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Abstract 24 

Perfluorooctanoic acid (PFOA) has attracted considerable attention worldwide due to 25 

its widespread occurrence and environmental impacts. This research focused on the 26 

photocatalytic process for the treatment of PFOA in water. Gallium oxide (Ga2O3) and 27 

peroxymonosulfate (PMS) were mixed directly in the PFOA solution and irradiated under 28 

different wavelengths of light resources. It showed excellent performance that 100% PFOA 29 

was degraded within 90 min and 60 min under 254 nm and 185 nm UV irradiation, respectively. 30 

Moreover, the degradation efficacy was unaffected by initial PFOA concentration from 50 ng 31 

L-1 to 50 mg L-1. Acidic solution (pH 3) improved the degradation process. The quantum yield 32 

in the PMS/Ga2O3 system under UV light (254 nm) was estimated to be 0.009 mol Einstein-1. 33 

Scavengers such as tert-butanol (t-BuOH), disodium ethylenediaminetetraacetate (EDTA-Na2) 34 

and benzoquinone (BQ) were added into PFOA solution to prove that sulfate radicals (SO4
•–), 35 

superoxide radical (O2
•–) and photogenerated electrons (e–) were the main active species with 36 

strong redox ability for PFOA degradation in PMS/Ga2O3/UV system. Combined with the 37 

intermediates analysis, PFOA was degraded stepwise from long chain compound to shorter 38 

chain intermediates. In addition, PFOA in real wastewater exhibited similar degradation 39 

efficiency and 75-85% TOC was removal by Ga2O3/PMS under 254 nm UV irradiation. 40 

Therefore, Ga2O3/PMS system was highly effective for PFOA photodegradation under UV 41 

irradiation, which has potential to be applied for the perfluoroalkyl substances (PFAS) 42 

treatment in water and wastewater. 43 

 44 

Keywords: Perfluorooctanoic acid; Photocatalytic pathway; PMS/Ga2O3/UV system; 45 

Quantum yield; Sulfate radicals   46 
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1. Introduction   47 

Perfluoroalkyl substances (PFAS), anthropogenic compounds characterised by their 48 

fully fluorinated hydrophobic carbon and a hydrophilic end group, have been applied in many 49 

industrial, commercial and domestic products and as the key ingredient in aqueous film-50 

forming foams since the 1950s (Braunig et al., 2019). Due to the highly stable carbon-fluorine 51 

bond with a bond energy of 544 kJ mol-1 (Saleh et al., 2019), PFAS are ubiquitous in the 52 

environment and globally detected in many environmental matrices and even in human tissues 53 

(Jian et al., 2018; Mazzoni et al., 2019). For example, the Williamtown site from Sydney, 54 

Australia was found to contain up to mg L-1 level of perfluorooctanoic acid (PFOA) and 55 

perfluorooctane sulfonate (PFOS), two kinds of well-known PFAS, over the past decades 56 

(www.health.nsw.gov.au/environment). Both substances worked their way through the surface 57 

water or soil to the groundwater underneath the site, leading to the land contamination close to 58 

the site (Anderson et al., 2018; Janda et al., 2019).  Until now, these chemicals have been 59 

reported to be linked to many human diseases such as kidney cancer (Mulabagal et al., 2018), 60 

thyroid disease (Blake et al., 2018), testicular cancer (Mastrantonio et al., 2017) and pregnancy-61 

induced hypertension (Apelberg et al., 2007; Holtcamp, 2012). Therefore, as a precautionary 62 

approach, new technology with strong degradation ability for PFAS removal is urgently needed 63 

to mitigate PFAS contamination.  64 

As the most representative class of PFAS, PFOA has been drawing increasing 65 

worldwide attention for treatment. Recent studies targeting on PFOA removal used different 66 

treatment such as ultrasonic treatment (Lin et al., 2016), sonochemical degradation with 67 

periodate (Lee et al., 2016), and microwave enhanced oxidation and reduction (Li et al., 2017), 68 

but they all involve complex operation and high energy cost. Significantly, heterogeneous 69 

photocatalysis is attractive due to the low energy consumption and high photocatalytic ability 70 

for PFOA degradation (Chen et al., 2015; Xu et al., 2018). A variety of materials used as the 71 
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catalysts also provide the possibility for the enhancement of this technology. Notably, Ga2O3, 72 

an environmentally friendly material, was found to be superior to TiO2 when treating PFOA in 73 

solution (da Silva et al., 2017), and has several advantages such as chemical and biological 74 

stability, easy availability and nontoxicity. These characteristics enable it to be a frequently 75 

used catalyst in both research and industry applications (Lukic et al., 2017). 76 

Furthermore, peroxymonosulfate (PMS, commercial name of Oxone®, 77 

2KHSO5·KHSO4·K2SO4) is an environmentally friendly oxidant (Khan et al., 2017). It can be 78 

activated by UV light to produce sulfate radicals (SO4
•–) which have strong oxidizing ability 79 

(Gao et al., 2016). A recent study (Wu et al., 2018) used persulfate-assisted photocatalytic 80 

ozonation, and their results revealed 99.2% removal of PFOA. Nevertheless, such significant 81 

research is limited, and still there is a research gap in the kinetics and mechanistic study of 82 

PFOA degradation in complex systems. This study aimed to investigate the photocatalytic 83 

ability of Ga2O3 assisted with PMS under UV light irradiation firstly used as the catalysts for 84 

PFOA photodegradation in water and wastewater. Experimental conditions such as catalyst 85 

amount and solution pH were evaluated by comparative experiments to explore the optimum 86 

conditions. Besides, the intermediates generated during the process and active species in charge 87 

of PFOA degrading were analysed to derive the possible photocatalytic mechanism in 88 

PMS/Ga2O3/UV system.  89 

 90 

2. Materials and methods   91 

2.1. Chemicals and materials 92 

PFOA (C7F15COOH, 95%), perfluoroheptanoic acid (PFHpA, C6F13COOH, 99%), 93 

perfluorohexanoic acid (PFHxA, C5F11COOH, ≥ 97%), perfluoropentanoic acid (PFPeA, 94 

C4F9COOH, 97%), perfluorobutanoic acid (PFBA, C3F7COOH, 98%), pentafluoropropionic 95 

acid (PFPA, C2F5COOH, 97%) and trifluoroacetic acid (TFA, CF3COOH, ≥ 99%) were 96 
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obtained from Sigma-Aldrich, Australia. Catalyst materials of gallium oxide (Ga2O3) and 97 

Oxone® were directly used without further treatment. The scavengers tert-butanol (t-BuOH), 98 

disodium ethylenediaminetetraacetate (EDTA-Na2) and benzoquinone (BQ) were also 99 

obtained from Sigma-Aldrich. All solutions were prepared using ultra-pure water, obtained 100 

from distil chamber and a Milli-Q system. 101 

2.2. UV irradiation experiments 102 

A cylindrical reactor vessel was filled with PFOA aqueous solution of 200 mL and 103 

different initial PFOA concentrations (50 ng L-1, 50 µg L-1, 50 mg L−1) at room temperature. 104 

The concentration of 50 mg L-1 was comparatively high, compared with the concentrations of 105 

PFOA occurring in the most contaminated water; it was also used as the initial concentration 106 

in a previous study (Chen et al., 2015). The solid catalyst of Ga2O3 was dispersed in PFOA 107 

solution, to which PMS was then added to initiate the reaction with continuous stirring for 30 108 

min under darkness. The effect of solution pH on PFOA photodegradation was assessed by 109 

repeating experiments at pH 3, 5, 7 and 10. Light irradiation was provided by three separate 110 

lamps: a 32-W low-pressure UV lamp at 254 nm wavelength (Cnlight Co. Ltd., Shanghai, 111 

China), a 32-W low-pressure UV lamp at 185 nm wavelength (Cnlight Co. Ltd., Shanghai, 112 

China), and a 50-W xenon lamp at 400-800 nm wavelength (Nbet Co. Ltd., Beijing, China). 113 

The irradiation intensity of UV light (254 nm) was 1.71 mW cm-2 as measured by an UV 114 

intensity meter (ST-512). During photodegradation, the lamps were placed 5 cm above the 115 

liquid surface of the reactor and the solution was well mixed by magnetic stirring (Li et al., 116 

2016; Zhao et al., 2015). At regular time intervals, aliquots of the sample were taken using a 117 

syringe and filtered through a filter (Puradisc syringe filter, 0.2 µm, Whatman) before analysis. 118 

For comparison, control experiments by Ga2O3, or PMS, or Ga2O3/PMS in darkness were 119 

conducted. In addition, photodegradation experiments by Ga2O3 or PMS under UV were 120 
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conducted.  All experiments were conducted in triplicate. Fig. A1 represents the overall process 121 

of the experiments. 122 

2.3. Analytical methods 123 

The characterization method for the catalysts were provided in the appendix. A triple 124 

quadrupole ultra-high-performance liquid chromatograph tandem mass spectrometer (UHPLC-125 

MS/MS) from Shimadzu (model 8060) equipped with a binary pump and a Shim-pack column 126 

(1.6 μm, 2.0 mm × 50 mm) was used for the quantitative analysis of PFOA and its degradation 127 

products (PFHpA, PFHxA, PFPeA, PFBA, PFPrA, TFA). The mobile phase A was Milli-Q 128 

water and mobile phase B was methanol. The flow rate was 0.4 mL min−1 and the injection 129 

volume was 1 μL. The elution gradient of PFOA analysis method was initiated with 50% B for 130 

2.5 min, then 100% B for the next 1 min followed by 50% B for another 1.5 min. The total run 131 

time of this method was 5 min. The mass spectrometer was operated in multiple reaction 132 

monitoring (MRM) mode. For PFOA, m/z 169.1 and m/z 219.0 are used as the qualitative ions 133 

and m/z 369.0 is used as the quantitation ion to avoid mass interference. The tandem mass 134 

spectrometry operating conditions of the target compounds are listed in Table A1. 135 

 136 

3. Results and discussion  137 

3.1. Photocatalytic ability of Ga2O3/PMS 138 

The powder X-ray diffraction (XRD) pattern of Ga2O3 used in the study is shown in 139 

Fig. A2, which indicates that all of the diffraction peaks are in agreement with those of 140 

monoclinic phase of beta-Ga2O3 (JCPDS No. 41–1103) and the sharp diffraction peaks reveal 141 

that the samples has a high crystalline quality (Wang et al., 2015). The morphologies of these 142 

commercial catalysts were investigated by scanning electron microscope (SEM) and Ga2O3 143 

shows to be rods with clear boundaries in Fig. A3. 144 
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In order to improve the catalytic efficacy, Ga2O3 was mixed with PMS in the PFOA 145 

solution as the catalysts for the PFOA degradation under UV light (254 nm). For strict 146 

comparison, the initial concentration of Ga2O3 was 0.25 g L-1 and PMS was 0.41 g L-1 so the 147 

molar ratio between Ga2O3 and PMS was 1:1. Fig. 1A shows that PFOA was completely 148 

degraded within 120 min by the catalysts of Ga2O3 mixed with PMS. However, when only 149 

PMS or Ga2O3 was used as the control group under the same condition, only 18% and 58.3% 150 

of PFOA was degraded, respectively within 180 min. Thus, the photocatalytic ability decreased 151 

as Ga2O3/PMS > Ga2O3 > PMS. The kinetics of the photodegradation of PFOA fitted well to 152 

the pseudo-first-order model (R2 > 0.90) described by eq. 1: 153 

In(C0/Ct) = k t     (1) 154 

where k is the rate constant (min-1), C0 and Ct are the concentrations of PFOA (mg L-1) in 155 

solution at irradiation time 0 and t, respectively. Based on the results in Fig. 1A, the rate 156 

constant for PFOA degradation according to system configuration or the type of catalyst used 157 

in the reactor (single or mixed catalyst) was found to be 0.0041 min-1, 0.0013 min-1 and 0.0156 158 

min-1, for Ga2O3, PMS and Ga2O3/PMS, respectively. A catalyst combination of PMS/Ga2O3 159 

significantly promoted the photocatalytic ability, resulting in 3.8 and 12 times higher rate 160 

constant than that of single Ga2O3 and PMS, respectively. Therefore, the results imply that 161 

sulfate radicals (SO4
•–) generated by PMS significantly enhanced the catalytic ability of Ga2O3 162 

targeting on the PFOA degradation under UV irradiation. As the PMS/Ga2O3 system for PFOA 163 

photodegradation has not been studied before, their photocatalytic kinetics and mechanism 164 

were further investigated. 165 

 166 
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 167 

Fig. 1. Comparison of photocatalytic performance for PFOA removal among Ga2O3, PMS and 168 

Ga2O3/PMS under UV 254-nm (A). Degradation rate of PFOA by different amounts of PMS 169 

(0.16, 0.41, 0.90, 4.35 g L-1) and Ga2O3 (0.10, 0.25, 0.55, 2.65 g L-1) (B). Photocatalytic 170 

performance by different PMS/Ga2O3 ratios (1:2, 1:1, 2:1, 3:1) under UV 254-nm (C) and the 171 

fitting of degradation curves and rate constant (k) derived (D). 172 

 173 

3.2. Factors influencing photodegradation efficiency 174 

3.2.1. Effect of catalyst loading  175 

Many previous studies have shown that the amount of catalyst has a positive effect on 176 

photocatalytic efficacy (Carbajo et al., 2018; Xu et al., 2017). Because the number of reactive 177 

sites increase with the increase of the catalyst amount that promote the rate of oxidation. 178 

However, a high concentration of catalyst would make the solution turbid, and reduce the photo 179 

permeability of UV light, with a negative effect on the photocatalytic degradation rate. In this 180 

study, under the 1:1 molar ratio of PMS and Ga2O3, different amounts of PMS/Ga2O3 (PMS at 181 
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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 182 

the performance in PFOA removal. Fig. 1B shows that PMS ranging from 0.41 to 4.35 g L-1 183 

and Ga2O3 ranging from 0.25 to 2.65 g L-1 generated identical results that 100% PFOA was 184 

degraded within 180 min. However, when the amount of PMS and Ga2O3 was decreased to 185 

0.16 and 0.10 g L-1, respectively, the degradation process was significantly inhibited, as only 186 

about 33% PFOA was removed during 180 min. This may be attributed to the reason that 187 

insufficient active groups produced in the system with a low concentration of Ga2O3 and PMS, 188 

which was also mentioned in the study by Carbajo et al. (2018). Compared with the previous 189 

study, 0.5 g L-1 TiO2 doped with Pb could degrade almost 100% PFOA (50 mg L-1) within 480 190 

min at rate constant of 0.0086 min-1 (Chen et al., 2016), which was lower than that of 191 

Ga2O3/PMS (0.41 and 0.25 g L-1) with the rate constant of 0.0156 min-1 in this study. Following 192 

the principle of low cost and high efficacy, the dosage of 0.41 g L-1 of PMS and 0.25 g L-1 of 193 

Ga2O3 were preferable under 1:1 molar ratio between PMS and Ga2O3 to obtain the most 194 

effective photodegradation.  195 

Fig. 1C depicts the photocatalytic degradation process of aqueous PFOA in the 196 

presence of PMS/Ga2O3 with different PMS/Ga2O3 molar ratios such as 1:2, 1:1, 2:1 and 3:1 197 

within 90 min. The dose of Ga2O3 was kept constant at 0.25 g L-1 while the amount of PMS 198 

was varied at 0.21, 0.41, 0.82, and 1.23 g L-1. When the ratio was 3:1, the results showed that 199 

100% PFOA was removed within 90 min. While lower ratio of PMS and Ga2O3 (i.e. 2:1, 1:1 200 

and 1:2) resulted in lower PFOA degradation (i.e. 82%, 79% and 47%). Furthermore, the 201 

pseudo-first-order kinetics were used to evaluate the degradation of PFOA with different ratio 202 

of persulfate addition as shown in Fig. 1D. The rate constant increased with the increasing ratio 203 

of PMS/Ga2O3 in the system as k 3:1 = 0.0211 min-1 > k 2:1 = 0.0173 min-1 > k 1:1 = 0.0156 min-204 

1 > k 1:2 = 0.0061 min-1. The findings therefore suggest that SO4
•–  played a critical role in 205 

PMS/Ga2O3/UV system for PFOA degradation and a sufficient dose of PMS could boost the 206 
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degradation efficacy during the photocatalytic process. Thus, increasing the molar ratio 207 

between PMS and Ga2O3 from 1:2 to 3:1 would be better than increasing their individual 208 

amounts for PFOA removal.  209 

3.2.2. Effect of solution pH  210 

The photodegradation of PFOA was evaluated at various initial solution pH (pH 3, 5, 7 211 

and 10) as shown in Fig. 2A. Under UV irradiation for 120 min, PFOA exhibited almost 100% 212 

removal at pH 3 which was decreased to 86% and 78% when pH was increased to 5 and 7, 213 

respectively. The removal of PFOA further dropped significantly to 27% under the basic 214 

condition of pH 10. Moreover, the degradation results followed the pseudo-first-order kinetic 215 

profile during the photocatalytic process under UV irradiation, with the rate constant 216 

decreasing as kpH3 = 0.0156 min-1 > kpH5 = 0.0099 min-1 > kpH7 = 0.0084 min-1 > kpH10 = 0.0025 217 

min-1 (Fig. 2B). Hence, the degradation efficiency increased with lower solution pH. This could 218 

be attributed to the reaction between sulfate radicals (SO4
•–) and OH– ions to form hydroxyl 219 

radicals (•OH) as shown in eq. 2 (Liang et al., 2007): 220 

SO4
•– + OH– → SO4

2–+ •OH    (2) 221 

As previously reported, the hydroxyl radicals have poorer reactivity with PFOA in aqueous 222 

solution compared with SO4
•– or photogenerated hole and electron pairs (Hori et al., 2004); thus, 223 

hydroxyl radicals production in the reaction system could slow down the PFOA degradation. 224 

Such a conclusion was also drawn from the research by Lee et al. (2009). In addition, in basic 225 

solution, abundant OH– ions would react with •OH, which further inhibited the reaction of 226 

PFOA degradation following eq. 3: 227 

•OH + OH– → O•– + H2O    (3) 228 

On the other hand, the pH also affects the dissociation of ionizable chemicals such as 229 

PFOA in solution and consequently, influences their photocatalytic performance. As the pKa is 230 

about 2.8 (Burns et al., 2008), PFOA in the aqueous solution is mainly in the protonated form 231 
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(C7F15COOH) at pH < 2.8 and the anionic form (C7F15COO–) at pH > 2.8 based on eqs 4 and 232 

5: 233 

C7F15COOH = H+ + C7F15COO–   (4) 234 

p𝐾𝐾𝐾𝐾 = pH − log C7H15−

C7H15COOH
    (5) 235 

The zeta potential of Ga2O3 continuously decreased with the increased solution pH and the 236 

points of zero charge (pHpzc) was 8.6 as measured (Fig. A4), which is in accordance with the 237 

research by Zhao et al. (2015). This suggests that when the solution pH was lower than 8.6, the 238 

surface of Ga2O3 was positively charged due to the protonation; while over pH 8.6, the surface 239 

of Ga2O3 was negatively charged. In addition, compounds adsorption on catalyst is a significant 240 

step during the photocatalytic process. The lower the pH value is, the more positive the Ga2O3 241 

surface will be. Therefore, comparatively high amount of PFOA was adsorbed on the surface 242 

of Ga2O3 at pH 3 due to the Colombian attraction, promoting the photodegradation efficacy. 243 

Zhao et al. (2015) proposed a similar explanation in their study.  244 

 245 

 246 
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Fig. 2. Photocatalytic performance under different initial pH conditions (i.e. pH 3, pH 5, pH 7 247 

and pH 10) activated in PMS/Ga2O3/UV system within 120 min ([PFOA] = 50 mg L-1, [PMS] 248 

= 0.41 g L-1, [Ga2O3] = 0.25 g L-1) (A) and the fitting of degradation curves within 90 min and 249 

the rate constant (k) derived (B). Photocatalytic performance with initial PFOA concentration 250 

of 50 mg L-1, 50 µg L-1 and 50 ng L-1 in PMS/Ga2O3/UV system within 120 min ([PMS] = 0.41 251 

g L-1, [Ga2O3] = 0.25 g L-1) (C) and the fitting of degradation curves within 90 min and the rate 252 

constant (k) derived (D).  253 

 254 

3.2.3. Effect of initial PFOA concentration 255 

Initial PFOA concentration might affect the degradation rate (Hamid and Li, 2018; Tian 256 

and Gu, 2018). This study investigated three initial PFOA concentrations: 50 mg L-1, 50 µg L-257 

1 and 50 ng L-1, to cover its likely levels in the aquatic environment. In the solution, PMS and 258 

Ga2O3 were set at 0.41 g L-1 and 0.25 g L-1, respectively and the solution pH was adjusted to 3 259 

to achieve the best performance of PFOA degradation. Fig. 2C shows that all three levels of 260 

concentration have similar degradation efficacy with similar rate constant at 0.0144–0.0156 261 

min-1 (Fig. 2D), demonstrating that the photodegradation performance was relatively 262 

independent of initial PFOA concentrations. The results are due to the fact that 0.41 g L-1 of 263 

PMS and 0.25 g L-1 of Ga2O3 provided sufficient active sites and radicals, which completely 264 

degraded PFOA ranging from 50 ng L-1 to 50 mg L-1 at the similar degradation rate. Therefore, 265 

PMS/Ga2O3/UV system provided very effective treatment of PFOA whether at trace level (ng 266 

L-1) or high level (mg L-1), with great potential for decontaminating water and wastewater with 267 

varying degrees of pollution. 268 

3.2.4. Effect of light sources 269 

To explore the effect of light sources on the efficacy, photodegradation of PFOA (50 270 

mg L-1) under the optimum conditions (1.23 g L-1 PMS, 0.25 g L-1 Ga2O3, pH 3) were conducted 271 
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with both UV light (185 nm and 254 nm) and visible light (400–800 nm). Fig. 3 presents that 272 

Ga2O3 with PMS under 185 nm UV light has higher degradation efficacy, as 100% PFOA was 273 

removed within 60 min. While under 254 nm UV light, the time spent for complete removal 274 

increased to 120 min. Furthermore, under visible light (400-800 nm), PFOA could only be 275 

degraded to a smaller extent. The results show that PMS/Ga2O3 absorption of 185 nm UV light 276 

was higher than that of 254 nm UV light, which in turn was significantly higher than that of 277 

visible light.  278 

 279 

 280 

Fig. 3. Photocatalytic performance by PMS/Ga2O3 under UV light (185 nm, 254 nm) and 281 

visible light (400-800 nm) ([PMS] = 1.23 g L-1, [Ga2O3] = 0.25 g L-1). 282 

 283 

Notably, Li et al. (2012; 2013a; 2013b) synthesized nanostructured In2O3 such as 284 

nanocubes, nanoplates and porous microsphere. Until now, these synthesized catalysts showed 285 

better performance of PFOA degradation under UV light (15 W, 254 nm) compared with other 286 

synthesized catalysts (i.e. Cu-TiO2, TiO2 nanotube arrays, Pb-BiFeO3/RGO) in previous 287 
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studies (Chen et al., 2015; Shang et al., 2018; Wu et al., 2016), which could remove all PFOA 288 

(30 mg L-1) within 30, 60 and 120 min, respectively. However, such catalysts need many 289 

precursors and solvothermal process for their synthesis, hence involving high cost. In this 290 

study, PMS/Ga2O3/UV system prepared by mixing the commercial Oxone and Ga2O3 at certain 291 

molar ratio (e.g. 3:1) under UV irradiation (32 W, 254 nm, 1.71 mW cm-2) achieved 292 

comparatively high efficacy with complete removal of 50 mg L-1 PFOA in 90 min. Moreover, 293 

when the wavelength of UV light was changed to 185 nm, the degradation time was shortened 294 

to 60 min by PMS/Ga2O3. Therefore, PMS/Ga2O3/UV system has the advantages of being 295 

easily prepared, low cost and high degradation efficiency, hence demonstrating significant 296 

potential to be applied for PFAS removal in the aquatic environment. 297 

3.3. Calculation of quantum yield  298 

The results were analysed in terms of not only the first-order kinetic model, but also the 299 

explicit effect of photon absorption. The quantum yield (Ф), defined as moles of PFOA 300 

degraded per Einstein of photons absorbed by certain amount of catalysts, was estimated by 301 

eq. 6: 302 

Ф =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑛𝑛𝑇𝑇𝑇𝑇𝑛𝑛𝑚𝑚)𝑇𝑇𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑛𝑛𝑑𝑑𝑛𝑛𝑇𝑇𝑑𝑑𝑛𝑛𝑑𝑑
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑛𝑛𝑇𝑇𝑇𝑇𝑛𝑛𝑚𝑚) 𝑇𝑇𝑜𝑜 𝑝𝑝ℎ𝑇𝑇𝑇𝑇𝑇𝑇𝑛𝑛𝑚𝑚 𝑇𝑇𝑛𝑛𝑚𝑚𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑑𝑑 𝑖𝑖𝑛𝑛 𝑇𝑇ℎ𝑛𝑛 𝑚𝑚𝑠𝑠𝑚𝑚𝑇𝑇𝑛𝑛𝑛𝑛 

 (6) 303 

The photocatalytic rate constant of the PFOA, k, under UV light (254 nm) can be used 304 

for the calculation of the reaction quantum yield as shown in eq. 7: 305 

Ф =  𝑘𝑘𝛥𝛥
𝐼𝐼𝑎𝑎

                         (7) 306 

where kΔ = d(C0-Ct)/dt (0.43 mg L-1 min-1), and Ia is the photon numbers absorbed by the 307 

catalysts, which can be calculated by eq. 8: 308 

𝐼𝐼𝑇𝑇 = 𝐸𝐸𝑝𝑝×�1−10−2·(𝛼𝛼(𝜆𝜆)·𝐶𝐶)·𝑧𝑧�
𝑧𝑧

× 𝑃𝑃1−𝑃𝑃0
𝑃𝑃1

  (8) 309 
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where Ep is the average photon intensity (1.71 mW cm-2), C is the concentration of the catalyst 310 

solution (2.8 mM) and z is the mixed depth of the water column (1.3 cm). In addition, A is the 311 

amount of light absorbed by the catalyst at wavelength 254 nm, which was detected by the 312 

spectrophotometer. α(λ) is the light attenuation coefficient of the catalysts which is calculated 313 

as: 314 

𝛼𝛼(𝜆𝜆) =  𝑃𝑃
𝐶𝐶𝑇𝑇

      (9) 315 

where l is the distance that light travels through the solution (1 cm). Based on the data 316 

summarized in Table A2, the quantum yield by the catalysts of PMS/Ga2O3 (0.41 g L-1 and 317 

0.25 g L-1, respectively) under UV light (254 nm) was 0.009 mol Einstein-1. The details of 318 

calculation are presented in the supplemental material. 319 

3.4. Application in wastewater treatment 320 

Wastewater samples were taken from the influent and effluent of a municipal sewage 321 

treatment plant in Sydney, Australia, to prepare 50 mg L-1 of PFOA solution. The 322 

characteristics of the influent and effluent samples are listed in Table A3. When the PFOA and 323 

catalysts was added, the pH was changed to 3.0±0.2 without pH adjustment. Hereupon, 324 

photodegradation of PFOA under the optimum conditions (1.23 g L-1 PMS, 0.25 g L-1 Ga2O3, 325 

pH 3) were conducted with both UV light (185 nm and 254 nm). As shown in Fig. 4A, under 326 

254 nm UV irradiation, 100% PFOA in wastewater was degraded by Ga2O3/PMS within 120 327 

min with the rate constant of 0.012 min-1, which was similar to that obtained in pure water. 328 

Under 185 nm UV irradiation, 60-75% PFOA in wastewater was removal at 30 min, and totally 329 

degraded within 60 min, which was also equal to the efficacy during treatment in pure water. 330 

Such findings indicated that photocatalysis by Ga2O3/PMS under UV light irradiation (254 and 331 

185 nm) was highly stable and not easily disturbed by other organic compounds in the real 332 

wastewater. Besides, total organic carbon (TOC) was also analyzed before and after the 333 

treatment. As shown in Fig. 4B, in the effluent sample, 75% TOC was removed under 254 UV 334 
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light whereas 32% TOC was removed under 185 nm UV light. Similarly, in the influent sample, 335 

85% TOC removal was observed under 254 nm UV, which was higher than 54% TOC removal 336 

under 185 nm UV. Thus, TOC could be significantly removed after the treatment under 254 337 

nm UV light, which was better than that under 185 nm UV light. The reason might be related 338 

to fact that 185 nm UV does not transmit as well through water as does 254 nm UV (Imoberdorf 339 

et al, 2011). 254 nm UV light is fairly well transmitted as water molecules do not absorb the 340 

energy corresponding to this wavelength, while 185 nm intensity drops because it is absorbed 341 

by water molecules. Thus, 185 nm UV light is more powerful than 254 nm but poor transmitted 342 

in water, leading to the different degradation removal of TOC and PFOA in water and 343 

wastewater.  344 

 345 

 346 

Fig. 4. Degradation of PFOA in wastewater samples including influent and effluent from a 347 

wastewater treatment plant under UV 254 nm and 185 nm (A). The rate of TOC removal by 348 

Ga2O3/PMS under 254 nm and 185 nm UV light. ([PFOA] = 50 mg L-1, [PMS] = 0.45 g L-1, 349 



17 
 

[Ga2O3] = 0.25 g L-1) (B). Evolution of PFOA and shorter-chain intermediates during PFOA 350 

degradation in PMS/Ga2O3/UV system within 120 min (C). Effects of different scavengers (i.e. 351 

Pure Ga2O3, EDTA-Na2, BQ, t-BuOH, no scavengers) on the PFOA degradation in 352 

PMS/Ga2O3/UV system within 120 min. Insert showing the fitting of degradation curves within 353 

90 min and degradation rate constant (k) derived (D).  354 

 355 

3.5. Photocatalysis mechanism 356 

3.5.1. Intermediates analysis 357 

Intermediates during PFOA photocatalytic process were identified and quantified with 358 

UHPLC-MS/MS, which were the shorter-chain PFAS including PFHpA, PFHxA, PFPeA, 359 

PFBA, PFPA and TFA as shown in Fig. A5. Fig. 4C presents the time-dependence of the 360 

intermediates during the photodegradation process over PMS/Ga2O3 under 254 nm UV light 361 

irradiation. PFHpA increased slowly to about 18.77 mg L-1 within 120 min, with the target 362 

pollutant PFOA decreasing from 50 mg L-1 to nearly zero. The amount of PFHxA was 363 

gradually increased to 7.98 mg L-1 within 120 min and PFPeA was firstly detected at 90 min 364 

and slightly increased to 0.175 mg L-1 at 120 min. While species with shorter chains (i.e. PFBA 365 

PFPA and TFA) had the low concentrations (below limit of quantification). This phenomenon 366 

suggests that PFOA was degraded stepwise into shorter chain intermediates such as PFHpA, 367 

PFHxA and PFPeA, which was consistent with the study by Lee et al. (2009).  368 

 369 
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 370 

Fig. 5. The mechanism of PFOA degradation during the photocatalytic process in 371 

PMS/Ga2O3/UV system. The active species are marked in red, and the ion or compounds 372 

removed during degradation are marked in blue.  373 

 374 

3.5.2. Analysis of active species  375 

In PMS/Ga2O3/UV system, five types of active species including sulfate radicals (SO4
•–), 376 

photoinduced holes (h+) and electrons (e–), hydroxyl radicals (•OH), and superoxide radical 377 

anions (O2
•–), could be produced during the photocatalytic process as shown in eqs 10-13 (Chen 378 

et al., 2016):  379 

HSO5
–  + hv → SO4

•– + •OH    (10) 380 

Ga2O3 + hv → Ga2O3 (h+ + e–)   (11) 381 

h+ + H2O → •OH + H+                            (12) 382 

e– + O2 → O2
•–                             (13) 383 

To confirm which active species take the leading place in the photocatalytic reaction, t-BuOH, 384 

EDTA-Na2 and BQ were added to the system, which were used as scavengers of •OH, holes 385 

and O2
•–, respectively. Besides, degradation by Ga2O3 only was used to simulate the condition 386 

of adding the scavenger of  SO4
•–  radicals. Fig. 4D shows these scavengers effect on the 387 
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photocatalysis in PMS/Ga2O3/UV system and the rate constants were provided during 90 min 388 

of the photocatalytic process. When no scavengers were added, 100% PFOA could be degraded 389 

within 120 min with the rate constant of 0.156 min-1. However, during the degradation by 390 

Ga2O3 only (equivalent to the scavenging of SO4
•–), the degradation rate dropped to 47%, and 391 

the rate constant decreased to 0.0081 min-1. The results suggested that SO4
•– produced by PMS 392 

was a critically important oxidant for PFOA degradation in the photocatalytic system. 393 

Similarly, when BQ was added in the PFOA solution, the degradation rate was significantly 394 

reduced to 38% and the rate constant was 0.0037 min-1, indicating that O2
•– radicals generated 395 

by electrons also had high oxidative power for PFOA degradation. In addition, t-BuOH added 396 

in the solution resulted in 63% PFOA removal with the rate constant of 0.0068 min-1. The 397 

findings indicated that •OH radicals should be a secondary active species compared with SO4
•– 398 

and O2
•– radicals reacting with PFOA under UV irradiation. Additionally, when EDTA-Na2 was 399 

added in the system, only a slight decrease was observed on the degradation rate compared 400 

with that of no scavenger addition, as 80% PFOA was degraded within 120 min and the rate 401 

constant could reach 0.0087 min-1. Such findings suggested that photogenerated electrons 402 

rather than photogenerated holes were the main factor promoting the photocatalytic efficacy, 403 

which are consistent with the study conducted by Zhao et al. (2015). Conclusively, the results 404 

proved that the SO4
•– radicals produced by PMS, O2

•– radicals, and photogenerated electrons (e–405 

) played major roles in degrading PFOA in the PMS/Ga2O3/UV system. The •OH radicals are 406 

of secondary importance while photogenerated holes have little effect on the degradation 407 

efficacy.  408 

3.5.3. Photocatalytic process 409 

According to the intermediates presence and main active species photogenerated 410 

electrons (e–), SO4
•– and O2

•– radicals during the photocatalytic process as mentioned above, the 411 

PFOA degradation process can be described as follows. First, the fluorine atom was more 412 
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preferable than the carbon atom to react with photo-induced electron (e‒), leading to the 413 

cleavage of C-F bonds, similar to previous study on perfluorocarboxylates photodegradation 414 

(Qu et al., 2010; Song et al., 2013). Moreover, the α-position C-F bond was more easily 415 

attacked by e‒ due to the inductive effect of the carboxyl in PFOA. Thus, fluorine was 416 

eliminated from PFOA to form C7F13H2COOH: 417 

     C7F15COOH + e‒ → •C7F14COOH+ F‒   (14) 418 

                         •C7F14COOH + H2O → C7F14HCOOH + •OH  (15) 419 

                         C7F14HCOOH + e‒ → •C7F13COOH + F‒   (16) 420 

                         •C7F13COOH + H2O → C7F13H2COOH + •OH  (17) 421 

C7F13H2COOH was excited by UV irradiation to generate C6F13 radical, COOH radical and 422 

CH2 carbene. Then C6F13 and COOH radical could recombine to form PFHpA (C6F13COOH): 423 

                          C7F13H2COOH → •C6F13 + :CH2 + •COOH  (18) 424 

                          •C6F13 + •COOH → C6F13COOH (PFHpA)   (19) 425 

Consequently, PFHpA was decomposed into PFHxA and PFPeA, and theoretically, it would 426 

continue degradation to form PFBA, PFPA and TPA in the same way and finally become 427 

mineralized to CO2 and fluoride ions in the stepwise manner as reported by Li et al. (2013b).  428 

In the Ga2O3/UV system, when the adsorption of photon energy is equal or more than 429 

the band gap energy of Ga2O3, holes and electrons are generated on the surface of Ga2O3 430 

particles due to the irradiation of UV light. Notably, the photo-induced electrons were the main 431 

active species for PFOA degradation as mentioned in the previous section, which were also 432 

reported by Trojanowicz et al. (2018). However, the recombination of the photo-induced hole 433 

and electron could seriously reduce the photocatalytic efficiency (Li et al., 2018).  In the 434 

PMS/Ga2O3/UV system, sulfate radical anions ( SO4
•– ) and O2

•– can oxidize PFOA into 435 

perfluorinated alkyl radicals (•C7F15): 436 

                          SO4
•– + C7F15COOH → SO4

2− + •C7F15COOH+  (20) 437 
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                          •C7F15COOH+ → •C7F15 + CO2 + H+   (21) 438 

       C7F15COOH + O2
•–→ •C7F15 + CO2↑   (22) 439 

Then formed C7F15 radical react with water to form C6F13COF after H+ and F– elimination: 440 

                           •C7F15 + H2O → C7F15OH + H+      (23)                                                     441 

                           C7F15OH → C6F13COF + HF     (24) 442 

By hydrolysis, C6F13COF is converted into PFHpA (C6F13COOH) with CF2 units reduced and 443 

followed by a stepwise degradation of PFOA to form shorter chain PFAS: 444 

                           C6F13COF + H2O → C6F13COOH (PFHpA) + HF    (25)                                                                 445 

Furthermore, the excited e− could activate MPS to produce SO4
–  radicals, which have 446 

been demonstrated in a previous study (Liu et al., 2017). These processes could explain that 447 

photodegradation efficiency was much better in PMS/Ga2O3/UV system than by sole Ga2O3 or 448 

PMS: 449 

                         SO4
•– + SO4

•– → S2O8
2–     (26) 450 

                          S2O8
2– + e‒ → SO4

•–    (27) 451 

Overall, the mechanism during the photocatalysis process of PFOA degradation in the 452 

PMS/Ga2O3/UV system is postulated in Fig. 5.  453 

 454 

4. Conclusions  455 

PFOA removal from aqueous solution was studied by UV photocatalysis using Ga2O3 456 

and further enhanced in the presence of PMS. Specifically, the application of 1.23 g L-1 of PMS 457 

and 0.25 g L-1 of Ga2O3 was able to degrade 100% PFOA in aqueous solution within 90 min 458 

under UV 254 nm and 60 min under UV 185 nm. Furthermore, acidic condition at pH 3 was 459 

favourable for PFOA degradation in PMS/Ga2O3/UV system. Such degradation was not 460 

affected by the initial concentration of PFOA ranged from 50 ng L-1 to 50 mg L-1. The quantum 461 

yield during photocatalysis by PMS/Ga2O3 under UV light (254 nm) was 0.009 mol Einstein-462 
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1. Through the analysis of intermediates, PFOA was gradually degraded from long chian 463 

species into short chain intermediates. Scavenger experiments proved that SO4
•– radicals, O2

•– 464 

radicals and photogenerated electrons were the most important active species contributing to 465 

the PFOA photodegradation. PFOA in real wastewater could be also treated by Ga2O3/PMS 466 

under UV light irradiation with similar degradation performance to pure water, in addition to 467 

75-85% TOC removal after the treatment by 254 nm UV light. Overall, the PMS/Ga2O3/UV 468 

system has great potential to be applied in the photodegradation of PFOA and other similar 469 

organic pollutants in water and wastewater.  470 
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