.1.2 X-ray diffraction study        

 The X-ray diffraction patterns of TiO2 and GO/TiO2 nanotube electrodes have been 

shown in Figure 4.25. TiO2 nanotube electrodes have been observed to be mostly comprised 

of anatase TiO2 and their characteristic peaks have been obtained at 25.33° (310), 38.40° 

(331), 48.00° (530), 53.99° (432), 62.91° (641), 74.14° (204) and 76.17° (652) (JCPDS No. 

21-1272). The diffraction peak at 25.33° has been allocated to the characteristic diffraction 

peak of (002) plane of graphite (JCPDS No. 41-1487). GO/TiO2 nanotube electrodes 

possessed the characteristic peaks of anatase TiO2 and Graphite. Very small difference in the 

diffraction peaks and angle has been observed after GO doping indicating the unchanged 

crystal phase of TiO2 nanotube electrodes.   

 

Fig. 4.25 XRD pattern of TiO2 and GO/TiO2 nanotube electrodes 

 

4.3.1.3 Raman measurements         

 For the further confirmation of the presence of GO in GO/TiO2 nanotube electrodes, 

Raman measurements has been conducted and the obtained spectra has been shown in Figure 

4.26. TiO2 nanotube electrodes displayed four characteristic peaks at round 142 (A), 396 (B), 

514 (C) and 639 (D) cm
-1

, attributed to the presence of anatase TiO2 in A1g + 2B1g + 3Eg 

modes (Cheng et al., 2014). Two additional peaks at 1347 cm
-1

 (G1) and 1603 cm
-1

 (G2) 

were observed in GO/TiO2 nanotube electrodes which correspond to the band peaks of 

graphite. G1-peak indicates the presence of certain impurity atom or defect in the graphitic 

hexagonal layers, while G2-peak indicated the E2g graphite mode accounted to the sp
2
 bonded 
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C atom in hexagonal two-dimensional graphitic layer (Li et al., 2016). The intensity ratio of 

G1-band to G2-band (ID/IG) in GO/TiO2 nanotube electrodes was ~0.198.   

 

Fig. 4.26 Raman spectrum of TiO2 and GO/TiO2 nanotube electrodes 

 

4.3.1.4 XPS analysis          

 The oxidation state of TiO2 and GO/TiO2 nanotube electrodes have been studied using 

XPS analysis. The XPS survey as shown in Figure 4.27 depicts that both contain three main 

peaks of O 1s, Ti 2p and C 1s. The significant C 1s peak assigned to C-C (sp
2
) graphite bond 

can be observed at round 285.2 eV in the case of GO/TiO2 nanotube electrodes. The two 

additional peaks, one of Ti 2p at 460.2 eV and other of O 1s at 533.1 eV have also been 

observed indicating the presence of titanium at Ti
4+

 and O as crystal lattice oxygen 

confirming the formation of O-Ti-O (Yun et al., 2012). Hence, the XPS analysis supports the 

successful synthesis of GO/TiO2 nanotube electrodes. Small peak of C 1s in the TiO2 

nanotube electrodes can be due to the presence of adventitious hydrocarbons from the 

instrument itself.  
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Fig. 4.27 XPS analysis of TiO2 and GO/TiO2 nanotube electrodes 

 

4.3.1.5 UV-vis diffuse reflection spectrum       

 The UV-vis DRS of TiO2 and GO/TiO2 nanotube electrodes have been presented in 

Figure 4.28. TiO2 electrodes exhibited intense photoabsorbance in UV region while GO/TiO2 

nanotube electrodes showed photoabsorbance in visible region. GO/TiO2 nanotube electrodes 

displayed a red-shift to higher wavelength might be due to the presesnce of Ti-O-C bond 

between GO and TiO2 which alters the optical absorption edge (Zhang et al., 2009).  

 

Fig. 4.28 UV-vis diffuse reflection spectrum of TiO2 and GO/TiO2 nanotube electrodes 
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4.3.1.6 Photoluminescence spectrum        

 The photoluminescence (PL) spectra have been widely used to determine the surface 

structure, stoichiometry and the efficiency of transfer, trapping and migration of charge 

carrier, additionally to figure out the fate of e
-
-h

+
 pairs in semiconductors (He et al., 2013; 

Sellappan et al., 2013; Gu et al., 2013). The intensity of PL spectrum gives a direct estimation 

of electron-hole recombination rate i.e. more intense the spectrum, faster will be the 

recombination and lower intensity of spectrum indicates more trapping of excited electrons 

and their stable transfer through the interface. To study the effect of graphene doping on the 

electron-hole recombination rate, the PL spectra of TiO2 and GO/TiO2 has been determined 

and shown in Figure 4.29. Band at ~422 nm is due to the excitonic PL peaks trapped by 

surface states and defects (Liu et al., 2007). The emission signal at ~486 and ~545 nm may be 

attributed to the charge transfer from Ti
3+

 to oxygen vacancies present at the surface and 

presence of Ti site vacancies created in TiO2, respectively (Liu et al., 2008; Sasaki and 

Watanabe, 1997). After the binary composite GO/TiO2 has been formed, the PL intensity 

reduced markedly and few of the above mentioned peaks disappeared due to the photo-

excited electrons trapping by graphene oxide which could suppress the recombination rate 

resulting in higher PEC activity. 

 

Fig. 4.29 PL spectrum of TiO2 and GO/TiO2 nanotube electrodes 
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4.3.1.7 FTIR spectrum         

 The FTIR spectra of TiO2 and GO/TiO2 have been shown in Figure 4.30. Graphene 

oxide exhibits a peak at ~1738 cm
-1

 for C=O groups. The peaks at ~1216 cm
-1

 and a broad 

peak at ~3308 cm
-1

 have been designated to hydroxyl groups. Peak appearing at 1367 cm
-1

 

corresponds to carboxyl groups (Nethravathi and Rajamathi, 2008). The peak near ~591 cm
-1

 

has been assigned to Ti-O-Ti stretching (lattice vibration). The IR spectrum of TiO2 has been 

observed to be almost similar to GO/TiO2, this might be due to the low quantity of GO (15 

mg L
-1

) used in synthesizing the electrodes as well as non-uniform deposition of GO layer on 

the TiO2 surface as evident from FE-SEM images. The results are in agreement with the 

previous published findings wherein the IR spectrogram of TiO2 and GO-TiO2 nanoparticles 

has been reported to be almost similar (Liu et al., 2016). 

 

Fig. 4.30 FTIR spectrum of TiO2 and GO/TiO2 nanotube electrodes 

 

4.3.2 Parametric optimization for the degradation of PCP     

 The Box-Behnkem design (BBD) has been applied to find out the optimum conditions 

for the PEC degradation of PCP. Degradation efficacy and energy consumption has been 

taken as the responses. The four independent variables selected were applied current (X1), pH 

(X2), time (X3) and GO concentration (X4). The ranges of variables were 20-60 mA current, 

3-8 pH, 10-120 min time, 0.005-0.25 g/L GO concentration and their low (-1), centre (0) and 

high (+1) levels and have been illustrated in Table 4.8. 
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Table 4.8 BBD based experimental levels for independent variables 

Variables Symbols -1 0 +1 

Applied current (mA) X1 20 40 60 

pH X2 3 5 8 

Time (min) X3 10 65 120 

GO concentration (g/L) X4 0.005 0.15 0.25 

 

4.3.3 Model fitting and ANOVA analysis      

 Experiments performed as suggested by BBD have been shown in Table 4.9. The 

outputs have been fitted by using a second-order polynomial equation as shown in Eq.4.4 and 

Eq.4.5: 

Y1 = +4.00 – 4.98X1– 27.42 X2 + 16.00X3 + 4.95X4 + 4.84X1
2
 + 38.75X2

2
 + 13.87X3

2
 + 11.79  

X4
2
 + 6.43X1X2 – 10.25X1X3 + 1.75X1X4 + 5.75X2X3 + 0.92X2X4 + 10.00X3X4            (4.4) 

Y2 = + 7.470E-004 + 5.861E-004X1+ 1.425E-004X2 + 6.059E-004X3 + 3.348E-004X4 +  

1.316E-004X1
2
 + 8.455E-005X2

2
 + 2.392E-004X3

2
 + 1.068E-004X4

2
 + 4.838E- 005X1X2 + 

5.301E-004X1X3 – 3.519E-005X1X4 – 3.349E-004X2X3 + 2.813E-004X2X4 + 8.156E-

005X3X4                                                                                                                         (4.5) 

Where Y1 is the degradation efficacy; Y2 is the energy consumption (kWh); X1, X2, 

X3, X4 are the coded parameters i.e. applied current, pH, degradation time and GO 

concentration, respectively.  
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Table 4.9 Coded levels and real values for the BBD design experiments along with their 

actual and predicted degradation efficacy and energy consumption (kWh) 

Run Coded levels Degradation efficacy  

(Y1) 

Energy Consumption 

(kWh, Y2) 

X1 X2 X3 X4 Actual Predicted Actual Predicted 

1 0.000 0.000 0.000 0.000 4.00 4.00 7.470E-004 7.470E-004 

2 1.000 0.000 -1.000 0.000 9.00 11.98 6.380E-004 5.679E-004 

3 0.000 0.000 0.000 0.000 4.00 4.00 7.470E-004 7.470E-004 

4 0.000 1.000 0.000 1.000 35.00 32.98 1.761E-003 1.697E-003 

5 1.000 0.000 0.000 1.000 27.00 22.35 1.863E-003 1.871E-003 

6 0.000 0.000 0.000 0.000 4.00 4.00 7.470E-004 7.470E-004 

7 0.000 1.000 1.000 0.000 46.00 50.96 1.372E-003 1.484E-003 

8 0.000 0.000 0.000 0.000 4.00 4.00 7.470E-004 7.470E-004 

9 -1.000 0.000 0.000 1.000 25.00 28.80 1.023E-003 7.693E-004 

10 -1.000 0.000 -1.000 0.000 6.00 1.43 3.820E-004 4.559E-004 

11 0.000 0.000 0.000 0.000 17.00 18.72 2.967E-004 2.339E-004 

12 0.000 1.000 0.000 1.000 13.00 22.41 1.900E-005 2.926E-005 

13 1.000 0.000 0.000 1.000 91.70 86.41 1.429E-004 2.828E-004 

14 0.000 0.000 0.000 0.000 22.00 23.48 3.044E-003 2.840E-003 

15 0.000 1.000 1.000 0.000 15.00 7.46 8.090E-004 9.423E-004 

16 0.000 0.000 0.000 0.000 74.00 73.80 8.200E-005 -1.255E-005 

17 -1.000 0.000 0.000 1.000 64.00 60.61 1.940E-003 2.115E-003 

18 0.000 0.000 -1.000 -1.000 18.00 21.62 1.768E-003 1.740E-003 

19 -1.000 0.000 0.000 -1.000 4.00 4.00 7.470E-004 7.470E-004 

20 -1.000 -1.000 0.000 0.000 14.00 18.72 3.808E-004 4.712E-004 

21 1.000 0.000 1.000 0.000 82.00 94.30 1.984E-003 1.869E-003 

22 0.000 1.000 -1.000 0.000 28.00 21.26 7.097E-004 4.647E-004 

23 0.000 -1.000 -1.000 0.000 65.00 53.93 6.680E-004 6.074E-004 

24 0.000 0.000 1.000 1.000 8.00 8.96 9.997E-004 1.272E-003 

25 -1.000 1.000 0.000 0.000 35.00 30.72 1.190E-003 1.283E-003 

26 0.000 -1.000 1.000 0.000 6.00 8.61 7.200E-004 7.404E-004 

27 0.000 1.000 0.000 -1.000 73.00 67.61 1.336E-003 1.358E-003 

28 -1.000 0.000 1.000 0.000 79.00 77.93 8.090E-004 7.423E-004 

29 1.000 0.000 0.000 -1.000 82.34 85.99 7.350E-004 8.493E-004 
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The ANOVA (Analysis of variance) analysis from Table 4.10 indicates the response 

surface quadratic model was statistically significant and appropriate for representing the 

relation between the responses and variables with high F-value of 41.61 and very small P-

value of <0.0001. There is only 0.01% chance that this large ―Model F-value‖ could occur 

due to noise. In general, if P-value is less than 0.05, the design model is considered to be 

significant and can be used as statistical predictive model (Singh et al., 2015). Thus, very low 

P-value in present study indicated that the fitted quadratic model is valid. Coefficient of 

determination (R
2
), the ratio of explained variation to total variation, is also a measure of 

degree of fitness and has been shown in Table 4.5. In the present study, the R
2
 values of 

quadratic model for degradation efficacy and energy consumption are 0.9655 and 0.9689, 

respectively. Hence, it can be interfered that the predicted degradation efficacy and energy 

consumption from model are comparable to experimentally measured values owing to near 

unity values of R
2
.           

 The residual analysis has been shown in Figure 4.31, which is used to make sure 

feasibility between the assumptions and practical experimental values. The normal plot of 

residues Figure 4.31(a) shows that the standard deviation between actual and predicted 

degradation efficacy are in a reasonable range indicating no abnormal experimental results. 

The residuals vs. predicted degradation efficacy plot (Figure 4.31b) obtained by quadratic 

model fitting shows that the actual experimental results are randomly distributed within the 

±3.00 range of studentized residuals indicating that the fitted quadratic model is appropriate. 

Figure 4.31(c) shows the predicted vs. actual plot of degradation efficacy infering that they 

are in good synergy. All the plots for energy consumption have been observed to be similar 

as the plots of degradation efficacy. 
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Table 4.10 ANOVA table for the BBD RSM model 

Source Degradation efficacy Energy Consumption 

Sum of 

Squares 

D

F 

Mean 

Square 

F-

value 

P-value Sum of 

Squares 

D

F 

Mean 

Square 

F-value P-value 

X1 297.01 1 297.01 4.84 0.0452 4.123E-006 1 4.123E-006 143.81 <0.0001 

X2 9022.28 1 9022.28 146.9 <0.0001 2.438E-007 1 2.438E-007 8.50 0.0113 

X3 3072.00 1 3072.00 50.02 <0.0001 4.405E-006 1 4.405E-006 153.66 < 0.0001 

X4 293.44 1 293.44 4.78 0.0463 1.345E-006 1 1.345E-006 46.92 < 0.0001 

X1
2
 151.69 1 151.69 2.47 0.1384 1.123E-007 1 1.123E-007 3.92 0.0678 

X2
2
 9741.54 1 9741.54 158.6 <0.0001 4.637E-008 1 4.637E-008 1.62 0.2242 

X3
2
 1248.45 1 1248.45 20.33 0.0005 3.711E-007 1 3.711E-007 12.95 0.0029 

X4
2
 901.78 1 901.78 14.68 0.0018 7.400E-008 1 7.400E-008 2.58 0.1305 

X1X2 165.12 1 165.12 2.69 0.1233 9.361E-009 1 9.361E-009 0.33 0.5768 

X1X3 420.25 1 420.25 6.84 0.0203 1.124E-006 1 1.124E-006 39.21 < 0.0001 

X1X4 12.25 1 12.25 0.20 0.6620 4.953E-009 1 4.953E-009 0.17 0.6840 

X2X3 132.25 1 132.25 2.15 0.1644 4.486E-007 1 4.486E-007 15.65 0.0014 

X2X4 3.35 1 3.35 0.055 0.8187 3.166E-007 1 3.166E-007 11.04 0.0050 

X3X4 400.00 1 400.00 6.51 0.0230 2.661E-008 1 2.661E-008 0.93 0.3517 

Model 24040.8 14 1717.21 27.96 <0.0001 1.249E-005 14 8.919E007 31.11 < 0.0001 

Error 0.000 4 0.000   0.000 4 0.000   

Total 24900.7 28    1.289E-005 2    

 R
2
 = 0.9655, Adj R

2 
= 0.9309, Predicted R

2
 = 

0.8011, CV = 24, Precision = 16.476 

R
2
 = 0.9689, Adj R

2
 = 0.9377, Predicted R

2
 = 0.8206, 

CV = 17.28, Precision = 23.425 

 

It has been evident from ANOVA table (Table 4.10) that, X1 (applied current), X3 

(degradation time) and X4 (GO concentration) are the significant variables and X1X3 is the 

significant interaction with P-value <0.0001. 
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Fig. 4.31 (a) Normal plot of residuals, (b) Residuals vs. predicted plot, (c) Predicted vs. 

actual plot for percentage degradation 
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The effect of applied current and GO concentration on PEC degradation of PCP at 

constant pH 5.5 and degradation time 65 min has been shown in Figure 4.32(a). The GO/TiO2 

nanotube electrodes showed the highest degradation efficiency of PCP when applied current 

and GO concentration has been kept 34 mA and 0.145 mg L
-1

, respectively. Application of 

applied potential improves the oxidation of pollutant on the GO/TiO2 nanotube 

photoelectrode. The involvement of an electric field allows separation of photogenerated 

charge carriers (e
-
 and h

+
) by the movement of charges in different directions via the anode 

and cathode thereby, reducing the recombination. It has been observed that with the increase 

in applied potential, PCP degradation increases until a value of 20.68 mA and then, gradually 

decreases with increasing potential. This could be due to the evolution of hydrogen and 

cathodic reduction of H2O2 to H2O side reactions which affect electro generation of H2O2 at 

potential higher than 20.68 mA (Bagotskii
 
et al., 1965; Sahoo et al., 2012). The presence of 

GO improved the conductivity of photoelectrodes so the degradation of PCP was maximum 

with lower applied potential. Moreover, the use of an external applied field combined with 

UV light irradiation enhanced the degradation of PCP with time. The H2O2 electro generated 

by O2 reduction on GO surface has been activated with UV irradiations producing hydroxide 

radicals, which were responsible for decomposition of PCP in the PEC process. 

Figure 4.32(b) and 4.32(c) showed that degradation rate decreased with increasing pH 

of the PCP aqueous solution from pH 3-8. Higher degradation efficiency has been attained in 

the acidic environment when compared to alkaline and neutral environment. At pH values 

lower than the point of zero charge of TiO2 i.e. 6.5, the surface of catalyst becomes positively 

charged resulting in easily transfer of photoelectrons (Leng et al., 2006) consequently; 

recombination of e
-
/h

+
 has been decreased facilitating the photocatalytic reactions. 

The significant enhancement in PEC efficiency with GO/TiO2 nanotube electrode 

could be attributed to the synergic effect between electrochemical and photocatalytic process, 

the decorated GO layer significantly improved the ability of light absorbance in GO/TiO2 

nanotube electrode. Moreover the applied potential and existence of GO in GO/TiO2 

nanotube electrode were favorable in inhibiting the recombination of photogenerated charge 

carriers and reducing the transfer resistance of electrons (Li et al., 2016).  

In the case of energy consumption, highest effect on the response was of degradation 

time with F value of 153.66. Applied current, GO concentration and pH of the solution have 

been found to exhibit less effect on energy consumption during the reaction. Figure 4.33 

demonstrates the effect of degradation time, applied current, GO concentration and pH on the 
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energy consumption during PEC process. It can be observed that with increase in applied 

current and degradation time, energy consumption increases, whereas GO concentration and 

initial pH of the solution showed marginal effect on the energy consumption. 

 

 

Fig. 4.32 3-D response surface graph for the photoelectrocatalytic degradation of PCP (a) 

degradation efficacy vs. GO concentration and applied current; (b) degradation efficacy vs. 

degradation time and pH; (c) degradation efficacy vs. GO concentration and pH; (d) 

degradation efficacy vs. GO concentration and degradation time. 

 

 

Fig. 4.33 3-D response surface graph for the photoelectrocatalytic degradation of PCP (a) 

Energy consumption vs. pH and applied current (b) Energy consumption vs. GO 

concentration and degradation time 
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4.3.4 Optimum conditions and verification 

With the help of BBD, the optimal operational parameter values have been predicted. 

Table 4.11 presents the optimum values for degradation efficiency (Y1) and energy 

consumption (Y2). The predicted response data for variables have also been presented. 

Verification experiments have been performed under optimum operating conditions (applied 

current 20.68 mA; pH 3.14; GO concentration 15 mg L
-1

 and degradation time 93 min). The 

experiments have been performed in triplicate to authenticate the output and yielded an 

average PCP degradation efficiency of 91.56%, and energy consumption of 0.0034 kWh L
-1

. 

TOC removal of 85% has been achieved under optimized conditions. The good agreement 

between predicted and actual experimental results verified the existence of an optimal point 

and validity of model. 

 

Table 4.11 Predicted and actual values for degradation efficacy and energy consumption at 

optimum conditions (20.68 mA, pH 3.14, 93 min and 15 mg L
-1

 GO) 

Degradation Efficacy (%) Predicted 

 

Experimental 

 

93.9 91.56 

Energy consumption (kWh) 

 

0.00056 0.00068 

 

4.3.5 Scavengers study 

In order to further appraise the role of active species like hydroxyl radical (
•
OH), 

superoxide ions (
•
O2

-
)
 
and holes (h

+
), different type of scavengers have been introduced in the 

reaction system. Figure 4.34 showed the PEC activity of GO/TiO2 photo-electrode against 

PCP under the influence of various scavengers. Without any scavengers, PCP degradation 

efficacy has been 91% after 93 min of irradiation. When IPA as a 
•
OH scavenger has been 

added into the reaction system, the PCP degradation efficacy (53.7%) has been suppressed 

significantly. Furthermore, when EDTA and L-ascorbic acid have been supplemented in the 

system, the PCP degradation decreased moderately. By the observation, it can be concluded 

that each selected reactive species performed significant role in regulating PEC process, and 

involvement of 
•
OH has been majorly responsible for PCP removal. 
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Fig. 4.34 Effect of different scavenger on PEC degradation of PCP 

 

4.3.6 Quantification of 
•
OH radicals 

It has been a well known fact that produced as major species are responsible for the 

oxidative degradation of pollutants (Li et al., 2012). As can be seen in Figure 4.35, the PL 

intensity at around 425 nm of GO/TiO2 electrode has been much higher than TiO2 electrode 

indicating the higher contribution of GO/TiO2 (135 mM) anode in 
•
OH production as 

compared to TiO2 nanotube electrode (32.46 mM). It can also be observed that the exposure 

to irradiation could increase the generation of hydroxyl radicals, which could improve the 

degradation efficacy.  

 

Fig. 4.35 PL spectra of GO/TiO2 and TiO2 photoelectrodes with and without UV irradiation 

4.3.7 PCP decomposition pathway and intermediate identification 
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The intermediates formed during the decomposition process have been identified 

using LC/MS (Figure 4.36) and has been shown in Figure 4.37. Identification of primary 

degradation products allowed the prediction of tentative interlinking pathways for PCP 

decomposition. The pathway begins with the oxidative dechlorination of PCP (a, m/z 265.84, 

C6HCl5O) at para position and the mass pattern was found to be matching with 

tetrachlorohydroquinone (b) having m/z 247.87 with empirical formula C6H2Cl4O2. 

Formation of (b) has also been reported previously in photocatalytic degradation process of 

PCP (Mill and Hoffmann, 1993; Silva et al., 2012). As the decomposition reaction precedes, 

the isomers of dichlorohydroquinone (c), (d) and (f) have been obtained, which on further 

decomposition furnished (g). 2,6-dichlorohydroquinone (f) came from the reductive 

dechlorination at ortho position, while 2,5-dichlorohydroquinone (c) has been formed by the 

substitution of chlorine atom by hydrogen atom at ortho and meta positions. It has been 

documented in the literature that, presence of hydroquinones can be detected when 
•
OH exists 

in the PCP aqueous solution (Jardim et al., 1997). Formation of chlorohydroquinone (e, m/z 

143.99, C6H5ClO2) took place by the reductive dechlorination of (d). C6H6O (g, m/z 93.46) 

has been formed by further removal of Cl from the compound. Furthermore, the 

decomposition reaction of (e) leads to the formation of (h) (m/z 175.96, C6H3ClO4
•-
) and (i) 

(m/z 83.04, C5H7O
•
). The formed end products clearly indicate the breakdown of PCP which 

has been otherwise considered recalcitrant in nature. 
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Fig. 4.36 Mass spectrum of intermediates formed during the PEC degradation 
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Fig. 4.37 Identified intermediate products and proposed degradation pathway of PCP 
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On the basis of detailed study as described above, photoelectrocatalytic degradation of 

PCP using GO-TiO2 nanotube electrodes can be summarized as shown in Figure 4.38. 

 

 

Fig. 4.38 PEC degradation of PCP using GO/TiO2 nanotube electrodes 

 

4.4 PEC degradation of PCP using Ag loaded GO/TiO2 nanotube electrode   

 The considerable degradation of PCP was observed when GO/TiO2 electrode was 

used. Afterwards, Ag loaded GO/TiO2 nanotube photoelectrode was fabricated through 

anodization method for the PEC treatment of PCP. The synthesized electrode has been 

characterized for its physicochemical properties and compared with TiO2 and GO/TiO2 

nanotube elctrodes. The PEC performance of Ag loaded GO/TiO2 nanotube photoelectrode 

has been evaluated for the degradation of PCP. The influence of reactive species on the PEC 

process has been examined. Moreover, degradation intermediates have also been identified 

and reported. 
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4.4.1. Characterization of Ag-GO/TiO2 electrodes      

 The laboratory synthesized electrodes have been characterized for their physical and 

chemical characteristics using various physicochemical analysis techniques. 

4.4.1.1 FE-SEM and EDS analysis        

 In order to examine the structural characteristics of TiO2, GO/TiO2 and Ag-GO/TiO2 

nanotube electrodes, samples have been subjected to FE-SEM and their surface properties 

were investigated. As shown in the Figure 4.39, well aligned porous TiO2 nanotubes have 

been formed over Ti substrate with open top end. Figure 4.39(b) shows that GO nanoparticles 

are attached to the TiO2 top layer and coexist with rest of the uncovered region. Further, 

electrodeposited Ag nanoparticles can be seen as dark colour stably seated particles over 

TiO2 nanotube (Figure 4.39c). The results indicated scattered presence of GO and Ag 

nanoparticle clusters over TiO2 electrode. The presence of TiO2, GO and Ag on the electrode 

surface can be confirmed with EDS as presented in Table 4.12. 

Table 4.12 EDS analysis of Ag-GO/TiO2, GO/TiO2 and TiO2 nanotube electrodes 

Element C O Ti Ag Totals 

Weight (%) 

Ag-GO/TiO2 4.49 26.30 66.94 2.27 100.00 

GO/TiO2 10.45 32.62 56.93 0.00 100.00 

TiO2 0.00 29.74 70.26 0.00 100.00 

 

 

Fig. 4.39 FE-SEM image of (a) TiO2, (b) GO/TiO2 and (c) Ag-GO/TiO2 nanotube electrodes 

4.4.1.2 X-ray diffraction study 
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The XRD patterns of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes have been 

shown in Figure 4.40. All synthesized nanotube electrode showed the TiO2 anatase 

diffraction peaks at 25.6° (101), 38.6° (111), 48.2° (200), 63.2° (204), 72.1° (220) and 76.4° 

(215) (JCPDS No. 21-1272) planes which favoured better photocatalytic oxidation than rutile 

phase. In GO/TiO2 and Ag-GO/TiO2 nanotube electrodes a peak at 41.3° (002) of graphene 

oxide has been observed indicating the successful loading of GO. When compared to TiO2 

and GO/TiO2 electrodes, the XRD pattern of Ag-GO/TiO2 nanotube electrode exhibits two 

additional peaks at 44.3° and 77.4° corresponding to (200) and (311) reflections (JCPDS No. 

65-2871) which can be indexed to cubic structure of Ag. Overlapping of few peaks has also 

been observed. The results confirmed that the Ag nanoparticles have been successfully 

anchored to the GO/TiO2 nanotube electrode. 

 

Fig. 4.40 XRD pattern of (a) TiO2, (b) GO/TiO2 and (c) Ag-GO/TiO2 nanotube electrodes 

 

4.4.1.3 UV-vis diffuse reflection spectroscopy      

 To examine the optical response of Ag-GO/TiO2 nanotube electrodes UV-vis 

spectroscopy has been carried out and shown in Figure 4.41. The adsorption edge below 387 

nm was due to the wide band gap (3.2 eV) of TiO2. The adsorption edge near ~400 nm can be 

ascribed to the band to band transition of TiO2 (anatase). When loading of GO and Ag has 

been performed, increase in the absorption between 600- 800 nm has been observed ascribed 

to the interaction of TiO2 with GO and Ag.  
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Fig. 4.41 UV-vis diffuse reflection spectrum of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube 

electrodes 

 

4.4.1.4 Raman measurements        

 Raman spectroscopy has been performed to further confirm the presence of Ag and 

GO in Ag-GO/TiO2 nanotube electrodes as shown in Figure 4.42. TiO2 nanotube electrodes 

exhibited four characteristic peaks at ~142 (Eg), ~396 (B1g), 514 (A1g) and 639 (Eg) cm
-1

, 

ascribed to the existence of anatase TiO2 in A1g + 2B1g + 3Eg modes (Cheng et al., 2014). 

GO/TiO2 nanotube electrode displayed two additional peaks at ~1347 cm
-1

 (D) and ~1603 

cm
-1

 (G), originated due to the presence of graphite. The D peak indicates the presence of 

some impurity atom or defects in the hexagonal layers of graphite, while the G peak has been 

related to the E2g graphite mode accounted to sp
2
 bonded C atoms in the two-dimensional 

hexagonal graphite layer (Zickler et al., 2006). After Ag loading, no distinct change in the 

number of peaks has been observed when compared to GO/TiO2 nanotube electrodes. The 

possibility of Ag deposition on the surface of prepared GO/TiO2 sheets increases, since Ag
+
 

ions might react with the oxygen containing functional groups of GO.  
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Fig. 4.42 Raman spectrum of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes 

 

4.4.1.5 FTIR spectrum         

 The FTIR spectra of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes have been 

shown in Figure 4.43. The band identified near ~1216 and ~3308 cm
-1 

are superposition of O-

H stretching of hydroxyl groups associated with graphene and TiO2 (anatase) surfaces. The 

bands observed at 1635 cm
-1 

are designated to the C-C vibrations of GO. The peak appearing 

at ~591 cm
-1

 is assigned to Ti-O-Ti bond bending and stretching (McDevitt and Baun, 1964). 

GO exhibits a peak at ~1738 cm
-1

 for C=O groups. The XRD results clearly indicates highly 

crystallized TiO2, thus, there is possibility of formation of C-O-Ti bonds in the nanotube 

electrode. The IR spectrum of Ag loaded GO/TiO2 is similar to that of GO/TiO2 nanotube 

electrode, suggesting that Ag loading does not change the structure of GO/TiO2 electrode.  
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Fig. 4.43 FTIR spectrum of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes 

 

4.4.1.6 PL spectrum          

 The PL spectrum has been used to figure out the fate of e
-
-h

+
 pairs in semiconductors 

in terms of their recombination rate (Gu et al., 2013). The intensity of spectrum gives a direct 

estimation of electron-hole recombination rate which means that lower intensity of PL 

spectrum indicates more trapping of excited electrons and their stable transfer through the 

interface. To study this effect of Ag loading on the electron-hole recombination rate, the PL 

spectra of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrode has been determined as shown 

in Figure 4.44. Band at ~422 nm is due to the excitonic PL peaks trapped by surface states 

and defects (Liu et al., 2007). The emission signal at ~486 and ~545 nm may be attributed to 

the charge transfer from Ti
3+

 to oxygen vacancies present at the surface and presence of Ti 

site vacancies created in TiO2, respectively (Liu et al., 2008). After the ternary composite Ag 

loaded GO/TiO2 has been formed, the PL intensity reduced markedly and few of the above 

mentioned peaks disappeared due to the photo-excited electrons trapping by Ag and GO, 

which would subsequently suppress the recombination rate resulting in higher 

photoelectrocatalytic activity. 
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Fig. 4.44 PL spectrum of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes 

 

4.4.1.7 XPS analysis         

 Figure 4.45 represents XPS survey spectra of prepared electrodes, demonstrating the 

presence of Ag, Ti, C and O atoms. At intensities of 285, 368, 372, 457 and 530 eV, chemical 

binding energies have been represented as C 1s, Ag 3d5/2, Ag 3d3/2, Ti 2p3/2 and O 1s, 

respectively. The significant C 1s peak has been assigned to C-C (sp
2
) graphite bond and 

peaks of Ti 2p and O 1s indicates the presence of titanium and O as crystal lattice oxygen 

confirming the formation of O-Ti-O (Yun et al., 2012). Hence, the XPS analysis also supports 

the successful synthesis of Ag-GO/TiO2 nanotube electrodes. 

 

Fig. 4.45 XPS spectrum of TiO2, GO/TiO2 and Ag-GO/TiO2 nanotube electrodes 
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4.4.2 PEC removal of PCP using Ag-GO/TiO2 nanotube electrodes   

 Degradation study of PCP has been performed using photoelectrocatalytic treatment 

process under different reaction conditions and the optimized parameters were identified. 

4.4.2.1 Effect of Ag loading         

 Generally, deposition of Ag nanoparticles on the surface of TiO2 enhances 

photocatalytic activity (Sung-Suh et al., 2004) however; the activity highly depends on the 

amount of loaded metal. To assess this effect, Ag has been loaded onto GO/TiO2 nanotube 

electrodes with varying proportion from 0.15 to 0.60 mM. As shown in Figure 4.46, 

photoeletrocatalytic degradation of PCP has been enhanced with the increasing concentration 

of Ag upto a certain extent and thereafter the degradation efficacy decreased. This effect 

might be due to the formation of Schottky barrier at metal and semiconductor interface 

indicating strong inhibition of electron and hole recombination as reported earlier for other 

noble metals (Subramanian et al., 2001; Bannat et al., 2009). Further, the excessive Ag 

loading reversed the increasing trend of PEC activity; might be due to the shielding of 

activation sites by superfluous Ag and perhaps also due to the reduced penetration of photons 

inside the porous layer. 

 

Fig. 4.46 Effect of Ag concentration on PEC degradation of PCP 
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4.4.2.2 Effect of pH          

 The influence of initial pH value on the PCP degradation rate has been shown in 

Figure 4.47. The degradation efficiency has been found to be highest at pH 3, and decreased 

both in neutral as well as alkaline conditions. The formation of active hydrogen is pH 

dependent and lower pH values can expedite their generation by electroreduction of the 

hydrogen ions (H
+
), which further can efficaciously degrade PCP. In alkaline or neutral 

environment, enough active hydrogen could not be generated by H2O electrolysis resulting in 

unsatisfactory PEC activity (Cui et al., 2008). PCP in the alkaline solution can dissociate to 

form phenoxide ion by donating a proton to H2O or OH
-
 which can compete with 

•
OH active 

sites on anode surface resulting in a low degradation rate (Yu et al., 2014). 

 

Fig. 4.47 Effect of pH on PEC degradation of PCP 

 

4.4.2.3 Effect of conductivity         

 The effect of electrolyte concentration (Na2SO4) on the PCP degradation efficacy has 

been evaluated and shown in Figure 4.48. The conductivity of reaction mixture and PCP 

degradation rate increased with increasing concentration of supporting electrolyte. At lower 

sulphate concentration, smaller pollutant degradation has been observed because low 

electrolyte concentration leads to higher solution resistance (Hu et al., 2016). Increase in the 

electrolyte concentration beyond a limit did not favour increased removal rate, which may be 

attributed to the fact that, at higher electrolyte concentration oxygen evolution potential is 

decreased hence, side reactions for O2 evolution are favoured instead of oxidation of organic 
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pollutant (Tiwana et al., 2011). The optimum electrolyte concentration was found to be 0.1 g 

L
-1

. 

 

Fig. 4.48 Effect of conductivity on PEC degradation of PCP 

 

4.4.2.4 Effect of applied current        

 The importance of choosing the befitting applied current for the PCP degradation has 

been scrutinized by the application of diverse electrode potential ranging from 0.01 to 0.04 A 

as shown in Figure 4.49. PCP degradation efficiency increased from 72 to 87%, when the 

applied current was increased from 0.01 to 0.02 A, but further increase in current did not 

raise the removal rate. In general, with increasing value of applied current, the separation of 

electron-hole pairs increased, thus, resulting in higher degradation efficiency. However, after 

reaching an optimum value, further increase in the current value would not achieve increase 

in degradation rate.  The probable reason might be the separation of photogenerated electrons 

and holes reached saturation (Zhang et al., 2012). 
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Fig. 4.49 Effect of applied current on PEC degradation of PCP 

 

4.4.3 Comparison of PC, EC and PEC processes      

 The degradation of PCP has been assessed using TiO2, GO/TiO2 and Ag-GO/TiO2 

nanotube photoelectrodes by simultaneous PC, EC and PEC processes. It can be observed in 

Figure 4.50 that greater PCP removal has been obtained with Ag-GO/TiO2 photoelectrode in 

all the three treatment processes after 25 min of irradiation, when compared to TiO2 and 

GO/TiO2 nanotube photoelectrodes. The pattern of TOC reduction has also been observed to 

be Ag-GO/TiO2> GO/TiO2> TiO2 with corresponding TOC reduction of 78, 65, 54%, 

respectively. Moreover, chloride concentration in aqueous phase has been determined as an 

indication of fragmentation of PCP into simpler low molecular weight compounds. Chloride 

concentration has been observed to be 53, 38 and 32 mg L
-1

 Cl
-
 after 25 min of 

photoelectrocatalytic process with Ag-GO/TiO2, GO/TiO2 and TiO2 photoelectrodes, 

respectively. The improved performance of PEC process has been attributed to the synergistic 

effect of PC and EC processes. 
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Fig. 4.50 PC, EC and PEC performance of synthesized electrodes 

 

4.4.4 Hydroxyl radical generation        

 To study the contribution of 
•
OH in the degradation system, the fluorescent peak of 2-

hydroxyterephthalic acid at 425 nm has been monitored. It is a well known fact that the 
•
OH 

produced as major species are responsible for the oxidative degradation of pollutants (Li et 

al., 2012). As can be seen in Figure 4.51, the PL intensity at around 425 nm of Ag loaded 

GO/TiO2 electrode was much higher than GO/TiO2 and TiO2 nanotube electrodes indicating 

the higher contribution of Ag-GO/TiO2 anode (152 mM)  in 
•
OH production. It can also be 

established from the results that the exposure to UV irradiation increases the generation of 

hydroxyl radicals, which further improve the degradation efficacy. 
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Fig. 4.51 Fluorescence spectra of hydroxyl radical production by synthesized electrodes 

 

4.4.5 Effect of additives         

 In order to assess the role of active species like 
•
OH (hydroxyl radical), 

•
O2

- 

(superoxide ions) and h
+ 

(holes), a series of scavengers have been used in the reaction system. 

Figure 4.52 showed the PEC activity of Ag loaded GO/TiO2 photoelectrode towards PCP 

degradation under the influence of different scavengers. In this study, iso-propyl alcohol 

(IPA) has been added as a 
•
OH scavenger (Li et al., 2009), disodium 

ethylenediaminetetraacetate (EDTA) has been used as h
+ 

scavenger (Cui et al., 2014) and L-

ascorbic acid as scavenger of 
•
O2

-
 (Xu et al., 2016). In the absence of scavengers, PEC 

degradation rate of PCP has been observed to be 87% in 25 min irradiation. When IPA was 

added to reaction system as a hydroxyl radical scavenger, the degradation efficiency of PCP 

was significantly suppressed to 43.7%. Furthermore, when EDTA and L-ascorbic acid were 

added, the degradation rate was moderately decreased to 49 and 56%, respectively. Through 

the observation, it can be concluded that each reactive species performed significant role in 

regulating the degradation efficiency of PEC treatment, and the involvement of 
•
OH was 

primarily responsible for the PCP removal. 
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Fig. 4.52 Effect of different scavengers on PCP degradation 

 

4.4.6 Reusability of synthesized electrode       

 For practical applications, reusability of the nanotube electrode is of vital concern. 

The reusability of Ag-GO/TiO2 photoelectrode has been evaluated by repeating the use of 

synthesized electrode in the PEC degradation of PCP under optimized conditions (0.30 mM 

Ag, pH 3, 0.02 A applied current, 0.1 g L
-1

 Na2SO4 and 250 mL PCP) for 15 cycles. After 

each cycle, the electrode has been washed by deionized water and dried before using in the 

next experiment with fresh PCP (20 mg L
-1

) solution. The PEC activity of synthesized 

electrodes decreased marginally from 87 to 83.6% after six repeated cycles and furthers 

decreased to 67% by the end of fifteenth cycle as shown in Figure 4.53, highlighting the 

reusability potential of Ag-GO/TiO2 nanotube photoelectrode. The slight loss in the PEC 

activity after repeated usage may be ascribed to the reduction of active sites due to the 

adsorption of contaminants. Moreover, synthesized Ag-GO/TiO2 nanotube electrode has been 

observed to be stable after repeated usage in PEC degradation process since no corrosion 

effects were visible even after 15 cycles. 
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Fig. 4.53 Reusability study of Ag-GO/TiO2 nanotube electrode 

 

4.4.7 Identification of Intermediates formed during PCP degradation   

 Intermediates formed during the PEC degradation process has been identified by 

LC/MS analysis. Figure 4.54 shows the TIC chromatograms and Fig. 4.55 depicts the ESI 

mass spectra recorded with positive mode for PEC treated solution of 20 mg L
-1

 PCP (where 

about degradation of PCP occurs). Ten major degradation by-products have been identified, 

and their molecular formula as well as molecular structure is listed in Table 4.13. 

Identification of primary degradation intermediates allowed the prediction of tentative 

interlinking pathway for PCP degradation. The pathway initiates with the oxidative 

dechlorination of PCP (m/z 263, C6HCl5O) at para position and the mass pattern has been 

observed to be matching with tetrachlorohydroquinone (A) having m/z 245 and empirical 

formula C6H2Cl4O2. Formation of (A) has been reported previously in PC degradation of PCP 

(Mill et al., 1993; Silva et al., 2012). As the degradation reaction goes on, the isomers of 

dichlorohydroquinone (m/z 177) (B), (C) and (D) have been formed, which on further 

degradation furnished H (m/z 94). 2,6-dichlorohydroquinone (D) formed by the reductive 

dechlorination at ortho position, while 2,5-dichlorohydroquinone (B) came from substitution 

of chlorine by hydrogen atom at ortho and meta positions. The presence of hydroquinones 

can be observed when 
•
OH exists in the PCP reaction solution (Jardim et al., 1997) and the 

presence of reactive species like 
•
OH is already established. The free radical mediated redox 

reactions of (A) leads to the formation of (G, m/z 165, C4Cl2O3) and (E, m/z 149, C4H3ClO4). 
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Chlorohydroquinone (F, m/z 144, C6H5ClO2) was by the reductive dechlorination of (C). 

C6H6O (H, m/z 94) was formed by further elimination of Cl from the parent compound. 

Furthermore, the degradation reaction of (F) leads to the formation of (I) (m/z 174, 

C6H3ClO4
•-
) and (J) (m/z 83, C5H7O

•
). The identified intermediates clearly demonstrate the 

breakdown of PCP, which is otherwise considered as recalcitrant contaminant.  

 

Fig. 4.54 Total ion current chromatogram recorded for aqueous solution of PCP treated with 

PEC 
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Fig. 4.55 ESI mass spectra for treatment of PCP using PEC process 
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Table 4.13 Identified intermediate compounds for PCP photoelectrocatalytic degradation 

under optimized conditions for 25 min 

Compound                   Main Fragment                 Molecular                        Molecular  

                                         (m/z)                             formula                            structure 

 

 

PCP                                     263                              C6HCl5O                 

 

 

 

A                                          245                             C6H2Cl4O2                  

 

 

 

B                                           177                            C6H4Cl2O2         

 

 

C                                           177                                    C6H4Cl2O2              

 

 

D                                           177                           C6H4Cl2O2 

 

 

 

E                                            149                          C4H3ClO4                            

 

 

F                                             144                         C6H5ClO2
       

   

  

G                                             165                         C4Cl2O3                                                 

 

 

Cl

Cl

Cl

OH

Cl

Cl

OH

Cl

Cl

OH

Cl

Cl

OH

Cl

OH

Cl

OH

OH

Cl

Cl

OH

Cl

OH

Cl

OH

OH

O

O

Cl

OH

OH

Cl

O

Cl

Cl

O

O



 
104 

 

H                                              94                          C6H6O
               

  
                          

 

 

I                                               174                        C6H3ClO4
•-
 

 

 

J                                                83                         C5H7O
•              

 

 

On the basis of detailed study as described above, photoelectrocatalytic degradation of 

PCP using Ag loaded GO/TiO2 nanotube electrode can be summarized as shown in Figure 

4.56. 

 

Fig. 4.56 PEC degradation of PCP using Ag-GO/TiO2 nanotube electrode 
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The Ag-GO/TiO2 nanotube electrodes exhibited significant degradation efficiency 

against the degradation of PCP within 25 min treatment time under UV irradiations when 

compared to 150 and 93 min using TiO2 and GO/TiO2 nanotube electrode, respectively. The 

probable reason might be that the yield of 
•
OH radical concentration was higher in the case of 

Ag-GO/TiO2 nanotube electrodes (152 mM), when compared to GO/TiO2 (135 mM) and 

TiO2 (32.46 mM) nanotube electrodes. A comparative assessment of TiO2, GO/TiO2 and Ag-

GO/TiO2 electodes have been shown in Table 4.14. 

Table 4.14 Comparative assessment of synthesized electrodes in terms of PCP degradation 

and 
•
OH radical generation 

Type of 

electrode 

Degradation 

efficiency (%) 

Average 

treatment 

time (min) 

Light 

source 

•
OH radical 

concentration 

(mM) 

TiO2 58 150 UV 32.46 

GO/TiO2 91 93 UV 135 

Ag-GO/TiO2 87 25 UV 152 

 

4.5 Photoelectrocatalytic degradation of simulated effluent using synthesized electrodes 

 The simulated effluent has been prepared by diluting the real effluent collected from 

the bleaching section of P & P mill located in Punjab province of India as described in 

section 3. The initial characterization of simulated effluent has been carried out and shown in 

Table 4.15. The pH and conductivity of prepared simulated effluent has not been altered and 

the treatment experiments were performed for 6h in case of all the electrodes under the 

influence of solar irradiations. External current has been selected as 0.05 A, on the basis of 

experiments conducted on different current values as shown in Figure 4.57. The COD 

reduction was observed to be highest when 0.05 A current was employed, hence for further 

experiments the current was kept at 0.05 A. 

Table 4.15 Characterization of simulated effluent before treatment 

Parameters COD 

 

TOC 

 

Chloride 

 

Sulphate Nitrate 

 

Nitrite 

 

Phosphate 

 

Total 

solid 

Concentration 

(mg L
-1

) 

925 ± 

126  

212.5 

± 91  

640 ± 

127  

583 ± 

90  

2.157 

± 0.4  

1.166 

±  0.2  

0.816 ± 

0.06  

2750 

± 138  
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Fig. 4.57 Effect of applied current on the PEC degradation of simulated effluent 

 

The experiments were conducted for the PEC treatment of simulated effluent using all 

the synthesized electrodes separately. After the treatment time of 6 h, the simulated effluent 

has been analyzed by measuring its COD, TOC, chloride, sulphate, nitrate, nitrite, phosphate 

and total solids concentration and the finding are presented in Table 4.16. 

4.5.1 COD reduction            

 The P & P mill wastewater contains a significant amount of contaminants 

characterized by their high COD values mostly contributed by lignin and polysaccharide 

residues (Costa et al., 2017). The COD of effluent is an important factor which determines 

the suitability of effluent to be discharged in the natural environments. The high COD value 

indicates the presence of wide range of organic chemicals and low biodegradability of 

effluent. The reduction in COD values of simulated effluent after 6h treatment time using 

different type of electrodes has been evaluated. The COD of raw simulated effluent has been 

measured to be 925 mg L
-1

. After 6h treatment time, TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 and 

Ag-GO/TiO2 electrodes lead to 51.7, 58.9, 71.6, 54, and 66 % COD reduction with COD 

value of 446, 380, 262, 423 and 310 mg L
-1

 at an external current of 0.05 A as shown in 

Table 4.16. The appreciable decrease in the COD value of simulated effluent after PEC 

treatment indicates the reduction in the concentration of organic matter.  
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4.5.2 TOC reduction            

 It has been reported that P & P mill effluent has been characterized by its high TOC 

values and the constituent, lignin, contributes towards 30-45 % of total organics in the 

wastewater (Alekhina et al., 2015). The TOC before and after the PEC treatment using 

synthesized electrodes has been measured to estimate the overall organic carbon removal. 

TOC value of raw simulated effluent has been observed to be 212.5 mg L
-1

. After 6h 

treatment time, TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 electrodes lead to 39, 46, 

58, 40, and 53 % TOC reduction at an external current of 0.05 A as shown in Table 4.16. The 

obtained results signify the effective mineralization of simulated effluent after the PEC 

treatment as significant reduction in the TOC value has been observed. 

4.5.3 Chloride ion estimation         

 It has been earlier reported that chlorinated compounds present in P & P mill effluent 

reacts with hydroxyl radicals and gets converted into aliphatic chlorinated compounds and 

afterwards to CO2 and chloride ions (Tang and Huang, 1996). Hence, the partial 

mineralization of organic matter present in the simulated effluent has been assessed by 

measuring the concentration of chloride ions formed in the reaction mixture. The chloride 

concentration of raw simulated effluent has been calculated to be 640 mg L
-1

. After 6h 

treatment time using TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 electrodes, the 

concentration of chloride ions have been observed to be 767, 793, 998, 782 and 864 mg L
-1

 at 

an external current of 0.05 A as shown in Table 4.16. The increasing concentration values of 

chloride ions using synthesized electrodes after the PEC treatment indicates the breakdown of 

parent chlorinated compounds into simpler organic products. However, due to high chloride 

content secondary treatment for the simulated effluent is recommended for the complete 

removal of chlorinated ions.  

4.5.4 Sulphate estimation        

 Sulphate has been one of the major anion present in the effluent contributed by Kraft 

process involved in paper production (Rodrigues et al., 2008). Special attention is required to 

P & P mill effluent as it contains high sulphur content which has potential to convert in very 

toxic hydrogen sulphide (H2S) (Lettinga et al., 1991). However, some researchers suggested 

that high concentration of Ca
2+

 and SO4
2-

 have been more important factors related to 

environment concern than the toxicity associated with H2S. The concentration of sulphate ion 

before and after the treatment of simulated effluent has been determined. The sulphate 
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concentration of raw simulated effluent has been calculated to be 583 mg L
-1

. After 6h 

treatment time using TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 electrodes, the 

concentration of sulphate ions was observed to be 144, 187, 239, 161 and 200 mg L
-1

 at an 

external current of 0.05 A as shown in Table 4.16. The removal of sulphate ions from the 

effluent after PEC treatment suggested the degradation of sulphated organic molecules and 

mineralization of simulated effluent. 

4.5.5 Nitrate estimation         

 The presence of nitrate contamination in wastewater is of serious concern and requires 

special remediation measures as it can cause several health hazards if comes in contact with 

drinking water as such. The widely exploited technology for nitrate removal is biological 

treatment, whereas it also faces limitation of requirement of secondary treatment technique 

for the removal of bacterial biomass from the treated water (Ayyasamy et al., 2007). The 

nitrate ion concentration of simulated effluent before and after the PEC treatment using 

various electrodes has been determined. The nitrate concentration of raw simulated effluent 

has been calculated to be 2.157 mg L
-1

. After 6h treatment time using TiO2, GO/TiO2, 

Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 electrodes, the concentration of nitrate ions was observed 

to be 1.624, 0.806, 0.961, 0.822 and 0.784 mg L
-1

 at an external current of 0.05 A as shown in 

Table 4.16. The reduced values of nitrate concentration after the treatment show the 

successful reduction of nitrate to ammonia and breakdown of complex molecules into simpler 

compounds. 

4.5.6 Nitrite estimation        

 Nitrite ion causes inhibitory effects to various bioprocesses occurring at wastewater 

treatment plants hence, nitrite ions needs prior removal. The free nitrous acid, protonated 

form of nitrite, also causes inhibitions in the functioning of WWTPs. It has been reported that 

high concentrations of nitrite have severe inhibitory effects on various microorganisms and 

could lead to reconfiguration of the structure of microbial community (Zhou et al., 2011). 

The nitrite ion concentration of simulated effluent before and after the PEC treatment using 

various electrodes has been determined. The nitrite concentration of raw simulated effluent 

has been calculated to be 1.166 mg L
-1

. After 6h treatment time using TiO2, GO/TiO2, 

Cs/TiO2, Au/TiO2 and Ag-GO/TiO2 electrodes, the concentration of nitrate ions have been 

observed to be 0.473, 0.391, 0.262, 0.368 and 0.24 mg L
-1

 at an external current of 0.05 A as 

shown in Table 4.16. The results suggest that, there is considerable possibility of conversion 
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of nitrite into molecular nitrogen as the decreasing pattern of nitrite concentration was 

observed in all the experiments.  

4.5.7 Phosphate estimation         

 The removal of biological nutrients like phosphorus from the wastewater is a critical 

step as these excessive nutrients interfere in the natural environments as well as in the 

processes of treatment plants. High concentrations of phosphate could suppress nitrite 

reduction and can cause its accumulation (Zhou et al., 2011). Also, presence of phosphorus in 

large quantities poses the risk of overgrowth of microorganisms and is the main cause of 

eutrophication phenomenon that adversely influences water reservoirs (De-Bashan and 

Bashan, 2004). Hence, it is desirable to remove phosphorus from wastewater by utilizing 

treatment facilities before its returning to the environment. The phosphate concentration of 

simulated effluent before and after the PEC treatment using various electrodes has been 

determined. The phosphate concentration of raw simulated effluent has been calculated to be 

0.816 mg L
-1

. After 6h treatment time using TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 and Ag-

GO/TiO2 electrodes, the phosphate concentration have been observed to be 0.237, 0.196, 

0.129, 0.163 and 0.142 mg L
-1

 at an external current of 0.05 A as shown in Table 4.16. The 

outcomes illustrate the removal of phosphate after PEC treatment. 

4.5.8 Estimation of total solids (TS)        

 The total solids present in P & P mill effluent are mainly comprised of bark/raw 

material particles, fibre debris, filler, coating materials, nitrate, phosphate, sulphate, lignin, 

polysaccharides etc. (Pokhrel and Viraraghavan et al., 2004). The P & P mill effluent faces a 

unique challenge of solid/liquid separation due to the presence of high quantities of fibres. 

The high load of total solids should be reduced or removed, as it can hinder the functioning of 

WWTPs resulting in the inefficient treatment efficiency of the treatment plant. The TS 

concentration of simulated effluent before and after the PEC treatment using various 

electrodes has been determined. The concentration of TS of raw simulated effluent was 

observed to be 2750 mg L
-1

. After 6h treatment time using TiO2, GO/TiO2, Cs/TiO2, Au/TiO2 

and Ag-GO/TiO2 electrodes, the TS concentration was observed to be 997, 967, 970, 944 and 

814 mg L
-1

 at an external current of 0.05 A as shown in Table 4.16. The significantly 

decreasing trend in the TS concentration depicts the efficiency of process and indicates high 

organic contents of solids particle present in wastewater. 
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The PEC treatment of simulated P & P mill effluent using various synthesized electrodes has 

been summarized as in Table 4.16. 

Table 4.16 PEC treatment of simulated effluent using various synthesized electrodes 

Parameters Before 

Treatment 

TiO2 

electrodes 

GO/TiO2 

electrodes 

Cs/TiO2 

electrodes 

Au/TiO2 

electrodes 

Ag-GO/TiO2 

electrodes 

COD 

(mg L
-1

) 

925 ± 125  446 ± 95  380 ± 80  262 ± 95  423 ± 105  310 ± 75  

TOC 

(mg L
-1

) 

212.5 ± 

91  

130 ± 82  113 ± 74  88 ± 59  126 ± 76  98 ± 63  

Chloride 

(mg L
-1

) 

640 ± 127  767 ± 148  793 ± 150  998 ± 198  782 ± 155  864 ± 170  

Sulphate 

(mg L
-1

) 

583 ± 90  144 ± 67  187 ± 85  239 ± 89  161 ± 52  200 ± 63  

Nitrate 

(mg L
-1

) 

2.157 ± 

0.4  

1.624 ± 

0.2  

0.806 ± 

0.08  

0.961 ±  

0.1  

0.822 ±  

0.07  

0.784 ± 0.5  

Nitrite 

(mg L
-1

) 

1.166 ±  

0.2  

0.473 ± 

0.06  

0.391 ± 

0.04  

0.262 ± 

0.03  

0.368 ± 

0.04  

0.247 ± 0.01  

Phosphate 

(mg L
-1

) 

0.816 ± 

0.06  

0.237 ± 

0.01  

0.196 ± 

0.02  

0.129 ± 

0.01  

0.163 ± 

0.01  

0.142 ± 0.01  

Total solid 

(mg L
-1

) 

2750 ± 

138  

997 ± 120  967 ± 165  970 ± 150  944 ± 172  814 ± 138  

 

 The performance of all the electrodes for the PEC treatment of P & P mill simulated 

effluent has been reported in Table 4.16. Significant reduction in the COD and TOC values 

have been noticed when the synthesized electrodes have been used. Doping of TiO2 electrode 

exhibited improvement in the PEC performance. Co-doping of TiO2 electrode with AG and 

GO has been observed to be most effective for the PEC treatment of recalcitrant compounds. 
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Chapter 5 

Conclusions          

 The present study has been focused on the photoelectrocatalytic degradation of 

biorecalcitrant pollutants commonly found in P & P mill effluents such as pentachlorophenol 

and 4-chloroguaiacol and simulated effluent using laboratory synthesized electrodes under 

the influence of UV/solar irradiations. The PEC degradation of target compounds and 

simulated effluent has been performed using laboratory synthesized photoelectrodes. The 

titania based electrodes have been fabricated by doping with various materials such as Cs, 

Au, GO, Ag-GO using anodization technique and the synthesized electrodes were 

characterized by various physicochemical methods.  Cs/TiO2 and Au/TiO2 nanotube 

electrodes were used for the PEC degradation of 4-CG, while, GO/TiO2 and Ag-GO/TiO2 

nanotube electrodes were utilized for the PEC degradation of PCP.  Simulated effluent was 

subjected to the PEC treatment by using all types of synthesized electrodes. Based on the 

experimental investigations, the following conclusions have been drawn from the present 

study:  

• Cs/TiO2NTs electrode exhibited 92% PEC degradation efficiency of 4-CG at 

optimized condition: 2.5 mM Cs, 160 mg L
-1

, Na2SO4, 0.03 A current at pH 3 under 

solar irradiations and the TOC removal efficiency reached 70.2, 42.3 and 12% for 

PEC, PC and EC process when Cs/TiO2NTs electrode was employed. The significant 

activity under solr irradiations were due to the significant influence of Cs on 

coordination framework of TiO2 crystalline structure, resulting in the red shifts of the 

absorption band. 

• In comparison to Cs/TiO2 electrode, Au-TiO2 nanotube electrodes showed 84% 4-CG 

degradation efficiency under optimized conditions: 0.15 mM Au, 0.08 g L
-1

 Na2SO4, 

0.03 A current and pH 3 under UV irradiations and yielded 105 mM of 
•
OH radical 

however, merely 30.84 mM 
•
OH radical were obtaines with bare TiO2 nanotube 

electrode.  

• As compared to TiO2 and Au/TiO2, Cs/TiO2 nanotube electrodes exhibited higher 4-

CG degradation efficiency (92%) under solar irradiations due the yield of 
•
OH radical 

was higher in the case of Cs/TiO2 (118.7 mM), when compared to Au/TiO2 (105 mM) 

and TiO2 (30.84 mM) nanotube electrodes. 
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• The degradation intermediates formed during 4-CG degradation by using Cs/TiO2 and 

Au/TiO2 NTs electrodes have been identified through GC-MS analysis and tentative 

degradation pathway have been proposed. 

• GO/TiO2 electrode was used for the PEC based degradation of PCP and BBD was usd 

for the optimization of process parameters. The ANOVA results suggested that 

applied current, degradation time and GO concentration were the significant variables 

and interaction between applied current and degradation time was significant 

interaction with P-value <0.0001.  

• The optimized conditions were found to be: applied current 20.68 mA; pH 3.14; GO 

concentration 15 mg L
-1

 and treatment time 93 min, with PCP degradation and 

mineralization efficiency of 91 and 85%, respectively. 

• Further, Ag-GO/TiO2 nanotube electrode was used and under optimized conditions 

(0.30 mM Ag, pH 3, 0.02 A applied current, 0.1 g L
-1

 Na2SO4), 87% PCP removal 

and 152 mM  
•
OH production was observed. 

• In order to access the recyclability, Ag-GO/TiO2 electrode was reused and PEC 

activity decreased marginally from 87 to 83.6% after six repeated cycles and furthers 

decreased to 67% by the end of fifteenth cycle. 

• The 
•
OH radical concentration was higher in the case of Ag-GO/TiO2 nanotube 

electrodes (152 mM), when compared to GO/TiO2 (135 mM) and TiO2 (32.46 mM) 

nanotube electrodes. 

• The satisfactory PEC treatment of simulated effluent was observed with all the 

different type of synthesized electrodes and significant reduction in the COD and 

TOC was observed. 

• Doping of TiO2 electrode resulted in the improvement in the PEC performance and 

generation of 
•
OH radical and co-doping of TiO2 electrode was observed to be most 

effective for the PEC treatment of recalcitrant compounds and simulated effluent. 
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Future Recommendations:         

 The laboratory synthesized electrodes have exhibited their significant potential in the 

photoelectrocatalytic degradation of biorecalcitrant compounds and simulated effluent of P & 

P industry. The doping of TiO2 nanotube electrode resulted in increased degradation 

efficiency towards the stable model compounds and elevated generation of 
•
OH radicals.  

 Further research is needed in synthesizing titania based electrodes doped with 

different type of metals and non-metals as there are numerous doping materials 

which can be expored.  

 The applicability of synthesized electrodes can be analyzed for the PEC treatment 

of variety of stable and recalcitrant pollutants commonly found in environment.  

 Also, the activity of synthesized electrodes in this study can be assessed for the 

treatment of real P & P mill and other industrial effluents.  

 In order to access the feasibiity of this process, efforts are neede in the estimation 

of recurring and capital cost involved in PEC treatment.  

 For making this process viable, research is needed for increasing the reusability 

potential of synthesized electrodes. 
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