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II. Abstract 

One of the limitations confronting conventional water treatment technologies 

is the complete mineralisation of persistent organic pollutants (POPs) like 

chlorophenols and their derivatives. Therefore, it is important to find 

innovative and cost-effective techniques for the safe and complete 

destruction of these POPs. In the project, the possibility of enhancing the 

photocatalytic mineralisation activity of very benign titanium dioxide via 

surface modification by cocatalysts was systematically investigated.  

A robust impregnation method was used to fabricate Fe(III)/TiO2 composites. 

Highly dispersed Fe(III) oxide species on TiO2 was optimised to achieve 

complete mineralisation of a few herbicides (2,4,6-trichlorophenol and 2,4-

dichlorophenoxyacetic acid) under uv/visible light irradiation (λ > 320 nm). 

The consistent results were achieved by HPLC, TOC and UV-vis spectra 

measurements, which show among three Fe(III) oxide species, 

Fe4NO3(OH)11, FeOOH and Fe2O3, FeOOH (0.1% Fe) is the best to improve 

TiO2 activity, representing nearly two times activity of the benchmark PC50 

TiO2 photocatalyst for both herbicides tested. Such high activity was 

attributed to the enhanced photo-generated electron-hole separation and 

improved generation of hydroxyl radicals. 

Next, the surface modification of TiO2 with Fe-based alloys was also 

investigated under similar operating conditions. Both Fe-Cu and Fe-Co 

oxide alloys were found to improve the photocatalytic performance of 
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optimised Fe/TiO2 towards complete mineralisation of 2,4,6-TCP with 108% 

and 155% enhancement, respectively in 3 h compared with TiO2. In order to 

eliminate catalyst recovery cost in slurry/suspension systems, the 

immobilisation of photocatalysts on a rigid and photo-chemically stable 

polymer as a robust support was also investigated for the photocatalytic 

removal of methylene blue and Cr (VI) ions, which is close to the real 

condition for water treatment. The results were compared with those 

achieved under slurry/suspension system and indicated the immobilisation 

is a robust way to implement the technology for real water treatment. 
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III. Impact statement 

Water security for domestic and industrial use is becoming a global concern 

due to environmental pollution from natural and man-made activities. 

According to the United Nations (UN), over two billion people (approximately 

25% of the world population) do not have access to clean and safe water, 

especially in low and middle-income countries (LMIC). Conventional water 

treatment technologies such as filtration, sedimentation, coagulation, 

flocculation, adsorption and chlorination are presently employed in order to 

meet global water demand. However, most of these technologies are 

incapable of complete destruction of toxic organic pollutants and by-

products. 

Photocatalysis is a technology which employs a semiconductor for light-

driven chemical reactions, mostly under ambient conditions. TiO2 has been 

used in the past two decades for the photocatalytic degradation of organic 

contaminants due to its low-cost, low toxicity, outstanding photo-stability, 

excellent band alignment to many oxidation-reduction reactions and 

possibility for further functionalisation. However, the fast recombination of 

photogenerated electron–hole pairs and inappropriate reaction sites for 

many redox reactions are still serious challenges in TiO2-based 

photocatalytic processes, leading to lower reaction efficiencies, which must 

be overcome in order to meet the requirement of practical applications. 

Therefore, in the project, a robust and economical strategy was used to 

enhance the photo-activity of TiO2 nanoparticles by cocatalyst- decoration, 
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leading to complete photocatalytic mineralisation of non-biodegradable 

herbicides and derivatives under solar irradiation. The findings further 

proposed the use of cocatalyst alloys to improve the photocatalytic activity 

of TiO2 and immobilisation on a robust UV curable polymer for practicability 

and sustainability on a large scale. Such novel findings will be useful in the 

area of fabrication of low-cost, efficient and robust photocatalysts for water 

treatment. Furthermore the fundamental studies carried out in this project 

will provide very useful information to the society in solar energy, 

photocatalysis and environmental purification about charge generation, 

separation and utilisation.  
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VIII. List of symbols and abbreviations 
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2,4,5-T – 2,4,5-trichlorophenoxyacetic acid 

2,4,6-TCP – 2,4,6-trichlorophenol 

2,4,6-TCR – 2,4,6-trichlororesorcinol 
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1 Introduction 

1.1 Background 

Access to potable water is one of the biggest challenges globally, especially 

in low and middle-income countries (LMIC). Several persistent organic 

pollutants (pharmaceuticals, pesticides, personal care products, endocrine 

disrupters) are frequently detected in wastewater effluents.1–3 

Chlorophenols (CPs) and their metabolites are common and recalcitrant 

environmental pollutants, believed to have high bioaccumulation capability 

and carcinogenic effect. Four major chlorophenols: 2-chlorophenol (2-CP), 

2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP) and 

pentachlorophenol (PCP) have been classified as first degree toxic 

pollutants by the US Environmental Protection Agency (EPA 2003).4,5 The 

UK Water Act, according to the Drinking Water Inspectorate (DWI), 

recommends a maximum allowable concentration of 0.1 µg/L for individual 

chlorophenols (herbicides) and 50 µg/L for chromium in consumers' taps.6 

 

 

Figure 1-1 Chemical structures of some common chlorinated phenols. 
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Adverse effects of phenolic compounds on the human nervous system have 

been reported and linked to several health disorders e.g. kidney failure, liver 

and lung damage.4,5,7 Chlorophenols find extensive application in the 

chemical, forestry, and wood-working industries. They are used as 

herbicides, insecticides, fungicides, wood preservatives and chemical 

intermediates.4,8–10 Generally, these organic pollutants are released into the 

environment because of several man-made activities including water 

disinfection, waste incineration, uncontrolled use of pesticides and 

herbicides, and as by-products in the bleaching of paper pulp with 

chlorine.11  It is interesting to note that 2-CP, 4-CP, 2,4-DCP and 2,4,5-TCP 

are the most significant chlorophenols formed as by-products of water 

chlorination.12,13 Effluents from a pulp and paper mill were analysed before 

treatment and subsequent discharge into the Lake Baikal in Russia, 2,4-

DCP concentration of (630 ± 50) µg/L, 2,4,5-TCP concentration of (2,660 ± 

210) µg/L and 2,4,6-TCP concentration of (320 ± 30) µg/L were reported.14 

After treatment, the individual chlorinated phenols were present in trace 

quantities, except for 2,4,5-TCP with concentration of (560 ± 50) µg/L.14 

Environmental protection agencies and health organisations recommended 

a maximum allowable concentration for chlorinated phenols as: 0.1 µg/L in 

drinking water and 200 µg/L in wastewater.12  

Various strategies have been employed to remove CPs from the 

environment. Conventional methods include coagulation-flocculation, 

reverse osmosis, active carbon adsorption, biodegradation, air stripping and 

incineration. However, these techniques have some drawbacks and 
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limitations e.g. toxic by-product generation, incomplete mineralisation, low 

efficiency, high energy and capital cost.12–15 Chlorophenols absorb light of 

wavelength below 290 nm; thus, they do not undergo direct sunlight 

photolysis due to little UV photons with such short wavelength in solar 

spectrum reaching the earth.16 Also, they are difficult to decompose 

completely to CO2 and HCl by conventional methods due to high stability of 

the benzene ring.17 Therefore, it is important to find innovative and cost-

effective techniques for the safe and complete degradation of chlorinated 

organic pollutants such as chlorophenols. 

 

Table 1-1 Conventional approaches to removal of chlorinated phenols.18 

Treatment approach Drawbacks 

Biological treatment Very slow, incomplete degradation and by-

products may be more toxic than the 

contaminants. 

Adsorption technology Expensive due to regeneration of the 

adsorbent materials and post-treatment of 

solid wastes. 

Chemical precipitation Expensive due to high dosage of 

chemicals and produce large quantity of 

sludge which need post-treatment. 

Air stripping High capital cost due to off-gas treatment, 

aesthetic constraints and technically not 

reliable. 
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The current trend in wastewater treatment has moved from simple phase 

transfer to destruction of pollutants such as by advanced oxidation 

processes (AOPs). These techniques involve reactive free radical species 

for non-selective mineralisation of organic compounds to harmless end 

products. The AOPs are generally based on the generation of the hydroxyl 

radicals (.OH), which have a great oxidation power, thus can almost oxidize 

all organic compounds to carbon dioxide and water.18 There are several 

methods for generating hydroxyl radicals, e.g. Fenton-based processes, 

UV-based processes, Ozone based processes and Photocatalytic 

processes.15,19–21 

In spite of the advantages of AOPs, there are several limitations in their use 

for each AOP: (a) costs may be higher than competing technologies 

because of energy requirements, (b) harmful intermediates may be formed, 

(c) pre-treatment of the wastewater may be required to minimise cleaning 

and maintenance of UV reactor and quartz sleeves, (d) handling and 

storage of ozone and hydrogen peroxide require special safety precautions 

and (e) major challenges for the photocatalytic process are catalyst 

deactivation, slow kinetics, low photo efficiency, and unpredictable 

mechanism.22 However, AOPs are still more effective than the other 

techniques for wastewater treatment containing toxic and persistent 

pollutants.18 

Over the past decades, application of titanium dioxide photocatalytic 

oxidation technology in environmental remediation has gained considerable 
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attention as a cheap and clean alternative, though there are still various 

challenges to be resolved for its commercialisation. A high number of 

organic compounds (dyes, drug residues, pesticides and herbicides) have 

been eliminated from both aquatic and atmospheric environment via 

photocatalysis.23–25 

 

1.2 Motivation, aim and objectives 

The importance of water for sustenance of life cannot be overemphasised. 

In LMIC, clean water supplies are crucial for drinking and sanitation 

purposes, the rearing of livestock and growing crops. It was reported that 

about 80% of illnesses in LMIC are linked to poor water and sanitation 

conditions.26 Water security is presently a global concern, because of the 

increasing demand for clean water due to population growth, climate 

change and economic activities.27,28 

A large proportion of the LMIC are in regions that are naturally endowed 

with the most favourable conditions for solar technology implementation, 

such as high solar insolation. Nigeria (case study), with an average solar 

insolation of 5.5 kWh/m2/day, is located on latitude 10 °N of the Equator, 

and on longitude 8 °E of the Greenwich meridian. The mean daily 

temperature is between 25 and 30 °C. The population is more than 150 

million, spread unevenly over a national territory of 923,770 km2. Nigeria 

has the eighth largest national population in the world. Water pollution in 

Nigeria occurs in both rural and urban areas. In rural areas, drinking water 
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from natural sources such as rivers and streams is usually polluted by 

organic substances from upstream users, such as farmers, whose organic 

pesticides and herbicides are easily washed into the river water, resulting in 

high levels of persistent organic contamination. Poverty, lack of adequate 

education, low budgetary funding, inefficient government policies and other 

anthropogenic factors, are highly contributing, to the pollution of domestic 

water supplies in these communities.27–30 

Conventional water treatment technologies, such as filtration, 

coagulation/flocculation and adsorption using active carbon (AC), are limited 

in application in these rural areas due to their high capital cost and energy 

requirements; particularly in terms of inadequate or no electricity supplies in 

such rural communities. Unlike conventional water treatment technologies, 

which are often expensive and used primarily in urban centres, solar-driven 

photocatalytic water purification technology combined with stable 

photocatalyst materials, is a decentralised system and can be easily 

implemented across rural communities with little or no technical difficulty. 

However, TiO2 photocatalysis is limited in environmental application due to 

low efficiency dominated by a few key factors like poor visible light 

absorption, low adsorption capacity for contaminants and high 

recombination rate of photogenerated electrons and holes.31 It is a common 

practice to use noble metals (Ag, Au, Pd, Pt, Ru) to enhance its 

photocatalytic efficiency. However, this approach will be expensive for the 

technology implementation on a large scale, if it is to be used in LMIC. So, 
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the use of earth-abundant materials in TiO2 modification will be targeted, 

and optimise the synthesis process to achieve remarkable degradation 

efficiency for persistent organic contaminants. 

The aim of this thesis is to investigate the photocatalytic mineralisation of 

chlorophenols and the removal of Cr(VI) in aqueous solution using 

cocatalyst decorated TiO2. Optimised photocatalysts will then be prepared 

on a rigid and photo-chemically stable polymer as solid support and 

investigated for the photocatalytic oxidation of methylene blue (MB) and 

reduction of Cr (VI) to Cr (III), and results compared with those achieved 

under slurry/suspension system, which could be used in a decentralised 

water purification system. 

 

Objectives: 

1. Optimise the photocatalyst fabrication and properties by addition of 

earth-abundant cocatalysts (Fe, Cu and Co) onto TiO2 and their 

alloys. 

2. Investigate the rate of total organic carbon (TOC) removal during 

photocatalytic mineralisation of the pollutants of 2,4,6-trichlorophenol 

(2,4,6-TCP) and 2,4-dichlorophenoxyacetic acid (2,4-D). 

3. Investigate the degradation pathway of 2,4,6-TCP by TiO2-based 

junctions and possible intermediate products using HPLC-MS. 
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4. Investigate the redox mechanism across the photocatalyst surface by 

observing the effect of (holes, electrons, hydroxyl radical and 

superoxide radical) scavengers on photocatalytic efficiency. 

5. Investigate the photocatalytic degradation of four different herbicides 

(2,4-DCP, 2,4,6-TCP, 2,4-D and 2,4,5-T), by optimised alloy 

cocatalyst decorated-TiO2 sample, to demonstrate its wide feasibility. 

6. Immobilise the optimised photocatalysts in a polymer and investigate 

photocatalytic activities for the removal of MB and Cr (VI) ions due to 

covid-19 pandemic and non-availability of HPLC for herbicides 

analysis. 

 

 

1.3 Report outline 

This project will focus on the enhancement of TiO2 photocatalytic 

mineralisation efficiency, using 2,4,6-TCP as a model organic contaminant 

in water. In the first chapter, the background of persistent organic pollutants, 

with interest in chlorinated phenols is discussed, while considering the 

sources of these contaminants and environmental impact in details. In 

addition, the limitations of conventional water purification technologies, the 

advantages of photocatalysis as one of the advanced oxidation processes, 

and the motivation to conduct this research are presented. In the second 

chapter, the principle of TiO2 photocatalysis, organic contaminant 

degradation mechanism, limitations of TiO2-based environmental application 
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and countermeasures or strategies used in improving its performance will 

be discussed. In the third chapter, the methodology used for material 

synthesis, material characterisation, and photocatalytic degradation 

efficiency test will be described. Nanocomposites comprising earth 

abundant cocatalyst (e.g. FeIII/TiO2) with optimised synthesis procedure and 

performance for the complete mineralisation of 2,4,6-TCP will be 

demonstrated in the fourth chapter. Optimisation of TiO2 photocatalytic 

performance using Fe-based alloys for complete mineralisation of some 

herbicides will be demonstrated in fifth chapter. In the sixth chapter, the 

practicability of immobilised powder photocatalysts in a polymer for 

decomposition of MB and reduction of Cr (VI) ions will be presented. A 

summary and conclusion of the experimental results, and some proposed 

future work on the optimisation of TiO2 photocatalytic mineralisation 

efficiency (i.e. novel techniques in overcoming the highlighted challenges of 

TiO2-based environmental application) and new photocatalysts development, 

will be discussed in the seventh chapter. 
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2 Literature review 

2.1 Introduction 

This review addressed the background in photocatalysis, and the removal of 

wastewater contaminants, via irradiation of semiconductors (e.g. nano-TiO2) 

with a light of energy higher than its bandgap energy (Figure 2-1). This is 

the first step in photocatalysis. Subsequently, the excitation of photo-

generated electrons into the conduction band takes place, leaving behind 

energetic photo-generated holes in the valence band. Oxidation reaction is 

initiated in the valence band, while reduction reaction is initiated in the 

conduction band of the semiconductor. This requires the semiconductor to 

have proper band alignment required for organic pollutant decomposition 

(Figure 2-2), e.g. the conduction band minimum (CBM) should be higher 

(more negative in potential) than the redox potential for oxygen reduction to 

superoxide radicals, and its valence band maximum (VBM) should be lower 

(more positive in potential) than the redox potential for water or hydroxyl ion 

oxidation to hydroxyl radicals.13,32 
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Figure 2-1 Diagram illustrating the principle of semiconductor 
photocatalysis for wastewater treatment. 

 

 

2.2 Titanium dioxide Photocatalysis 

2.2.1 Titanium dioxide as a photocatalyst  

One of the most important aspects of environmental photocatalysis is the 

availability of an efficient photocatalyst, which should have several respects. 

For example, it is relatively inexpensive, physically and chemically stable, 

and non-toxic. Also, the band alignment in such a photocatalyst (Figure 2-2) 

makes the photo-generated holes to be highly oxidising. In addition, photo-

generated electrons have reduction potential enough to produce superoxide 

radical from oxygen.33–35 TiO2 is the typical material meeting these criteria. 

Zhang et al.36 and Hirakawa et al.37, based on experimental evidence, 

proved that the conduction band electrons in TiO2 have the potential to 

generate superoxide radicals (O2
.-) from dissolved oxygen in water.  
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Figure 2-2 Diagram illustrating the bandgap energy, VB and CB positions of 
some common semiconductors. Adapted from Wu et al.33 Copyright 2015, 
Royal Society of Chemistry. Reprinted with permission. 

 

 

2.2.2 Physico-chemical properties of TiO2 photocatalyst 

Titania (TiO2) is a white oxide of titanium: a white crystalline compound. The 

available sources include: anatase (tetragonal), brookite (orthorhombic), 

rutile (tetragonal), ilmenite (FeTiO3) and other minerals. The metastable 

anatase and brookite phases convert irreversibly to the rutile phase upon 

heating at temperatures above 600 °C.38,39 TiO2 is often used as pigment for 

durable paints and plastics.40 
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Table 2-1 Specification and characterisation of some commercial TiO2.
41 

Properties Degussa P25 Millennium PC50 Sigma 325 mesh  

TiO2 content (%) a > 99.5 98.2 99 

Composition 80% Anatase,  

20% Rutile 

100% Anatase 95% Anatase,  

5% Rutile a 

Crystallite size a 25 – 30 nm 20 – 30 nm ≤ 45 µm 

Surface Area (m2 g-1) a 55 ± 15 50 ± 5  9 – 11  

Solubility in water Insoluble Insoluble Insoluble 

a Information provided by supplier 

 

2.2.3 Titanium dioxide photocatalytic mechanism 

The reactions involved in TiO2 photocatalysis in the presence of an organic 

pollutant are as follows,42–44 where the contaminant adsorption on the 

catalyst surface is required for efficient degradation of contaminants. 

In simple terms, titanium dioxide generates conduction band (CB) electrons 

and valence band (VB) holes upon UV light irradiation. 

                                                (   
                 

      )                             (   ) 

The hydroxide ions in water react with the VB holes to generate hydroxyl 

radicals on TiO2 surface. 

      (   
      )                                                                                  (   ) 

The CB electrons reduce oxygen molecules to produce superoxide radicals. 

      (   
     )                                                     

                                   (   ) 
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The superoxide radicals can combine with hydrogen ions to give 

perhydroxyl radicals. 

   
                                            

                                                                  (   ) 

Two perhydroxyl or hydroperoxyl radicals can combine to produce hydrogen 

peroxide. 

   
                     

                                                                               (   ) 

The CB electrons can react with hydrogen peroxide to produce more 

hydroxyl radicals. 

      (   
     )                                                    

                              (   ) 

The superoxide radicals react with hydrogen peroxide to also generate 

hydroxyl radicals. 

                        
                                                                      (   ) 

Next, the hydroxyl radicals can react directly with the organic pollutant (R-H) 

to form products. 

                                                                   (   ) 

Charge–carrier trapping in bulk/surface defects of TiO2 

      (   
     )                                 (   

     )                                                       (    ) 

      (   
      )                                (   

      )                                                      (    ) 
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Electron–hole recombination 

       (   
     )               (   

      )                   (   
     )                      (    ) 

 

Table 2-2 Oxidation potentials of some oxidising agents.45 

Species Oxidation potentials (V) 

Fluorine 3.03 

VB holes of anatase and rutile 3.00 

Hydroxyl radical 2.80 

Atomic oxygen 2.42 

Ozone 2.07 

Hydrogen peroxide 1.78 

Chlorine 1.36 

Hydrogen 0.00 

CB electrons in rutile 0.00 

CB electrons in anatase -0.15 

 

Table 2-2 shows the oxidation potentials of some common oxidising agents. 

Following fluorine, the valence band holes of TiO2 and hydroxyl radicals 

have the highest oxidation potential of 3.00 and 2.80 V, respectively. This 

justifies the reason why most organic pollutants can be degraded during 

TiO2 photocatalysis.  
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2.2.4 Limitations in TiO2 environmental application 

The most studied phases of TiO2 are anatase and rutile. The anatase phase 

is known to display higher photocatalytic activity than the rutile phase. The 

lower activity observed in rutile (Eg = 3.0 eV, λ = 413 nm), despite its lower 

band gap (Eg) energy than anatase (Eg = 3.2 eV, λ = 388 nm), is attributed 

to the rapid rate of electron-hole recombination. Also, the CBM of anatase is 

about 0.2 eV higher than that of rutile (Figure 2-2 and Table 2-2). This 

implies that the conduction band electrons in anatase are more reductive 

than those in rutile.31,46  

However, the inefficient utilisation of visible light, and high recombination 

rate of photoelectrons and holes, that drastically reduces quantum efficiency, 

are the major drawbacks of anatase TiO2 application.47,48 The challenges 

with TiO2 as a potential photocatalyst for the removal of organic pollutants in 

wastewater are summarised in Figure 2-3. The challenges include, 

inefficient utilisation of visible light due to its large band gap, low adsorption 

of organic pollutants on catalyst surface due to its low surface area, 

aggregation of nano-sized TiO2 particles in solution, difficulty in distributing 

the TiO2 particles uniformly in solution and difficulty in recovery of nano-

sized TiO2 particles from solution. The corresponding countermeasures 

used in overcoming TiO2 limitations in photocatalytic water treatment are 

discussed in detail below. 

 

 



46 

 

 

 

 

 

 

 

 

Figure 2-3 Limitations in TiO2 photocatalytic processes for the degradation 
of organic pollutants. Adapted from Dong et al.31. Copyright 2015, Elsevier. 
Reprinted with permission. 

 

2.2.5 Countermeasures used in overcoming TiO2 limitations 

Several approaches have been employed in overcoming the challenges 

facing TiO2 photocatalytic application. 

2.2.5.1 Visible light enhancement  

The ultraviolet (UV) region only accounts for less than 5% of the entire solar 

spectrum, which TiO2 is responsive to. The strategies used in extending the 

optical absorption of TiO2 into the visible region include, metal-doping, non-

metal doping, dyes sensitisation and direct reduction of TiO2 (e.g., 

hydrogenation, chemical reduction and electrochemical reduction). Three of 

the methods will be addressed here.  
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(a) Metal–doped TiO2 (e.g., Ag, Pt, Au, Fe, Cu, Co, Ni, Cr, Mn and Ru). 

This method has been extensively investigated over the past decades for 

improving the photocatalytic degradation efficiency of TiO2 for several 

organic pollutants under visible light (λ > 420 nm).31,49 Khan et al. reported 

the synthesis of Ag doped TiO2 using sol-gel method and the application in 

photocatalytic degradation of oxytetracycline under UV-visible light 

irradiation. The experimental results indicated 70 and 100% photocatalytic 

degradation of oxytetracycline in 60 min with pure TiO2 and 1.9 wt.% 

Ag/TiO2, respectively under UV-visible light irradiation. With only visible light 

irradiation (λ > 420 nm), the degradation efficiency of the 1.9 wt.% Ag/TiO2 

sample reduced drastically to 60% .50 Generally for metal-doped TiO2, the 

metal ion doping can either be substitutional or interstitial in the TiO2 crystal 

lattice and can also form a mixture of oxides.50–55 The limiting factors with 

this strategy include the nature of dopant species, dopant concentration, 

photochemical stability and thermal treatment. Several methods employed 

in metal-doped TiO2 (e.g., impregnation, co–precipitation and sol–gel) were 

reported in literature.56–58 The visible light activity of metal-doped TiO2 is 

primarily due to the introduction of new energy levels in the bandgap of TiO2, 

and photo-generated electrons can be excited from the defect state to the 

conduction band in TiO2. Dopant ions above the optimum dosage could act 

as electron-hole recombination centres and will automatically reduce 

photocatalytic efficiency.31 

(b) Non-metal–doped TiO2 (e.g., S, N, C, P, F and B). This method 

extends the visible light absorption of TiO2 more than metal-doped 
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counterparts. This is because their impurity states are close to the valence 

band edge of TiO2.
31 Compared to other non-metals, the N-doped and C-

doped TiO2 powders have been reported to show exceptional photocatalytic 

activity under visible light irradiation. Chen et al. prepared C-TiO2, N-TiO2 

and C-N-TiO2 using sol-gel method and tested their photocatalytic activities 

for the degradation of methylene under visible light irradiation.59 In the 

absence of catalysts, about 5% photodegradation of MB was observed in 7 

h. The C-N co-doped sample exhibited the highest efficiency with about 

95% MB removal in 7 h, while 26, 60 and 70% degradation efficiencies were 

observed for unmodified TiO2, N-TiO2 and C-TiO2 samples, respectively. 

The major drawbacks associated with non-metal doping include, formation 

of oxygen vacancies in the bulk in which the created defects act as electron-

hole recombination sites, thus reducing the visible light photocatalytic 

efficiency. More so, instability is a major concern due to liberation of doped 

non-metals atoms in solution during photocatalysis.60,61  

(c) Reduced TiO2 (TiO2-x). Hydrogenation of TiO2 was reported in 2011 by 

Chen et al. as an effective method in shifting the bandgap of TiO2 to around 

1.5 eV (~820 nm) with an optical onset of around 1.0 eV (black TiO2).
62 The 

photocatalytic activity of the coloured TiO2 was compared with unmodified 

TiO2 for MB decomposition under solar light irradiation. Complete bleaching 

of MB was achieved after 8 min for the black TiO2, while the unmodified 

white TiO2 under the same experimental conditions, took nearly 1 hour. 

Under similar experimental conditions, complete degradation of phenol was 

achieved after 40 min for the black TiO2, while the unmodified TiO2 took 80 



49 

 

min to achieve the same. Total organic carbon (TOC) removal efficiency of 

the black TiO2 was not reported by the author. Furthermore, without any 

form of treatment, the black TiO2 was highly stable after 8 successive 

photocatalytic degradation cycles. This discovery led to an extensive 

research into coloured TiO2 synthesis globally. Other methods used in 

fabricating reduced TiO2 include, Al reduction,63 Zn reduction,64 imidazole 

reduction,65 NaBH4 reduction,66 CaH2 reduction,67 and electrochemical 

reduction.68 It has been widely accepted that heating TiO2 under vacuum or 

in a reducing atmosphere also leads to colour changes.69 The coloured TiO2 

(red, yellow, blue or black) resulted from the creation of Ti3+ or/and oxygen 

vacancies in the white TiO2. However, their activities in the visible region are 

still far from satisfactory.69,70 

2.2.5.2 Improved adsorption of organic pollutants  

The photocatalytic activity of TiO2 is also dependent on its adsorption 

capacity for the pollutants in aqueous solution. Several approaches have 

been used to overcome the low adsorption capacity of TiO2. Modification of 

TiO2 with some chelating ligands (arginine and salicylic acid) and carbon 

nanomaterials (graphene, carbon nanotubes and activated carbon) have 

been reported to enhance the adsorption of organic water contaminants.71–

73 With respect to doping with carbon-based nanoparticles, the higher 

adsorption capability and better photocatalytic activity were reported to be 

related to their high surface area, high conductivity and high visible light 

absorption intensity.64,65 
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2.2.5.3 TiO2 particles stabilisation 

TiO2 particles suffer from severe aggregation during photocatalytic 

application, which will reduce their active sites and light harvesting capability. 

Since photocatalytic degradation occurs at the surface of TiO2, mass 

transfer limitations need to be reduced for its effective application in water 

treatment.74,75 Two possible approaches employed are: 

(a) Stabilisation by support structures (glass beads, fibre glass, glass 

pellets, glass sheets, silica, organo-clays, stainless steel, Al2O3 fibre, quartz 

beads, polymers, activated carbon and zeolites).74 However, there is still no 

ideal support that is suitable in terms of mechanical stability and 

selectivity.75 Immobilisation on supports reduces TiO2 surface area-to-

volume ratio and the photocatalytic efficiency compared to unsupported 

TiO2 particles.76 

(b) Stabilisation by surface modification (humic acid, carboxylic acids, 

amino acids and polylactic acid). This method tends to generate high 

negatively charged density (zeta potential) on the TiO2 surface and 

promotes repulsive forces among particles, thus reduces aggregation rate. 

The main drawback is the stability of these organic modifiers during 

photocatalysis.77–80 

2.2.5.4 Separation of TiO2 particles from solution 

Recovery of fine particles of TiO2 from solution is a huge challenge in 

suspension systems. Thus, the recovery and reusability of TiO2 is required 



51 

 

before the technology can proceed beyond lab scale to industrial application. 

Two potential approaches applied are: 

(a)  Immobilisation on solid supports (glass fibres, glass, quartz and 

stainless steel). This method has been discussed under TiO2 particles 

stabilisation using solid supports.76 Although this approach overcomes the 

solid-liquid separation problem, slurry-type reactors are still more efficient 

over immobilised catalyst-type reactors, due to the availability of catalyst’s 

surface and superior mass-transfer properties.81 

(b)  Magnetic separation (Fe3O4, γ-Fe2O3, NiFe2O4, CoFe2O4, FeCo and 

Co3O4). Compared to other magnetic materials, magnetite (Fe3O4) has 

received considerable attention due to its remarkable magnetic properties, 

low toxicity and biocompatibility.82–84 This approach is very convenient for 

separating, recovering and reusing the fine magnetic TiO2 particles by 

applying an external magnetic field.85,86 It was reported that a direct 

deposition of TiO2 onto the surface of magnetic oxide particles led to severe 

photo-dissolution of the magnetic core. In order to overcome the challenge, 

addition of silica (SiO2) layer between the magnetic core and the TiO2 shell 

provided magnetic nanoparticles with a chemically inert surface, which 

inhibited the oxidation of the magnetic core (Fe3O4) by the photogenerated 

VB holes in the outer layer (TiO2).
87 The synthesis of a multipurpose catalyst 

(graphene/TiO2/SiO2/Fe3O4) was reported for the degradation of 2,4-

dichlorophenoxyacetic acid (a herbicide). It took the advantages of TiO2 

photocatalysis, graphene (excellent electron transfer ability and high 
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adsorption capability), Fe3O4 (magnetic separation) and SiO2 (suppressing 

photo-dissolution of magnetic core). The TiO2 composite achieved 100% 

degradation of 2,4-D in 140 min under simulated solar irradiation, while 

commercial P25 recorded only 33% under same conditions. More so, the 

composite was highly stable after 8 successive cycles. The photocatalytic 

activity was dependent on the calcination temperature, magnetic core size 

and the silica layer content.88,89 

 

2.3 Physico-chemical properties of chlorinated phenols   

Monochlorophenols and 2,4-DCP are volatile due to their high vapour 

pressure (Table 2-3) and volatilisation may be the major dispersal 

mechanism of these chemicals into the atmosphere. Trichlorophenols and 

tetrachlorophenols are slightly volatile. 
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Table 2-3 Physico-chemical properties of chlorinated phenols.11 

Compound Melting 
point 
(oC) 

Density 

(gcm-3) 

Solubility  

(gL-1)/ 
H2O 

(25 oC) 

Vapour 
pressure 
(mmHg) 

(25 oC) 

Boiling 
point  

(oC) 

pKa 

2-CP 9.3 1.2634 28.5 0.99 174.9 8.49 

4-CP 43.2-
43.7 

1.2238 27.1 0.23 220 8.85 

2,4-DCP 45 1.383 4.5 0.14 210 7.68 

2,4,5-TCP 67 1.678 0.948 0.05 235 7.43 

2,4,6-TCP 69 1.4901 0.8 0.03 246 7.42 

2,3,4,5-
TRCP 

116-
117 

1.67 0.166 0.0059 Sublimes 6.96 

2,3,4,6-
TRCP 

70 1.83 0.183 0.0059 64 5.38 

2,3,5,6-
TRCP 

115 1.84 0.1 0.0059 288 5.48 

PCP 190 1.987 0.014 0.0002 310 4.74 

CP-  chlorophenol, DCP-  dichlorophenol, TCP-  trichlorophenol,                     

TRCP-  tetrachlorophenol and PCP-  pentachlorophenol 

 

2.4 Degradation of organic pollutants 

The project targets mineralisation of chlorophenols and derivatives by 

photocatalysis and this section thus made a comprehensive review of the 

processes involved.  Effect of operating variables on the degradation of 

organic pollutants will be discussed first. Next, a summary on the 
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degradation of 2,4-dichlorophenol and -trichlorophenol using TiO2 is 

presented in Table 2-4, while the application of other photocatalysts is 

presented in Table 2-5. The effect of solution pH (optimum pH, 4-5) seems 

to play an important role in the degradation efficiency of the photocatalytic 

process. One out of various photocatalytic degradation pathways proposed 

in literature for 2,4,6-trichlorophenol is shown in Figure 2-4. 

2.4.1 Effect of light intensity 

The UV light intensity of the irradiation source determines the extent of light 

absorption by the semiconductor catalyst at a given wavelength. This is 

affected by changing the distance of the light source. Basically, degradation 

efficiency increases with UV light intensity as the excitation of photocatalyst 

particles will be enhanced to generate electron-hole pairs. There are three 

main categories which include, low light intensity (0 – 20 mW cm-2), 

intermediate light intensity (25 – 50 mW cm-2) and high light intensity (above 

100 mW cm-2). It is important to note that both light intensity and the nature 

of light source don’t affect the degradation pathway.90 

2.4.2 Effect of dissolved oxygen 

Dissolved oxygen (DO) plays a significant role as an electron scavenger in 

TiO2 photocatalysis. The dissolved oxygen improves the separation of 

photo-generated electrons and holes as well as the yield of hydroxyl (.OH) 

radical. It was found that pure oxygen was more effective relative to air for 

the enhancement of decontamination.91 
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2.4.3 Effect of pollutant concentration 

Photocatalysis is a surface reaction initiated by adsorption. It is believed that 

increased concentration of substrate (pollutant) affects light penetration into 

the contaminant solution, especially for dyes. In general, the quantity of the 

substrate adsorbed on the surface of the photocatalyst is of utmost 

importance. It is evident that only this amount contributes to photocatalytic 

process and not the one in the bulk of the solution.92 

2.4.4 Effect of TiO2 dosage 

An increase in the catalyst amount (concentration) causes an increase in 

the number of hydroxyl (.OH) radicals generated. This is due to an increase 

in the number of active sites on catalyst surface. The initial rates of 

photoreaction are directly proportional to the mass of catalyst present in the 

solution. Above optimum dose, the degradation efficiency is limited because 

of the increase in solution turbidity, aggregation of catalyst particles and 

blockage of UV radiation.93 

2.4.5 Effect of solution pH 

The pH of contaminant solution determines the surface charge of the 

photocatalyst and the size of aggregates it forms. Under acidic or alkaline 

conditions, the surface of TiO2 can be protonated or deprotonated 

respectively as seen in equations (2-11 and 2-12). 

                                                
                                                        (    ) 

                                                                                              (    ) 
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The point of zero charge (PZC) is the pH at which the surface of the catalyst 

is electrically neutral in solution. The PZC of TiO2 anatase is within 6.2 – 6.8, 

that is, the TiO2 surface will remain positively charged in acidic medium (pH 

< PZC) and negatively charged in alkaline medium (pH > PZC). TiO2 has a 

higher oxidising activity at lower pH. However, excess H+ at very low pH can 

decrease reaction rate.90 

2.4.6 Effect of H2O2 

Hydroxyl radical is vital to enhance the photocatalytic degradation activity. 

H2O2 can absorb light energy from UV irradiation and O–O bond is ruptured, 

leading to the production of activated .OH radical and the atomic oxygen. 

Addition of H2O2 increases the hydroxyl radical in the reaction mixture which 

inhibits the electron–hole recombination as seen in the following equations: 

      (   
     )                                                    

                              (   ) 

                                                                                                         (    ) 

At high H2O2 dosage the degradation efficiency decreases due to its 

hydroxyl radical scavenging effect as shown in equations (2-14 and 2-15).94 

                                                 
                                                 (    ) 

   
                                                                                                  (    ) 
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2.4.7 Review on photocatalytic degradation of chlorophenols using 

TiO2 

This section reviews the recent progress (last 10 years) in photocatalytic 

degradation of chlorophenols in aqueous solution using TiO2 and 

slurry/suspension batch reactors (Table 2-4). These reactions were 

reported using distilled or de-ionised (D.I.) water as solvent for laboratory 

simulated wastewater. Various studies show that the rate of degradation of 

chlorophenols is dependent on, solution pH 90,95–98 and molecular structure- 

especially the number of substituted Cl groups and their positions on the 

benzene ring relative to the hydroxyl group.99–101 It is well known that the 

initial degradation rate of most organic pollutants with TiO2 and other 

photocatalysts follows the pseudo-first-order reaction model.99,102–105 

Rengaraj et al. synthesised Ag-doped TiO2 using sol-gel method and 

evaluated the photocatalytic activity for the degradation of 2,4,6-

trichlorophenol under UV-A irradiation (365 nm).106 It was observed that the 

Ag dopant effectively increased the photocatalytic activity of the TiO2 (0.5 

wt.% optimum Ag loading), due to efficient separation of photogenerated 

charge carriers (electrons and holes). The electron transfer from the 

conduction band of TiO2 to silver particles at the interface was reported to 

be achievable since the Fermi level of TiO2 is higher than that of Ag 

metal.107 It was found that the unmodified TiO2 and 0.5 wt.% Ag-TiO2 

samples achieved 2,4,6-TCP degradation rates of ~92 and 98% after 40 

min and slow mineralisation rates of 66 and 79% total organic carbon (TOC) 
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removal, respectively after 120 min. In addition, it was found that the 2,4,6-

TCP degradation and its dechlorination were faster than its mineralisation.  

Vijayan et al. prepared Fe-doped TiO2 using sol-gel method with 

hydrothermal treatment.108 A photocatalytic degradation efficiency of 93% 

was achieved with unmodified TiO2 in 180 min under UV light irradiation, 

while the 0.5 wt.% Fe-TiO2 sample (optimum) recorded ~98% degradation 

efficiency under same conditions.  

Peng et al. synthesised a multipurpose photocatalyst, La-doped magnetic 

TiO2 (Fe3O4/SiO2/La-TiO2) using sol-gel method and investigated its 

photocatalytic activity for 2,4,6-TCP degradation.109 The magnetic La-TiO2 

exhibited a higher photocatalytic degradation activity (90% in 60 min) 

compared to magnetic TiO2 (50%). However, the La-doped magnetic TiO2 

was fairly stable after 7 successive cycles.  

Sinirtas et al. prepared a binary oxide catalyst (V2O5/TiO2) using solid-state 

dispersion method and evaluated the photocatalytic activity for 2,4-

dichlorophenol degradation under UV-visible light irradiation.110 

Photocatalytic degradation efficiencies of 55, 60, 70 and 85% were 

achieved in 30 min with TiO2 (synthesised), commercial TiO2 (P25), V2O5 

and V2O5/TIO2, respectively. The effect of surfactant additives (CTAB, 

HTAB and PVA) on the photocatalytic activity of the binary oxide catalyst 

was also investigated. Under similar operating conditions, the 

(V2O5/TiO2/CTAB) sample displayed the highest activity (complete 

degradation in 30 min), while the samples prepared with HTAB and PVA 
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recorded degradation efficiencies of ~92 and ~55%, respectively. However, 

the photochemical stability of V2O5/TiO2/CTAB was not reported.
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             Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols. 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

Fe3O4/SiO2/La-TiO2       

(sol-gel) 

Nil UV-visible light (λ > 340 nm), 

catalyst dose (2.0 g/L), 2,4,6-TCP 

concentration (2 mg/L) 

90% degradation in 60 min (2015) 109 

 
 

0.5 wt.% Fe-TiO2           

(sol-gel) 

2.72 – 3.10 (8 x 8 W) low pressure Hg lamp,  

cat dose (0.8 g/L), 2,4,6-TCP conc              

(50 mg/L, pH = 5) 

100% degradation and           

100% TOC removal in 180 min 

  (2009) 108 

1 wt.% Fe/TiO2              

(sol-gel) 

Nil UV 20 W lamp (254 nm), catalyst 

dose (1 g/L), 2,4-DCP conc                     

(15 mg/L, pH = 4) 

97% degradation and              

71% TOC removal in 120 min 

(2012) 98 

 

V2O5/TiO2/CTAB         

(Solid state dispersion) 

2.21 64‐W UV‐B lamp, catalyst dose     

(2 g/L), 2,4-DCP (25 mg/L, pH = 5) 

100% degradation and               

97% TOC removal in 30 min 

(2016) 110 

 

Sepiolite/TiO2                

(sol-gel) 

Nil 360 W UV lamp, cat dose              

(2 g/L), 2,4-DCP (80 mg/L, pH = 2) 

90.9% degradation in 120 min (2015) 111 
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Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

C/Cl-TiO2@C3N4 NTs Nil 300 W Xe lamp (λ > 420 nm), catalyst 

dose (1.0 g/L), PCP concentration  

(20 mg/L) 

100% degradation in 4 h,                       

75% TOC removal in 18 h 

(2016) 112 

 

N-F-TiO2                        

(sol-gel) 

Nil 2.2 kW Xe lamp (λ > 290 nm), catalyst 

dose (0.5 g/L), PCP concentration    

(5 mg/L, pHnat = 6.7) 

100% degradation in 120 min,            

85% TOC removal in 240 min 

(2015) 113 

TiO2 (P25) 3.1 500 W Xe lamp (λ > 365 nm), catalyst 

dose (0.02 g/L), PCP concentration 

(10 µM) 

~90% degradation in 15 min 

 

(2019) 114 

Ag/TiO2       

(photodeposition) 

Nil 40 W UV LED (λ = 365 nm), catalyst 

dose (1.0 g/L), 4-CP concentration  

(10 mg/L) 

90% degradation and                

25% TOC removal in 60 min 

(2019) 115 

0.21 mol. % Cu-TiO2          

(sol-gel) 

Nil  (5 x 7 W) Vis LED (λ = 440 - 490 nm), 

catalyst dose (3.0 g/L), 2-CP 

concentration (20 mg/L, pH = 5.5) 

100% degradation in 6 h 

 

(2018) 97 



62 

 

Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

N-doped mesoporous    

TiO2 

2.65 Natural sunlight, catalyst dose       

(0.2% w/v), 2-CP concentration         

(50 mg/L, pH = 7) 

98.6% degradation in 4 h  

 

(2012) 116 

0.5%-Ga,I-TiO2              

(sol-gel) 

2.49 400 W Dy lamp (visible light), catalyst 

dose (1.0 g/L), 2-CP concentration 

(0.25 mM) 

~90% degradation and                     

~70% TOC removal in 4 h 

(2011) 117 

S-TiO2                           

(sol-gel) 

2.47 Visible light LED (λ = 490, 565 & 660 

nm), catalyst dose (1.0 g/L), 2-CP 

concentration (25 mg/L) 

71.4%, 71.5% and 86.7%           

degradation, respectively in     

180 min 

(2015) 118 

TiO2–RGO–CoO           

(sol-gel) 

2.83 200 W Xe lamp (visible light), catalyst 

dose (0.5 g/L), 2-CP concentration    

(10 mg/L, pH = 6) 

98.2% degradation in  8 h  

 

(2016) 119 

N-In-Sn-TiO2                 

(sol-gel) 

3.10 UV and visible light (λ > 400 nm), 

catalyst dose (0.125 and 0.25 g/L),      

4-CP conc (50 µM, pH = 5.38) 

96% degradation in  1 h (UV),             

90.7% degradation in  8 h (Vis) 

(2018) 120 
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Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

8.0 wt.% B-TiO2             

(sol-gel) 

2.89 (18 x 8 W) UV-A lamp and (2 X 150 W) 

visible light (λ > 400 nm), cat dose   

(1.0 g/L), 2,4-DCP (20 mg/L, pH = 6.5) 

90% degradation in  5 h (UV),               

75% degradation in  5 h (Vis) 

 (2017) 121 

I/TiO2 –T (5/2)          

n(Ti)/n(I) ratio of 5/2     

(lignin as template, T) 

3.16 350 W Xe lamp (λ > 400 nm), catalyst 

dose (0.5 g/L), 4-CP concentration   

(50 mg/L) 

100% degradation in  60 min,           

~90% TOC removal in 100 min 

(2019) 122 

0.5 wt.% Co-TiO2          

(sol-gel) 

2.1 18 W low pressure Hg lamp (λ = 254 

nm), catalyst dose (1.0 g/L), 

chlorophenols (400 mg/L, pH = 5) 

2-CP (80%), 4-CP (100%), 2,6-

DCP (45%), 2,4-DCP (70%)        

and 2,4,6-TCP (90%) 

degradation in 180 min 

 (2014) 99 

CdS@TiO2 2.25 Mic-LED-455 (visible light), catalyst 

dose (1.0 g/L), CPs (10 mg/L) 

2,4-DCP (73.8%) and 2,4,6-TCP 

(77%) degradation in 360 min 

 (2019) 123 

Fe3O4@TiO2@Au Nil 150 W Xe lamp (UV–vis light), catalyst 

dose (0.5 g/L), 2,4,6-TCP 

concentration (7.5 x 10-5 M, pH = 10) 

97.7% degradation in 40 min  (2019) 124 
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Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

2 wt.% CuS/TiO2 2.73 125 W Hg lamp (λ = 365 nm),              

4-CP (20 mg/L, 60 mL) 

87% degradation in 150 min  (2016) 125 

M/TiO2 (M = CoPc, 

ZnPc) 

2.67 – 2.78 128 W Lightex LT50 lamp (visible light), 

cat dose (1.0 g/L),  4-CP (0.013 M, pH 

= 7) 

~100% degradation in 30 min  (2016) 126 

1 wt.% M-TiO2                  

(M =  Fe, Cu, Ni) 

2.5 – 3.4 (4 x 15 W) UV  lamp (λ = 365 nm),     

cat dose (2.0 g/L), 4-CP (10 mg/L) 

Ni (90%, 80%), Cu (90%, 73%),             

Fe (37%, 31%) degradation and         

TOC removal, respectively in 6 h 

 (2019) 102 

Y2O3/TiO2 nanosheets 2.92 – 3.20 Natural sunlight, catalyst dose (1.0 g/L), 

4-CP (20 mg/L) 

98% degradation and 67.6%                

TOC removal in 120 min 

 (2017) 127 

TiO2(R)-CuOx              

(0.12 wt.% Cu) and 

TiO2(R)-FeOx              

(0.13 wt.% Fe) 

3.0 150 W Xe lamp (λ > 320 nm), catalyst 

dose (1.0 g/L), 4-CP (2.5 x 10-4 M) 

~80% and ~55% degradation                   

in 180 min with CuOx and FeOx, 

respectively 

 (2014) 128 
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Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

7 wt.% (Fe2O3, Co3O4 

and CuO) loaded 

ZnTiO3–TiO2 

2.82 – 3.12 Natural sunlight, 0.3 mL H2O2, cat dose 

(2.0 g/L), 4-CP conc (25 mg/L, pH = 5) 

100, 76 and 85% degradation in 

45 min with Fe2O3, Co3O4 and 

CuO, respectively 

 (2016) 129 

20 wt.% ZnO–TiO2 

mixed oxide 

2.82 16 W UV-B lamp, cat dose (2.0 g/L),    

4-CP conc (25 mg/L, pH = 5.2) 

100% degradation and 91% TOC 

removal in 75 min 

 (2014) 130 

Fe-TiO2-Ag nano-

sphere (0.3 wt.% Fe and 

2.0 wt.% Ag) 

Nil (2 x 8 W) UV-C lamp, catalyst dose          

(1.5 g/L), 4-CP conc (40.4 mg/L, pH = 

4.86) 

97% degradation in 165 min 

 

 (2017) 131 

10 wt.% GO–TiO2    

(titanate nanotubes) 

2.8 UV lamp (λ = 254 nm), catalyst dose 

(1.0 g/L), 4-CP conc (50 mg/L) 

65% degradation in 175 min  (2019) 132 

Magnetic 

TiO2/FeOx/POM 

2.65 Simulated solar light, catalyst dose   

(0.5 g/L), 2,4-DCP concentration                      

(10 mg/L, pH = 5) 

76% degradation and 55.9% TOC 

removal in 180 min 

 (2019) 133 
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Table 2-4 Summaries on TiO2 photocatalysis for the degradation of chlorophenols (continued). 

Photocatalyst Bandgap (eV) Experimental condition Performance Year Ref. 

TiO2 – 325 mesh 3.2 Medium pressure Hg lamp (λ > 360 nm), 

cat dose (0.5 g/L),   4-CP (10 µM),      

2,6-DCP (20 µM) 

100% 4-CP degradation in 30 min 

and 100% 2,6-DCP degradation 

in 60 min 

 (2012) 134 

FeOOH/TiO2                 

(0.14 wt.% Fe) 

3.2 300 W Xe lamp (λ > 320 nm), catalyst 

dose (0.5 g/L), 2,4,6-TCP concentration       

(50 mg/L, pHnat = 6) 

100% degradation and 85% TOC 

removal in 240 min 

 (2020) 135           

This work 

FeOx-CoOx/TiO2                 

(0.1 wt.% Fe and      

0.1 wt.% Co) 

3.2 300 W Xe lamp (λ > 320 nm), catalyst 

dose (0.5 g/L), 2,4,6-TCP concentration       

(50 mg/L, pHnat = 6) 

100% degradation and 92% TOC 

removal in 180 min 

 This work 

     

CTAB: cetyltrimethylammonium bromide, HTAB: hexadecyltrimethylammonium bromide, PVA: polyvinyl acetate, NTs: nanotubes, 

RGO: reduced graphene oxide, Pc: phthalocyanine, GO: graphene oxide, POM: poly-oxo-tungstate, LED: light emitting diode, 

CP: chlorophenol, DCP: dichlorophenol, TCP: trichlorophenol, PCP: pentachlorophenol, TOC: total organic carbon, pHnat: natural 

pH.
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2.5 Summary 

In summary, by comparing the activities of the reviewed optimised 

photocatalysts, relative to their pristine TiO2 counterparts in Table 2-4, TiO2 

heterojunction nanocomposites performed better than metal-doped TiO2 

nanocomposites under UV light irradiation. This is likely due to better charge 

separation efficiency on surface of TiO2 heterojunction nanocomposites, as 

dopant ions in TiO2 lattice can act as charge recombination centres in 

metal-doped TiO2.  Also, the modification of TiO2 with an adsorbent greatly 

improved its photocatalytic degradation efficiency by increasing surface 

contact with the water contaminant.  

However, photocatalyst stability and mineralisation efficiency are some of 

the present-day challenges encountered during water decontamination. In 

Table 2-4, the mineralisation efficiencies based on TOC analysis were 

either not thoroughly reported or very moderate, especially for 2,4,6-TCP. 

The TOC measurement is very important in confirming the complete 

transformation of the chlorophenols to carbon dioxide, instead of partial 

oxidation to other organic compounds, which may be more toxic or 

undetected during quantitative measurements. Photocatalyst stability test 

was not thoroughly reported in some cases. Some of the reviewed 

photocatalysts displayed very slow chlorophenol mineralisation efficiencies 

compared to degradation efficiencies. Also, some of the reviewed 

photocatalysts contain rare earth elements, expensive metals or toxic 

metals, which may impede their commercialisation. The project aims to 
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proffer a solution, by using low-cost methods in preparing robust and stable 

TiO2 nanocomposites, containing earth-abundant metals as cocatalyst, with 

high herbicide mineralisation efficiency. 

In the project, the optimised FeOOH/TiO2 (0.14 wt.% Fe) sample achieved 

nearly a two-fold enhancement in photocatalytic activity, compared to 

pristine TiO2, towards the complete mineralisation of 2,4,6-TCP  under UV 

light irradiation (λ > 320 nm). Photoluminescence (PL) measurements 

confirmed the enhanced photo-generated electron-hole separation, while in 

situ electron spin resonance (ESR) measurements confirmed the catalytic 

effect of FeOOH for improved generation of hydroxyl radicals, thus led to 

high photocatalytic activity. 

 Further optimisation of the photocatalytic activity of FeOOH/TiO2 was 

achieved using bimetallic cocatalyst decoration of TiO2 surface. The 

optimised FeOx-CoOx/TiO2 (0.1 wt.% Fe and 0.1 wt.% Co) nanocomposite 

achieved nearly a 50% enhancement in photocatalytic activity, compared to 

FeOOH/TiO2, towards the complete mineralisation of 2,4,6-trichlorophenol, 

under similar operating conditions. The outstanding photocatalytic 

performance of optimised FeOx-CoOx/TiO2 sample for herbicides 

mineralisation was due to an increased charge separation and enhanced 

hydroxyl radicals production monitored by diverse spectroscopies.  

The optimised FeOOH/TiO2 and FeOx-CoOx/TiO2 samples achieved TiO2 

enhancement factors of 2 and 2.5, respectively compared to unmodified 

TiO2 for TOC removal during 2,4,6-TCP mineralisation. However, only one 
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TiO2-based photocatalyst, metal-doped TiO2 (0.5 wt.% Fe-TiO2) in Table 2-

4 was reported in literature, with available TOC removal data, for 2,4,6-TCP 

mineralisation.108 About 92% and 100% TOC removal were achieved in 180 

min using TiO2 and 0.5 wt.% Fe-TiO2, respectively. The reported 0.5 wt.% 

Fe-TiO2 photocatalyst achieved a TiO2 enhancement factor of ~ 1.1 

throughout the duration of 2,4,6-TCP mineralisation. 

 

 

TCP – trichlorophenol, DCQ – dichlorobenzoquinone, DCHQ – 

dichlorohydroquinone, DCHB – dichlorohydroxybenzoquinone, DCC – 

dichlorocatechol, TRCP – tetrachlorophenol 

Figure 2-4 Typical degradation pathway for 2,4,6-TCP. Adapted from Ji et 
al.136  Copyright 2013, Elsevier. Reprinted with permission. 
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Compared to other photocatalysts, TiO2 remains the best for the 

commercialisation of photocatalytic water treatment technology because of 

its relative low toxicity, low-cost and high photochemical stability. Due to the 

aforementioned drawbacks of reported TiO2 photocatalysts for the 

degradation of chlorinated phenols, extensive research is still required to 

develop a cheap, non-toxic, visible-light active, photo-chemically stable and 

highly efficient TiO2-based composite for wastewater purification. 
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3 Methodology 

This chapter presents only the characterisation methods used throughout 

the research and the other specific methods will be defined in the following 

chapters. 

3.1 X-ray diffraction 

In X-ray powder diffractometry, X-rays are generated within a sealed tube 

that is under vacuum. A current is applied that heats a filament within the 

tube; the higher the current the greater the number of electrons emitted from 

the filament. This generation of electrons is analogous to the production of 

electrons in a television picture tube. A high voltage, typically 15-60 kilovolts, 

is applied within the tube. This high voltage accelerates the electrons, which 

then hit a target, commonly made of copper. When these electrons hit the 

target, X-rays are produced. The wavelength of these X-rays is 

characteristic of that target. These X-rays are collimated and directed onto 

the sample, which has been ground to a fine powder (typically to produce 

particle sizes of less than 10 microns). A detector detects the X-ray signal; 

the signal is then processed either by a microprocessor or electronically, 

converting the signal to a count rate. Changing the angle between the X-ray 

source, the sample, and the detector at a controlled rate between pre-set 

limits is an X-ray scan.137,138 

The diffraction pattern exhibited by a crystal is explained using Bragg’s law 

(equation 3-1). The law states that when the X-ray is incident onto a crystal 
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surface, its angle of incidence, θ will reflect with a same angle of scattering, 

θ. And, when the path difference, d is equal to a whole number, n of 

wavelength, a constructive interference will occur.  

 

Figure 3-1 X-ray scattering on a crystal surface. 

 

                                                                                                                       (   )                                                                                                  

Where, 

 λ = the wavelength of the X-ray 

 d = the spacing of the crystal layers (path difference) 

 θ = the incident angle (the angle between incident ray and the scatter 

plane) 

 n = an integer 
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In the project, measurements were performed using a STOE StadiP 

(Germany) diffractometer with a range from 2θ = 2 – 40o in transmission 

geometry and Mo kα radiation (λ = 0.071 nm, 50 kV, 30 mA) and a Bruker 

D4 (Germany) diffractometer with a range from 2θ = 10 – 80o in reflection 

geometry and Cu kα radiation (λ = 0.154 nm, 40 kV, 30 mA). 

3.2 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that measures the elemental composition at the 

parts per thousand range, empirical formula, chemical state and electronic 

state of the elements that exist within a material. XPS spectra are obtained 

by irradiating a material with a beam of X-rays, while simultaneously 

measuring the kinetic energy and number of electrons that escape from the 

top 0 to 10 nm of the material being analysed. XPS requires a high vacuum 

(P ~ 10−8 millibar) or ultra-high vacuum (UHV; P < 10−9 millibar) 

condition.138–140 

The binding energy (  ) of the core level and kinetic energy of the detected 

electron (   ) are related by the following equation: 

         (        )                                                                                      (   )                                                                                    

Where,    is the energy of the incident X-ray photons and   is the work 

function of the instrument. 

To count the number of electrons during the acquisition of a spectrum with a 

minimum of error, XPS detectors must be operated under ultra-high vacuum 
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(UHV) conditions because electron counting detectors in XPS instruments 

are typically one meter away from the material irradiated with X-rays. This 

long path length for detection requires such low pressures.141 

In the project, measurements were performed on a Thermo Scientific K-

alpha (USA) spectrometer using monochromatic Al kα radiation. The results 

were analysed using Casa XPS software. 

3.3 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique used to observe 

vibrational, rotational, and other low-frequency modes in a system. Raman 

spectroscopy is commonly used in chemistry, to provide a fingerprint by 

which molecules can be identified, as vibrational information is specific to 

the chemical bonds and symmetry of molecules. It relies on inelastic 

scattering, or Raman scattering of monochromatic light, usually from a laser 

in the visible, near infrared, or near ultraviolet range. The laser light interacts 

with molecular vibrations, phonons or other excitations in the system, 

resulting in the energy of the laser photons being shifted up or down.142  

The shift in energy gives information about the vibrational modes in the 

system. Infrared (IR) spectroscopy yields similar, but complementary 

information. Raman shifts are typically reported in wavenumbers, which 

have units of inverse wavelength, as this value is directly related to 

energy.142 

        [
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Where, 

    = Raman shift expressed in wavenumber (cm-1) 

      = excitation wavelength 

     = Raman spectrum wavelength 

In the project, measurements were performed on a Renishaw InVia (UK) 

Raman microscope, using 325 nm or 514 nm excitation laser beams and 

the wavenumber range was from 100 to 3500 cm-1. 

3.4 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a contactless, non-destructive 

method of probing the electronic structure of materials. Light is directed onto 

a sample, where it is absorbed and imparts excess energy into the material 

in a process called photo-excitation. One way this excess energy can be 

dissipated by the sample is through the emission of light, or luminescence. 

In the case of photo-excitation, this luminescence is called PL. With respect 

to photocatalysis, the quantity of PL emitted from a material is directly 

related to the relative amount of radiative and non-radiative recombination 

rates of photo-generated electrons and holes.143,144  

In the project, measurements were performed on a Renishaw InVia (UK) 

Raman microscope, using 325 nm excitation laser beam and the 

wavelength range was from 200 to 800 nm. 
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3.5 BET Surface Area Analysis 

The Brunauer–Emmett–Teller (BET) is a non-destructive technique that 

measures the specific surface area and pore size distribution of a powdered 

sample based on gas adsorption. Generally, the powdered samples are 

degassed at a moderate temperature (~ 120 oC) overnight to remove 

adsorbed contaminants from the surface and pores of a sample prior to BET 

analysis.  The analyser collects the nitrogen (N2) gas adsorption/desorption 

isotherms at 77 K. The BET equation describes the physical adsorption of 

gas molecules on a solid surface to calculate the specific surface area 

(m2/g). More so, the BET theory follows the Langmuir isotherm for multilayer 

adsorption of adsorbate on the surface of an adsorbent. A non-corrosive 

gas like nitrogen is usually employed as an adsorbate, because it is readily 

available in high purity, has relatively strong gas-solid interaction and has a 

widely accepted cross section area (16.2 Å2).145,146 

In the project, BET measurements were performed on a Micromeritics 

TriStar 3000 (USA) gas adsorption analyser with N2 gas as the adsorbate. 

3.6 Microscopes (SEM, TEM) 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) are two different techniques used for imaging the microstructure and 

morphology of materials. SEM applies a focused beam of high-energy 

electrons to generate a variety of signals at the surface of solid samples. 

The signals that are generated from electron-sample interactions reveal 

information about the size of particles, surface morphology and orientation 
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of materials making up the sample. In most applications, data are collected 

over a selected area of the surface of the sample, and a 2-dimensional 

image is generated that displays spatial variations in these properties.147,148 

TEM involves the transmission of an electron beam through a thin sample 

(< 100 nm). The beam interacts with the sample and refracts around atoms, 

generating an image on a photographic film.149 

In the project, SEM measurements were performed on JEOL JSM-7401F 

(Japan) microscope. The powder samples were loaded on carbon tips with 

gold coating. A JEOL 2010F (Japan) microscope was used for TEM 

measurements. The powder samples were diluted in chloroform, sonicated 

to give a uniform suspension and few droplets transferred onto a conductive 

copper grid. 

3.7 UV-visible spectroscopy 

The UV-vis spectroscopy (ultraviolet-visible spectroscopy), also known as 

electronic absorption spectroscopy, is based on the measurement of the 

light absorbed due to electronic transitions in a sample around 190 to 800 

nm wavelength range. Different molecules exhibit different energy 

transitions depending on their chromophores. A chromophore is a covalently 

unsaturated group responsible for electronic absorption or any group of 

atoms that absorbs light, whether a colour is thereby produced or not. The 

technique has been widely used for the identification and quantification of 

organic compounds. UV-vis absorption spectra will give data where the 

wavelength is on the abscissa and absorbance (A) on the ordinate.138,150 
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A linear relationship between absorbance and concentration of a solution is 

expressed by Beer Lambert’s law, which states that the absorption of light in 

a sample solution is dependent on the concentration c of the dissolved 

molecule, the specific molar extinction coefficient at a defined wavelength λ 

and the path length d. It is stated mathematically in equation (3-4) below. 

            
  

 
                                                                                     (   )                                                                                  

Where, 

A = absorbance, T = transmittance 

Io = intensity of incident light, I = intensity of transmitted light 

ε = molar extinction coefficient (L mol-1 cm-1) 

c = concentration (mol L-1) and d = cuvette/cell path length   (cm) 

     

                        
         

  
                                (   ) 

Where, 

    = initial concentration of water pollutant 

    = remaining concentration of water pollutant after time, t 

In the project, UV-vis spectra measurements were performed on a 

Shimadzu UV-2550 (Japan) spectrophotometer. A calibration curve was 

plotted using various concentrations of tested solutions, prepared within the 
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working range (absorbance ≤ 1) before further measurements. When the 

Beer-Lambert law is valid, this calibration curve is linear. 

3.8 Diffuse Reflectance Spectroscopy (DRS) 

UV-vis diffuse reflectance spectroscopy is used to investigate the optical 

properties of semiconductors in the solid state. The semiconductors usually 

have band gap energies between 1 to 4 eV, which refers to the band 

absorption around 1200 to 300 nm. A UV-vis DRS spectra will give data 

where the wavelength is on the abscissa and reflectance (R) on the 

ordinate.149,151 

 The absorption coefficient F(R) can be calculated using the following 

Kubelka-Munk equation: 

 ( )    
(   )  

  
                                                                                                        (   )    

                                                                                             

The indirect bandgap is then estimated from the intercept of the linear 

portion of the plot using equation (3-7).  

        
  

 
            

    

 
                                                                               (    )                                                                                     

For a direct bandgap, semi-conductor, the absorption near the band edge 

can be estimated from equation (3-8), known as the Tauc plot. 

(   )        (        )
 
                                                                                    (   )                                                                                        
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 Where, C is a constant, Eg the optical bandgap, α is the optical absorption 

coefficient, hν is the photon energy, h the Plank’s constant, v the frequency 

of light and the exponent n characterises the nature of band transition; the 

values of n = 1/2 and 3/2 correspond to direct allowed and direct forbidden 

transitions, respectively.  

In the case of direct allowed band gap of a semi-conductor, the relation 

becomes: 

(   )       (        )                                                                                     (   )                                                                                       

An extrapolation of the linear region of a plot of (αhν)2 on the Y-axis versus 

photon energy (hν) on the X-axis gives the value of the optical band gap.  

In the project, the UV-vis absorption spectra measurements of powdered 

samples were performed on a Shimadzu UV-2550 (Japan) 

spectrophotometer fitted with an integrating sphere. BaSO4 powder was 

used as a reflectance standard (≥ 98% reflectance) within the UV-vis 

wavelength range (200 – 800 nm). UV-Probe software was used to directly 

convert reflectance to absorbance via the Kubelka-Munk transformation. 

3.9 TOC-L Analysis 

Total organic carbon- liquid (TOC-L) analyser is used to quantify the amount 

of organic carbon present in an aqueous solution. The sample is delivered 

to the combustion furnace, which is supplied with purified air. There, it 

undergoes combustion through heating to 680 °C with a platinum catalyst. It 

decomposes and is converted to carbon dioxide. The carbon dioxide 
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generated is cooled and dehumidified, and then detected by the infrared gas 

analyser (NDIR).152 

In environmental water and other samples in which the inorganic carbon 

(IC) component of the total carbon (TC) is extremely large, the organic 

carbon in the sample is usually measured via a non-purgeable organic 

carbon (NPOC) measurement as shown in Figure 3-2. By adding a small 

amount of acid to the sample, followed by bubbling of a chemically inert gas, 

such as nitrogen, argon, or helium, through the sample (sparging), to 

remove dissolved gases, the IC (e.g. bicarbonate and carbonate ions) in the 

sample is converted to carbon dioxide. This carbon dioxide is removed, and 

the TOC is obtained by measuring the TC in the treated sample. When the 

carbon dioxide from the IC is removed, purgeable organic carbon (POC) 

may also be lost. Accordingly, the TOC obtained with this method may be 

referred to as NPOC.152 

 

Figure 3-2 A typical sketch illustrating TOC-L analyser (Shimadzu) NPOC 
measurement.152 

 

                           
             

    
                                (    ) 
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Where, 

      = initial concentration of organic carbon in water pollutant 

      = remaining concentration of organic carbon after time, t 

In the project, TOC measurements of liquid samples were obtained from a 

Shimadzu TOC-L CPH (Japan) analyser after calibration with potassium 

hydrogen phthalate (KHP) as a primary standard. In the laboratory 

simulated wastewater prepared using D.I. water, the IC component of the 

TC is negligible, thus the use of an acid and inert gas bubbling in the 

sparging process were excluded from the NPOC measurement. 

3.10 Electron Spin Resonance 

Electron spin resonance (ESR), or also known as electron paramagnetic 

resonance (EPR), is a powerful non-destructive analytical method for the 

detection and characterisation of unpaired electrons in a substance. ESR 

spectroscopy involves the absorption of microwave radiation by an unpaired 

electron when it is exposed to a strong magnetic field. Species that contain 

unpaired electrons (e.g. free radicals, odd-electron molecules, transition 

metal complexes and rare earth ions) can therefore be detected by 

ESR.153,154 

In the project, in situ ESR spectra measurements were performed on a 

bench-top Magnettech MS-5000 (Germany) ESR spectrometer, using 10 

mW microwave power, 10 kHz modulation frequency and magnetic field 

range from 326.7 to 346.7 mT. A 300 W Xe lamp was used as light source 
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(λ > 320 nm). In situ ESR signals of radical species (           
   ) 

generated during photocatalytic water treatment were measured using a 

spin-trapping agent, DMPO (5,5’-dimethyl-1-pyrroline-N-oxide) in the 

absence of herbicide. Aqueous dispersion of DMPO and photocatalyst was 

used for .OH radical detection, while methanol dispersion of DMPO and 

photocatalyst was used for .O2
- detection.155 

3.11 Fluorescence spectroscopy 

Fluorescence spectroscopy is a sensitive analytical technique used for the 

characterisation of molecular constituents (fluorescent molecules or 

fluorophores) present in a sample. It is a type of electromagnetic 

spectroscopy, which involves the excitation of electrons from the fluorescent 

molecules upon collision with a high energy photon. During the transition 

process of fluorophores from their higher energy level (excited state) to the 

ground state by lowering their energy level, photons are emitted. In order to 

separate the fluorescence produced by the sample and the transmitted light, 

the fluorescence detector is placed at an angle of 90° to the incident light 

direction, thus a four-sided transmission cell (quartz cuvette) is used. To 

obtain a spectrum, the fluorescence is dispersed using a diffraction 

grating.156,157 

In the project, spectrofluorometric measurements were performed on 

Shimadzu RF-6000 (Japan) spectrofluorometer, with a xenon arc lamp 

installed as light source, and a fluorescence detector capable of 

measurements between 200 and 900 nm. Terephthalic  acid and coumarin 
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are the two widely used probe molecules, for the detection and 

quantification of •OH radicals, due to their high reactivity with •OH to 

produce highly fluorescent products.158,159 Coumarin was used as a probe 

molecule to quantify the hydroxyl radicals generated in the photocatalytic 

water treatment set-up. Coumarin reacts with •OH radicals to give a highly 

fluorescent adduct (7-hydroxycoumarin). The excitation wavelength was set 

at 332 nm and the emission wavelength range between 340 and 600 nm.158 

3.12 Liquid chromatography and Mass spectrometry 

Liquid chromatography (LC) is an analytical technique used for the 

separation and analysis of individual components of a liquid mixture. The 

process involves mass transfer of a sample through a polar mobile phase 

(mostly methanol or acetonitrile) and non-polar stationary phase. The 

stationary phase consists of a porous granular solid material such as silica 

or polymers filled in a packed column made of metal. The interaction 

between mobile phase and stationary phase is the basis for column 

separation of the individual components and elution at a different time. The 

retention time is the time from the start of sample injection to detector 

response. The unknown compound can be characterised by comparing the 

retention time with that of a known standard under the same 

conditions.160,161  

In the project, two types of detectors are utilised, which are Photodiode 

array detector (PDA) and Mass spectrometry detector (MS). The PDA 

detector is equipped with a linear array of discrete photodiodes on an 
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integrated circuit chip. It can scan a wavelength range from 190-800 nm, 

unlike the conventional single wavelength UV/vis detector. Array detectors 

are especially useful for recording the full uv-vis absorption spectra of 

samples that are rapidly passing through a sample flow cell. UV/vis 

detectors visualise the obtained result in two dimensions (light intensity and 

time), but PDA adds the third dimension (wavelength). This is convenient to 

determine the most suitable wavelength without repeating analyses.160 

In the project, the change in herbicide concentration was monitored using a 

high performance liquid chromatograph (Shimadzu LC-2030C, Japan) 

consisting of a binary pump, an autosampler, a PDA detector and an ACE-5 

C18 (5µm × 150 mm × 4.6 mm) reverse phase column maintained at 40 oC. 

The HPLC used a 5–95% gradient (Acetonitrile/H2O with 0.1% formic acid) 

as the mobile phase. 

Before the emergence of electrospray ionisation mass spectrometry (ESI-

MS), there were several ionisation methods (electron ionisation, chemical 

ionisation, etc.), but the propensity of analyte to fragment was a challenge. 

ESI-MS is a soft ionisation technique used for the generation of gaseous 

ions without fragmentation of thermally unstable large molecules such as 

proteins. In positive ion mode (when the spraying nozzle is kept at positive 

potential) the charging generally occurs via protonation, while in negative 

ion mode (when the spraying nozzle is kept at negative potential) the 

charging generally occurs via deprotonation.162  
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In the project, intermediate products formed during herbicide mineralisation 

were detected using HPLC with a single quadrupole tandem mass 

spectrometer (Shimadzu 2020 series, Japan, HPLC-MS system), equipped 

with an ESI source. The MS detection was operated in negative ionisation 

mode. 



87 

 

4 Highly dispersed FeOOH to enhance photocatalytic 

activity of TiO2 for complete mineralisation of herbicides 

4.1 Introduction 

This chapter presents the synthesis of novel nanocomposites comprising 

different phases of Fe(III) species on PC50 (commercial anatase TiO2), 

using a reproducible surface impregnation method. The active species of 

Fe4NO3(OH)11, FeOOH and Fe2O3 were found to be readily controlled by 

synthesis temperature. The Fe(III) species were thoroughly characterised in 

order to clarify their functionality and actual active species. The 

mineralisation of 2,4,6-trichlorophenol (2,4,6-TCP) in water was carried out 

under UV/Vis light irradiation. The effects of cocatalyst concentration, choice 

of Fe(III) precursor and calcination temperature were investigated. The 

charge transfer mechanism and the reaction pathway were also discussed. 

Photocatalytic mineralisation ability of the optimised catalyst was also 

evaluated with another widely used herbicide, 2,4-dichlorophenoxyacetic 

acid (2,4-D) to demonstrate its wide feasibility. Due to its remarkable 

photocatalytic activity, only the optimised FeOOH/TiO2 nanocomposite with 

0.14 wt.% Fe loading and 250 oC calcination temperature was 

comprehensively characterised. 
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4.2 Experimental section 

4.2.1 Chemicals 

PC50 TiO2 (purely anatase) was purchased from Millennium chemicals. 

2,4,6-trichlorophenol (98%) was purchased from Alfa Aesar. 2,4-

dichlorophenoxyacetic acid was purchased from Cayman Chemical 

Company. 1,4-benzoquinone (99%) was purchased from Acros Organics. 

Fe(NO3)3
.9H2O, FeCl3

.6H2O, Fe2(SO4)3
.H2O, Ethylenediaminetetraacetic 

acid (EDTA) and DMPO were purchased from Sigma-Aldrich. Isopropanol 

(HPLC grade), Potassium hydrogen phthalate (KHP) and Acetonitrile (HPLC 

grade) were purchased from Fischer Scientific. All reagents were used as 

received without further purification. 

4.2.2 Fabrication of photocatalysts 

A modified surface impregnation and drying technique was used to fabricate 

FeOOH/TiO2 and Fe2O3/TiO2 composites.128 In the experiment, the 

appropriate percentage weight of iron (III) nitrate nonahydrate was added to 

an aqueous suspension of 1.0 g of commercial PC50 TiO2 in a clean 

alumina crucible under mild stirring, with Fe/TiO2 composition range (0.07 to 

2.8 wt.% Fe).128 The obtained slurry was continuously stirred with a 

magnetic stirrer bar and dried slowly at 80 oC on a hotplate. The resultant 

dried powder was hand-milled and calcined in a muffle furnace under air 

atmosphere at 250 oC for 4 hours during study on effect of Fe loading on 

photocatalytic activity. The sample prepared at this temperature was 

denoted as FeOOH/TiO2 as proved by XRD and Raman characterisations. It 
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was collected after cooling down to room temperature, hand-ground again 

and stored for photocatalytic activity tests and characterisations. 

Subsequent study on the choice of Fe(III) precursor (nitrate, sulphate and 

chloride) was evaluated using optimum Fe loading (0.14 wt.%), followed by 

a study on the effect of calcination temperature (120 to 450 oC). 

4.2.3 Characterisation 

High resolution XPS was performed using a Thermo Scientific K-alpha 

photoelectron spectrometer with monochromatic Al kα radiation; peak 

positions were calibrated to carbon (C1s = 284.5 eV) and plotted using the 

CasaXPS software. Powder XRD measurements were performed using a 

STOE StadiP diffractometer in foil mode with Mo kα radiation (λ = 0.071 nm, 

50 kV, 30 mA) and a Bruker D4 diffractometer in reflection geometry with Cu 

kα radiation (λ = 0.154 nm, 40 kV, 30 mA). Specific surface area (S.A) 

measurements were performed using the BET method (N2 adsorption, 

TriStar 3000, Micrometrics). The morphologies of the products were 

characterised using TEM (JEOL 2010F) with EDS detector. Raman 

scattering and PL were measured using a Renishaw 1000 Raman 

microscope with 514 nm and 325 nm excitation lasers at room temperature, 

respectively. In situ ESR signals of radicals trapped by DMPO were 

obtained using MS-5000 Magnettech ESR spectrometer. 

4.2.4 Photocatalytic activity test 

A 300 W Xe lamp (Newport) was used as the light source with a plain glass 

window (λ > 320 nm) as a cut-off filter. The glass window shields all UV light 
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with wavelength < 320 nm. In the photocatalysis experiment, 0.1 g of 

photocatalyst was suspended in 200 mL 50 mg/L aqueous solution of 2,4,6-

trichlorophenol (2,4,6-TCP) at natural solution pH of 6 or 200 mL 25 mg/L 

aqueous solution of 2,4-dichlorophenoxyacetic acid (2,4-D) at natural 

solution pH of 4 in D.I. water. The suspension was sonicated in an 

ultrasonic water-bath for 15 min and then magnetically stirred in the dark for 

1 h to achieve adsorption/desorption equilibrium of herbicides on the 

photocatalyst before photocatalysis. The photocatalyst had negligible effect 

on the overall pH of the suspension before photocatalysis. The experimental 

setup is shown in Fig. 4-1. 

 

 

Figure 4-1 Reactor set-up used for photocatalytic mineralisation of 
herbicides. 
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The suspension was then exposed to light irradiation (λ > 320 nm) for 4 h, 

under continuous magnetic stirring, and the reaction vessel was immersed 

in a water-bath to regulate temperature (T ≤ 30 oC). The distance between 

the lamp head and the top of the solution was maintained at 8 cm to achieve 

similar light intensities. Upon light irradiation, 3 mL aliquot was withdrawn 

from the bottom of the suspension at regular time intervals and filtered 

through a micropore syringe filter (PTFE, 0.2 µm) before further analysis. 

Similar experimental setup was used in the control tests (photolysis and 

dark adsorption) for 4 h. However, photolysis of 2,4,6-TCP and 2,4-D were 

carried out without photocatalyst and sonication, while dark adsorption of 

2,4,6-TCP was carried out without light irradiation. The photolysis 

experiment was carried out to observe any possibility of direct 

photodegradation of 2,4,6-TCP and 2,4-D, while dark adsorption experiment 

was carried out to observe adsorption/desorption equilibrium of herbicides 

on photocatalyst and validate the duration (1 h) of dark adsorption used in 

photocatalysis procedure. 

Stability test was carried out on the best samples under similar operational 

conditions during photocatalytic 2,4,6-TCP mineralisation experiments, 

except for the increase in amount of photocatalyst powder to 0.5 g. The 

cycle tests were performed at three hours intervals. The photocatalyst was 

recovered from solution via centrifugation method and re-used immediately 

for subsequent cycles without any pre-treatment or make-up. 
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Studies on uv-vis absorption spectra of 2,4,6-TCP (50 mg/L) at different 

solution pH was carried out to investigate the influence of 2,4,6-TCP dark 

adsorption on the absorption spectra around 310 nm. 0.1 M sodium 

hydroxide (NaOH) and 0.1 M sulfuric acid (H2SO4) aqueous solutions were 

used for the adjustment of solution pH. 

4.2.5 Activity analysis 

The photocatalytic activity of the prepared TiO2 samples towards herbicides 

mineralisation before and after test was investigated primarily using a TOC-

L analyser to measure TOC removal rate, after calibration of analyser with 

KHP as a primary standard. The change in herbicide concentration 

(degradation rate) was measured using HPLC consisting of a binary pump, 

an autosampler, a PDA detector and an ACE-5 C18 (5µm × 150 mm × 4.6 

mm) reverse phase column maintained at 40 oC. The HPLC used a 5–95% 

gradient (Acetonitrile/H2O with 0.1% formic acid) as the mobile phase. The 

flow rate was set at 1.0 mL/min and the injection volume was 20 μL. The 

initial mobile phase was 5% A (acetonitrile) and 95% B (water containing 

0.1% formic acid) and kept isocratic for 1 min, followed by a linear gradient 

to 95% A in 15 min, and kept isocratic for 3 min, and then back to 5% A in 

0.5 min. A UV-vis spectrophotometer was also used to monitor herbicides 

degradation rate with the optimised sample for comparison. The graphical 

plots were expressed in terms of relative amount of TOC or herbicide 

concentration left in solution as shown in equations (4-1 and 4-2), while the 

percentage degradation and mineralisation were calculated from equations 

(3-5 and 3-10), respectively. 
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Where, 

      = initial concentration of organic carbon in water pollutant 

     = remaining concentration of organic carbon after time, t 

    = initial concentration of water pollutant  

   = remaining concentration of water pollutant after time, t 

 

Intermediate products formed during herbicide mineralisation were detected 

using HPLC with a single quadrupole tandem mass spectrometer (HPLC-

MS system), equipped with an ESI source. The MS detection was operated 

in negative ionisation mode. 

 

4.3 Results and discussion 

4.3.1 Materials characterisations 

The XRD patterns of unmodified PC50 TiO2 and the selected FeOOH/TiO2 

samples with varying Fe concentration are shown in Fig. 4-2. Typical 

diffraction peaks corresponding to anatase (JCPDS 21-1272) are observed 

in these samples.163,164 The main diffraction peaks are indexed as the (101), 

(004), (200), (105), (211), (204), (116), (220) and (215) reflections of 
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crystalline anatase phase. No characteristic diffraction peaks of Fe-related 

species (e.g. Fe, FeO, FeOOH, Fe(OH)x, Fe2O3 or Fe3O4) are observed on 

the surface modified TiO2. This could be due to the highly dispersed and low 

amount of iron species loaded on TiO2 and the intensive background signal 

caused by TiO2. 

 

Figure 4-2 XRD patterns of PC50 TiO2 and FeOOH/TiO2 samples (0.14, 1.4 
and 2.8 wt.% Fe). 

 

The absorption spectra of unmodified PC50 TiO2 and as-prepared 

FeOOH/TiO2 nanocomposites are shown in Fig. 4-3. There is a slight 

change in band-gap for low Fe samples (0.07 - 0.7 wt.%) samples 

compared to unmodified PC50 TiO2 (ca. 3.2 eV), indicating low amount of 

Fe contributes little to the light absorption of the nanocomposites. With 

increasing Fe loading (up to 2.8 wt.%), there is a significant red shift in light 
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absorption band edge and lowering of the nanocomposites band-gap to ca. 

2.6 eV or 475 nm using equation (3-7), which is due to visible light 

absorption from the Fe(III) species  on TiO2 surface. 

 

Figure 4-3 UV/vis absorption spectra of prepared FeOOH/TiO2 composites. 

 

High resolution XPS was used to identify the Fe species present in the 

FeOOH/TiO2 samples. Fe 2p peaks are not observed in the XPS survey 

spectrum of the 0.14 wt.% Fe sample (Fig. 4-4), which is due to the low 

amount of Fe loading and high dispersion on TiO2. The Fe 2p peaks are 

observed after increasing the Fe concentration to 1.4 wt.%. Peaks 

corresponding to Fe3+ are confirmed around 711 eV (Fe 2p3/2) and 724 eV 

(Fe 2p1/2) in the Fe 2p XPS spectrum of 1.4 wt.% Fe sample and no peaks 

are observed for the 0.14 wt.% Fe sample (Fig. 4-5). This could also be due 

to the low Fe loading in the sample and the intensive background signal 
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caused by Ti 2p and O 1s signals of TiO2.
128 Absence of a peak at 709 eV 

rules out the presence of Fe2+ in the FeOOH/TiO2 nanocomposites.165 

 

Figure 4-4 XPS survey spectra of FeOOH/TiO2 samples (0.14 and 1.4 wt.% 
Fe). 

 

Figure 4-5 High resolution XPS Fe 2p spectra of FeOOH/TiO2 samples 
(0.14 and 1.4 wt.% Fe). 
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Based on the N1s scan in Fig. 4-6, residual nitrogen species, which were 

absent in the PC50 TiO2, could be slightly detected on the surface of 

FeOOH/TiO2 (0.14 wt.% Fe) sample. Furthermore, for N 1s scan, a single 

peak observed around 407 eV corresponds to NO3
- species as reported in 

literature.166 

 

Figure 4-6 N 1s spectra of PC50 TiO2 and FeOOH/TiO2 (0.14 wt.% Fe). 

 

 

The XRD patterns of 0.14 wt.% Fe/TiO2 samples, calcined at different 

temperatures are shown in Fig. 4-7. Typical diffraction peaks corresponding 

to anatase (JCPDS 21-1272) are also observed in all samples.163,164 The 

diffraction peaks relating to Fe species could not be identified here. This 

could again be due to the highly dispersed and low concentration of Fe 

species and intensive background signal caused by TiO2.  
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Figure 4-7 XRD patterns of 0.14 wt.% Fe/TiO2 composites calcined at 
different temperatures. 

 

 

The UV-vis absorption spectra of 0.14 wt.% Fe/TiO2 nanocomposites 

calcined at different temperatures are shown in Fig. 4-8. There is no 

significant shift in the light absorption band-edge for all samples. 
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Figure 4-8 UV/vis absorption spectra of 0.14 wt.% Fe/TiO2 composites 
calcined at different temperatures. 

 

 

The SEM and TEM images in Figs. 4-9 and 4-10 reveal an aggregate 

structure of the nanoparticles with average particle size of the anatase TiO2 

to be approximately 20–30 nm but the Fe (III) species could not be imaged 

directly at this low Fe concentration. This is due to the high dispersity of Fe 

species on TiO2 as shown in the EDS elemental mapping for Fe and Ti (Fig. 

4-10).  
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Figure 4-9 SEM image of FeOOH/TiO2 (0.14 wt.% Fe). 

 

 

Figure 4-10 TEM image of FeOOH/TiO2 (0.14 wt.% Fe) and EDS elemental 
mapping showing Ti and Fe. 
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To investigate the impact of calcination temperature on the physical 

properties of the modified samples, BET surface area measurements were 

carried out and results are displayed in Table 4-1. From the results, there 

appears to be little variation in surface area from unmodified TiO2 to the 

sample calcined at 450 oC. This implies that the moderate surface 

impregnation method neither reduced the surface area of PC50 TiO2 nor 

significantly increased the surface area. 

 

Table 4-1 BET surface area analysis for effect of calcination temperature. 

Sample TiO2   0.14 wt.%  Fe  

 (unmodified) (120 oC) (250 oC) (350 oC) (450 oC) 

S.A (m2/g) 47 48 48 49 49 

 

 

4.3.2 Photocatalytic mineralisation of herbicides 

The calibration curve for the TOC analyser using KHP standard solutions as 

organic substrate is displayed in Fig. 4-11 and it shows a good linear fit (r2 = 

0.9999).  

BET surface area 
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Figure 4-11 TOC calibration curve using KHP standards. 
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was achieved in 30 min as shown in Fig. 4-12 and Fig. 4-13. The peak at 
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to slight changes in solution pH as confirmed in Fig. 4-14. This 
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Figure 4-12 Typical UV-vis absorption spectra of 2,4,6-TCP on 
FeOOH/TiO2 (0.14 wt.% Fe) in the dark.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L). 

 

Figure 4-13 Adsorption-desorption equilibrium graph.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst = 0.5 g/L). 
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Figure 4-14 Typical UV-vis absorption spectra of 2,4,6-TCP (50 mg/L) at 
different solution pH. 
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leads to a further increase in photocatalytic activity, while poor 2,4,6-TCP 

mineralisation  rates are observed with 1.4 and 2.8 wt.% Fe-loaded samples. 

 

Figure 4-15 Mineralisation profiles of 2,4,6-TCP using FeOOH/TiO2 with 
different Fe loading and control experiment.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 

 

Figure 4-16 Typical UV-vis absorption spectra of 2,4,6-TCP (50 mg/L, pHnat  
= 6) during photolysis. 
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The optimum condition for the preparation of FeOOH/TiO2 nanocomposites 

is found to be 0.14 wt.% Fe with ca. 85% TOC removal after 4 h, nearly 

doubling the benchmark photocatalyst PC50 activity. Cocatalyst loading of 

0.42 and 0.7 w.t% Fe also display close photocatalytic activity as the 

optimised sample in Fig. 4-17. However, a significant reduction in the 

photocatalytic mineralisation efficiency is observed with higher Fe 

concentration (2.8 wt.% Fe), compared to unmodified PC50 TiO2 after 4 h 

test. 

 

 

Figure 4-17 A plot of 2,4,6-TCP mineralisation efficiency versus Fe 
concentration in FeOOH/TiO2 at 4 h run. 
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increasing the amount of cocatalyst over the optimum adversely affects the 

photocatalytic activity, which was also reported in literature.167–169 This 

observation could be due to shielding of intrinsic light absorption by colorful 

cocatalysts and occupying the oxidation sites on TiO2.
128 Higher loadings of 

Fe(III) on the surface of TiO2 may hinder light irradiation, thus reduces the 

generation and separation of electrons and holes on TiO2. Therefore, for the 

FeOOH/TiO2 nanocomposites, there is a trade-off between the two effects 

incurred by supporting Fe species, leading to the existence of an optimum 

Fe loading on TiO2.
170 

Furthermore, to investigate the contribution of the choice of Fe(III) 

precursors, FeOOH/TiO2 (0.14 wt.% Fe) was prepared using other low cost 

Fe precursors (sulphate and chloride). From the results in Fig. 4-18, there is 

no significant difference in photocatalytic mineralisation activities of the 

three samples. However, the composite prepared from Fe(III) nitrate has a 

slight edge after 240 min as observed from the TOC measurements, thus 

Fe(III) nitrate was used again as Fe precursor for subsequent experiments. 
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Figure 4-18 Mineralisation profiles of 2,4,6-TCP using FeOOH/TiO2 (0.14 
wt.% Fe) prepared with different Fe (III) precursors.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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worst is the sample calcined at 450 oC, with only about 35% TOC removal in 

4 h run.  

 

 

Figure 4-19 Mineralisation profiles of 2,4,6-TCP using 0.14 wt.% Fe/TiO2 
with different calcination temperatures.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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FeOOH could improve the adsorption of organic contaminants on TiO2 as 

reported in literatures.171 

 

 

Figure 4-20 TOC measurement with experimental error bar of optimised 
FeOOH/TiO2 (0.14 wt.% Fe) after conducting triple experiments. 
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identified, which will be discussed in detail under 2,4,6-TCP degradation 

pathway (4.3.5). The limit of direct quantification of 2,4,6-TCP in aqueous 

phase with the HPLC is around 0.04 mg/L or 40 µg/L at 292 nm wavelength. 

 

 

Figure 4-21 Calibration curve for 2,4,6-TCP standards using HPLC with 292 
nm as PDA wavelength. 
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Figure 4-22 HPLC chromatograms showing the degradation profiles of 
2,4,6-TCP over FeOOH/TiO2 (0.14 wt.% Fe).  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L,  λ > 320 nm). 

 

 

 

The 2,4,6-TCP degradation process follows typical pseudo-first-order 
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Figure 4-23 Pseudo-first-order kinetics plots for 2,4,6-TCP degradation 
using PC50 TiO2 and FeOOH/TiO2 (0.14 wt.% Fe). 

 

 

Fig. 4-24 shows a comparison between unmodified TiO2 and FeOOH/TiO2 

(0.14 wt.% Fe) for 2,4,6-TCP degradation. Nearly 50% and 90% 
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optimised FeOOH/TiO2 sample, respectively. 
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Figure 4-24 Degradation profiles of 2,4,6-TCP using PC50 TiO2 and 
optimised FeOOH/TiO2 sample monitored by HPLC.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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less accurate when compared with measurements from HPLC. This could 
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Figure 4-25 Comparison of results obtained from TOC, HPLC and UV-vis 
measurements for 2,4,6-TCP degradation using optimised FeOOH/TiO2 
sample.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L,  λ > 320 nm). 
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the Fe2O3 content is dominating over FeOOH, such as in the 0.14 wt.% 

Fe/TiO2 (450 °C) sample and Fe(III) species prepared at 450 °C, part of the 

Fe2O3 sites may become electron-hole recombination centers.171  

 

Figure 4-26 Mineralisation profiles of 2,4,6-TCP using only as-prepared 
Fe(III) cocatalysts without TiO2.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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FeOOH/TiO2 sample, based on its 2,4,6-TCP mineralisation efficiency, was 

evaluated with a widely used herbicide, 2,4-dichlorophenoxyacetic acid (2,4-

D) and results are displayed in Fig. 4-27. 0% TOC removal is observed after 
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was recorded from the UV-vis absorption spectra measurements (Fig. 4-28). 

Nearly 60% and 95% TOC removal are achieved with the unmodified TiO2 
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Figure 4-27 Mineralisation profiles of 2,4-D using PC50 and FeOOH/PC50 
(0.14 wt.% Fe) sample.  

Conditions: 2,4-D (25 mg/L, 200 mL, pHnat  = 4, catalyst concentration = 0.5 
g/L, λ > 320 nm). 
 

 

Figure 4-28 Typical UV-vis absorption spectra of 2,4-D during photolysis.  

Conditions: 2,4-D (25 mg/L, 200 mL, pHnat  = 4, λ > 320 nm). 
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2,4-D removal by the optimised FeOOH/TiO2 was also analysed with HPLC 

and UV-vis spectra and results are shown in Fig. 4-29. Similar to what is 

observed in Fig. 4-25, the UV-vis spectra results is less accurate when 

compared with measurements from HPLC, which is again due to 

interference of colorless intermediate products at the monitored wavelength 

(228 nm)173 for 2,4-D degradation. 

 

 

Figure 4-29 Comparison of results obtained from TOC, HPLC and UV-vis 
spectrophotometer for 2,4-D degradation using optimised FeOOH/TiO2 
sample.  

Conditions: 2,4-D (25 mg/L, 200 mL, pHnat  = 4, catalyst concentration = 0.5 
g/L, λ > 320 nm). 
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4.3.3 The characterisation of Fe(III) species as cocatalysts 

Due to the difficulty in identifying the highly dispersed specific Fe(III) species 

on TiO2, the iron precursor of large amount was used to prepare samples at 

different temperatures171 (1 g of sample, calcined for 6 h) and the yield was 

sufficient for analysis using Raman spectroscopy and XRD. The XRD 

patterns in Fig. 4-30 with enlarged XRD patterns of some selected samples 

(Fig. 4-31) are matched with a reference database, and could give a clue to 

the likely Fe(III) species obtained at different calcination temperatures. 

Samples calcined at 350 and 450 oC consist of hematite, Fe2O3 (JCPDS 33-

0664)174,175, sample calcined at 250 oC matches FeOOH (JCPDS 76-

0182)176, while the sample calcined at 120 oC is a mixture of Fe(III) species 

i.e., trace amount of Fe4NO3(OH)11 (JCPDS 44-0520)177 and the major 

phase of FeOOH. 

 

Figure 4-30 XRD patterns of the products obtained after calcination of 
Fe(III) nitrate nonahydrate at different temperatures. 
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Figure 4-31 Enlarged XRD patterns of three Fe(III) samples from Fig. 4-30. 

 

 

Based on the Raman spectra in Fig. 4-32, the samples calcined at 350 and 

450 oC exhibit the characteristic Raman shift peaks of hematite (Fe2O3) i.e. 
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and 250 oC, and consistent with XRD analysis.178 The Raman peaks of 

samples calcined at 120 and 250 oC are left-shifted, with a characteristic 

peak (*) around 390 cm-1 indicating FeOOH species.178 Therefore, the 

presence of FeOOH species is the key here which enhanced the 

photocatalytic activity of the composites prepared at 120 oC and 250 oC. 
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Figure 4-32 Raman spectra of the products obtained after calcination of Fe 
(III) nitrate nonahydrate at different temperatures. 
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Figure 4-33 PL spectra of unmodified PC50 TiO2 and optimised Fe/TiO2 
(0.14 wt.% Fe) samples prepared at 120 and 250 oC. 

 

 

4.3.4 Catalyst recycling and reactive oxygen species tests 

The graph in Fig. 4-34 shows normalised activities with TiO2 as a reference, 
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Figure 4-34 Recycling performance of 0.14 wt.% Fe/TiO2 samples at 
different calcination temperatures with normalisation when taking TiO2 as a 
reference.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
2.5 g/L,  λ > 320 nm). 
 

 

Figure 4-35 Recycling performance of pristine PC50 TiO2.  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
2.5 g/L,  λ > 320 nm). 
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The photocatalytic recyclability performance follows the order: 350 oC ≈ 250 

oC > 120 oC. This implies that at higher calcination temperature, more stable 

photocatalysts were produced, which might be due to a more intimate 

contact between the Fe(III) species and TiO2 particles. The sample 

prepared at 250 oC (FeOOH/TiO2) is quite stable unlike the sample 

prepared at 120 oC (FeOOH + Fe4NO3(OH)11/TiO2). This could likely be due 

to the presence of iron nitrate hydroxide impurities that could help catalytic 

effect of FeOOH but is not as stable as FeOOH. The lower photocatalytic 

degradation efficiency recorded for the 350 oC calcined sample, compared 

to others, is likely due to the conversion of FeOOH to Fe2O3 on TiO2 

surface.179 Therefore, the best in terms of activity is 0.14 wt.% Fe/TiO2 

prepared at 120 oC, while taking into account both stability and activity, the 

optimised sample is the one prepared at 250 oC (0.14 wt.% Fe/TiO2), which 

represents FeOOH/TiO2. 

It is generally accepted that the reaction pathways for photocatalytic 

degradation of organic water contaminants are dominated by several active 

species (e.g. holes, superoxide radicals and hydroxyl radicals).180,181 Herein, 

some scavengers were utilised to confirm the active species, which will 

further assist in understanding the photocatalytic degradation mechanism 

for 2,4,6-TCP degradation, using the optimised FeOOH/TiO2 (0.14 wt.% Fe) 

sample prepared at 250 oC. EDTA was used as hole (h+) scavenger, 

isopropanol (IPA) as hydroxyl radical (.OH) scavenger and 1,4-

benzoquinone as superoxide radical (.O2
-) scavenger.155 As shown in Fig. 4-

36, about 97% 2,4,6-TCP degradation is recorded in 4 h without any 



125 

 

additive. The degradation rate drops to about 70% in the presence of hole 

scavenger and about 20% with superoxide radical (.O2
-) scavenger, while 

virtually no activity is recorded with hydroxyl radical scavenger. This implies 

that the degradation of 2,4,6-TCP was mostly dominated by hydroxyl 

radicals and superoxide radicals, since the degradation of 2,4,6-TCP is 

drastically reduced in their absence. This observation is somewhat 

consistent with results reported in the literature.136,155,180 

 

 

Figure 4-36 Effect of different scavengers/additives on 2,4,6-TCP 
degradation efficiency of FeOOH/TiO2 (0.14 wt.% Fe).  

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L,  λ > 320 nm), EDTA (10 mg/L), Benzoquinone (10 mg/L), 
Isopropanol (10% v/v). 
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In situ ESR technique was employed to monitor the enhancement in 

generation of these reactive oxygen species (ROS) with DMPO as spin-

trapping agent and results are shown in Figs. 4-37 and 4-38. No ESR 

signals are detected when the reaction is carried out in the dark. Under full 

arc light irradiation (λ > 320 nm), the characteristic peaks of DMPO-.OH and 

DMPO-.O2
- adducts could be observed.155,182,183 There is a significant 

improvement in the generation of hydroxyl radicals, while generation of 

superoxide radicals is not enhanced by the optimised FeOOH/TiO2 

compared to unmodified TiO2 sample. This indicates that FeOOH enhanced 

the generation of hydroxyl radicals in the TiO2 composite for complete 

mineralisation of 2,4,6-TCP. 

 

 

Figure 4-37 DMPO-.OH spin-trapping ESR spectra using PC50 TiO2 and 
FeOOH/TiO2 (0.14 wt.% Fe).  

Conditions: 20 µL 20 mM DMPO, 0.5 mg/mL catalyst in aqueous dispersion 
and under light irradiation (λ > 320 nm) for 40 secs. 
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Figure 4-38 DMPO-.O2
- spin-trapping ESR spectra using PC50 TiO2 and 

FeOOH/TiO2 (0.14 wt.% Fe).  

Conditions: 20 µL 20 mM DMPO, 0.5 mg/mL catalyst in methanol dispersion 
and under light irradiation (λ > 320 nm) for 40 secs. 

 

 

 

4.3.5 2,4,6-TCP degradation pathway 

During 2,4,6-TCP oxidative degradation, most researchers reported the 

generation of 2,6-dichloro-1,4-benzoquinone (2,6-DCBQ) as the first 

intermediate product, which is a light sensitive compound that can easily 

transform into a mixture of 2,6-dichlorohydroquinone (2,6-DCHQ) and 2,6-

dichloro-3-hydroxy-1,4-benzoquinone (2,6-DCHBQ) under light 

irradiation.136,184 These intermediate products can be further degraded via 
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the aromatic ring cleavage185 and finally mineralised to give small molecules 

(aliphatic carboxylic acids).186 

In the project, the degradation intermediates of 2,4,6-TCP were analysed by 

HPLC in tandem with MS (HPLC-MS) using ESI negative mode. Six 

intermediate products were detected based on analysis of HPLC 

chromatograms, corresponding ESI chromatograms and ESI spectra as 

shown in Figs. 4-39 to 4-43. Peak 1 with retention time of 5.1 min in both 

HPLC and ESI-MS chromatograms (Fig. 4-39 and 4-40), and ESI-MS 

spectra with m/z values at 191, 193 (Fig. 4-43a) could be assigned to 2,6-

dichloro-3-hydroxy-1,4-benzoquinone (2,6-DCHBQ). Peak 2 with retention 

time of 5.8 min in both HPLC and ESI-MS chromatograms (Fig. 4-39 and 4-

40), and ESI-MS spectra with m/z values at 193, 195 (Fig. 4-43b) could be 

assigned to 2,6-dichlorobenzene-1,3,4-triol (2,6-DCBT). Peak 3 with 

retention time of 7.3 min in both HPLC and ESI-MS chromatograms (Fig. 4-

41 and 4-42), and ESI-MS spectra with m/z values at 177, 179 (Fig. 4-43c) 

could be assigned to 2,6-dichlorohydroquinone (2,6-DCHQ). Peak 4 with 

retention time of 9.1 min in both HPLC and ESI-MS chromatograms (Fig. 4-

41 and 4-42), and ESI-MS spectra with m/z values at 211, 213 (Fig. 4-43d) 

could be assigned to 2,4,6-trichlororesorcinol (2,4,6-TCR). Peak 5 with 

retention time of 9.3 min in both HPLC and ESI-MS chromatograms (Fig. 4-

41 and 4-42), and ESI-MS spectra with m/z values at 177, 179 (Fig. 4-43e) 

could be assigned to 3,5-dichlorocatechol (3,5-DCC). Since 2,6-DCHQ and 

3,5-DCC have similar m/z values, their assignment is in order of elution time 

as reported in literature. Peak 6 with retention time of 9.7 min in HPLC 
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chromatogram (Fig. 4-39) could be assigned to 2,6-dichloro-1,4-

benzoquinone (2,6-DCBQ). This intermediate product could not be detected 

with ESI-MS technique (Fig. 4-40) due to ionisation problems as reported in 

literature.187 Finally, peak 7 with retention time of 11.5 min in both HPLC 

and ESI-MS chromatograms (Fig. 4-39 and 4-40), and ESI-MS spectra with 

m/z values at 195, 197 (Fig. 4-43f) could be assigned to the model pollutant 

under investigation (2,4,6-TCP). 

 

 

Figure 4-39 HPLC chromatograms showing the degradation of 2,4,6-TCP 
using FeOOH/TiO2 (0.14 wt.% Fe) within 30 min. 
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Figure 4-40 Corresponding ESI-MS chromatogram at 30 min. 

 

 

Figure 4-41 HPLC chromatograms showing the degradation of 2,4,6-TCP 
using FeOOH/TiO2 (0.14 wt.% Fe) within 90 min. 
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Figure 4-42 Corresponding ESI-MS chromatogram at 90 min. 
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Figure 4-43 (a – f) ESI-MS spectra of detected intermediate products during 
2,4,6-TCP degradation. 
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Based on the detailed HPLC-MS analysis for structural elucidation of the 

detected intermediate products, the possible pathway for 2,4,6-TCP 

degradation and intermediates formation is shown in Fig. 4-44. This is 

consistent with the order in which the intermediate products were detected 

regarding reaction time as shown in Figs. 4-39 and 4-41. Furthermore, it is 

well similar to reported degradation pathway for 2,4,6-TCP in the 

literature.136,187 

 

Figure 4-44 Proposed reaction scheme for 2,4,6-TCP degradation. 
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4.3.6 2,4,6-TCP degradation mechanism 

The 2,4,6-TCP degradation mechanism by FeOOH/TiO2 is illustrated in Fig. 

4-45. When the photocatalyst is exposed to light, photo-generated electrons 

are excited from the valence band (VB) to the conduction band (CB) of TiO2. 

The VB holes are transferred to the surface FeOOH sites and subsequently 

react with hydroxyl ions (OH-) in water to produce OH radicals, which 

oxidises 2,4,6-TCP to intermediate products before its mineralisation. The 

2,4,6-TCP degradation mechanism by Fe2O3/TiO2 is illustrated in Fig. 4-46. 

This involves the transfer of electrons (generated in TiO2) to the Fe2O3 

conduction band for oxygen reduction reaction.23 When Fe2O3 content is 

dominating over FeOOH, such as in the 0.14 wt.% Fe/TiO2 (450 °C) sample, 

part of the Fe2O3 sites may become electron-hole recombination centers, 

leading to poor photocatalytic activity.171 The photocatalytic degradation of 

2,4,6-TCP on bare FeOOH is quite negligible, and the poor photocatalytic 

activity of FeOOH/TiO2 (2.8 wt.% Fe) is observed compared to unmodified 

TiO2 (Figs. 4-15 and 4-26). Although there is visible light absorption 

originating from FeOOH (Fig. 4-3), FeOOH cannot be regarded as a good 

photocatalyst for the degradation of 2,4,6-TCP. 
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Figure 4-45 Proposed mechanism for major charge transfer pathways on 
FeOOH/TiO2 for mineralisation of 2,4,6-TCP and 2,4-D. 

 

 

 

Figure 4-46 Proposed mechanism for major charge transfer pathways on 
Fe2O3/TiO2 for mineralisation of 2,4,6-TCP and 2,4-D. 
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4.4 Conclusion 

In summary, facile and robust synthesis procedure was successfully used in 

decorating PC50 TiO2 nanoparticles with highly dispersed FeOOH, which 

plays a key role for efficient photocatalytic herbicide decomposition. The Fe 

loading and properties in the composites were thoroughly controlled by 

varying the Fe concentrations from 0.07 to 2.8 wt.% Fe and calcination 

temperatures from 120 to 450 oC, respectively. At 120 oC, iron nitrate 

hydroxyl impurities and FeOOH were impregnated on surface of TiO2. 

FeOOH nanoparticles were the only decorating species at 250 oC, while at 

temperatures higher than 250 °C, Fe2O3 species dominated.  

The highest photocatalytic 2,4,6-TCP mineralisation efficiency was achieved 

with the composite (0.14 wt.% Fe/TiO2) calcined at 120 oC, which is more 

than two times higher than the unmodified PC50 TiO2, indicating that the 

Fe4NO3(OH)11 impurities could aid FeOOH/TiO2 towards 2,4,6-TCP 

degradation. The sample calcined at 250 oC (FeOOH/TiO2) displayed both 

excellent photocatalytic mineralisation efficiency (nearly double activity of 

PC50) and better photocatalytic stability after three successive degradation 

cycles than the 120 oC calcined sample. About 100% TOC removal was 

also achieved in 3 h during the photocatalytic mineralisation of other 

herbicide 2,4-D by optimised FeOOH/TiO2 sample. The widely reported 

Fe2O3 decorated TiO2 sample exhibited worse performances than that 

decorated by FeOOH. The enhanced photo-generated electron-hole 

separation and the catalytic effect of FeOOH on TiO2, for enhanced 



137 

 

generation of hydroxyl radicals, led to high photocatalytic degradation 

performance. The mechanistic studies demonstrate that the degradation of 

the herbicides was primarily controlled by hydroxyl radicals and superoxide 

radicals. Overall, this work is of importance in the fabrication of low-cost, 

efficient and robust photocatalysts for water treatment. 

The next chapter will focus on further optimisation of the FeOOH/TiO2 

nanocomposite by preparing earth-abundant binary cocatalyst alloys (FeOx-

CuOx and FeOx-CoOx) on TiO2 surface for complete mineralisation of 

2,4,6-TCP and other herbicides under similar operating conditions. 
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5 Bimetallic FeOx-MOx loaded TiO2 (M = Cu, Co) 

nanocomposite photocatalysts for complete mineralisation 

of herbicides 

5.1 Introduction 

Based on the results of Chapter 4, FeOOH with a concentration of 0.14 

wt.% Fe was approved to be the optimised condition. This chapter presents 

the use of novel nano-architecture comprising binary metal 

oxides/hydroxides as cheap/earth-abundant cocatalysts on PC50 

(commercial anatase TiO2), in which 0.1 wt.% Fe was the major component. 

The Fe(III), Cu(II) and Co(II) species were characterised in order to clarify 

their individual functionality and actual active species. Due to the low signal-

to-noise ratio obtained during characterisation of optimised nanocomposite 

photocatalysts with 0.1 wt.% cocatalyst loading, only the 0.5 wt.% cocatalyst 

decorated samples were comprehensively characterised. The photocatalytic 

degradation of 2,4,6-TCP and 2,4-D in water were carried out under UV/Vis 

light irradiation. The effects of single cocatalysts, dual cocatalyst coupling 

containing FeOOH (denoted as FeOx in this chapter), nature of herbicide 

and light wavelength were investigated. Photocatalytic mineralisation ability 

of the optimised catalyst was also evaluated with other widely used 

herbicides, 2,4-dichlorophenol (2,4-DCP) and 2,4,5-trichlorophenoxyacetic 

acid (2,4,5-T) to demonstrate its wide feasibility. The charge transfer 

mechanism was also discussed. 
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 5.2 Experimental section 

5.2.1 Chemicals 

PC50 TiO2 (purely anatase) was purchased from Millennium chemicals. 

2,4,6-TCP (98%) was purchased from Alfa Aesar. 2,4-D was purchased 

from Cayman Chemical Company. 2,4-DCP (99%) and coumarin were 

purchased from Acros Organics. 2,4,5-T, Fe(NO3)3.9H2O, Cu(NO3)2.2.5H2O 

and Co(NO3)2.6H2O were purchased from Sigma-Aldrich. Isopropanol 

(HPLC grade) and Acetonitrile (HPLC grade) were purchased from Fischer 

Scientific. All reagents were used as received without further purification. 

5.2.2 Fabrication of photocatalysts 

A modified surface impregnation and drying technique was used to prepare 

dual cocatalyst-decorated TiO2 composites.128,135 In a typical experiment,135 

the appropriate percentage weight of the nitrate precursors of Fe(III), Cu(II) 

and Co(II) was separately added to an aqueous suspension of 1.0 g of 

commercial PC50 TiO2 under mild stirring, with M/TiO2 composition (M is 

the metal with a weight percentage of 0.05, 0.1 and 0.5, respectively). The 

cocatalyst concentration was narrowed to between 0.05 and 0.5 wt.% based 

on previous results in Chapter 4 and performances of similar cocatalyst-

decorated TiO2 in literature.128,135,188 The obtained slurry was continuously 

stirred with a magnetic stirrer bar and dried slowly at 80 oC on a hotplate. 

The resultant dried powder was hand-milled and calcined in a muffle 

furnace under air atmosphere at 250 oC for 4 hours. It was collected after 

cooling down to room temperature, washed, dried and hand-milled again, 
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and stored for photocatalytic activity tests and characterisations. 

Subsequent studies on dual cocatalyst coupling (FeOx-CuOx/TiO2 and 

FeOx-CoOx/TiO2) were evaluated using optimum cocatalyst loading (0.1 

wt.% for each of the three cocatalysts), followed by a study on the 

photocatalytic performance of optimised FeOx-CoOx/TiO2photocatalyst for 

the mineralisation of four herbicides (2,4-DCP, 2,4,6-TCP, 2,4-D and 2,4,5-

T), individually under similar operating conditions. 

5.2.3 Characterisation 

High resolution XPS was performed by a Thermo Scientific K-alpha/NEXSA 

photoelectron spectrometer using monochromatic Al kα radiation (1486.6 

eV); peak positions were calibrated to carbon (C 1s = 284.5 eV) and plotted 

using the CasaXPS software. UV-vis absorption spectra measurements of 

powdered samples were performed using a Shimadzu UV-2550 

spectrophotometer fitted with an integrating sphere. Hydroxyl radicals 

generated were quantified using aqueous coumarin solution and Shimadzu 

RF-6000 Spectrofluorometer. 

5.2.4 Photocatalytic activity test 

A 300 W Xe lamp (Newport) was used as the light source with a plain glass 

window (λ > 320 nm) as a cut-off filter. In a typical measurement,135 similar 

to that used in Chapter 4, 0.1 g of photocatalyst was dispersed in 200 mL 50 

mg/L aqueous solution of 2,4,6-TCP at natural solution pH of 6 or 200 mL 

25 mg/L aqueous solution of 2,4-D at natural solution pH of 4 in D.I. water. 

The suspension was sonicated in an ultrasonic water-bath for 15 min and 
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then magnetically stirred in the dark for 1 h to achieve adsorption/desorption 

equilibrium of organic pollutant molecules on the photocatalyst. Thereafter, 

the suspension was irradiated with UV/visible light under continuous 

magnetic stirring for 3 h, while the reaction vessel was immersed in a water-

bath to regulate temperature (T ≤ 30 oC). The distance between the lamp 

head and the top of the solution was also maintained at 8 cm to achieve 

similar light intensities. Upon light irradiation, a 3 mL sample portion was 

taken from the bottom of the suspension at regular time intervals and filtered 

through a micropore syringe filter (PTFE, 0.2 µm) before further analysis.  

Similar experimental setup was used in the control test (photolysis) for 3 h. 

However, photolysis of 2,4,6-TCP and 2,4-D were carried out without 

photocatalyst and sonication. Stability test was carried out on the best 

sample under similar operational conditions during photocatalytic 2,4,6-TCP 

mineralisation experiments, except for the increase in amount of 

photocatalyst powder to 0.5 g and light irradiation (λ > 260 nm). The cycle 

tests were performed at two hours intervals. The photocatalyst was 

recovered from solution via centrifugation method and re-used immediately 

for subsequent cycles without any pre-treatment or make-up. 

Further studies with the best cocatalyst-decorated TiO2 sample were carried 

out using 25 mg/L 200 mL solution of four (4) different herbicides: 2,4,6-TCP, 

2,4-DCP, 2,4-D and 2,4,5-T. The four herbicides were tested individually 

and not mixed. 
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5.2.5  Activity analysis 

The change in herbicide concentration was measured using HPLC  (LC-

2030C, Shimadzu) consisting of a binary pump, an autosampler, a PDA 

detector and an ACE-5 C18 (5µm × 150 mm × 4.6 mm) reverse phase 

column maintained at 40 oC. The HPLC used a 5–95% gradient 

(Acetonitrile/H2O with 0.1% formic acid) as the mobile phase. A UV-vis 

spectrophotometer was also used to monitor herbicides degradation with 

the optimised sample. The further herbicides mineralisation by 

photocatalysis was investigated primarily using a Shimadzu TOC-L analyser. 

 

5.3 Results and discussion 

5.3.1 Materials characterisations 

The absorption spectra of PC50 TiO2 and some as-prepared cocatalyst-

decorated TiO2 nanocomposites are shown in Fig. 5-1. Since the PC50 

TiO2 is white in colour, it does not show any absorption in the visible region. 

On the other hand, iron oxide-modified PC50 TiO2 samples have light-

yellow colour that indicates the presence of Fe (III) oxide species,128,171 

which becomes reddish-brown with increase in FeOx loading. The cobalt 

oxide-modified PC50 TiO2 samples have olive-green or gray colour that 

indicates the presence of CoO,189 which also becomes darker with increase 

in CoO loading. The copper oxide-modified PC50 TiO2 samples have light 

blue-green colour, indicating the presence of CuO,190 which also becomes 

grey and finally black with increase in CuO loading.  
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Figure 5-1 UV/vis absorption spectra of some prepared cocatalyst-
decorated PC50 TiO2 catalysts. 

 

High resolution XPS was used to identify the Fe, Cu and Co oxide species 
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2p and Co 2p peaks are not clearly observed in the full XPS survey 

spectrum of both samples (Fig. 5-2), which is likely due to the low amount of 

cocatalysts loading and high dispersion on TiO2 surface.188,189 From the 

deconvulated high resolution Cu 2p XPS spectrum of FeOx-CuOx/TiO2 in 

Fig. 5-3, peaks corresponding to Cu2+ are confirmed at 934 eV (Cu 2p3/2) 

and 954 eV (Cu 2p1/2).
191,192 A satellite peak characteristic of the presence 

of Cu2+ is clearly observed between 939–945 eV.191 Apart from the Cu2+ 
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difficult to identify them by other techniques due to very low amount 

loaded.193,194  

 

Figure 5-2 Full XPS survey spectra of FeOx-CuOx/TiO2 and FeOx-
CoOx/TiO2 samples with optimum cocatalyst loading (0.1 wt.% for each 
metal). 

 

Figure 5-3 High resolution Cu 2p XPS spectra of FeOx-CuOx/TiO2 sample 
with optimum Cu loading (0.1 wt.% Cu and 0.1 wt.% Fe). 
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The Co 2p XPS spectrum of FeOx-CoOx/TiO2 is of weak intensity due to 

low Co concentration in the sample as shown in Fig. 5-4. Based on the high 

resolution deconvulated Co 2p XPS spectrum of FeOx-CoOx/TiO2 (with high 

Co loading, 0.5 wt.%) in Fig. 5-5, peaks corresponding to Co2+ are 

confirmed at 781 eV (Co 2p3/2) and 796 eV (Co 2p1/2).
192,195 The shake-up 

satellite features of Co2+ at 787 eV and 802 eV are very strong in intensity, 

which rules out the presence of Co3+, whose satellite features are very weak 

in intensity at similar binding energies.196,197  

 

 

Figure 5-4 High resolution Co 2p XPS spectra of FeOx-CoOx/TiO2 sample 
with optimum Co loading (0.1 wt.% Co and 0.1 wt.% Fe). 
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Figure 5-5 High resolution Co 2p XPS spectra of FeOx-CoOx/TiO2 sample 
with high Co loading (0.5 wt.% Co and 0.5 wt.% Fe). 
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with the fingerprint of Fe(III) oxidation state.198,199 The extra peaks at 713 eV 
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Figure 5-6 High resolution Fe 2p XPS spectra of FeOx-CoOx/TiO2 sample 
with optimum Fe loading (0.1 wt.% Fe and 0.1 wt.% Co). 

 

 

Figure 5-7 High resolution Fe 2p XPS spectra of FeOx-CoOx/TiO2 sample 
with high Fe loading (0.5 wt.% Fe and 0.5 wt.% Co). 
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Based on the high resolution Ti 2p XPS spectra of TiO2, FeOx/TiO2, FeOx-

CuOx/TiO2 and FeOx-CoOx/TiO2 in Fig. 5-8, peaks corresponding to Ti4+ 

are confirmed around 458 eV (Ti 2p3/2) and 464 eV (Ti 2p1/2).
23,191 A slight 

peak shift to lower energy is observed with FeOx/TiO2, while a slight shift to 

higher energy is observed with FeOx-CuOx/TiO2 and FeOx-CoOx/TiO2 

compared to pristine TiO2. The observation suggests that there is a form of 

interaction between TiO2 and the cocatalysts, which is neither Ti4+ reduction 

nor oxidation.198 

 

 

 

Figure 5-8 High resolution Ti 2p XPS spectra of metal-loaded TiO2. 
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5.3.2 Photocatalytic mineralisation of herbicides 

First, the control experiment was carried out with only 2,4,6-TCP solution in 

the absence of photocatalyst. Virtually 0% TOC removal is observed after 3 

h of light irradiation as shown in Fig. 5-9. Photocatalytic activities of the as-

prepared mono and dual cocatalyst-decorated TiO2 composites were then 

evaluated by the mineralisation of 2,4,6-TCP under full arc light irradiation (λ 

> 320 nm). The 2,4,6-TCP mineralisation rate recorded by PC50 TiO2 is 

nearly 35% after 3 hours. Approximately 52% TOC removal is achieved with 

the 0.05 wt.% Fe/TiO2 sample after 3 h. An increase in Fe concentration up 

to 0.1 wt.% Fe leads to a further increase in photocatalytic activity, while 

lower 2,4,6-TCP mineralisation  rate is observed with 0.5 wt.% Fe-loaded 

sample. The optimum condition for the preparation of FeOx/TiO2 

nanocomposites is found to be 0.1 wt.% Fe with ca. 62% TOC removal after 

3 h, similar to the optimised 0.14 wt.% FeOOH/TiO2 sample in Chapter 4 

and reported optimum Fe loading (0.13 wt.%) in Fe/TiO2, prepared using 

similar method for 4-CP degradation in literature.128 Similar trends were 

observed for Co and Cu concentrations as shown in Fig. 5-10 and Fig. 5-11. 

The optimum condition for the preparation of CuOx/TiO2 and CoOx/TiO2 

nanocomposites are found also to be 0.1 wt.% Cu and 0.1 wt.% Co, with 

about 73% and 64% TOC removal after 3 h, respectively. The optimium Cu 

loading is also similar to reported optimum Cu loading (0.12 wt.%) in 

Cu/TiO2, prepared using similar method for 4-CP degradation in literature.128  

For the mono cocatalyst-loaded TiO2 samples, the order of photocatalyst 

activity is: CuOx > CoOx ≈ FeOx. 
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Figure 5-9 Mineralisation profiles of 2,4,6-TCP using FeOx/TiO2 with 
different Fe loading and control experiment. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 

 

Figure 5-10 Mineralisation profiles of 2,4,6-TCP using CuOx/TiO2 with 
different Cu loading and control experiment. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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Figure 5-11 Mineralisation profiles of 2,4,6-TCP using CoOx/TiO2 with 
different Co loading and control experiment. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 

 

Next, the effect of dual cocatalyst loading, e.g. FeOx-CuOx and FeOx-CoOx 

was investigated based on optimum loading amount for individual cocatalyst 

(0.1 wt.%). A graphical summary showing the influence of CuOx on pristine 

TiO2 and FeOx/TiO2 is displayed in Fig. 5-12. The presence of CuOx 

enhances the photocatalytic activity of both samples.  About 73% and 75% 

TOC removal in 3 h are recorded with CuOx/TiO2 and FeOx-CuOx/TiO2 

samples, respectively for 2,4,6-TCP decomposition. A graphical summary 

showing the influence of CoOx on pristine TiO2 and FeOx/TiO2 is displayed 
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2,4,6-TCP mineralisation efficiency with the FeOx-CoOx/TiO2 sample as it 

records about 92% TOC removal in 3 h. 
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Figure 5-12 Mineralisation profiles of 2,4,6-TCP on different cocatalysts, 
including CuOx as second cocatalyst. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 

 

Figure 5-13 Mineralisation profiles of 2,4,6-TCP on different cocatalysts, 
including CoOx as second cocatalyst. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration 
= 0.5 g/L, λ > 320 nm). 
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The influence of CuOx and CoOx on FeOx/TiO2 is clearly compared in Fig. 

5-14. The photocatalytic 2,4,6-TCP mineralisation efficiencies in 3 h follow 

the order: TiO2 (36%) < FeOx/TiO2 (62%) < FeOx-CuOx/TiO2 (75%) < 

FeOx-CoOx/TiO2 (92%). The significant improvement in 2,4,6-TCP 

mineralisation efficiency by FeOx-CoOx compared to FeOx-CuOx as bi-

cocatalysts, as shown in Fig. 5-14, is likely due to a high synergistic effect 

between FeOx and CoOx as good oxidation cocatalysts,135,188 thus resulting 

in improved electron/hole charge separation and generation of hydroxyl 

radicals for 2,4,6-TCP mineralisation. 

 

Figure 5-14 Mineralisation profiles of 2,4,6-TCP when using FeOx as 
primary cocatalyst and CuOx or CoOx as a second cocatalyst. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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Fig. 5-15 shows the 2,4,6-TCP degradation rates with TiO2, FeOx/TiO2, 

FeOx-CuOx/TiO2 and FeOx-CoOx/TiO2 from HPLC measurements. The 

2,4,6-TCP degradation rates well agree with the 2,4,6-TCP mineralisation 

rates, with the exception of FeOx-CuOx/TiO2, as it performed less than 

FeOx/TiO2 in the first 90 minutes. The photocatalytic 2,4,6-TCP degradation 

efficiencies in 180 minutes follow the order: TiO2 (71%) < FeOx/TiO2 (95%) 

< FeOx-CuOx/TiO2 (99%) < FeOx-CoOx/TiO2 (100%). The 2,4,6-TCP 

degradation process (monitored by HPLC) is very fast over FeOx, FeOx-

CuOx and FeOx-CoOx-decorated TiO2 samples, since it starts with partial 

oxidation of the benzene ring to form other organic products as 

intermediates, unlike the slow mineralisation process as the final step, which 

involves the breaking of the benzene ring to liberate carbon dioxide 

(CO2).
45,200,201 An increase in the photocatalytic activities, of the bi-

cocatalysts-decorated TiO2 samples compared to FeOx-decorated TiO2, is 

likely due to some synergistic effect from the cocatalyst alloys, which 

favours efficient separation of photo-generated electrons and holes during 

photocatalytic degradation of 2,4,6-TCP.  

 



155 

 

 

Figure 5-15 Conversion profiles of 2,4,6-TCP using TiO2, FeOx/TiO2, FeOx-
CuOx/TiO2 and FeOx-CoOx/TiO2 samples monitored by HPLC. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L, λ > 320 nm). 
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Surface decoration of TiO2 with FeOx-CuOx or FeOx-CoOx alloys in 

photocatalytic water treatment is scarcely reported in the literature. A bi-

cocatalyst alloy involving CuO and CoO (1 wt.% Cu and 1 wt.% Co) has 

been reported to improve the hydrogen evolution rate of SnO2@TiO2 in 

photocatalytic water splitting under UV light irradiation.209 Also, CuO 

exhibited higher activity than CoO regarding single cocatalyst-decorated 

samples. The enhancement in H2 evolution rate by CuO-CoO/SnO2@TiO2 

was attributed to the synergistic improvement in the transfer of photo-

generated electrons by CuO for reduction reaction and holes by CoO for 

oxidation reaction on the catalyst’s surface.209 In another study involving 

single cocatalysts comparison, CuOx was reported to display higher activity 

compared to FeOx for the photocatalytic degradation of 4-chlorophenol (4-

CP) in aqueous solution with TiO2 under UV light irradiation.188  

The FeOx cocatalyst facilitates hole transfer for the generation of hydroxyl 

radicals as reported in previous chapter. The detailed functions of CuOx and 

CoOx has to be investigated by ESR technique, using the spin trap agent, 

DMPO and studies on the effect of additives (electron, hole and hydroxyl 

radical scavengers) on 2,4,6-TCP mineralisation efficiency. However, these 

characterisations could not be carried out due to the unavailability of 

equipment, caused by the covid-19 pandemic over the past twelve (12) 

months. 

The experimental error bar plot of the optimised FeOx-CoOx/TiO2 is shown 

in Fig. 5-16 after carrying out the 2,4,6-TCP mineralisation experiment in 
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triplicates. The result signifies that the experiment is repeatable to a large 

extent. 

 

Figure 5-16 TOC measurement with experimental error bar on FeOx-
CoOx/TiO2  for 2,4,6-TCP mineralisation after conducting triple experiments. 
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light irradiation of wavelength (λ > 260 nm), there is a remarkable 

enhancement in the 2,4,6-TCP mineralisation rate in the first 2 h, compared 

to that of light irradiation of wavelength (λ > 320 nm). This is due to the 

availability of stronger UV light (UV-B) irradiation and contributions from 

2,4,6-TCP photodegradation, since 2,4,6-TCP absorbs UV light below 320 

nm. Around 62% TOC removal was achieved with λ > 320 nm, while about 

93% TOC removal was achieved with λ > 260 nm in 2 h. 

 

 

Figure 5-17 Mineralisation profiles of 2,4,6-TCP using FeOx-CoOx/TiO2 

sample under different light wavelength (λ) ranges. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
0.5 g/L). 

 

Further studies on photocatalytic mineralisation ability of the optimised 

FeOx-CoOx/TiO2 sample was evaluated with a widely used herbicide, 2,4-

0 30 60 90 120 150 180 210 240

0.0

0.2

0.4

0.6

0.8

1.0

T
O

C
/T

O
C

o

Time (min)

 

 λ > 395 nm

 λ > 320 nm

 λ > 260 nm



159 

 

dichlorophenoxyacetic acid (2,4-D) and results are displayed in Fig. 5-18. 

0% TOC removal was observed after 3 h of light irradiation in the absence 

of a photocatalyst. Nearly 60%, 95% and 100% TOC removal are achieved 

with the unmodified TiO2, FeOx/TiO2 and FeOx-CoOx/TiO2 samples in 3 h, 

respectively. 2,4-D removal by the optimised FeOx-CoOx/TiO2 was also 

analysed with HPLC and results are shown in Fig. 5-19. The 2,4-D 

degradation rates well agree with the corresponding mineralisation rates in 

the first 60 minutes. The photocatalytic 2,4-D degradation efficiencies in 60 

minutes follow the order: TiO2 (85%) < FeOx/TiO2 (91%) < FeOx-CoOx/TiO2 

(95%). Beyond 60 minutes, the three samples recorded approximately 

similar photocatalytic activity for 2,4-D degradation. This is likely due to the 

presence of very low concentration of 2,4-D in solution and on surface of the 

photocatalyst. Also, the 2,4-D degradation process is very fast over FeOx 

and FeOx-CoOx-decorated TiO2 samples compared to the slow 

mineralisation process, since partial oxidation precedes the cleavage of the 

aromatic benzene ring to liberate carbon dioxide (CO2).
45,200,201 The FeOx-

CoOx/TiO2 sample also shows the highest 2,4-D mineralisation efficiency 

but similar 2,4-D degradation performance compared to FeOx/TiO2 and 

TiO2. The experimental error bar plot of the optimised FeOx-CoOx/TiO2 is 

also shown in Fig. 5-20 after carrying out the 2,4-D mineralisation 

experiment in triplicates. The result shows that the experiment is highly 

reproducible. 
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Figure 5-18 Mineralisation profiles of 2,4-D using PC50 TiO2, FeOx/TiO2 

and FeOx-CoOx/TiO2 samples. 

Conditions: 2,4-D (25 mg/L, 200 mL, pHnat  = 4, catalyst concentration = 0.5 
g/L, λ > 320 nm). 

 

Figure 5-19 Conversion profiles of 2,4-D using PC50 TiO2, FeOx/TiO2 and 
FeOx-CoOx/TiO2 samples monitored by HPLC. 

Conditions: 2,4-D (25 mg/L, 200 mL, pHnat  = 4, catalyst concentration = 0.5 
g/L, λ > 320 nm). 
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Figure 5-20 TOC measurement with error bar on FeOx-CoOx/TiO2 for 2,4-D 
mineralisation after conducting triple experiments. 
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chlorinated herbicides, and likely the acetic acid group can be readily 

degraded. It is widely reported that 2,4,6-TCP degrades faster than 2,4-DCP 

during photocatalytic water treatment.99,211,212 However, there is no clear 

relationship between the degradation rate of chlorophenols and number of 

chlorine substituents on the aromatic ring but the position of Cl atoms was 

reported to highly determine the order of initial degradation rates.213,214. In 

the first 90 min, 2,4-DCP is the most difficult to mineralise, while 2,4-D and 

2,4,5-T (with similar trend) are the easiest to mineralise. The temporal UV-

vis absorption spectra of the four herbicides at 90 minutes of photocatalytic 

degradation are shown in Figs. 5-22 a-d. The results corroborate the earlier 

observation with TOC removal rates as 2,4-DCP remains the most difficult 

to degrade, while 2,4-D and 2,4,5-T are easiest to degrade. 

 

Figure 5-21 Mineralisation profiles of selected herbicides using FeOx-
CoOx/TiO2 sample under similar operating conditions. 

Conditions: Herbicides (25 mg/L, 200 mL, pHnat  = 4, catalyst concentration 
= 0.5 g/L, λ > 320 nm). 
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Figure 5-22a Temporal UV-vis absorption spectra of 2,4-dichlorophenol 
(2,4-DCP) at 90 minutes of photocatalytic degradation. 

 

 

 

Figure 5-22b Temporal UV-vis absorption spectra of 2,4,6-trichlorophenol 
(2,4,6-TCP) at 90 minutes of photocatalytic degradation. 
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Figure 5-22c Temporal UV-vis absorption spectra of 2,4-
dichlorophenoxyacetic acid (2,4-D) at 90 minutes of photocatalytic 
degradation. 

 

 

Figure 5-22d Temporal UV-vis absorption spectra of 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T) at 90 minutes of photocatalytic 
degradation. 
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5.3.3 Catalyst recycling and reactive oxygen species tests 

The stability of the best FeOx-CoOx/TiO2 composite photocatalyst was 

evaluated for 2,4,6-TCP mineralisation under full arc light irradiation (λ > 

260 nm) as shown in Fig. 5-23. It can be seen that the photocatalytic activity 

of composite did not decrease conspicuously after four successive cycles (2 

hours) of 2,4,6-TCP mineralisation test, indicating that the composite is fairly 

stable. However, XPS analysis of the FeOx-CoOx/TiO2 sample, after 

catalyst recycling test, shows only the presence of FeOx as seen in the Fe 

2p XPS spectra (Fig. 5-24), while CoOx is not clearly detected as shown in 

the Co 2p XPS spectra (Fig. 5-25). This could be due to leaching of CoOx 

cocatalyst from surface of TiO2 during photocatalytic mineralisation of 2,4,6-

TCP, or catalyst fouling as a result of organic residues from degradation 

intermediates. The fair stability of FeOx-CoOx/TiO2 after four successive 

activity cycles suggests that a small amount of CoOx is required in the 

FeOx-CoOx/TiO2 composite to improve its performance.  
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Figure 5-23 Recycling performance of FeOx-CoOx/TiO2 for 2,4,6-TCP 
mineralisation. 

Conditions: 2,4,6-TCP (50 mg/L, 200 mL, pHnat  = 6, catalyst concentration = 
2.5 g/L, λ > 260 nm). 

 

Figure 5-24 Fe 2p XPS spectra of FeOx-CoOx/TiO2 sample before and 
after four successive cycles of catalyst recycling. 
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Figure 5-25 Co 2p XPS spectra of FeOx-CoOx/TiO2 sample before and 
after four successive cycles of catalyst recycling.  
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FeOx/TiO2, FeOx-CuOx/TiO2 and FeOx-CoOx/TiO2 under 5 min irradiation 

from a multi-channel 300 W UV LED (365 nm). No signal was observed 

without a photocatalyst. The fluorescent intensities at around 455 nm follow 

the order: PC50 TiO2 < FeOx-CuOx/TiO2 < FeOx/TiO2 < FeOx-CoOx/TiO2. 

The highest fluorescence intensity obtained from FeOx-CoOx/ TiO2 implies 

a high concentration of 7-HC, as a result of high generation rate of •OH 

radical, which is very beneficial for the degradation of these herbicides. This 

indicates that FeOx-CoOx/TiO2 facilitates charge separation via hole 

transfer from TiO2 as highlighted in the proposed semiconductor charge 

separation mechanism (Fig. 5-27). When the FeOx-CoOx/TiO2 

photocatalyst is exposed to ultraviolet light, photo-generated electrons are 

excited from the valence band (VB) to the conduction band (CB) of TiO2. 

The VB holes are transferred to the surface FeOx/CoOx sites and 

subsequently react with hydroxyl ions (OH-) in water to produce OH radicals, 

which oxidises 2,4,6-TCP and other herbicides to intermediate products 

before their mineralisation. At the same time, photoelectrons are consumed 

by oxygen to produce superoxide radicals that react with the intermediates 

to form the final CO2 and water. 
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Figure 5-26 Fluorescence spectral changes observed during illumination of 
prepared TiO2 samples in 0.001 M aqueous solution of coumarin (excitation 
at 332 nm).  

Each fluorescence spectrum was recorded after 5 minutes of light 
illumination with 300 W UV 365 nm LED. 

 

 
Figure 5-27 Proposed mechanism for major charge transfer pathways on 
FeOx-CoOx/TiO2 for mineralisation of 2,4,6-TCP and 2,4-D. 
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5.3.4 Future work 

A few more experiments would be carried out in this chapter in order to fully 

understand the active species of these cocatalysts, reaction pathway and 

disappearance of Co species after reactions, which cannot be carried out 

due to unavailability of equipment as a result of covid-19 pandemic over the 

past twelve (12) months. 

1. Effect of scavengers e.g. EDTA (for h+), isopropanol (for •OH) and 

1,4-benzoquinone (for •O2
-) on the photocatalytic activity of the 

prepared catalysts for 2,4,6-TCP and 2,4-DCP degradation 

monitored by using HPLC. This study will provide a fundamental 

understanding on the underlying photocatalytic reaction mechanism 

of FeOx-CuOx/TiO2 and FeOx-CoOx/TiO2 during photoactivity tests.  

2. Further material characterisation to complement previous XPS 

results in the detailed identification of the cocatalyst species on TiO2. 

XPS analysis will be carried out on the single cocatalyst-modified 

TiO2 samples to see if there is any similarity or difference with the 

cocatalyst species in FeOx-CuOx/TiO2 and FeOx-CoOx/TiO2. 

HRTEM-EDS analysis will be carried out to image the cocatalyst 

species on TiO2, their dispersity and also observe if there is any form 

of interaction between the cocatalysts (Fe-Cu and Fe-Co) to give an 

alloy. 

3. Further studies on the degradation of the four investigated herbicides 

using optimised FeOx-CoOx/TiO2 and monitored by HPLC. This 

study will help to complement previous TOC removal results and 
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compare the order of degradation rates for the four selected 

herbicides.  

4. Other studies, e.g. ICP-MS analysis to investigate the stability of 

FeOx and CoOx nanoparticles on TiO2 during photocatalytic water 

treatment and characterisation of sample before and after recycling. 

 

 

5.4 Conclusion 

In summary, facile and robust synthesis procedure was successfully used in 

decorating PC50 TiO2 nanoparticles with highly dispersed mono and dual 

cocatalysts (FeOx, CuOx, CoOx, FeOx-CuOx and FeOx-CoOx). The binary 

cocatalyst comprising FeOx-CoOx plays a key role for efficient 

decomposition of widely used four chlorinated herbicides. FeOOH (denoted 

as FeOx in this chapter), CuO and CoO nanoparticles were determined to 

be the only decorating species. The highest photocatalytic 2,4,6-TCP 

mineralisation efficiency was achieved by the FeOx-CoOx/TiO2. About 92% 

2,4,6-TCP mineralisation and 100% 2,4,6-TCP degradation efficiencies in 3 

h, were achieved over the optimised FeOx-CoOx/TiO2 sample, which is 

about three times higher than the benchmark reference PC50 TiO2 and 

about two times higher than optimised FeOOH/TiO2 (0.14 wt.% Fe) 

composite previously reported in Chapter 4. The photocatalytic 2,4,6-TCP 

mineralisation efficiencies in 3 h followed the order: TiO2 (36%) < FeOx/TiO2 

(62%) < CoOx/TiO2 (64%) < CuOx/TiO2 (73%) < FeOx-CuOx/TiO2 (75%) < 
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FeOx-CoOx/TiO2 (92%). The results showed that a synergistic improvement 

in photocatalytic activity was achieved with the novel bimetallic FeOx-

CoOx/TiO2 when compared with the monometallic samples (FeOx/TiO2 and 

CoOx/TiO2). The optimised FeOx-CoOx/TiO2 sample also exhibited 150% 

activity enhancement for another herbicide (2,4-D) degradation compared to 

unmodified TiO2. However, the FeOx-CoOx/TiO2 sample showed negligible 

activity for 2,4,6-TCP degradation under visible light (λ > 395 nm) 

irradiation. This is primarily due to the UV absorption bandgap energy of 

PC50 TiO2 (3.2 eV or 390 nm), since the low concentration surface 

cocatalysts did not alter its bandgap based on the UV absorption spectra of 

the prepared photocatalysts. Under similar operating conditions, the 

mineralisation rates with 2,4-D and 2,4,5-T were higher compared to 2,4-

DCP and 2,4,6-TCP. 2,4-DCP was the most difficult to mineralise. The 

observation is likely due to the nature of oxygen functional groups and the 

relative position of Cl substituents on the aromatic ring. The enhancement in 

photocatalytic degradation of 2,4,6-TCP and 2,4-D over the optimised 

FeOx-CoOx/TiO2 sample, is likely due to the improved charge separation, 

hole accumulation on FeOx-CoOx and the enhanced hydroxyl radicals 

generation as FeOx-CoOx clusters are an excellent hole acceptor.The 

optimised photocatalyst was proved to be stable for these herbicides’ 

mineralisation. A few more important studies were also proposed to fully 

understand the active species of these cocatalysts, reaction mechanism and 

disappearance of Co species after reactions. 
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The next chapter will focus on the immobilisation of optimised TiO2 samples 

on polymer substrate and application in photocatalytic oxidation of MB dye 

and reduction of Cr (VI) ions in aqueous solution. The TiO2/polymer 

composites could not be tested for the herbicides due to non-availability of 

HPLC as a result of covid-19 pandemic. 
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6 Fabrication of FeOx-CoOx/TiO2/polymer composite for 

the photocatalytic oxidation of MB and reduction of Cr (VI) in 

aqueous solution 

6.1 Introduction 

One of the major challenges of TiO2 application in photocatalytic water 

treatment technology is the recovery of TiO2 nanoparticles from solution in 

slurry/suspension systems. Most of the reports in literatures used the 

conventional slurry/suspension method, which involves the dispersion of 

TiO2 powder in contaminated water.216–220 Although, the suspension/slurry 

method maximises UV light absorption and mass transfer of pollutants, and 

nanoparticles of TiO2 can also maximise the reaction surface area, major 

challenges confronting the suspension system include, high turbidity, which 

may enhance light scattering, and limited prospect of catalyst reuse due to 

difficulty of the separation of nanoparticle catalyst from the solution and high 

filtration cost at industrial scale. 221,222  

In order to avoid the drawbacks of slurry-suspension method, there is a 

trend to immobilise TiO2 nanoparticles on both organic and inorganic 

substrates.  For example, TiO2 has been reported to be immobilised in 

different types of polymer 223–228, paints 222,229–231, cement 232–237, glass 

238,239, cellulose 240–244, ceramics 245–248, silica beads 249,250, clay 251–255, 

carbon fiber 256–258 and metallic materials.259–261 Though the photocatalyst 

support may be selected from a wide range of materials, the following are 
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very essential.262–265 (a) the immobilising agent should strongly bind the 

TiO2 nanoparticles, (b) the photocatalyst activity should not drastically 

reduce upon immobilisation, (c) the immobilising agent should be highly 

stable against TiO2 photocatalytic degradation and (d) the immobilising 

agent should possess high surface area and enhance adsorption of 

pollutants. 

Most of the photocatalyst immobilisation techniques are limited to a 

particular type of substrate/matrix, requiring sophisticated procedure, 

instrumentations, hazardous chemicals, thus may suffer from scalability and 

industrial adaptability.222 The development of a photocatalytic TiO2 paint 

using a commercial UV polymer was recently reported for the degradation of 

MB, methyl orange and indole under both UV and sunlight irradiation.222 The 

paint was applied and polymerised/solidified on plastic petri dishes by 

ultraviolet light irradiation. Under UV-B light irradiation, about 80 and 40% 

MB got degraded after 120 min by 10 wt.% TiO2/polymer and 0 wt.% 

TiO2/polymer composites, respectively. From hydroxyl radical generation 

measurement using sodium terephthalate solution and spectrofluorometer, 

It was reported that bare polymer generated some amount of •OH under 

light irradiation. This was believed to be due to the presence of some 

fluorescent compounds (photo initiator) in the polymer resin. 

Following the success of the best modified TiO2 photocatalyst nanoparticles 

earlier reported in the previous chapters, TiO2/polymer composites were 

further developed and tested for the real application in this chapter. 
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Compared with the conventional method which mainly involves the initial 

mixing of both TiO2 nanoparticles and the acrylate-based polymer resin 

before UV light irradiation,222 the modified recipe includes that TiO2 

nanoparticles are firstly  carefully dispersed on surface of polymer resin in a 

plastic petri dish before UV light irradiation. The modified method not only 

improves the interaction between TiO2 nanoparticles and the adsorbed 

water pollutants but also avoids the embodied TiO2 in the bulk polymer, so 

as to provide a higher degree of utilisation of TiO2 photocatalysis and better 

photocatalytic performance. The prepared TiO2/polymer composites were 

evaluated for the photocatalytic oxidation of MB dye and reduction of Cr (VI) 

ions to less toxic Cr (III) in an aqueous solution. MB and Cr (VI) ions are 

widely used as the model water pollutants because they are known to be 

toxic and carcinogenic to both aquatic and human life.266,267 

 

6.2 Experimental section 

6.2.1 Chemicals 

PC50 TiO2 (purely anatase) was purchased from Millennium chemicals. 

Degussa P25 TiO2 (80% Anatase : 20% Rutile) was purchased from Evonik. 

MB trihydrate was purchased from Alfa Aesar. UV curable polymer resin 

(polymer precursor), Fe(NO3)3.9H2O, Co(NO3)2.6H2O, 1,5-

Diphenylcarbazide and K2Cr2O7 were purchased from Sigma-Aldrich. All 

reagents were used as received without further purification. 
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6.2.2 Fabrication of photocatalysts 

The conventional photocatalytic paints (consisting of a mixture of TiO2 

nanoparticles and polymer resin/precursor) were prepared separately using 

5, 10 and 20 wt.% commercial PC50 TiO2 in clean plastic petri dishes as the 

reference.222 The weighed amounts of both materials (polymer precursor 

and catalyst) were thoroughly mixed with a spatula and ultra-sonicated for 

10 min to achieve uniform milky suspension. The overall weight of TiO2 and 

polymer resin was 1 g in every petri dish. Subsequently, the mixture was 

photo-polymerised in a UV-B photo-reactor for 3 h to obtain a rigid 

nanocomposite. In the modified two-step method, The bottom of the plastic 

petri dish was firstly painted using 0.5 g of the polymer resin/precursor and 

a spatula to generate about 1 mm thickness. Subsequently, 1 g of newly 

prepared photocatalyst powder (TiO2, FeOx/TiO2 and FeOx-CoOx/TiO2) 

based on synthesis procedure reported in Chapter 5 (representing ~ 67 

wt.% of the composite) was carefully distributed on the polymer resin, 

leaving room for photo-polymerisation to still occur under UV light irradiation 

for 4 h. Then it was scrubbed to remove free catalyst particles and 

thoroughly washed with distilled water. The percentage weights of pristine 

TiO2 and modified TiO2 in the modified two-step method are over 60 wt.% 

after surface cleaning and air-drying of the prepared TiO2/polymer 

composites. 

A schematic diagram, representing the procedure for the preparation of 

TiO2/polymer composites via the conventional (one-step) and modified (two-

step) methods is shown in Fig. 6-1. 
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Figure 6-1 Schematic diagram of the synthesis procedure for TiO2/polymer 
composites. 

 

6.2.3 Characterisation 

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-

FTIR) data of the photopolymer was collected using Shimadzu IRAffinity-1s 

spectrometer with a Specac Quest (Germanium) ATR accessory at a range 

of 700-2600 cm-1. 

6.2.4 Photocatalytic activity test 

UVP Ultraviolet Crosslinker (Analytik Jena, CL-3000M, USA) having UV-B 

fluorescent tube lamps (6 x 8 W), was used as the source of UV light of 

about 302 nm wavelength, as per the specification of the vendor. In a typical 

measurement, TiO2/polymer petri dishes containing 10 mL of either 10 mg/L 
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MB or 25 mg/L Cr (VI) solution at natural solution pH of 6 and 5.5, 

respectively were used during the photocatalytic experiments and without 

stirring as shown in Fig. 6-2.222 The dimension of the inner chamber is 35 

cm x 27 cm x 16 cm for length, width and height, respectively. The 

temperature in the sample chamber did not rise above 30 oC during light 

irradiation and is in agreement with the vendor’s specification. The light 

intensity of the UV lamp is 2.704 mW/cm2 as measured by a Newport power 

meter (1908-R) after calibration to 302 nm.  

The samples were left in the dark for 30 min to achieve 

adsorption/desorption equilibrium of tested water pollutants on the 

TiO2/polymer composite. Subsequently, the solutions were illuminated in the 

UV photo-reactor and about 2 mL sample was withdrawn for UV–visible 

spectroscopic analysis at a regular interval of 30 min and immediately 

restored during the 2 h test for MB degradation. The MB dye solution was 

put back into the petri dish after the UV–vis spectrophotometric studies 

followed by further light irradiation. The Cr (VI) samples were only analysed 

after 1 h of UV light irradiation using 1,5-diphenylcarbazide colorimetric 

method. The influence of FeOx and FeOx-CoOx cocatalysts on 

TiO2/polymer was also investigated. The TiO2/polymer composites had 

negligible effect on the overall pH of the solution before photocatalysis 

Similar experimental setup was used in the control tests (photolysis and 

dark adsorption) during MB degradation and Cr (VI) redution. However, 

photolysis of MB in 2 h and Cr (VI) in 1 h were carried out in clean plastic 
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petri dishes without polymer or TiO2/polymer composites. Dark adsorption 

studies on  MB and Cr (VI) in 1 h were carried out without light irradiation. 

Stability test was carried out on the best sample under similar operational 

conditions during photocatalytic MB oxidation and Cr (VI) reduction 

experiments. The cycle tests were performed at one hour intervals. The 

surface of the optimised TiO2/polymer composite was cleaned by rinsing the 

plastic petri dish after each cycle with D.I. water, and subjecting the plastic 

petri dish containing D.I. water to light irradiation for over one hour, in order 

to present a clean catalyst surface for subsequent cycles. 

 

 

 

Figure 6-2 UV lamp used for preparation and photocatalytic test of 
polymer/TiO2 composites. 
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6.2.5 Calibration of MB and Cr (VI) standard solutions 

The calibration solutions with concentrations between 1 mg/L and 12 mg/L 

for MB and between 3 mg/L and 35 mg/L for Cr (VI) were prepared by serial 

dilution of one standard stock solution. The absorption measurements for Cr 

(VI) were obtained using the standard 1,5-diphenylcarbazide colorimetric 

method with 540 nm as monitored wavelength for the derived purple 

complex.268–270 In a typical measurement, 8 mL 0.2 M H2SO4 aqueous 

solution was added to 1 mL of Cr (VI) sample in a glass test tube, followed 

by addition of 0.2 mL 0.25% (w/v) 1,5-diphenylcarbazide (1,5-DPC) in 

acetone as chromogenic agent. The resultant solution was shaken for 10 – 

30 secs and left to stand for 10 min before analysis. The MB absorption 

measurements were monitored at 664 nm.271,272 

6.3 Results and discussion 

6.3.1 Materials characterisations 

The image of some TiO2/polymer composites prepared by one-step 

conventional mixing of TiO2 powder and polymer precursor (acrylate-based 

resin) is shown in Fig. 6-3a. The polymer resin alone took about 30 min to 

completely polymerise/solidify. The complete polymerisation/solidification of 

the TiO2/polymer resin varied from 30 min to 4 h during UV light irradiation 

due to the presence of TiO2 nanoparticles in the resin. 
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Figure 6-3a Polymer/TiO2 composites prepared by conventional one-step 
method. 

 

 

Fig. 6-3b shows the image of some TiO2/polymer composites prepared by a 

two-step modified method, which involves the initial coating of the plastic 

petri dish with polymer resin (precursor) before carefully dispersing a 

weighed amount of TiO2, FeOx/TiO2 and FeOx-CoOx/TiO2 separately on the 

polymer precursor before light irradiation. The TiO2/polymer composites 

prepared by two-step method were all irradiated for 4 h to achieve complete 

polymerisation/solidification. Fig. 6-4 shows the FT-IR spectra of the 

polymer resin (without TiO2) before and after polymerisation process. 

Generally, the intensities of the observed peaks reduced after curing (e.g. at 

1700 and 1450 cm-1), while some peaks were absent in the solidified 

polymer (e.g. between 1100 and 900 cm-1). 
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Figure 6-3b Polymer/TiO2 composites prepared by modified two-step 
method. 

Where, a represents polymer, b is TiO2/polymer, c is FeOx/TiO2/polymer 
and d is FeOx-CoOx/TiO2/polymer. 

 

 

Figure 6-4 FT-IR spectra of polymer before and after curing of polymer 
precursor. 
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6.3.2 Photocatalytic activity test 

In order to evaluate the photocatalytic degradation rate of MB and 

conversion rate of Cr (VI), the calibration curves (Fig. 6-5 and Fig. 6-6) 

were first made, respectively with measurements obtained from a UV-vis 

spectrophotometer. Both measurements show a linear working range and 

the correlation coefficients of MB and Cr (VI) calibration curves are 0.997 

and 0.999, respectively. Photocatalytic efficiency was determined by time-

dependent C/Co, where C is the remaining MB or Cr (VI) concentration and 

Co is the initial MB or Cr (VI) concentration. 

 

 

Figure 6-5 Calibration curve for MB standards at 664 nm as λmax. 
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Figure 6-6 Calibration curve for K2Cr2O7 standards at 540 nm as λmax. 

 

Photocatalytic activities of the as-prepared TiO2/polymer composites were 

first evaluated by the photo-degradation of MB under UV light irradiation 

(302 nm), as shown in Fig. 6-7. There is no MB decomposition in the 

absence of both photocatalyst and polymer. Virtually 0% MB removal is 

observed after 2 h of light irradiation. The MB removal results in Fig. 6-8a, 

using TiO2/polymer composites (5, 10 and 20 wt.% TiO2) prepared by 

conventional one-step method, show negligible activities compared to 

sample containing only polymer (55% MB removal in 2 h). The MB removal 

in the absence of TiO2 is likely due to the generation of a small amount of 

•OH radical by the bare polymer to degrade MB dye.222  

TiO2/polymer composites containing above 20 wt.% TiO2 could not be 

prepared due to very low viscosity and difficulty in spreading the thick slurry 
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uniformly inside the petri dishes. The TiO2/polymer composites prepared by 

one step conventional method did not show improved photocatalytic 

activities compared to the polymer sample (Fig. 6-8a). The observation 

could be due to complete trapping of the TiO2 nanoparticles in the polymer 

matrix, thus preventing the TiO2 nanoparticles from participating in 

photocatalytic MB decomposition.  

 

 

Figure 6-7 Temporal UV-vis absorption spectra of 10 mL, 10 mg/L MB 
solution in a plastic petri dish during photolysis. 

Conditions: MB dye (10 mg/L, 10 mL, pHnat  = 6, light λ = 302 nm, 
temperature ≤ 30 oC, sample replaced after each analysis). 
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Figure 6-8a MB degradation in 2 h using various TiO2/polymer composites 
prepared by conventional (one-step) method. 

Conditions: MB dye (10 mg/L, 10 mL, pHnat  = 6, light λ = 302 nm, 
temperature ≤ 30 oC, sample replaced after each analysis).  

 

 

The MB decomposition results in Fig. 6-8b, using TiO2/polymer composites 
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photocatalytic degradation activity is achieved by the FeOx-

CoOx/TiO2/polymer composite, resulting in about 95% MB removal in 1 h. 

The photocatalytic MB degradation efficiencies in 60 minutes follow the 

order: polymer (32%) < TiO2/polymer (44%) < FeOx/TiO2/polymer (72%) < 
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Figure 6-8b Conversion profiles of MB using various TiO2/polymer 
composites prepared by modified (two-step) method. 

Conditions: MB dye (10 mg/L, 10 mL, pHnat  = 6, light λ = 302 nm, in air, 
temperature ≤ 30 oC, sample replaced after each analysis). The average 
amount of TiO2 in the composites prepared by modified two-step method is 
over 60 wt.%. 

 

 

The corresponding temporal UV-vis absorption spectra measurements 

obtained by using the FeOx-CoOx/TiO2/polymer composite, prepared by 

modified (two-step) method, are shown in Fig. 6-9. The percentage 

amounts of MB adsorbed in 1 h on surface of the prepared TiO2/polymer 

composites are shown in Fig. 6-10. All the samples adsorbed more than 

10% of MB solution and the highest adsorption (~ 25%) was achieved with 

the FeOx/TiO2/polymer sample. 
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Figure 6-9 Temporal UV-vis absorption spectra of MB dye (10 mg/L, 10 mL, 
pHnat  = 6) during photocatalytic degradation by the FeOx-
CoOx/TiO2/polymer (sample replaced after each analysis). 

 

 

Figure 6-10 Percentage MB adsorptions in aqueous solution (10 mg/L, 10 
mL, pHnat  = 6) in 1 h with various TiO2/polymer composites prepared by 
modified (two-step) method. 
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The photocatalytic reduction abilities of the various TiO2/polymer samples, 

prepared via the modified two-step method, were then evaluated by the 

conversion of Cr (VI) in the form of K2Cr2O7. Fig. 6-11 shows the UV-vis 

absorption spectra of Cr (VI) after photocatalytic Cr (VI) reduction 

experiments in 1 h. The corresponding sample vials containing residual Cr 

(VI) with 1,5-DPC dye after 1 h photocatalytic activity test are shown in Fig. 

6-12. Relative to the initial Cr (VI) ion concentration, about 2% Cr (VI) 

reduction is achieved in the absence of polymer and photocatalyst, while 

about 7% Cr (VI) reduction is recorded by only the polymer as shown in Fig. 

6-13. The highest photocatalytic Cr (VI) reduction is achieved with the 

FeOx-CoOx/TiO2/polymer composite; recording nearly 100% Cr (VI) 

removal in 1 h. The Cr (VI) ions are reported to exist mainly in the form of 

CrO4
2−, Cr2O7

2− and HCrO4
− at low pH values < 6.5.273,274 After complete 

photocatalytic Cr (VI) reduction, the formation of a green precipitate on 

drop-wise addition of a small amount of 1 M NaOH aqueous solution 

indicates the production of Cr (III) ions in solution as Cr(OH)3.
275  
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Figure 6-11 UV-vis absorption spectra of Cr (VI) solution in 1 h after 
photocatalytic conversion by various TiO2/polymer composites prepared by 
modified (two-step) method. 

Conditions: Cr (VI) solution (25 mg/L, 10 mL, pHnat  = 5.5, light λ = 302 nm, 
temperature ≤ 30 oC).  

 

 

 

Figure 6-12 Image of Cr (VI) solutions after photocatalytic conversion by 
various TiO2/polymer composites prepared by modified (two-step) method, 
and control experiment in 1 h (colorimetric determination with 1,5-DPC).  

A is 25 mg/L Cr (VI) solution, B is photolysis, C is polymer, D is 
TiO2/polymer, E is FeOx/TiO2/polymer and F is FeOx-CoOx/TiO2/polymer. 
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Figure 6-13 Percentage Cr (VI) reduction by various TiO2/polymer 
composites in 1 h, prepared by modified (two-step) method. 

Conditions: Cr (VI) solution (25 mg/L, 10 mL, pHnat  = 5.5, light λ = 302 nm, 
temperature ≤ 30 oC). 
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TiO2 nanoparticles from participating in photocatalytic Cr (VI) reduction. 
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Figure 6-14 Percentage Cr (VI) ions adsorption in aqueous solution (25 
mg/L, 10 mL, pHnat  = 5.5) in 1 h by various TiO2/polymer composites 
(modified method). 

 

 

Figure 6-15 UV-vis absorption spectra of Cr (VI) solution in 1 h after 
photocatalytic conversion by prepared TiO2/polymer composites 
(conventional method). 

Conditions: Cr (VI) solution (10 mg/L, 10 mL, pHnat  = 5.5, light λ = 302 nm, 
temperature ≤ 30 oC).  
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6.3.3 Catalyst recycling 

The stability of as-prepared FeOx-CoOx/TiO2/polymer composite was 

evaluated for MB decomposition and Cr (VI) reduction as shown in Figs. 6-

16 and 6-17, respectively. It can be seen that the photocatalytic activity of 

the composite did not decrease conspicuously after four successive cycles 

(4 x 1 hour) of photo-activity test, indicating that the composite is fairly 

stable. The catalyst recycling performance for MB decomposition ranges 

from 94 to 97% in 1 h, while it ranges from 97 to 100% in 1 h for Cr (VI) 

reduction. 

 

Figure 6-16 Recycling performance of FeOx-CoOx/TiO2/polymer for MB 
degradation. 
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Figure 6-17 Recycling performance of FeOx-CoOx/TiO2/polymer for Cr (VI) 
reduction. 
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6.3.4 Future work 

A few more experiments would be carried out in this chapter in order to fully 

examine the surface and stability of prepared TiO2/polymer composites, 

which cannot be carried out due to unavailability of equipment as a result of 

covid-19 pandemic over the past twelve (12) months. 

1. Spectrofluorometric analysis for quantification of •OH radicals by 

using coumarin as a probe molecule. This study will provide insight 

into the degradation of MB dye over bare polymer. 

2. Material characterisation using SEM-EDS to image the photocatalyst 

nanoparticles and show their dispersity in the polymer matrix before 

and after activity test. Also, XPS analysis to investigate the chemical 

state of elements in the FeOx-CoOx/TiO2/polymer composite before 

and after immobilisation in polymer or activity test. 

3. Quantitative analysis to confirm the production of Cr (III) from Cr (VI) 

ions using atomic absorption spectrometry (AAS). 

4. Investigate the presence of photocatalyst particles in solution using 

ICP-MS to prove photocatalyst stability on polymer. 

5. Investigate the effect of solution pH on the stability and activity of 

optimised TiO2/polymer composite. 

6. Investigate the polymer/TiO2 composites for herbicides degradation. 

7. Scale up the reactor vessel for wider application.  
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6.4 Conclusion 

In summary, a facile two-step method was successfully used in immobilising 

cocatalyst-modified TiO2 nanoparticles on plastic petri dishes with the help 

of a photo-curable polymer as a binder. The polymer resin/precursor was 

photo-polymerised by UV-B light irradiation. The photocatalytic 

performances of the TiO2/polymer composites were evaluated for the 

decomposition of MB dye and the reduction of Cr (VI) to Cr (III) ions in 

aqueous solution. The highest photocatalytic MB degradation efficiency 

(97%) was achieved with FeOx-CoOx/TiO2/polymer in 1 h, which is nearly 

two and half times higher than that of unmodified PC50 TiO2/polymer 

sample. Also, nearly 100% Cr (VI) reduction was achieved in 1 h, whereas 

28% Cr (VI) reduction was achieved with PC50/polymer, indicating more 

than a three-fold increase. The enhanced photo-generated electron-hole 

separation and the catalytic effect of FeOx-CoOx could have led to the 

efficient photocatalytic activity of the FeOx-CoOx/TiO2/polymer composite 

towards MB and Cr (VI) decomposition. The satisfactory recycling 

performance of the optimised TiO2/polymer composite indicates that the 

developed immobilisation technique could find application in pilot scale 

water treatment plants, self-cleaning surfaces and air purification. 
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7 Conclusions and Future work 

7.1 Contribution to knowledge 

Novel FeOx-CoOx/TiO2 and FeOx-CoOx/TiO2/polymer composites were 

successfully prepared and applied for the removal of herbicides and Cr (VI) 

from aqueous solution, respectively. The novel and optimised photocatalyst 

composites have not been reported in literature for photocatalytic water 

treatment. 

 

7.2 Main findings 

Preparation and application of FeOOH/TiO2 in photocatalytic mineralisation 

of herbicides. 

 The optimised and most efficient photocatalyst contained Fe (III) 

loading amount of 0.14 wt.% on TiO2 prepared by a reliable wet 

impregnation method. 

 Based on PXRD analysis, Fe4NO3(OH)11 impurities and FeOOH were 

impregnated on surface of unmodified TiO2 at 120 oC. FeOOH 

nanoparticles were the only decorating species at 250 oC, while at 

temperatures higher than 250 °C, Fe2O3 species dominated. 

 No activity was observed during 2,4,6-TCP and 2,4-D photolysis in 

the absence of a photocatalyst. 
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 Unmodified TiO2 was found to mineralise nearly 50% of 2,4,6-TCP in 

4 h. 

 Studies on the effect of calcination temperature on photocatalytic 

activity of the Fe(III)-decorated TiO2 (0.14 wt.% Fe) samples showed 

that, ~ 100%, 85%, 62 % and 40% TOC removal were achieved in 4 

h reaction by  samples calcined at 120, 250, 350 and 450 oC, 

respectively. 

 The sample calcined at 250 oC (FeOOH/TiO2) displayed both 

excellent photocatalytic mineralisation efficiency (nearly double 

activity of unmodified PC50 TiO2) and better photocatalytic stability 

after three successive degradation cycles than the sample calcined 

at 120 oC. This was due to the instability of Fe4NO3(OH)11 as the 

primary decorating cocatalyst on TiO2 calcined at 120 oC. 

 The 2,4,6-TCP degradation process followed pseudo-first-order 

kinetics model on both TiO2 and optimised FeOOH/TiO2 with initial 

rate constants of 0.00647 and 0.0193 min-1, respectively, indicating a 

three-fold enhancement. 

 The adsorption-desorption equilibrium of 2,4,6-TCP aqueous solution 

on optimised FeOOH/TiO2 was achieved in the first 30 min with about 

10% 2,4,6-TCP removal in 4 h. 

 The FeOOH/TiO2 sample recorded 95% TOC removal in 3 h run for 

another widely used herbicide, 2,4-D, while 60% TOC removal was 

achieved by the unmodified TiO2 sample. 
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 The mechanistic studies with reactive oxygen species scavengers 

demonstrated that the degradation of 2,4,6-TCP was primarily 

controlled by hydroxyl radicals and superoxide radicals.  

 PL measurements confirmed the enhanced photo-generated 

electron-hole separation, while in situ ESR confirmed the catalytic 

effect of FeOOH for improved generation of hydroxyl radicals, thus 

led to high photocatalytic activity. 

 Six different intermediate products were successfully identified  from 

HPLC-MS analysis of partially degraded 2,4,6-TCP solution, and a 

possible degradation pathway of 2,4,6-TCP was proposed. 

Based upon the success of the optimised Fe(III)-decorated TiO2 sample, the 

influence of binary cocatalyst alloying was investigated. The studies on the 

effect of individual cocatalysts (Fe, Cu and Co) and concentrations (0.05, 

0.1 and 0.5 wt.%), towards complete 2,4,6-TCP mineralisation were carried 

out under similar operating conditions. 

 The optimised loading amount was found to be 0.1 wt.% metal for the 

three cocatalysts (FeOx, CuOx and CoOx).  

 XPS analysis indicated that FeOOH, CuO and CoO were 

impregnated on the surface of TiO2.  

 The TOC removal rates for 2,4,6-TCP mineralisation by the individual 

cocatalyst-decorated TiO2 samples indicated that CuOx cocatalyst 

performed best, then, CoOx and the last FeOx.  
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 CuOx showed around 73% TOC removal efficiency, while FeOx and 

CoOx showed around 62% and 64% TOC removal efficiencies in 3 h, 

respectively. 

 The investigation on the effect of binary cocatalyst loading (FeOx-

CuOx and FeOx-CoOx) on TiO2 surface were carried out by fixing 

loading concentration (0.1 wt.%) for each cocatalyst, the novel 

FeOx-CoOx alloy exhibited the highest photocatalytic activity for 

2,4,6-TCP mineralisation.  

 About 92% TOC removal was achieved in 3 h by the novel FeOx-

CoOx/TiO2 (nearly 50% higher than the FeOOH/TiO2 reported 

before), while about 75% TOC removal efficiency was achieved by 

FeOx-CuOx/TiO2. 

 The 2,4,6-TCP mineralisation efficiency achieved by FeOx-

CoOx/TiO2 in 3 h was about two and half times higher than the 

unmodified PC50 TiO2.  

 HPLC analysis showed that the 2,4,6-TCP degradation rate by FeOx-

CoOx/TiO2 was about 100% in 3 h . This indicated that the 2,4,6-TCP 

degradation rate was faster compared to mineralisation rate, which is 

consistent with results reported in the literature.  

 Studies on effect of light irradiation wavelength indicated that no 

2,4,6-TCP degradation activity was recorded above 395 nm, while  

about 60% and 93% TOC removal in 2 h were achieved at above 320 

nm and  above 260 nm, respectively by the FeOx-CoOx/TiO2 sample. 
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 For another widely used herbicide (2,4-D), the FeOx-CoOx/TiO2 

sample recorded nearly 100% TOC removal in 3 h and about 95% 

degradation in 60 min. The 2,4-D mineralisation efficiency achieved 

by FeOx-CoOx/TiO2 in 3 h was about one and half times (150%) 

compared to unmodified PC50 TiO2. 

 Spectrofluorometric analysis for •OH radical generation, with 

coumarin as a probe molecule, confirmed the catalytic effect of 

FeOx-CoOx on TiO2 for improved generation of hydroxyl radicals, 

thus higher photocatalytic activity for mineralisation of selected 

organic compounds.  

Based upon the success of the optimised FeOx-CoOx-decorated TiO2 

nanoparticle sample, the prepared TiO2-based photocatalysts (TiO2, 

FeOx/TiO2 and FeOx-CoOx/TiO2) were immobilised on an acrylate-based 

polymer to generate a film for real application. The TiO2/polymer composites 

were evaluated for the photocatalytic oxidation of MB dye and reduction of 

hexavalent chromium (Cr6+) ions in aqueous solution to the less toxic Cr3+ 

ions. 

 The FeOx-CoOx-TiO2/polymer was found to show the highest 

photocatalytic activity in both MB oxidation and Cr (VI) reduction 

studies.   

 About 97% MB got degraded in 1 h by the optimised FeOx-

CoOx/TiO2-based polymer composite, while TiO2/polymer and 
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FeOx/TiO2/polymer recorded 40 and 70% MB oxidation, 

respectively.  

 About 99% Cr (VI) was reduced to Cr (III) ions in 1 h by the 

optimised FeOx-CoOx/TiO2/polymer sample, while TiO2/polymer and 

FeOx/TiO2/polymer achieved 28 and 64% Cr (VI) reduction 

efficiency, respectively.  

 The FeOx-CoOx/TiO2 sample was found to maintain its outstanding 

photocatalytic efficiency in both suspension and fixed-bed water 

treatment set-ups. 

 The results of catalyst recycling performance showed that the FeOx-

CoOx/TiO2/polymer was highly stable after four successive cycles, 

indicating its strong potential for the real application of photocatalytic 

oxidation of organic compounds and reduction of heavy metal ions in 

water. 

 

7.3 Future work 

The main goals of the thesis have been achieved, including the 

enhancement of the photocatalytic activity of commercial PC50 TiO2 by 

novel binary cocatalysts, in the complete mineralisation of persistent organic 

water pollutants in both suspension and fixed-bed systems. Despite these 

achievements, more work still need to be performed in the area of 

photocatalysts characterisation and fundamental understanding of the 

reaction mechanism, which is significant while can not be investigated so far 
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due to the unavailability of the related facility caused by the lockdown 

related to the pandemic since March 2020. Also, other limitations 

confronting this water treatment technology need to be fully addressed for 

standalone applications or integrated with conventional water treatment 

technologies. 

As mentioned in Chapter 5, XPS analysis was carried out to identify the 

decorated cocatalyst species, which were indicated to be FeOOH, CuO and 

CoO. However, more work still need to be done using PXRD to further 

confirm the three cocatalyst species and possibility of forming binary alloys. 

This will be carried out by substituting TiO2 with silica or alumina as the 

substrate, for easy identification, due to the high background signals 

obtained with TiO2 as reported in literature. Also, high resolution TEM-EDS 

analysis will further confirm the presence of either cocatalysts’ islands or 

formation of binary alloys on TiO2. 

Apart from the spectrofluorometric analysis reported for generation of •OH 

radicals by the optimised FeOx-CoOx/TiO2 sample in Chapter 5, there is a 

need to use a more advanced method, ESR, to investigate the production 

rate of both hydroxyl and superoxide radicals as reported in Chapter 4. Also, 

studies on the effect of radical scavengers on 2,4,6-TCP mineralisation 

need to be carried out as did in Chapter 4. This will assist in fundamental 

understanding of the photocatalytic reaction mechanism of the FeOx-

CoOx/TiO2. There is also a need for in-depth investigation of charge kinetics, 

which involves charge separations’ transport and recombination in 
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semiconductor photocatalysts. This will help in rational photocatalyst design 

strategy to enhance the photo-activity for water treatment. Transient 

absorption spectroscopy (TAS) is a very sensitive technique used in 

investigating charge carrier dynamics. The transient absorption spectra can 

assist in probing the lifetime of photo-generated holes and electrons, in 

semiconductors as well as their recombination rate (within the nanoseconds 

to milliseconds timescale). 

More studies need to be carried out in Chapter 6 on the FeOx-

CoOx/TiO2/polymer sample to investigate the potential release of TiO2 

during exposure to UV irradiation by Inductively coupled plasma mass 

spectrometry (ICP-MS) analysis of the solution. SEM analysis of the sample, 

before and after photocatalytic degradation experiments, will confirm the 

stability of the optimised TiO2/polymer composite. There is a need to repeat 

the photocatalytic activity results of FeOx-CoOx/TiO2/polymer sample in 

Chapter 6 with the degradation of herbicides, so as to compare with results 

obtained in Chapter 4 and 5. This could not be completed due to covid-19 

pandemic and faulty HPLC. Also, the technology will be tested using natural 

water, in order to investigate the influence of dissolved ions on the 

photocatalytic degradation rates of  herbicides by the optimised FeOx-

CoOx/TiO2/polymer composite. 

As mentioned in Chapter 6, the TiO2/polymer composites prepared via 

conventional one-step mixing method, displayed lower activities for the 

degradation of MB and reduction of Cr (VI), unlike the TiO2/polymer 
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composites prepared via two-step modified method. More work needs to be 

done (e.g. effect of solution pH, polymer degradation and toxicity tests) to 

fully investigate polymers as a potential substrate, unlike conventional ones 

(glass beads, carbon fibres, aluminium plate, cement/concrete etc.), which 

have their individual drawbacks. 

Finally, in this project, lab simulated wastewater was used against natural 

water (i.e. industrial effluents, stream, pond, river, groundwater etc). For 

practical application, natural water samples that include dissolved natural 

organic matter (NOM) and inorganic salts should be used to investigate 

herbicide mineralisation efficiency and kinetics. Also, testing of a mixed 

solution of contaminants using natural water such as treated secondary 

wastewater or river/lake water should be investigated. The effect of initial 

herbicide concentration on degradation rate should be investigated, 

especially more realistic concentrations at μg/L found in water and 

wastewater. Tests at pilot scale will inform the water industry about the 

application of the technology in practice and how this technology will be 

recovered once the system is not effective.   
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