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中文摘要 

全氟烷基酸 (Perfluorinated alkyl acids, PFAAs) 為一廣泛分布於全球各環境中

的持久性有機污染物，其中的全氟辛烷磺酸 (perfluorooctane sulfonic acid, PFOS) 和

全氟辛酸 (perfluorooctanoic acid, PFOA) 因其在環境中流佈廣泛且濃度較高，為當

今國際間所重視的重要環境議題之一。儘管目前有許多研究致力於 PFOS 及 PFOA

的去除及降解後副產物的鑑定，然而至今仍僅發現由 PFOA 降解後所生成部分的

全氟羧酸 (Perfluorinated carboxylic acid, PFCAs) 副產物。此外，亦有研究發現，

PFAAs 在高級氧化處理系統中，所產生之副產物在水中存在不同基質影響下，不

會僅產生簡單的短鏈 PFAAs。本研究之結果不僅重新定義 PFOS 和 PFOA 的降解

機制與途徑、鑑定新的副產物、更深入探討混合 PFAAs 於系統中降解可能受到之

影響。 

本研究成功製造出應用於光電化學系統中降解 PFOS 及 PFOA 的氧化石墨烯

二氧化鈦光電極。研究結果發現 5 wt. %的氧化石墨烯二氧化鈦光電極具有最佳的

光電化學效能：能隙為 2.42 eV；比表面積為 72.6 m2 g−1；比電容為 4.63 mF cm−2。

在應用此光電極的光電化學系統中，PFOS 及 PFOA 可以在 4 小時內於各最佳化條

件下（包含電流密度，電極距離，溶液 pH 值，PFOS 與 PFOA 初始濃度及電解質

濃度）達去除率 98.2 及 100 %，其擬一級速率常數分別為 0.80 及 0.74 hour−1。在

光電化學系統中造成 PFOS 與 PFOA 降解的主要原因為經電子轉移，以及與羥基

自由基、超氧自由基和活性氯物種反應。另外，在使用氯化鈉做為電解質的光電化

學系統中，氯化副產物的發現可以證明系統中所產生的活性氯物種參與了 PFOS 與

PFOA 的降解。 

本研究共鑑定出 30 種 PFOS 降解之副產物，並定義其在系統中的降解途徑，

亦首次發現全氟烷烴磺酸鹽、全氟醛類及氫氟碳化物的產生。PFOS 在系統中降解

的第一步為脫磺化，然後氧化接著脫氟、脫羧、脫羰、磺化、脫氟和羥基化。另外， 

PFOA 的降解途徑可能有以下四種：脫羧後氧化、脫氟、羥基化和氯原子取代。此
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外，本研究發現 PFAAs 的反應性與其碳鏈長度有關，例如較短鏈的 PFAAs 降解速

率較長鏈的 PFAAs 為慢。在混合不同碳長度 PFAAs 於系統中之降解情況發現，較

短鏈的 PFAAs 與較長鏈的 PFAAs 相比，降解速率下降較不明顯，其結果表示較短

鏈的 PFAAs 在處理過程中具有更強的競爭抑制作用和更強的環境抵抗力，此結果

有助於了解實際廢水處理過程中所存在之混合 PFAAs 的降解宿命。 

 

關鍵字：光電化學系統，全氟辛烷磺酸，全氟辛酸，活性氧物質，活性氯物質，副

產物和反應途徑，競爭抑制作用  
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ABSTRACT 

The global distribution and environmental persistence of perfluoroalkyl acids 

(PFAAs) has been considered a critical environmental concern. Although many efforts 

have been made to identify perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid 

(PFOA) degradation byproducts, previous studies have only reported byproducts that are 

related to perfluorinated carboxylic acids (PFCAs). In addition, in the case of 

combinatorial advanced oxidation processes (AOPs), the decomposition products may 

not just be simple short-chain PFAAs, especially under the influence of a matrix. This is 

the first study to elucidate the new PFOS and PFOA degradation pathway and byproducts. 

This study further systematically explores how PFAA degradation may be affected in the 

mixture system. 

In this work, a graphene oxide-titanium dioxide (GOTiO2) photoelectrode was 

successfully fabricated for PFOS and PFOA degradation in a photoelectrochemical (PEC) 

system. The results reveal that a 5 wt. % GOTiO2 anode possesses the optimal PEC 

performance, with a band gap (Eg) of 2.42 eV, surface area (SBET) of 72.6 m2 g−1 and 

specific capacitance (Cs) of 4.63 mF cm−2. In the PEC system, the process parameters, 

including current density, electrode distance, solution pH, PFOS and PFOA concentration 

and electrolytes concentration were optimized. PFOA was significantly reduced in 4 h 

(98.2 % removal); PFOS can be efficiently removed within 4 h of reaction time, with a 
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pseudo-first-order rate constant of 0.80 and 0.74 hour−1. The transfer of electrons, 

hydroxyl radicals and superoxide radicals are all responsible for PFOS and PFOA 

decomposition/transformation using chloride anion (Cl−) as an electrolyte; the presence 

of chlorinated byproducts in PEC system using Cl− as electrolyte indicated that reactive 

chlorine species contributed to PFOS and PFOA degradation.  

New degradation pathways were identified; a total of 30 PFOS byproducts are 

reported in this work; perfluoroalkane sulfonates (PFSAs), perfluorinated aldehydes 

(PFALs) and hydrofluorocarbons (HFCs) were identified for the first time. PFOS 

degradation involves the desulfonation pathway as the first step, followed by oxidation 

and subsequent defluorination, decarboxylation, decarbonylation, sulfonation, 

defluorination and hydroxylation. Four possible routes of PFOA decomposition, namely, 

decarboxylation followed by oxidation, defluorination, hydroxylation and Cl atom 

substitution, were determined in PEC system using Cl− as electrolyte. The results from 

this work also show that the reactivity of PFAAs is related to their carbon chain length, 

with shorter-chain PFAAs exhibiting a lower degradation rate. In a PFAA mixture, a 

decline in the degradation rate was observed for the shorter-chain-length PFAAs, 

suggesting stronger competitive inhibition and indicating stronger environmental 

recalcitrance during the treatment process. The results acquired in this study aid in 
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comprehensively understanding the degradation and fate of PFAA cocktails during 

wastewater treatment. 

 

Keywords: Photoelectrochemical, PFOS, PFOA, Reactive oxygen species, Reactive 

chlorine species, Byproducts and reaction pathways, Competitive inhibition 
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1. Introduction 

1.1. Background 

Our environment, particularly water, is contaminated by various perfluoroalkyl acids 

(PFAAs), and this contamination has become a global concern. Among PFAAs, 

perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) are of interest 

because of their widespread use, persistence and toxicity (Ahrens, 2011; Conder et al., 

2008; Post et al., 2012). PFOS and PFOA have been detected in drinking water around 

the world and have the potential to accumulate in human red blood cells; consequently, 

these two compounds have been detected and measured in humans (Richardson and 

Ternes, 2018; U.S.EPA., 2016b). Based on human health considerations, the US 

Environmental Protection Agency (EPA) announced in 2016 that the lifetime drinking 

water health advisory for both PFOS and PFOA in drinking water is 70 ng L−1 (U.S.EPA., 

2016a; c), and this decision was preceded by phasing out the use of PFOA in 2015. The 

European Union restricts the use of PFOS and PFOA (EC., 2006; 2017), and the 

Stockholm Convention listed these two compounds as persistent organic pollutants (POPs) 

(UNEP., 2004). In the US EPA’s third Unregulated Contaminant Monitoring Rule 

(UCMR3) database, the concentration of PFAAs in drinking water has been detected in 

the range of 103−351 ng L−1 (U.S.EPA., 2016b). Even if PFOS and PFOA have been 

regulated and restricted in a country, they can still be detected in the aquatic environments 
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of that country due to their persistent nature. Previous studies have indicated that the 

major sources of PFOS and PFOA are industrial effluents (Hansen et al., 2002; Lin et al., 

2009; Xiao et al., 2015). These PFOS and PFOA residues in aquatic environments can 

impact the ecological environment and humans. 

Traditional physical, chemical and biological processes cannot achieve complete 

PFOS degradation due to the strength of carbon–fluorine bonds (C–F, 530 kJ mol−1) (Key 

et al., 1997). Electrochemical (EC) methods provide a strongly oxidizing environment, 

fast reaction rate, easy operation and environmental compatibility and are automation 

friendly with low-volume application (Zhuo et al., 2011). A few studies have reported the 

PFOA or PFOS degradation efficiency for EC processes (Carter and Farrell, 2008; 

Urtiaga et al., 2015). Titanium dioxide (TiO2) is a popular semiconductor that is used as 

a photocatalyst. Graphene oxide (GO) serves as a versatile support and electrocatalyst 

due to its high surface area, high electrical conductivity, and good thermal stability (Liu 

et al., 2012; Panchangam et al., 2018). Recent studies have also applied photoirradiation 

in the EC process; the combination of photochemical and EC oxidation processes (namely, 

the PEC process) has been reported to facilitate synergistic effects and can efficiently 

decompose various contaminants (Koo et al., 2017; Olvera-Rodríguez et al., 2019; Peng 

et al., 2017; Xie et al., 2016). 
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Very limited research is available on application of the PEC treatment for PFOS and 

PFOA removal until now, the associated degradation mechanism also requires in-depth 

elucidation. During PEC treatment, PFOS and PFOA decomposes/transforms into various 

byproducts. The formation of short-chain-length perfluorinated carboxylic acids (PFCAs) 

via PFOS and PFOA decomposition has been previously reported (Duan et al., 2020; 

Zhang et al., 2013); however, owing to the complex mechanism and reactive species 

involvement via advanced oxidation processes, the transformation byproducts may be 

more than simple short-chain PFCAs and warrant further exploration. For instance, the 

abundance of chloride anion (Cl−) in wastewater (e.g., wastewater effluents and brackish 

groundwater) will lead to the formation of perchlorates during the electrochemical 

process (Schaefer et al., 2015). Chloride anions in water matrices could also be involved 

in the (photo)electrochemical reaction and thus produce reactive chlorine species (RCSs, 

e.g., HOCl/OCl– and •Cl), affecting the rate of the pollutant degradation as well as the 

associated degradation mechanism and pathways (Cho and Hoffmann, 2015; Cho et al., 

2014; Rubí-Juárez et al., 2016). In addition, in actual aquatic environments, in addition 

to PFOS and PFOA, other PFAAs also exist; the coexistence of these PFAAs could 

possibly lead to their competitive inhibition in the treatment system. However, most of 

the existing literature has focused on the removal of a single PFAA, and only a very few 

studies have investigated the degradation and competition behavior of a PFAA mixture. 
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A recent study conducted by Wang et al. (2020) explored the simultaneous EC treatment 

of eight PFAAs, noting that the competitive inhibition behavior of each PFAA may be 

related to its carbon chain length. Overall, information regarding the competitive 

inhibition between different PFAAs, including perfluoroalkane sulfonates (PFSAs) and 

PFCAs in a mixture system, is still lacking.  

To date, no information has been reported regarding the generation of transformation 

byproducts containing sulfonate groups, aldehyde groups and hydrofluorocarbon 

compounds during PFOS and PFOA decomposition. To the authors’ knowledge, this 

study is the first to provide an in-depth understanding of the PFOS and PFOA 

transformation byproducts, pathways and competitive inhibition behaviors among 

PFAAs with different chain lengths by utilizing fabricated GOTiO2 as a photoelectrode. 

The PFOS and PFOA degradation kinetics, participation of reactive species such 

as •OH, •O2
–, RCSs and electron transfer in the PEC system were investigated, as were 

the associated changes in toxicity. This work is the first to reveal that PFOS and PFOA 

byproducts include not only PFCAs but also PFSAs, perfluorinated aldehydes (PFALs) 

and hydrofluorocarbons (HFCs). The reactivities of PFAAs with different chain lengths 

in the mixture system were also thoroughly elucidated. The results acquired in this study 

aid in comprehensively understanding the degradation and fate of PFAA cocktails during 

wastewater treatment. 
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1.2. Hypotheses 

Hypothesis 1:  

The presence of GO led to the decrease of the optical band gap, increases the 

surface area and electrical conductivity, and will enhance the electrochemical 

performance. 

Hypothesis 2:  

With the presence of chloride in the system and the involvement of other 

reactive species via advanced oxidation processes, the transformation byproducts 

may be more complicated than the formation of simple short-chain PFCAs. 

Hypothesis 3:  

With the presence of chloride in the PEC system, the generated RCSs will result 

in different degradation mechanisms and transformation byproducts compared to 

that in other advanced oxidation processes. 

Hypothesis 4:  

The shorter-chain-length PFAAs is likely to experienced stronger competitive 

inhibition between different PFAAs due to the fact that PFAAs with shorter chain 

lengths possess less molecular volumes; they might have less opportunities to 

contact the GOTiO2 photoelectrode and undergo further degradation.  
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1.3. Aims of this study 

The overall objective of this study was to investigate the PFOS and PFOA 

transformation pathways and the competitive inhibition with the presence of other 

perfluoroalkyl acids (PFAAs) via PEC processes using GOTiO2 film photoelectrodes. 

The specific objectives of this thesis are summarized below: 

I. To optimized the electrochemical performance of GOTiO2 material with different 

various amounts of GO addition (0 to 5 wt. %). 

II. To evaluate the PEC degradation mechanisms, including byproduct identification and 

transformation pathways, and the associated change of toxicity.  

III. To examining the participation of the reactive species and electron transfer. The 

scavenger experiments (by adding benzoic acid, p-benzoquinone, potassium iodide 

nitrobenzene and tert-butanol) were performed to elucidate the participation of 

reactive species (e.g., •OH, •O2
−, RCSs and electron transfer)). 

IV. To examine and compare the change in byproduct pathway and the associated change 

of toxicity using different electrolytes (Cl− and ClO4
−). 

V. To verify the competitive inhibition behaviors. Nine PFAAs (PFOS, PFHxS, PFBS, 

PFOA, PFHpA, PFHxA, PFPeA, PFBA and PFPrA) were used to examine the 

competitive inhibition between each of PFAAs in PEC system. 
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1.4. Research framework of this study 

Figure 1-1 shows the research framework of this study. Firstly, GOTiO2 

photoelectrode was fabricated, and fully determined for its physicochemical and 

electrochemical properties. The electrochemical performance of GOTiO2 photoelectrode 

was optimized by the addition amount of GO. In addition, this study investigated PEC 

degradation mechanism of PFOS and PFOA by optimizing the operation parameters, 

examining the participation of the reactive species and electron transfer in the PEC system, 

defining transformation byproducts, predicting degradation pathway and its associated 

acute toxicity. The reactivity and competitive inhibition behavior of among PFAAs also 

investigated to determine effect of carbon chain length via PEC process in the mixture 

system. In addition to PFOS and PFOA, the relationship between the carbon chain length 

and degradation efficiency ratio for different PFAAs in the individual solution and in the 

mixture solution was also compared. Finally, based on these results and observations in 

this study, the conclusions and suggestions regarding the degradation of PFAAs by PEC 

degradation in aqueous environments were provided.   
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1.5. Dissertation Overview 

This dissertation is presented in seven chapters. Chapter 1 introduction of this thesis 

providing the background, motivation, hypotheses and framework. Chapter 2 is the 

literature review of this work. Chapter 3 describes the experimental methods, and lists 

the required chemicals/materials. Chapter 4 gives the experimental results and 

discussion of this study. Chapter 5 summarizes the major results of this dissertation in 

conclusion section, and shows the environmental implications and suggestions. The 

references supporting this work are located in Chapter 6. 

The content of this dissertation has been publishing in Journal of hazardous materials 

(2020) 391, 122247 under the title of “Photoelectrochemical degradation of 

perfluorooctanoic acid (PFOA) with GOP25/FTO anodes: Intermediates and reaction 

pathways” and Water Research (2021) 207, 117805 under the title of “New insight into 

PFOS transformation pathways and the associated competitive inhibition with other 

perfluoroalkyl acids via photoelectrochemical processes using GOTiO2 film 

photoelectrodes." 

 

https://www.sciencedirect.com/science/article/pii/S0304389420302351
https://www.sciencedirect.com/science/article/pii/S0304389420302351
https://www.sciencedirect.com/science/article/pii/S0043135421009994
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Figure 1-1. Research framework of this study. 
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2. Literature review 

2.1. PFOS and PFOA: usage, environmental occurrence and 

regulation 

Since the 1950s, PFOS and PFOA are the commonly used perfluoroalkyl acids 

(PFAAs) with different properties and chemical structures (shown in Table 2-1), and 

have been broadly used as firefighting foams, industrial surfactants, surface coating 

agents, additives, and other products due to their special physicochemical properties, such 

as chemical and thermal stability, water and lipid repellence and high surface activity 

(Lehmler, 2005; Zhang et al., 2013). Despite offering many advantages, PFAAs possess 

the characteristics of widespread occurrence, environmental persistence and toxicity, 

making them a critical environmental issue worldwide (Hu et al., 2016b). Perfluorooctane 

sulfonate (PFOS) is one of the commonly used PFAAs, and was listed as a persistent 

organic pollutant (POP) at the Stockholm Convention in 2009 (Wang et al., 2009). In the 

Unregulated Contaminant Monitoring Rule (UCMR3) database established by the United 

States Environmental Protection Agency (USEPA), the lifetime health advisory for 

combined PFOS and another frequently used PFAA, perfluorooctanoic acid (PFOA) in 

drinking water is 70 ng L−1 (Hu et al., 2016b; Hurley et al., 2016). 

Even if PFOS and PFOA have been regulated and restricted in many places, they 

can still be detected in the aquatic environments due to their persistent nature. The 
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conventional wastewater treatment process cannot efficiently remove PFOS and PFOA, 

which results in its ubiquitous occurrence in aquatic environments in countries worldwide. 

For instance, In various countries such as Vietnam, Taiwan, Japan, the UK and Spain, the 

maximum detected concentrations of PFOS and PFOA in wastewater treatment plant 

(WWTP) effluent, industrial wastewater and rivers were 8200, 24000 and 125 ng L−1, 

respectively (Becker et al., 2008; Duong et al., 2015; Hansen et al., 2002; Lai et al., 2016; 

Lin et al., 2009; Murakami et al., 2009a). Even in the surface water, the detected 

concentration of PFOS and PFOA in surface water were in the range of 0.09–3704 and 

4.6–2709 ng L−1 in China, Japan, India, Spain and Germany (Llorca et al., 2012; Yao et 

al., 2014; Yeung et al., 2009; Zushi et al., 2011). PFOS and PFOA have also been 

monitored in groundwater at concentrations of 0.1–40.3 and 0.19–18000 ng L−1 in Taiwan, 

the USA and Europe (Bräunig et al., 2017; Lin et al., 2015; Loos et al., 2010). 

Furthermore, PFOS and PFOA residues have been observed in tap water in numerous 

countries, with a maximum concentration of 35 and 258 ng L−1 (Harada et al., 2003; 

Llorca et al., 2012; Mak et al., 2009; Rostkowski et al., 2008). The detail data of the 

occurrence of PFOS and PFOA were shown in Table 2-2 and Table 2-3. The widespread 

distribution and persistent nature of PFOS and PFOA prompt us to develop efficient 

treatment technology for removing PFOS and PFOA.  
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Table 2-1.Physicochemical properties and molecular structures of PFOS and PFOA. 

 Molecular 

formula 

M. W. 

(g mol−1) 

pKa Structure 

PFOS C8F17SO3H 500 −3.27 

 

PFOA C8F15COOH 414 2.8 
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Table 2-2. Environmental occurrence of PFOS in various water matrices. 

Compound Country 

WWTP 

influents 

(ng L−1) 

Surface 

waters 

(ng L−1) 

Groundwaters 

(ng L−1) 

Tap waters 

(ng L−1) 
Reference 

PFOS 

Germany 
80-8200    (Becker et al., 2008) 

 <0.04-4.6  <0.04-0.4 (Llorca et al., 2012) 

Spain <0.22-501 <0.04-2709  <0.04-258 (Llorca et al., 2012) 

Vietnam  0.18-5.3 0.19-8.2  (Duong et al., 2015) 

Japan 

14-336 <0.1-191 0.28-133  (Murakami et al., 2009b) 

 0.11-99.4   (Zushi et al., 2011) 

   0.1-4 (Harada et al., 2003) 

USA  13.8-598   (Hansen et al., 2002) 

Taiwan 

5.6-20.8 1.8-5.9   (Lai et al., 2016) 

 48.9-5440   (Lin et al., 2009) 

  1.1-76.8  (Lin et al., 2015) 

Europe   0.4-135  (Loos et al., 2010) 

India  n.d.-3.91   (Yeung et al., 2009) 

Australia   170-18000  (Bräunig et al., 2017) 

China 
 0.621-8.44   (Yao et al., 2014) 

   10.6 (Mak et al., 2009) 
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Table 2-3. Environmental occurrence of PFOA in various water matrices. 

Compound Country 

WWTP 

influents 

(ng L−1) 

Surface 

waters 

(ng L−1) 

Groundwaters 

(ng L−1) 

Tap waters 

(ng L−1) 
Reference 

PFOA 

Germany <0.04-1.8 <0.16-6.5  <0.16-1.9 (Llorca et al., 2012) 

Spain <0.04-17 <0.16-68  <0.16-35 (Llorca et al., 2012) 

Vietnam  0.09-18 0.14-4.5  (Duong et al., 2015) 

Japan 
14-41 0.1-1.5 <0.1-1.3  (Murakami et al., 2009b) 

 0.08-3704   (Zushi et al., 2011) 

USA  <25-507   (Hansen et al., 2002) 

Taiwan 

9.3-24.7 11.8-16.8   (Lai et al., 2016) 

 10.9-310   (Lin et al., 2009) 

  0.1-40.3  (Lin et al., 2015) 

India  n.d.-23.1   (Yeung et al., 2009) 

Europe   0.4-39  (Loos et al., 2010) 

China  8.58-25.9   (Yao et al., 2014) 
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2.2. PFOS and PFOA degradation via photo-assisted oxidation 

processes 

The recalcitrance and persistence of PFAAs are results of the bond between carbon 

and fluorine being the strongest known bond in chemistry. Because conventional WWTP 

processes are inefficient at removing these chemicals (Cheng et al., 2014; Dhangar and 

Kumar, 2021; Lin et al., 2010; Santos et al., 2016), the abatement of PFOS and PFOA is 

challenging. Photo-assisted oxidation may occur by direct photodegradation and indirect 

photodegradation. In direct photodegradation mechanism, organic pollutants absorb 

photons directly going through bond breaking process and resulted in their transformation 

byproducts. Direct photodegradation of PFOS and PFOA were reported with the half-life 

of 5.3 and 1 days, respectively (Hori et al., 2004; Yamamoto et al., 2007). Indirect 

photodegradation includes homogeneous and heterogeneous.  

In homogeneous photodegradation, UV/H2O2 and UV/persulfate advanced 

oxidation processes are the popular treatment techniques for the destruction of PFOS and 

PFOA owing to their great oxidative capability and efficiency (Leung et al., 2022; Lu et 

al., 2020; Yang et al., 2020; Zhang et al., 2018). For example, •OH and •O2
– can be 

generated via UV/H2O2 or UV/persulfate systems, and sulfate radicals (•SO4
–) and •OH 

could be produced by the UV/persulfate system (Aleboyeh et al., 2005; Tan et al., 2013; 

Zhang et al., 2018). These radicals can directly degrade PFOS and PFOA into shorter-
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chain PFCAs and CO2. PFOS and PFOA degradations via UV/H2O2 and UV/persulfate 

processes was reported by Kim et al. (2019), Santos et al. (2016) and Yin et al. (2016).  

In addition to homogeneous photodegradation processes, heterogeneous 

photodegradation processes are also widely used on degrading micropollutants. 

Photocatalysis, one of the heterogeneous photodegradation processes, absorbs light under 

a threshold wavelength λ, the fundamental absorption edge, which corresponding to the 

band-gap energy via Equation (2-1). If photons with energy equal to or greater than band 

gap energy (Eg), photon-induced ionization occurred, the electrons are excited from 

valence band to conduction band after illumination. The mechanism of photocatalysis is 

shown in Figure 2-1: the electrons are excited and the electron-hole formed migrates to 

the surface to proceed catalytic reaction (Equation (2-2)). Then the excited electrons and 

holes react with oxygen (O2) and water on the catalyst surface and form super oxide 

radical (•O2
−), hydrogen ion (H+) and •OH (Equations (2-3) and (2-4)), the high active 

free radicals show strong redox abilities to remove the pollutant (Hoffmann et al., 1995). 

PFOS and PFOA degradation was reported by Jin et al. (2014), Park et al. (2018), de S. 

Furtado et al. (2021) and Panchangam et al. (2018) examined photocatalytic oxidation 

kinetics and degradation byproducts.  

PEC process is a one of the popular heterogeneous photodegradation procedure, 

which has attracted a major attention in the water treatment arena because of its high 
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energy efficiency, easy operation environmental compatibility and operation under mild 

conditions. PEC has been used to remove PFAAs in recent year and the results are 

promising. Further introduction on the PEC degradation of PFOS and PFOA will be 

reviewed in Section 2.3.  
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Figure 2-1. Mechanism of photocatalysis (PC). 

Eg  =  ℎ𝜈 =  
ℎ𝑐

𝜆
=

1240

λ
(eV) (2-1) 

PC + hv  e− + PC (h+) (2-2) 

PC (h+) + H2O  PC + H+ + •OH (2-3) 

O2 + e−  •O2
− (2-4) 
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2.3. PFOS and PFOA degradation mechanism and reactive 

species in the PEC process 

PEC processes have been a promising technology for the decomposition of obsessive 

and complex wastewater. This process involves the electron transfer from H2O on 

photoelectrode surface, multiple radical chain reactions occurred, and several reactive 

oxygen species (ROSs) were generated as follows (Liu et al., 2019; Muruganandham and 

Swaminathan, 2004):  

OH−  •OH + e−      (2-5) 

H2O  •OH + H+ + e−    (2-6) 

2•OH  H2O2      (2-7)  

H2O2 + hν  2•OH     (2-8) 

H2O2  O2 + 2H+ + 2e–    (2-9) 

O2 + e–  •O2
–     (2-10) 

The hydroxyl radical (•OH) generated on the surface of the photoelectrode through 

an electron transfer reaction (Equations (2-5) and (2-6)). Then the production of 

hydrogen peroxide (H2O2) from the •OH self-recombination reaction, and further 

simultaneously transformed to •OH by absorbing UV light (Equations (2-7) and (2-8)). 

In addition, H2O2 will be oxidized into O2, which further reacts with electrons to generate 

superoxide radical anions (•O2
–) (Equations (2-9) and (2-10)). The mechanism of PEC 
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process is shown in Figure 2-2. Sodium perchlorate (NaClO4) was selected as the 

electrolyte because the perchlorate ion exhibits stable physicochemical properties in 

aqueous solutions and is inert even under strong oxidation–reduction conditions (Brown 

and Gu, 2006; Láng et al., 2008; Rusanova et al., 2006). 

 

Figure 2-2. Mechanism of photoelectrochemical process. 
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On the other hand, owing to the abundance of Cl− in wastewater, the Cl− as an 

electrolyte was studied in order to observe the PFAAs degradation during the PEC 

process in wastewater. Besides •OH, several inorganic radicals such as RCSs are 

produced and have potential to degrade organic compounds with the use of Cl−. The 

produced RCSs was also produced in the electrochemical (EC) system alone while using 

indirect oxidation mediated by active chlorine, which was demonstrated to participate in 

pollutant degradation while treating urea and real textile wastewaters (Aquino et al., 2014; 

Cho and Hoffmann, 2014). 

The predominant reactions in the EC system (Equations (2-11)−(2-15)) and PEC 

system (Equations (2-11)−(2-17)) with Cl− electrolyte are as follows (Cho and Hoffmann, 

2014; Cho et al., 2014; Cotillas et al., 2016; Liu et al., 2019). 

OH−  •OH + e−     (2-11) 

•OH + Cl−  OH− + •Cl    (2-12) 

•Cl + Cl−  •Cl2
−     (2-13) 

•OH + Cl−  HOCl + e−    (2-14) 

HOCl  OCl− + H+ pKa = 7.5  (2-15) 

HOCl + hv  •OH + •Cl    (2-16) 

OCl− + hv  •O− + •Cl    (2-17) 
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Equation (2-11) shows the generation of •OH by electron transfer on the surface of 

the TiO2 anode. Equations (2-12)−(2-15) show the production of •Cl and HOCl/OCl− 

through the reaction between •OH and Cl−; •Cl can also react with Cl− to generate •Cl2
−. 

In the PEC system, in the presence of UV irradiation, HOCl/OCl− can be transformed 

into •OH/•O− and •Cl (Equations (2-16) and (2-17)). The mechanism of PEC process 

with Cl− electrolyte is shown in Figure 2-3. 

 

Figure 2-3. Mechanism of PEC process with chloride anion electrolyte. 

 

Based on the fundamental concept of PEC system, five different configurations can 

be illustrated and discussed as Figure 2-4: (a) Photolysis: The system was irradiated only 

by UVC light; (b) Photocatalysis: TiO2 powder was coated onto the fluorine-doped tin 

oxide (FTO) matrix and put in water; then, the system was irradiated by the UVC light; 

(c) photochemical system: In water, TiO2 powder was coated onto the FTO anode and 
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connected to the stainless-steel (SS) cathode via an external circuit; then, the system was 

irradiated by the UVC light; (d) EC system: The TiO2 anode and connected SS cathode 

in water was then powered by the DC power supply. (e) PEC system: The TiO2 anode 

and connected SS cathode in water was then powered by the DC power supply in the 

presence of UVC light irradiation. 

 

 

(a) (b) (c) 

   

(d) (e)  

  

 

Figure 2-4. The illustration of (a) direct photolysis, (b) photocatalysis, (c) photochemical, 

(d) electrochemical and (e) photoelectrochemical systems. 
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2.3.1. GOTiO2 photoelectrode material 

Several studies have reported that PFOS or PFOA can be efficiently degraded in the 

EC or PEC systems by using different anodes, such as boron-doped diamond electrodes 

(Carter and Farrell, 2008; Urtiaga et al., 2015), a Ce-doped modified PbO2 electrode (Niu 

et al., 2012), Yb-doped Ti/SnO2-Sb/PbO2 anodes (Ma et al., 2015) and a Ti/RuO2 anode 

(Schaefer et al., 2015). In general, oxidation of the contaminants is predominantly 

determined by the properties of the anodes used in the either EC or PEC system. 

In recent years, the development of photocatalysis oxidation has been the focus of 

considerable attention since the electrochemical water splitting breakthrough on a TiO2 

electrode reported in 1972 (Fujishima and Honda, 1972). TiO2 has being used in a variety 

of material across a broad range of research areas, including specifically energy and 

environmental fields due to its environmental friendly, nontoxicity, hydrophilicity, 

physical and chemical stability, long durability, relatively low cost and high 

photooxidative ability. It has three commonly known polymorphs in nature: anatase, 

bookie and rutile. Among them, the crystal structure of anatase and rutile have a 

tetragonal structure, anatase and brookite phases can transformed to the rutile structure, 

the photocatalyst activity of the rutile structure is very poor. The band gaps of anatase, 

brookite and rutile phases are 3.23, 3.14 and 3.02 eV, respectively (Brillas and Martínez-

Huitle, 2015; Garcia-Segura and Brillas, 2017; Georgieva et al., 2012). TiO2 
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photocatalytic property is derived from the formation of photogenerated electrons and 

holes which occurs on ultraviolet light absorption corresponding to the band gap. In the 

valence band, the holes diffuse to the TiO2 surface and react with adsorbed hydroxyl ions 

to produce •OH; in the conduction band, the electrons react with oxygen molecular, 

forming •O2
– (Fujishima et al., 2008). TiO2 photocatalytic oxidation is one of the most 

effective advanced oxidation processes (AOPs) (Hassan et al., 2016; Hoffmann et al., 

1995), which has been studied for decomposing phenol, dyes, pharmaceuticals and 

PFAAs. Although TiO2 has been shown to be an effective alternative for PFAAs 

decomposition (Li et al., 2016; Panchangam et al., 2009; Sansotera et al., 2014), its high 

electron-hole pair recombination rate is a potential drawback. Several studies have been 

performed to enhance the TiO2 photocatalytic oxidation efficiency by metal or nonmetal 

element doping (Devi and Kavitha, 2013; Zhang et al., 2011), surface modification 

(Wooh et al., 2015; Zhang et al., 2017) and dye sensitization (Hagfeldt et al., 2010; 

O'Regan and Grätzel, 1991). 

The thinnest and strongest nanomaterial, graphene is one of the advanced carbon 

nano-materials, separated graphene through a process of scotch tape peeling in 2004 

(Novoselov et al., 2004). It is a 2-dimensional single sheet of carbonaceous material 

arranged in a hexagonal honeycomb crystal structure, which expresses excellent 

mechanical flexibility, exhibit outstanding surface areas, high electron mobility, physical 
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and chemical stability, optical properties and transparency. However, graphene has 

certain limitations, greatly limit the application of graphene, such as easy agglomeration, 

weak electrochemical activity and difficult processing. 

Compared with graphene, GO serves as a versatile support and electrocatalyst due 

to it has abundant oxygen-containing functional groups such as hydroxyl and epoxy 

groups, and the sheet edges are formed carbonyl and carboxyl groups (Liu et al., 2012; 

Panchangam et al., 2018). The existence of oxygen-containing functional groups endue 

GO with many interesting physicochemical properties include thermal, optical, 

mechanical, electronic, electrochemical and chemical reactivity (Compton et al., 2012; 

Saxena et al., 2011). Significantly, GO and its derivative composites with the great 

structural diversity and properties, and studied in versatile applications of electrochemical 

system, including capacitors, fuel cells, dye-sensitized solar cell and PEC oxidation 

process. The advantage of it is easy processing, low production cost and large-scale 

production. Combining the advantages of TiO2 and GO, synthesized GOTiO2 composites 

material can serve as a photoelectrode with stable and high photocatalytic activity in PEC 

system (Hunge et al., 2020; Qi et al., 2019; Ribao et al., 2018). 
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2.3.2. PFOS and PFOA degradation byproducts via PEC 

processes 

PEC degradation has also shown to remove PFOS and PFOA through electron 

transfer and reactive oxygen species (ROSs) (Li et al., 2011; Lin et al., 2012; Peng et al., 

2017). The oxidation process is generally initiated by photoanodes. The PFOS 

degradation mechanism by photoanodes is described in the following reactions (Li et al., 

2017; Peng et al., 2017).  PFOS (F(CF2)nSO3
−) was converted to PFOS radical through 

the electron transfer from the head group to the photoanode to formed •F(CF2)n 

(Equations (2-18) and (2-19)). Then, •F(CF2)n would combine with •OH to form the 

unstable alcohol F(CF2)nOH, then F(CF2)nOH rapidly decomposed into F(CF2)n-1COF 

with F− release (Equations (2-20) and (2-21)). After that, F(CF2)n−1COF undergoes 

hydrolysis and subsequently generated PFOA (F(CF2)n−1COO−) with another F− release 

Equation (2-22). Similarly, PFOA (F(CF2)n−1COO−) was converted to •F(CF2)n−1COO 

through the electron transfer and decarboxylated to form •F(CF2)n−1 on photoanode 

surface (Equations (2-23) and (2-24)). After decarboxylation, •F(CF2)n−1 could react 

with •OH and hydrolysis to generate shorter chain PFCAs (Equations (2-25)−(2-27)). In 

summary, PFSAs and PFCAs can be converted to shorter chain PFCAs via PEC oxidation 

process. However, owing to the complex degradation mechanism and abundant reactive 

species involvement in the PEC system, byproducts formed may be more than these of 
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PFCAs. In addition, information regarding the competitive inhibition between different 

PFSAs and PFCAs in the mixture is very limited. This work is the first to show that 

PFCAs are not the only byproducts of PFOS and PFOA. The reactivity of PFAAs with 

different chain lengths in mixture were also studied. 

F(CF2)nSO3
−  •F(CF2)nSO3 + e−      (2-18) 

•F(CF2)nSO3  •F(CF2)n + SO3      (2-19) 

•F(CF2)n + •OH  F(CF2)nOH      (2-20) 

F(CF2)nOH  F(CF2)n-1COF + H+ + F−     (2-21) 

F(CF2)n-1COF + H2O  F(CF2)n−1COO− + 2H+ + F−  (2-22) 

F(CF2)n−1COO−  •F(CF2)n−1COO     (2-23) 

•F(CF2)n−1COO  •F(CF2)n−1 + CO2     (2-24) 

•F(CF2)n−1 + •OH  F(CF2)n−1OH      (2-25) 

•F(CF2)n−1OH  F(CF2)n-2COF + H+ + F−    (2-26) 

F(CF2)n-2COF + H2O  F(CF2)n−2COO− + 2H+ + F−  (2-27) 
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3. Materials and methods 

3.1. Chemicals 

Perfluorooctanoic acid (PFOA, C8), perfluoroheptanoic acid (PFHpA, C7), 

perfluorohexanoic acid (PFHxA, C6), perfluoropentanoic acid (PFPeA, C5), 

perfluorobutanoic acid (PFBA, C4), pentafluoropropopionic acid (PFPrA, C3), 

ammonium acetate solution, p-benzoquinone, ethanol, hydrochloric acid, hydroquinone, 

nitrobenzene, potassium iodide, sodium bicarbonate, sodium carbonate, sodium fluoride, 

sodium hydroxide, tert-butyl alcohol (t-BuOH) and Tween 80 were purchased from 

Sigma Aldrich (St. Louis, MO, USA). Perfluorooctane sulfonate (PFOS, C8), 

tridecafluorohexane-1-sulfonic acid potassium salt (PFHxS, C6), and perfluorobutane 

sulfonate (PFBS, C4) were purchased from Fluka (Buchs, Switzerland). Ammonium 

hydroxide, benzoic acid (BA) and sodium sulfate were purchased from JT Baker 

(Phillipsburg, NJ, USA). LC–MS-grade acetonitrile, methanol, hydrogen peroxide, 

Sodium chloride and sodium perchlorate were purchased from Merck (Billerica, MA, 

USA). GO and TiO2 powder (Degussa P25) were purchased from UniRegion Bio-Tech 

(Taiwan). All chemical standards were reagent grade or analytical grade and were used 

without further purification. The PFAA stock solutions were placed in amber 

polypropylene centrifuge tubes and stored at −20 °C under dark conditions until use. 
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Milli−Q water (conductivity < 18.2 MΩ cm; Millipore Co., MA, US) was used in all 

experiments. 

3.2. Preparation of GOTiO2 photoelectrode 

GOTiO2 was synthesized by a sol-gel method and is shown in Figure 3-1. Briefly, 

10 mL ethanol and 5 g L−1 commercial GO (0–5 mL) were mixed, adjusted to 15 mL with 

Milli−Q water, and then uniformly dispersed by ultrasonication for 1 hour. Later, 0.5 g 

of TiO2 (P25) was added, and the mixture was stirred for 2 h and then sonicated for 1 h. 

Next, 5 g Tween 80 surfactant was added, and the solution was stirred again for 0.5 hours 

and then sonicated for 1 hour to form a gel. The gel was coated onto clean fluorine-doped 

tin oxide (FTO) glass by the doctor blade technique, and the GOTiO2 photoelectrode was 

dried at 200 °C for 6 h in an oven. FTO-coated glass was first cleaned with alkaline liquid 

(ammonium hydroxide (28–30 %):hydrogen peroxide (30 %) = 1:1) at 80 °C for 2 h, 

washed in methanol and Milli-Q water by ultrasonic washing twice for 15 min, and dried 

in an oven at 80 °C for 30 min. 
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Figure 3-1. Fabrication of the TiO2 (P25) and GOTiO2 photoelectrodes. 

3.3. Physicochemical characterization and electrochemical 

measurements 

The crystal structures of GO, TiO2 and GOTiO2 were probed by X-ray powder 

diffraction (XRD, Rigaku Miniflex, Japan with Cu-Kα radiation) (Figure 3-2 (a)). Field-

emission scanning electron microscopy (SEM; Hitachi S-4800, Japan) (Figure 3-2 (b)) 

and transmission electron microscopy (TEM; FEI Tecnai™ G2 F-20 S-TWIN microscope, 

USA) (Figure 3-2 (c)) were used to observe the morphologies, microstructures and 

dispersibility. Energy dispersive spectroscopy (EDS, QUANTAX Annular XFlash®  

QUAD FQ5060, Germany) was used to analyze the compositions of GO, TiO2 and 
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GOTiO2. Furthermore, X-ray photoelectron spectroscopy (XPS, Hermoelectricity 

Instruments, UK) (Figure 3-2 (d)) was used to measure the binding energies for the 

survey and high-resolution spectra of C 1s, O 1s and Ti 2p. The surface area, pore size, 

particle size and pore volume were calculated by the Brunauer-Emmett-Teller (BET, 

Micromeritics ASAP 2020M, USA) (Figure 3-2 (e)) method based on the nitrogen 

adsorption-desorption isotherm. The absorption wavelengths of GO, TiO2 and GOTiO2 

were analyzed using a UV–vis spectrophotometer (JASCO V755, Japan) (Figure 3-2 (f)). 

Cyclic voltammetry (C−V) was measured with a CH Instruments (CHI 627D, USA) 

(Figure 3-2 (g)) potentiostat in 50 mM NaClO4 and NaCl solution under 16 W UVC 

irradiation.  

3.4. Photoelectrochemical degradation experiments 

All experiments were performed in a 60 mL single-cell cylindrical quartz batch 

reactor under irradiation by a UV−C lamp (16 W, 254 nm, Phillips, Poland) inserted in a 

quartz tube; the light intensity was 2.4 W m−2, which was measured by an UV radiant 

power meter (Apogee Instruments, Inc.) (Figure 3-2 (h)). Before the experiment, the 

UV−C lamp was allowed to stabilize for 30 min. The electrolyte was 10–100 mM sodium 

perchlorate. The photoelectrode (2 cm × 3 cm) was GOTiO2, and the counter electrode (2 

cm × 3 cm) was Hastelloy C-22 nickel-based alloy stainless steel (USA). The electrode 

distance was set at 5–20 mm. The current density (in the range of 2–20 mA cm−2) was 
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applied to the electrodes with a DC power supply (GWINSTEK GPD-3043S, Taiwan) 

(Figure 3-2 (i)). Direct photolysis, photocatalysis, photochemical and EC experiments 

were performed as control experiments. The temperature was maintained at 25 °C by 

using a thermostat circulating water bath and a stirring speed of 1000 rpm for uniform 

mixing solution. NaClO4 was selected as the electrolyte because the perchlorate ion 

exhibits stable physicochemical properties in aqueous solutions and is inert even under 

strong oxidation–reduction conditions (Brown and Gu, 2006; Láng et al., 2008; Rusanova 

et al., 2006). Five sets of PFOS degradation experiments were conducted to evaluate the 

effects of variables including the current density, electrode distance, solution pH, initial 

PFOS concentration and NaClO4 electrolyte concentration (detailed information on the 

optimized variable conditions is presented in Table 3-1). Briefly, the current density of 

20 mA cm−2 was applied in all experiments, with the exception of the control factors used 

to study the effect of the current density, which were in the range of 2–20 mA cm−2. An 

electrode distance of 5 mm was used in all experiments, with the exception of the control 

factors used to study the effect of the electrode distance, which were in the range of 5–20 

mm. The solution pH was 5.64 in all experiments, with the exception of the control factors 

used to study the effect of pH, which included pH values in the range of 3–11. The initial 

PFOS concentration of 0.5 μM was used in all experiments, with the exception of the 

control factors used to study the effect of the initial PFOS concentration, which were in 
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the range of 0.5–10 μM. The NaClO4 electrolyte concentration of 50 mM was used in all 

experiments, with the exception of the control factors used to study the effect of the 

NaClO4 electrolyte, which were in the range of 10–100 mM. In the experiments studying 

the pH effect, sodium hydroxide (0.1 N) or hydrochloric acid (0.1 N) were used to adjust 

the solution pH. In the experiments studying the Cl− electrolyte, the electrolyte was 50 

mM sodium chloride. Aliquots were collected at specified intervals and then centrifuged 

at 13,000 rpm before analysis. 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

 
  

Figure 3-2. (a) X-ray powder diffractometer, (b) scanning electron microscope, (c) 

transmission electron microscope, (d) X-ray photoelectron spectroscope, (e) high 

resolution surface area and porosimetry analyzer, (f) UV–vis spectrophotometer (g) ch 

instruments potentiostat, (h) UV Radiant power meter, (i) DC power supply. 
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Table 3-1. Summary of PFOS degradation in direct photolysis, photocatalysis, photochemical, electrochemical and photoelectrochemical systems. 

 Degradation process 

Initial PFOS 

concentration 

(μM) 

Initial 

pH 

Electrode 

distance 

(mm) 

Electrolyte 

concentration 

(mM) 

Current 

density  

(mA cm−2) 

Degradation 

efficiency  

(η, %) 

Pseudo-first-

order rate 

constant  

(k, hour−1) 

R2 

value 

 Direct photolysis 0.5 5.64 - 50 0 0 - - 

 Photocatalysis 0.5 5.64 - 50 0 0 - - 

 Photochemical 0.5 5.64 5 50 0 0 - - 

 Electrochemical 0.5 5.64 5 50 20 75.00 % 0.39 ± 0.04 0.9979 

 Photoelectrochemical 0.5 5.64 5 50 20 94.83 % 0.74 ± 0.05 0.9985 

Effect of the current density 

 Photoelectrochemical 0.5 5.64 5 50 2 7.23 % 0.02 ± 0.00 0.9899 

 Photoelectrochemical 0.5 5.64 5 50 5 33.43 % 0.10 ± 0.01 0.9989 

 Photoelectrochemical 0.5 5.64 5 50 10 81.26 % 0.41 ± 0.01 0.9980 

 Photoelectrochemical 0.5 5.64 5 50 15 87.97 % 0.53 ± 0.02 0.9993 

 Photoelectrochemical 0.5 5.64 5 50 20 94.83 % 0.74 ± 0.05 0.9985 

Effect of the electrode distance 

 Photoelectrochemical 0.5 5.64 5 50 20 94.83 % 0.74 ± 0.05 0.9985 

 Photoelectrochemical 0.5 5.64 10 50 20 85.33 % 0.49 ± 0.02 0.9986 

 Photoelectrochemical 0.5 5.64 15 50 20 66.72 % 0.27 ± 0.01 0.9965 

 Photoelectrochemical 0.5 5.64 20 50 20 47.54 % 0.17 ± 0.01 0.9944 
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Effect of pH 

 Photoelectrochemical 0.5 3 5 50 20 98.77 % 1.12 ± 0.02 0.9998 

 Photoelectrochemical 0.5 5 5 50 20 95.19 % 0.75 ± 0.02 0.9977 

 Photoelectrochemical 0.5 7 5 50 20 78.71 % 0.40 ± 0.03 0.9987 

 Photoelectrochemical 0.5 9 5 50 20 73.25 % 0.34 ± 0.01 0.9986 

 Photoelectrochemical 0.5 11 5 50 20 54.49 % 0.20 ± 0.01 0.9988 

Effect of the electrolyte concentration 

 Photoelectrochemical 0.5 5.64 5 10 20 52.58 % 0.19 ± 0.01 0.9943 

 Photoelectrochemical 0.5 5.64 5 25 20 77.65 % 0.37 ± 0.01 0.9986 

 Photoelectrochemical 0.5 5.64 5 50 20 94.83 % 0.74 ± 0.05 0.9985 

 Photoelectrochemical 0.5 5.64 5 100 20 95.16 % 0.76 ± 0.08 0.9989 

Effect of the PFOS concentration 

 Photoelectrochemical 0.5 5.64 5 100 20 95.16 % 0.76 ± 0.08 0.9989 

 Photoelectrochemical 1 5.64 5 50 20 82.02 % 0.44 ± 0.06 0.9984 

 Photoelectrochemical 2.5 5.65 5 50 20 72.38 % 0.32 ± 0.01 0.9991 

 Photoelectrochemical 5 5.66 5 50 20 57.43 % 0.22 ± 0.02 0.9991 

 Photoelectrochemical 10 5.68 5 50 20 38.77 % 0.13 ± 0.01 0.9943 
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3.5. Analysis 

3.5.1. Analysis of compounds 

PFOS, PFHxS, PFBS, PFOA, PFHpA, PFHxA, PFPeA, PFBA and PFPrA were 

qualified and quantified by high-performance liquid chromatography coupled with 

tandem mass spectrometer (HPLC–MS/MS). The HPLC–MS/MS system used in this 

study was an Agilent 1200 module (Agilent, Palo Alto, CA, USA), and mass 

spectrometric measurements were carried out on an Applied Biosystems Sciex API 4000 

spectrometer (AB SCIEX, Foster City, CA, USA) (Figure 3-3 (a)) equipped with an 

electrospray ionization interface in negative ion mode. Mobile phase A was 1 mM 

ammonium acetate in DI water, and mobile phase B was 1 mM ammonium acetate in 

methanol. The detailed LC gradients and mass spectrometry conditions of all the analyzed 

compounds are described in Table 3-2 and Table 3-3. A binary gradient with a flow rate 

of 1.0 ml min−1 was used. The autosampler was operated at room temperature. Data 

acquisition and analyses were performed using Sciex SCIEX OS version 1.6.1 software. 
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Table 3-2. LC gradient conditions used in negative mode for MRM analysis. 

 ESI: Negative mode 

Mobile 

phases 

A: 1 mM ammonium acetate in DI water 

B: 1 mM ammonium acetate in MeOH 

Time 

(min) 

Flow rate 

(μL min−1) 

Mobile A 

(%) 

Mobile B 

(%) 

0.0 1000 63 37 

0.4 1000 50 50 

0.8 1000 20 80 

4.8 1000 5 95 

5.5 1000 5 95 

6.0 1000 63 37 

8.0 1000 63 37 

 

Table 3-3. Mass spectroscopy parameters for PFCs in this study. 

Compounds MSMS parameters 

  Quantitation Confirmation 

Precursor ion 

(m/z) 

DP 

(V) 

Product ion 

(m/z)* 

CE 

(V) 

CXP 

(V) 

Product ion 

(m/z)* 

CE 

(V) 

CXP 

(V) 

PFOS 499 -60.0 99 -46.2 -8.0 80 -51.3 -4.8 

PFHxS 399 -42.2 119 -75.9 -18.3 80 -48.6 -3.0 

PFBS 299 -61.2 99 -60.4 -5.8 80 -48.1 -4.9 

PFOA 413 -25.0 369 -15.0 -7.0 169 -28.5 -9.1 

PFHpA 363 -20.3 169 -34.2 -6.1 119 -35.2 -11.8 

PFHxA 313 -28.4 269 -35.0 -8.6 119 -24.0 -4.8 

PFPeA 263 -29.0 269 -24.6 -7.8 119 -15.6 -9.1 

PFBA 213 -28.8 169 -14.9 -7.4 69 -31.2 -8.2 

PFPrA 163 -28.3 69 -12.5 -8.6 119 -34.2 -9.6 
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3.5.2. Competition kinetic experiment 

Nitrobenzene and hydroquinone were quantified by high-performance liquid 

chromatography with a diode-array detector (HPLC–DAD) (Figure 3-3 (b)). The HPLC–

DAD system used in this study was an Agilent 1200 module (Agilent, Palo Alto, CA, 

USA). The mobile phase was a mixture of DI water and acetonitrile. The gradient is 

shown in Table 3-4, and a ZORBAX Extend-C18 column (150 × 4.6 mm, 5 μm) was 

used. The DI water mobile phase was filtered through a 0.2-mm cellulose acetate 

membrane before analysis by liquid chromatography. The optimum column temperature 

was found to be 40 ℃. The injection volume was 100 µL. The detection wavelengths for 

nitrobenzene and hydroquinone were 265 and 295 nm, respectively (reference 

wavelength: 360 nm). 

 

Table 3-4. LC gradient conditions for probes used in DAD analysis. 

Mobile 

phases 

A: DI water 

B: ACN 

Time 

(min) 

Flow rate 

(μL min−1) 

Mobile A 

(%) 

Mobile B 

(%) 

0 1000 95 5 

0.5 1000 95 5 

2 1000 5 95 

2.5 1000 5 95 

4 1000 95 5 

5.0 1000 95 5 
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3.5.3. Anion and free chlorine analysis 

Fluoride ions and sulfate ions were quantified by ion chromatography (IC). The IC 

system used in this study was a Metrohm Eco-925 Ion Chromatography (IC) system 

coupled with a 863 compact autosampler (Figure 3-3 (c)) and equipped with Metrohm A 

Supp 5–250/4.0 IC analytical column, and the mobile phase was a mixture of 1 mM 

sodium bicarbonate and 3.2 mM sodium carbonate dissolved in DI water with a flow rate 

of 0.7 mL min−1. The free chlorine concentration was analyzed with preprogrammed 

methods on a DR 6000™ (Hach Lange Led., Germany) in a 10-mL quartz cell with an 

N,N-diethyl-1,4-phenylenediamine sulfate (DPD) reaction kit (Loveland, CO, USA). 

3.5.4. Toxicity measurements 

To understand the changes in toxicity during the PEC degradation of PFOS, a 

toxicity assessment was performed using a Microtox®  Model 500 acute toxicity analyzer 

(Microbics Corp., Carlsbad, CA, USA) (Figure 3-3 (d)), which functions based on the 

measurement of the reduction in luminescence emitted by the marine microorganism 

Vibrio fischeri. Samples were collected out from the PEC reactor after specific time 

intervals and were adjusted to pH 7.0 prior to the toxicity test. Subsequently, the samples 

were subjected to appropriate treatments including dilution and salinity adjustment and 

were then spiked into a Vibrio fischeri bacterial suspension (the prepared solutions for 
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toxicity measurement contained 1 % NaCl, 1 % bacterial, and samples at 5.63, 11.25, 

22.5 and 45 %). The changes in luminescence intensity emitted by Vibrio fischeri in the 

as-prepared solutions were recorded after 5 and 15 min of exposure and compared with 

those of the toxin-free control. All toxicity tests were conducted at a temperature of 15 

°C. The toxicity value is expressed as toxicity units (TU, where TU = 100/EC50). 

3.5.5. Byproducts analysis and identification 

For the byproduct study, PFOS, PFHxS, PFBS, PFOA, PFHpA, PFHxA, PFPeA, 

PFBA and PFPrA were quantified and qualified by authentication standards using 

ultrahigh-performance liquid chromatography with a Sciex TripleTOF®  5600+ 

quadrupole time-of-flight mass spectrometer (UHPLC–QTOFMS, Sciex ExionLC AC 

system, AB SCIEX, Concord, ON, Canada) (Figure 3-3 (e)), which was equipped with a 

DuoSpray™ ion source to allow MRMHS analysis (the QTOFMS parameters and 

detection limits (limits of detection and limits of quantification) of these nine compounds 

are shown in Table 3-6). Other byproducts were identified by SWATHHR analysis. For 

byproducts without standards, the signal peak area acquired by UHPLC–QTOFMS 

analysis was used to express their evolution. Data acquisition and analyses were 

performed using Sciex SCIEX OS version 1.6.1 software. Detailed information about the 

UHPLC–QTOFMS conditions is presented as follow: 
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I. Identification of PFOS and PFOS transformation byproducts in negative mode 

by MRMHS analysis. 

PFOS, PFHxS, PFBS, PFOA, PFHpA, PFHxA, PFPeA, PFBA and PFPrA were 

identified using UHPLC–QTOFMS with negative electrospray ionization (ESI) by 

MRMHS analysis. The mobile phase was a mixture of eluent A (DI water) and eluent B 

(methanol), both containing 1 mM ammonium acetate, with the gradient shown in Table 

3-5, and a ZORBAX Eclipse XDB-C18 column (150 × 4.6 mm, 5 μm) was used. The DI 

water mobile phase was filtered through a 0.2-mm cellulose acetate membrane before 

analysis by liquid chromatography. The injection volume was 100 µL. The QTOFMS 

conditions were as follows: ion source gas 1 (GS1): 50 L h−1; ion source gas 2 (GS2): 50 

L h−1; curtain gas (CUR): 25 L h−1; temperature (TEM): 500 °C; and ion spray voltage 

floating (ISVF): –4500 V. The detailed QTOFMS conditions of all the analyzed 

compounds are described in Table 3-6. 
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(a) (b) (c) 

   

(d) (e) (f) 

  
 

Figure 3-3. (a) High-performance liquid chromatography coupled with tandem mass 

spectrometer, (b) high-performance liquid chromatography with a diode-array detector., 

(c) ion chromatography system coupled with autosampler, (d) toxicity analyzer, (e) 

ultrahigh-performance liquid chromatography with quadrupole time-of-flight mass 

spectrometer. 

Table 3-5. LC gradient conditions used in negative mode for MRMHS analysis. 

 ESI: Negative mode 

Mobile 

phases 

A: 1 mM ammonium acetate in DI water 

B: 1 mM ammonium acetate in MeOH 

Time 

(min) 

Flow rate 

(μL min−1) 

Mobile A 

(%) 

Mobile B 

(%) 

0.0 1000 63 37 

0.4 1000 50 50 

0.8 1000 20 80 

4.8 1000 5 95 

5.5 1000 5 95 

6.0 1000 63 37 

8.0 1000 63 37 
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Table 3-6. QTOFMS parameters, limits of detection (LODs) and limits of quantification (LOQs) of PFOS and the PFOS transformation byproducts. 

Compounds 

QTOFMS parameters Detection limit 

  Quantitation Confirmation 
LOD 

(μg L−1) 

LOQ 

(μg L−1) 
Precursor 

ion (m/z) 

DP 

(V) 

Product ion 

(m/z)* 

CE 

(V) 

CES 

(V) 

Product ion 

(m/z)* 

CE 

(V) 

CES 

(V) 

PFOS 498.93022 -60.0 98.9538 -46.2 0 79.9558 -51.3 0 0.1 0.2 

PFHxS 398.93661 -42.2 118.9897 -75.9 0 79.9558 -48.6 0 0.1 0.2 

PFBS 298.94299 -61.2 98.9538 -60.4 0 79.9558 -48.1 0 0.1 0.2 

PFOA 412.96643 -25.0 368.9764 -15.0 0 168.9897 -28.5 0 0.1 0.5 

PFHpA 362.96962 -20.3 168.9897 -34.2 0 118.9897 -35.2 0 0.2 0.5 

PFHxA 312.97281 -28.4 268.9832 -35.0 0 118.9897 -24.0 0 0.5 1.0 

PFPeA 262.97601 -29.0 268.9832 -24.6 0 118.9897 -15.6 0 0.5 2.0 

PFBA 212.9792 -28.8 168.9897 -14.9 0 68.9959 -31.2 0 2.0 5.0 

PFPrA 162.98239 -28.3 68.9959 -12.5 0 118.9897 -34.2 0 2.0 5.0 

* Product ions (m/z) were extracted with Sciex SCIEX OS software.
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II. Identification of PFOS transformation byproducts in negative mode by 

SWATHHR analysis. 

The transformation byproducts were identified using UHPLC–QTOFMS with 

negative electrospray ionization (ESI) by SWATHHR analysis. The mobile phase was a 

mixture of eluent A (DI water) and eluent B (methanol), both containing 1 mM 

ammonium acetate. The DI water mobile phase was filtered through a 0.2-mm cellulose 

acetate membrane before analysis by liquid chromatography. The gradient is shown in 

Table 3-7, and a ZORBAX Eclipse XDB-C18 column (150 × 4.6 mm, 5 μm) was used. 

The injection volume was 100 µL. The QTOFMS conditions were as follows: ion source 

gas 1 (GS1): 50 L h−1; ion source gas 2 (GS2): 50 L h−1; curtain gas (CUR): 25 L h−1; 

temperature (TEM): 500 °C; ion spray voltage floating (ISVF): –4500 V. The 

declustering potential (DP) was –60 V, and the collision energy (CE) was –10 V in 

TOFMS (–). Full-scan high-resolution mass spectrometry data were acquired within an 

m/z range of 30–600, DP = –40 V; CE = –35 V, and CES (collision energy spread) = 15 

V.
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Table 3-7. LC gradient conditions used in negative mode for SWATHHR analysis. 

 ESI: Negative mode 

Mobile 

phases 

A: 1 mM ammonium acetate in DI water 

B: 1 mM ammonium acetate in MeOH 

Time 

(min) 

Flow rate 

(μL min−1) 

Mobile A 

(%) 

Mobile B 

(%) 

0.0 1000 95 5 

0.4 1000 50 50 

0.8 1000 20 80 

4.8 1000 5 95 

5.5 1000 5 95 

6.0 1000 95 5 

8.0 1000 95 5 
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4. Results and discussion 

4.1. Characterization and electrochemical performance 

Prior to the PFOS degradation experiments, the fabricated GOTiO2 material was 

comprehensively characterized to fully determine its physicochemical and 

electrochemical properties. The addition of GO on TiO2 material (0−5 wt. %) were 

examining. 

4.1.1. GOTiO2 material under 200 °C calcination 

Morphology and chemical structure 

To further optimize the GOTiO2 material, the Tween 80 was used as the surfactant, 

and the GOTiO2 material was calcined under 200 °C. XRD was utilized to identify the 

crystal structure and phase formation of the synthesized material. Figure 4-1 (a) shows 

the XRD patterns of GO, TiO2 and GOTiO2 nanocomposites obtained with various 

amounts of added GO; the weight ratios of GO are 0–5 wt. %. The GO samples show an 

XRD peak of 2θ at 10°, confirming the reflection of the (0 0 2) peak of GO. The TiO2 

component (P25) was anatase and rutile. The tetragonal anatase phase of TiO2 shows an 

XRD pattern of 2θ at 25°, 38° and 48°, which can be indexed to the (1 0 1), (0 0 4) and 

(2 0 0) planes, respectively; the tetragonal rutile phase peak of 2θ at 27° can be indexed 

to the (1 1 0) plane. In addition, the typical diffraction peak of GO was not observed in 



doi:10.6342/NTU202201196

 49 

the GOTiO2 patterns, which was probably because of poor ordering in the stacked sheets 

(Khannam et al., 2016) or the addition of small amounts of GO. On the other hand, the 

elemental composition of GOTiO2 was determined by energy dispersive spectroscopy 

(EDS) and is presented in Figure 4-1 (b). The results confirmed the presence of the 

elements carbon, oxygen and titanium in the GOTiO2 nanocomposites, with the carbon 

content increasing from 9.77 to 13.28 % by the addition of 5 wt. % GO. 
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(a) 

 

(b) 

 

Figure 4-1. (a) XRD analysis, (b) EDS spectra of GO, TiO2 (P25) and GOTiO2 with 

various amounts of GO added under 200 °C calcination. 
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XPS analyses were conducted to identify the functional groups and chemical 

composition in GO, TiO2 and GOTiO2. Figure 4-2 (a) shows the full-scale XPS survey 

spectrum; it indicates peaks with binding energies of 295–280 eV, 472–447 eV and 545–

525 eV, which refer to the C 1s, Ti 2p and O 1s orbitals. Figure 4-2 (c) shows the C 1s 

spectrum, in which four peaks are observed at 284.8 eV, 286.4 eV, 288.8 eV and 287 eV, 

which represent the C–C bond, C–O–C bond, O–C=O bond and C=O bond, respectively; 

this is consistent with the results of Hunge et al. (2020). Regarding the O 1 s orbital in 

the XPS pattern (Figure 4-2 (d)), only one peak appears at 533.8 eV, which can be 

ascribed to the O–C bond, while the O–Ti bond, O–H bond and O–C bond appeared in 

TiO2 and the GOTiO2 composite, with binding energies of 530 eV, 532.2 eV and 533.8 

eV, respectively. Additionally, the Ti 2p spectrum is shown in Figure 4-2 (b). Binding 

energies of 458.3 eV and 464 eV are observed and are attributed to Ti 2P3/2 and Ti 2p1/2 

in the anatase phase of TiO2, respectively, showing that Ti is mainly present as Ti4+ in 

TiO2 and GOTiO2 (Tian et al., 2013).  
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(a) (b) 

 
 

(c)  (d) 

  

Figure 4-2. XPS spectra of (a) the full survey, (b) Ti 2p orbital, (c) C 1s orbital and (d) 

O 1s orbital of GO, TiO2 and GOTiO2 with various amounts of GO added under 200 °C 

calcination. 
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The morphology and crystallinity of GOTiO2 were investigated by SEM and TEM 

analysis. The micrograph of the GO is presented in Figure 4-3 (a) and (g), in which a 

single layer of GO rugose sheets is easily visible. In the TiO2 images (Figure 4-3 (b) and 

(h)), we can observe the typical spherical shape of TiO2 nanoparticle aggregates. On the 

other hand, the images of GOTiO2 are shown in Figure 4-3 (c)–(f) and (i)–(l) (0.25, 1, 

2.5 and 5 wt. % GOTiO2). When only 0.25 wt. % GO was added, only a small piece of 

the GO rugose sheets covered the surface of the TiO2 nanoparticles due to insufficient 

GO addition, while most TiO2 nanoparticles were present as agglomerates on GO sheets. 

However, when the addition amount of GO increased to 1, 2.5 and 5 wt. %, TiO2 

nanoparticles were more homogeneously dispersed on the GO layers. This homogeneous 

dispersion may be the reason behind the increased electrochemical performance of the 

GOTiO2 photoelectrode. 

(a) (g) 
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(b) (h) 

  

(c) (i) 

  

(d) (j) 
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(e) (k) 

  

(f) (l) 

  

Figure 4-3. SEM images of (a) GO, (b) TiO2, (c) 0.25 wt. % GOTiO2, (d) 1 wt. % GOTiO2, 

(e) 2.5 wt. % GOTiO2, (f) 5 wt. % GOTiO2 and TEM images of (g) GO, (h) TiO2, (i) 0.25 

wt. % GOTiO2, (j) 1 wt. % GOTiO2, (k) 2.5 wt. % GOTiO2, (l) 5 wt. % GOTiO2 under 

200 °C calcination. 
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The UV–vis spectroscopy results of the synthesized GOTiO2 are provided in Figure 

4-4 (a). The results show that the absorption edge of GOTiO2 redshifts towards higher 

wavelengths in the absorption region with varying amounts of GO addition. By using the 

photon energy equation (Equation (4-2)), the optical band gap (Eg) was calculated from 

the absorption edge, as shown in Figure 4-4 (b). A tendency was observed that the band 

gap energy of GOTiO2 decreased with increasing GO addition. The increase in the GO 

amount would also enhance the conductivity by reducing the recombination rate of 

electron-hole pairs (Lv et al., 2019; Zhao et al., 2019; Zhu et al., 2010), which would 

contribute to better catalytic activity. 

To explore the surface characteristics of GOTiO2, the SBET was investigated by BET 

isotherm measurements; the results of SBET, pore volume, pore size and particle size are 

presented in Figure 4-5 and Table 4-1. By analysis, the SBET and pore volume of GOTiO2 

obviously increased from 51.1 to 72.6 m2 g–1 and from 0.35 to 0.41 cm3 g–1 with 

increasing GO addition, respectively; simultaneously, the pore size and the particle size 

decreased. This results in the better electrochemical capacitance of the GOTiO2 

photoelectrode (Liu et al., 2018). 
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(a) 

 

(b) 

 

Figure 4-4. (a) UV–vis spectra, (b) bandgap energy of GO, TiO2 and GOTiO2 with 

various amounts of GO added under 200 °C calcination. 
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Figure 4-5. Surface area, pore volume, pore size and particle size of GO, TiO2 and 

GOTiO2 with various amounts of GO added under 200 °C calcination. 

 

 

Table 4-1. Surface area, pore volume, pore size, particle size and capacitance of TiO2 and 

GOTiO2 obtained with various amounts of GO added. 
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Electrochemical performance 

The specific capacitance (Cs) of the photoelectrode can be calculated from the cyclic 

voltammetry curves according to Equation (4-4), the specific capacitance values of 

GOTiO2 photoelectrodes are obtained. Figure 4-6 (a) shows the C–V characteristic 

curves of GOTiO2 obtained with various amounts of GO addition under UV irradiation. 

The results show that when GO addition was increased from 0 to 5 wt. %, the specific 

capacitance increased from 0.159 to 4.63 mF cm−2 (Table 4-1), indicating that a higher 

GO amount in the GOTiO2 electrode contributed to better electrochemical characteristics. 

Furthermore, Figure 4-6 (b) shows the C–V characteristic curves of the 5 wt. % GOTiO2 

photoelectrode under UV irradiation at various scan rates. All of the cyclic voltammetry 

curves were rectangular in shape, indicating ideal capacitive properties, and the current 

intensity of this photoelectrode was independent of the potential energy. The specific 

capacitance of the GOTiO2 photoelectrode has a close relationship with the surface area, 

namely, the surface area plays a major role in determining the specific capacitance. 

Summarizing the above analytical results from XRD, XPS, SEM, TEM, UV–vis, 

BET and Cs, GOTiO2 was successfully fabricated. Its improved properties result in the 

enhanced PEC performance of 5 wt. % GOTiO2 photoelectrode under 200 °C calcination. 
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(a) 

 

(b) 

 

Figure 4-6. C–V curves of (a) GO, TiO2 and GOTiO2 with various amounts of GO added 

and (b) the 5 wt. % GOTiO2 at different scan rates from 0.001 to 0.1 V s−1 under 200 °C 

calcination. 
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4.2. Photoelectrochemical degradation 

Before conducting the PEC and EC experiments, background tests, including direct 

photolysis (without the GOTiO2 electrode), photocatalysis and photochemical 

degradation, were first conducted. No PFOS or PFOA degradation was observed in 4 h 

under these three conditions (Figure 4-7). EC experiments under low voltage (0.5 V) 

were also conducted to understand the adsorption behavior of PFOS and PFOA on the 

anode; the results showed that the PFOS and PFOA removals were both negligible 

(Figure 4-7), suggesting that electroadsorption of these two compounds on the anode can 

be neglected. 
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(a) 

 

(b) 

 

Figure 4-7. Direct photolysis, photocatalysis, photochemical degradation and 

electroadsorption test of (a) PFOS and (b) PFOA using chloride anion as electrolyte 

([PFOA]0 = 12 μM, [PFOS]0 = 10 μM, [NaCl] = 50 mM, initial solution pH = 5.3; 16 W 

UVC lamp for direct photolysis, photocatalysis and photochemical reactions). 
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4.2.1. Parametric study of the PEC system 

Influences of operational factors on PFOS removal 

PFOS was selected as a representative PFAAs, and the PEC performance of the 

GOTiO2 electrode was evaluated by the degradation of PFOS under five treatment 

processes, namely, direct photolysis, photocatalysis, photochemical, EC and PEC 

processes, and the results are shown in Figure 4-8 (detailed information on the PFOS 

degradation efficiencies (η) and rate constants (k) is presented in Table 3-1). Among all 

five processes, the PEC treatment possessed the best degradation efficiency in PFOS 

degradation, while no PFOS degradation was observed in the background experiments 

(i.e., direct photolysis, photocatalysis and photochemical processes). The results showed 

that the degradation of PFOS followed pseudo-first-order kinetics in the PEC and EC 

processes. The PFOS removal reached 94.83 and 75 % in the PEC and EC processes, 

respectively, within 4 hours of reaction time; the associated k values were 0.74 and 0.39 

hour−1, respectively. Our results revealed a synergistic effect on the photoassisted EC 

degradation of PFOS (a detailed explanation of the synergistic mechanism of the 

enhancement of PFOS degradation is provided in Section 4.2.3). Similar phenomena 

were observed in other studies. Xu et al. (2020), Peng et al. (2017) and Zhao et al. (2009) 

investigated the degradation of 2,4-dichlorophenoxyacetic acid, PFOA, and ibuprofen 
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and found that the removal efficiency in the PEC process was higher than that in the EC 

process. 

 

Figure 4-8. PFOS degradation by direct photolysis, photocatalysis, photochemical, 

electrochemical and photoelectrochemical processes on PFOS degradation in the PEC 

system.
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Figure 4-9 shows the influences of various operational factors, including current 

density, electrode distance, solution pH, PFOS concentration and electrolyte 

concentration, on the PFOS removal efficiency by the PEC process. The applied potential 

voltage plays an important role in the PEC process. The red line in Figure 4-9 shows that 

the increase in current density from 2 to 20 mA cm−2 was associated with an increase in 

the k value from 0.02 to 0.74 hour−1. The enhancement of the applied potential could 

result in a decrease in recombination between holes and electrons and thus enhance the 

electrochemical performance (Peng et al., 2017; Zhao and Zhu, 2006). 

The alteration in electrode distance has an impact on the electron transport behavior 

and electric resistance and thus affects the current efficiency. In our results (blue line in 

Figure 4-9), the best PFOS degradation occurred with an electrode distance of 5 mm; an 

increase in the electrode distance from 5 to 20 mm led to a decrease in PFOS degradation 

efficiency (the k values decreased from 0.74 to 0.17 hour−1). A higher electrode distance 

led to a reduction in the electron diffusion efficiency, thereby decreasing the PFOS 

degradation efficiency (Duan et al., 2018; Hu et al., 2016a; Ma et al., 2015). Accordingly, 

in the following experiments, 5 mm was selected as the optimal electrode distance. 

The solution pH was also a significant factor in the PEC process. The optimal PFOS 

degradation rate occurred under acidic solution pH conditions (i.e., pH = 3), as shown in 

Figure 4-9 (yellow line). Because PFOS has a pKa value of −3.27 (Brooke et al., 2004), 



doi:10.6342/NTU202201196

 66 

at the pH values studied in this work (pH = 3–11), PFOS mainly exists in its anionic form 

(F(CF2)8SO3
−). Hence, negatively charged PFOS will have favorable affinity for the 

photoanode, subsequently leading to its degradation. However, at alkaline pH values, the 

PFOS degradation rate was reduced. With increasing pH, the concentration of OH– 

increased, which led to competition between the PFOS anion and OH– for the sorption 

sites on the anode (Zhuo et al., 2020), thereby leading to the lowest PFOS removal at pH 

11. Zhuo et al. (2020) investigated the EC treatment of F-53B, which is a PFOS substitute, 

and observed that a lower compound degradation rate occurred under alkaline pH 

conditions. 

Since PFOS exists in a wide range of concentrations in aquatic environments (Lin et 

al., 2010; Lin et al., 2009), it is meaningful to investigate the influence of the initial PFOS 

concentration on the degradation efficiency in the PEC system. The result (the green line 

in Figure 4-9) shows that a lower initial PFOS concentration facilitates its degradation; 

when the PFOS concentration decreases from 10 to 0.5 μM, the k values increase from 

0.13 to 0.74 hour−1. Since the amount of PFOS treatment per unit time was constant under 

the conditions of the PEC system, an increase in the initial concentration of PFOS led to 

a reduction in the PFOS degradation efficiency (Duan et al., 2018). 

The electrolyte concentration was varied to study its effects on PFOS degradation. 

As shown in Figure 4-9 (purple line), the PFOS degradation k values increase from 0.19 



doi:10.6342/NTU202201196

 67 

to 0.74 hour−1 with increasing electrolyte concentration from 10 to 50 mM; however, for 

increasing electrolyte concentrations from 50 to 100 mM, no influence of electrolyte 

concentration on the rate of PFOS removal was observed. During the PEC process, 

enough ions in the system were required to promote electron transfer and facilitate the 

PEC reaction, while at lower electrolyte concentrations, the abundance of ions was 

insufficient, thereby leading to a reduction in the PFOS degradation rate. This 

phenomenon was consistent with the literature (Li et al., 2009; Song et al., 2010). Thus, 

a 50 mM electrolyte (sodium perchlorate) was used in this study. 

 

Figure 4-9. Effects of the current density, electrode distance, pH, electrolyte 

concentration and PFOS concentration on PFOS degradation in the PEC system. 
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Influences of operational factors on PFOA removal with chloride anion electrolyte 

It is meaningful to study the influence of different type of electrolytes, the electrolyte 

was the significant factor in PEC process. Sodium chloride (NaCl) was selected as an 

electrolyte, and using PFOA as the model compound of PFAAs. The degradation of PFOS 

and PFOA by GOTiO2 and TiO2 in the PEC and EC systems under different experimental 

conditions is examined, as shown in Table 4-2. Several operational parameters (the initial 

compound concentration, electrode potential, solution pH, (photo)electrochemical 

conditions and anodic material) were investigated, and an applied current density (J) of 

16.7 mA cm−2 was used in all investigations except those of the electrode potential. The 

initial pollutant concentration will affect the degradation rate. Figure 4-10 shows that a 

low PFOA concentration resulted in a high degradation efficiency under the PEC 

conditions with the GOTiO2 electrode. As the PFOA concentration increased from 0.5 to 

5 mg L−1, the PFOA degradation efficiency decreased from 98.2–76 % with a 4 hour 

reaction time. Garcia-Segura et al. (2013) investigated Acid Orange 7 degradation in a 

PEC system and observed similar phenomena. 
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Figure 4-10. Effect of the PFOA concentration on PEC degradation with the GOTiO2 

electrode on PFOA degradation in the PEC and EC systems ([NaCl] = 50 mM, initial 

solution pH = 5.3).
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Table 4-2. Summary of PFOA and PFOS degradation in PEC and EC systems using chloride anion as an electrolyte with GOTiO2 and TiO2 anodes. 

 

No. 
Degradation 

process 
Anode 

Target 

compound 

Initial compound 

concentration 

(mg L−1) 

Degradation 

efficiency (%) 
Half-life (Hour) 

Pseudo-first-order 

rate constant (hr-1) 
R2

 Value 

1 PEC GOTiO2 PFOA 0.5 98.2 0.72 ± 0.01 0.96 ± 0.10 0.9785 

2 PEC GOTiO2 PFOA 5 76.0 1.83 ± 0.07 0.37 ± 0.04 0.9900 

3 PEC TiO2 PFOA 5 76.4 1.83 ± 0.04 0.38 ± 0.02 0.9875 

4 EC GOTiO2 PFOA 5 97.5 0.86 ± 0.09 0.80 ± 0.05 0.9446 

5 EC TiO2 PFOA 5 95.1 1.06 ± 0.11 0.65 ± 0.05 0.9363 

6 PEC GOTiO2 PFOS 0.5 100 0.42 ± 0.00 1.65 ± 0.25 0.9725 

7 PEC GOTiO2 PFOS 5 100 0.71 ± 0.01 0.97 ± 0.09 0.9429 
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The electrode potential affects the PFOA degradation efficiency in a PEC system by 

manipulating the electron transfer capability and •OH production(Lin et al., 2012; Ma et 

al., 2015; Zhuo et al., 2011). Four different electrode potentials from 3 to 6 V were applied 

in the PEC system. The photochemical experiment represents 0 V. Figure 4-11 shows the 

rate constant for PFOA degradation at each electrode potential (the corresponding current 

density is also provided). PFOA did not obviously degrade at a potential of 0 V. Even at 

a potential of 3 V, the degradation of PFOA was negligible, with a pseudo-first-order rate 

constant of 0.01 hour−1. Above 3 V (J = 2 mA cm−2), an increase in voltage resulted in an 

increase in the degradation efficiency of PFOA. When the voltage increased from 4 to 

6 V (J = 4–16.7 mA cm−2), and the degradation rate constant increased from 0.04 to 0.37 

hour−1. Peng et al. (2017) noted that an increase in the electrode potential leads to a 

decrease in the electron-hole recombination rate, which facilitates the generation of 

reactive species and accordingly enhances the electrochemical performance. 
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Figure 4-11. The rate constants of PFOA and current densities in the PEC system at 

different electrode potentials on PFOA degradation in the PEC and EC systems 

([NaCl] = 50 mM, initial solution pH = 5.3). 
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The solution pH also influences the degradation efficiency of PFOA. Three different 

initial pH values (2, 5.3, and 10) were studied in the PEC system (Figure 4-12). The rate 

constant (0.44 hour−1) at pH 2 was the highest, and that at pH 5.3 (0.37 hour−1) was 

slightly lower; however, the rate constant at pH 10 (0.20 hour−1) was much lower than 

that at pH 2. This trend is consistent with previous literature that stated that an acidic pH 

favors PFOA oxidative degradation (Ma et al., 2015). At low pH, the H+ concentration is 

high, hindering the production of •OH; thus, the achievement of a high PFOA 

decomposition efficiency in the PEC system depends on the direct electrochemical 

oxidation process. 

 

Figure 4-12. The rate constants of PFOA in the PEC system at different pH values on 

PFOA degradation in the PEC and EC systems ([NaCl] = 50 mM, initial solution 

pH = 5.3). 
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 Comparative experiments were conducted to investigate the PFOA degradation 

efficiency (Figure 4-13) with GOTiO2 and TiO2 as the anodic materials under PEC and 

EC conditions. The degradation of PFOA followed pseudo-first-order kinetics in the PEC 

and EC processes. In the PEC experiments, the degradation rate constants of the two 

anodes were nearly the same (0.37 ± 0.04 hour−1 for GOTiO2 and 0.38 ± 0.02 hour−1 for 

TiO2). However, in the EC systems, the GOTiO2 electrode showed higher PFOA 

degradation rate constants than did the TiO2 electrode; the rate constants were 0.80 ± 0.05 

and 0.65 ± 0.05 hour−1, respectively. 

In Figure 4-13, we can observe that the degradation efficiency in the EC system was 

higher than that in the PEC system (97.5 and 76 % removal in 4 h in the EC and PEC 

systems, respectively). The limited effect of UV irradiation on the electrochemical 

process is likely due to the competition between multiple reactive species. Further 

explanation will be given in Section 4.2.2. Two other studies indicated a similar 

phenomenon. Cotillas et al. (2016) and Rubí-Juárez et al. (2016) investigated 

sulfamethoxazole and glyphosate degradation, respectively, and both found that the 

degradation efficiency in the PEC system was lower than that in the EC system. 
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Figure 4-13. The effect of the GOTiO2 and TiO2 electrodes on PFOA degradation in the 

PEC and EC systems ([NaCl] = 50 mM, initial solution pH = 5.3). 
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4.2.2. Degradation mechanism in the PEC process 

PFOS degradation mechanism in the PEC process 

In the PEC system with sodium perchlorate as the electrolyte, multiple radical chain 

reactions occurred, and several ROSs were generated as follows (Liu et al., 2019; 

Muruganandham and Swaminathan, 2004): 

OH−  •OH + e−      (4-1) 

H2O  •OH + H+ + e−    (4-2) 

2•OH  H2O2      (4-3) 

H2O2 + hν  2•OH     (4-4) 

H2O2  O2 + 2H+ + 2e–    (4-5) 

O2 + e–  •O2
–     (4-6) 

Equations (4-1) and (4-2) show the hydroxyl radical (•OH) generated on the surface of 

the GOTiO2 photoelectrode through an electron transfer reaction. Equation (4-3) shows 

the production of hydrogen peroxide (H2O2) from the •OH self-recombination reaction; 

simultaneously, H2O2 will also absorb UV light and transform into •OH (Equation (4-

5)). In addition, H2O2 will be oxidized into O2, which further reacts with electrons to 

generate superoxide radicals (•O2
–) (Equations (4-5) and (4-6)). 
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To elucidate the participation of reactive species in PFOS degradation in the PEC 

system, scavenger experiments and probe tests were performed. Scavengers including 

benzoic acid, p-benzoquinone and potassium iodide (each of 30 mM) were utilized and 

individually spiked into the solutions. Benzoic acid and p-benzoquinone can 

scavenge •OH and •O2
–, with reaction rate constants of 5.9 × 109 M−1 s−1 (Chen et al., 

2003; Zrinyi and Pham, 2017) and 9 × 109 M−1 s−1 (Greenstock and Miller, 1975; 

Palominos et al., 2009), respectively. The results in Figure 4-14 show that the presence 

of benzoic acid and p-benzoquinone led to the inhibition of PFOS degradation; among 

the two scavengers, p-benzoquinone suppressed PFOS degradation to a larger extent (the 

degradation rate decreased from 94.83 to 79.99 % and 56.23 % by the addition of benzoic 

acid and p-benzoquinone, respectively). This implied the involvement of •OH and •O2
– 

in the degradation of PFOS, in which •O2
– played a relatively important role. The 

abundances of •OH and •O2
– were further measured using the probe reagents nitrobenzene 

and hydroquinone (each at 5 μM), respectively(Fang et al., 2014; Guo et al., 2017). To 

investigate [•OH]ss and [•O2
–]ss in the PEC and EC processes, nitrobenzene was used as 

the probe reagent of •OH. The reaction rate constant between nitrobenzene and •OH 

(k•OH/nitrobenzene) was 3.9 × 109 M−1 s−1 (Fang et al., 2014; Guo et al., 2017). Hydroquinone 

was used as the probe reagent for •OH and •O2
–, and the reaction rate constants 

k•OH/hydroquinone and k•O2
–
/hydroquinone were 5.2 × 109 and 1.7 × 107 M−1 s−1 (Buxton et al., 
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1988), respectively. (Experimental conditions: [NB]0 = [HQ]0 = 5 μM, reaction time = 15 

min, and J = 20 mA cm−2 with a 16 W UVC lamp (for the PEC process)). The pseudo-

first-order reaction of NB and HQ is shown by the following equation: 

RNB = –d[NB]/dt = kobs[NB] = k•OH/NB [•OH]ss [NB] 

 kobs = k•OH/NB [•OH]ss         (4-7) 

RHQ = –d[HQ]/dt = kobs[HQ] = k•OH/HQ [•OH]ss [HQ]+ k•O2
–
/HQ [•O2

 −]ss [HQ] 

 kobs = k•OH/HQ [•OH]ss+ k•O2/HQ[•O2
−]ss      (4-8) 

In our experiment, the kobs values for NB and HQ were 0.1285 and 0.3048 min−1 in 

the PEC process, respectively. Accordingly, [•OH]ss and [•O2
–]ss were determined to be 

5.49 × 10−7 μM and 1.31 × 10−4 μM in the PEC process, respectively. The steady-state 

concentration of •O2
– in the PEC system was significantly higher (~240 times) than that 

of [•OH]. This result corresponded with the observation from the scavenger experiments, 

which noted the predominant role of •O2
– in PFOS degradation compared with that 

of •OH. On the other hand, we observed that iodide anion (I–) spiking resulted in 

significant inhibition of PFOS degradation (the η values decreased from 94.83 to 46.56 

%) (Figure 4-14). The I– present can compete with existing anions in the solution (e.g., 

PFOS anion and OH–) for sorption onto the GOTiO2 photoelectrode surface and further 

inhibit the electron transfer reaction contributed by the PFOS anion and OH– (Fang et al., 

2013; Wang and Zhang, 2011); thus, inhibition by I– addition suggested that the electron 
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transfer pathway also participated in PFOS degradation. Overall, the above results 

demonstrated that •OH, •O2
– and electron transfer reactions were all responsible for PFOS 

degradation during the PEC process. 

 

Figure 4-14. Effects of benzoic acid, p-benzoquinone and potassium iodide on PFOS 

degradation in the PEC system. 
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PFOA degradation mechanism in the PEC process using chloride anion electrolyte 

On the other hand, the influences of Cl− in PEC process were examined. The 

predominant reactions in the EC system (Equations (4-9)−(4-13)) and PEC system 

(Equations (4-9)−(4-15)) using Cl− as an electrolyte are as follows (Cho and Hoffmann, 

2014; Cho et al., 2014; Cotillas et al., 2016; Liu et al., 2019). 

H2O  •OH + H+ + e−    (4-9) 

•OH + Cl−  OH− + •Cl    (4-10) 

•Cl + Cl−  •Cl2
−     (4-11) 

•OH + Cl−  HOCl + e−    (4-12) 

HOCl  OCl− + H+ pKa = 7.5  (4-13) 

HOCl + hv  •OH + •Cl    (4-14) 

OCl− + hv  •O− + •Cl    (4-15) 

Equation (4-9) shows the generation of •OH by electron transfer on the surface of 

the TiO2 anode. Equations (4-10)−(4-13) show the production of •Cl and HOCl/OCl− 

through the reaction between •OH and Cl−; •Cl will also react with Cl− to generate •Cl2
−. 

In the PEC system, in the presence of UV irradiation, HOCl/OCl− will be transformed 

into •OH/•O− and •Cl, as shown in Equations (4-14)−(4-15). These reactions imply that 

the mechanism of PFOA decomposition in the PEC and EC processes varies. To 

investigate •OH, nitrobenzene (10 μM) was used as the probe compound 
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(k•OH/nitrobenzene = 3.9 × 109 M−1 s−1) (Fang et al., 2014; Guo et al., 2017). The [•OH]ss 

values were calculated to be 1.42 × 10−7 and 1.66 × 10−7 μM in the PEC system and EC 

system, respectively; on the other hand, [HOCl] was measured at 56 mg L−1 in the PEC 

system and 82 mg L−1 in the EC system (Table 4-3). The pseudo-first-order reaction of 

NB is shown by Equation (4-7). These results showed that both concentrations of the 

reactive species •OH and HOCl were lower in the PEC system than in the EC system, 

which suggests competition among multiple species in the PEC system, thereby leading 

to a decrease in the reactive species in the system and consequently decreasing the 

degradation rate. Although there might be other species (e.g., other RCS) coexisting in 

the systems, the results of the •OH and HOCl measurement implied that the different 

amounts of reactive species possibly lead to different byproduct formation trends in the 

PEC and the EC systems; further investigation on the reactive species contribution will 

be discussed in the following paragraphs. 

Table 4-3. [•OH]ss and [HOCl] measurements in the PEC and EC systems.  

PEC system EC system 

[•OH]ss 1.42×10−7 μM 1.66×10−7 μM 

[HOCl] 56 mg L−1 82 mg L−1 
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To further explore the contribution of reactive species involved in PFOA 

degradation in the PEC and EC systems, the radical scavenger experiments (by the 

addition of excess amounts of nitrobenzene and t-BuOH; 36 mM) were conducted. 

Nitrobenzene was used as the •OH scavenger; it possesses a high reactivity with •OH 

(k•OH/nitrobenzene = 3.9 × 109 M–1s–1), but its reactivity with free chlorine (HOCl/OCl–) and 

other RCS (e.g., •Cl) is negligible (Fang et al., 2014; Guo et al., 2017). tert-Butyl alcohol 

(t-BuOH) can quench both •OH and •Cl; the rate constants for the reaction of t-BuOH 

with •OH and •Cl are k•OH/t-BuOH = 6.0 × 108 M–1s–1 and k•Cl/t-BuOH = 3.0 × 108 M–1s–1, 

respectively (Lai et al., 2017; Ma et al., 2018; Watts and Linden, 2007). Figure 4-15 

shows the PFOA degradation with and without the presence of scavengers. Without 

scavengers in the PEC and EC systems, the PFOA degradation rate constants were 0.37

  ± 0.04 in the PEC system and 0.80 ± 0.05 hour−1 in the EC system. The addition of 

nitrobenzene led to the decrease in the PFOA degradation rate constants from 0.37 ± 0.04 

to 0.032 ± 0.01 hour−1 in the PEC system and from 0.80 ± 0.05 to 0.038 ± 0.02 hour−1 in 

the EC system. This result suggested that the contributions of •OH were 15.1 and 53 % 

in the PEC and EC systems, respectively. Additionally, in the presence of t-BuOH, due 

to both •OH and RCS generated in the systems being scavenged, the PFOA degradation 

rate constants decreased to 0.020 ± 0.03 and 0.24 ± 0.01 hour−1 in the PEC and EC 

systems, respectively. Thus, RCS contributed 29.5 and 17.1 % for PFOA degradation in 
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the PEC and EC systems, respectively. On the other hand, we observed that PFOA 

degradation could not be completely scavenged by the addition of the t-BuOH scavenger; 

this observation was possibly because of the participation of the electron transfer pathway 

for PFOA degradation in the two systems. Overall, based on the results in Figure 4-15, 

the contributions of electron transfer pathway, •OH and RCS for PFOA degradation were 

55.4, 15.1 and 29.5 % in the PEC system and 29.9, 53 and 17.1 % in the EC system. These 

values corresponded with the discussion in previous paragraph. The different reactive 

species that dominate in the PEC and EC systems result in the variation in the degradation 

pathways of PFOA. However, further in-depth investigation is still required to explore 

the relationship between the reactive species participation and the degradation byproducts 

generation. 
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Figure 4-15. Effects of nitrobenzene and t-BuOH on PFOA degradation in the PEC and 

EC systems. ([PFOA]0 = 12 μM, [NaCl] = 50 mM, nitrobenzene (or t-BuOH) =36 mM, 

initial solution pH = 5.3). 
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4.2.3. Transformation byproducts and pathways of the PEC process 

PFOS transformation byproducts and pathways of the PEC process 

During the PEC reaction, PFOS undergoes various degradation pathways and is 

further transformed into various byproducts. To fully explore the overall transformation 

pathway and elucidate the detailed reaction mechanism, this study not only used PFOS 

but also separately utilized eight main byproducts, PFOA, PFHpA, PFHxA, PFPeA, 

PFBA, PFPrA, PFHxS and PFBS, which were detected during PFOS degradation as the 

target pollutants to conduct the PEC reaction. The results in Figure 4-16 (a) and (b)–(i) 

represent PFOS and its 8 main byproducts of degradation/transformation via the PEC 

reaction, respectively (the dotted lines represent the degradation of target pollutants, 

formation of F– and SO4
2–, which correspond to the left y-axis, and the solid lines with 

solid symbols and the open symbols represent the byproduct evolution, corresponding to 

the byproducts (nM and peak area/104) on the right y-axis, respectively). In this work, a 

total of 25 PFOS transformation byproducts were observed. Detailed QTOFMS 

spectrometry parameter information on the 25 detected byproducts is presented in Table 

4-4, and the mass spectra and structures of the product ions scanned are shown in Figure 

4-17. These byproducts can be categorized into five groups, including 5 PFSAs, 6 PFCAs, 

5 PFALs, 4 HFCs and 5 others. Notably, the byproduct PFSAs (P9 and P15), PFALs and 
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HFCs were identified for the first time. On the other hand, the results in most of the 

figures in Figure 4-16 revealed that the transformation byproducts with different carbon 

chain lengths possess distinct degradation efficiencies; the concentration of the long-

chain byproducts first increases and then decreases, while the concentration of shorter-

chain byproducts continuously increases with time. Furthermore, among the degradation 

of all studied PFAA target compounds (the dotted line in Figure 4-16), it was observed 

that PFAAs with longer chain lengths have a higher degradation rate than PFAAs with 

shorter chain lengths; the relationship between carbon chain length and PFAA reactivity 

is discussed further in Section 4.2.5. 
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Figure 4-16. Formation of the transformation byproducts, F– and SO4
2– from (a) PFOS, (b) PFHxS, (c) PFBS, (d) PFOA, (e) PFHpA, (f) PFHxA, (g) PFPeA, (h) 

PFBA, and (i) PFPrA degradation in PEC systems. ([PFAAs]0 = 40 μM, [NaClO4] = 50 mM, initial solution pH = 5.64, current density = 30 mA cm−2)
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Figure 4-17. Mass spectra and structures of the product ions (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, (g) 

P7, (h) P8, (i) P9, (j) P10, (k) P11, (l) P12, (m) P13, (n) P14, (o) P15, (p) P16 and (q) P17. 
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Table 4-4. Accurate mass measurements obtained by UHPLC–QTOFMS for PFOS and the identified 

byproducts. 

Compound Formula Mass [M-H]¯ (m/z) Retention time 

(min) 

Mass error 

Calculated Experimental (ppm) mDa 

Target compounds 

PFOS C8F17SO3H 498.9302 498.931 2.99 1.6 0.8 

PFAAs byproducts (8 compounds) 

PFHxS C6F13SO3H 398.9366 398.9370 2.62 0.9 0.4 

PFBS C4F9SO3H 298.9430 298.9430 2.44 0 0 

PFOA C7F15COOH 412.9664 412.9668 2.78 1 0.4 

PFHpA C6F13COOH 362.9696 362.9693 2.66 -0.8 -0.3 

PFHxA C5F11COOH 312.9728 312.9727 2.55 -0.4 -0.1 

PFPeA C4F9COOH 262.9760 262.9760 2.43 0.1 0 

PFBA C3F7COOH 212.9792 212.9790 2.35 -1.2 -0.2 

PFPrA C2F5COOH 162.9824 162.9823 2.07 -0.5 -0.1 

PFOS byproducts (19 compounds) 

P1 C7F15SO3H 448.9334 448.9324 1.37 -2.2 -0.99 

P2 C7F15COH 396.9715 396.9714 1.57 -0.2 -0.08 

P3 C7F13H 330.9798 330.9796 2.75 -0.7 -0.22 

P4 C6H7(OH)3FCOOH 193.0507 193.0505 2.21 -1.1 -0.22 

P5 C6H4F9COOH 291.0068 291.0066 1.61 -0.5 -0.16 

P6 C6F13COH 346.9747 346.9750 2.75 0.8 0.28 

P7 C6F13H 318.9796 318.9795 2.63 -0.2 -0.07 

P8 C6F11H 280.9823 280.9827 2.52 1.5 0.42 

P9 C5F11SO3H 348.9398 348.9400 2.18 0.6 0.22 

P10 C5F11COH 296.9775 296.9779 2.60 1.2 0.37 

P11 C5F11H 268.9821 268.9823 2.51 0.6 0.15 

P12 C4F9COH 246.9811 246.9810 2.51 -0.2 -0.06 

P13 C4F9H 218.9857 218.9854 2.45 -1.1 -0.25 

P14 C3HF6COOH 194.9886 194.9886 2.08 0.1 0.02 

P15 C3F7SO3H 248.9462 248.9461 1.85 -0.4 -0.1 

P16 C3F7COH 196.9841 196.9838 2.41 -1.6 -0.32 

P17 C3F7H 168.9877 168.9884 2.28 3.8 0.65 
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Based on the identified byproduct information in this work and other relevant studies 

on PFOS degradation (Duan et al., 2020; Shi et al., 2019), the mechanism and pathways 

of PFOS transformation in the PEC system were proposed, as shown in Figure 4- 18. 

Initially, PFOS is transformed to PFOS radicals through direct electron transfer on the 

surface of the GOTiO2 photoelectrode (Equation (4-16)). Then, this radical is 

desulfonated to form •C8F17 and sulfur trioxide (SO3) (Equation (4-17)). After 

desulfonation, •C8F17 reacts with •OH to generate the unstable alcohol C8F17OH 

(Equation (4-18)); C8F17OH rapidly decomposed into C7F15COF with F− release 

(Equations (4-18) and (4-19)). Subsequently, C7F15COF underwent a hydrolysis reaction 

and generated C7F15COO− (PFOA, C8) and C7F15C(O)− with the release of another F− 

(Equation (4-20)). Through electron transfer and subsequent decarboxylation or 

decarbonylation, PFOA and C7F15C(O)− were further converted to •C7F15 (Equations (4-

21) and (4-22)). •C7F15 and other shorter-chain-length •CnF2n+1 (n= 3–6) underwent 

further reactions and transformed into C7F13H and other HFCs (Equation (4-23)). On the 

other hand, •C7F15 also reacted with •SO3
− (generated from the electron transfer reaction 

of SO3) and formed C7F15SO3
− (PFSAs, C7) (Equations (4-24) and (4-25)). Stepwise, 

PFOS was gradually decomposed into short-chain PFAAs and finally mineralized into 

CO2, SO4
2− and F−. On the other hand, PFOS also underwent defluorination and 

hydroxylation pathways, of which P5 and P14 were the defluorinated byproducts, while 
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P4 was the hydroxylated byproduct. Additionally, regarding the transformation trend of 

the hydroxylated byproduct (P4), we observed that most of its concentrations 

continuously increased or reached a plateau (Figure 4-16), implying that it was 

recalcitrant and generated at the later stage of PFOS transformation. In summary, the 

complete PFOS degradation pathways include (a) desulfonation, (b) oxidation followed 

by defluorination, (c) decarboxylation, (d) decarbonylation, (e) sulfonation, (f) 

defluorination and (g) hydroxylation. The transformation byproducts include PFCAs 

(CnF2n+1C(O)OH, n= 2−7), PFSAs (CmF2m+1SO3H, m= 3−7), PFALs (CpF2p+1C(O)H, p= 

3−6), HFCs (CqF2q+1H, q= 3−7) and others (P3−5, P8 and P14). However, given that the 

authentic standards of some of the byproducts (e.g., PFALs and HFCs) were not acquired 

in this work, the production yields among all types of byproducts as well as the 

contribution of each transformation pathway could not be comprehensively 

elucidated/compared; further investigation is required. 

C8F17SO3
−  •C8F17SO3 + e−        (4-16) 

•C8F17SO3  •C8F17 + SO3        (4-17) 

•C8F17 + •OH  C8F17OH        (4-18) 

C8F17OH  C7F15COF + H+ + F−       (4-19) 

C7F15COF + H2O  C7F15COO−/ C7F15C(O)−+ 2H+ + F−  (4-20) 

C7F15COO− / C7F15C(O)−  •C7F15COO / •C7F15C(O) + e−  (4-21) 
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•C7F15COO / •C7F15C(O)  •C7F15 + CO2 / CO (4-22) 

•C7F15 + 3e−  C7F13
− + 2F− (4-23) 

SO3 + e−  •SO3
− (4-24) 

•C7F15 + •SO3
−  C7F15SO3

− (4-25) 
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Comparison of the PFOS degradation mechanisms between EC and PEC processes 

The transformation byproduct generation in the EC system was also elucidated (as 

shown in Figure 4-19) to facilitate better understanding the photo-electro synergistic 

mechanism. Comparing the results in Figure 4-16 (a) and Figure 4-19, despite the 

similarity of the types of transformation byproducts observed between the EC and PEC 

systems, their transformation trends were distinctly different. During the PEC process, 

the byproducts were continuously generated and further degraded over time, while most 

of the byproducts in the EC system were slowly and continuously formed. The detected 

trends of the parent compound PFOS as well as the associated byproducts in the two 

systems revealed that not only a faster PFOS degradation rate but also a rapid byproduct 

evolution profile occurred in the PEC process. This suggested that the applied UV 

radiation can synergistically benefit the associated PEC reactions, likely decreasing 

electron-hole recombination and subsequently promoting the electron transfer reaction 

and reactive species production (Peng et al., 2017; Zhao and Zhu, 2006), thus leading to 

faster PFOS decomposition and byproduct evolution/degradation. However, further 

elucidation of the detailed synergistic mechanism is still needed. 
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Figure 4- 18. Proposed degradation pathway of PFOS in the PEC system.



doi:10.6342/NTU202201196

 100 

 

Figure 4-19. Formation of the transformation byproducts of PFOS degradation in the EC 

system. The dotted lines represent the degradation of target pollutants and correspond to 

the left y-axis, and the solid lines with solid symbols and the open symbols represent the 

byproduct evolution, corresponding to the byproducts (nM and peak area/104) on the right 

y-axis, respectively ([PFOS]0 = 40 μM, [NaClO4] = 50 mM, initial solution pH = 5.64, 

current density = 30 mA cm−2). 
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PFOA transformation byproducts and pathways of the PEC process using chloride 

anion electrolyte  

Equations (4-9)−(4-15) imply that the mechanism of PFOA decomposition in the 

PEC and EC processes varies. Based on the observed byproducts (discussed in the 

following paragraphs), the degradation pathways are proposed for PFOA. In the present 

study, the transformation byproducts and pathways of the PEC process using Cl− as an 

electrolyte was also provided (using PFOA as the model compound). A total of 18 

byproducts were observed during PFOA degradation; five of the byproducts (short-chain 

C7−C3 PFAAs) were confirmed by standard authentication, and the other 13 byproducts 

(P6, P10, P16 and P18−P27) were identified by UHPLC–QTOFMS and semiquantified 

with the calibration curves of the target compounds PFOA. Byproduct information is 

provided in Table 4-5, and their mass spectra are shown in Figure 4-21. Figure 4-20 

shows the major byproducts generated during PFOA degradation in the PEC and EC 

systems with the GOTiO2 electrode. Based on these byproducts, four PFOA degradation 

pathways are proposed in Figure 4-22: (a) decarboxylation followed by oxidation, (b) 

defluorination, (c) hydroxylation and (d) Cl atom substitution. 
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(a) 

 

(b) 

 

Figure 4-20. Major byproducts generated during PFOA degradation in (a) the PEC 

system and (b) the EC system with the GOTiO2 electrode ([PFOA]0 = 12 μM, [NaCl] = 

50 mM, initial solution pH = 5.3). 
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(a) 

 
(b) 

 

(c) 
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(d) 

 
(e) 

 
(f) 
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(g) 
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doi:10.6342/NTU202201196

 106 

(j) 

 
(k) 

 
(l) 
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(m) 

 

Figure 4-21. Mass spectra and structures of the product ions (a) P18, (b) P19, (c) P20, (d) P21, (e) P22, (f) 

P23, (g) P24, (h) P25, (i) P26, (j) P27, (k) P28, (l) P29 and (m) P30 in the PEC and EC systems using chloride 

anion as electrolyte. 
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Table 4-5. Accurate mass measurements obtained by UHPLC–QTOFMS for PFOA, PFOS and the identified 

byproducts. 

Compound Formula Mass [M-H]¯ (m/z) Retention 

time 

(min) 

Mass error D

B

E 

Calculated Experimental (ppm) mDa 

Target compounds 

PFOA C7F15COOH 412.9664 412.9648 3.01 -3.90 -1.60 1 

PFOS C8F17SO3H 498.9302 498.9310 2.99 1.60 0.78 0 

PFOA byproducts (18 compounds) 

PFHpA C6F13COOH 362.9696 362.9691 2.78 -1.30 -0.48 1 

PFHxA C5F11COOH 312.9728 312.9717 2.67 -3.50 -1.11 1 

PFPeA C4F9COOH 262.9760 262.9757 2.58 -1.20 -0.32 1 

PFBA C3F7COOH 212.9792 212.9792 2.50 -0.10 -0.03 1 

PFPrA C2F5COOH 162.9824 162.9824 2.38 0.10 0.03 1 

P6 C6F13COH 346.9747 346.9739 3.07 -2.40 -0.85 1 

P10 C5F11COH 296.9779 296.9777 2.81 -0.50 -0.16 1 

P16 C3F7COH 196.9843 196.9845 2.62 0.90 0.18 1 

P18 C7HF14COOH 394.9759 394.9762 3.02 0.90 0.34 1 

P19 C7H8F3COOH 193.0518 193.0517 2.40 -0.30 -0.07 3 

P20 C3H5COOH 85.0295 85.0292 6.58 -3.90 -0.33 2 

P21 C6(OH)6H8 181.0718 181.0711 1.67 -3.80 -0.68 0 

P22 C5(OH)2H6F3COOH 201.0380 201.0384 2.36 1.80 0.35 1 

P23 C2HClF2 96.9662 96.9660 7.45 -2.50 -0.25 1 

P24 C2HCl2F 112.9367 112.9367 2.55 0.10 0.01 1 

P25 C2H4Cl2 96.9617 96.9615 7.45 -2.70 -0.27 0 

P26 CHCl2COOH 126.9359 126.9360 1.76 0.70 0.09 1 

P27 CCl3COOH 160.8969 160.8971 2.40 1.30 0.20 1 

PFOS byproducts 

(including the following 4 byproducts, PFOA and 18 PFOA byproducts) 

P1 C7F15SO3H 448.9334 448.9333 2.74 -0.20 -0.08 0 

P28 C2HF5O2S 182.9545 182.9545 2.73 -0.10 -0.02 0 

P29 C2H2F4O2S 164.9639 164.9577 1.46 -37.70 -6.23 0 

P30 CH2ClFS 98.9477 98.9480 1.43 3.00 0.30 0 
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Figure 4-22. Proposed degradation pathways of PFOA in the PEC and EC systems.
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Pathway (a) (Figure 4-22), decarboxylation followed by oxidation, seems to be the 

main degradation pathway of PFOA in the PEC system. The production yield of the 

corresponding byproducts (PFHpA, PFHxA, PFPeA) was 45.7 % with a 4-hour reaction 

time (Figure 4-20 (a)). Figure 4-23 shows that PFOA exhibited stepwise decomposition 

via release of − CF2 groups and transformation into short-chain PFAAs (Li et al., 2017; 

Peng et al., 2017); the concentrations of the PFAA byproducts increased with increasing 

reaction time in the PEC system, and the order of their concentrations was PFHpA (C7) 

>PFHxA (C6) >PFPeA (C5) > PFBA (C4) > PFPrA (C3). Based on the above PFAA 

byproduct composition and other studies investigating PFOA decomposition (Lin et al., 

2012; Ma et al., 2015; Niu et al., 2012; Peng et al., 2017; Zhuo et al., 2011), the 

degradation mechanism of PFOA is proposed: PFOA is converted to PFOA radical 

through a direct electron transfer from the carboxyl group to the TiO2 anode (Equation 

(4-26)). Then, this radical is decarboxylated to form •C7F15; this bond cleavage reaction 

is followed Kolbe decarboxylation (Equation (4-27)). After decarboxylation, •C7F15 

could react with •OH to generate C7F15OH (Equation (4-28)), which is a thermally 

unstable alcohol that can rapidly decompose into C6F13COF while releasing F− (Equation 

(4-29)). Next, C6F13OF undergoes hydrolysis and subsequently generates C6F13COOH 

(i.e., PFHpA) with another F− release (Equation (4-30)). 
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C7F15COO−  •C7F15COO + e−    (4-26) 

•C7F15COO  •C7F15 + CO2     (4-27) 

•C7F15 + •OH  C7F15OH     (4-28) 

C7F15OH  C6F13COF + H+ + F−    (4-29) 

C6F13COF + H2O  C6F13COO− + 2H+ + F−  (4-30) 

 

Compared with the PEC system, no short-chain PFAA (C7−C3) byproducts were 

observed in the EC system (Figure 4-20 (b)). The significant difference in the main 

byproducts generated in the PEC and EC systems is possibly due to the different reactive 

species dominating the reaction; this also leads to different degradation rates of PFOA in 

the two systems. In the PEC system, the existing HOCl in the solution would be activated 

by irradiation, generating •OH and •Cl in the PEC system (Equations (4-14)−(4-15)); 

however, these different species could react with/scavenge each other. Based on 

Equations (4-9)−(4-15), in the PEC and EC systems, •OH is possibly one of the dominant 

species; HOCl may also be an important species among all the reactive chlorine species. 

Thus, •OH and HOCl were detected in these two systems accordingly.  

Other PFOA degradation pathways are as follows. PFOA underwent defluorination 

to generate P18−20, of which P20 had a high production yield (12.2 % after 4 hours of 

reaction) (Figure 4-20). Hydroxylation of PFOA resulted in the generation of P21 and 
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P22, as shown in Figure 4-22. Furthermore, PFOA underwent Cl atom substitution and 

generated several chlorinated byproducts (P23−27); this result confirmed that RCS were 

also involved in PFOA degradation. We also observed that all the detected chlorinated 

byproducts (P23−27) had smaller molecular structures (containing only two carbons) than 

the other byproducts, implying that P23−27 were generated in the later steps of PFOA 

degradation and transformation. In summary, it is possible that PFOA mainly undergoes 

direct electron transfer initially, followed by reactions that generate shorter-chain 

products, and is further attacked by RCS in the later stage of degradation; however, 

further studies are needed for elucidation. 

 

Figure 4-23. Byproducts generated during the PEC degradation of PFOA with the 

GOTiO2 electrode ([PFOA]0 = 12 μM, [NaCl] = 50 mM, initial solution pH = 5.3). 
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A comparison of the PFOA degradation pathway in the PEC and EC systems with 

the GOTiO2 and TiO2 electrodes is illustrated in Figure 4-20 and Figure 4-24. The 

principal byproducts were PFHpA, PFHxA, and PFPeA. P20 was detected with only the 

GOTiO2 electrode, while P19, P23 and P27 were detected with only the TiO2 electrode. 

These results indicated that the Cl atom substitution pathway was slightly more favorable 

with the TiO2 electrode, while defluorination was more favorable with the GOTiO2 

electrode. Moreover, Figure 4-20 (b) and Figure 4-24 (b) show the PFOA degradation 

byproducts formed in the EC system with the GOTiO2 and TiO2 electrodes, respectively. 

The corresponding byproducts were nearly the same, except P20 was formed with the 

GOTiO2 electrode. These results showed that the PFOA degradation pathway was not 

greatly affected by the anodic material. 
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(a) 

 

(b) 

 

Figure 4-24. Byproducts generated during PFOA degradation in the (a) PEC system and 

(b) EC system with the TiO2 electrode ([PFOA]0 = 12 μM, [NaCl] = 50 mM, initial 

solution pH = 5.3). 
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PFOS degradation in the PEC system using chloride anion as an electrolyte 

In addition to PFOA, another perfluorinated chemical, PFOS, was also studied in the 

PEC system employing GOTiO2 as the electrode. Similar to PFOA, a low concentration 

of PFOS resulted in a high degradation efficiency under PEC conditions (Figure 4-25). 

Additionally, under similar PEC conditions, a higher degradation efficiency for PFOS 

than PFOA was obtained; the degradation rate constants were 0.97 ± 0.09 and 

0.37 ± 0.04 hour−1, respectively. Schaefer et al. (2015) also observed a higher PFOS 

degradation efficiency relative to that of PFOA during EC treatment of groundwater 

influenced by aqueous film-forming foams (AFFFs). Figure 4-26 shows PFOS 

degradation and the main byproducts (with the highest signal intensity) generated in the 

PEC system. In the case of PFOS, four byproducts (P1 and P28−30) along with PFOA 

and their 18 byproducts were identified (Table 4-5). The proposed pathways are shown 

in Figure 4-27. Four degradation pathways were observed including (a) oxidation then 

decarboxylation, (b) defluorination, (c) hydroxylation and (d) Cl atom substitution. 

According to Figure 4-26, PFOS was completely removed after 4 h of treatment, and the 

byproduct yield in this study was 20 %, indicating the generation of other CF2-containing 

unidentified byproducts. Short-chain PFAAs were detected during PFOS degradation, 

and their concentrations increased with the reaction time (Figure 4-28). Notably, the 

highest concentration of PFOA generated was approximately 10 nM, which is 3 orders of 
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magnitude lower than the initial concentration of PFOS (10 μM). PFOA probably forms 

via the release of a sulfonate group (−SO3H) from PFOS through electron transfer and 

further oxidation. The short-chain PFAAs are generated through stepwise defluorination, 

as evidenced by the presence of short-chain PFAAs (Figure 4-28). Due to the low yield 

of these short-chain compounds, this pathway might not be a main pathway of PFOS 

decomposition. The production yield of the other byproducts (P19, P20, P21, P23, P25, 

P27, P28 and P30) was 20 % for a 4-hour reaction time. The highest production yield 

among the byproducts of PFOS was for P20, i.e., 13 % with a 4-hour reaction time. The 

formation of P20 likely occurs through the defluorination pathway. Overall, in this work, 

the results regarding PFOS degradation byproducts and mechanisms are still limited; 

further studies are required for investigation. 
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Figure 4-25. Effect of the PFOS concentration on PEC degradation using chloride anion 

as electrolyte with the GOTiO2 electrode ([NaCl] = 50 mM). 

 

Figure 4-26. Major byproducts generated during PFOS degradation in the PEC system 

with the GOTiO2 electrode ([PFOS]0 = 10 μM, [NaCl] = 50 mM, initial solution pH = 

5.3). 
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Figure 4-27. Proposed degradation pathways of PFOS in the PEC and EC systems.
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Figure 4-28. Byproducts generated during the PEC degradation of PFOS with the 

GOTiO2 electrode ([PFOS]0 = 10 μM, [NaCl] = 50 mM, initial solution pH = 5.3). 
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4.2.4. Detoxification of PFOS during the PEC process 

The generation of byproducts via target compound decomposition leads to a change 

in toxicity during the treatment process (Lai et al., 2017; Yin et al., 2018). However, to 

date, very few studies have examined the toxicity of PFOS byproducts following the 

application of PEC treatment. The toxicity behavior during PFOS degradation via the 

PEC process is shown in Figure 4-29. The results show that the toxicity gradually 

increased from 0.13 to 11.89 within the first 6 h during PFOS degradation; conversely, 

the toxicity decreased from 11.89 to 2.57 after 6 h of reaction. On the other hand, 

regarding the results of the ion formation trend during PFOS degradation in the PEC 

system (Figure 4-16 (a)), the concentrations of fluoride and sulfate ions constantly 

increased over 12 h, with significant production yields of 21.2 and 59.2 %, respectively, 

which suggested the possible decomposition of PFOS during the PEC process. Overall, 

according to the comparison of the byproduct transformation and ion formation (Figure 

4-16 (a)) with the toxicity trends, PFOS was continuously decomposed into small-

fragment byproducts, which possess low toxicity. This demonstrated that the PEC system 

developed in this work is a promising treatment process for PFOS removal. 
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Figure 4-29. Toxicity of PFOS degradation in the PEC system ([PFOS]0 = 40 μM, 

[NaClO4] = 50 mM, initial solution pH = 5.64, current density = 30 mA cm−2). 
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4.2.5. The reactivity and competitive inhibition behavior of PFAAs 

In Section 4.2.3, we observed that PFOS is transformed into variable-chain-length 

PFSA and PFCA byproducts, which contain sulfonate groups (−SO3H) and carboxylic 

groups (−COOH), respectively. To further explore their reactivity and competitive 

inhibition behavior, the degradation of PFSAs and PFCAs with different carbon chain 

lengths in the PEC system was examined individually and in a mixture system. The 

detailed observed degradation efficiencies (η) and rate constants (k) are provided in Table 

4-6. In the individual solution (solution containing a single compound), the results show 

that PFSAs and PFCAs with shorter carbon chains exhibited lower degradation rates; the 

η value decreased in the following order: PFOS > PFHxS > PFBS (for PFSAs); PFOA > 

PFHpA > PFHxA > PFPeA > PFBA > PFPrA (for PFCAs), as shown in Figure 4-30 (a) 

and (b). This phenomenon was also observed in other studies, which indicated that 

PFAAs with shorter carbon chain lengths were more persistent in EC systems (Niu et al., 

2012; Wang et al., 2020).
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Table 4-6. Summary of the molecular volumes and degradation of PFAAs in the PEC system in the individual and mixed solutions ([PFAAs]0 = 0.5 μM, [NaClO4] 

= 50 mM, initial solution pH = 5.64, current density = 30 mA cm−2). 

No. 
Target 

compound 

Molecular 

 volume (cm3 mol−1)a 

Individual Mixture 

Degradation 

efficiency (η, %) 

Pseudo-first-order rate 

constant (k, hour−1) 

Degradation 

efficiency (η, %) 

Pseudo-first-order rate 

constant (k,hour−1) 

PFSAs 

1 PFOS 272.1 99.67 % 4.10 ± 0.37 99.16 % 3.74 ± 0.13 

2 PFHxS 217.2 77.75 % 0.75 ± 0.08 35.73 % 0.23 ± 0.01 

3 PFBS 162.3 9.27 % 0.04 ± 0.01 5.87 % 0.01 ± 0.00 

PFCAs 

4 PFOA 237.3 98.09 % 1.92 ± 0.11 65.45 % 0.53 ± 0.05 

5 PFHpA 209.8 47.56 % 0.32 ± 0.04 0.74 % 0.01 ± 0.00 

6 PFHxA 182.0 30.05 % 0.16 ± 0.03 5.36 % 0.02 ± 0.00 

7 PFHeA 154.9 25.29 % 0.14 ± 0.01 0.81 % 0.01 ± 0.00 

8 PFBA 127.5 19.95 % 0.11 ± 0.01 3.53 % 0.02 ± 0.00 

9 PFPrA 100.0 5.80 % 0.04 ± 0.01 2.78 % 0.02 ± 0.00 

a. The molecular volumes of PFAAs were estimated using ACDLabs Chemsketh software. 
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(a) 

 

(b) 
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(c) 

 

 

Figure 4-30. The degradation of (a) PFSAs and (b) PFCAs in the PEC system (solid line: 

in the individual solutions; dotted line: in the mixed solution) and (c) the relationship 

between the carbon chain length and degradation efficiency ratio (ηmixture/ηindividual) of 

PFAAs ([PFAAs]0 = 1 μM, [NaClO4] = 50 mM, initial solution pH = 5.64, current density 

= 30 mA cm−2). 

  



doi:10.6342/NTU202201196

 126 

Furthermore, we compared the relationship between the carbon chain length and 

degradation efficiency ratio (ηmixture/ηindividual) for different PFAAs, as shown in Figure 

4-30 (c). ηmixture/ηindividual represents the degree of competitive inhibition that occurred for 

each PFAA in the mixture system compared with that in the individual system. Based on 

the results, we observed that PFAAs with longer carbon chain lengths exhibited weaker 

competitive inhibition behavior. For instance, PFOS is the longest carbon chain PFAA 

studied in this work; its degradation rates in the individual solution and in the mixture 

solution were very similar (the ηmixture/ηindividual value is 99.5 % (nearly 100 %)), 

suggesting minimal competitive inhibition occurred (Figure 4-30 (a) and (c)). However, 

for most of the other studied PFAAs (except for PFBS, PFBA and PFPrA), their 

degradation rates in the mixture solution were obviously slower than those in the 

individual solutions (Figure 4-30 (a) and (b)), with the ηmixture/ηindividual value decreasing 

greatly with decreasing chain length (Figure 4-30 (c)). The difference in the competitive 

inhibition behavior for each PFAA is explained as follows. PFAAs with longer chain 

lengths possess greater molecular volumes; hence, they might have more opportunities to 

contact the photoanode and undergo further degradation. According to Table 4-6, PFOS 

(showing the highest ηmixture/ηindividual value) bears the largest molecular volume (272.1 

cm3 mol–1) among the observed PFAAs, hence resulting in its weakest competitive 

inhibition behavior. It should be noted that the three shorter-chain compounds, PFBS, 



doi:10.6342/NTU202201196

 127 

PFBA and PFPrA, exhibited minimal degradation in the individual solutions (their 

ηindividual values were all < 20 %); thus, the calculated ηmixture/ηindividual values are relatively 

high, which does not accurately reflect the actual competitive inhibition behavior; hence, 

they are excluded from discussion. 
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5. Conclusions, environmental implication and 

suggestions 

5.1. Conclusions 

1. The decomposition of PFOS and PFOA in a PEC system was successfully achieved 

in this work by utilizing a fabricated GOTiO2 photoelectrode; new insights into the 

PFOS degradation mechanism have also been comprehensively elucidated for the 

first time.  

2. The presence of GO decreased the optical band gap and increased the surface area 

of the GOTiO2 photoelectrode, contributing to its higher capacitance and hence 

leading to better PEC performance in PFOS and PFOA degradation.  

3. With a current density of 20 mA cm−2, electrode distance of 5 mm, initial pH of 5.64, 

[PFOS]0 of 0.5 μM, and [NaClO4] of 50 mM, PFOS was completely decomposed in 

4 hours, the rate constants was 0.80  hour−1. 

4. With a current density of 16.7 mA cm−2, initial pH of 5.3, [PFOA]0 of 0.5 mg L−1, 

and [NaCl] of 50 mM, PFOA was completely decomposed in 4 h via PEC process 

using NaCl as an electrolyte, the rate constants was 0.74 hour−1. 

5. The scavenger/probe experiments showed that PFOS degradation was attributed to 

the electron transfer reaction and •OH and •O2
− attack, further leading to its 

decomposition; in the PEC system using Cl− as electrolyte, PFOA degradation was 



doi:10.6342/NTU202201196

 129 

attributed to the electron transfer reaction and •OH and RCSs attack, further leading 

to its decomposition. 

6. During the pathways of desulfonation, oxidation then defluorination, 

decarboxylation, decarbonylation, sulfonation, defluorination and hydroxylation, 

PFOS was transformed into various byproducts, including PFSAs, PFCAs, PFALs, 

HFCs and others; further decomposition of PFOS led to its mineralization with the 

formation of fluoride ions and sulfate ions.  

7. Four different possible reaction pathways for PFOA degradation in the PEC and EC 

systems using Cl− as an electrolyte, namely, decarboxylation followed by oxidation, 

defluorination, hydroxylation and Cl atom substitution, were proposed in this study 

along with the widely reported Kolbe reactions, and decarboxylation followed by 

oxidation was the primary degradation pathway, PFOA degradation products, 

including short-chain-length PFAAs and other byproducts. The Cl-containing short-

chain byproducts observed in the PEC and EC systems during the decomposition of 

PFOA indicated that RCS were involved in the reactions.  

8. Regarding the reactivity of PFOS, PFOA and other PFAAs, the results from this 

work demonstrated that the degradation rates of PFAAs depend on their carbon chain 

length.  
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9. PFAAs with shorter chain lengths possess lower degradation rates. In addition, when 

PFAAs coexist, greater competitive inhibition behavior was observed for the 

shorter-chain-length PFAA.  
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5.2. Environmental implications 

This study observes that PFOS and PFOA were completely decomposed via PEC 

process. The PEC process will likely be applied to WWTPs wastewater effluents and 

designed the flow-through PEC process to increase the PFOS and PFOA decomposition 

efficiency. The electrode have incorporated boron-doped diamond (BDD) anodes and 

nickel alloy stainless steel cathodes, which are chemically inert and have, high 

electrochemical, chemical stability and corrosion. The wastewater effluents contain high 

salt which could enhance the application of PEC processes. 

In addition, due to the PFOS and PFOA are being regulated by many countries and 

have been discontinued by many manufacturers, the manufacture and use of shorter chain 

lengths PFAAs has increased for the replacement. Nevertheless, this study observes that 

the shorter chain lengths PFAAs possess lower degradation rates and greater competitive 

inhibition behavior in mixture. This information could be helpful for lawmakers that the 

shorter chain lengths PFAAs should also be regulated or limited to minimize the 

environmental impact. In conclusion, the implications from this study accentuates the 

need for more attention of the reactivity and competitive inhibition behavior among 

PFAAs in the aquatic environment. 
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5.3. Suggestions 

1. New degradation pathways were identified; a total of 30 PFOS byproducts are 

reported in this work. However, given that the authentic standards of some of the 

byproducts (e.g., PFALs and HFCs) were not acquired in this work, the production 

yields among all types of byproducts as well as the contribution of each 

transformation pathway could not be comprehensively elucidated/compared; further 

investigation is required. 

Approach: 

To purchase the authentic standards of byproducts to quantitative and 

qualitative the PFOS byproduct in this study. On the other hand, LC–MSMS and 

QTOFMS were not the best analytical instruments to identify the byproducts, gas 

chromatography–mass spectrometry (GC–MS) can be used to identify the 

byproducts (e.g., PFALs and HFCs), and acquire more complete information on the 

production yields among all types of byproducts as well as the contribution of each 

transformation pathway. 
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2. Through the scavenger experiments, this study elucidated the participation of 

reactive species such as •OH, •O2
– and electron transfer in the PEC system. However, 

the scavenger experiments and probe tests are two of the more indirect methods for 

verification. Further in-depth investigation is required to examine the presence of 

specific radical species. 

Approach: 

To determine the reactive species by electron paramagnetic resonance (EPR) 

spectroscopy. EPR spectroscopy can be used to clarify the generation of reactive 

species in-situ, such as •OH and •O2
−.  

3. This study indicated that the excellent decomposition efficiency achieved by the 

PEC system; however, the defluorination efficiency was less than 21.2 %. Therefore, 

modification and improvement of electrodes are needed to achieve higher 

defluorination. 

Approach: 

To improve the defluorination efficiency in the PEC system, the different 

electrodes materials and the compositions of electrodes need further investigations. 

Anodes such as metal-organic framework (MOF) anode, highly boron-doped 

diamond (BDD) anode, electrospun nanoparticles on carbon nano fibers anode. 
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4. It is possible that PFOA mainly undergoes direct electron transfer initially, followed 

by reactions that generate shorter-chain products, and is further attacked by RCSs in 

the later stage of degradation; however, further studies are needed for elucidation. 

Approach: 

The stable electrolyte (e.g., NaClO4) can be used to confirm the non-Cl-

containing byproducts (P6, P10, P16 and P18-P22) in this study; the Cl-containing 

short-chain byproducts (P23-P30) should not be observed in the PEC system using 

NaClO4 as an electrolyte. 

5. In the experiments studying the pH effect, this study elucidated that the 

concentration of OH– increased with increasing pH, which led to competition 

between the PFOS anion and OH– for the sorption sites on the anode, thereby leading 

to the lowest PFOS removal at pH 11, however, in heterogeneous degradation, the 

charge associated with the surface functionality of material is an important 

characteristic. 

Approach: 

To determine the point of zero charge (PZC) of GOTiO2 photoelectrode, and 

examine the relationship between the PZC of GOTiO2 photoelectrode, pKa of PFOS 

and PFOA and the degradation rate constants of different pH values. 
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