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Abstract 

Perfluorooctanoic acid (PFOA) has attracted considerable attention worldwide 

due to its widespread occurrence and environmental impacts. However, a suitable 

technology for PFOA controlling is worthwhile to be investigated nowadays. This thesis 

studied the photocatalysis by different catalysts and found that Ga2O3 and TiO2 had better 

performance for PFOA removal than CeO2, In2O3 and CdS. In addition, Ga2O3 mixed 

with peroxymonosulfate (PMS) was investigated for the PFOA degradation under UV 

light. It showed excellent performance and that 100% of PFOA was degraded within 90 

min and 60 min under 254 nm and 185 nm UV irradiation, respectively. PFOA in real 

wastewater exhibited similar degradation efficiency and 75-85% TOC was removed by 

Ga2O3/PMS under 254 nm UV irradiation. Thus, a good method with well degradation 

efficacy was established in this thesis for aqueous PFAS removal. Moreover, this thesis 

investigated the PFOA photodegradation by using powerful visible light (300 W, 829.6 

mW cm-2) in the presence of catalyst TiO2 with PMS activation, which achieved 100% 

PFOA removal within 8 h. The presence of organic compounds in real wastewater 
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reduced the degradation efficacy of PFOA by 18-35% in Vis/TiO2/PMS system. 

Therefore, PFOA could be controlled under no matter UV light or visible light by 

TiO2/PMS system. 

Gallium oxide (Ga2O3), titanium dioxide (TiO2), cerium dioxide (CeO2), indium 

oxide (In2O3), and cadmium sulfide (CdS) are commonly used under UV light as 

photocatalyst for the pollutants degradation. In this study, these five catalysts were 

applied for the photodegradation of PFOA and the performance decreases as: Ga2O3 > 

TiO2 > CeO2 > In2O3 > CdS. Notably, CdS had almost no capability for PFOA removal. 

The initial pH, quantum yield and band gap energy were used to explain the various 

catalytic ability among these catalysts. Significantly, the band gap energy decreases as: 

Ga2O3 > TiO2 > CeO2 > In2O3 > CdS, which exactly matched their degradation 

performance. Thus, band gap energy was significantly related to the photocatalytic ability 

for PFOA removal. Further, according to the scavenger experiments, photogenerated 

holes rather than electrons played the main roles in degrading PFOA by TiO2, CeO2 and 

In2O3. In comparison, photogenerated conduction band electrons were more important 

when photocatalysis was carried out with Ga2O3.  

This research focused on the photocatalytic process for the treatment of PFOA in 

water by Ga2O3 and peroxymonosulfate (PMS) mixed directly in the PFOA solution 

under different light sources. The results showed excellent performance that 100% of 

PFOA was degraded within 90 min and 60 min under 254 nm and 185 nm UV irradiation, 

respectively. Moreover, the degradation efficacy was unaffected by initial PFOA 

concentration from 50 ng L-1 to 50 mg L-1. Acidic solution (pH 3) improved the 

degradation process as high amount of PFOA was adsorbed on the surface of Ga2O3 via 

Coulombic attraction, leading to the promoted photocatalytic efficacy. The quantum yield 

in the PMS/Ga2O3 system under UV light (254 nm) was estimated to be 0.009 mol 
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Einstein-1. Scavengers such as tert-butanol (t-BuOH), disodium 

ethylenediaminetetraacetate (EDTA-Na2) and benzoquinone (BQ) were added into PFOA 

solution to assess the roles of sulfate radicals (SO4
•– ), superoxide radical (O2

•–)  and 

photogenerated electrons (e–) as the active species with strong redox potentials for PFOA 

degradation in PMS/Ga2O3/UV system. Through the analysis of the intermediates, PFOA 

was degraded stepwise from long chain compound to shorter chain intermediates. In 

addition, PFOA in the real wastewater exhibited similar degradation efficiency and 75-

85% TOC was removed by Ga2O3/PMS under 254 nm UV irradiation. Therefore, 

Ga2O3/PMS system was highly effective for PFOA photodegradation under UV 

irradiation, which has potential to be applied for the perfluoroalkyl substances (PFAS) 

treatment in water and wastewater. 

This research also studied the PFOA photodegradation by using powerful visible 

light (300 W, 829.6 mW cm-2) in the presence of catalyst TiO2 with PMS activation. The 

addition of PMS induced a significant degradation of PFOA on TiO2 under visible light 

compared with sole TiO2 or PMS treatment. Under powerful visible light, 0.25 g L-1 TiO2 

and 0.75 g L-1 PMS in the solution at initial pH 3 was advantageous for the PFOA 

degradation, and achieved 100% PFOA removal within 8 h. Under UV light irradiation 

at 254 and 185 nm wavelength, TiO2/PMS resulted in an excellent performance of almost 

100% PFOA removal within 1.5 h, attributed to the high absorbance ability of UV light 

by the catalyst. The intermediates analysis showed that PFOA was degraded from long 

carbon chains to shorter chains in a stepwise manner. Furthermore, scavenger 

experiments indicate that SO4
•– radicals from PMS and photogenerated holes from TiO2 

played an essential role in degrading PFOA. The presence of organic compounds in real 

wastewater reduced the degradation efficacy of PFOA by 18-35% in visible-TiO2-PMS 
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system. In general, TiO2-PMS could be an ideal and effective catalyst for the degradation 

of PFOA from wastewater using either visible or UV light source. 

 

Keywords: Chemical bonds; Gallium oxide; Peroxymonosulfate; Photocatalysis; 

Perfluorooctanoic acid; Photogenerated electrons; Sulfate radicals; Visible light 
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Chapter 1. Introduction 
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1.1. Background 

Perfluoroalkyl substances (PFAS) are anthropogenic compounds that have been 

used in industrial, military, and commercial applications since the 1950s (Houtz et al., 

2013). These chemicals are very stable as the carbon-fluorine (C-F) bond is very strong 

with a bond energy of 544 kJ mol-1, clearly indicating their persistent in the environment 

(Wang et al., 2008). PFAS have drawn the increasing attention in recent years mainly 

because they are potential reproductive and developmental toxins, endocrine disrupters, 

and carcinogens (Ding and Peijnenburg, 2013; Gorrochategui et al., 2014), although the 

relationship between PFAS and particular human disease is not established yet. It is a fact 

that PFAS exist not only in different environmental media but also in human body (Table 

1-1). Well-known PFAS such as perfluorooctanoic acid (PFOA) and perfluorooctane 

sulfonic acid (PFOS) (molecular structure as shown in Fig. 1-1) both commonly 

constitute high proposition of PFAS that have been detected in the aquatic environment 

(Estrellan et al., 2010). The source of PFAS in the environment can be divided into direct 

and indirect pathways (Wang et al., 2008). The direct route represents the emission from 

the manufacture and use of PFAS, or wastewater treatment plants (WWTPs) (Gallen et 

al., 2014). The indirect route refers to the long-range transport and degradation products 

from precursor compounds such as fluorotelomer alcohols and perfluorooctane sulfonyl 

fluoride (Armitage et al., 2006; Armitage et al., 2009). Furthermore, it was reported that 

the direct route accounts for more than 80% of the total source for PFAS in the 

environment (Pistocchi and Loos, 2009). The transport of such compounds could also be 

separated into atmospheric and aqueous transport pathways (Prevedouros et al., 2006). 

The atmospheric transport involves that PFAS diffusing into the atmosphere before 

deposition onto land or in water. The aqueous transport involves the dissolution in water 

and transport by the currents to the other water matrices. The contamination of PFAS in 
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the aquatic environment has been widely reported. In Spanish rivers, PFAS were found 

to be 43 ng/L (Flores et al., 2013). A suit of 16 PFAS were detected in one WWTP in 

China, with concentrations ranging from 0.04 to 91 ng/L in the influent. In addition, high 

PFOA concentration was detected in both the influent (2–91 ng L-1) and effluent (3–107 

ng L-1) from WWTP’s (Zhang et al., 2013). Moreover, serious PFAS water contamination 

was reported for the industrialized cities such as Dalian, China (Chen et al., 2017b) and 

Tokyo, Japan (Murakami et al., 2011). Furthermore, as high as 68.6 ng/L of PFOA was 

detected in the Korean coastal water (Naile et al., 2010). Overall, water contamination by 

PFAS is widespread demonstrating a variety of sources and potential persistence. 

 

Fig. 1-1.  Molecular structure and chemical properties of (a) PFOS, (b) PFOA, (c) 

PFHpA, (d) TFA, (e) PFHxA, (f) PFPeA, and (g) PFBA. 

 

Over the years, the technologies for PFAS removal from water have been 

developed with various decomposition efficacies due to the physical and chemical 

stability of C-F bonds (Cao et al., 2010; Chen, et al., 2015b). Treatment by sorption, 

filtration, biodegradation, and membrane bioreactor (MBR) were evaluated at bench scale 
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(Appleman et al., 2014; Kwon et al., 2017; Yates et al., 2014). Nevertheless, sorption and 

filtration are non-destruction methods that just transfer the contaminants from one 

medium to another and the waste still needs to be further managed (Urtiaga et al., 2015). 

As for MBR and biodegradation, these methods have been proven to be inefficient for 

PFAS removal in many WWTPs (Kwon et al., 2017; Yu et al., 2014). For example, when 

investigating MBR performance for the removal of PFOA and PFOS, it was reported that 

the removal efficiencies of these two compounds were less than 7% (Yu et al., 2014). 

This is probably because most microorganisms do not have the ability to decompose 

PFAS in water. Thus, technologies that cleavage C-F bonds are more suitable for PFAS 

removal. As an alternative, photolysis is recognized as an appealing option, which could 

degrade a variety of toxic substances e.g. agrochemicals in the presence of artificial or 

solar light, and is environmentally friendly and cost effective (Kitsiou et al., 2009). 

However, the strong bonding energy of the direct photolysis for the removal of PFAS 

from water is still of low efficacy. UV light (254 nm wavelength) was used for the 

photodegradation of PFOA in dilute aqueous solution, and observed no removal of PFOA 

within the reaction period of 300 min (Giri et al., 2011). In comparison, by utilizing the 

photon (hv) absorption capacity of some catalysts, heterogeneous photocatalysis has been 

developed to decompose PFAS, which can be conducted under a wider range of light 

wavelength as shown in Fig. 1-2. During heterogeneous photocatalysis, the contaminant 

and catalyst exist in different phases and the process could be described as absorbing hv 

and then generating negatively charged electron (e–) and positively charged hole (h+) pairs. 

They will migrate to the surface of the photocatalyst particles and react with the adsorbed 

contaminant, resulting in its decomposition. It has been proven that heterogeneous 

photocatalysis catalysts such as titanium dioxide (TiO2), gallium oxide (Ga2O3), and 

indium trioxide (In2O3) are far more effective for PFAS removal than direct photolysis 
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(Chen et al., 2011; Li et al., 2013b). There are about seven review articles on PFAS 

degradation and removal (Arvaniti and Stasinakis, 2015), but to the authors’ knowledge 

there is no review article on the heterogeneous photocatalysis of PFAS. 

 

Fig. 1-2.  UV-vis absorption spectra of different catalysts. 
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Table 1-1  

Concentrations of PFOA and PFOS in different matrices showing min–max (mean). 

Sample type Unit Area/Country PFOA PFOS Reference 

River water ng L-1 Red river, Vietnam 0.13–0.40 (0.32) <0.03–0.04 (0.01) (Lam et al., 2017) 

River water ng L-1 Bormida river, Italy 253–6480 (1613) <LOD–109 (8) (Valsecchi et al., 2015) 

River water ng L-1 Bohai sea, China 4.06–61900 (844) 0–131 (11.2) (Chen et al., 2017a) 

River Water ng L-1 Yellow river, China 2.01–41.8 (11.5) 2.65–41.0 (10.8) (Zhao et al., 2016) 

Lake sediment ng g-1 dwa 48 lakes all over China 0.006–1.10 (0.296) 0.001–0.76 (0.319) (Qi et al., 2016) 

Indoor dust  ng g-1 dw Birmingham, UK <0.98–6000 (550) 20–1000 (370) (Goosey and Harrad, 2011) 

Outdoor jackets µg  m-2 Idstein, Germany 0.02–171 (9.803) 0.01–0.54 (0.033) (Gremmel et al., 2017) 

Fish ng g-1 wwb Vltava river, Czech Republic 0.007–0.375 (0.039) 0.572–61.3 (14.5) (Svihlikova et al., 2015) 

Human blood ng mL-1 Norilsk, Russia 0.33–1.40 (0.89) 3.61–8.38 (6.11) (Hanssen et al., 2013) 

Human blood ng mL-1 Athens, Greece 1.68–10.21 (3.88) 6.97–30.36 (14.93) (Vassiliadou et al., 2010) 

Human blood ng mL-1 Queensland, Australia 3.1–3.4 (3.02) 1.9–5.6 (3.68) (Eriksson et al., 2017) 

Human liver ng g -1dw Melbourne, Australia 0.16–2.25 (0.518) 0.375–12.5 (5.03) (Yeung et al., 2013) 

Human breast milk µg  L-1 Nantes, France <LOD–0.224 (0.082) <LOD–0.330 (0.092) (Wohlfahrt-Veje et al., 2014) 

a dw = dry weight， b ww = wet weight 
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1.2. Research motivation and scopes 

As a well-known contaminant, PFOA has been studied for its photodegradation 

in some previous literature. However, different catalysts have ability for aqueous PFOA 

removal and insufficient evidence was provided for the mechanism during the reaction. 

The previous studies only drawn attention on the modified catalysts under UV light 

irradiation and never tried to work with sulfate radicals for PFOA removal. Herein, the 

focus of this PhD research is to investigate the effectiveness of common commercial 

catalysts for PFOA photocatalysis. Moreover, PMS was firstly added to assist 

photocatalysis of TiO2 or Ga2O3. The enhancement of PFOA degradation performance 

by the integrated system (TiO2/PMS or Ga2O3/PMS) is explored and the photocatalytic 

mechanism and kinetic are also discussed.  

The objectives of this study are to  

i) review currently representative studies on PFOA photodegradation by 

different catalysts and the experimental conditions;  

ii) critically evaluate the efficiently heterogeneous photocatalysis for PFAS 

degradation by five commercial catalysts of TiO2, Ga2O3, In2O3, CeO2 and 

CdS; 

iii) explore the photocatalytic performance of Ga2O3 with PMS under 185 and 

254 nm UV light irradiation and explain the promoted reasons; 

iv) assess photodegradation efficacy by TiO2/PMS under UV light and visible 

light, and provide the explanation for the photocatalytic capability under 

different light resources; 

v) demonstrate the main roles of active species (i.e. photogenerated holes, 

electrons, hydroxyls and superoxide radical anions) in the system of 

TiO2/PMS and Ga2O3/PMS under UV light irradiation.  
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vi) discuss the impact of external conditions, such as initial pH, the dose of 

catalysts, and PFOA concentration, on the photodegradation efficiency.  

 

1.3. Research significance 

This research provides a promising and effective way to promote the efficacy of 

PFOA photodegradation. The catalysts were easily prepared by mixing commercial 

Ga2O3 or TiO2 with PMS in water. In addition, TiO2/PMS firstly achieve 100% PFOA 

degraded under visible light (300 W, 829.6 mW cm-2), providing the possibility for PFOA 

treatment under visible light irradiation. Hence, the information given in the study will be 

of great significance to further investigation regarding the PFOA control and practical 

application of water and wastewater treatment. The specific points of innovations were 

listed as follows: 

 Commercial catalysts were used in the study without modification, 

indicating the low cost of energy and financial of the new technology; 

 By experiments, Ga2O3 and TiO2 outperformed In2O3, CeO2 and CdS for 

PFOA removal;  

 Commercial Ga2O3 could degrade almost 100% PFOA within 10 h under UV 

light; 

 The band gap energy of the selected materials was sequenced from large to 

low as Ga2O3 > TiO2 > CeO2 > In2O3 > CdS, which exactly matched the 

photodegradation performance from good to poor in this study; 

 100% PFOA was degraded within 60 min in Ga2O3/PMS/UV system under 

185 nm UV light, which was comparatively higher efficacy compared with 

previous studies; 
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 SO4
•– , O2

•–  and photogenerated electrons were the key active species in 

Ga2O3/PMS/UV system during photocatalysis; 

 The excited e− could activate MPS to produce SO4
–  radicals as  S2O8

2– + 2e‒ → 

4SO4
•–, which explains that photodegradation efficiency was much better in 

PMS/Ga2O3/UV system than by sole Ga2O3 or PMS;            

 100% PFOA was degraded within 9 h by TiO2/PMS under powerful visible 

light (300 W, 829.6 mW cm-2), which was creatively achieved in the this 

study; 

 SO4
•– and photoinduced holes were the main active species by TiO2/PMS; 

 The holes and electrons could be generated on the surface of TiO2 irradiated 

by powerful visible light and HSO5
–  could react with photogenerated electrons 

to form sulfate radicals (SO4
•–) as HSO5

–  + e– → SO4
•– + OH–, thus leading to 

the outperformance of  TiO2/PMS  than sole TiO2 or PMS in degrading PFOA; 

 In the application of this technology, Ga2O3/PMS and TiO2/PMS could 

remove 75% and 65% TOC in wastewater under 254 nm UV light irradiation, 

respectively.  

 

1.4. Thesis outline 

The thesis consists of eight chapters, of which the main contributors are displayed 

in Fig. 1-3.  
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Fig. 1-3.  Main structure of this thesis. 

Chapter 1 entitled as “Introduction” presents the background of this study and 

identifies the currently development related to PFAS treatment, together with the research 

motivation, research scopes and their significance. The framework of the thesis is also 

presented in the chapter.  

Chapter 2 entitled as “Literature review” offers a review of previous studies 

including the photocatalytic mechanism and photodegradation kinetics during the 

reaction process. Furthermore, different kinds of catalysts and the factors affecting the 

degradation efficacy were also discussed in the chapter.  

Chapter 3 entitled as “Materials and methods” provides the detailed materials and 

methods. It includes the chemicals information, experimental set-up, operation conditions, 

detecting method for target compounds and characterization methods of catalysts.  

Chapter 4 entitled as “Photolysis of PFOA by five commercial catalysts under UV 

irradiation” evaluates the five commercials catalysts of TiO2, Ga2O3, In2O3, CeO2 and 



31 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

CdS. The photocatalytic mechanism was explored by discussing the initial pH effect, 

photon energy absorbed, band gap of different catalysts and interaction between chemical 

bonds. 

Chapter 5 entitled as “Improved photocatalysis of perfluorooctanoic acid in water 

and wastewater by Ga2O3/UV system assisted by peroxymonosulfate.” The effect of 

catalysts loading, solution pH, initial PFOA concentration and light resources were also 

discussed. 

Chapter 6 entitled as “Visible and UV photocatalysis of aqueous 

perfluorooctanoic acid by TiO2 and peroxymonosulfate: Process kinetics and mechanistic 

insights” introduces the notable achievement of 100% PFOA removal by TiO2/PMS 

under visible light. In addition, the photodegradation performance under 185 nm and 254 

nm UV light were also described. The advantages and proposed degradation mechanism 

were investigated in this chapter.  

Chapter 7 entitled as “Comparison of Ga2O3 and TiO2 with PMS and potential 

application” compares the photocatalytic performance between Ga2O3/PMS and 

TiO2/PMS for PFOA in water and wastewater. Besides, TOC removal by Ga2O3/PMS 

and TiO2/PMS were also assessed in this chapter.  

Chapter 8 entitled as “Conclusions and recommendations” summarizes the work 

and major conclusions from this study and address further research needs and trends, 

which was significant for the topic of PFOA treatment.  
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Chapter 2. Literature review 
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2.1. Introduction  

As the world is facing increasing challenges in the field of energy crisis and 

environmental pollution, the use of renewable energy to control environmental pollution 

is of high priority. As an inexhaustible and environmental friendly resource, solar energy 

is considered as the most ideal power, which enables photodegradation to be a favourable 

technology for controlling environmental contamination (Bahnemann, 2004; Malato et 

al., 2002). By comparison, other treatment methods such as electrochemistry (Stilwell 

and Park 1988), filtration (Simon et al., 2009), biodegradation (Pagga and Brown, 1986), 

and membrane bioreactor (Quintana et al., 2005) all have the drawback of energy 

consumption. However, for the practical applications of photolysis, low efficacy of solar 

energy utilization is the main obstacle. Thus, photocatalysis, especially semiconductor 

photocatalysis, becomes popular due to the advantages of using renewable resources, 

cost-effectiveness, safety, and comparatively high efficacy of pollutant removal (Xu et 

al., 2017a). For example, TiO2, zinc oxide (ZnO), bismuth sulfide (Bi2S3), and carbon 

nitride (C3N4) all have been reported to perform well in photocatalysis (He, 2017; Konyar 

et al., 2017; Zhou et al., 2017a). These semiconductors possess the ability to adsorb the 

light and produce photogenerated electron and hole pairs, which have redox ability to 

degrade environmental contaminants. In addition, the doping of catalyst such as TiO2 by 

gold (Au) has enabled the catalyst to perform significantly better under visible light 

(Sornalingam et al., 2018). 

 

2.2. Photocatalytic mechanism  

The mechanism of heterogeneous photocatalysis is summarized in Fig. 2-1. When 

the catalyst absorbs an hv (UV light with wavelength from 10 nm to 400 nm) with energy 

equal to or greater than its band gap, a pair of e--h+ is generated. The band gap energy is 
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critical for this process; too wide or too narrow band gap will be ineffective for 

photocatalysis. When the band gap of the catalyst is too wide, the light irradiation can 

only induce a few or even no e- transition from valence band to conduction band. 

Although the generated e--h+ pair has strong oxidizing-reduction capability, its efficacy 

for contaminant removal is limited due to the small quantity (Fig. 2-2(1)). With the band 

gap narrowing, the quantity of e--h+ pairs are raised. However, when the band gap is too 

narrow, the efficacy is reduced because the oxidizing-reduction capability of e--h+ pair is 

too weak even though its quantity is increased (Fig. 2-2(5)). Thus, a suitable band gap of 

the catalyst is essential for its photocatalysis efficiency (Chen, et al., 2015b).  

 

Fig. 2-1. Mechanism of heterogeneous photocatalysis process, from Xu et al. (2017). 
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Fig. 2-2. The relationship between efficacy and e--h+ pairs, from Xu et al. (2017). 

Once generated, the e--h+ pair will separate into a free e- and a free h+. The h+ in 

the valence band has high oxidation capacity which can degrade PFAS directly 

(Hoffmann et al., 1995). In addition, hydroxyl radicals (•OH) were produced by h+ reacted 

with H2O and electron capture, which have a well-known degradation ability for a wide 

range of organic compounds through H-atom abstraction to form water. However, in the 

case of PFAS especially PFOA, all H-atoms have been replaced by F-atoms in the carbon 

chain, thus PFOA is inert to •OH attack (k•OH + PFOA ≤ 105 M-1 s-1) (Kutsuna et al., 2006). 

Therefore, the less transformation from h+ to •OH occurs in the photocatalytic system, the 

better efficacy will be achieved for PFOA degradation. Besides h+, e- moves to the surface 

of the catalyst and reacts with adsorbed water to form hydrated electrons (e-
aq). PFAS 

molecules adsorbed on the catalyst surface can be attacked by the e-
aq and degraded into 

shorter-chain compounds. The specific reaction mechanism is presented in Fig. 2-2. The 

heterogeneous photocatalysis process (using TiO2 as an example) can be described in Eqs. 

(2.1)–(2.12) (Qu et al., 2010): 

 TiO2 + hv → TiO2 (h+ + e–)      (2.1) 

TiO2 (h+) + H2O → TiO2 + •OH + H+    (2.2) 
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PFOA decomposed by h+  

                  F(CF2)nCOOH + H2O → F(CF2)nCOO- + H3O+         (2.3) 

                  F(CF2)nCOO- + h+ → F(CF2)nCOO•          (2.4) 

                  F(CF2)nCOO• → F(CF2)n• + CO2↑                                                    (2.5) 

                  F(CF2)n• + O2 + H2O → F(CF2)n-1COOH + 2F-                                                 (2.6) 

PFOA decomposed by e– 

                  F(CF2)nCOOH + e– → (CF2)nCOOH• + F-                                                            (2.7) 

                  (CF2)nCOOH• + H2O → (CF2)nHCOOH + •OH                               (2.8) 

                  (CF2)nHCOOH + e– → CnF2n-1COOH• + F-                                                          (2.9) 

                  CnF2n-1COOH• + H2O → CnF2n-1H2COOH + •OH                           (2.10) 

                 CnF2n-1H2COOH → Cn-1F2n-1• + • CH2 + COOH•                              (2.11) 

                 Cn-1F2n-1• + COOH• → F(CF2)n-1COOH                                            (2.12) 

where F(CF2)nCOOH = F(CF2)7COOH, F(CF2)6COOH, …, or  F(CF2)2COOH. 

Overall, the photo-generated e–-h+ pairs are the main contributors to contaminant 

degradation so their quantity and redox capability decide the degradation efficacy of 

photocatalysis (Wang and Zhang, 2011). The specific efficacy influenced by e--h+ pairs 

is exhibited in Fig. 2-2 and discussed based on the particular catalyst and ambient 

controlling factors.  

 

2.3. Intermediates during photocatalysis process 

During the heterogeneous photocatalysis process, the long chain PFAS will be 

degraded into various shorter chain compounds e.g. perfluoroheptanoic acid (PFHpA), 

perfluorohexanoic acid (PFHxA), perfluoropentanoic acid (PFPeA), perfluorobutanoic 

acid (PFBA), and trifluoroacetic acid (TFA), as the main intermediates with In2O3 

catalysts (Li et al., 2012b). The molecular structures of the intermediates are shown in 
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Fig. 1-1. The degradation kinetics during the reaction period are presented in Fig. 2-3A, 

where the intermediates show a concentration increase followed by a reduction. The 

concentrations of all intermediates except PFHpA are under 5 mg L-1 at 180 min. As 

shown in Fig. 2-3B, the concentrations of PFHpA all increase initially and reach a plateau 

within 30-60 min followed by a decreasing trend. Of the four different catalysts tested, 

In2O3 NPNS and needle-like Ga2O3 show the best performance. During the 

photodegradation process, C-F bonds are destroyed so that the concentration of F- as a 

product is increasing with the reaction time. 

 
Fig. 2-3. (A) Time-dependent change of intermediates during PFOA decomposition by 

using In2O3 NPNSs. PFOA was 100% degraded within 30 min during this process. (B) 

PFHpA concentrations (mg L-1) during the photodecomposition process by different 

catalysts. 

 

2.4. Photodegradation kinetics 

Based on the conclusions drawn from the literature, the photodegradation of PFAS 

follows the pseudo first order kinetics and the Langmuir-Hinshelwood approach can be 
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introduced to simulate the reaction kinetics during the photocatalysis process (Okitsu et 

al., 2005):   

                           𝑟 = 𝑘
𝐾𝐶

1+𝐾𝐶
                                                            (2.13) 

where r is the reaction rate, k is a reaction rate constant, C is the concentration of PFAS, 

and K is the equilibrium absorption constant. When the chemical concentration C is of 

micromolar level, namely KC << 1, Eq. 2.13 can be simplified as follows: 

           r = k C = kapp C                                                            (2.14) 

The pseudo-first order kinetics are calculated below: 

     ln (
𝐶

𝐶0
) = −𝑘𝑡 𝑡                                                              (2.15) 

where kt is the pseudo time-based first-order rate constant of PFOA degradation. 

The fluence-based first-order rate constant kf (cm2 mJ-1) is calculated as follows 

(Zhang et al., 2017): 

                                      𝑘𝑓 =
𝑘𝑡

𝐼𝐸
                                                         (2.16) 

where IE is the average light intensity (mW cm-2).  

The half-life (τ1/2) of the reactants is described below: 

        𝜏1/2 =
ln2

𝑘𝑡
                                                         (2.17) 

The defluorination ratio of PFOA (Df) is calculated as follows: 

Df =
𝐶𝐹−

𝐶0×15
× 100%                                           (2.18) 

where CF- is the molar concentration of fluoride ion, C0 is the initial concentration of 

PFOA, and the factor of 15 corresponds to the number of fluorine ions (F-) in one PFOA 

molecule.  

As only very limited literature provided the IE values in their research, kt is the 

most common value for comparing among different catalyst systems in this review, 

therefore the data should be read in conjunction with the source and strength of light. 
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2.5. Efficacy of heterogeneous photocatalysis for PFAS decomposition  

2.5.1. Performance of TiO2 and modified TiO2 photocatalysts 

As a common semiconductor material, TiO2 remains a favorable photocatalyst 

choice due to its chemical and physical stability, availability, low cost, nontoxicity and 

the ability to degrade a diverse range of chemicals from water (Sornalingam et al., 2016). 

It was reported that perfluorocarboxylic acids (PFCA) with perfluorinated carbon chain 

(n = 7–9) could be decomposed by more than 85% within 420 min treatment by TiO2 

photocatalysis irradiated with a 16 W (254 nm) low-pressure mercury UV-lamp 

(Panchangam et al., 2009). Nevertheless, due to the high recombination rate of e--h+ pairs 

and comparatively large band gap (3.2 eV) of TiO2, the results show that kt is very low 

(0.0001 min-1) and τ1/2 is as long as 6931 min in pure TiO2-UV system (Behafarid and 

Cuenya, 2012). Targeting on these drawbacks, TiO2 modified with other elements or 

compounds were investigated to improve the degradation efficiency as listed in Table 2-

1. Firstly, when using TiO2 as the catalyst for PFOA degradation, it was observed the kt 

value was enhanced 46 times at pH < 3.0 due to the presence of 0.15 M perchloric acid 

(HClO4), compared with no acid addition (Panchangam et al., 2009). This suggests that 

TiO2 at low pH has better photocatalytic ability, which is mainly due to positive surface 

charges of TiO2 (pHPZC = 6.2), thus TiO2 could act as the acceptor of negatively charged 

e-, which reduces the recombination of e--h+ pairs. On the other hand, perchloric acid is a 

miscible strong Bronsted-Lowry acid, which can readily dissociate in water to produce 

perchlorate ions with active species (E = 1.42 V), leading to the improved performance. 

Secondly, a composite TiO2 with multiwall carbon nanotube (MWCNT) and the 

molecularly imprinted polymer-modified TiO2 nanotubes (MIP–TiO2 NTs) were 

separately investigated and both exhibited better efficacy of PFOA photodegradation (90% 



40 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

removal within 480 min; 85% removal within 480 min) compared with pure TiO2 (Song 

et al., 2012). This is mainly because that the MWCNT and the nanostructure of MIP–TiO2 

NTs can improve the contact of PFOA with TiO2 and transport e- efficiently to reduce 

recombination rate of e--h+ pairs (Fig. 2-2(2)).  

Thirdly, transition-metal modified TiO2 is another significant technology to assist 

with decomposing PFAS in aqueous solutions. Comparing with pure TiO2, heavy metals 

(e.g. Cu, Fe, Pb) and transition metals (e.g. Pt, Pd, Ag) modified TiO2 display significant 

catalytic activity as shown in Table 2-1. Among them, the best performing photocatalysis 

for PFOA removal is obtained by Pt-TiO2 (100% removal within 300 min) and the worst 

is by Fe-TiO2 (60% removal within 480 min). The enhancement can be attributed to the 

two reasons. Firstly, the addition of metal elements on TiO2 could reduce the band gap 

energy hence enhancing the quantity of e--h+ pairs to degrade PFOA (Fig. 2-2(1)) (Chen 

et al., 2016). Secondly, the addition of metal nanoparticles acts as electron sinks to store 

the excess e- in conduction band and reduces the recombination rate of e--h+ pairs, so e--

h+ pairs can be utilized fully in PFOA decomposition process (Chai et al., 2011). However, 

different metals have varying degrees of these capabilities, among which TiO2 combining 

with Pt is the most significant method for improving the efficacy with kt being 99% higher 

than that of pure TiO2. 
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Table 2-1 

Photocatalytic removal of PFOA by TiO2 and its modification with other compounds or elements. 

a Four pieces of the prepared material (active area of 800 cm2 L-1) were used. 

Catalyst characteristics Energy of light Degradation efficacy 

Reference 

Catalyst 
Catalyst 
dosage 
(g L-1) 

Band 
gap 
(eV) 

Specific 
surface areas 

(m2 g-1) 
Light source 

Light 
intensity 
(mW cm-

2) 

C0  
(mg L-

1) 

Removal  
(reaction 
period) 

kt  
(min-1) 

kf 
( cm2 mJ-

1) 

τ1/2 
(min) 

TiO2 0.5 3.14 22.9 400 W, λ=254 
nm  50  15% (720 min) 0.0001  6931.

0 
(Chen, et al., 

2015b) 
TiO2 with 

HClO4 
0.7 3.14 10.3 16 W, λ=254 nm 0.45 50  86% (420 min) 0.0047 1.74 × 10-

4 149.0 (Panchangam 
et al., 2009) 

TiO2–MWCNTs 1.6   300 W, λ=365 
nm  30  90% (480 min) 0.0019  364.8 (Song et al., 

2012) 

MIP– TiO2 NTs 800 cm2 
La-1   23 W, λ=254 nm  30  85% (480 min) 0.0036  193.0 (Wu et al., 

2016) 

TiO2 with Cu 0.5   400 W, λ=254 
nm  50  80% (480 min) 0.0031  224.0 (Chen et al., 

2015b) 

TiO2 with Fe 0.5   400 W, λ=254 
nm  50  60% (480 min) 0.0015  462.0 (Chen et al., 

2015b) 

TiO2 with Pb 0.5 3.2  400 W, λ=254 
nm  50  98% (480 min) 0.0086  81.0 (Chen et al., 

2016) 

TiO2 with Pt 0.5 2.92 47.5 125 W, λ=365 
nm 5.3 60  100% (300 

min) 0.0121 0.38 × 10-

4 57.2 (Li et al., 
2016) 

TiO2 with Pd 0.5 2.92 50.1 125 W, λ=365 
nm 5.3 60  98% (420 min) 0.0073 0.23 × 10-

4 95.2 (Li et al., 
2016) 

TiO2 with Ag 0.5 2.92 48.2 125 W, λ=365 
nm 5.3 60  45% (420 min) 0.0021 0.07 × 10-

4 331.0 (Li et al., 
2016) 
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2.5.2. Performance of Ga2O3 and modified Ga2O3 photocatalysts 

Nanostructured gallium oxide (β-Ga2O3) with a wide band gap (Eg = 4.8 eV) was 

found to possess more powerful photocatalytic ability due to its higher oxidation-

reduction potential compared with TiO2 (Eg = 3.2 eV) (Shao et al., 2013a). It was reported 

that PFOA could be destroyed completely by β-Ga2O3 powder and demonstrated that this 

catalyst was superior to TiO2 (19 times improvement in kt value) (Zhao and Zhang, 2009). 

As TiO2 possessed low activity to decompose PFOA due to the large conversion from h+ 

to •OH, the occurrence of e--h+ pairs were investigated in the Ga2O3/UV system (Zhao et 

al., 2015a). The photocatalysis experiment was conducted containing tert-butyl alcohol 

(TBA) which is a good scavenger for the photo-induced h+. The results show that TBA 

had a positive effect on the degradation of PFOA, indicating that e- played a more 

important role in degrading the contaminant than h+ in PFOA photocatalysis by Ga2O3. 

However, for the same reason as for TiO2, the fast recombination of e--h+ pairs 

and adsorption capacity for the pollutant also limit the photocatalytic performance of 

Ga2O3. Improvement for the catalyst should be explored to increase the degradation 

efficacy. Three other types of Ga2O3 were synthesized to enhance the photodecomposition 

efficiency for PFAS and the results are presented in Table 2-2. Specifically, sheaf-like β-

Ga2O3 has better photocatalytic performance (100% removal of PFOA within 45 min) 

than commercial β-Ga2O3 (15% removal of PFOA within 180 min) because interface 

between nanoplates in the sheaf structure provides more adsorption and reaction sites 

with the enlarged surface area (Shao et al., 2013a). A needle‐like nanostructured β‐Ga2O3 

was synthesized (Shao, et al., 2013b) which had a specific surface area of 25.95 m2/g and 

a large number of pores (4–25 nm). The needle‐like Ga2O3 exhibits wonderful 

photocatalytic activity for PFOA decomposition as its first-order rate constant (kt) is 0.038 

min-1, 18 times higher than that of commercial Ga2O3 (Table 2-2). Besides, β-Ga2O3 
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nanorod was used as the catalyst for PFAS photodecomposition in an anaerobic 

atmosphere (bubbling rate of N2 is 40 mL min-1) (Zhao et al., 2015a). The results of the 

high rate constant (kt = 0.043 min-1) suggest that anaerobic atmosphere was better than 

the aerobic atmosphere for PFOA decomposition by β-Ga2O3 due to the high catalytic 

capacity of e- in Ga2O3/UV system (Zhao et al., 2015a). Therefore, it is hypothesized that 

needle-like β-Ga2O3 will have better efficacy in photodegrading PFOA from water with 

N2 addition. 

 

2.5.3. Performance of In2O3 and modified In2O3 photocatalysts 

It was reported that In2O3 possessed significant photocatalytic activity for PFOA 

decomposition, with kt about 59 times higher than that of TiO2 (Li et al., 2012a). Such 

significant photocatalytic activity of In2O3 catalyst comes from physicochemical 

properties of In2O3. For example, In2O3 has higher absorption capacity for PFOA than 

TiO2. It can terminate carboxylic group of PFOA molecules tightly by forming bidentate 

or bridge configurations, and has stronger destroyer of e--h+ pairs produced during the 

photocatalysis process, thereby increasing the photocatalytic oxidation of PFOA (Li et al., 

2012a). In addition, according to periodic table, indium metal is more electropositive 

(situated in period 5 and group 13) than gallium (situated in period 4 and group 13) and 

has a larger ionic radius (0.92 Å) than gallium (0.62 Å). These physical properties of 

indium could make it a better catalyst. Furthermore, •OH formation was monitored in the 

TiO2/UV and In2O3/UV systems, separately (Li et al., 2012a; Li et al., 2012b). Similar 

results are achieved that the intensities of •OH generated in TiO2 suspension are much 

greater than those in In2O3 suspension, which suggests that h+ produced in the valence 

band of TiO2 largely transformed into •OH, while less changes occur in the In2O3/UV 
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system. Thus, In2O3 may have better degradation efficacy for PFOA removal than TiO2 

under UV irradiation.  

However, due to the similar disadvantages on the single catalyst, considerable 

attempts were made to improve the photocatalytic performance for PFOA decomposition, 

e.g. changing In2O3 nanostructure or modifying it with other compounds (Table 2-2). By 

changing the morphology of In2O3, the decomposition efficacy is improved due to the 

rearagment on the surface, coordination and specific surface area of the catalyst. The 

following five different nanostructured In2O3 i.e. In2O3 nanoporous nanospheres (NPNs), 

In2O3 microspheres, In2O3 nanocubes, In2O3 non porous nanoplates (NPs) and In2O3 

porous nanoplates (PNPs) were synthesized as photocatalysts in previous studies (Li et 

al., 2013b; Li et al., 2012b). As shown in Table 2-2, they are all found to have better 

performance degrading PFOA compared with original In2O3. In addition, based on the 

reaction time for 100% PFOA removal, the degradation ability for PFOA follows the 

order: In2O3 microspheres (within 17 min) > In2O3 PNPs (within 30 min) = In2O3 NPNs > 

In2O3 NPs (within 42 min) > In2O3 nanocubes (within 120 min). According to the kt and 

τ1/2 values from PFOA decomposition experiments, In2O3 PNPs (kt = 0.158 min-1, τ1/2 = 

4.4 min) are better than In2O3 microspheres (kt = 0.130 min-1, τ1/2 = 5.3 min). Moreover, 

it is worth mentioning that the In2O3 PNPs, microspheres, NPNs, NPs and nanocubes have 

a Brunauer–Emmett–Teller surface area of 156.9, 42.3, 39, 18.9 and 13.6 m2/g, 

respectively, which are directly related to their decomposition abilities. Such a 

relationship is explained by the fact that a high surface area could offer more adsorption 

and photocatalytic reaction centres, further it reduces the distance of the exaction needs 

to diffuse to the surface, which are beneficial for the subsequent decomposition (Li et al., 

2013b).  
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Besides, graphene and cerium oxide (CeO2) are also used to decorate In2O3 for 

better photocatalytic ability. As a monolayer of two-dimensional carbon atomic sheet, 

graphene has an excellent mobility of charge carriers, large surface, optical transparency, 

and chemical stability (Wang et al., 2012). Graphene could play an important role in 

carrying excited e- from the semiconductor to the e- acceptor. Thus, it has an efficient 

separation of photo-generated e--h+ pairs as reported (Li et al., 2011; Zhang et al., 2009). 

However, the photocatalytic activity is also dependent on the exposed surface of In2O3 

and suitable enwrapping of graphene sheet (Li, et al., 2013a). In addition, CeO2 has been 

used widely as a common co-catalyst such as CeO2/TiO2, ZrO2/CeO2 and CeO2/Ag3PO4 

with a positive effect on the photocatalytic activity (Dai et al., 2003). When investigating 

the photocatalytic decomposition of PFOA on CeO2/In2O3 composite, it was previously 

observed that the catalyst possessed higher photocatalytic activities than pure CeO2 or 

In2O3 (90% improvement in kt compared with pure In2O3), which was probably due to the 

synergistic effect between CeO2 and In2O3 in CeO2/In2O3 composite (Jiang et al., 2016). 

Nevertheless, the modification of In2O3 to change its morphology usually needs an 

advanced technology, which means increasing production costs and relatively low 

production yield (Li et al., 2013a). On the contrary, graphene and CeO2 have mature 

preparation methods and it’s easier to make their combination with In2O3 (Jiang et al., 

2016). Thus, during the evaluation of treatment technology for practical applications, both 

treatment efficiency and cost for the preparation of catalysts should be fully considered 

(Merino et al., 2016).  
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Table 2-2 

Photocatalytic removal of PFOA by In2O3 and Ga2O3 catalysts. 

Catalyst characteristics Energy of light Degradation efficacy 

Reference Catalyst 
Catalyst 
dosage 
(g L-1) 

Band 
gap 
(eV) 

Specific 
surface 

areas (m2 g-

1) 

Light source 

Light 
intensity 
(mW cm-

2) 

C0 
(mg 
L-1) 

Removal  
 (reaction 
period) 

kt  
(min-1) 

kf 
(cm2 mJ-1) 

τ1/2  
(min) 

Ga2O3 0.5  4.68 11.5 14 W, λ=254 
nm 

 0.5 15% (180 min) 0.002  395.4 (Zhao and 
Zhang, 2009) 

Sheaf-like Ga2O3 0.5   36.1 14 W, λ=254 
nm 

 0.5 100% (45 min) 0.024  29.0 (Shao et al., 
2013a) 

Needle‐like Ga2O3 0.5  4.57 25.95 14 W, λ=254 
nm 

 0.5 100% (40 min) 0.038  18.2 (Shao et al., 
2013b) 

Ga2O3 with N2 0.5    50 W, λ=254 
nm 

35 10 100% (90 min) 0.043 0.20 × 10-4 16.3 (Zhao et al., 
2015a) 

In2O3 3.4  3.14 12.6 23 W, λ=254 
nm 

 40  75% (240 min) 0.006  110.0 (Li et al., 
2012b) 

In2O3 NPNs 0.5  39.0 23 W, λ=254 
nm 

 30  100% (30 min) 0.100  7.1 (Li al., 2012a) 

In2O3 microspheres 0.5  42.3 15 W, λ=254 
nm 

 30  100% (17 min) 0.130  5.3 (Li et al., 
2013b) 

In2O3 nanocubes 0.5  13.6 15 W, λ=254 
nm 

 30  100% (120 min) 0.030  23.1 (Li et al., 
2013b) 

In2O3  NPs 0.5   15 W, λ=254 
nm 

 30  100% (42 min) 0.073  9.5 (Li et al., 
2013b) 

In2O3 PNPs 0.5  156.9 15 W, λ=254 
nm 

3.2 30  100% (30 min) 0.158 8.23 × 10-4 4.4 (Li et al., 2014) 

In2O3 with 
graphene  0.5   15 W, λ=254 

nm 
 30  100% (180 min) 0.008  86.6 (Li et al., 

2013a) 

β-Ga2O3 with N2 0.5   50 W, λ=254 
nm 

 10 100% (90 min) 0.043  16.3 (Zhao et al., 
2015a) 

In2O3 with 0.86% 
CeO2 

0.4   500 W, λ=254 
nm 

 100  100% (60 min) 0.063  11.0 (Jiang et al., 
2016) 
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Table 2-3 

Photocatalytic removal of PFAS by different catalysts. 

Catalyst Catalyst 
dosage 

Light 
source 

C0 
(mg L-

1) 

Removal 
(reaction 
period) 

kt 
(min-1) Reference 

TNTs 0.2 g L-1 400 W, 
λ=254 nm 50 59% (1440 min) 2.02 (Chen et al., 

2011) 
BiOCl 

nanosheets 0.5 g L-1 10 W, 
λ=254 nm 0.02 100% (720 min) 0.0014 (Song et al., 

2017) 
Ozonation/TiO2 25 mg h-1, 

0.2g L-1 
28 W, 

λ=254 nm 10 100% (240 min) 0.0042 (Huang et 
al., 2016) 

 

2.5.4. Performance of other catalysts 

In addition to the popular materials such as TiO2, In2O3 or Ga2O3 for 

heterogeneous photocatalysis, other catalysts and their photocatalytic abilities are 

summarized in Table 2-3. Titanate nanotubes (TNTs) were used for the photodegradation 

of PFAS, which possessed high specific surface area (150 m2 g-1), photocatalytic 

properties, and ion-exchange capabilities (Ou and Lo, 2007). PFOA exists as an anionic 

compound in solutions and can be adsorbed easily via the positive charges on the TNT 

surfaces with the help of UV irradiation. However, although TNTs are better adsorbents 

than TiO2 for PFOA removal, their photodegradation efficacy is still lower than the other 

catalysts as shown in Table 2-2. Bismuth oxychloride (BiOCl), as a family of layered 

ternary oxide semiconductors, possesses the valence band position around 3.6 eV, which 

is more positive than that of TiO2 (3.2 eV) and In2O3 (2.8 eV) (Xiao et al., 2012; Xu and 

Schoonen, 2000). In addition, the layered structure affords BiOCl a high availability of 

h+ during the photocatalysis process because it enhances the separation of photo-

generated charges and decreases the surface trapping of photo-generated carriers (Li et 

al., 2013b). Moreover, BiOCl has a high density of surface oxygen atoms and small 

formation energy for its abundant oxygen vacancies that can both act as e- scavengers 

delaying e--h+ pairs recombination and bind contaminants more strongly than normal 

oxide sites (Guan et al., 2013; Meng and Kaxiras, 2010). These features enable BiOCl to 
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perform better in PFAS photodegradation under UV irradiation (Song et al., 2017). In 

addition, PFOA degradation by photocatalytic ozonation (O3) has been researched and 

the efficacy (100% removal of PFOA within 360 min) is better than BiOCl and TNTs 

(Huang et al., 2016). As O3 has strong redox potential (2.07 eV), its reaction reduces the 

recombination of photo-generated e--h+ pairs and increases the degradation rate of PFOA 

by O3 (Wang and Zhang, 2011). Furthermore, other elements such as cadmium, tin, 

rhodium or palladium may also function well or even become better catalyst for the 

photodegradation of PFOA, although they need to be examined carefully. 

 

2.5.5. Comparative removal performance by different catalysts 

The efficacy of heterogeneous catalysis is presented in Fig. 2-4 based on the 

removal percentage and rate constant (kt) of contaminant decomposition, respectively. 

Fig. 2-4A shows the photodecomposition efficiencies by different catalysts such as TiO2, 

In2O3 and Ga2O3, and their best performing modified forms, and it can be observed that 

In2O3 has better efficacy than that of the others. With some modification in the 

morphology of catalyst, In2O3 microspheres decompose 100% of PFOA within 30 min 

and its kt value is 26 times as high as the value of pure In2O3. In addition, Ga2O3 nanorod 

with N2 degrades 100% PFOA within 90 min, with increased kt value being more than 22 

times higher than that of commercial Ga2O3. Pt-TiO2 also has better performance as the 

kt is 120 times higher than pure TiO2. Therefore, it can be concluded that once a particular 

catalyst is chosen, both modifying the molecular structure and combining with other 

metal are effective approaches to enhance the efficacy of PFAS photodegradation. By 

comparing the different catalysts’ performance in heterogeneous photocatalysis, the kt 

values are summarized as boxplots (Fig. 2-4B) which show that In2O3 performs best 
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followed by Ga2O3. However, as a classic catalyst, TiO2 shows the lowest ability to 

decompose PFAS under photo irradiation.  

 

 

 

Fig. 2-4. (A) Photocatalytic decomposition of PFOA by TiO2, Ga2O3, In2O3 and their 

modified forms. (B) Boxplot of pseudo first-order rate constants (kt) of PFOA removal 

by three different catalysts. 

 

Based on the kf value provided in several systems as shown in Tables 2-1 and 2-

2, the results show that In2O3 PNPs have the highest kf value (8.23 × 10-4 cm2 mJ-1), 

followed by TiO2 with HClO4 (1.74 × 10-4 cm2 mJ-1). On the performance of TiO2 with 

HClO4, 86% removal of PFOA is achieved in 420 min but the realistic contact time for 

an advanced oxidation process in a WWTP is about 10 min which seemly indicates that 

this catalyst are not practically useful. However, it may be due to the low wattage of the 

lamp (16 W) and light intensity (0.45 mW cm-2) used in the experiment because the kf of 

TiO2 with HClO4 could be as high as 1.74 × 10-4 cm2 mJ-1, which is better than the value 

of TiO2 with metal and Ga2O3 with N2. Thus, these catalysts, which need long contact 
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time for the pollutant removal, are still worth to be researched and applied in wastewater 

treatment when the light intensity is promoted to some extent.  

 

2.6. Factors affecting PFAS photocatalysis 

2.6.1. Light source 

The efficacy of heterogeneous photocatalysis is largely dependent on the photo-

induced e--h+ pairs. So the light source absorbed by the contaminant and catalysts plays 

an important role in the decomposition process (Fig. 2-2(3)) (Li et al., 2012b). The UV-

vis absorption spectra of different catalysts (Fig. 1-2) shows that all the catalysts have 

obvious absorption in the UV zone ranging from 200 to 380 nm. The optical band edge 

of metal-TiO2 is approximately 425.4 nm, which shows a slight red shift compared with 

TiO2 (395.2 nm). This shift might be due to the quantum confinement effect defined as 

in the atomic realm, when the size of a particle decreases to nano scale, the decrease in 

confining dimension makes the energy levels discrete and widens up the band gap and 

ultimately the band gap energy also increases. So the catalyst needs to absorb relatively 

shorter wavelength light to make electronic transition happen. Thus, the optical band edge 

of the catalyst will shift. Similarly, among different nanostructure of In2O3, or between 

commercial Ga2O3 and needle-like Ga2O3, the optical band edge is changeable. 

Calculating from the optical band edge (Eg = 1239.95/λ), the band gap energies of metal-

TiO2 and TiO2 are 2.92 and 3.14 eV, respectively. In the same way, the band gap is 

estimated to be 2.8, 2.72, 2.76, 2.68, 2.72, and 2.8 eV for In2O3 NPNs, In2O3 with 

graphene, In2O3 nanocubes, In2O3 microspheres, In2O3 NPs, and In2O3 PNPs, respectively. 

Significantly, the band gap energies for the commercial Ga2O3 and needle-like Ga2O3 are 

as high as 4.68 and 4.57 eV, respectively because their optical band edge is below 300 

nm, suggesting that they need to absorb relatively light of short wavelength. 



51 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

2.6.2. Solution temperature 

So far, little research has been conducted to investigate the influence of reaction 

temperature on the efficacy of heterogeneous photocatalysis for PFAS removal (Fig. 2-

2(4)). However, this influence could be learned from other treatment technologies when 

dealing with PFOA. For example, in the advanced oxidation technology, the reaction 

temperature has a high impact on the decomposition efficiency of PFAS (Lee et al., 2010). 

Specifically, when the reaction temperature was under 20 °C, 81% of PFOA was 

degraded in persulfate oxidation systems (Lee et al., 2012). However, the reaction 

duration was reduced to 240 min when the temperature was raised to 80 °C in the same 

system (Hori et al., 2008a). The results are mostly attributed to the enhancement of 

quantum yield (Φ) as the temperature increases so that abundant sulfate radicals are 

formed more quickly to degrade PFOA (Zhang et al., 2006). Moreover, in the process of 

photolysis, the investigation concerning the temperature effect on the PFAS degradation 

has been conducted (Zhang et al., 2006). The results (Table 2-4) indicate that higher 

temperature enables better performance in dealing with contaminant degradation under 

UV irradiation, because of the increased Φ with the rising temperature so the proportion 

of PFOA molecules at excited state involved in degradation process is rising. Thus, it can 

be reasonably speculated that when the temperature is increased during the heterogeneous 

photocatalysis process, the promoted Φ will support more PFOA photodegradation. On 

the other hand, too high temperature may cause the inactivation of catalyst as its 

molecular morphology could be destroyed (Williams and Brindle, 2002). However, 

catalysts are usually synthesized under high temperature calcination (TiO2–MWCNT 

composites via 550 °C ; In2O3 porous microspheres via 500 °C; and Ga2O3 powder via 

700 °C) and their structures are stable under 100 °C (Li et al., 2013b). Thus, it is likely 

that increasing solution temperature e.g. (20–30 °C ) will improve the photodegradation 
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efficacy and increase photocatalysis rates. Further study should be conducted to test and 

verify this conclusion.  
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Table 2-4 

Photolytic decomposition, kinetic parameters and quantum yield (Φ) for PFOA degradation at different temperatures. The light source was provided by 

the mercury lamp (500 W) and the initial concentration of PFOA solution was 30 mg L-1. The specific data are from reference (Zhang et al., 2016). 

T (°C) Decomposition condition (C C0
-1) τ1/2 

(min) kt (min-1) Φ   
(sec-1) 

30 min 60 min  90 min 120 min 180 min 
25 0.78 0.68 0.55 0.4 0.35 99.9 0.007 1.55 × 10-4 
45 0.67 0.48 0.3 0.25 0.17 51.8 0.013 2.99 × 10-4 
65 0.35 0.05 0.03 0.01 0 17.3 0.040 8.93 × 10-4 
85 0.1 0.02 0 0 0 9.0 0.077 1.72 × 10-3 
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2.6.3. Solution pH 

 

Fig. 2-5. (A) Influence of the initial pH on PFOA degradation by various 

photodecomposition methods. (B) Influence of DO on PFOA degradation by various 

photodecomposition methods. Specific experimental parameters were shown in Table 2-

5.  

 

The pH affects the dissociation of ionizable chemicals such as PFOA in solution 

and consequently, influences their photocatalytic performance. Thus, the 

photodecomposition of PFOA is evaluated at various initial pH conditions by the three 

main catalysts as shown in Fig. 2-5A. Under TiO2-UV photodegradation, PFOA exhibits 

90% removal at pH 2, which drops significantly to 5% when pH is increased to 5. It 
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further decreases to 2% under alkaline condition at pH 10. Such a trend is related to the 

fact that the pH point of zero charge (pHPZC) of pure TiO2 is 6.2 (Chou and Liao, 2005). 

Therefore, the surface of TiO2 catalyst is positively charged at pH < pHPZC, and negatively 

charged at pH > pHPZC. On the other hand, the pKa of PFOA is around 2.8 (Burns et al., 

2008; Goss, 2007), so PFOA will ionize and occur primarily as perfluorocarboxylic 

anions even at acidic pH values, e.g. approximately 50%, 91% and 99% ionization at pH 

1, 2 and 3 respectively. As a result, the acidic condition of pH 2 creates the optimum 

environment for the interactions between the positively charged TiO2 and the substantial 

amount of ionized PFOA, while at the same time there are significant interactions 

between TiO2 and the negatively charged e- hence inhibiting e--h+ pair recombination. 

Furthermore, a significant impact of initial pH on the catalytic decomposition for PFOA 

on both β-Ga2O3 nanorod and In2O3 with 0.86% CeO2 has been investigated (Jiang et al., 

2016). As shown in Fig. 2-5A, with the initial pH increasing, the photocatalytic 

degradation ratio of PFOA gradually decreases. For these two different catalysts, there 

are similar reasons accounting for this trend. In the β-Ga2O3 nanorod photodegradation 

process, it can be explained that the pHPZC of pure Ga2O3 is pH 9 (Kosmulski, 2001) and 

the lower the pH value is, the more positively charged the β-Ga2O3 surface will become. 

Due to the function of Coulombic attraction, the concentration of PFOA anions adsorbed 

on the surface of the catalyst is high at low pH condition, which promotes photocatalytic 

decomposition efficacy. For In2O3, as the pHPZC of pure In2O3 is 8.7 (Kosmulski, 2001), 

the surface of In2O3 is positively charged when the pH is lower than 8.7, so 

perfluorocarboxylic anions will interact strongly with In2O3 with 0.86% CeO2 by 

electrostatic interaction, leading to a high PFOA removal ratio. In summary, for the three 

major catalysts used in the photocataylsis process, acidic pH is favourable and positively 

improves the efficacy of PFAS decomposition. 
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Table 2-5 

Specific parameters of the pH and DO influence experiments.  

Fig. 2-5A Light intense (W) C0 (mg L-1) Reaction period (min) 
  (a) TiO2

a 16/6 (pH=2/4, 10) 50 360 
  (b) Ca2O3 nanorod 35 10 180 
(c) In2O3 with CeO2 500 100 60 

Fig. 2-5B    
(a) Direct photolysis 20 1 180 
(b) Ca2O3 nanorod 15 40 180 

(c) Pb-TiO2 400 50 60 
a HClO4 was added at acid condition. 

 

2.6.4. Dissolved oxygen 

DO is another interesting factor for the photodecomposition of PFAS which have 

been investigated (Chen et al., 2016). The effect of DO on photodecomposition of PFOA 

were studied by using N2, no gas, air and O2 supply to create DO values of 0, 1.6, 7.1 and 

36.4 mg L-1, respectively (Giri et al., 2012). In the direct photolysis process, PFOA 

removal by these four different DO conditions is presented in Fig. 2-5B with the highest 

removal being observed at 0 mg L-1 of DO. With the DO value increasing, the 

photodegradation efficacy is decreasing. When the DO reaches 36.4 mg L-1, the removal 

is 14% lower than the value under 0 mg L-1 of DO. It can be explained that in the direct 

photolysis process, reactive oxygen species such as •OH are not essential to decompose 

PFAS, which means that direct rather than indirect UV photolysis is the main degradation 

pathway (Schröder and Meesters, 2005). Therefore, abundant O2 in solution may lead to 

reactive oxygen species formation and result in the indirect reaction occurring. A similar 

tendency is also found in the photocatalysis process with the catalyst Ga2O3 nanorod (Fig. 

2-5B(b)) where 39% PFOA removal is observed with no DO but almost no decomposition 

happens when DO is 36.4 mg L-1 in the solution. The results are due to the fact that in the 

Ga2O3 nanorod system, e- is the main destroyer in the anaerobic atmosphere; with 

increasing DO, h+ gradually becomes more abundant with less e-. However, as already 
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proved, e- has much better degradation ability for PFOA than h+ in the Ga2O3-UV system 

(Shao et al., 2013a). Therefore, in aerobic solution, as the main participant of h+ in PFOA 

degradation, the photodegradation efficacy is expected to decline. 

Interestingly, an opposite trend of PFOA removal with DO in photocatalysis by 

the catalyst Pb-TiO2 has been also reported (Chen et al., 2016). PFOA removal ratio is 

0.25 when the solution is sparged with N2 (DO = 0 mg L-1), which substantially increases 

to 0.95 without any gas sparging (DO = 1.6 mg L-1) and further increases to 0.98 when 

the solution is purged with air (DO = 7.1 mg L-1). This distinct difference may be 

explained by h+ performing better in TiO2-UV system than in Ca2O3 system. In addition, 

the presence of O2 could inhibit recombination rate of e--h+ pairs. Furthermore, as Pb 

serves as a trap to catch up e-, the recombination of e--h+ pairs are inhibited. Thus, 

increasing DO value enhances the decomposition efficacy for PFAS removal in the Pb-

TiO2/UV system.  In summary, DO effect on PFOA photocatalysis is highly varied and 

complex depending on performance of e--h+ pairs. DO has a negative effect of PFOA 

degradation when e– is in large quantity with strong reduction ability or the direct 

photolysis under UV light is the main process. Otherwise, if h+ performs well and the 

recommendation is inhibited, DO has a positive effect. Besides, it is significant to mention 

that the DO influence on the In2O3/UV system is never to be investigated. Based on the 

previous study (Li et al., 2012b), h+ was playing an important role in degrading PFOA so 

it is reasonable to predict that DO has a positive effect on the efficacy. However, further 

extensive research is needed to explore the mechanism.  

 

2.6.5. Dissolved organic matter 

DOM is normally considered to be a significant factor that affects 

photodegradation process due to the generation of DOM-derived oxidative intermediates 



58 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

or their physicochemical quenching effects (Lyu et al., 2015). Therefore, to assess the 

feasibility of three main catalysts (TiO2, In2O3, Ga2O3) to degrade PFAS in wastewater, 

the photocatalysis efficacies for PFOA removal in WWTP effluent are summarized in 

Fig. 2-6A (Li et al., 2013b; Li et al., 2012b). It can be observed that PFOA decomposition 

in wastewater under UV irradiation is obviously retarded compared with the degradation 

efficacy in pure water and the photocatalytic ability under UV light followed the order as 

needle-like Ga2O3 > In2O3 > TiO2. Specifically, the needle-like Ga2O3 degraded 100% 

PFOA in wastewater which was spiked with 500 µg L-1 of PFOA within 180 min however 

this reaction period could be shortened to 40 min when the contaminant was from pure 

water. The same phenomenon is also observed in the In2O3 photocatalysis process. In 

pure water, 69% PFOA could be degraded by In2O3 within 180 min when the 

experimental solution was spiked with 100 µmol L-1 of PFOA; however, this value was 

decreased to only 10% when the contaminant was from wastewater. Such difference in 

PFOA degradation is likely due to the presence of DOM in high concentrations in real 

wastewater. These results are attributed to the fact that DOM most likely occupies the 

surface of the catalysts instead of PFOA, leading to less adsorption capacity of this 

pollutant. As a result, the PFOA photodecomposition is largely inhibited and the efficacy 

is reduced.  
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Fig. 2-6. (A) Kinetics of PFOA photocatalysis in wastewater (WW) and pure water (PW) 

by catalysts of TiO2, In2O3, and needle-like Ga2O3 under UV irradiation. The data were 

from references (Li et al., 2012a; Shao et al., 2013a; Shao et al., 2013b). (B) PFOA 

degradation in WW by In2O3 and Needle-Ga2O3 with some modifications for efficacy 

improvement. 

 

Two significant methods were examined to solve this problem (Li et al., 2012a; 

Shao, et al., 2013b). Firstly, ozone gas (~8 mg L-1 h-1) was added in the wastewater 

photodegradation by In2O3/UV compared with no ozone gas addition and the results are 

shown in Fig. 2-6B. The ozone addition largely promotes the efficacy of PFOA removal 
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in wastewater, due to the fact that the addition of ozone could promote abundant photo-

produced h+ to react with PFOA rather than recombining with photo-produced e- (Zsilák 

et al., 2014). Thus, the recombination of e--h+ pairs is inhibited so the photocatalytic 

removal of PFOA is accelerated. Secondly, needle-like Ga2O3 in combination with 

vacuum UV (VUV) irradiation (λ = 185 nm) was conducted and the efficacy is exhibited 

in Fig. 2-6B with its kt value of 0.059 which is much higher than the value in the needle-

like Ga2O3/UV system. This is because that VUV light has a shorter wavelength of 185 

nm and higher energy which could eliminate the adverse influence of DOM. Some novel 

catalysts such as In2O3 microspheres, In2O3 PNPs, and Pt-TiO2 which have high PFOA 

degradation performance in water have not been examined in treating real wastewater, 

hence the potential negative influence of DOM should be further investigated.  

 

2.7. Practical applications of PFOA degradation 

WWTP is considered to be the most significant source of PFAS in the aquatic 

environment because traditional treatment technologies in WWTP cannot sufficiently 

remove PFAS from wastewater influent (Sinclair and Kannan, 2006). For example, 

Monte Carlo simulation was used to calculate the likely range of PFAS emissions from 

WWTP in South Korea, and the model showed that the emission of 13 PFAS to the 

environment (wastewater + sludge) was 4.03 ton y-1. Among them, the major compounds 

were 1.19 ton y-1 of PFOA and 1.01 ton/y of PFOS (Kwon et al., 2017). They also reported 

that wastewater from WWTP was identified as a major emission source, accounting for 

65% of the total PFAS emission. Thus, there is an urgent need to improve wastewater 

treatment technology for effective PFAS removal in order to prevent serious water 

pollution in the environment.   
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Wastewater is highly complex in chemical composition due to the presence of 

many organic and inorganic substances e.g. DOM and bicarbonate. DOM is also a 

significant scavenger of oxidants and reductants as discussed above.  Under realistic 

conditions, the impact of DOM for PFAS removal will be much worse. For bicarbonate 

in wastewater, as it has the same carboxyl group as PFOA, the competition between them 

will reduce the amount of PFOA adsorbed on catalyst surface hence its photodegradation. 

Thus, factors need to be considered for the practical application of PFOA degradation. 

Firstly, the photocatalytic degradation of PFOA can be conducted in a tubular quartz 

vessel reactor under UV irradiation. A low-pressure mercury lamp (15 W) emitting 254 

nm UV light is set up which can be not only provide adequate light intensity (3–6 mW 

cm-2) but also energy-saving when dealing with wastewater (Li et al. 2014). Secondly, 

needle-like Ga2O3, In2O3 PNPs, or In2O3 microspheres can be used as the catalyst because 

needle-like Ga2O3 has been proven to be efficient (100% PFOA removal within 180 min) 

dealing with wastewater. In2O3 PNPs or In2O3 microspheres is able to degrade FPOA in 

pure water efficiently (100% PFOA removal within 30 min and 17 min, respectively), so 

it is worth to test their performance in wastewater. Thirdly, during the degradation process, 

controlling factors should be set up as follows for the best efficacy: room temperature to 

save energy; acidic solution (pH = 4) to promote high adsorption of PFAS and 

performance of e--h+ pairs; ozone addition to eliminate the adverse influence of DOM; 

contact period of 60-180 min for the complete degradation of PFAS. Furthermore, as the 

boiling point of PFOA is 189 °C, heat treatment (e.g. 200 °C) can be applied for the 

regeneration of the catalyst to be efficiently reused. 
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2.8. Conclusions  

A variety of heterogeneous photocatalysis technologies to effectively decompose 

PFAS have been reported, thanks to the function of photo-induced e--h+ paris and 

different intermediates are produced during the reaction process. TiO2, Ga2O3, and In2O3 

are the main catalysts that have been studied. In addition, modification to the morphology 

or structure of the catalysts with certain materials can effectively improve the degradation 

efficacy of PFAS under UV irradiation. Environmental factors such as light source, 

reaction temperature, solution pH, DO and DOM are found to affect the 

photodecomposition process. Specifically, the catalysts could absorb the light source in 

the wavelength of 200–380 nm abundantly. Acidic solution is favorable for the majority 

of catalysts when degrading PFAS due to the function of Coulombic attraction. Increasing 

reaction temperature (< 100 °C) promotes the removal efficacy because of the higher 

proportion of PFOA molecules at excited state. In addition, DO shows both positive and 

negative effects depending on the performance of e- and h+ in degrading PFOA. DOM 

mostly plays a negative role during PFAS decomposition. During wastewater application, 

PFOA photodegradation is reduced in comparison with pure water, and needle-like Ga2O3 

photocatalyst has better performance than In2O3 and TiO2. Therefore, it is worthwhile to 

further investigate these catalysts under different conditions and explore the 

photocatalytic mechanism deeply. For example, which catalyst has the better performance 

on PFAS removal under similar external condition? In addition, peroxymonosulfate 

(PMS) is now drawing great attentions by scientists as its strong oxidizing activated by 

UV light. While the effect of metal oxide coupled with PMS on PFAF photodegradation 

need to be evaluated in the lab. And the interaction between sulfate radicals (SO4
•–) and 

photogenerated hole and electrons during photocatalysis are worthwhile to be discussed.   
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Chapter 3. Materials and methods 
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3.1. Introduction  

This chapter describes the chemicals and materials used for conducting 

experiments, the equipment used for measuring compounds quantitatively and the 

experimental setups.   

 

3.2. Chemicals 

The chemicals used in this research with their supplier and purity are listed in 

Table 3-1. All solutions were prepared using Milli-Q water (18.2 MΩ cm, Milli-pore 

Corp., Billerica, MA). All chemicals were used as received. 

Table 3-1 

List of chemicals and materials. 

Compound Supplier Purity 
Methanol Fisher Scientific Optima LC/MS grade 

Ultrapure water (Milli-Q) Merck Millipore 18.2 MΩ, 3 ppb TOC 
PFOA Sigma-Aldrich 95% 
PFHpA Sigma-Aldrich 99% 
PFHxA Sigma-Aldrich ≥ 97% 
PFPeA Sigma-Aldrich 97% 
PFBA Sigma-Aldrich 98% 
PFPrA Sigma-Aldrich 97% 
TFA Sigma-Aldrich ≥ 99% 

TiO2 (P25) Degussa ≥ 99.5% 
Ga2O3 Sigma-Aldrich ≥ 99.99% 
In2O3 Sigma-Aldrich 99.99% 
CeO2 Sigma-Aldrich 99.99% 
CdS Sigma-Aldrich 99.99% 

Oxone Sigma-Aldrich 97% 
tert-butanol (t-BuOH) Sigma-Aldrich ≥ 99.5% 

Disodium ethylenediaminetetraacetate 
(EDTA-Na2) 

Sigma-Aldrich ≥ 97% 

Benzoquinone (BQ) Sigma-Aldrich ≥ 98% 
 

3.3. Characterization techniques 

3.3.1. Powder X-ray diffraction 

Powder X-ray diffraction (XRD) patterns were collected using a Bruker D8 

Discover diffractometer using Cu Kα radiation, in the scattering angle 2θ range 15–90°. 

About 0.5 g power samples were used for XRD analysis.  
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3.3.2. UV–visible absorbance 

UV–visible absorbance spectra of the pollutant and catalyst solutions were 

collected using a Shimadzu 1700 UV–Vis spectrophotometer operating in the wavelength 

range 190–800 nm. The scan speed was selected as high speed. 

 

3.3.3. Scanning electron microscope 

A Zeiss Supra 55VP scanning electron microscope (SEM) (10 kV) was used to 

examine the morphology and elemental composition of the catalysts. The electron high 

tension (EHT) was 15 kV and the Ext I Monitor was 125.2 μA. 

 

3.3.4. Zeta potential values 

Zeta potential values were measured using 50 mg of catalyst in 100 mL of 1 mM 

KCl solution at different pH. Samples were pre-equilibrated for 48 h. Zeta potential values 

were determined using a Nano-ZS Zeta-seizer (Malvern Instruments Limited, UK, and 

Model: ZEN3600). The pH values were adjusted using 0.1-1 M HNO3 or NaOH as 

required. Zeta potential was measured three times at each pH (50 scans each time) and 

the average and standard deviation was calculated. 

 

3.4. Quantitative determination by LC-MS/MS 

3.4.1. Sample preparation in water and wastewater 

All experiments were conducted in a cylindrical reactor filled with 200 mL of 

PFOA solution (50 mg L−1) and mixed continuously using magnetic stirring. The 

concentration of 50 mg L-1 was comparatively high, compared with the concentrations of 

PFOA occurring in the most contaminated water; it was also used as the initial 

concentration in a previous study (Chen et al., 2015b). PFOA aqueous solution was 
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prepared by diluting the stock solution in the beaker. The diluting water could be ultra-

pure water or real water samples (influent and effluent) taken from a municipal sewage 

treatment plant in Sydney, Australia. The catalysts were added and stirred for 0.5 h under 

darkness to achieve adsorption-desorption equilibrium. After the treatment of photolysis, 

the samples were taken out by syringe and went through the filter (Whatman, FP 30/0.2 

µm), then stored in a vial for instrument analysis.  

 

3.4.2. Instrumental analysis and quantification 

A triple quadrupole ultra-high-performance liquid chromatography tandem mass 

spectrometer (UHPLC-MS/MS; LC/MS 8060, Shimadzu) equipped with a binary pump 

and Shim-pack column (1.6 μm, 2.0 mm × 50 mm) was used for the quantitative 

qualitative analysis of PFOA and its degradation products (PFHpA, PFHxA, PFPeA, 

PFBA, PFPrA, TFA). The LC and MS/MS setup conditions were provided in Table 3-2.  

Table 3-2  

General UHPLC and MS/MS source conditions.   

LC and MS/MS source Set 

Analytical column Kinetex EVO C18 5 μm 100 × 2.1 
mm 

Column Temperature 30 ℃ 
Sample Temperature 5 ℃ 

Injection Volume 1 μL 
Mobile Phase A Milli-Q water 
Mobile Phase B Methanol 

Polarity Negative 
Nebuilizing Gas Flow 3.0 L min-1 

Drying Gas Flow 10.0 L min-1 
Heating Gas Flow 10.0 L min-1 

Interface ESI 
Interface Temperature 300 ℃ 

Q1 Pre-rod Bias 5.0 V 
Q3 Pre-rod Bias 5.0 V 

 

The mobile phase A was Milli-Q water with and mobile phase B was methanol. 

The flow rate was 0.4 ml min−1 and the injection volume was 1 μL. The elution gradient 

of PFOA analysis method was initiated with 50% B for 2.5 min, then 100% B for the next 
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1 min, followed by 50% B for another 1.5 min. The total method run time was 5 min as 

shown in Table 3-3. Similarly, the elution gradient of simultaneously 8 PFAS analysis 

method was presented in Table 3-4. The mass spectrometer source was operated using 

electrosprayionization in negative mode (-ve ESI). Nitrogen was used as the nebulizing 

and dissolvating gas. Argon was used as the collision gas. The system was operated in the 

multiple reaction monitoring mode (MRM) and under optimized mass spectrometry 

parameters. For PFOA, m z-1 169.1 and m z-1 219.0 are used as the qualitative ions and 

m z-1 99 369.0 is used as the quantitation ion to avoid mass interference (Hansen et al., 

2001; Martin et al., 2004). The tandem mass spectrometry operating conditions of the 

target 7 compounds are listed in Table 3-5. In addition, the MRM mass chromatograms 

of the 7 PFAS were exhibited in Fig. 3-1. Quantification was performed using internal 

standard method with a five point calibration curve spanning the range of anticipated 

analyte concentrations in samples. 

Table 3-3  

LC time program of PFOA method.  

Time (min) Mobile Phase A (%) Mobile Phase B (%) Flow rate (µL min-1) 
0.25 50 50 0.4 
2.50 0 100 0.4 
3.50 0 100 0.4 
3.51 50 50 0.4 
5.00 – – – 

 

Table 3-4 

LC time program of simultaneously seven PFAS method.  

Time (min) Mobile Phase A (%) Mobile Phase B (%) Flow rate (µL min-1) 
0.20 50 50 0.4 
0.30 30 70 0.4 
2.30 10 80 0.4 
2.50 0 100 0.4 
5.50 0 100 0.4 
5.60 50 50 0.4 
7.00 – – – 
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Table 3-5 

The target compounds of PFAS analysed, and their MS/MS parameters. 

Acronym Name Formula 
MS/MS mass 

transition 
Cone 

voltage (V) 
Collision 

energy (eV) 

PFOA Perfluorooctanoic acid C7F15COOH 
412.90 → 

369.00 
20 10 

PFHpA Perfluoroheptanoic acid C6F13COOH 
363.00 → 

319.00 
2.6 22 

PFHxA Perfluorohexanoic acid C5F11COOH 
313.00 → 

269.00 
2.6 8.4 

PFPeA Perfluoropentanoic acid C4F9COOH 
262.55 → 

219.10 
2.6 8.4 

PFBA Perfluorobutyric acid C3F7COOH 
212.20 → 

169.10 
2.6 10.0 

PFPrA 
Pentafluoropropionic 

acid 
C2F5COOH 162.9 → 118.8 12.0 7.0 

TFA Trifluoroacetic acid CF3COOH 112.9 → 68.9 12.0 7.0 

 

 

Fig. 3-1.  Chromatography of seven PFAS detected by UHPLC-MS/MS. 

 

The pH condition would affect the intensity of the peaks during the PFAS 

determination by LC-MS/MS. As shown in Fig. 3-2, the peak intensity of PFOA was very 

low at pH 2, while increased sharply at pH 3, and kept stable at comparatively high level 

at the pH ranging from 3 to 10. Similar situations were also found in the quantification of 

other PFAS, i.e. PFHpA, PFNA, and PFDA by LC-MS/MS. The peak intensity was 
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increased with the pH increasing from 2 to 5 and did not change obviously during pH 5–

10. Thus, PFAS got lower intensity at extreme acid and higher intensity over pH 5.  
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Fig. 3-2.  The peak intensity of PFAS under different pH conditions by LC-MS/MS 

analysis. 

 

3.4.4. Limitation, accuracy and recovery of the analytical method 

The minimum value was selected as 2 µg L-1 with a signal/noise (S/N) value 

exceeding 25 and the upper limit of linearity was determined to be 50 µg L-1 for PFOA 

analysis. Thus, its linear range of PFOA analysis was 2–50 µg L-1 (2, 5, 10, 20, and 50 

µg L-1) and the calibration curve regression coefficient consistently exceed 0.99. And 

LOD and LOQ for PFOA analysis in LC-MS/MS were 0.23 and 0.77 µg L-1, respectively. 

Similarly, the other 13 PFAS conditions are presented in Table 3-6.  

Besides, PFOA standard recoveries were used to calaulate the accuracy of the 

analytic method. Deionized water was evaluated as matrix for the calibration of liquid 

materials. Three levels of concentrations (2, 10, and 50 µg L-1) of PFAS were injected 
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into the matrix. After pre-treatment and quantitation by LC-MS/MS, the recoveries were 

achieved by comparing the value of directly injection of PFAS standards at the same 

concentration. The results of five repeating recovery experiments suggests that all the 

recoveries in deionized water reached more than 90% and RSD were less than 5%. 

Therefore, recoveries of 95-105% in this study should be considered to be adequate 

accuracy for PFOA determination from environmental samples.  

A further investigation of inter-day precision, calculated as the relative standard 

deviation (RSD) of 25 repeated injection of PFOA calibration, were conducted and the 

range was from 5% to 8%. In addition, intraday precision (within-run), calculated as the 

RSD of 5 repeated injection of three concentration PFOA standards, respectively, within 

one day, ranged from 3.6% to 5.4%. Besides, using the LC-MS/MS detection method for 

PFOA analysis, the replicate analyses of PFOA standards with the concentration of 2, 5, 

10, 20, and 50 µg L-1 and the data were conducted over a one-month period to assess the 

ruggedness and reliability of the method. The linearity slopes in each day ranged from 

90% to 110%, with the RSD less than 5%. Thus, the results proved that the analytic 

method by LC-MS/MS was sufficiently sensitive, accurate, and precise for PFOA 

determination.  

Table 3-6 

Analytical data for PFAS standards using UHPLC-MS/MS method.  

Compound Working range (μg L-1) r2 LOD (μg L-1) LOQ (μg L-1) 
PFOA 2―50 0.9991 0.23 0.77 

PFHpA 2―50 0.9983 0.41 1.38 
PFHxA 2―50 0.9986 0.29 0.95 
PFPeA 2―50 0.9990 0.44 1.65 
PFBA 2―50 0.9981 0.58 1.94 
PFPrA 2―50 0.9926 0.44 1.45 
TFA 2―50 0.9935 0.59 1.98 
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3.4.3. Elimination of the background contamination  

However, PFOA could be found existing in the HPLC system, such as solvent 

delivery tubing, filters, fittings, online degassers, pump heads and injection valve 

components, while trace levels of PFOA can leach out. In addition, the contamination 

was also generated from the mobile phase and fluid tank (Rogatsky et al., 2017). Thus, 

this problem should be taken into consideration during the quantitation of PFAS with 

HPLC systems. In this study, rinsing HPLC system with solvents for a long time is used 

as a significant method to control the background contamination. Fig. 3-3 indicates that 

after 12 h rising with methanol at the flowrate of 1.0 mL min-1, the peak from background 

PFOA (pure water injection) has obviously decreased compared with the conditions 

before rising. And the peak intensity of blank was stable during a batch of sample 

injections, which was lower than 104. Thus, the concentration of PFOA caused by HPLC 

systems could be ignored due to the high intensity of PFOA in samples. Other PFAS were 

not obviously affected by HPLC system and the optimal chromatograms of 12 PFAS are 

shown in Fig. 3-1, with clearly peak of each compound.  

 

Fig. 3-3. The peak of POFA reduced after rinse several times. (a) – (d) was rinsed from 

the beginning to 3 h, 6 h and 10 h, respectively.  
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3.5. Experimental reactor and light sources  

A cylindrical reactor vessel was filled with PFOA aqueous solution of 200 mL 

and different initial PFOA concentrations (50 ng L-1, 50 µg L-1, 50 mg L−1) at room 

temperature. The solid catalysts were dispersed in PFOA solution, to which PMS was 

then added to initiate the reaction with continuous stirring for 30 min under darkness. The 

effect of solution pH on PFOA photodegradation was assessed by repeating experiments 

at pH 3, 5, 7 and 10. Light irradiation was provided by three separate lamps: UV light 

(wavelength = 254 nm) from a 32 W low-pressure UV lamp (Cnlight Co. Ltd., Shanghai, 

China), UV light (wavelength = 185 nm) from a 32 W low-pressure UV lamp (Cnlight 

Co. Ltd., Shanghai, China), and visible light (wavelength = 400–800 nm) from a 300 W 

xenon lamp (Nbet Co. Ltd., Beijing, China). The irradiation intensity of UV light (254 

nm) was 1.71 mW cm-2 as measured by an UV intensity meter (ST-512). The centre of 

the reactive solutions was 829.6 mW cm-2 for the xenon light source as measured by a 

light intensity meter (HSX-F500). The wavelength spectrums of UV light (254 and 185 

nm) and visible light were exhibited in Figs 3-4, 3-5 and 3-6, respectively.  

During photodegradation, the lamps were placed 5 cm above the liquid surface of 

the reactor and the solution was well mixed by magnetic stirring. At regular time intervals, 

aliquots of the sample were taken using a syringe and filtered through a filter (Puradisc 

syringe filter, 0.2 µm, Whatman) before analysis. All experiments were conducted in 

triplicate. Fig. 3-7 represents the overall process of the experiments. 
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Fig. 3-4. Wavelength spectrum of UV light (254 nm) from a 32 W low-pressure UV 

lamp (Cnlight Co. Ltd., Shanghai, China). 

 

Fig. 3-5. Wavelength spectrum of UV light (185 nm) from a 32 W low-pressure UV 

lamp (Cnlight Co. Ltd., Shanghai, China). 
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Fig. 3-6. Wavelength spectrum of visible light from 300 W xenon lamp (Nbet Co. Ltd., 

Beijing, China). 

 

Fig. 3-7. The schematic diagram of the overall experimental process. (A) The 

photocatalytic process in the reactor. (B) Filtering the liquid samples before 

quantification. (C) Quantification by UHPLC-MS/MS. 

 

3.6. Auxiliary laboratory equipment 

Total organic carbon (TOC) was measured by a Multi N/C 3100 Analytikjena 

total organic carbon (TOC) analyser. P-PO4
3- and N-NH4

+ were analysed using a DR 3900 

Hach (Germany) spectrophotometer. TDS was using an EC/TDS Hanna 
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spectrophotometer. pH readings were obtained using Hach pH meter. The pH meter was 

calibrated using three buffer solutions with pH 4.01, 7.01 and 10.01.  
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Chapter 4. Photocatalysis of PFOA 

by five commercial catalysts under 

UV irradiation 
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4.1. Introduction 

Five commercial materials are commonly used as catalysts for photolysis as 

follows: TiO2 (P25), In2O3, Ga2O3, cerium dioxide (CeO2) and cadmium sulfide (CdS) 

(Cao et al., 2017; Chen et al., 2017c; Magdalane et al., 2017; Moreira et al., 2018; Zhou 

et al., 2017b). Notably, P25 TiO2 nanoparticles are considered to be the classical one 

which have been applied in wastewater treatment, photoinduced hydrophilic coatings, 

degradation of organic pollutants, and production of hydrogen fuel (Kommireddy et al., 

2005; Yasuda et al., 2017). Fig. 4-1 presents the cost of each material (Sigma-Aldrich, 

Australia) and the price sequence from cheap to expensive is listed as follows: TiO2 < 

CdS < CeO2 < Ga2O3 < In2O3. TiO2 has a comparatively lower cost material than others, 

which makes it popular to be used in industry (Xu et al., 2017a). It has been reported that 

PFOA could be effectively removed by TiO2 catalyst under UV irradiation (Gomez-Ruiz 

et al., 2018; Panchangam et al., 2018). Ga2O3 is a semiconductor with a band gap of 4.68 

eV. After absorption of photon energy equal or more than the band gap, photogenerated 

holes (h+) in the valence band and photogenerated electrons (e–) in the conduction band 

are formed. The redox ability of the photoexcited hole-electron pairs make it potentially 

suitable for the light energy conversion and pollutant degradation (Chen et al., 2015a). 

Besides, CeO2, In2O3 and CdS have also been applied to pollutant photocatalysis and were 

found to be effective (Bai et al., 2006; Li et al., 2013b; Liu et al., 2004).                               
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Fig. 4-1. Price of each commercial catalysts (i.e. TiO2, In2O3, Ga2O3, CeO2 and CdS) 

according to the quote from Sigma-Aldrich, Australia. 

 

PFAS, which are anthropogenic compounds, have drawn great attentions due to 

their wide use in industrial and their persistent and bioaccumulative nature in the 

environment (Kotthoff et al., 2015; Rappazzo et al., 2017). As a well-known type of PFAS, 

PFOA has been widely detected in the aquatic environment at the concentration from ng 

L-1 to mg L-1 (Pignotti et al., 2017; Valsecchi et al., 2015). Up to now, there have been 

several publications on the photocatalysis for PFAS degradation (Gatto et al., 2015; Song 

et al., 2012). However, insufficient evidence has provided to prove which material is more 

suitable for this technology with fewer energy cost and no secondary pollutant generation. 

In this study, five commercial catalysts, i.e. TiO2, CdS, CeO2, Ga2O3 and In2O3 were 

investigated under the condition and their degradation performance was compared to 

evaluate the photocatalytic ability. Furthermore, the influence of solution pH, photon 

energy absorption, band gap energy and interaction reaction between chemical bonds and 

radicals were explored to explain the photocatalysis mechanism. All these were necessary 

to be conducted and the results would be the significant foundation for further research 
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and could be instructive for real wastewater treatment. The main process during 

photocatalysis was shown in Fig. 4-2. 

 

 

Fig. 4-2. The approximately process of photocatalysis degradation for PFOA.  

 

4.2. Methodology 

A catalyst (e.g. Ga2O3, TiO2, CeO2, In2O3 and CdS) was added in the solution 

individually with a concentration of 0.5 g L-1. After stirring for 0.5 h under darkness to 

achieve adsorption-desorption equilibrium, the mixed solution was exposed to UV light 

irradiation without any pH adjustment. The UV light source was provided by a 32 W low-

pressure UV lamp (Cnlight Co. Ltd., Shanghai, China) positioned 5 cm above the liquid 

surface of the reactor. The irradiation intensity of UV light was 1.71 mW cm-2 as 

measured by an UV intensity meter (ST-512). The mixed depth of the water column was 

1.3 cm and light intensity was considered as evenly distribution in each part of the water 

column ideally for convenient calculation. At regular time intervals, aliquots of the 

sample were taken using a syringe and filtered through a filter (Puradisc syringe filter, 

0.2 µm, Whatman) before analysis. To avoid the possible impact of filter adsorption on 

PFOA concentration, the first 3 mL filtrate was discarded. All experiments were 

conducted in triplicate.  
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4.3. Results and discussion  

4.3.1. Characterization of different catalysts 

 

Fig. 4-3.  XRD patterns of catalysts TiO2, Ga2O3, CeO2, In2O3 and CdS.  

 

The XRD patterns of TiO2, Ga2O3, In2O3, CeO2 and CdS used in the study are 

shown in Fig. 4-3. Specifically, strong diffraction peaks as shown in Fig. 4-3 (a) indicates 

TiO2 only in anatase phase (~80%) and rutile phase (~20%) (JCPDS No. 71-1166) (Sacca 

et al., 2005). Fig. 4-3 (b) indicates that all of the diffraction peaks are in agreement with 

those of monoclinic phase of beta-Ga2O3 (JCPDS No. 41–1103) and the sharp diffraction 

peaks reveal that the samples has a high crystalline quality (Wang et al., 2015a). Fig. 4-3 

(c) shows that most of the XRD peaks are consistent with those of cubic In2O3 (JCPDS 

No. 06-041) (Huang et al., 2018). Besides, the peaks observed in the XRD patterns of 

commercial CeO2 and CdS both match with those from the standard joint committee on 
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the power diffraction standards card of cubic CeO2 (JCPDS No. 34–0394) and hexagonal 

CdS (JCPDS No. 41-1049), respectively as shown in Fig. 4-3 (d) and (e) (Bai et al., 2006; 

Shao et al., 2003). The morphologies of these commercial catalysts were investigated by 

SEM. At the same magnification, Ga2O3 has a larger size than that of the others by 

comparison (Fig. 4-3). SEM images of TiO2 and CeO2 both present aggregated 

nanoparticles while Ga2O3 shows to be rods with clear boundaries. Besides, In2O3 has 

smaller size of the particles in nm than the others and the CdS particles are observed to 

be decentralized in the field of vision with different particle size as shown in Fig. 4-4.  

 

Fig. 4-4. SEM images of catalysts TiO2, Ga2O3, In2O3, CeO2 and CdS. 
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4.3.2. Photocatalytic performance 

 

Fig. 4-5. Degradation rate of PFOA by catalysts (i.e. TiO2, Ga2O3, CeO2, In2O3 and 

CdS) under UV 254-nm irradiation within 10 h. 

 

Comparative experiments were conducted to investigate the photocatalytic ability 

for PFOA removal from water by catalysts of TiO2, Ga2O3, CeO2, In2O3 and CdS. To 

ensure strict comparison, the initial PFOA concentration (50 mg L-1) and the other 

conditions (i.e. room temperature, initial pH, a UV lamp of 254 nm) were identical with 

all experiments being conducted in the same reactor under continuous stirring. For easy 

comparison, the catalyst doses were all of 0.25 g L-1 and the initial pH was 3.0 ± 0.2 

without pH adjustment. As shown in Fig. 4-5A, under UV irradiation within 10 h, almost 

100% PFOA was degraded by Ga2O3 followed by about 84% of PFOA removed by TiO2. 

Also, CeO2 and In2O3 degraded only approximately 40% and 20% PFOA, respectively, 

while CdS had caused almost no PFOA degradation. Additionally, the kinetics of the 

photodegradation of PFOA fitted well to the pseudo-first-order model (R2 > 0.90) 

described as follows (Fig. 4-5B): 

ln(C0/Ct) = k t     (4.1) 
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where k is the rate constant (min-1), C0 and Ct are the concentrations of PFOA (mg L-1) in 

solution at irradiation time 0 and t, respectively. As a result, except CdS, the rate constant 

for PFOA degradation (kt) of these selected catalysts were 0.257, 0.147, 0.043 and 0.017 

h-1, respectively. Therefore, the photocatalytic capability for PFOA degradation 

decreased as Ga2O3 > TiO2 > CeO2 > In2O3 > CdS. 

Furthermore, the fluence-based first-order rate constant (kf, cm2 mJ-1) and the half-

life (τ1/2, h) were investigated to compare with the efficacy by other treatment as shown 

in Table 4-1. kf (cm2 mJ-1) is calculated as: 𝑘𝑓 =  
𝑘𝑡

𝐼
 , where I is the light intensity of 1.71 

mW cm-2. τ1/2 (h) is described as 𝜏1/2 =
𝐼𝑛2

𝑘𝑡
 . Notably, kf of TiO2 doped with Pd and Ag 

under 125 nm UV light was 2.30 × 10-5 and 7.00 × 10-6 cm2 mJ-1, respectively (Li et al., 

2016), both lower than the value of commercial Ga2O3. While TiO2-Pd could degrade 

almost all PFOA (60 mg L-1) within 7 h, which was quicker than that of Ga2O3 in this 

study with 100% removal of 50 mg L-1 PFOA within 10 h. Besides, TiO2 doped with Cu, 

Fe and Pb degraded 80%, 60% and almost 100% PFOA at 50 mg L-1 (Chen et al., 2015b; 

Chen et al., 2016), compared with about 80% removal by commercial Ga2O3 within 6 h. 

However, metal-doped technology needs specific conditions. For example, Pd-TiO2 was 

prepared under 400 ℃ with PdCl2 addition and the synthesis process commonly cost more 

than 5 h. On the contrary, the commercial catalysts used in this study could be directly 

utilized in photocatalytic system after purchased, avoiding the complex synthesis process. 

Overall, these findings concluded that commercial Ga2O3 was preferable for PFOA 

photodegradation with comparatively high degradation efficacy.  
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Table 4-1 

Comparison of Photocatalytic conditions for PFOA removal by TiO2/PMS in this study and other catalysts in the literature.  

Catalyst 

Catalyst 

dosage 

(g L-1) 

Light source 

Light 

intensity 

(mW cm-2) 

C0 

(PFOA) 

(mg L-1) 

Removal  

(reaction period) 

kt  

(h-1) 

kf 

(cm2 mJ-1) 

τ1/2  

(h) 
Reference 

Ga2O3 0.05 32 W, λ=254 nm 1.71 50  100% (10 h) 0.257 4.18 × 10-5 2.70 this study 

TiO2 0.05 32 W, λ=254 nm 1.71 50  84% (10 h) 0.147 2.39 × 10-5 4.71 this study 

CeO2 0.05 32 W, λ=254 nm 1.71 50  40% (10 h) 0.043 7.00 × 10-6 16.12 this study 

In2O3 0.05 32 W, λ=254 nm 1.71 60  20% (10 h) 0.017 2.76 × 10-6 40.76 this study 

TiO2 with Pd 0.5 125 W, λ=365 nm 5.3 60  98% (7 h) 0.438 2.30 × 10-5 1.58 (Li et al., 2016) 

TiO2 with Ag 0.5 125 W, λ=365 nm 5.3 60  45% (7 h) 0.126 7.00 × 10-6 5.50 (Li et al., 2016) 

TiO2 with Cu 0.5 400 W, λ=254 nm – 50 80% (6 h) 0.186 – – (Chen, et al., 2015b) 

TiO2 with Fe 0.5 400 W, λ=254 nm – 50 60% (6 h) 0.090 – – (Chen, et al., 2015b) 

TiO2 with Pb 0.5 400 W, λ=254 nm – 50 98% (6 h) 0.516 – – (Chen et al., 2015b) 
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4.3.3. Initial pH effect on the photocatalysis 

Different pH conditions could affect the photodegradation of aqueous PFOA 

under UV irradiation by catalysts in previous reports (Shang et al., 2018; Zhao et al., 

2012). One significant reason was related to the bonding between PFOA and catalysts by 

Coulombic attraction. Notably, the pKa of aqueous PFOA is about 2.8, which indicates 

that PFOA stays in a protonated form (C7F15COOH) at pH < 2.8 and anionic form 

(C7F15COO–) at pH > 2.8. In addition, zeta potential of these catalysts (Ga2O3, TiO2, CeO2, 

In2O3 and CdS) were presented in Fig. 4-6 and the points of zero charge were 8.6, 5.6, 

6.95, 3.8 and < 0. This suggests at a pH 3-4 condition, these catalysts were all positive 

charged except CdS. The solution pH with PFOA and catalysts addition were 3 ± 0.2 

without any pH adjustment. Thus, at pH 3 ± 0.2, the selected catalysts except CdS could 

closely combine with PFOA because of the Coulombic attraction. Therefore, the poor 

degradation by CdS was significantly attributed to the pH. While the different degradation 

performance by Ga2O3, TiO2, CeO2 and In2O3 was not related to the initial solution pH. 

In addition, the mechanism of the reasons about the photocatalytic mechanism of these 

four common materials was further investigated to explain their various abilities for 

PFOA removal.  
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Fig. 4-6.  Zeta potential of Ga2O3, TiO2, In2O3, CeO2 and CdS.  

 

4.3.4. Photon energy absorbed by catalysts 

The energy of one photon energy (E0) is calculated as follows: 

                                                   𝐸0 =
ℎ𝑐

𝜆
                                        (4.2) 

where h is Planck's constant of 6.63 × 10-34 J·s, c is light speed of 3 × 108 m s-1, λ is the 

wavelength of UV light, which is 254 nm, and thus E0 is calculated of 7.8 × 10-19 J. For 

one mole of photon, the energy (Em) is as follows: 

Em= eE0                               (4.3) 

From this calculation, one Einstein of 254 nm photons has an energy of (Em) 4.7 × 105 J. 

In addition, light intensity (I) is 1.71 mW cm-2 in this study, and also is 1.71 mJ cm-2 s-1 

(mW = mJ s-1). Consequently, the quantity of photon (Ep) generated by UV light 

irradiation could be calculated as follows: 

Ep = I / Em                                           (4.4) 
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As a result, Ep is 3.6 × 10-9 Einstein cm-2 s-1. Furthermore, the quantum yield (Ф), defined 

as moles of PFOA degraded per Einstein of photons absorbed by certain amount of 

catalysts, was estimated as follows: 

Ф =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑜𝑙𝑒𝑠)𝑜𝑓 𝑃𝐹𝑂𝐴 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑜𝑙𝑒𝑠) 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
          (4.5) 

The degradation rate constant (kΔ) during the photocatalytic process could be used for 

the calculation of quantum yield as follows: 

Ф =  
𝑘𝛥

𝐼𝑎
                                  (4.6) 

where kΔ = d(C0-Ct)/dt (mg L-1 h-1), and Ia is the photon numbers absorbed by the catalysts, 

which can be calculated by Eq. 4.7: 

𝐼𝑎 =
𝐸𝑝×(1−10−2·(𝛼(𝜆)·𝐶)·𝑧)

𝑧
×

𝐴1−𝐴0

𝐴1
               (4.7) 

where C is the concentration of the catalyst solution (mM) and z is the mixed depth of the 

water column (1.3 cm). In addition, A is the amount of light absorbed by the catalyst at a 

wavelength of 254 nm, which was detected by the spectrophotometer as shown in Table 

4-2. α(λ) is the light attenuation coefficient of the catalysts which is calculated as: 

𝛼(𝜆) =  
𝐴

𝐶𝑙
                            (4.8) 

where l is the distance that light travels through the solution (1 cm). All the equations 

mentioned above are from the book (Schwarzenbach et al., 2016). Based on the data 

summarized in Table 4-3, quantum yield by the catalysts of Ga2O3, TiO2, CeO2 and In2O3, 

under UV light (254 nm) were 0.0032, 0.0075, 0.0041 and 0.0005 mol Einstein-1, 

respectively during the photocatalysis of PFOA. Owing to the poor degradation 

performance, the value for  



88 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

CdS was not calculated. Accordingly, quantum yield was sequenced as TiO2 > CeO2 > 

Ga2O3 > In2O3, which may not be the main reason attributed to their photocatalytic ability 

for PFOA removal.  

Table 4-2  

The band gap energy of commercial In2O3, Ga2O3, TiO2, CeO2 and CdS.  

Commercial materials Band gap energy (eV) References 
In2O3 2.80 (Li et al., 2012a) 
Ga2O3 4.68  (Shao et al., 2013a) 
TiO2 3.14  (Pu et al., 2018) 
CeO2 2.93  (Zang et al., 2018) 
CdS 2.42 (Liu et al., 2004) 

 

Table 4-3 

The key experimental parameters and their values in this study.  

Parameter Symbol Value Detection method 
Rate constant K 0.0156 min-1 Calculated 
Light intensity I 1.71 mW cm-2 UV intensity meter 
PFOA concentration in solution C1 0.12 mM Calculated 
Catalyst concentration in solution 
(Ga2O3) 

C2 1.3 mM Calculated 

Catalyst concentration in solution 
(TiO2)  

C2 3.1 mM Calculated 

Catalyst concentration in solution 
(In2O3) 

C2 0.9 mM Calculated 

Catalyst concentration in solution 
(CeO2) 

C2 1.5 mM Calculated 

Light absorbed by PFOA solution at 
254-nm Ga2O3 

A 0.201 spectrophotometer 

Light absorbed by PFOA solution at 
254-nm TiO2 

A 0.321 Spectrophotometer 

Light absorbed by PFOA solution at 
254-nm In2O3 

A 0.127 Spectrophotometer 

Light absorbed by PFOA solution at 
254-nm CeO2 

A 0.215 Spectrophotometer 

Mixed depth of the water column z 1.3 cm Measured 
Distance of light passage through 
solution 

l 1 cm Measured 

 

4.3.5. Photocatalytic mechanism 

The band gap energy is a critical factor to decide the photocatalytic performance. 

Calculated from the data of UV-vis spectrum, the band gap energy of these catalysts used 

in this study is similar to the values reported in the previous literature (Table 4-2) (Li et 
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al., 2012a; Liu et al., 2004). As a result, the band gap energy decreased as Ga2O3 = 4.68 

eV> TiO2 = 3.14 eV > CeO2 = 2.93 eV > In2O3 = 2.80 eV > CdS = 2.42 eV. Viewing on 

the photocatalytic mechanism, catalyst absorbs a photon with energy of 7.8 × 10-19 J (E0 

as calculated in the previous section) and only if E0 was equal to or greater than its band 

gap energy, the photoinduced hole and electron pairs could be generated for the 

photodegradation. Specifically, based on the equation of 1 eV = 1.6 × 10-19 J and the data 

in Table 4-2, the band gap energy of Ga2O3, TiO2, CeO2, In2O3 and CdS were 7.3 × 10-

19 J, 5.0 × 10-19 J, 4.7 × 10-19 J, 4.5 × 10-19 J and 3.9 × 10-19 J, respectively. Hence, these 

catalysts with same amount could be activated by UV light to produce similar quantity of 

hole and electron pairs as their band gap energy were all less than the photon energy. 

While the oxidation-reduction ability of photogenerated hole and electron pairs decreases 

with the narrowing of the band gap. Accordingly, the photocatalytic capability of these 

catalysts should be Ga2O3 > TiO2 > CeO2 > In2O3 > CdS, which exactly matched the 

photodegradation performance from good to poor in this study. Thus, Ga2O3 

outperformed the other common catalysts because its band gap energy was more suitable 

than the others due to the stronger redox ability of photogenerated hole and electron pairs. 

Additionally, the wavelength spectrum of each material overlayed with the lamp spectral 

output were exhibited in Fig. 4-7, indicating that all the materials had high absorbance of 

254 nm UV light.   
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Fig. 4-7. The wavelength spectrum of each material overlayed with the lamp spectral 

output. 

 

It is well know that photogenerated hole and electrons played the main roles with 

redox ability to degrade PFOA during photocatalysis process (Merino et al., 2016; Xu et 

al., 2017a). In this study, Ga2O3, TiO2, CeO2 and In2O3 all could be irradiated by 254 nm 

UV light to generate holes and electrons and they had the various degradation efficacies. 

Disodium ethylenediaminetetraacetate (EDTA-Na2), as a scavenger of holes, was 

introduced to the photocatalytic system to check the function of photogenerated holes or 

electrons. Consequently, Fig. 4-8 indicates that EDTA-Na2 obviously affected the 

degradation efficiency of TiO2, CeO2 and In2O3, while only slight increase of the 

degradation efficacy was observed in Ga2O3 photocatalytic system between the EDTA-

Na2 addition or not. This proved that photogenerated holes played main roles when TiO2, 

CeO2 and In2O3 were the catalysts and on the contrary, photogenerated electrons were the 

main reactants when Ga2O3 was used for the degradation.  

 



91 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

 

Fig. 4-8. Degradation rate of PFOA by catalysts (i.e. TiO2, Ga2O3, CeO2, In2O3 and 

CdS) with and without EDTA-Na2 addition. 

 

Moreover, degradation of PFOA undergoes two pathways upon reaction with 

holes or electrons as shown in Fig. 4-9. As previously reported, the α-position C-F bond 

was more easily to break up by photogenerated electrons than the bonds in other positions 

(Song et al., 2013). Thus, when the reduction ability of electrons was more than the bond 

energy of α-position C-F, the degradation process will go through in route (a) as shown 

in the Fig. 4-9. As a result, the fluorine atom rather than carbon reacts with electron, 

escaping from molecular state to become free fluorine ion. Due to the large band gap 

energy, PFOA photocatalysis by Ga2O3 occurred in route (a). Nevertheless, when the 

electrons were not able to reduce the fluorine atom, PFOA would be decomposed in route 

(b), namely oxygen atom in the carboxyl is oxidized by photogenerated holes to form 

C7F15• radicals and CO2. In2O3, TiO2 and CeO2, as the comparatively low band gap energy, 

degraded PFOA in route (b). Consequently, PFOA proceeds in a step-by-step mode to 

shorter chain intermediates such as PFHpA, PFHxA, PFPeA, PFBA, PFPA, and TPA, 

and finally turns to CO2 and H2O as reported in the literature (Li et al. 2012a; Sansotera 

et al. 2014).  
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Fig. 4-9. Degradation mechanism of PFOA in route (a) by photogenerated electrons and 

in route (b) by photogenerated holes. 

 

4.4. Conclusions  

In summary, the commercial catalysts of Ga2O3, TiO2, CeO2 and In2O3 were able 

to degrade PFOA within 10 h and Ga2O3 had best performance with 100% PFOA removal. 

However, CdS showed almost no ability for PFOA photodegradation probably due to the 

initial pH.  In addition, the quantum yield during the UV irradiation were 0.0032, 0.0075, 

0.0041 and 0.0005 mol Einstein-1, respectively by the catalysts of Ga2O3, TiO2, CeO2 and 

In2O3. And their band gap energy of Ga2O3 = 7.3 × 10-19 J > TiO2 = 5.0 × 10-19 J > CeO2 

= 4.7 × 10-19 J > In2O3 = 4.5 × 10-19 J > CdS = 3.9 × 10-19 J. In the reaction, photogenerated 

electrons played the main role when using Ga2O3/UV, while photogenerated holes were 

more important by TiO2, CeO2 and In2O3 under UV light. Notably, photogenerated holes 

played main roles when TiO2, CeO2 and In2O3 were the catalysts and on the contrary, 

photogenerated electrons were the main roles when Ga2O3 was used for the degradation. 
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PFOA was degraded into shorter carbon chain stepwise and finally turned to CO2 and 

H2O. 
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Chapter 5. Improved 

photocatalysis of perfluorooctanoic 

acid in water and wastewater by 

Ga2O3/UV system assisted by 

peroxymonosulfate 

 



95 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

5.1. Introduction 

PFAS, anthropogenic compounds characterised by their fully fluorinated 

hydrophobic carbon and a hydrophilic end group, have been applied in many industrial, 

commercial and domestic products and as the key ingredient in aqueous film-forming 

foams since the 1950s (Bräunig et al., 2019). Due to the highly stable carbon-fluorine 

bond with a bond energy of 544 kJ mol-1 (Saleh et al., 2019), PFAS are ubiquitous in the 

environment and globally detected in many environmental matrices and even in human 

tissues (Jian et al., 2018; Mazzoni et al., 2019). For example, the Williamtown site from 

Sydney, Australia was found to contain more than 1 mg L-1 level of PFOA and PFOS, 

two kinds of well-known PFAS, over the past decades 

(www.health.nsw.gov.au/environment). Both substances worked their way through the 

surface water or soil to the groundwater underneath the site, leading to the land 

contamination close to the site (Anderson et al., 2019; Janda et al., 2019). Until now, 

these chemicals have been reported to be linked to many human diseases such as kidney 

cancer (Mulabagal et al., 2018), thyroid disease (Blake et al., 2018), testicular cancer 

(Mastrantonio et al., 2017) and pregnancy-induced hypertension (Apelberg et al., 2007; 

Holtcamp, 2012). Therefore, as a precautionary approach, new technologies with strong 

degradation ability for PFAS removal is urgently needed to mitigate PFAS contamination.  

PMS (commercial name of Oxone®, 2KHSO5·KHSO4·K2SO4) is an 

environmentally friendly oxidant (Khan et al., 2017b; Lin et al., 2016). It can be activated 

by UV light to produce sulfate radicals (SO4
•–) which have strong oxidizing ability (Gao 

et al., 2016). A recent study used persulfate-assisted photocatalytic ozonation, and their 

results revealed 99.2% removal of PFOA (Wu et al., 2018). Nevertheless, such significant 

research is limited, and still there is a research gap in the kinetics and mechanistic study 

of PFOA degradation in complex systems. Based on the previous chapter 4, Ga2O3 
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performed better than the other catalysts. Thus, in the present study, Ga2O3 assisted with 

PMS was firstly used as the mixed catalysts for PFOA photodegradation under UV 

irradiation. Experimental factors such as catalyst amount and solution pH were evaluated 

by comparative experiments to explore the optimum conditions. The intermediates 

generated during the process and active species in charge of PFOA degrading were 

analysed to derive the possible photocatalytic mechanism in PMS/Ga2O3/UV system. The 

main chemical process during photocatalysis of Ga2O3/PMS was shown in Fig. 5-1. 

 

Fig. 5-1. The main chemical process during photocatalysis of Ga2O3/PMS (Xu et al., 

2019). 

 

5.2. Methodology 

A cylindrical reactor vessel was filled with PFOA aqueous solution of 200 mL 

and different initial PFOA concentrations (50 ng L-1, 50 µg L-1, 50 mg L−1) at room 

temperature. The concentration of 50 mg L-1 was comparatively high, compared with the 

concentrations of PFOA occurring in the most contaminated water; it was also used as 

the initial concentration in a previous study (Chen, et al., 2015b). The solid catalyst of 

Ga2O3 was dispersed in PFOA solution, to which PMS was then added to initiate the 

reaction with continuous stirring for 30 min under darkness. The effect of solution pH on 
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PFOA photodegradation was assessed by repeating experiments at pH 3, 5, 7 and 10. 

Light irradiation was provided by three separate lamps: UV light (wavelength = 254 nm) 

from a 32 W low-pressure UV lamp, UV light (wavelength = 185 nm) from a 32-W low-

pressure UV lamp, and visible light (wavelength = 400–800 nm) from a 50-W xenon lamp. 

The irradiation intensity of UV light (254 nm) was 0.37 mW cm-2 as measured by an UV 

intensity meter (ST-512). During photodegradation, the lamps were placed 5 cm above 

the liquid surface of the reactor and the solution was well mixed by magnetic stirring (Li 

et al., 2016; Zhao et al., 2015). At regular time intervals, aliquots of the sample were taken 

using a syringe and filtered through a filter (Puradisc syringe filter, 0.2 µm, Whatman) 

before analysis. All experiments were conducted in triplicate.  

 

5.3. Results and Discussion 

5.3.1. Photocatalytic ability of Ga2O3/PMS 

In order to improve the catalytic efficacy, Ga2O3 was mixed with PMS in the 

PFOA solution as the catalysts for the PFOA degradation under UV light (254 nm). For 

the convenient comparison, the initial concentration of Ga2O3 was 0.25 g L-1 and PMS 

was 0.41 g L-1 so the molar ratio between Ga2O3 and PMS was 1:1. Fig. 5-2A shows that 

PFOA was completely degraded within 120 min by the catalysts of Ga2O3 mixed with 

PMS. However, when only PMS or Ga2O3 was used as the catalysts under the same 

condition, 18% and 58.3% of PFOA was degraded, respectively within 180 min. Thus, 

the photocatalytic ability decreased as Ga2O3/PMS > Ga2O3 > PMS. Meanwhile, the 

kinetics of the photodegradation of PFOA fitted well to the pseudo-first-order model (R2 > 

0.90) described as follows: 

ln(C0/Ct) = k t     (5.1) 
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where k is the rate constant (min-1), C0 and Ct are the concentrations of PFOA (mg L-1) in 

solution at irradiation time 0 and t, respectively. Based on the results in Fig. 5-1A, the 

rate constant for PFOA degradation according to system configuration or the type of 

catalyst used in the reactor (single or mixed catalyst) was found to be 0.0041 min-1, 0.0013 

min-1 and 0.0156 min-1, for Ga2O3, PMS and Ga2O3/PMS, respectively. A catalyst 

combination of PMS/Ga2O3 significantly promoted the photocatalytic ability, resulting in 

3.8 and 12 times higher rate constant than that of single Ga2O3 and PMS, respectively. 

Therefore, the results imply that sulfate radicals (SO4
•–) generated by PMS significantly 

enhanced the catalytic ability of Ga2O3 targeting on the PFOA degradation under UV 

irradiation. As the PMS/Ga2O3 system for PFOA photodegradation has not been studied 

before, their photocatalytic kinetics and mechanism were further investigated. 

 

Fig. 5-2. (A) Comparison of photocatalytic performance for PFOA removal among Ga2O3, 

PMS and Ga2O3/PMS under UV 254-nm. (B) Degradation rate of PFOA by different 
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amounts of PMS (0.16, 0.41, 0.90, 4.35 g L-1) and Ga2O3 (0.10, 0.25, 0.55, 2.65 g L-1). 

(C) Photocatalytic performance by different PMS/Ga2O3 ratios (1:2, 1:1, 2:1, 3:1) under 

UV 254-nm. (D) The fitting of degradation curves and rate constant (k) derived. 

 

5.3.2. Effect of catalyst loading 

Many previous studies have shown that the amount of catalyst has a positive effect 

on photocatalytic efficacy (Carbajo et al., 2018; Xu et al., 2017a). Because the number of 

reactive sites increase with the increase of the catalyst amount that promote the rate of 

oxidation. However, a high concentration of catalyst would make the solution turbid, and 

reduce the photo permeability of UV light, with a negative effect on the photocatalytic 

degradation rate. In this study, under the 1:1 molar ratio of PMS to Ga2O3, different 

amounts of PMS/Ga2O3 (PMS at 4.35, 0.90, 0.41 and 0.16 g L-1, Ga2O3 at 2.65, 0.55, 0.25 

and 0.10 g L-1) were used to assess the performance in PFOA removal. Fig. 5-2B shows 

that PMS ranging from 0.41 to 4.35 g L-1 and Ga2O3 ranging from 0.25 to 2.65 g L-1 

generated identical results that 100% PFOA was degraded within 180 min. However, 

when the amount of PMS and Ga2O3 was decreased to 0.16 and 0.10 g L-1, respectively, 

the degradation process was significantly inhibited, as only about 33% PFOA was 

removed during 180 min. This may be attributed to the insufficient active groups 

produced in the system with a low concentration of Ga2O3 and PMS, which was also 

mentioned in a previous study (Carbajo et al., 2018). Compared with the previous study, 

0.5 g L-1 TiO2 doped with Pb could degrade almost 100% PFOA (50 mg L-1) within 480 

min at rate constant of 0.0086 min-1 (Chen et al., 2016), which was lower than that of 

Ga2O3/PMS (0.41 and 0.25 g L-1) which has a rate constant of 0.0156 min-1 in this study. 

Following the principle of low cost and high efficacy, the dosage of 0.41 g L-1 of PMS 
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and 0.25 g L-1 of Ga2O3 were preferable under 1:1 molar ratio between PMS and Ga2O3 

to obtain the most effective photodegradation.  

Fig. 5-2C depicts the photocatalytic degradation process of aqueous PFOA in the 

presence of PMS/Ga2O3 with different PMS/Ga2O3 molar ratios such as 1:2, 1:1, 2:1 and 

3:1 within 90 min. The dose of Ga2O3 was kept constant at 0.25 g L-1 while the amount of 

PMS was varied at 0.21, 0.41, 0.82, and 1.23 g L-1 for easy comparison. When the ratio 

was 3:1, the results showed that 100% PFOA was removed within 90 min. While lower 

ratio of PMS and Ga2O3 (i.e. 2:1, 1:1 and 1:2) resulted in lower PFOA degradation (i.e. 

82%, 79% and 47%). Furthermore, the pseudo-first-order kinetics were used to evaluate 

the degradation of PFOA with different ratio of persulfate addition. The rate constant 

increased with the increasing ratio of PMS/Ga2O3 in the system as follows: k 3:1 = 0.0211 

min-1 > k 2:1 = 0.0173 min-1 > k 1:1 = 0.0156 min-1 > k 1:2 = 0.0061 min-1. The findings 

therefore suggest that SO4
•– played a significant role in PMS/Ga2O3/UV system for PFOA 

degradation and a sufficient dose of PMS could boost the degradation efficacy during the 

photocatalytic process. Thus, increasing the molar ratio between PMS and Ga2O3 from 

1:2 to 3:1 would be better than increasing their individual amounts for PFOA removal.  

  



101 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

 

Fig. 5-3. (A) Photocatalytic performance under different initial pH conditions (i.e. pH 3, 

pH 5, pH 7 and pH 10) activated in PMS/Ga2O3/UV system within 120 min ([PFOA] = 

50 mg L-1, [PMS] = 0.41 g L-1, [Ga2O3] = 0.25 g L-1) and (B) the fitting of degradation 

curves within 90 min and the rate constant (k) derived. (C) Photocatalytic performance 

with initial PFOA concentration of 50 mg L-1, 50 µg L-1 and 50 ng L-1 in PMS/Ga2O3/UV 

system within 120 min ([PMS] = 0.41 g L-1, [Ga2O3] = 0.25 g L-1) and (D) the fitting of 

degradation curves within 90 min and the rate constant (k) derived.  

 

5.3.3. Effect of solution pH  

The photodegradation of PFOA was evaluated at various initial solution pH (pH 

3, 5, 7 and 10) as shown in Fig. 5-3A. Under UV irradiation for 120 min, PFOA exhibited 

almost 100% removal at pH 3 which was decreased to 86% and 78% when pH was 

increased to 5 and 7, respectively. The removal of PFOA further dropped significantly to 

27% under the basic condition of pH 10. Moreover, the degradation results followed the 
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pseudo-first-order kinetic profile during the photocatalytic process under UV irradiation, 

with the rate constant decreasing as kpH3 = 0.0156 min-1 > kpH5 = 0.0099 min-1 > kpH7 = 

0.0084 min-1 > kpH10 = 0.0025 min-1 (Fig. 5-3B). Hence, the degradation efficiency 

increased with decreasing solution pH. This could be attributed to the reaction between 

sulfate radicals (SO4
•–) and OH– ions forming hydroxyl radicals (•OH) as shown in Eq. 

5.2 (Liang et al., 2007): 

SO4
•– + OH– → SO4

2–+ •OH    (5.2) 

As previously reported, the hydroxyl radicals have poorer reactivity with PFOA in 

aqueous solution compared with SO4
•– or photogenerated hole and electron pairs (Hori et 

al., 2004); thus, hydroxyl radicals production in the reaction system could slow down the 

PFOA degradation. Such a conclusion was also drawn from the research by (Lee et al., 

2009). In addition, in basic solution, abundant OH– ions would react with •OH, which 

further inhibited the reaction of PFOA degradation following Eq. 5.3: 

•OH + OH– → O•– + H2O    (5.3) 

On the other hand, the pH also affects the dissociation of ionizable chemicals such 

as PFOA in solution and consequently, influences their photocatalytic performance. As 

the pKa of PFOA is about 2.8 (Burns et al., 2008), in the aqueous solution it is mainly in 

the protonated form (C7F15COOH) at pH < 2.8 and the anionic form (C7F15COO–) at pH > 

2.8 based on Eq. 5.4 and 5.5: 

C7F15COOH ⇌ H+ + C7F15COO–   (5.4) 

p𝐾𝑎 = pH − log
C7H15

−

C7H15COOH
    (5.5) 

The zeta potential of Ga2O3 continuously decreased with the increased solution pH and 

the points of zero charge (pHpzc) was 8.6 as measured (Fig. 5-4), which is in accordance 

with the previous research (Zhao et al., 2015a). This suggests that when the solution pH 

was lower than 8.6, the surface of Ga2O3 was positively charged due to the protonation; 
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while over pH 8.6, the surface of Ga2O3 was negatively charged. In addition, compounds 

adsorption on catalyst is a significant step during the photocatalytic process. The lower 

the pH value is, the more positive the Ga2O3 surface will be. Therefore, comparatively 

high amount of PFOA was adsorbed on the surface of Ga2O3 at pH 3 due to the Coulombic 

attraction, promoting the photodegradation efficacy.  

 

Fig. 5-4.  Zeta potential of Ga2O3. 

 

5.3.4. Effect of initial PFOA concentration 

Initial PFOA concentration might affect the degradation rate (Hamid and Li, 2018; 

Tian and Gu, 2018). This study investigated three initial PFOA concentrations: 50 mg L-

1, 50 µg L-1 and 50 ng L-1, to cover its likely levels in the aquatic environment. In the 

solution, PMS and Ga2O3 were set at 0.41 g L-1 and 0.25 g L-1, respectively and the 

solution pH was adjusted to 3 to achieve the best performance of PFOA degradation. Fig. 

5-3C shows that all three levels of concentration have similar degradation efficacy with 

similar rate constant at 0.0144–0.0156 min-1 (Fig. 5-3D), demonstrating that the 

photodegradation performance was relatively independent of initial PFOA concentrations. 

The results are due to the fact that 0.41 g L-1 of PMS and 0.25 g L-1 of Ga2O3 provided 

sufficient active sites and radicals, which completely degraded PFOA ranging from 50 ng 
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L-1 to 50 mg L-1 at the similar degradation rate. Therefore, PMS/Ga2O3/UV system 

provided very effective treatment of PFOA whether at trace level (ng L-1) or high level 

(mg L-1), with great potential for decontaminating water and wastewater with varying 

degrees of pollution. 

 

5.3.5. Effect of light sources 

 

Fig. 5-5. Photocatalytic performance by PMS/Ga2O3 under UV light (185 nm, 254 nm) 

and visible light (400-800 nm) ([PMS] = 1.23 g L-1, [Ga2O3] = 0.25 g L-1). 

 

To explore the effect of light sources on the efficacy, photodegradation of PFOA 

(50 mg L-1) under the optimum conditions (1.23 g L-1 PMS, 0.25 g L-1 Ga2O3, pH 3) were 

conducted with both UV light (185 nm and 254 nm) and visible light (400–800 nm). Fig. 

5-5 presents that Ga2O3 with PMS under 185 nm UV light has higher degradation efficacy, 

as 100% PFOA was removed within 60 min. While under 254 nm UV light, the time 

spent for complete removal increased to 120 min. Furthermore, under visible light (400-

800 nm), PFOA could only be degraded to a smaller extent. The results show that 

PMS/Ga2O3 absorption of 185 nm UV light was higher than that of 254 nm UV light, 

which in turn was significantly higher than that of visible light.  
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Notably, nanostructured In2O3 such as nanocubes, nanoplates and porous 

microsphere were synthesized previously (Li et al., 2012a; Li et al., 2013b). Until now, 

these synthesized catalysts showed better performance of PFOA degradation under UV 

light (15 W, 254 nm) compared with other synthesized catalysts (i.e. Cu-TiO2, TiO2 

nanotube arrays, Pb-BiFeO3/RGO) in previous studies (Chen et al., 2015a; Shang et al., 

2018; Wu et al., 2016). They could remove all PFOA (30 mg L-1) within 30, 60 and 120 

min, respectively. However, such catalysts need many precursors and a solvothermal 

process for their synthesis, hence high cost. In this study, PMS/Ga2O3/UV system 

prepared by mixing the commercial Oxone and Ga2O3 at a molar ratio (e.g. 3:1) under 

UV irradiation (32 W, 254 nm, 1.71 mW cm-2) achieved comparatively high efficacy with 

complete removal of 50 mg L-1 PFOA in 90 min. Moreover, when the wavelength of UV 

light was changed to 185 nm, the degradation time was shortened to 60 min by 

PMS/Ga2O3. Therefore, PMS/Ga2O3/UV system has the advantages of being easily 

prepared, low cost and high degradation efficiency, hence demonstrating significant 

potential to be applied for PFAS removal in the aquatic environment. 

 

5.3.6. Calculation of quantum yield  

The results were analysed in terms of not only the first-order kinetic model, but 

also the explicit effect of photon absorption. The quantum yield (Ф), defined as moles of 

PFOA degraded per Einstein of photons absorbed by certain amount of catalysts, was 

estimated by Eq. 5.6: 

Ф =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑜𝑙𝑒𝑠)𝑜𝑓 𝑃𝐹𝑂𝐴 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑚𝑜𝑙𝑒𝑠) 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 
 (5.6) 

The photocatalytic rate constant of the PFOA, k, under UV light (254 nm) can be 

used for the calculation of the reaction quantum yield as shown in Eq. 5.7: 
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Ф =  
𝑘𝛥

𝐼𝑎
                         (5.7) 

where kΔ = d(C0-Ct)/dt (0.43 mg L-1 min-1), and Ia is the photon numbers absorbed by the 

catalysts, which can be calculated by Eq. 5.8: 

𝐼𝑎 =
𝐸𝑝×(1−10−2·(𝛼(𝜆)·𝐶)·𝑧)

𝑧
×

𝐴1−𝐴0

𝐴1
  (5.8) 

where Ep is the average photon intensity (1.71 mW cm-2), C is the concentration of the 

catalyst solution (2.8 mM) and z is the mixed depth of the water column (1.3 cm). In 

addition, A is the amount of light absorbed by the catalyst at wavelength 254 nm, which 

was detected by the spectrophotometer. α(λ) is the light attenuation coefficient of the 

catalysts which is calculated as: 

𝛼(𝜆) =  
𝐴

𝐶𝑙
      (5.9) 

where l is the distance that light travels through the solution (1 cm). Based on the data 

summarized in Table 5-1, the quantum yield by the catalysts of PMS/Ga2O3 (0.41 g L-1 

and 0.25 g L-1, respectively) under UV light (254 nm) was 0.009 mol Einstein-1. The 

details of calculation are presented as follows: 

Table 5-1 

The key experimental parameters and their values in this study.  

Parameter Symbol Value Detection method 
Rate constant K 0.0156 min-

1 
Calculated 

Light intensity I 1.71 mW cm-

2 
UV intensity meter 

PFOA concentration in solution C1 0.12 mM Calculated 
Catalyst concentration in solution 
(Ga2O3+PMS) 

C2 2.8 mM Calculated 

Light absorbed by PFOA solution 
at 254-nm 

A0 0.002 spectrophotometer 

Light absorbed by mixed solution 
(PFOA+Ga2O3+PMS) at 254-nm 

A1 0.212 spectrophotometer 

Mixed depth of the water column z 1.3 cm Measured 
Distance of light passage through 
solution 

l 1 cm Measured 
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𝑂𝑛𝑒 𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 (𝐸0) =
ℎ𝑐

𝜆
                (5.10) 

E0 = 6.63 × 10-34 J·s × 3 × 108 m·s-1 / (254 × 10-9 m) = 7.8 × 10-19 J            

For one mole of photon, the energy is Em=eE0                    

I = 1.71 mW cm-2 = 1.71 mJ cm-2 s-1 

Ep = I/ Em         (5.11) 

     = 1.71 × 10-3 / [(6.02 × 1023) (7.8 × 10-19)] Einstein cm-2 s-1 

     = 3.6 × 10-9 Einstein cm-2 s-1 

A1 – A0 = α(λ)Cl     (5.12) 

Catalyst: α(λ) = (A1 – A0) /(Cl)   

          = 0.210 / (0.0028 M × 1 cm) = 75.0 M-1 cm-1 

The photo number absorbed by catalyst: 

 𝐼𝑎 =
𝐸𝑝∗(1−10−2∗(𝛼(𝜆)∗𝐶2)∗𝑧)

𝑧
∗

𝐴1−𝐴0

𝐴1
 (Einstein cm-3 s-1)=1.98×10-9 Einstein cm-3 s-1           

(5.13) 

kΔ = d(C0-Ct)/t=0.4274 mg L-1 min-1            (5.14) 

Ф =  
𝑘𝛥

1000𝐼𝑎
          (5.15) 

 = (0.4274/(1000 × 60 × 414.07) mol L-1 s-1) / (1000 × 1.98 ×10-9 Einstein cm-3 s-1) 

 = 0.009 mol Einstein-1 

 

5.3.7. Photocatalysis mechanism 

5.3.7.1. Intermediates analysis 
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Fig. 5-6. Evolution of PFOA and shorter-chain intermediates during PFOA degradation 

in PMS/Ga2O3/UV system within 120 min. 

Intermediates during PFOA photocatalytic process were identified and quantified 

with UHPLC-MS/MS, which were the shorter-chain PFAS including PFHpA, PFHxA, 

PFPeA, PFBA, PFPA and TFA as shown in Fig. 3-1. Fig. 5-6 presents the time-

dependence of the intermediates during the photodegradation process over PMS/Ga2O3 

under 254 nm UV light irradiation. PFHpA increased slowly to about 18.77 mg L-1 within 

120 min, with the target pollutant PFOA decreasing from 50 mg L-1 to nearly zero. The 

amount of PFHxA was gradually increased to 7.98 mg L-1 within 120 min and PFPeA 

was firstly detected at 90 min and slightly increased to 0.175 mg L-1 at 120 min. While 

species with shorter chains (i.e. PFBA PFPA and TFA) had the low concentrations (below 

limit of quantification). This phenomenon suggests that PFOA was degraded stepwise 

into shorter chain intermediates such as PFHpA, PFHxA and PFPeA, which was 

consistent with the previous study (Lee et al., 2009).  

 

5.3.7.2. Analysis of active species  

In PMS/Ga2O3/UV system, five types of active species including sulfate radicals 

( SO4
•– ), photoinduced holes (h+) and electrons (e–), hydroxyl radicals (•OH), and 
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superoxide radical anions (O2
•–), could be produced during the photocatalytic process as 

shown in eqs 5.16-5.19 (Chen et al., 2016):  

HSO5
–  + hv → SO4

•– + •OH    (5.16) 

Ga2O3 + hv → Ga2O3 (h+ + e–)   (5.17) 

h+ + H2O → •OH + H+                            (5.18) 

e– + O2 → O2
•–                             (5.19) 

To confirm which active species take the lead in the photocatalytic reaction, t-BuOH, 

EDTA-Na2 and BQ were added to the system, which were used as scavengers of •OH, 

holes and  O2
•– , respectively. Degradation by Ga2O3 only was used to simulate the 

condition of adding the scavenger of SO4
•– radicals. Fig. 5-7 shows the scavengers effect 

on the photocatalysis in PMS/Ga2O3/UV system and the rate constants were provided 

during 90 min of the photocatalytic process. When no scavengers were added, 100% 

PFOA could be degraded within 120 min with the rate constant of 0.156 min-1. However, 

during the degradation by Ga2O3 only (equivalent to the scavenging of  SO4
•– ), the 

degradation rate dropped to 47%, and the rate constant decreased to 0.0081 min-1. The 

results suggested that SO4
•– produced by PMS was a critically important oxidant for PFOA 

degradation in the photocatalytic system. In addition, t-BuOH added in the solution 

resulted in 63% PFOA removal with the rate constant of 0.0068 min-1. The findings 

indicated that •OH radicals should be a secondary active species compared with SO4
•– and 

O2
•– radicals reacting with PFOA under UV irradiation. Additionally, when EDTA-Na2 

was added in the system, only a slight decrease was observed on the degradation rate 

compared with that of no scavenger addition, as 80% PFOA was degraded within 120 

min and the rate constant could reach 0.0087 min-1. Such findings suggest that 

photogenerated electrons rather than photogenerated holes were the main factor 

promoting the photocatalytic efficacy, which are consistent with the previous study (Zhao 
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et al., 2015a). When BQ was added in the PFOA solution, the degradation rate was 

significantly reduced to 38% and the rate constant was 0.0037 min-1, indicating that O2
•– 

radicals generated by electrons had obvious effect on the PFOA degradation. As shown 

in Eq. 5.19, the generation of superoxide from the conduction band electrons reduces the 

quantity the electrons. BQ inhibited the generation of superoxide, which indirectly 

increased the quantity of electrons. While the electron has well degradation capability for 

the degradation. Thus, when BQ was added to the solution, the degradation rate was 

reduced mainly due to the loss of  O2
•– radicals in the reaction, proving that O2

•– radicals 

was essential for the PFOA photodegradation. Conclusively, the results proved that the 

SO4
•– radicals produced by PMS, O2

•– radicals, and photogenerated electrons (e–) played 

major roles in degrading PFOA in the PMS/Ga2O3/UV system. The •OH radicals are of 

secondary importance while photogenerated holes have little effect on the degradation 

efficacy.  

 

Fig. 5-7. Effects of different scavengers (i.e. Pure Ga2O3, EDTA-Na2, BQ, t-BuOH, no 

scavengers) on the PFOA degradation in PMS/Ga2O3/UV system within 120 min. Insert 

showing the fitting of degradation curves within 90 min and degradation rate constant (k) 

derived (D). 

 



111 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

5.3.7.3. Photocatalytic process 

According to the intermediates presence and main active species photogenerated 

electrons (e–),  SO4
•–  and O2

•–  radicals during the photocatalytic process as mentioned 

above, the PFOA degradation process can be described as follows. First, the fluorine atom 

was more preferable than the carbon atom to react with photo-induced electron (e‒), 

leading to the cleavage of C-F bonds, similar to previous studies on perfluorocarboxylates 

photodegradation (Qu et al., 2010; Song et al., 2013). Moreover, the α-position C-F bond 

was more easily attacked by e‒ due to the inductive effect of the carboxyl in PFOA. Thus, 

fluorine was eliminated from PFOA to form C7F13H2COOH: 

     C7F15COOH + e‒ → •C7F14COOH+ F‒         (5.20) 

                         •C7F14COOH + H2O → C7F14HCOOH + •OH   (5.21) 

                         C7F14HCOOH + e‒ → •C7F13COOH + F‒    (5.22) 

                         •C7F13COOH + H2O → C7F13H2COOH + •OH   (5.23) 

C7F13H2COOH was excited by UV irradiation to generate C6F13 radical, COOH radical 

and CH2 carbene. Then C6F13 and COOH radical could recombine to form PFHpA 

(C6F13COOH): 

                          C7F13H2COOH → •C6F13 + :CH2 + •COOH  (5.24) 

                          •C6F13 + •COOH → C6F13COOH (PFHpA)   (5.25) 

Consequently, PFHpA was decomposed into PFHxA and PFPeA, and theoretically, it 

would continue degradation to form PFBA, PFPA and TPA in the same way and finally 

become mineralized to CO2 and fluoride ions in the stepwise manner as reported (Li et 

al., 2013c).  

In the Ga2O3/UV system, when the adsorption of photon energy is equal or more 

than the band gap energy of Ga2O3, holes and electrons are generated on the surface of 

Ga2O3 particles due to the irradiation of UV light. Notably, the photo-induced electrons 
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were the main active species for PFOA degradation as mentioned in the previous section, 

which were also reported (Trojanowicz et al., 2018). However, the recombination of the 

photo-induced hole and electron could seriously reduce the photocatalytic efficiency (Li 

et al., 2018).  In the PMS/Ga2O3/UV system, sulfate radical anions (SO4
•–) and O2

•– can 

oxidize PFOA into perfluorinated alkyl radicals (•C7F15): 

                          SO4
•– + C7F15COOH → SO4

2− + •C7F15COOH+  (5.26) 

                          •C7F15COOH+ → •C7F15 + CO2 + H+   (5.27) 

       C7F15COOH + O2
•–→ •C7F15 + CO2↑ + HO2

‒                    (5.28) 

Then formed C7F15 radical react with water to form C6F13COF after H+ and F– elimination: 

                           •C7F15 + H2O → C7F15OH + H     (5.29)                                                     

                           C7F15OH → C6F13COF + HF     (5.30) 

By hydrolysis, C6F13COF is converted into PFHpA (C6F13COOH) with CF2 units reduced 

and followed by a stepwise degradation of PFOA to form shorter chain PFAS: 

                           C6F13COF + H2O → C6F13COOH (PFHpA) + HF    (5.31)                                                                 

Furthermore, the excited e− could activate MPS to produce SO4
–  radicals, which 

have been demonstrated in a previous study (Liu et al., 2017). These processes could 

explain that photodegradation efficiency was much better in PMS/Ga2O3/UV system than 

by sole Ga2O3 or PMS:               

                          S2O8
2– + 2e‒ → 4SO4

•–         (5.32) 

Overall, the mechanism during the photocatalysis process of PFOA degradation in the 

PMS/Ga2O3/UV system is postulated in Fig. 5-8.  
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Fig. 5-8. The mechanism of PFOA degradation during the photocatalytic process in 

PMS/Ga2O3/UV system. The active species are marked in red, and the ion or compounds 

removed during degradation are marked in blue.  

 

5.4. Conclusions  

PFOA removal from aqueous solution was studied by UV photocatalysis using 

Ga2O3 and further enhanced in the presence of PMS. Specifically, the application of 1.23 

g L-1 of PMS and 0.25 g L-1 of Ga2O3 was able to degrade 100% PFOA in aqueous 

solution within 90 min under UV 254 nm and 60 min under UV 185 nm. Furthermore, 

acidic condition at pH 3 was favourable for PFOA degradation in PMS/Ga2O3/UV system. 

Such degradation was not affected by the initial concentration of PFOA ranged from 50 

ng L-1 to 50 mg L-1. The quantum yield during photocatalysis by PMS/Ga2O3 under UV 

light (254 nm) was 0.009 mol Einstein-1. Through the analysis of intermediates, PFOA 

was gradually degraded from long chian species into short chain intermediates. Scavenger 

experiments proved that SO4
•– radicals, O2

•– radicals and photogenerated electrons were 

the most important active species contributing to the PFOA photodegradation. Overall, 
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the PMS/Ga2O3/UV system has great potential to be applied in the photodegradation of 

PFOA and other similar organic pollutants in water and wastewater.  
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Chapter 6. Visible and UV 

photocatalysis of aqueous 

perfluorooctanoic acid by TiO2 and 

peroxymonosulfate: Process 

kinetics and mechanistic insights 
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6.1. Introduction 

PFAS have been extensively used in industry and consumer products since the 

1950s (Janousek et al., 2019). The chemical structure of common PFAS were exhibited 

in Fig. 1-1. Consequently, some PFAS, particular PFOA, are widely reported in the 

aquatic environment to reach μg L-1 and even up to mg L-1. For instance, it was reported 

that the concentration of PFOA in the surface water of Bormida River, Italy ranged from 

0.253 to 6.468 μg L-1, with the mean value of 1.613 μg L-1 (Valsecchi et al., 2015). In 

studying PFAS occurrence in surface water within a 10 km radius from a mega-

fluorochemical industrial park, it was found that PFOA was in a severe contamination 

level with the concentration ranging from 0.0386 to 1707.29 μg L-1 (Liu et al., 2016). 

These levels constitute human health risks, which may lead to growth and reproduction 

toxicity, liver injury and even cancer from PFOA exposure (Bassler et al., 2019; Behr et 

al., 2018; Hurley et al., 2018). In February 2019, United States, Environmental Protection 

Agency (US, EPA) built a multi-media, multi-program, national communication and 

research plan to address an emerging environmental challenge like PFAS 

(https://www.epa.gov/pfas). Therefore, it is increasingly urgent to develop novel 

technologies with high efficacy and low cost for PFAS degradation.  

TiO2 has proven to be one of the promising semiconductors for heterogeneous 

catalyst due to its wide band gap (3.14 eV), nontoxicity and long-term photostability (Yoo 

et al., 2018; Zhang et al., 2019). Meanwhile, it has some obvious drawbacks such as the 

recombination of photo-generated charge carriers, which reduces the overall quantum 

efficiency and usually inability to be activated under visible light (Cao et al., 2016; Pan 

et al., 2013). Hence, TiO2 is widely used as co-catalyst synthesized with other materials 

during the photocatalytic process (Wang and Zhang, 2011). For example, the accelerated 

TiO2 photodegradation of Acid orange 7 (AO7) were investigated under visible light 

https://www.epa.gov/pfas
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mediated by peroxymonosulfate (PMS) (Chen et al., 2012). PMS, as an environmentally 

friendly oxidant, could produce sulfate radicals (SO4
•–)  in the solution and has a 

remarkable synergistic effect in the combined TiO2/PMS system (Feng et al., 2018; Jo et 

al., 2018). As a consequence, AO7 was fully degraded by TiO2/PMS within 1.5 h, while 

only about 60% AO7 was removal by TiO2 only (Chen et al., 2012). In another instance, 

it was found that TiO2/PMS could efficiently degrade lindane by visible light with 100% 

removal within 4 h (Khan et al., 2017a). 

The aims of this work were to investigate the degradation efficacy of PFOA 

removal by TiO2 with PMS under different light resources and to explore the possibility 

for the degradation under visible light. The effect of catalysts dosage and initial solution 

pH were also investigated. The reaction intermediates of PFOA in the Vis/TiO2/PMS 

system were identified and a possible degradation pathway is proposed according to the 

scavenger experiments.  

 

6.2. Methodology 

All experiments were conducted in a cylindrical reactor vessel filled with 200 mL 

of PFOA solution (50 mg L−1) and mixed continuously using magnetic stirring. The 

concentration of 50 mg L-1 was comparatively higher than that in the most contaminated 

water, which was also used as the initial concentration in the previous literature 

(Panchangam et al., 2009). PFOA aqueous solution was prepared by diluting the stock 

solution in the beaker. The catalysts were added and stirred for 0.5 h under darkness to 

achieve adsorption-desorption equilibrium. The effect of solution pH on PFOA 

photodegradation was assessed by varying solution pH at 3, 5, 7 and 10.  

The powerful visible light source was provided by a 300 W Xenon lamp (HSX-

F500, NBeT Company, China) positioned 38 cm above the liquid surface inside the 
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reactor. A cut off was used to remove wavelengths shorter than 400 nm so the wavelength 

of the light source ranged from 400–770 nm. The electric current was 20 A and light 

intensity in the centre of the reactive solutions was 829.6 mW cm-2 for the Xenon light 

source as measured by a light intensity meter (HSX-F500). While the general visible light 

source was emitted by a 30 W Xenon lamp (NBeT Company, China) and the light 

intensity was detected of 3.65 mW cm-2. In addition, two 32 W low-pressure UV lamp 

(Cnlight Co. Ltd., Shanghai, China) with wavelengths of 254 nm and 185 nm, 

respectively were also used. The irradiation intensity of UV light at 254 nm wavelength 

was 3.7 mW cm-2 as measured by a UV intensity meter (ST-512). At regular time intervals, 

aliquots of the sample were taken using a syringe and filtered through a filter (Puradisc 

syringe filter, 0.2 µm, Whatman) before analysis. To avoid the possible impact of filter 

adsorption on PFOA concentration, the first 3 mL filtrate was discarded. All experiments 

were conducted in triplicate. 

 

6.3. Results and discussion  

6.3.1. Catalyst characterization  

The XRD pattern of the commercial TiO2 (P25) was exhibited in Fig. 6-1 and the 

experimental XRD pattern agrees with the JCPDS card no. 21-1272 (anatase TiO2) (Xu 

et al., 2015). The strong diffraction peaks at 25°, and 48° confirms the TiO2 (~80%) 

anatase and (~20%) rutile structure and the broad diffraction peaks indicate very small 

size crystallite (Hussain et al., 2010). Also, Fig. 6-2 gave the UV-vis diffuse reflection 

absorption spectra of aqueous PFOA, PMS, TiO2 and TiO2/PMS. PFOA and PMS show 

negligible absorbance for all the light resources. Comparatively, TiO2 has the increasing 

absorbance ability of the light resource with the decreasing of the light wavelength from 

800 to 250 nm, which proves that TiO2 has a certain ability for visible light absorption 
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(400–800 nm) but worse than that for UV light (< 400 nm). However, when TiO2 was 

mixed with PMS in the solution, promoted light absorbance was observed in the range of 

visible light resource (400–800 nm). This is probably because, in the mixed suspension, 

some visible-light absorbing complexes on TiO2 surface was formed with the addition of 

PMS. A previous study investigated the activation of PMS with TiO2 on visible light 

irradiation and claimed that surface charge-transfer complex (Ti-OOSO3
–) was produced 

through the reaction (i.e. >TiO2 + HSO5
– → > Ti-OOSO3

– + H2O), which was responsible 

for the visible light absorption in TiO2/PMS suspensions (Jo et al., 2018).  

 

Fig. 6-1.  XRD pattern of TiO2 catalyst.  

 

 

Fig. 6-2. UV-vis absorption of PFOA, PMS, TiO2 and TiO2/PMS. 
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6.3.2. Degradation performance of PFOA under visible light 

Comparative experiments with different catalysts (PMS, TiO2, and TiO2/PMS) 

were conducted to explore the synergistic effect of TiO2 and PMS under powerful visible 

light irradiation (300 W, 400-770 nm wavelength). Some same experiments were 

conducted under both darkness and general visible light (30 W) for the comprehensive 

analysis. The initial concentration of PFOA was 50 mg L-1, which could be the level in 

some seriously contaminated water. The catalysts of PMS and TiO2 were 0.72 g L-1 and 

0.25 g L-1, respectively, in either the separate system or the TiO2/PMS system. While a 

different amount of the catalysts would be further investigated in the next section. No 

other solution was added to adjust the pH value, and the initial pH of the solution was 3.0 

± 0.2.  

 

 

Fig. 6-3. Photodegradation of PFOA by TiO2 and PMS under darkness and 30 W visible 

light.  

 

As a result, Fig. 6-3 presents that all the catalysts (i.e. PMS, TiO2, and TiO2/PMS) 

showed almost no catalytic ability for aqueous PFOA removal under darkness and 30 W 

visible light, which indicates that PFOA couldn’t be largely absorbed by PMS or TiO2 
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and these catalysts were not able to be activated under general visible light, respectively. 

Nevertheless, when the light source was changed to a more powerful visible light (300 

W), the degradation performance was obviously promoted by PMS/TiO2 that almost 100% 

of PFOA was degraded within 8 h. This might be attributed to the increasing light 

intensity which could activate TiO2 under visible light (400-700 nm). In theory, one 

photon energy (E0) is calculated as:  𝐸0 =
ℎ𝑐

𝜆
, where h is Planck's constant of 6.63 × 10-

34 J·s, c is light speed of 3 × 108 m s-1, λ is the wavelength of UV light, which is 400 nm, 

and thus E0 is calculated of 5.0 × 10-19 J. In addition, the band gap of TiO2 is 3.14 eV or 

5.0 × 10-19 J (1 eV = 1.6 × 10-19 J), which was approximately equal to E0. Thus, low 

powerful visible light provided insufficient photons with the energy of 1.6 × 10-19 J to 

activate TiO2 producing photogenerating hole and electron pairs. While increasing the 

light intensity to a certain level (300 W, 829.6 mW cm-2 in this study), TiO2 could work 

under visible light. In the previous studies, TiO2 was modified with other materials to be 

utilized under visible light. For example, it was claimed that nitrogen-doped TiO2 (N-

doped TiO2) exhibited broad absorption in the visible region, allowing the utilization of 

a large part of the solar spectrum for photocatalytic degradation of organic pollutants. 

Further investigation should be focused on the N-doped TiO2 with PMS under general 

visible light (about 30 W) or solar irradiation (Ansari et al., 2016) .  

On the other hand, under powerful visible light, the degradation of PFOA with the 

sole PMS was negligible, which means the sulfate radicals (SO4
•–), responsible for the 

PFOA degradation, may not be activated by visible light as shown in Eq. 6.1 (Wang et 

al., 2015b): 

              HSO5
–  + hv → SO4

•– + •OH           (6.1) 
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Comparably, sole TiO2 showed only about 20% PFOA removal, while TiO2/PMS has an 

obvious better catalytic performance for PFOA removal than sole PMS or TiO2 as shown 

in Fig. 6-4A. The reason might be that holes and electrons could be generated on the 

surface of TiO2 irradiated by powerful visible light as mentioned previously (Grilla et al., 

2019) and HSO5
–  could react with photogenerated electrons to form sulfate radicals(SO4

•–) 

as Eq. 6.2 (Shao et al., 2017). Thus, under powerful visible light, TiO2/PMS outperformed 

than TiO2 or PMS in degrading PFOA. Further reasons are discussed in the following 

section 3.3. 

       HSO5
–  + e– → SO4

•– + OH–                                             (6.2) 

In addition, the kinetics of the PFOA degradation fitted well to the pseudo-first-

order model (R2 > 0.90) described as Eq. 6.3: 

                                 ln (C0/Ct) = k t                                            (6.3) 

where k is the rate constant (h-1), C0 and Ct (mg L-1) are the concentrations of PFOA in 

the solution at irradiation time 0 and t (h), respectively. In the case of TiO2/PMS, the rate 

constant was found to be 0.310 h-1, which was almost 11 times higher than that of TiO2 

catalyst, which was only 0.028 h-1. Nevertheless, until now, no previous study has been 

reported to achieve PFOA photocatalysis under visible light. Thus, the degradation of 50 

mg L-1 aqueous PFOA within 8 h at the rate constant of 0.310 h-1 under 300 W visible 

light irradiation could be the reference of degradation efficiency for future investigations 

on the PFOA photocatalysis under the similar conditions to this study.  
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Fig. 6-4. (A) Degradation rate of PFOA in the system of PMS, TiO2 and TiO2/PMS, 

respectively under 300 W visible light irradiation within 8 h ([PFOA] = 50 mg L-1, [PMS] 

= 0.75 g L-1, and [TiO2] = 0.25 g L-1). Enlarged view of degradation curves within 6 h 

and the histogram of each degradation rate constant (k) was also provided. (B) 

Degradation rate of PFOA by different amount of TiO2/PMS (300 W visible light, [PFOA] 

= 50 mg L-1).  
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6.3.3. Effects of catalyst dosage 

To select appropriate catalysts dosage, different amounts of PMS and TiO2 were 

added in PFOA solution, the PFOA removal in a photocatalysis process under visible 

light irradiation within 6 h is presented in Fig. 6-4B. When the dose of TiO2 and PMS 

were 0.025 and 0.25 g L-1 with the ratio between them of 0.4:1, almost no PFOA was 

reduced by the photocatalysis. Because the low amount of TiO2 could not provide 

sufficient active species such as photogenerated holes (h+) and electrons (e–) for PFOA 

degradation during the reaction process. However, increasing the molar ratio of 

TiO2/PMS from 0.4:1 to 1.6:1, together with PMS constant of 0.25 g L-1 (namely [TiO2] 

= 0.1 g L-1, [PMS] = 0.25 g L-1), the degradation was increased to 34%. Further, the 

degradation of PFOA reached 48% when the molar ratio was increased to 3.9:1 (namely 

[TiO2] = 0.25 g L-1, [PMS] = 0.25 g L-1). Thus, at 0.25 g L-1 PMS, increasing the ratio of 

TiO2 could indeed improve the degradation effect. Also, when TiO2 was kept at 0.25 g L-

1, but with the increase concentration of PMS from 0.25 to 0.75 g L-1 (the molar ratio of 

TiO2/PMS decreased from 3.9:1 to 1.3:1), the degradation of PFOA increased obviously 

from 48% to 86%. Because the increasing ratio of PMS was able to produce more sulfate 

radicals (Eq. 6.2), which has oxidative power for the PFOA degradation. Nevertheless, 

when PMS concentration continually increased to 1.0 g L-1 (the ratio of TiO2/PMS 

decreased to 1:1), the removal of PFOA did not increase further as expected. The reason 

could be that the excessive sulfate radicals were quenched to produce sulfate groups. 

Therefore, excessive ratio of PMS would instead inhibit the photodegradation process. 

Similarly, when PMS was kept as 0.75 g L-1, and TiO2 concentration increased from 0.25 

to 0.30 g L-1, the degradation of PFOA slightly decreased from 86% to 73%. This might 

be attributed to that high concentration of TiO2 would make the solution turbid, which 

reduced the photo permeability of visible light, leading to a negative effect on the 
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degradation rate. Similar conclusion was also provided in the previous literatures (Aoudjit 

et al., 2019; Wang et al., 2014). Hence, on the treatment of 50 mg L-1 aqueous PFOA, the 

preferable amounts of catalyst were 0.25 g L-1 TiO2 and 0.75 g L-1 PMS and the suitable 

molar ratio of TiO2/PMS was 1.3:1.  

 

6.3.4. Effects of solution pH 

 

Fig. 6-5. Effect of different initial solution pH conditions (i.e. pH0 3, 5, 7 and 9) on PFOA 

degradation in 300 W Vis/TiO2/PMS system. Insert showing the fitting of degradation 

curves within 6 h and degradation rate constant (k) derived. 

 

Fig. 6-5 shows the impact of initial pH (pH0) on the catalytic performance for 

PFOA degradation in Vis/TiO2/PMS system. In detail, at pH0 3 the degradation of PFOA 

was almost 100% under Vis/TiO2/PMS photodegradation for 8 h, which was the best 

performance compared with the other pH conditions. With the increase of pH0 to 5 and 7, 

within 8 h the degradation of PFOA was 90% and 45%, respectively. However, the 

removal of PFOA further dropped significantly to 24% at pH 9. In addition, the 

degradation rate increased with time and all followed the pseudo-first-order kinetic model 
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under different pH0 conditions. Moreover, the rate constant decreased with increase of 

initial solution pH in the order: kpH3 = 0.310 h-1 > kpH5 = 0.165 h-1 > kpH7 = 0.054 h-1 > kpH9 

= 0.030 h-1. The results indicate that the degradation efficacy of PFOA in Vis/TiO2/PMS 

was higher and faster when the solution pH was low. 

Two reasons might explain such a phenomenon. First one was the reaction 

between the sulfate radical and OH– ion to form hydroxyl radicals (•OH) as shown in Eq. 

6.4 (Liang et al., 2007)  

SO4
•– + OH– → SO4

2–+ •OH       (6.4) 

Nevertheless, hydroxyl radicals have poor reactivity with PFOA, so the replacement of 

SO4
•– by •OH would slow down the PFOA degradation (Hori et al., 2004; Lee et al., 2009).  

The second reason is related to the Coulombic attraction between the catalysts and 

pollutants. The surface zeta potential of TiO2 (Fig. 6-6) continuously decreased with the 

increased of solution pH and the points of zero charge was 5.6. This means that when the 

solution pH was lower than 5.6, the surface of TiO2 was positively charged in the form 

of (TiOH2
+) due to the protonation (Xu et al., 2003), and negatively charged in the form 

of TiO– in the solution when pH was above 5.6. On the other hand, the pKa of PFOA is 

2.8 (Burns et al., 2008). Therefore, when solution pH is more than 2.8, PFOA can become 

deprotonated form (C7F15COO–) based on the reaction Eq. 6.5: 

C7F15COOH ⇌ H+ + C7F15COO–                            (6.5) 

Thus, as shown in Fig. 6-7, when the solution pH was below 5.6 but over 2.8, PFOA 

could strongly interact with the TiO2 by electrostatic interaction, leading to the 

accelerating photodegradation efficacy. However, at pH 6 to 10, the surfaces of the 

catalysts were negatively charged due to the deprotonation (based on zeta potential value) 

resulting in an electrostatic repulsion between PFOA (neutral or negatively charged 

PFOA) and the catalysts (negatively charged). Therefore, acidic conditions (especially 
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initial of pH 3 in this study) were the most beneficial for PFOA photodegradation in our 

system of Vis/TiO2/PMS.  

 

Fig. 6-6. Zeta potentials of TiO2. 

 

 

Fig. 6-7.  Schematic diagram of Coulombic attraction between TiO2 and PFOA 

influenced by the solution pH. 

 

6.3.5. Effects of light sources 

The photocatalysis of aqueous PFOA was also evaluated by TiO2/PMS under UV 

light with the two different wavelengths of 254 and 185 nm, compared with the 

performance in Vis/TiO2/PMS. 50 mg L-1 PFOA solution was treated by 0.5 g L-1 TiO2 

together with 0.15 g L-1 PMS without pH adjustment. As shown in Fig. 6-8, the 

degradation efficiencies were almost similar for both wavelengths of 254 and 185 nm and 
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their degradation was both almost 100% within 1.5 h. Thus, UV light irradiation 

significantly promoted the degradation rate as the reaction time was 8 h for 100% PFOA 

removal under visible light, which was more than 5 times longer than that under UV light. 

The reason might be related to the absorbance ability of different light resources by the 

catalysts. As shown in Fig. 6-2, the absorbance intensity was higher in UV wavelength 

(< 400 nm) than that in visible light wavelength (400-700 nm), and therefore more 

quantity of photons was absorbed in the system for the photodegradation.  Also, the 

photons of UV light have higher energy than visible light, which could irradiate more 

quantity of photoinduced hole and electron pairs, leading to a stronger redox ability for 

PFOA degradation. Such reasons were also discussed in previous research (Giri et al., 

2012). Therefore, TiO2/PMS have the stronger photocatalytic ability under UV light (both 

254 and 185 nm UV light resources) than visible light, but may need more energy cost 

from UV light.   

 

Fig. 6-8. Effect of different light source on PFOA degradation by TiO2/PMS. Visible light 

(300 W, 400-770 nm) was produced by a Xenon lamp, and 254 nm and 185 nm UV light 
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were from two types of low-pressure UV lamps, respectively ([PFOA] = 50 mg L-1, [PMS] 

= 0.75 g L-1, and [Ga2O3] = 0.25 g L-1). 

 

6.3.6. Advantages of photocatalysis by TiO2/PMS 

When compared with other materials in the previous studies (Table 6-1) (Li et al., 

2016; Panchangam et al., 2009), the catalyst of TiO2/PMS firstly investigated in this study 

presents excellent advantages on the treatment for aqueous PFOA. Initially, TiO2/PMS 

utilized as catalyst under visible light irradiation could degrade PFOA from the solution 

and 100% PFOA was removal within 8 h. This finding provides the basic knowledge of 

solar application on the treatment of water containing PFAS, which could be an ideal 

technology with low energy consumption. Secondly, TiO2/PMS have comparatively high 

degradation ability under UV light irradiation compared with other findings as shown in 

Table 6-1. The fluence-based first-order rate constant (kf, cm2 mJ-1) and the half-life (τ1/2, 

h) were introduced to make a comprehensive comparison among different catalytic 

systems (Zhang et al., 2017). Notably, kf of TiO2/PMS under 254 nm UV light was 8.18 

× 10-4 cm2 mJ-1, higher than that of all the other catalysts except In2O3 PNPs under UV 

light. The τ1/2 value was found to increase as: τ1/2 (UV/In2O3 PNPs = 0.07 h) < τ1/2 (UV/β-

Ga2O3 Nanorods = 0.27 h) < τ1/2 (UV/TiO2/PMS = 0.64 h) < the other conditions. Finally, 

yet importantly, TiO2/PMS was easy to be prepared by simply mixing the commercial 

TiO2 and PMS powders in the solution. However, In2O3 PNPs and β-Ga2O3 Nanorod with 

shorter τ1/2 value need more complex synthesizing process than the preparation for 

TiO2/PMS. For example, In2O3 porous nanoplates (PNPs) were synthesized by 

ethylenediamine-assisted hydrothermal process, which needs to be maintained at 180 °C 

for 16 h and 270 °C for 2 h in the air (Li et al., 2014). β-Ga2O3 Nanorods were obtained 

by microwave irradiation hydrothermal synthesis procedure from the precursor of 



130 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

Ga(NO3)3•H2O (Zhao et al., 2015b). Overall, TiO2/PMS should be considered as the 

potential catalyst applied for the photocatalysis of PFOA no matter under visible light for 

energy saving or UV light for the high degradation efficiency.
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Table 6-1 

Comparison of Photocatalytic conditions for PFOA removal by TiO2/PMS in this study and other catalysts in the literature.  

Catalyst 

Catalyst 

dosage 

(g L-1) 

Light source 

Light 

intensity 

(mW cm-2) 

C0 

(PFOA) 

(mg L-1) 

Removal  

(reaction period) 

kt  

(h-1) 

akf 

(cm2 mJ-1) 

bτ1/2  

(h) 
Reference 

TiO2 with PMS 0.25/0.75 300 W, λ=400–770 nm 129.6 50  100% (8 h) 0.310 6.64 × 10-6 2.24 This study 

TiO2 with PMS 0.25/0.75 32 W, λ=254 nm 3.7 50  98% (1.5 h) 1.09 8.18 × 10-4 0.64 This study 

TiO2 with HClO4 0.7 16 W, λ=254 nm 0.45 50  86% (7 h) 0.282 1.74 × 10-4 2.46 (Panchangam et al. 2009) 

TiO2 with Pt 0.5 125 W, λ=365 nm 5.3 60  100% (5 h) 0.726 0.38 × 10-4 0.95 (Li et al., 2016) 

TiO2 with Pd 0.5 125 W, λ=365 nm 5.3 60  98% (7 h) 0.438 0.23 × 10-4 1.58 (Li et al., 2016) 

TiO2 with Ag 0.5 125 W, λ=365 nm 5.3 60  45% (7 h) 0.126 0.07 × 10-4 5.50 (Li et al., 2016) 

β-Ga2O3 Nanorod 0.5  50 W, λ=254 nm 35 10 100% (1.5 h) 2.58 0.20 × 10-4 0.27 (Zhao et al., 2015b) 

In2O3 PNPs 0.5 15 W, λ=254 nm 3.2 30  100% (0.5 h) 9.48 8.23 × 10-4 0.07 (Li et al., 2014) 

aThe fluence-based first-order rate constant kf (cm2 mJ-1) is calculated as follows: 𝑘𝑓 =  
𝑘𝑡

𝐼
 , where I is the light intensity. 

bThe half-life (τ1/2) of the reactants is described as: 𝜏1/2 =
𝑙𝑛2

𝑘𝑡
 . 
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6.3.7. Proposed degradation mechanism 

6.3.7.1. Intermediates analysis 

Intermediates such as PFHpA, PFHxA, PFPeA, PFBA, PFPA and TFA during 

PFOA photocatalytic process in the TiO2/PMS system were identified and quantified by 

UHPLC-MS/MS as shown in Fig. 3-1. The m z-1 ratio of individual compound and the 

other MS/MS parameters were listed in Table 3-6. Thereupon, the time dependence of 

PFOA and these intermediates were described in Fig. 6-9A. Clearly, PFHpA was first 

produced, and its concentration was increased to the maximum of 0.5 mg L-1 within 6 h 

and then decreased. PFHxA was initially to be detected after 2 h and continuously 

increased to 1.0 mg L-1 within 8 h. PFPeA increased during the time from 4 to 8 h reaction 

course. However, the concentrations of shorter chains such as PFBA PFPA and TFA were 

below the limit of quantification. This observation indicates that the photocatalytic 

process of PFOA proceeds in a step-by-step mode from PFOA to shorter chain 

intermediates (i.e. PFHpA, PFHxA, and PFPeA) as reported in the literature (Li et al., 

2016; Wu et al., 2018).       
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Fig. 6-9. (A) Time dependence of PFOA and its shorter-chain PFAS intermediates. (B) 

Effects of different scavengers (i.e. Pure TiO2, EDTA-Na2, BQ, t-BuOH, and no 

scavengers) on the PFOA degradation in Vis/TiO2/PMS system within 8 h (300 W visible 

light, [PFOA] = 50 mg L-1, [PMS] = 0.15 g L-1, [TiO2] = 0.05 g L-1). Insert showing the 

fitting of degradation curves within 6 h and degradation rate constant (k) derived.  

 

6.3.7.2. Actives species analysis 

During the photocatalytic process in Vis/TiO2/PMS system, four types of active 

species, including photoinduced holes (h+) and electrons (e–), hydroxyl radical (•OH), 
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sulfate radicals (SO4
•–) and superoxide radical (O2

• – ) are supposed to be generated as 

shown in Eq.6.2, 6.4 and 6.7, which own the oxidative and reduction ability contributing 

the PFOA degradation.  

TiO2 (h+) + H2O → TiO2 + •OH + H+          (6.6) 

  TiO2 (e–) + O2 → O2
• –                                          (6.7) 

To prove the degradation ability of these four species, tertbutanol (t-BuOH), disodium 

ethylenediaminetetraacetate (EDTA-Na2) and benzoquinone (BQ) were added into the 

system, which was used as scavengers of •OH, holes and O2
• –, respectively. Degradation 

by TiO2 only was used to simulate the condition of adding the scavenger of SO4
•– radicals. 

As shown in Fig. 6-9B, it is easily observed that degradation by only TiO2 has the poorest 

photodegradation performance that only 20% PFOA was removal within 8 h, which 

proves that  SO4
•– radicals play the essential roles in Vis/TiO2/PMS system for PFOA 

degradation. Secondly, the addition of EDTA-Na2 in the reaction solution caused only 40% 

PFOA removal, which indicates that the photoinduced holes, rather than electrons, could 

largely react with the absorbed PFOA molecules directly and played the main role in 

degrading PFOA in the photocatalytic system. While the scavengers of BQ and t-BuOH 

have less negative effect for the degradation efficacy compared with the others. When 

BQ was added, 63% PFOA was degraded, which suggests that PFOA photodegradation 

was less influenced by O2
•– radicals generated. Furthermore, when t-BuOH was added in 

the system, 77% PFOA removal was observed on the degradation rate. This suggests that 

that hydroxyl radical (•OH) owns the worst degradation ability for PFOA than the other 

species, and it is consistent with the theory that •OH has poor reactivity with PFOA as 

mentioned in the section 3.2.3. On the other hand, based on degradation curves of 

different scavengers within 6 h photocatalysis, the rate constant ranked from highest to 



135 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

lowest was as follows: k (No addition) = 0.310 h-1 >  k (t-BuOH) = 0.154 h-1 >  k (BQ) = 0.112 h-

1 >  k (EDTA-Na2) = 0.058 h-1 >  k (Only TiO2) = 0.028 h-1. Thus, it means that the active species 

produced during the photocatalytic process from most important to least for PFOA 

degrading was followed by: SO4
•– radicals > photoinduced holes (h+) > O2

•– radicals > 

•OH. Besides, in the Vis/TiO2/PMS system, photoinduced holes (h+) rather than electrons 

(e–) played the main role in PFOA degradation.  

 

6.3.7.3 Possible degradation pathway 

Based on the intermediates and active species analysis during the photocatalytic 

process, the primary degradation mechanism occurring in Vis/TiO2/PMS would be 

proposed as the following equations (6.8–6.16): 

Part of PFOA in the solution could exist as an anionic compound (C7F15COO‒) 

and was absorbed on the surface of TiO2 (Chen, et al., 2015a).   

C7F15COOH + H2O → C7F15COO‒ + H3O+         (6.8) 

Then, C7F15COO‒ reacts with sulfate radicals (SO4
•–) or photoinduced holes (h+) to form 

perfluoroperoxy radicals (C7F15COO•) (Wu et al., 2016). 

                    C7F15COO‒ + SO4
•– → C7F15COO• + SO4

2−                                   (6.9) 

C7F15COO‒ + h+ → C7F15COO•                                           (6.10) 

While the C7F15COO• is quite unstable and then spontaneously undergo Kolbe 

decarboxylation to form C7F15• radicals (Chen et al., 2015a). 

C7F15COO• → C7F15• + CO2↑                                                      (6.11) 

Then formed C7F15• reacts with water to form C6F13COF after H+ and F– elimination 

(Nohara et al., 2001). 

                      C7F15• + H2O → C7F15OH + H                                                                            (6.12) 

                      C7F15OH → C6F13COF + HF                                                                                  (6.13) 
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By hydrolysis, C6F13COF is converted into PFHpA (C6F13COOH) with F– reduced (Hori 

et al., 2008b). 

                      C6F13COF + H2O → C6F13COOH (PFHpA) + HF                                (6.14) 

Furthermore, PFHpA was decomposed into PFHxA, and PFPeA proved in this study, and 

would continually change to PFBA, PFPA and TPA in the same way and finally 

mineralized to CO2 and fluoride ions in the stepwise manner as reported by previous 

literature (Liu et al., 2019). Consequently, the excellent synergistic effect between TiO2 

and PMS for PFOA removal was attributed to that both sulfate radicals (produced by 

PMS) and photoinduced holes (produced by TiO2) had the strong photocatalytic ability 

for PFOA degradation (as shown in Eq. 6.9 and 6.10). Besides, photoinduced electrons 

(e–) could both reacted with PMS (HSO5
–) and peroxydisulfate (S2O8

2–) to form sulfate 

radicals (as shown in Eq. 6.2 and 6.15), which not only increased the quantity of sulfate 

radicals in the solution but also inhibited the recombination of photoinduced holes and 

electrons (Eq. 6.16) as the electrons were consumed in the reaction of Eq. 6.2 and 6.15. 

Thus, the amount of photoinduced holes and sulfate radicals was primarily increased 

during the photocatalytic reaction in Vis/TiO2/PMS, leading to a higher degradation 

efficiency than that in sole PMS or TiO2 system.  

                          S2O8
2– + 2e‒ → 4SO4

•–           (6.15) 

                                    h+ + e–  →  recombination                              (6.16) 

Besides, as shown in Fig. 6-2, TiO2/PMS have higher visible light absorbance than TiO2 

and PMS, which also contributes to the fact that Vis/TiO2/PMS outperformed Vis/TiO2 

and Vis/PMS in PFOA photocatalysis degradation. The main photocatalytic mechanism 

were presented in Fig. 6-10. 
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Fig. 6-10. The main photocatalysis by TiO2/PMS for PFOA degradation (Xu et al. 

2020).  

 

6.4. Conclusions  

In summary, 300 W Vis/TiO2/PMS could degrade 100% of PFOA (50 mg L-1) 

within 8 h, which was better than sole PMS or TiO2 under same conditions. Taken the 

influence factors into consideration, 0.25 g L-1 TiO2 and 0.75 g L-1 PMS added in the 

reaction solution with the initial pH 3 showed better performance than on the other 

conditions studied in this study. Furthermore, under UV light irradiation at 254 and 185 

nm wavelengths, TiO2/PMS both achieved excellent degradation efficacy of PFOA 

(almost 100%) within 1.5 h. According to the analysis of intermediates, PFOA was 

gradually from the long chain into shorter chain species during the photocatalytic process. 

Scavenger experiments proved that SO4
•– radicals and photogenerated holes were the most 

important active species contributing to the PFOA photodegradation. Overall, TiO2/PMS 

under powerful visible light could potentially be applied to the PFAS photocatalysis in 

water and wastewater. 
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Chapter 7. Comparison of Ga2O3 

and TiO2 with PMS and potential 

application  
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7.1. Introduction 

Over the years, heterogeneous photocatalysis to be applied for PFAS treatment 

have drawn significant attention by scientists (Xu et al., 2018). For example, graphene 

oxide/TiO2 nanotubes array were synthesized as catalysts irradiated by UV light and 

achieved 83% PFOA degraded within 4 h (Park et al., 2018). ZnO-reduced graphene 

oxide was used for PFOA degradation combined with persulfate oxidation under UV light 

irradiation and observed that almost 100% PFOA was removed within 4 h (Wu et al., 

2018). However, such methods have some potential drawbacks in relation to real world 

applications. Firstly, these catalysts are commonly synthesized under certain conditions 

(i.e. high temperature and specific precursors), which unavoidably increase the energy 

cost and operation difficulty. Secondly, UV light was often the indispensable light source 

in the photocatalytic system to activatee the catalysts degrading pollutants (Hao et al., 

2019). At ground level, 44% of the sunlight energy is in the visible range, with only 3% 

in the ultraviolet range. Thus, it is difficult to utilize UV light from sunlight as 

photodegradation energy source, and the extra UV energy has to be provided for PFAS 

degradation, with UV-based treatment technologies. As previous studies, Ga2O3 or TiO2 

with PMS both have well performance for PFOA degradation under UV light. Moreover, 

TiO2 with PMS also has the photocatalytic ability for PFOA removal under 300 W visible 

light. Thus, these founding provides the possibility of aqueous PFOA degradation on 

water and wastewater treatment.  

 

7.2. Methodology 

Two real wastewater samples were collected from a wastewater treatment plant in 

Sydney, Australia. The diluting water was ultra-pure water or real water samples (influent 

and effluent) taken from a municipal sewage treatment plant in Sydney, Australia. The 
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influent went through physical settlement and biodegradation and discharged as effluent. 

Some foundation factors of these water samples were measured as follows: N-NH4
+ and 

P-PO4
3− concentrations were measured using Merck cell test and spectrophotometer 

(Spectroquant NOVA 60; Merck, Germany). TOC was measured by Multi N/C 3100 

Analytikjena total organic carbon (TOC) analyser. TDS was using an EC/TDS Hanna 

spectrophotometer. The PFOA concentration in the wastewater samples was under 

detection limit and then 50 mg L-1  

PFOA was injected into these samples for the photocatalysis. Ga2O3/PMS and TiO2/PMS 

were added into the solution, respectively and went through the light resources of 185 and 

254 nm UV light and 300 W visible light irradiation.  

 

7.3. Results and discussion  

7.3.1. Real wastewater treatment by Ga2O3/PMS under Visible or UV light 

Table 7-1 

Characteristics of the wastewater taken from a municipal wastewater plant in Sydney, Australia.  

Effluent Influent 

Parameter Value Parameter value 

PFOA <LOQa PFOA <LOQ 

TOC 10.64 mg L-1 TOC 14.41 mg L-1 

TDS 693 mg L-1 TDS 659 mg L-1 

N-NH4
+ 0.7 mg L-1 N-NH4+ 1.0 mg L-1 

P-PO4
3- 6.8 mg L-1 P-PO4

3- 6.7 mg L-1 

pH 6.15 pH 6.17 
a Limit of quantitative 

 

 Wastewater samples were taken from the influent and effluent of a municipal 

sewage treatment plant in Sydney, Australia, to prepare 50 mg L-1 of PFOA solution. The 
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characteristics of the influent and effluent samples are listed in Table 7-1. When the 

PFOA and catalysts was added, the pH was changed to 3.0±0.2 without pH adjustment. 

Hereupon, photodegradation of PFOA under the optimum conditions (1.23 g L-1 PMS, 

0.25 g L-1 Ga2O3, pH 3) were conducted with both UV light (185 nm and 254 nm). As 

shown in Fig. 7-1A, under 254 nm UV irradiation, 100% PFOA in wastewater was 

degraded by Ga2O3/PMS within 120 min with the rate constant of 0.012 min-1, which was 

similar to that obtained in pure water. Under 185 nm UV irradiation, 60-75% PFOA in 

wastewater was removal at 30 min, and totally degraded within 60 min, which was also 

equal to the efficacy during treatment in pure water. Such findings indicated that 

photocatalysis by Ga2O3/PMS under UV light irradiation (254 and 185 nm) was highly 

stable and not easily disturbed by other organic compounds in the real wastewater. 

Besides, total organic carbon (TOC) was also analyzed before and after the treatment. As 

shown in Fig. 7-1B, in the effluent sample, 75% TOC was removed under 254 UV light 

whereas 32% TOC was removed under 185 nm UV light. Similarly, in the influent sample, 

85% TOC removal was observed under 254 nm UV, which was higher than 54% TOC 

removal under 185 nm UV. Thus, TOC could be significantly removed after the treatment 

under 254 nm UV light, which was better than that under 185 nm UV light. The reason 

might be related to fact that 185 nm UV does not transmit as well through water as does 

254 nm UV (Imoberdorf and Mohseni, 2011). 254 nm UV light is fairly well transmitted 

as water molecules do not absorb the energy corresponding to this wavelength, while 185 

nm intensity drops because it is absorbed by water molecules. Thus, 185 nm UV light is 

more powerful than 254 nm but poor transmitted in water, leading to the different 

degradation removal of TOC and PFOA in water and wastewater.  
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Fig. 7-1. (A) Degradation of PFOA in wastewater samples including influent and effluent 

from a wastewater treatment plant under UV 254 nm and 185 nm. (B) The rate of TOC 

removal by Ga2O3/PMS under 254 nm and 185 nm UV light. ([PFOA] = 50 mg L-1, [PMS] 

= 0.45 g L-1, [Ga2O3] = 0.25 g L-1). 

 

7.3.2. Real wastewater treatment by TiO2/PMS under Visible or UV light 

As the coexisting compounds may reduce the degradation efficacy (Beltran et al., 

2008), the influent and effluent samples taken from a municipal sewage treatment plant 

in Sydney, Australia was investigated to validate the feasibility of TiO2/PMS 

photocatalysis to degrade PFOA in the real wastewater. The characteristics of these water 

samples were listed in Table 7-1. The original pH of wastewater samples were 6.15 to 

6.17. When PFOA and the catalysts of TiO2/PMS were added in, the pH of the suspension 

was changed to 3.0 ± 0.2 without pH adjustment. Herein, 50 mg L-1 PFOA in the samples 

(influent and effluent samples) were prepared with 0.25 g L-1 TiO2 and 0.75 g L-1 PMS 

for the catalysis under 300 W Visible light, 254 and 185 nm UV light irradiation, 

respectively. As a result, Fig. 7-2A presents that in the powerful visible light system, 65-

82% PFOA was degraded within 8 h by TiO2/PMS in influent and effluent samples and 

their rate constant was 0.136 and 0.070 h-1, respectively, which were both lower than that 
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in pure water (k = 0.310 h-1). This was probably due to the adverse impacts of coexisting 

organic matters in these sewage water samples, leading to the reduced performance for 

PFOA removal (Shao et al., 2013). However, in the UV light system, the degradation 

performance in the wastewater was as good as in pure water, reflecting the stable 

photocatalytic ability of TiO2/PMS under UV light irradiation (both in 254 and 185 nm), 

which was not easily disturbed by other organic compounds in the real wastewater 

samples.  

Total organic carbon (TOC) was another important index reflecting the 

degradation effect, so the changes of TOC with time were also measured in this study. As 

it can be deduced from Fig. 7-2B, in the influent sample, 65% TOC was removed in 254 

nm UV/TiO2/PMS system, whereas 34% TOC diminished in 185 nm UV/TiO2/PMS 

system and in 300 W Vis/TiO2/PMS the removal of TOC was 26%. Similarly, in the 

effluent sample, the rate of TOC removal decreased in the order as 254 nm UV/TiO2/PMS 

(69%) > 185 nm UV/TiO2/PMS (53%) > 300 W Vis /TiO2/PMS (44%). Because 254 nm 

UV light is fairly well transmitted as water molecules do not absorb the energy 

corresponding to this wavelength, while 185 nm intensity drops as it is absorbed by water 

molecules (Imoberdorf and Mohseni, 2011). Thus, although 185 nm UV light is more 

powerful than 254 nm, it is does not transmit as well through water as 254 nm, leading to 

the various degradation performance between TOC and PFOA removal in the real 

wastewater. 
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Fig. 7-2. (A) Degradation of wastewater samples including influent and effluent from a 

wastewater treatment plant and (B) the rate of TOC removal by TiO2/PMS under 300 W 

visible light, 254 nm and 185 nm UV light. 
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7.3.3. Comparison of Ga2O3/PMS and TiO2/PMS for PFOA removal 

 

Fig. 7-3. (A) Comparison between Ga2O3/PMS and TiO2/PMS for PFOA removal in 

pure water under 185 nm, 254 nm UV light and (B) 300 W visible light. 

 

Previous study proved that Ga2O3 with PMS was good at PFOA degrading under 

254 and 185 nm UV irradiation. Meanwhile, TiO2 with PMS was able to degrade PFOA 

under both UV light and 300 W visible light. In detail, Ga2O3/PMS performed best under 

the conditions of 0.25 g L-1 Ga2O3, 1.23 g L-1 PMS, and initial pH of 3 ± 0.2. In addition, 

TiO2/PMS outperformed under the conditions of 0.25 g L-1 TiO2, 0.75 g L-1 PMS and 

initial pH of 3 ± 0.2. As shown in Fig. 7-3A, Ga2O3/PMS under 185 nm UV could most 

efficiently degrade 100% PFOA within 60 min, followed by TiO2/PMS under 185 nm 

UV or 254 nm UV, which both degraded completely PFOA within 90 min. While 

Ga2O3/PMS under 254 nm UV was able to remove 100% PFOA within 120 min, which 

was longer than that of previous conditions. However, under 300 W visible light 

irradiation, TiO2/PMS could degrade 100% PFOA within 8 h, while Ga2O3/PMS had 

almost no ability for PFOA removal (Fig. 7-3B). This might be related to the difference 

of light absorption between Ga2O3 and TiO2. The band gap of Ga2O3 was 4.68 eV, which 

was higher than that of TiO2 with 3.14 eV, indicating that 300 W visible light was difficult 

to active the electron from valence band to conduction band in the surface of Ga2O3. 
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Therefore, TiO2/PMS could potentially be utilized with solar for the PFOA 

photodegradation.  

Based on the performance of PFOA in real wastewater treatment as shown in Fig. 

7-1 and 7-2, Ga2O3/PMS and TiO2/PMS could both degrade 100% PFOA within 60 min 

under 185 nm UV light and 254 nm UV light, respectively, suggesting that under UV 

light, their photocatalytic ability for PFOA removal in the wastewater was similar. While 

TiO2/PMS could also deal with PFOA in wastewater under 300 W visible light. 

Additionally, Ga2O3/PMS and TiO2/PMS both have the similar ability for TOC removal 

in wastewater treatment and the results indicate that the under 254 nm UV light, the 

removal rate of TOC was higher than that under 185 nm UV light and visible light.  

 

7.4. Conclusions   

Overall, Ga2O3/PMS was able to degrade almost PFOA in wastewater within 60 

min under 185 nm UV light and 90 min under 254 nm UV light, respectively. Meanwhile, 

TiO2/PMS owned the similar photocatalytic ability for PFOA removal in wastewater. In 

addition, Ga2O3/PMS and TiO2/PMS could remove 75% and 65% TOC in wastewater 

under 254 nm UV light irradiation, respectively. While under 185 nm and 300 W visible, 

the removal rate was reduced by both Ga2O3/PMS and TiO2/PMS. For PFOA removal in 

both pure and wastewater, the degradation efficiency was similar by Ga2O3/PMS and 

TiO2/PMS under UV light. The different presented on the performance under 300 W 

visible light that TiO2/PMS was able to degrade PFOA in both pure water and wastewater 

while Ga2O3/PMS could not.  
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Chapter 8. Conclusions and 

recommendations 
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8.1. Summary 

The research mainly aimed to develop the advanced treatment for aqueous PFOA 

degradation under UV or visible light irradiation. The effectiveness of common catalysts 

such as Ga2O3, TiO2, CeO2, In2O3 and CdS were investigated under the same conditions 

and Ga2O3 and TiO2 were proved to be better catalysts for PFOA removal. The use of 

PMS mixed with TiO2 and Ga2O3 was also examined. PFOA removal from aqueous 

solution was studied by UV photocatalysis using Ga2O3 and further enhanced in the 

presence of PMS. Moreover, under 300 W visible light and UV light irradiation, TiO2 

with PMS assisted achieved well performance for PFOA removal in water and wastewater, 

satisfying the objective that visible light could be utilized on the treatment of aqueous 

PFOA. In summary, the specific findings from this study are as follows: 

 The commercial catalysts of Ga2O3, TiO2, CeO2 and In2O3 were able to degrade 

PFOA at various contents within 10 h while. Among them, Ga2O3 had best 

performance with 100% PFOA removal. Nevertheless, CdS showed no ability for 

PFOA removal under same condition.   

 The quantum yield during the UV irradiation was 0.0032, 0.0075, 0.0041 and 

0.0005 mol Einstein-1, respectively by the catalysts of Ga2O3, TiO2, CeO2 and 

In2O3. In addition, their band gap energy followed the order of Ga2O3 = 7.3 × 10-

19 J > TiO2 = 5.0 × 10-19 J > CeO2 = 4.7 × 10-19 J > In2O3 = 4.5 × 10-19 J > CdS = 

3.9 × 10-19 J.  

 During the photocatalysis, photogenerated electrons played the main role in the 

system of Ga2O3/UV, while photogenerated holes were more important in the 

system of TiO2, CeO2 and In2O3 under UV light.  

 PFOA was degraded into shorter carbon chain stepwise (PFHpA, PFHxA, PFPeA, 

PFBA, PFPA and TFA) and finally turned to CO2 and H2O. 
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 1.23 g L-1 of PMS and 0.25 g L-1 of Ga2O3 was able to degrade 100% PFOA in 

aqueous solution within 90 min under 254 nm UV and 60 min under 185 nm UV, 

respectively.  

 Acidic condition at pH 3 was favourable for PFOA degradation in 

PMS/Ga2O3/UV system. Such degradation was not affected by the initial 

concentration of PFOA ranged from 50 ng L-1 to 50 mg L-1.  

 The quantum yield during photocatalysis by PMS/Ga2O3 under UV light (254 nm) 

was 0.009 mol Einstein-1. Through the analysis of intermediates, PFOA was 

gradually degraded from long chian species into short chain intermediates. 

Scavenger experiments proved that  SO4
•– radicals, O2

•–  radicals and 

photogenerated electrons were the most important active species contributing to 

the PFOA photodegradation.  

 TiO2 with PMS addition could degrade 100% of PFOA (50 mg L-1) within 8 h 

under 300 W visible light, which was better than sole PMS or TiO2 under the same 

conditions.  

 0.25 g L-1 TiO2 and 0.75 g L-1 PMS added in the reaction solution with the initial 

pH 3 showed better performance than on the other conditions studied in this study.  

 TiO2/PMS both achieved excellent degradation efficacy of PFOA (almost 100%) 

within 1.5 h under UV light irradiation at 254 and 185 nm wavelengths, 

 PFOA was gradually from the long chain into shorter chain species during the 

photocatalytic process in the system of 300 Vis/TiO2/PMS.  

 Scavenger experiments proved that SO4
•– radicals and photogenerated holes were 

the most important active species contributing to the PFOA photodegradation 

during the photocatalysis by TiO2/PMS under 300 W visible light.  



150 | P a g e                               

 

University of Technology Sydney (UTS), 15 Broadway, Ultimo NSW 2007, Australia 

 For PFOA in real wastewater treatment, Ga2O3/PMS was able to degrade almost 

PFOA in wastewater within 60 min under 185 nm Visible and 90 min under 254 

nm UV light, respectively. TiO2/PMS also had the similar photocatalytic ability 

for PFOA removal in wastewater.  

 Ga2O3/PMS and TiO2/PMS both could remove 75% and 65% TOC in wastewater 

under 254 nm UV light irradiation, respectively. Comparatively, under 185 nm 

and 300 W visible, the removal rate was lower by Ga2O3/PMS and TiO2/PMS.  

 For PFOA removal in both pure and wastewater, the degradation efficiency was 

similar by Ga2O3/PMS and TiO2/PMS under UV light. The different presented on 

the performance under 300 W visible light that TiO2/PMS was able to degrade 

PFOA in both pure water and wastewater while Ga2O3/PMS could not.  

 

8.2. Recommendation 

Although this research has found that TiO2 or Ga2O3 with PMS performed well 

for PFOA removal, the immobilization and reusability of these technology were also 

important and necessary to be further studied. Photocatalytic reactor is designed for the 

photodegradation of the pollutants from water and wastewater. Many reactors have been 

designed for TiO2 immobilization as shown in Fig. 8-1A. The photocatalytic experiments 

conducted in the laboratory use a suspension photocatalytic reactor, which possesses the 

advantages of simple structure, convenient operation, efficient compound transmission, 

and high rate of reaction. Nevertheless, it also has several disadvantages: firstly, the 

particle size has strong influence on the suspended state of the catalyst, namely, too small 

size would lead to a difficult separation while too large size would result in particle 

deposition. In addition, the particle size also affects the light transmission as large size or 

high concentration would lead to a turbid solution so that the light transmission will be 
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disturbed and light absorption reduced. More importantly, the catalysts suspended in the 

solution are hard to be separated and re-used. Thus, the loaded photocatalytic reactor is 

preferable to be used for the catalyst application. As shown in Fig. 8-1B, g-C3N4 on 

structured Al2O3 ceramic foam synthesized could be fixed at one side of the reaction pool 

and the contaminated water flows from intake to outlet passing though the loaded g-C3N4 

materials (Dong et al., 2014). However, such a reactor structure would easily produce two 

problems: one is the limited reaction area, which is just the cross-sectional area of g-C3N4 

on the Al2O3 foam; the other one is comparatively short residence time of contacting the 

catalysts, which will lead to the incomplete photodegradation. Accordingly, tubes, fibres, 

and floated glass balls have been designed for the substitution of the single tiled catalysts. 

Notably, among them, fibres have the advantages of large reaction area, low catalyst loss 

during the transmission, and high efficacy of optical transmission. For instance, the doped 

TiO2 coated quartz fibre membranes was used in a photocatalytic reactor as shown in Fig. 

8-1C, which turned out to have durable degradation ability with high efficacy (Hatat-

Fraile et al., 2017). It is reasonable to predict that this reactor could be applied for 

TiO2/PMS or Ga2O3/PMS, which could also achieve similarly stable and high degradation 

performance for the contaminant removal. However, the fibre reactor also has its 

drawbacks such as being easily broken, expensive, and difficult to load the catalysts on 

the fibre. Therefore, different types of photocatalytic reactors should be fully evaluated 

when treating real wastewater. 
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Fig. 8-1. Different types of photocatalytic reactors for practical applications: (A) 

suspension photocatalytic reactor; (B) photocatalytic pool with g-C3N4 on structured 

Al2O3 ceramic foam; (C) catalyst coated optical fibre reactor. The figures are referred 

from the ref. (Dong et al., 2014; Hatat-Fraile et al., 2017; Xu et al., 2017b). 

 

Furthermore, future research challenges and opportunities with the critical 

thinking and knowledge base acquired from this project were listed as follows: 

 The redox potentials of the reactions during the photocatalytic process and 

their alignment with the bands in the catalysts should be clarified; 
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 Commercial TiO2/Ga2O3 could be doped with other materials to have better 

visible light absorption and stronger photocatalytic capability;  

 The phototcatalysis treatment should be tried to conducted under solar 

irradiation to further reduce the cost of this technology;  

 Other materials could be tried to degrade aqueous PFAS and their 

photocatalytic capability evaluated; 

 The photocatalysis of PFOA intermediates should be conducted to explore 

the influence by the chain length of the target pollutants; 

 Different kinds of PFAS such as PFOS or PFHxS should be photodegraded 

to discuss the influence by the functional group of the target pollutants; 

 More investigation should be done in the highly contaminated area where this 

technology should be tested for the PFAS control;  

 The immobilization and recycle of catalysts should be discussed, especially 

the PMS use in water which was not easily reused;  

 The TiO2/Ga2O3 doped on fibers could be applied on the water supply process; 

 For easy separation of the catalyst from the aqueous solution, fiber based 

composite structure can be produced by using different combinations of 

mentioned photo catalyst in the fiber structure;  

 New alternative photocatalyst need to develop based on low cost and high 

performance; 

 Electrochemical degradation is another green and clean technology for 

pollutants controlling and it could be applied for PFOA degradation.   
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