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ABSTRACT 

Nowadays one of the most important challenges that the scientific 

community has to address, lies in the sustainable management of available 

water resources. However, water resources are currently threatened due to 

the increased release of anthropogenic pollutants of emerging concern 

from industrial and non-industrial sectors. Among these contaminants, 

poly- and perfluoroalkyl substances (PFASs) have been extensively 

released to the environment due to their use in a wide variety of industrial 

and household applications for 50 years. Furthermore, the extreme 

environmentally persistence, global distribution and bio-accumulation of 

PFASs have resulted in increasing attention by the international regulatory 

bodies dealing with environmental issues for the last few years.  

Not only the conventional water treatments are not capable of 

efficiently removing these hazardous substances, but also the concentration 

of certain PFASs could even rise after the breakdown of labile PFASs 

precursors in those processes. As a result, the development of 

environmentally friendly technologies to treat emissions of PFASs and 

polluted water with low-cost and high efficiency is crucial.  

Over the last few decades, advanced oxidation processes (AOPs) have 

appeared as non-conventional techniques able to strengthen the oxidation 

ability for the degradation of recalcitrant compounds. AOPs are 

technologies based on redox reactions that involve the generation of 

reactive oxidizing species. Within this category, electrochemical and 
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photochemical approaches have become promising technologies for PFAS 

removal due to the capability to mineralize organic matter.  

On the one hand, it is well-known that the anodic material strongly 

influences both selectivity and efficiency of the electrochemical process. 

Boron doped diamond (BDD) anodes have attracted interest for water 

treatment due to their unique properties such as inert surface with low 

adsorption properties, remarkable corrosion stability, long life span and 

high oxygen evolution overpotential, which lead to powerful oxidation 

conditions for the removal of organic compounds. Previous research has 

dealt with model solution of single PFASs using high initial concentration. 

However, either the role of the chemical and morphological features of the 

anode surface on the electro-oxidation pathways of PFASs or the 

electrochemical treatment of PFASs in real wastewaters have not been 

addressed yet. 

On the other hand, photochemical technologies typically operate at 

ambient temperature and pressure, and minimize the generation of 

secondary pollution. Although TiO2 is extensively used for heterogeneous 

photocatalysis due to its photostability and low cost, most of the previous 

studies revealed the limited performance of TiO2 for PFASs degradation. 

Nevertheless, composite catalysts based on the combination of TiO2 and 

other materials, such as noble metals and carbon-based materials have 

become as alternative catalysts to improve the photoactivity of TiO2. 

Within the homogenous photocatalysis, UV photolysis of persulfate has 

demonstrated the ability to degrade PFASs by the sulfate radicals 

promoted. However, a new class of photo-reduction treatments has 

recently arisen as a promising alternative for PFASs defluorination. The 

activation of sensitizer (e.g., iodide or sulfite) by UV light involves the 
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generation of powerful hydrated electrons (eaq
-•). These eaq

-• species can 

react rapidly with the electronegative fluorine atoms that act as reductive 

reaction centers, resulting in different degradation pathways conventional 

oxidative processes. 

Based on the previous background, the work developed in this thesis 

aims to evaluate different electrochemical and photochemical strategies for 

the treatment of persistent PFASs in water. The first chapter of this thesis 

includes an overview to PFASs and the main fundamentals and challenges 

of the proposed water treatments. The chemical reagents, experimental set-

ups and procedures, together with the analytical methods are described in 

Chapter 2. Chapter 3 summarizes the main results of the scientific 

publications done over the doctoral period. Specifically, a morphological, 

chemical and electrochemical comparison of commercial BDD anodic 

materials against the degradation of PFOA model solutions was initially 

included (scientific publication 1). Following this study, the application of 

microcrystalline BDD anode to remediate PFASs polluted industrial 

wastewaters under the effect of complex matrix composition with high 

background organic load was evaluated. The understanding of the 

electrochemical reaction mechanisms involved and the potential formation 

of undesired oxidation by-products, such as chlorinated species, were also 

investigated (scientific publications 2 and 3). Furthermore, the viability of 

photo-assisted technologies was initially studied by a photocatalyst 

prepared with TiO2 and reduced graphene oxide towards the degradation 

of PFOA in model solutions (scientific publication 4). Additionally, the 

capability of sequential oxidative/reductive photochemical strategies to 

remove a complex mixture of PFASs contained in a model aqueous film-

forming foam (AFFF) impacted groundwater was examined. The oxidative 

treatment consisted of UV irradiation with sodium persulfate to generate 
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sulfate radicals, whereas the UV reductive process used sodium sulfite as 

the sensitizer to generate hydrated electrons (manuscript under 

elaboration). Finally, chapter 4 comprises the main conclusions of the 

thesis. 
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RESUMEN 

Hoy en día uno de los principales retos al que tiene que enfrentarse la 

comunidad científica radica en la generación de conocimiento para el 

desarrollo de una gestión sostenible de los recursos hídricos disponibles. 

Sin embargo, estos recursos se están viendo actualmente amenazados 

debido al incremento de contaminantes emergentes de origen 

antropogénico procedentes tanto de sectores industriales como de otro tipo 

de fuentes contaminantes. Entre estos compuestos, las sustancias poli- y 

perfluoroalquílicas (PFASs) has sido ampliamente liberadas al medio 

ambiente debido a su uso en una amplia variedad de aplicaciones 

industriales y domésticas desde hace más 50 años. Debido a la extrema 

persistencia en el medio ambiente, la distribución mundial y la 

bioacumulación que presentan los PFASs, los organismos de vigilancia 

medioambiental y reguladores han aumentado la atención hacia estos 

compuestos en los últimos años.  

Además de que los tratamientos de agua convencionales no son 

capaces de degradar estas sustancias nocivas eficientemente, la 

concentración de algunos PFASs podría incluso aumentar tras la 

descomposición de los precursores de estos compuestos en este tipo de 

tratamientos. Como resultado, es crucial el desarrollo de tecnologías 

innovadoras, respetuosas con el medio ambiente, para el tratamiento de 

aguas contaminadas y emisiones de PFASs con bajo coste asociado y alta 

eficiencia.  

Durante las últimas décadas, los procesos de oxidación avanzada 

(POAs) han surgido como técnicas no convencionales capaces de 
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fortalecer la habilidad de oxidación para la eliminación de contaminantes 

recalcitrantes. Los POAs son tecnologías basadas en reacciones redox que 

dan lugar a la generación de especies oxidantes reactivas. Dentro de esta 

categoría, las estrategias fotoquímicas y electroquímicas se han convertido 

en tecnologías prometedoras para la eliminación de PFASs debido a su 

capacidad de mineralización de la materia orgánica.  

Por un lado, el material anódico influye fuertemente en la selectividad 

y en la eficiencia del proceso electroquímico. Los ánodos de diamante 

dopados con boro (BDD) han atraído gran interés para el tratamiento de 

agua debido a sus propiedades únicas, como una superficie inerte que 

proporciona bajos valores de adsorción, extraordinaria estabilidad a la 

corrosión, larga vida útil y alto sobrepotencial para la evolución del 

oxígeno, lo que conduce a condiciones altamente oxidantes pata la 

eliminación de compuestos orgánicos. Los trabajos ya publicados han 

tratado disoluciones modelo de compuestos perfluorados individuales con 

elevada concentración inicial. Sin embargo, el papel que desempeñan las 

características morfológicas y químicas de la superficie del ánodo sobre las 

reacciones de electro-oxidación de PFOA, así como el tratamiento 

electroquímico de PFASs en aguas residuales reales no ha sido abordado. 

Por otro lado, las tecnologías fotoquímicas generalmente operan a 

temperatura y presión ambiente, y minimizan la generación de 

contaminantes secundarios. A pesar de que el catalizador TiO2 es 

ampliamente utilizado en fotocatálisis heterogénea debido a su estabilidad 

y bajo coste, la mayoría de los resultados previos revelaron una foto-

actividad muy escasa del TiO2 para la degradación de PFASs. Sin embargo, 

los catalizadores compuestos por la combinación de TiO2 con metales 

nobles o de transición, o con materiales de carbono, han surgido como 
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potenciales catalizadores para mejorar el comportamiento fotocatalítico del 

TiO2. Dentro de las tecnologías de fotocatálisis homogénea, la fotolisis de 

persulfato mediante luz UV ha demostrado la habilidad de degradar PFASs 

debido a los radicales sulfato generados. Sin embargo, una nueva clase de 

tratamientos de foto-reducción han surgido como una alternativa 

prometedora para la defluoración de PFASs. Así, la activación de agentes 

reductores, como el sulfito, por luz ultravioleta da lugar a la generación de 

electrones hidratados (eaq
-•). Estas especies eaq

-• pueden reaccionar 

rápidamente con los átomos de flúor altamente electronegativos que actúan 

como centros de la reacción reductiva, dando lugar a vías de degradación 

diferentes de los procesos oxidativos convencionales. 

En base a los estudios previos, el trabajo desarrollado en esta tesis tiene 

como objetivo evaluar diferentes estrategias electroquímicas y 

fotoquímicas para el tratamiento de PFASs en agua. El primer capítulo de 

esta tesis incluye una perspectiva general de los PFASs así como los 

principales fundamentos y retos de los tratamientos de agua propuestos en 

este trabajo. Los reactivos químicos, sistemas y procedimientos 

experimentales, junto con los métodos analíticos, son descritos en el 

capítulo 2. El capítulo 3 resume los principales resultados de las 

publicaciones científicas realizadas durante el periodo doctoral. 

Inicialmente se muestra la comparación morfológica, química y 

electroquímica de diferentes materiales anódicos de BDD, para la 

degradación de PFOA de disoluciones modelo (publicación científica 1). 

Tras este estudio, se evaluó la aplicación del ánodo de BDD microcristalino 

para el tratamiento de mezclas de PFASs presentes en aguas residuales 

industriales, bajo el efecto de una composición compleja de la matriz 

acuosa caracterizada por una elevada carga orgánica.  Además, se 

investigaron las posibles reacciones electroquímicas, así como la 
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formación de sustancias nocivas, como algunas especies cloradas, durante 

los tratamientos (publicaciones científicas 2 y 3). La viabilidad de las 

tecnologías fotoquímicas fue inicialmente estudiada mediante la 

degradación de PFOA de disoluciones modelo con un catalizador 

compuesto preparado con TiO2 y oxido de grafeno reducido (publicación 

científica 4). Por otro lado, se estudió la capacidad de diferentes técnicas 

fotoquímicas de oxidación y reducción para la eliminación de una mezcla 

compleja de PFASs presentes en espumas anti-incendios. El proceso de 

oxidación se basó en el uso de radiación UV y persulfato de sodio para 

generar radicales sulfato, mientras que la técnica de reducción consistió en 

la fotólisis de sulfito de sodio como sintetizador de electrones hidratados 

(manuscrito en elaboración).  Finalmente, el capítulo 4 está constituido por 

las principales conclusiones de la tesis. 
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1.1. Poly- and per-fluoroalkyl substances (PFASs) 

Water pollution is a severe global challenge that has increased in both 

developed and developing countries, harming human development as well 

as the physical and environmental health of billions of people [1]. Indeed, 

water resources are currently threatened due to increasing presence of 

anthropogenic pollutants from industrial and non-industrial sectors. Every 

day, about 2 millions of tons of sewage, industrial and agricultural waste 

are discharged into world’s water without prior treatment or under poor 

wastewater management [2].  

Among water contaminants, emerging contaminants are unregulated or not 

completely regulated organic compounds even in the most developed 

countries, and they have now raised significant concerns to public health 

professionals and environmental engineers and scientists due to their 

environmental persistence and the potential hazard to the human health 

[3,4]. Among these persistent organic pollutants, poly- and per-fluoroalkyl 

substances (PFASs) are chemicals of anthropogenic origin that have been 

manufactured since the 1950s. These compounds consist of a partially or 

fully fluorinated alkyl chain of varying length (typically C4 to C16) and a 

hydrophilic end group (e.g. carboxylic, sulfonic, sulfonamide or 

phosphonic). These compounds have been historically made by two major 

manufacturing methods, electrochemical fluorination (ECF) and 

telomerization. ECF produces a mixture of compounds including 

branched, linear, and cyclic isomers of various chain lengths, while 

telomerization produces primarily straight chain (linear) PFASs with an 

even number of carbons, such as fluorotelomer-based surfactants or 

perfluoroalkyl substances [5,6]. 
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The C-F bond, which is predominant in PFASs molecular structure, is the 

shortest and strongest bond in organic chemistry. This molecular structure 

provides PFASs unique physical-chemical properties, such as the 

amphiphilic character and extraordinary thermal and chemical stability 

which have led to their use in a wide range of industrial, commercial and 

household applications. Furthermore, the suitable properties of these 

recalcitrant compounds make difficult to find equally effective 

replacement chemicals for some applications, specifically for aqueous 

film-forming foams (AFFF) that are used for fire fighting. As a result, 

PFASs have been highly used as additives in surface treatment processes, 

polymerization aids and surfactants, etc. Polymer applications included oil 

repellents, food packaging and stain guard products for carpets, textile or 

furnishings [5]. PFASs are used as surfactants in fluoropolymer 

manufacture, cosmetics, electronics, coatings, AFFFs and other facilities 

handling large volumes of flammable liquid hydrocarbons [6–8].  

1.2. Terminology and classification of PFASs 

PFASs are defined as compounds that contain the perfluoroalkyl moiety 

CnF2n+1−, and they are divided in two main groups [6]: 

- Perfluoroalkyl substances: aliphatic substances for which all the H

atoms attached to C atoms in the alkyl chain have been replaced by F

atoms, except those H atoms whose substitution would modify the

nature of any functional groups present (e.g. hydroxyl -OH). PFAA is

commonly used to denote perfluoroalkyl acids.
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- Polyfluoroalkyl substances: aliphatic substances for which all H

atoms attached to at least one (but not all) C atoms have been replaced

by F atoms; they still contain the perfluoroalkyl moiety CnF2n+1−. The

nomenclature of partially fluorinated alkyl chains must indicate the

number of fluorinated and unfluorinated carbons, e.g. the “6:2”

nomenclature states that the alkyl chain is formed by 8 carbon atoms,

six carbons are fully fluorinated and two carbons are bonded to

hydrogen atoms.

Table 1.1 lists the molecular structure and acronyms of the groups of 

PFASs addressed in this thesis, which consisted of perfluorinated 

carboxylic acids (PFCAs), perfluorinated sulfonic acids (PFSAs), and 

polyfluorinated compounds, such as fluorotelomer sulfonic acids (FTSAs), 

fluorotelomer carboxylic acids (FTCAs), fluorotelomer unsaturated 

carboxylic acids (FTUCAs) and fluorotelomer sulfonamides (6:2 FTAB or 

M4).  Even though most PFASs have very low acid dissociation constant 

(pKa) [9,10], the acronyms used in this document maintain the original 

abbreviation with the “A” related to “acid” to refer both the protonated and 

ionized forms (e.g. PFOA is also used for perfluorooctanoate). 
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Table 1.1. Chemical structure by compound class of most relevant PFASs. 

Compound Name Chemical structure n 

Perfluoroalkyl 
carboxylic acids 
(PFCAs) 

C

F

F

F C

O

O-

n

3-13 

Perfluoroalkane sulfonic 
acids (PFSAs) 

C

F

F

F S

O

O

O-

n

4-10 

Perfluorooctane 
sulfonamide (FASAs) 

CF

F

S

O

N

n

O

F

H

H

4-10 

Fluorotelomer carboxylic 
acids 
(n:2 FTCAs) 

CF

F

F

C

O

O-

n

4-8,10 

Fluorotelomer unsaturated 
carboxylic acids (n:2 
FTUCAs) 

C
C

F

FF

F C

O

O-

n-1

6,8,10 

Fluorotelomer alcohols (n:2 
FTOHs) 

C

F

F

F OH

n

4,6,8,10 

Fluorotelomer sulfonic acids 
(n:2 FTSAs) 

C

F

F

F S

O

O-

n

O

4,6,8,10 

6:2 Fluorotelomer 
sulfonamide alkylbetaine 
(6:2 FTAB) 

C

F

F

F S

O

NH

6

O

N+

CH3

CH3

C

O

O-

6:2 Fluorotelomer 
sulfonamide propyl N.N 
dimethylamine (M4) 

C

F

F

F S

O

NH

6

O

N

CH3

CH3
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Perfluoroalkyl carboxylic acids (PFCAs) 

These compounds contain a fluorinated carbon chain with a terminal 

carboxylic acid functional group, with a general chemical formula 

CnF2n+1COOH (Table 1.1). The alkyl chain of PFCAs can typically contain 

from 2 to 14 carbon atoms. PFCAs have pKa in the range 0–1 and they will 

be predominantly present as dissociated anions in environmental media 

which typically have pH above 4 [9,10]. PFCAs generally exhibit high 

water solubility and low vapor pressure, a sum of characteristics that 

promote their transportation in the aquatic environment. Water solubility 

and vapor pressure decrease with the carbon chain length [8,11].  

Perfluoroalkyl sulfonic acids (PFSAs) 

Perfluoroalkyl sulfonic acids is one of the most important families of 

significance along with PFCAs. PFSAs have the generic formula 

CnF2n+1SO3H (Table 1.1). PFSAs are suggested to have negative pKa values 

and exist in aqueous solution as dissociated anions [9,10]. They possess 

moderate water solubility which decreases with carbon chain length, and 

low vapor pressure [8].  

Perfluoroalkyl sulfonamides (FASAs) 

FASAs contain a fully fluorinated alkyl chain with a terminal sulfonamide 

group (Table 1.1). Perfluorooctane sulfonamide (FOSA) is the most 

detected compound (C8F17SO2NH2) of this group. It is produced by 

reacting a primary amine with perfluorooctane sulfonyl fluoride (R8SO2F) 

[5]. FASAs are considered precursors of PFSAs and PFCAs, due to their 

oxidation and biotransformation into these latter compounds  [12,13]. 
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Fluorotelomers (FT) 

Fluorotelomers are polyflurorinated substances which contain 

unfluorinated carbons between the perfluoroalkyl moiety and the 

hydrophilic end group. The main fluorotelomers are listed in Table 1.1. 

Fluorotelomer carboxylic acids (n:2 FTCAs) exhibit a −CH2− group  

between the fully fluorinated alkyl chain and the carboxylic acid end 

group, CnF2n+1CH2COOH. Similarly, fluorotelomer unsaturated 

carboxylic acids (n:2 FTUCAs) contain a double-bond structure between 

the perfluroalkyl moiety and the carboxylic acid end group, CnF2n

+1CFCHCOOH. Fluorotelomer sulfonic acids (n:2 FTSAs) possess the 

fully fluorinated alkyl chain and the ethyl group bonded to the sulfonic 

acid end group, CnF2n+1CH2CH2SO3H.  Fluorotelomer alcohols (n:2 

FTOHs) have the generic formula CnF2n+1CH2CH2OH, which contain a 

terminal hydroxyl group upon the ethyl group. Additionally, novel 

fluorotelomer sulfonamide-based chemicals have been progressively 

introduced in different applications specially for AFFFs, as alternatives 

of C8 perfluorinated compounds, e.g. 6:2 FTAB and M4 (Table 1.1) [14]. 

The molecular structure typically contains a polyfluorinated chain 

with a sulfonamide end group bonded to an alkyl chain that contains 

different groups, such as, betaine moiety [15–17].  

Depending on the alkyl moiety and the head group of these 

compounds, vastly different physicochemical properties and subsequent 

environmental fate can be obtained. Fluorotelomers or fluorotelomer 

sulfonamide-based chemicals can have a negatively charged carboxylic 

or sulfonic acid head group, positively charged quaternary ammonium 

head group or amphoteric head group, such a betaine. As a result, 

uncharged neutral compounds (zwitterionic species) would be much less 

water soluble and may partition 
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to solid phases or volatilize into atmosphere, while charged PFASs mainly 

end up into the aquatic environment. Exceptionally, FTOHs and FOSAs 

were also dominant compounds in air due to their low water solubility and 

high vapor pressure [18]. 

Fluorotelomer-based compounds contain abstractable H atoms within the 

alkyl chain which promotes the environmental oxidation, typically into 

PFCAs or PFSAs as degradation byproducts [19–22]. This has resulted in 

an increasing attention on fluorotelomers as precursors of persistent PFASs 

in the environment.  

1.3. Emissions and global occurrence 

As a result of the wide PFASs manufacturing and use, these compounds 

are released to the environment by several ways: (i) during synthesis, (ii) 

incorporation into final products, (iii) distribution of the products to 

consumers, (iv) use of the product by the consumers and (v) during 

disposal. Prevedouros et al. [23] estimated that the total global emissions 

from direct (manufacture, use, consumer products) and indirect (PFAS 

impurities and/or precursors) sources were 3200-7300 tones up to 2006. 

Similarly, total C4-C14 PFCAs emissions of 2610-21400 tonnes were 

estimated during 1951-2015, and 20-6420 tonnes are expected to be 

released from 2016-2030 [24]. The majority of PFCAs discharge resulted 

from fluoropolymer manufacture and use. Nowadays, environmental 

emissions of PFASs still occur through a variety of pathways and diffuse 

sources, such as from production sites, downstream industry, use of fire-

fighting foams, via wastewater effluents or via consumer product use and 

disposal [25].  
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Due to their high volume of emissions and the resistance to abiotic and 

biotic degradation, PFASs have been globally found in water, atmosphere, 

soil and even in animals and humans [18,23,26]. Water is the major non-

biota environmental compartment of concern because of the human 

exposure through PFASs contamination of drinking water, particularly 

near industrial sites [27,28] or fire-fighting training areas [21,29], as well 

as near landfill sites and wastewater treatment plants (WWTPs) [30,31]. 

Figure 1.1 shows a brief outline of PFASs transport and fate in the 

environment. 

Figure 1.1. Diagram of PFASs transport and fate in the environment. 

PFOA and PFOS are the most detected of PFAS compounds in the aquatic 

environment with not uniform distribution. Table 1.2 provides an overview 

of PFOA and PFOS concentrations in the different aquatic compartments 

detailed below.  

PFAS manufacturing

Commercial/Industrial products

Waste water treatment plants 
(WWTP)

Air Ocean water

River water
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Table 1.2. Summary of PFOA and PFOS concentrations (ng.L-1) in different 
aquatic compartments: ocean water, surface water, industrial/municipal WWTPs, 

landfill leachates and AFFF-impacted groundwater. 

Source [PFOA] (ng.L-1) [PFOS] (ng.L-1) Reference 

Ocean water 0.01-0.1 [23,32] 

Surface waters (Japan, 
USA, Europe, China) 0.9-173 0.9-30 [33–35] 

Surface waters (China) 0.24-320 0.02-730 [36] 

Industrial wastewater 
(USA) 50-525,000 198-1,400 [28,37–41] 

Municipal WWTP 
(USA) 58-1050 3-68 [38] 

Landfill leachates 
(USA, Europe) 10-8,900 50-3,200 [30,42] 

Landfill leachates 
(China) 281-214,000 1,150-6,020 [42,43] 

AFFF-impacted water 1.7-4,470 1.3-42,000 [29,44–47] 

Whereas PFOA and PFOS levels in ocean water typically vary between 

10-100 pg.L-1, coastal waters have a range between 0.2 and 20 ng.L-1 

[23,32,48]. On the contrary, levels in surface water of developed countries 

can be several orders of magnitude higher [7,48]. It has been reported that 

PFOS and PFOA concentrations in surface waters in Japan were in the 

ranges of 0.9-4 and 0.9-22 ng.L-1, respectively [33]. In Northeast U.S.A, 

Sinclair et al. [34] found PFOA and PFOS concentrations in surface water 

of New York State around 10–173 and 0.8–30 ng.L-1, respectively. Berger 

et al. [35] reported concentrations of <1 ng.L-1 for PFOS and 7.8 ng.L-1 for 

PFOA in European Nordic Countries. In respect of China, ranges of 

concentrations of PFOS in coastal seawaters of Hong Kong, the Pearl River 

Delta, and Korea were 0.02-730 ng.L-1, while those of PFOA were 0.24-

320 ng.L-1 [36]. 
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There was a possible link between this contamination with manufacturing 

and use of PFASs in those countries. Industrial sites may introduce these 

chemicals into the aquatic environment via direct release into the rivers or 

sewage treatment plants. In this way, PFASs concentrations in the 

industrial effluents can range from ng.L-1 to mg.L-1. 3M company, the 

major manufacturer of perfluorooctanyl compounds for more than 40 

years, caused contamination of municipal wells ranging from 0.05 to 1 

µg.L-1 of PFOA and to 1.4 μg.L-1 of PFOS, tested near the 3M 

manufacturing facilities (Minnesota) from 2005 to 2008 [37,49]. 

Additionally, elevated PFOS levels of 198–1,090 ng.L-1 found in Lake 

Onondaga (Northeast USA) were related to the high volume of industrial 

wastewater discharges from several industries located along the lake [38]. 

Moreover, WWTPs are another important source along with industrial 

contributions. PFASs cannot be removed efficiently in conventional 

treatments in WWTPs, and the partial biodegradation of labile PFASs 

precursors can  increase concentrations in the treated effluent relative to 

the influent [28,30,50]. Dauchy et al. [28] have recently detected 51 

different PFASs in an industrial wastewater treatment plant that receives 

the emissions of one fluorochemicals manufacturing facility in the north of 

France. The study found that 6:2 FTAB was the predominant PFAS with a 

concentration ranging from 4 to 45.5 mg.L-1. Municipal WWTPs typically 

contain lower levels of PFASs in the influent, effluent and sludge than 

industrial wastewaters [51]. Sinclair et al. [38] measured concentrations of 

several PFASs in six WWTPs in New York State, showing that PFOA was 

the predominant PFAS compound with concentrations from 58 to 1050 

ng.L-1. PFOA could occur up to hundreds of ng.L-1 in wastewaters not 
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impacted by fluorochemical manufacture, whereas its level was 7-fold 

greater in the plants that treated daily industry wastes.  

Landfills that receive consumer products contribute to PFAS pollution, as 

these compounds can reach landfill leachates with the potential of 

migration to groundwater or other aquatic environments [43]. In addition, 

WWTPs and landfills are also emission sources of semivolatile PFASs to 

the ambient air [25]. Hamid et al. [42] have recently reported 

concentrations of PFAAs in the range of 1-1800 ng.L-1 in leachates of 

several European countries. Fuertes et al. [30] also observed that PFOA 

was the predominant PFAS component in raw leachates of landfill sites 

located in the north of Spain, followed by shorter-chain PFCAs, due to 

their increasing use as alternative to C8 PFASs. However, PFHxA become 

the most abundant compound in treated samples, related to the possible 

degradation of unidentified PFASs precursors during the MBR treatment 

that was applied on-site to the landfill leachates. 

Additionally, the high volume of consumer products and wastes disposed 

in landfill leachates in China resulted in more elevated levels of PFASs 

than in other countries, with concentrations ranging from 70 to 214,000 

ng.L-1 for PFCAs and 30 to 416,000 ng.L-1 for PFSAs [43]. The volatile or 

semivolatile properties of PFAS precursors (some fluorotelomers such as 

FTOH, FASAs, FASEs, PAPs) facilitate the transport via atmosphere and 

subsequently the degradation into PFSAs and PFCAs [52]. The transport 

of these final degradation products proceeds mainly in water phase but also 

via gas-phase in the atmosphere, which can be deposited into soil and 

migrate until arriving to groundwater [25,32].  
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Furthermore, the consumption of AFFFs was also considered another 

significant source of PFASs pollution into groundwater and surface water 

near military sites. Investigations at AFFF-impacted sites revealed PFAS 

concentrations in the range of μg.L-1 up to mg.L-1 [25,29]. Filipovic et al. 

[44] reported concentrations of a mixture of PFAAs (PFOS, PFOA PFHxS

and PFHxA) of 738 to 51,000 ng.L-1 in groundwater and surface water at

military airfield in Sweden, being PFOS the most predominant compound

(<1 to 42,000 ng.L-1). Additionally, C6-C8 PFAAs were detected in

groundwater ranging from 125-7,090 µg.L-1 at two fire-training locations

in the USA [29].

1.4. Toxicity and legislative framework 

Humans are exposed to PFAS through commercial products, foods and 

primarily drinking water. The exceptional stability and bioaccumulative 

nature of PFASs led to increasing concern about their potential threat to 

human health [53]. The information on the toxicity of PFASs was focused 

on PFOS and PFOA due to their predominant presence in the environment. 

Moreover, the bioaccumulation potential has been observed predominantly 

in longer chain PFASs [54]. Most of the research comes from animal 

studies and information on adverse health effects in humans is limited to a 

small number of occupational studies [48,55]. PFASs were detected in 

human blood, serum, plasma and tissues [56]. Indeed, Calafat et al. [57] 

have reported that PFASs are detectable in the blood of more than 98% of 

the US population. The extent in the Spanish population showed that 

different PFASs were detected in over 85% of serum samples, with 

concentration ranged from 0.91 to 7.67 µg.L-1 [26].  
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Recent research has found a negative association between combined serum 

levels of PFOA and PFOS and sperm count in young men [58], evidence 

of disruption of thyroid function by both PFOA and PFOS [59] and an 

association between PFOA levels and elevated cholesterol [60]. 

Additionally, Steenland et al. [61] published a review about 

epidemiological evidence on human health effects of PFOA. Exposure to 

PFOA was associated with alteration of the birth weight and size of 

newborns [62] and related to cholesterol metabolism [63]. The cancer 

incidence of kidney, bladder and urinary track organs was related to PFOS 

and PFOA exposure in worker-based populations in several studies [64]. 

However, studies within the general population (without occupational 

exposure to PFAS) did not reveal any direct correlation between 

PFOS/PFOA exposure and carcinogenicity [65]. 

Due to these possible effects on human health, national and international 

regulatory initiatives to restrict the production and use of PFASs have 

focused mainly on long-chain compounds, which have been shown to be 

more bioaccumulative than their short-chain analogues. Among the 

PFASs, perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid 

(PFOA) are subjected to increasingly intense research. However, although 

there is a growing understanding of the properties of PFAS, it is clear that 

further information on their toxicology, persistence and bioaccumulation 

is required to define which specific PFAS compounds pose a potential for 

risk to human health and the environment. 

In 2009, perfluorooctane sulfonic acid (PFOS) and related substances 

based on perfluorooctane sulfonyl fluoride (POSF) were included in the 

Stockholm Convention, a global treaty designed to protect the environment 

and human health from persistent organic pollutants (POPs) and their 
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usage is banned by the European Union for various applications [66]. 

PFOS is also listed as a priority substance in the field of European water 

policy according to Directive 2013/39/EU [67], which defined annual 

average environmental quality standards (EQS) of 6.5·10-4 and 1.3·10-4 

µg.L-1 for inland surface waters and other surface waters, respectively. 

PFOA is still produced and used. However, this compound and its salt 

ammonium pentadecafluorooctanoate (APFO), as well as long-chain 

PFCAs (C11-C14) have been listed in the Candidate List of substances of 

very high concern by the European Chemicals Agency (ECHA) since 2015 

[68]. Particularly, since June 2017, the European Union has published 

measures to ban the production, use and placement on the market of PFOA, 

its salts and PFOA-related substances starting from 2020 [69]. Also, the 

United States Environmental Protection Agency has recently established 

health advisory levels for PFOA and PFOS in drinking water at 0.07 μg/L, 

both individually and combined [70]. 

As a consequence of these regulations, the production of long-chain PFASs 

has shifted toward less regulated countries in Asia [71]. Also, the industry 

is moving towards the production of less toxic and bioaccumulative short-

chain poly- and perfluorinated analogues [72].  

1.5. Advanced technologies for PFASs treatments 

The scientific community is currently facing the challenge of developing 

clean technologies for the treatment of the emissions of PFASs and the 

remediation of existing water polluted sites. Among others, literature 

reports the use of membrane, adsorption and/or ion exchange processes, 

which seem to be  effective for removal of long-chain PFASs but struggle 

to treat the shorter-chain PFAS compounds [73,74]. In addition, these 
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separation technologies involve the transfer of the contaminants to a 

second phase that needs to be further treated before its disposal in the 

receiving environment.  

Conversely, destructive methods aim at the cleavage of the strong C-F 

bonds to complete the mineralization of PFASs. Common oxidative 

processes, such as photo-Fenton, can fail to degrade PFASs due to the 

strongly electronegative fluorine atoms that surround the carbon skeleton 

to protect it from the oxidative attack, particularly for perfluoroalkyl 

sulfonates [75,76].  

However, over the last few decades, advanced oxidation processes (AOPs) 

have appeared as non-conventional techniques able to strengthen the 

oxidation ability for the degradation of recalcitrant compounds. AOPs are 

redox technologies with main characteristics of versatility, non-selectivity 

on the target useful to treat real wastewaters and the production of the 

highly reactive oxygen species (ROS), such as ·OH, O2·-, SO4·- or CO3·- 

[77,78]. Among these group of technologies, electrochemical oxidation 

and photochemical technologies have become promising technologies for 

PFAS removal due to their capability to mineralize organic matter.  

1.5.1. Electrochemical oxidation 

Electrochemical oxidation processes generally involve the degradation of 

contaminants via two mechanisms (Figure 1.2): (1) indirect 

electrochemical oxidation, where contaminants are degraded via different 

strong reactive species (e.g. ·OH radicals) generated on the anode, and (2) 

direct anodic oxidation, by which contaminants are oxidized by electron 

transfer reaction after the interaction with the anode surface [78,79]. Many 

organic pollutants can undergo both electro-oxidative mechanisms [80,81]. 
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Figure 1.2. Scheme of direct and indirect electrolytic treatment of contaminants. 

The main advantage of electrochemical processes is the environmental 

compatibility due to the fact that its main reagent, the electron, is a clean 

reagent [79,82]. It is well-known that the electrode material strongly 

influences both the selectivity and the efficiency of the process. Two types 

of electrode materials can be differentiated: “active” and “non-active” 

anodes. Active anodes provide high strong interaction between the 

electrode and the electro-generated species, such as ·OH, resulting in a 

high activity towards oxygen evolution (low O2 overvoltage) and low 

electrochemical performance for organics oxidation. Non-active anodes 

exhibit weak interactions between electro-generated species and the 

electrode material and possess higher electron transfer ability. As a result, 

these electrodes have a low electrochemical activity for the oxygen 

evolution reaction, leading to powerful oxidation conditions for the 

removal of organic compounds [82–84].  
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In particular, boron doped diamond (BDD) electrodes have gained 

attention for water treatment due to their unique properties compared to 

other electrode materials [83,85,86], such as superior chemical stability, 

long life span, low background currents and wider potential window for 

water decomposition reactions than other common non-active materials 

[87,88]. A major limitation of BDD anode application is the cost and 

difficulty of building BDD coatings compared with other electrode 

materials [89]. The efficiency of the electro-oxidation by BDD anodes has 

been already assessed for landfill leachates [90], and for mineralization 

purposes of other recalcitrant pollutants such as emerging contaminants 

contained in the secondary effluents of wastewaters treatment plants 

[84,91], polychlorinated dibenzo-p-dioxins and dibenzofurans [92], 

naphtenic acids [93] and organic pollutants in industrial wastewaters [94].  

The ability of the electro-oxidation technology for PFASs degradation is 

now under research. The anodic material plays a key role in the effective 

degradation and mineralization of PFASs. PFASs can undergo direct 

oxidation by the electron transfer from the hydrophilic end group to the 

anode, but hydroxyl radicals formed from water molecule can also 

contribute to mineralize PFASs in the solution [80,95]. Therefore, the 

electrochemical performance of the electrode would depend on its electron 

transfer ability and its ·OH generation capacity. In this way, BDD have 

attracted interest for PFAS degradation, since it can provide high formation 

of ·OH at low background currents, and these ·OH are weakly absorbed to 

the BDD surface, avoiding the interference in the initial PFAS reaction 

with the electrode [78]. In contrast, “active” anodes, such as Pt, Ti/Ru-IrO2, 

and Ti/SnO2-Sb/MnO2 presented poor electrochemical performance for 

PFOA degradation [96,97]. 
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It has been demonstrated that PFBA, PFHxA, PFOA, PFDA, PFBS, 

PFHxS and PFOS could be effectively decomposed by a BDD anodes [98–

102]. These previous studies dealt with model solution of single PFASs 

and the addition of electrolyte, using high initial concentration. However, 

it is worth pointing out that the observed removal rates of PFASs using 

BDD as anode material were very diverse among the literature [95,99,102–

108]. While Carter and Farrel [99] observed a rate of 7.8 h-1 for PFOS 

removal when the applied current density (j) was 20 mA.cm-2, Xiao et al. 

[103] obtained much lower kinetic rate (0.108 h-1) for the PFOA 

electrooxidation, at the same current density. On the contrary, Ochiai et al. 

[104] obtained 8-fold higher kinetic constant (0.8 h-1) for PFOA 

degradation than the work of Xiao and co-workers [103], regardless the 

applied current density was two orders of magnitude lower (0.15 mA.cm-

2). Even though the experimental conditions were different in these studies, 

the chemical structure and morphology (boron doping concentration, 

roughness, grain size or sp3/sp2 carbon ratio) of BDD surfaces could also 

play an important role on the electro-oxidation pathways of PFASs [109–

114]. However, the relation of the BDD surface features with the PFAS 

removal response has not been studied yet.  

Furthermore, the electro-oxidation pathways of PFASs on BDD anodes 

can occur along several steps involving both the hydroxyl radical attack 

and electron transfer to the anode. The mechanism widely proposed for 

PFCAs degradation would start with the electron transfer from the 

carboxyl group to the anode to generate the CnF2n+1COO· radical (Eq. 1). 

Next, this highly unstable radical undergoes Kolbe decarboxylation to 

form a perfluoroalkyl radical (CnF2n+1·) (Eq. 2). The electrogenerated 

hydroxyl radical can react with the perfluoroalkyl radical to form a 

perfluoro alcohol CnF2n+1OH (Eq. 3), which is a thermally unstable species 
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that would undergo intramolecular rearrangement to form the perfluoro 

carbonyl fluoride and release fluoride anion (Eq. 4). Finally, the latter 

species hydrolyses to give the one-carbon-shorter-chain 

perfluorocarboxylic acid, Cn-1F2n-1COO- (Eq. 5) [95–97,115]. The Cn-1F2n-

1COO- repeats the above steps and decomposes into shorter-chain 

perfluorocarboxylic acids by gradually losing a CF2 unit. 

CnF2n+1COO-→ CnF2n+1COO•+e-                                                           (1) 

CnF2n+1COO•→ CnF2n+1
•+ CO2+ H+                                                      (2)  

CnF2n+1
•+ •OH →CnF2n+1OH                                                                  (3)  

CnF2n+1OH→Cn-1F2n-1COF +F-+H+                                                        (4)  

Cn-1F2n-1COF +H2O→Cn-1F2n-1COO- +F-+H+                                        (5)  

In the case of fluorotelomers, the electro-oxidation pathway consisted of 

an initial attack by ·OH radicals in the unfluorinated carbons, forming 

PFCAs which undergo the reactions previously described [115,116]. 

1.5.2. Photochemical technologies 

Photochemical strategies are based on light-induced chemical reactions. 

The use of UV/Vis radiation and auxiliary chemicals or catalysts allow 

accelerating the degradation of contaminants. The wavelength range 

generally utilized lies between UV-C (200-280), UV-B (280-315) and UV-

A (315-380) and visible light (380-850 nm). The photochemical processes 

are divided in three groups: (i) direct photolysis, (ii) photosensitized 

technique and (iii) photocatalysis; depending on the reagent or material 

that absorbs photons to form the consequent photochemical reactions.  
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Direct photolysis involves the transformation of the contaminant resulting 

from the direct photon absorption by the molecule. The photons from UV 

radiation are used to produce an electronically excited state of a molecule, 

which enables the cleavage of chemical bonds. Only one photon can cause 

a photochemical reaction, and each photon is absorbed by a single 

molecule to initiate the reaction. Most organic compounds show absorption 

bands at the UV-C region, which is a small percentage of solar radiation 

[117,118]. Some published direct photolytic degradation studies have 

demonstrated that PFASs can be photodegraded by light from deep UV-

region to 220 nm [119]. Moreover, the presence of oxygen and acidic 

conditions could enhance the direct photodegradation [120]. 

Photosensitization consists of initiating a reaction through the use of an 

auxiliary photosensitizer capable of absorbing light producing reactive 

radicals or exchanging electrons with the pollutants. The combined action 

of sensitizer and UV radiation on aqueous pollutants can lead to faster and 

more efficient contaminant removal. Most photochemical processes 

employed have been based on UV and hydrogen peroxide and persulfate 

to generate ·OH and SO4·- radicals with oxidation potential of 2.6 and 2.8 

V, which play the main roles in removing organic molecules [121,122]. 

Accordingly, Hori et al. [123] observed slow PFOA degradation rates by 

means of H2O2 under UV-Visible irradiation and O2 atmosphere. However, 

Yang et al. [124] observed nearly complete elimination of 6:2 FTSA and 

the intermediate perfluorocarboxylates formed during the UV-H2O2 

treatment in air atmosphere. Qian et al. [125] and Yin et al. [126] 

demonstrated significant PFOA degradation in UV and heat activated-

persulfate system, respectively, and under acidic conditions.  
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Among the photochemical techniques, new reductive strategies have been 

recently proposed as promising alternatives to form powerful reducing 

agents, such as hydrated electrons (eaq
-, -2.9 V), which are able to degrade 

halogenated organic compounds [127]. Aqueous photolysis of different 

inorganic anions, such as dithionite [128], sulfite [129,130], potassium 

iodide [131], and ferrocyanide [132] have been previously used to produce 

the reducing species. The strong electronegativity of fluorine atoms can act 

as the reductive reaction center for defluorination by eaq
-. Park et al. 

[133,134] dealt with this innovative photo-reductive technology for the 

treatment of PFOA and PFOS in aqueous iodide solution under UV 

irradiation, achieving higher degradation rates for perfluoroalkyl 

sulfonates. Additionally, Song et al. [135] reported the feasibility of using 

the UV-sulfite system to decompose PFOA under N2 atmosphere and 

alkaline conditions. Also, PFOS was successfully decomposed in 30 min 

using high-pressure mercury lamp at alkaline pH and 10 mM of sulfite 

[130]. 

Finally, photocatalysis consists of the acceleration of a chemical reaction 

by the presence of a catalyst which is capable of absorbing photons. The 

catalyst is usually a semiconductor which has an orbital with an electronic 

band structure. There are two bands describing the electronic structures of 

semiconducting materials, one is the conduction band (CB) with the lowest 

unoccupied molecular orbital and the valance band (VB) which is the 

highest occupied molecular orbital. The band-gap energy is the energy 

difference between these two bands. When a photon with an energy equal 

or greater than the band gap is absorbed, an electron (e-) from the VB is 

promoted to the CB, leaving at the same time a photogenerated hole (h+) in 

the VB, generating an electron-hole pair (e-/h+), as can be seen in Figure 1.3 

for TiO2 catalyst. Then, the e-/h+ pairs created can migrate to the surface of 
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the photocatalyst, they might further react with water or oxygen molecules 

forming mainly •OH or superoxide anion radicals (O2
•-), or they can 

recombine between themselves, liberating the previously absorbed energy 

as heat or light and avoiding the existence of redox reactions [136,137].  

 
Figure 1.3. Photocatalytic mechanism of electron-hole pair formation in TiO2 

semiconductor in water and the consequent chemical reactions. 

Several semiconductors have been used as photocatalysts, including 

bismuth (III) sulfide (Bi2S3), niobium pentoxide (Nb2O5), russellite 

(Bi2WO6), silver carbonate (Ag2CO3), titanium dioxide (TiO2), tungsten 

(VI) oxide (WO3), zinc oxide (ZnO), and zinc sulfide (ZnS), among others 

[138]. However, TiO2 is the most commonly used catalyst for the treatment 

of organic matter, due to its non-toxicity, high efficiency at room 

temperature, easy availability, low cost, photo and chemical stability [139]. 

However, it is only activated under ultraviolet light, which represents 4% 

to 8% of the solar spectrum and the high recombination of the 

photogenerated electron-hole pairs reduces the production of ROS [140].  
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Sanchez et al. [141] have previously studied the photocatalysis of 

greywater from hotels with commercial TiO2 as photocatalyst. 

Furthermore, Dominguez et al. [142,143] evaluated the photocatalytic 

degradation of dodecylbenzenesulfonate by means of TiO2 with different 

light sources and photoreactor configurations. TiO2 catalyst also achieved 

the degradation of p-cresol under LED irradiation [144]. However, prior 

works have revealed the limited performance of TiO2-mediated 

photocatalysis for PFAS elimination [145–147]. As a result, new strategies 

have been proposed to overcome the drawbacks of the TiO2 catalyst. The 

more promising alternatives are focused on the combination with transition 

or noble metals or carbon materials [145,148–151], which achieved an 

enhance photodegradation of PFOA synthetic solutions compared to the 

bare TiO2. 

1.6. Research approach and thesis structure 

This thesis has been performed in the Environmental and Bioprocess 

Technologies (EBT) Research Group at the Department of Chemical and 

Biomolecular Engineering of University of Cantabria. Based on the 

previous background, the main objective of this thesis is to develop 

advanced technologies for the treatment of PFASs in water. This main goal 

has been covered by the following technologies and materials:  

• Electrochemical oxidation.  

Firstly, the electrochemical degradation of PFOA model solutions was 

evaluated by means of different commercial BDD anodes. 

Additionally, the influence of the chemical composition and the 

morphology of the BDD surfaces on PFOA electrolysis was studied. 
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Secondly, the feasibility of electrochemical technology using BDD 

anodes in the degradation of a complex mixture of PFASs in a real 

industrial wastewater was investigated. Kinetic model of the 

electrocatalytic removal of contaminants has been performed. 

• Heterogeneous photocatalysis.  

Study of the photocatalytic degradation of PFOA by a prepared 

catalyst based on TiO2 and reduced graphene oxide (rGO). The 

physical characterization of the TiO2-rGO composite and its 

photocatalytic performance were assessed. Comparison with direct 

photolysis and TiO2-mediated photocatalysis has been developed. The 

optimal TiO2-rGO catalyst dose has been reported. Kinetic model of 

PFOA and intermediate products has been studied. 

• Homogeneous photocatalysis.  

Application of reductive/oxidative photochemical technologies have 

been proposed to accomplish the degradation of a complex mixture of 

PFASs in AFFF-impacted water. Oxidative treatments consist of UV 

and sodium persulfate, whereas the innovative reductive process is 

based on UV and sulfite. Different combination of sequential 

oxidative/reductive treatments have been studied. 

According to these specific goals and the current regulations of the 

University of Cantabria for thesis “as a compendium” of scientific 

publications (Regulations of the academic management of Doctoral 

Studies regulated by the Royal Legislative Decree 99/2011), this thesis 

document has been structured in four chapters (Figure 1.4). 
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 Figure 1.4. Thesis structure divided in 5 chapters. 

Chapter 1: It contains the introduction of the thesis. In this point, an 

overview to PFASs, the fundamentals of the proposed water treatments and 

the goals of the thesis are described.  

Chapter 2: This chapter describes the chemicals, experimental procedures 

and analytical methods used in the present thesis. 

Chapter 3: It consists of a summary of the main results of the scientific 

publications done during the doctoral period.  

This chapter includes initially the results of the electrochemical 

degradation of PFOA model solutions by means of different commercial 

BDDs anodes. Moreover, a comparative study of the chemical and 

CHAPTER 1

Introduction: motivation, goals and thesis structure

CHAPTER 3

Results summary

CHAPTER 4
Conclusions and future work

CHAPTER 5

Scientific publications

CHAPTER 2

Materials and methods
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morphological features of the anode materials and their electrochemical 

performance was addressed. Scientific publication: “Comparison of 

microcrystalline and ultrananocrystalline boron doped diamond anodes: 

Influence on perfluorooctanoic acid electrolysis” (Sep. Purif. Technol. 208 

(2019) 169-177). 

The results of the feasibility of the microcrystalline BDD anode to treat a 

mixture of PFAS contained in real influents and effluents of a wastewater 

treatment facility was also reported. Scientific publications: “Boron doped 

diamond electrooxidation of 6:2 fluorotelomers and perfluorocarboxylic 

acids. Application to industrial wastewaters treatment” (J. Electroanal. 

Chem. 798 (2017) 51–57) and “Efficient electrochemical degradation of 

poly- and perfluoroalkyl substances (PFASs) from the effluents of an 

industrial wastewater treatment plant” (Chem. Eng. J. 322 (2017) 196-

204).  

On the other hand, the experimental findings obtained through the photo-

assisted technologies were reported initially for the degradation of PFOA 

in model solutions by a prepared TiO2-rGO photocatalyst. Scientific 

publication: “Photocatalytic degradation and mineralization of 

perfluorooctanoic acid (PFOA) using a composite TiO2−rGO catalyst” (J. 

Hazard. Mater. 344 (2017) 950–957).  

Finally, the results of the capability of sequential oxidative/reductive 

photochemical strategies to remediate PFASs contained in a AFFF 

formulation was also shown. Scientific publication: “Degradation of poly- 

and perfluoroalkyl substances (PFASs) in Aqueous Film-Forming Foam 

by sequential UV oxidative/reductive treatments”. This last work is under 

preparation to be submitted to a scientific journal.  
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Chapter 4: It comprises the final remarks of the thesis along with the 

future work.   

Chapter 5: In this section the scientific publications during the doctoral 

period are included. 
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This chapter includes the characteristics of the chemicals and solutions 

used in the experimental part of the present thesis, explains the procedures 

followed in the different treatments and describes the analytical methods. 

2.1. Chemical reagents 

The main reagents used in this thesis are detailed in Table 2.1. These 

chemicals were reagent grade or higher (purity > 98%). All solutions were 

prepared using ultrapure water (Q-POD Millipore). 

Table 2.1. List of the chemicals used for the experimental work. 

Reagent Formula Supplier Use 

Perfluorooctanoic acid C7F15COOH Sigma-Aldrich Treatment and 
analysis 

Perfluoroheptanoic acid C6F13COOH Sigma-Aldrich Analysis 

Perfluorohexanoic acid C5F11COOH Sigma-Aldrich Analysis 

Perfluoropentanoic acid C4F9COOH Sigma-Aldrich Analysis 

Perfluorobutanoic acid C3F7COOH Sigma-Aldrich Analysis 

Sodium sulfate Na2SO4 Sigma-Aldrich Electrolyte in 
treatments 

Graphite powder C Acros 
Organics 

Photocatalyst 
synthesis 

Sulfuric Acid H2SO4 Panreac Photocatalyst 
synthesis 

Chloride acid HCl Panreac Photocatalyst 
synthesis 

Potassium permanganate KMnO4 Panreac Photocatalyst 
synthesis 

Sodium nitrate NaNO3 Panreac Photocatalyst 
synthesis 

Titanium dioxide (TiO2) P25 
(20% rutile/80% anatase) TiO2 Evonik 

Industries Photocatalyst 

Sodium sulfite Na2SO3 Sigma-Aldrich Photochemical 
Sensitizer 

Sodium persulfate Na2S2O8 Sigma-Aldrich Photochemical 
Sensitizer 

Sodium bicarbonate NaHCO3 Macron, ACS 
Reagent Buffer 
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2.2. Electrochemical oxidation treatment 

2.2.1. Contaminated water samples 

Synthetic solutions 

The comparative study between different anodic materials was developed 

using PFOA model aqueous solutions with initial concentration 0.24 

mmol.L-1. Sodium sulfate (5 g.L-1) was used as the electrolyte to provide 

the aqueous solution with the conductivity needed for electrochemical 

treatments (6.5 mS.cm-1). 

Real wastewater samples 

Real industrial wastewaters were used as target contaminated water for 

electrochemical remediation studies. Specifically, grab samples (50 L) of 

the influent and effluent streams were obtained in one sampling campaign 

in 2015, from an industrial wastewater treatment utility (WWTP) located 

in France. The WWTP receives the sewage of several chemical industries, 

including a PFASs and fluoropolymer manufacturer. The different stages 

of the industrial WWTP consisted of a homogenization pool to neutralize 

the pH and a primary buffer tank. Next, the industrial wastewater enters an 

activated sludge aeration basin. The wastewater passes through a 

secondary clarifier to be treated by floatation. As a result, the effluent flows 

through sand filters before the discharge into the river [1]. Both influent 

and effluent samples were collected at the same day. Since the residence 

time in the WWTP is around nine days, the collected effluent sample did 

not correspond to the treatment of the influent sample.  
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Four manufacturing plants discharged in the WWTP, and only one of them 

produced side-chain-fluorinated polymers and fluorotelomer based 

products for fire-fighting foams and stain repellents which accounted for 3 

to 17% of the overall influent flowrate. The characteristics of the industrial 

wastewaters are summarized in Table 2.2.  

The main anions, chloride and sulfate, were present in similar 

concentration in both influent and effluent samples and provided the water 

samples with the conductivity required for the electrochemical treatment. 

The global organic pollution parameters, chemical oxygen demand (COD) 

and total organic carbon (TOC), were drastically higher in the influent 

stream. Therefore, the treatments applied in the WWTP led to a severe 

reduction of the total organic load background. The remaining content in 

the effluent is likely attributable to non-identified soluble organic 

compounds that are refractory to conventional treatments. 

In addition, 10 individual PFASs were quantified in the raw and treated 

water samples, among the group of 29 PFASs included in the monitoring 

program (the full list of 29 PFASs is included in the supplementary 

material of the scientific publication, Gomez-Ruiz et al. Chemical 

Engineering Journal, 322 (2017), 196–204). The total concentration of 

PFASs reached 1402 µg.L-1 in the influent and 1652 µg.L-1 in the effluent. 

Particularly, the most abundant PFAS in the wastewaters was 6:2 FTAB 

which is a fluorosurfactant commonly used in some fire-fighting foams. 

6:2 FTAB was relatively inert to the conventional water treatment since 

similar concentration values were found in both samples. The next 

prominent PFAS in the effluent was M4 and 6:2 FTSA. It has been 

observed that M4 is an intermediate transformation product of 6:2 FTAB 

and a raw material used for 6:2 FTAB synthesis [1,2]. 6:2 FTSA can be a 
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degradation product of fluorotelomer-based substances, such as 

fluorotelomer thioether amido, 6:2 FTAB and M4 [3].  

Table 2.2. Main characteristics and initial concentration of PFASs (ng.L-1) in the 

influent and effluent samples of the industrial WWTP. 

Influent Effluent 

Physico-chemical Parameters 

Suspended Solids (mg.L-1) 125 55 
Conductivity (mS.cm-1) 6.7 6.9 
pH 8.4 7.6 

Organic Pollutants 

COD (mg.L-1) 2,944 227 
TOC (mg.L-1) 722 99 

Inorganic Compounds 

Sulfate (mmol.L-1) 9 11.3 
Chloride (mmol.L-1) 28.4 38 
Ammonium (mmol.L-1) 5 <LOQ 
Fluoride (mmol.L-1) <LOQ <LOQ 

PFASs 

PFBA (ng.L-1) 496 7,544 
PFPeA (ng.L-1) 3,154 52,500 
PFHxA (ng.L-1) 5,291 24,827 
PFHpA (ng.L-1) 2,793 37,847 
PFOA (ng.L-1) 449 2,063 
6:2 FTSA (ng.L-1) 242,496 382,200 
8:2 FTSA (ng.L-1) 874 <LOQ 
6:2 FTCA (ng.L-1) 328 <LOQ 
6:2 FTAB (ng.L-1) 1,111,000 1,143,000 
M4 (ng.L-1) 34,361 2,414 

The LOQ for fluoride was 0.002 mmol.L-1. The LOQs for 8:2 FTSA and 6:2 

FTCA were 400 ng.L-1 in the influent samples; and 2,000 and 5,000 ng.L-1 in the 

effluent samples, respectively. 
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As it can be shown in Table 2.2, M4 was partially removed after the 

WWTP treatments, whereas 6:2 FTSA concentration increased in the 

effluent sample likely due to the transformation of M4 or other precursors.  

Several PFCAs were also identified in the raw and treated sample: PFOA, 

PFHpA, PFHxA, PFPeA and PFBA. Mass flows of PFCAs notably 

increased after the activated sludge treatment due to the breakdown of 

precursors in the sample, such as fluorotelomers, as it has been previously 

reported [4–6]. Even though fluorotelomers are only manufactured as 

even-carbon chains, the degradation of these compounds can result in both 

even and odd PFCAs [7–9]. These results also indicated the large presence 

of unknown PFAS compounds in the raw sample which are transformed 

throughout the WWTP treatments. 

2.2.2. Anodic materials and characterization 

Two commercial boron doped diamond (BDD) anodes were studied: a 

microcrystalline (MCD) BDD electrode supplied by Adamant 

Technologies (Switzerland) under the commercial reference Diacell 106, 

and an ultrananocrystalline (UNCD) BDD electrode that was purchased to 

Advanced Diamond Technologies (U.S.A.). The MCD anode was formed 

by a diamond coating of thickness 2–3 μm, synthesized by hot filament 

chemical vapor deposition (CVD) on a monocrystalline p-Silicon circular 

substrate, with 70 cm2 of geometrical area. The UNCD anode was made of 

a boron doped ultrananocrystalline diamond coating of 2 µm film thickness 

and 3–5 nm average grain size, on a niobium substrate (42 cm2 of 

geometrical area). Additionally, three commercial BDD electrodes were 

purchased from NeoCoat SA (Switzerland) for boron doping calibration 

(100, 2500 and 10000 ppm of boron, respectively). The latter electrodes 

were fabricated by hot filament CVD to give a polycrystalline diamond 
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film with 2-3 µm thickness on a p-Silicon substrate, similarly to the MCD 

anode previously described. 

The surface morphology of the BBD anodes was determined using field 

emission scanning electron microscopy (FESEM, JEOL JSM, 7000-F) at 

10 kV. The Raman spectra were taken at room temperature under 

atmospheric pressure in backscattering geometry with a Horiba T64000 

triple spectrometer using the 514.5 line of a Coherent Innova Spectrum 

70C Ar+-Kr+ laser and a nitrogen-cooled CCD detector (Jobin-Yvon 

Symphony) with a confocal microscope and a 100× objective for detection. 

The power on the sample was kept below 4 mW to avoid laser-heating 

effects on the probed material and the concomitant softening of the 

observed Raman peaks. Lorentzian fitting of the Raman spectra was done 

using Origin 8 software. The relative sp3/sp2 band ratios were determined 

by deconvolution of the spectra obtained from X-ray photoelectron 

spectroscopy (XPS), using an SPECS system (SPECS, Berlin, Germany) 

equipped with a Phoibos 150 1D-DLD analyser and monochromatic Al Kα 

radiation (1486.6 eV). Data analysis was carried out using Casa XPS 2.3.16 

Software to fit the signals to Gauss-Lorentzian curves, after removing the 

background (Shirley). 

2.2.3. Experimental set-ups specifications 

The diagram of the experimental set-up used for the bench scale electro-

oxidation experiments is shown in Figure 2.1. The configuration consists 

of an undivided flow-by cell with two parallel electrodes: boron doped 

diamond (BDD) anode and a cathode of either stainless steel or tungsten, 

depending on the system. The cell was connected to a power supply 

(Agilent 6654 A) and experiments were conducted in galvano-static 
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conditions. The feed solution was stored in a feed tank, pumped through 

the inter-electrode channel at a high linear velocity and recirculated to the 

feed reservoir. Every experiment was conducted in batch mode at constant 

temperature of 293 ± 2 K. Treated samples were withdrawn from the feed 

tank at regular time intervals and preserved at 4ºC until analysis.  

Figure 2.1. Electro-oxidation experimental system. 

The different experimental procedures followed in this electrochemical 

technology for the study of: (a) comparative performance of BDD anodes, 

(b) treatment of industrial wastewaters; are shown below.

Initially, experimental work using two commercial BDD anodes (described 

in section 2.2.2) for the decomposition of PFOA from model solutions was 

carried out using two BDD electrochemical systems. Table 2.3 collects the 

details of experimental conditions applied for each electrochemical system. 

The feed volume was adapted to get similar anode area/volume ratios in 

both experimental systems. The mass transport coefficient (km) in the liquid 

boundary layer created nearby the anode was calculated by Anglada et al. 

[10] and Urtiaga et al. [11] being 0.8·10-5 and 2.4·10-5 m/s for the MCD
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and UNCD electrolysis cells, respectively, taking into account the 

hydrodynamic conditions in each experimental system and the anode 

geometry.  

The comparative experiments for MCD and UNCD anodes were conducted 

under galvanostatic conditions at a current density (j) of 5 mA.cm-2. 

Moreover, different current densities were applied for MCD (j=1 and 2 

mA.cm-2) and UNCD (j=10 and 20 mA.cm-2) to study the current density 

effect on the PFOA degradation from model solutions. The applied current 

densities were selected to allow appropriate evaluation of PFOA 

degradation kinetics during a 4-hour experiment accordingly to the 

dissimilar electrochemical responses observed for UNCD and MCD 

anodes, respectively. 

Table 2.3. Description of the experimental conditions and anode geometry 

for the electro-oxidation experiments. 

Characteristic MCD system UNCD system 

Anode geometry Circular Rectangular 
Anode surface area (cm2) 70 42 
Cathode Stainless steel Tungsten 
Inter-electrode gap (mm) 5 8 
Feed Volume (L) 1 0.5 
Flow-rate (m3.s-1) 5·10-5 1.1·10-4 
Linear Velocity (m.s-1) 0.11(1) 0.16 
Anode substrate Silicon Niobium 
Cathode Stainless steel Tungsten 
Applied current density (mA.cm-2) 1,2,5 5,10,20 
Cell voltage (V) 5.6(2) 4.9(2) 

(1) Linear velocity was calculated at the central position of the circular electrode

(2) Cell voltage during the electro-oxidation experiments at 5 mA.cm-2
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Secondly, electro-oxidative tests of industrial wastewaters were performed 

in the microcrystalline BDD system. The experimental conditions used for 

raw (influent) and WWTP treated (effluent) wastewaters are listed in Table 

2.4. The industrial wastewaters were filtered using 0.45 μm nitrocellulose 

filters (Millipore). 2 L samples were used as feed in the experiments that 

were conducted in batch mode, under galvanostatic conditions at j=50 

mA.cm-2. In addition, different current densities (2, 5 and 10 mA.cm-2) 

were applied to assess their effect on the removal rate of PFASs and TOC 

from the effluent sample.  

Gas phase sampling was not considered, even though it could contain small 

amounts of short-chain volatile PFCAs as final products of the 

electrochemical treatment. Each point of the kinetic data was obtained as a 

single electrochemical experiment, a procedure that allowed to keep the 

volume constant along the experimental time. 

Table 2.4. Description of the experimental conditions for electrochemical 

treatment of the industrial wastewaters using BDD anode. 

Experimental conditions Influent Effluent 

BDD system MCD MCD 
Feed Volume (L) 2 2 
Applied current density (mA.cm-2) 1,2,5 5,10,20 
Cell voltage (V) 11.7 13.9 – 15.3 

(1) Cell voltage during the electro-oxidation experiments at 50 mA.cm-2

2.3. Photocatalytic technology 

2.3.1. PFOA model solutions 

PFOA aqueous solutions 0.24 mmol.L-1 were used as feed in all 

experiments. The TiO2-rGO composite catalyst doses were 0.05, 0.1 and 
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0.5 g.L-1. Additionally, commercial P25 (Evonik) TiO2 catalyst was also 

used for comparison. 

2.3.2. Synthesis and characterization of the composite TiO2-rGO 

catalyst 

The first step consisted of the synthesis of graphene oxide (GO) following 

the modified Hummers method [12]. Thus, 70 mL of H2SO4 were 

introduced into a jacketed reactor with the thermostatic bath set at 0 ºC. 

After that, 3g of graphite powder, 1.5 g of NaNO3 and 9g of KMnO4 were 

added into the reactor under continuous stirring for 30 min at 35 ºC, to 

obtain graphite oxidation. Specifically, Mn2O7 formed through KMnO4 

and H2SO4 reaction was the reactive species that oxidize the graphite. 

H2SO4 and NaNO3 were intercalary agents that enter between sheets to 

enhance the separation later. While the solution was cooling down, 

ultrapure water and H2O2 was introduced to eliminate the KMnO4 in 

excess. Additionally, the solution was centrifuged and washed with HCl to 

eliminate the NaNO3 and H2SO4 in excess. This cleaning processes was 

repeated with ultrapure water. The oxidized graphite was centrifuged 

(11,000 rpm) and washed with ultrapure water and with an aqueous HCl 

solution. Finally, the remaining solid graphite oxide (3D) was 

ultrasonicated (20 KHz, 20%, pulse 19) for 30 min to achieve exfoliated 

graphene oxide nanosheets (GO). After that, the sample was centrifuged 

and the supernatant was collected and dried in an oven at 50 ºC overnight, 

obtaining GO as a solid.  

The elaboration of the TiO2-rGO composite was performed by the 

hydrothermal method, following the procedure previously reported in the 

literature [13,14] (Figure 2.2). In this way, TiO2 was added into 150 mL 
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GO dispersion in ultrapure water. The content of GO was controlled to be 

5% wt. in the TiO2-rGO composites. After stirring for 2 h, the solution was 

placed in a 200 mL Teflon-lined stainless steel auto-clave and maintained 

at 120 ºC for 3 h, to achieve simultaneously the reduction of GO and the 

loading of TiO2 on the reduced GO sheets. The resulting composite was 

recovered by centrifugation, rinsed with ultrapure water, and fully dried at 

50 ºC overnight. 

Figure 2.2. Methodology scheme for the synthesis of the TiO2-rGO composite. 

2.3.3. Characterization of TiO2-rGO 
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The correct preparation of TiO2-rGO composite was examined by physical 

and chemical characterization. The TiO2-rGO morphology was analyzed 

by transmission electron microscopy (TEM) on a JEOL, JEM-2100 

electron microscope. Attenuated Total Reflectance Fourier Transformed 

Infrared (ATR-FTIR) spectroscopy was also recorded on a Spectrum Two 

spectrometer (Perkin Elmer). The crystalline phases were obtained by X-

ray diffraction (XRD) patterns that were recorded with a X-ray 

diffractometer (Bruker Kappa-APEX-II), equipped with a Molybdenum 

Rx tube operating at 50 Kv and 30 mA. X rays were obtained in a sealed 

tube of Molybdenum and processed by a monochromator of graphite 

(λ(Kα1)= 0.71073Å). The specific surface area of the nanoparticles was 

calculated by the Brunauer-Emmett-Teller (BET) method from the 

nitrogen adsorption-desorption isotherm data employing the ASAP 2000 

surface area analyzer (Micromeritics). Furthermore, the fluoride 

incorporation onto the TiO2-rGO surface was investigated by XPS, the 

characteristics of this technique have been detailed in section 2.2.2.  

2.3.2. Experimental set-up specifications 

The photocatalytic system is illustrated in Figure 2.3. The experiments 

were performed in a 1L Heraeus Laboratory UV Reactor mounted on an 

Agimatic-S magnetic stirring plate (JP Selecta, Spain). A water/ethylene-

glycol lamp cooling jacket (PolyScience Digital Temperature Controller) 

was used to keep the reactor temperature at 293-298 K. The light source 

consisted of a medium-pressure mercury lamp (Heraus Noblelight TQ 150 

W z1) which is placed inside a quartz sleeve in the centre of the reactor. 

The light emission spectrum of the lamp lies in UV and visible regions 

trying to simulate sun light (Figure 2.4). Samples were withdrawn from the 
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reactor at different time intervals and filter through 0.45 polypropylene 

filters to remove the catalyst particles before analysis.  

Figure 2.3. Schematic illustration of the photocatalytic system. The lamp was 

placed into a quartz sleeve, which was surrounded by a cooling jacket used to 

circulate a cooling fluid to maintain the temperature of the reacting media at 20 

ºC. 

Figure 2.4. UV-Vis emission spectrum of the medium-pressure mercury lamp. 
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2.3.2. Irradiation measurement 

A HD2102.1 photo/radiometer (Delta OHM) provided with VIS-NIR, UV-

A, UV-B and UV-C detectors allowed measuring the light intensity 

received on the outer wall of the glass reactor (see Figure 2.3). The 

irradiation emitted by the medium-pressure mercury lamp for different 

ranges of the spectrum is reported in Table 2.5. 

Table 2.5. Measurements of irradiation in UV and visible regions emitted by 

the medium-pressure mercury lamp on the outer wall of the reactor. 

Spectrum Range λ (nm) Irradiation (W.m-2) 
UV-A 315-400 145 ± 41 
UV-B 280-315 82 ± 13 
UV-C 220-280 1.7 ± 0.1 
Visible 400-1050 729 ± 72 

2.4. Homogeneous photochemical techniques 

2.4.1. AFFF contaminated water 

A commercial AFFF mixture was obtained from CH2M (Englewood, 

Colorado). The AFFF mixture was spiked into laboratory water matrices 

as the target contaminated water. A 1-to-106 dilution of the AFFF 

formulation was prepared to simulate PFAS concentration (µg.L-1 levels) 

typically found in real AFFF-impacted groundwater. Table 2.6 lists the 

composition of the resulting diluted AFFF solution, that was analyzed 

using the analytical method. As it is observed, AFFF contained a complex 

mixture of PFASs that is formed by: PFCAs, PFSAs and FTs. PFOS was 

significantly the most abundant compound identified in the model AFFF-

impacted water, as it has been observed in other AFFF formulations [15].  
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The total fluorine content the AFFF solution was 0.0135 mg.L-1 which was 

quantified by Fluorine-19 nuclear magnetic resonance spectroscopy (19F-

NMR). The F content calculated from the initial concentration of PFASs 

detected in the AFFF (Table 2.6) corresponded only to the 30 ± 5% of the 

total fluorine obtained by 19F-NMR. This result revealed a high content of 

unknown PFASs or fluorinated precursors in the AFFF commercial 

formulation.  

Table 2.6. Initial concentration of PFASs, total organic carbon (TOC) and F 

content in the 1-to-106 diluted AFFF solution. 

PFASs C0 (ng.L-1) 
PFBA 47 ± 8 
PFPeA 41 ± 3 
PFHxA 110 ± 76 
PFHpA 39 ± 6 
PFOA 86 ± 24 
PFNA 65 ± 0 
PFPrS 91 ± 16 
PFBS 17 ± 3 
PFPeS 124 ± 16 
PFHxS 725 ± 91 
PFHpS 104 ± 17 
PFOS 4,976 ± 692 
PFNS 51 ± 3 
6:2 FTCA 22 ± 7 
6:2 FTSA 67 ± 29 
8:2 FTSA 29 ± 2 
6:2 FTUCA 33 ± 17 
TOC (mg.L-1) 0.147 
F (mg.L-1) 0.0135 

2.4.2. Experimental set-ups specifications 

The schematic of the experimental setup is shown in Figure 2.5. Batch 
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photochemical degradation experiments were conducted in an immersion 

well photoreactor (Ace Glass Inc.) mounted on a magnetic stirring plate 

(Isotemp, Fisher Scientific). A UV low-pressure mercury lamp (Ace Glass 

Inc., 18W) emitting at 254 nm, was placed in a quartz sleeve in the center 

of the reactor, as irradiation source. By flowing a cooling fluid through the 

outer cooling jacket that encases the lamp and the reactor, the temperature 

was maintained at 20 ± 1 ºC. Treated samples were withdrawn from the 

reactor at regular time intervals and preserved at 4ºC until analysis. PFAS 

concentrations are shown as the average of duplicate experiments.  

Figure 2.5. Photochemical experimental system formed by the UV reactor, 

refrigeration system, magnetic stirrer, UV low pressure mercury lamp and N2 

tank (for UV/sulfite experiments).  

Two photochemical systems were studied: (O1) UV irradiation with 

persulfate (UV-S2O8
2-) and (R1) UV irradiation with sulfite (UV-SO3

2-). 

Table 2.7 summarizes the experimental conditions that were established 

based on the literature [16–24].  
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Table 2.7. Experimental conditions for each photolytic system: UV-S2O8
2- 

and UV-SO3
2-. 

System Reacting media Atmosphere 
Initial sensitizer 
concentration 

(mmol.L-1) 

Initial AFFF 
concentration 

Treatment 
time (h) 

O1: 
UV-S2O82- 

Acidic pH0  
H2SO4 + Na2SO4 

Air 10 (Na2S2O8) 1-to-106

dilution 34 

R1: 
UV-SO32- 

Alkaline pH0  
NaOH + NaHCO3 

Nitrogen 10 (Na2SO3) 1-to-106

dilution 24 

The same initial concentration of Na2S2O8 and Na2SO3 (10 mmol.L-1) was 

employed to allow the comparison of treatments efficiency. In each 

experiment, a volume of 575 mL of a 1-to-106 dilution of AFFF was 

irradiated. Oxidative treatment was carried out under atmospheric air, and 

the initial pH was adjusted to 3 with 0.5 mmol.L-1 of H2SO4 and 4 mmol.L-

1 Na2SO4, used for ionic strength adjustment. During AFFF impacted water 

treatments, additions of 10-12 mmol.L-1 Na2S2O8 aliquots to the reacting 

media were needed when the sensitizer concentrations dropped below 50% 

of their initial value. UV-sulfite tests were performed under N2 gas and the 

initial pH was adjusted to 9.5 by NaOH and 5 mmol.L-1 NaHCO3 buffer. 

Before the test, the mixture was bubbled with N2 for one hour to remove 

dissolved oxygen from solution before switching on the UV lamp. 

Individual experiments of each UV-system and sequences of UV 

oxidative/reductive treatments were performed as follows:  

1) Control test: UV only

2) UV- Persulfate only

3) UV- Sulfite only

4) Sequence 1: UV- Persulfate followed by UV- Sulfite

5) Sequence 2: UV- Sulfite followed by UV- Persulfate
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2.5. Analytical methods 

2.5.1. Analysis of the poly- and perfluoroalkyl substances 

The determination of PFASs in the aqueous solution was quantified via 

high performance liquid chromatography (HPLC). However, the protocol 

and characteristics of the detection techniques were different depending on 

the water matrix employed during the different works shown in this thesis. 

Firstly, the concentration of PFOA in aqueous model solutions, and its 

degradation products PFHpA, PFHxA, PFPeA, were analysed using 

HPLC-DAD (Water 2695) system equipped with a X Bridge C18 column 

(5 µm, 250 mm x 4.6 mm, Waters). The separation column was set in an 

oven at 40 ºC. A mixture of methanol (65%) and di-hydrogen phosphate 

(35%) was used as mobile phase in isocratic mode with a flow rate of 0.5 

mL.min-1. The wavelength of the UV-Vis detector was set at 204 nm. 

Standard solutions were prepared by individual PFCAs obtained from 

Sigma Aldrich (Missouri, USA). The LOQ was 10 mg.L-1 for PFOA and 5 

mg.L-1 for PFHpA, PFHxA and PFPeA. PFOA concentration in the 

electro-oxidation experiments by the microcrystalline BDD anode, was 

determined by HPLC-TQD mass spectrometry (Acquity, Waters), and the 

X-Bridge BEH C18 (2.5 μm, 2.1 x 75 mm) column. The eluents were: (i) 

an aqueous solution containing ammonium acetate (CH3COONH4) 2 

mmol.L-1 and 5% of methanol, and (ii) pure methanol. The eluent flow rate 

was 0.15 mL.min-1. The limit of quantification (LOQ) was 1 µg.L-1. 

Certified standard solutions, containing PFCAs and PFSAs, were 

purchased from Wellington Laboratories (Guelph, Ontario, Canada) [4].  

The quantification of PFASs in industrial wastewater matrix was perfomed 

in the Laboratory of Hydrology of Nancy (Anses, France) following the 
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detailed protocol reported by Boiteux et al. [25]. Briefly, non-filtered water 

samples were diluted prior to extraction, purification and pre-concentration 

by a solid-phase extraction (SPE) procedure (Strata X-AW® (200 mg, 6 

mL) cartridge (Phenomenex, Torrance, CA)). An ultra-high performance 

liquid chromatograph coupled to tandem mass spectrometer (UHPLC-

MS/MS) in negative electrospray ionisation (ESI) mode was employed to 

separate and detect targeted compounds (Waters Xevo TQ-MS tandem 

mass spectrometer (Waters Corporation, Milford, MA, USA)). Twelve 

labelled internal standards (IS) were used to provide an adequate correction 

compensating for matrix effects. Due to initial dilutions, LOQs were 

between 2 to 5 µg.L-1 in water samples depending on the analytes. 

Finally, the concentration of PFASs contained in the AFFF samples were 

analyzed on a SCIEX X500R QToF-MS system (Framingham, MA) using 

electrospray ionization in negative mode (ESI-) with SWATH® Data-

Independent Acquisition for both TOFMS and MS/MS mode, which 

enables simultaneous tentative identification of >1500 PFASs in the 

suspect screening list, and including 44 analytes that are quantified against 

external reference standards. LOQs were analyte, matrix, and run 

dependent, but were generally 0.6–23 ng/L. 

2.5.2. Determination of anions 

The determination of anions, such as fluoride, chloride, chlorate, 

perchlorate and sulfate, was carried out via ion chromatography. An ICS-

1100 (Dionex 120 IC) ion chromatograph was used, provided with an AS9-

HC column using a solution of Na2CO3 (9 mmol.L-1) as the eluent at a flow 

rate of 1 mL.min-1 and a pressure of approximately 2000 psi, based on 

Standard Methods 4110B [26]. The equipment was provided with an 
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automatic sampler model AS 40 (Dionex) and the sample injection volume 

was 25 μL. A conductivity cell (DS6 Heated Conductivity Cell) measured 

the electrical conductance of the sample ions and produced a signal based 

on a chemical or physical property of the analyte. Then, the signal was 

collected in the work station (software Peaknet) where it was translated to 

concentration units by pre-calibrating the different compounds identified. 

In addition, free chlorine was monitored following the N,N-Diethyl-p-

phenylene diamine (DPD) Ferrous Titrimetric Method according to 

Standard Methods 4500-Cl. Persulfate concentrations were quantified by 

colorimetric methods following the studies reported by Liang et al. [27]. A 

modified spectrophotometric method was applied to determine sulfite 

concentrations [28]. Briefly, sulfite reacts quantitatively with excess 5,5'-

dithiobis(2-nitrobenzoicacid) (DTNB) in aqueous solutions buffered at pH 

7.0 with NaH2PO4 for 5 min before measuring absorbance at 412 nm. 

Fluoride determination by ion-selective electrode was unsuccessful due to 

the low concentrations present in the diluted AFFF mixture. 

2.5.3. Total organic carbon (TOC) 

The mineralization of the organic pollutants was followed by means of the 

total organic carbon removal. TOC was determined using a TOC-V CPH 

(Shimadzu) analyzer. TOC was calculated from the subtraction of the 

inorganic carbon (IC) to the total carbon (TC) according to the Standard 

Methods 5310B [26]. For the analysis of the TC 50.0 μL of the sample 

were introduced into the TC combustion tube, burned at 680 ºC in a furnace 

and transformed to carbon dioxide (CO2). Then the sample was transported 

by means of a carrier gas with a flow rate of 150 mL min-1 to an electronic 

dehumidifier where it was dried and, finally, it was transported to the cell 
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of a non-dispersive infrared (NDIR) gas analyzer, where the CO2 formed 

was determined. The NDIR generated a signal and the software of the 

equipment registered a peak with a given area that was proportional to the 

amount of carbon present in the sample analyzed. In the case of the TIC 

analysis the sample was cooled down and acidified with phosphoric acid 

(25%), then the decomposition of the carbonates and bicarbonates of the 

sample generates CO2 which was detected in the NDIR. Then, the 

procedure followed was the same that the one for TC. 

2.5.4. Chemical oxygen demand (COD) 

Chemical Oxygen Demand (COD) was measured following a closed reflux 

method according to Standard Methods 5220C [26]. The method consists 

of introducing the appropriate amount of sample into a vial containing a 

solution of potassium dichromate with mercuric sulphate and sulphuric 

acid. Then the mixture was incubated for 120 min at 150ºC in a COD 

reactor. COD concentration was measured by titrimetric technique with 

FAS (Fe(NH4)2(SO4)2) and ferroin indicator. 

2.5.5. pH and conductivity 

Portable pH meter (Crison) was used for the monitoring of pH, and a 

HACH (Sesion) portable meter was employed to measure the conductivity 

and salinity of the samples. 
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The work developed over this thesis aims to evaluate different materials 

and advanced technologies for the treatment of persistent poly- and 

perfluoroalkyl substances in water. The main findings presented in the 

scientific publications will be highlighted in this chapter.  

3.1. Electrochemical oxidation 

Initially, the electrochemical oxidation by means of commercial BDD 

anodes, was studied. The research purpose was firstly focused on the 

evaluation and comparison of different commercial BDD materials for the 

anodic oxidation of PFOA from model solutions. Indeed, the influence of 

chemical and morphological features of BDD surfaces on the 

electrochemical process was analyzed. The two types of BDD electrodes 

consisted of: i) a microcrystalline (MCD) coating on silicon; and ii) an 

ultrananocrystalline (UNCD) coating on niobium. Furthermore, the 

applicability of the electro-oxidation technology using the microcrystalline 

BDD anode was investigated to degrade and mineralize a mixture of 

PFASs from real industrial wastewaters. 

3.1.1. PFOA electrolysis by BDD anodes 

Figure 3.1 reports the effect of the applied current density on the PFOA 

removal rate using MCD (Figure 3.1a) and UNCD (Figure 3.1b) anodes. 

Different electrochemical responses were observed for both materials. 

MCD anode allowed a sharp abatement of PFOA, which was almost 

completely degraded in only 4 hours, independently of the applied current 

density, within the studied range.  
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Figure 3.1. Influence of the applied current density on PFOA removal with the 

treatment time, using: (a) MCD (j=1, 2 and 5 mA.cm-2) and (b) UNCD (j=5, 10 

and 20 mA.cm-2). (c) Fitting of the experimental data obtained at j=5 mA.cm-2 to 

the kinetic model (Eq. 3.2) for both electrodes. The experimental standard 

deviation of MCD anode (a) was in the range of 10-15% and therefore the effect 

of j in the range 1–5 mA.cm-2 had no significant difference. In the case of UNCD 

(b), the standard deviation of 3-7% demonstrated that the effect of the current 

density under the range 5-20 mA.cm-2 on PFOA electro-oxidation was 

statistically significant. [PFOA]0=0.24 mmol.L-1

For the MCD anode, increasing j in the range 1-5 mA.cm-2 involved the 

effect of increasing the specific energy consumption of the process. The 

energy consumption is defined as the amount of energy consumed per unit 
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of pollutant load removed. On the contrary, the UNCD anode provided 

significantly slower PFOA degradation kinetics. When using UNCD, 21, 

66 and 87 % PFOA removals were achieved at 5, 10 and 20 mA.cm-2, 

respectively. It is worth mentioning that the enhancement of PFOA 

degradation by sodium sulfate electrolyte as a promoter of secondary 

oxidant species, was considered to be negligible at the low range of current 

densities applied in the present study [1,2]. Consequently, the remarkable 

lower PFOA removal ratios alongside the substantial effect of the applied 

current density observed for the UNCD film resulted in its less efficient 

electrochemical performance compared to the MCD anode. 

The comparison of experimental systems for MCD and UNCD anodes was 

performed by means of the apparent kinetic rate. The PFOA mass balance 

in the electrochemical system is written as follows: 

V 
∂C
∂t

=-k A C           (Eq.3.1) 

where V is the volume of the treated solution (L), C is the PFOA 

concentration (mmol.L-1) in the feed tank, t is the electro-oxidation time 

(h), k is the apparent first order kinetic constant of PFOA degradation (m.h-

1) and A is the electrode surface area (m2). The integration of Eq. 3.1 during

the length of the experiment (t) results in Eq. 3.2.

(V/A)·Ln � 
C0

C
�=-k t            (Eq.3.2) 

PFOA removal data using MCD and UNCD electrodes, at the same applied 

current density j=5 mA.cm-2, were fitted to Eq. 3.2 in Figure 3.1c. The 

definition of k in Eq. 3.2 allows removing the effect of the anode area and 

treated volume for comparison. Table 3.1 collects the values of k for MCD 



Results summary 

72 

and UNCD anodes at the different applied current densities that were 

tested. In the MCD system, the PFOA decays were fitted to first-order 

kinetics, and the values of the kinetic constants remained very similar when 

increasing the applied current densities.  

Table 3.1. Apparent kinetic constants k (m.h-1) for the PFOA electro-oxidation 

on BDD anodes and the comparison with previous studies using similar 

electrodes. In reference [3], Soriano et al. studied the degradation of PFHxA 

instead of PFOA. 

MCD/Si 
(this study) 

UNCD/Nb 
(this study) 

MCD/Si 
(bipolar) [3] UNCD/Nb [4]

j 
(mA.cm-2) 

kMCD 
 (m.h-1) 

j 
(mA.cm-2) 

kUNCD 
 (m.h-1) 

j 
(mA.cm-2) 

k 
 (m.h-1) 

j 
(mA.cm-2) 

k 
(m.h-1) 

1 0.31 5 0.006 5 0.126 3 0.0054 

2 0.36 10 0.027 15 0.026 

5 0.30 20 0.048 50 0.086 

This behavior has been previously described in the literature; the 

degradation of the perfluoroalkyl pollutant occurred through a fast series 

of reactions in which both direct electron transfer and indirect oxidation by 

electro-generated hydroxyl radicals took place, and the overall kinetics 

were controlled by the mass transport of PFOA from the liquid bulk to the 

anode surface [5,6]. On the other hand, the PFOA decomposition trend 

obtained by means of the UNCD anode at j=5 mA.cm-2 could be described 

by either zeroth-order or first-order kinetics. Moreover, the values of the 

kinetic constant were much lower compared to the ones obtained in the 

MCD system, and they gradually raised when increasing j. This 

electrochemical performance pointed out the limited availability of active 

sites on the surface of UNCD anode for direct electron transfer and 

hydroxyl radical production, which play the main roles in PFOA 
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electrochemical degradation [7,8]. 

The kinetic constants obtained in the present study for the UNCD anode 

are in agreement with the data reported by Schaefer et al. [4] for PFOA 

electrolysis using an UNCD electrode manufactured by the same provider 

(Table 3.1). Furthermore, Soriano et al. [3] studied the electrochemical 

removal of perfluorohexanoic acid (PFHxA), which contains two 

fluorinated carbons less than PFOA in the perfluoroalkyl chain, using an 

electrochemical cell that contained two parallel flow-by compartments 

made of a central bipolar BDD/Si electrode and two BDD/Si anode and 

cathode. In the latter case [3], the provider of the BDD electrodes was the 

same as the manufacturer of the MCD anode used in the present study. The 

reported kinetic constant for PFHxA (870 mg.L-1) removal was 0.13 m.h-1 

at j=5 mA.cm-2, that is moderately slower than the PFOA degradation 

constant using the MCD anode in the present work (0.30 m.h-1), although 

k values were still within the same order of magnitude. The comparison of 

the kinetic constants of both MCD and UNCD anodes together with the 

results reported in the literature indicates that the PFOA degradation rates 

provided by UNCD/Nb electrodes were much slower than in case of using 

MCD/Si. 

Additionally, shorter-chain perfluorocarboxylic acids formed as 

intermediate products during the electrochemical treatment of PFOA were 

monitored as indicator of the degradation. The degradation of PFOA by the 

UNCD anode did not produce enough quantity of shorter-chain PFCAs to 

be detected in the analytical procedure. However, the microcrystalline 

BDD was able to effectively degrade PFOA into the consecutive C7-C4 

PFCAs which were simultaneously formed and degraded into shorter-

chain homologues in the well-known stepwise mechanism (Figure 3.2). 
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The reaction pathways of PFOA degradation will be detailed in the next 

section (3.1.3). 

Figure 3.2. Evolution of intermediate products (PFHpA, PFHxA, PFPeA and 

PFBA) concentrations with the electrolysis time, using the MCD anode at j=5 

mA.cm-2. 

In addition, PFOA mineralization was confirmed by the progress of TOC 

disappearance and the fluoride release (Figure 3.3). Similar to PFOA 

removal trends, the reduction of TOC was influenced by the type of anode 

(Figure 3.3a). At j=5 mA.cm-2 and t=4 h, TOC was reduced by 89% using 

MCD, whereas only 13% TOC decrease was obtained using the UNCD 

anode. The effective cleavage of C-F bonds was verified by the release of 

fluoride in the solution (Figure 3.3b). The final F- concentration was 0.7 

and 0.3 mmol.L-1 for MCD and UNCD systems, respectively, after 4h of 

the treatment at j=5 mA.cm-2. These results are in agreement with the faster 

PFOA decomposition rate on the MCD electrode. 
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Figure 3.3. Evolution of: (a) TOC/TOC0 and (b) fluoride concentration with the 

electrolysis time, using MCD and UNCD anodes at j=5 mA.cm-2. [PFOA]0=0.24 

mmol.L-1

3.1.2. Characterization of the BDD electrodes and its influence on 

PFOA electrolysis 

According to the literature [9–11], the anodic reactions on BDD electrodes 

could be influenced by (i) the boron doping level, (ii) the morphological 

features of the materials and (iii) the diamond carbon content, as it has been 

described for other organic compounds. Therefore, due to the different 

electrochemical responses of the two commercial BDD anodes, as well as 

the diverse results of PFAS removal rates reported in the literature (see 

Table S1 in the scientific publication), the surface chemical and 

morphological characterization of MCD and UNCD anodes was studied to 

elucidate its effect on PFOA electrolysis. 

Figure 3.4 shows FESEM surface images of the MCD and UNCD anodes. 

The FESEM images confirm the information provided by the 

manufacturers. At ×10000 and ×25000 magnifications MCD shows the 

expected microcrystalline structure with crystal grains in the range of 
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approximately 1-3 µm while at the same magnifications, the crystals 

cannot be appreciated in the UNCD anode. Nevertheless, at ×100000 

magnification nanocrystal grains ranging approximately between 2-25 nm 

could be observed in the UNCD surface [12]. The surface images present 

well faceted microcrystalline diamond for MCD and line-granular 

ultrananocrystalline diamond for UNCD film [13]. Moreover, it is worth 

mentioning that the diamond grains were homogeneously distributed over 

the anode surface and no cracking defects were appreciated. 

Figure 3.4. FESEM surface images of MCD at ×10000 (a) and ×25000 

magnification (b), and UNCD at ×10000 (c), ×25000 (d) and ×100000 

magnification (e). Scale bars indicated for each magnification. Arrows indicate 

dirtiness of salt deposits on the anode surface after the experiments. 

Figure 3.5 presents Raman spectra obtained for MCD (Figure 3.5a) and 

UNCD (Figure 3.5b) anodes [13,14]. The values of the peaks were 

determined by deconvolution of Raman spectra using Lorentzian functions 

(green lines). MCD Raman spectra showed a sharp characteristic peak of 

microcrystals of diamond facet {111} at 1329 cm-1 slightly shifted from 
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the typical 1333 cm-1, characteristic of pure diamond microcrystals. 

Indeed, its actual position depends on the boron concentration in the 

diamond lattice, and moves to lower wavenumbers with increasing boron 

concentration, as reported by [15,16]. The characteristic peaks at 1350 and 

1550 cm-1 of D (sp2 carbon impurities) and G (non-diamond sp2- bonded 

carbon atoms in the grain boundaries, C-H bending bonds) bands 

respectively could be also observed (peaks at 1387 and 1547 cm-1 in Figure 

3.5a). 

On the contrary, UNCD surface (Figure 3.5b) presents a wide peak at 1327 

cm-1 combining the sp3 diamond at 1333 cm-1 and a more dominant D band

(1310–1450 cm-1) coming from the presence of disordered carbon at the

grain boundary [13,17]. Besides, the G band characteristic of sp2 carbon at

1535 cm-1, as well as the G’ band at 2515 cm-1 could be identified in UNCD

anode. The peak at 1175 cm-1 which was formerly [17] ascribed wrongly

to transpolyacetylene (typically at 1150 cm-1), has been demonstrated to

actually correspond to CHx bonds (with x≥2) in the grain boundaries of

nanocrystralline diamonds [18]. The UNCD spectrum in Figure 3.5b is a

typical Raman spectrum of ultrananocrystalline diamonds using a laser

excitation at 514 nm. According to the literature [19], the small diamond

grain size in the UNCD electrode produced a large presence of graphite in

the boundary layers that scattered phonons to make the D peak intensity at

1357 cm-1 being ~ 57 times larger than the diamond peak at 1333 cm-1.
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Figure 3.5. Raman spectra of (a) MCD and (b) UNCD electrodes. The values of 

the peaks were determined by deconvolution of Raman spectra using Lorentzian 

functions within the software Origin 8 (green lines). 

Moreover, the displacement of the diamond peak to lower frequencies in 

microcrystalline BDD materials is proportional to the increase of boron 

content, according to May et al. [14]. This property has been applied in the 

present work to determine the concentration of boron in the diamond lattice 

of the MCD electrode. A calibration curve was built using 3 commercial 

microcrystalline BBD electrodes (NeoCoat, Switzerland) as standards with 

known boron concentrations of 100, 2500 and 10000 ppm, respectively.  
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Figure 3.6a shows the Raman spectra for each BDD standard and the 

displacement of the Raman shift of the diamond peak for each standard 

was determined.  

Figure 3.6. (a) Raman spectra of microcrystalline BDD standards with different 

boron concentration: 10000 ppm, 2500 ppm and 100 ppm. (b) Diamond 

frequency (cm-1) as a function of the boron concentration (ppm) in BDD 

standards obtained from Raman spectroscopy. 
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The pure diamond peak frequency was used as reference (0 boron 

concentration, 1333 cm-1). The calibration curve that relates the boron 

concentration with the diamond Raman vibration frequency in cm-1 is 

represented in Figure 3.6b. From this calibration curve, the boron 

concentration for the MCD electrode was calculated as 1676 ppm. 

Similarly for boron doped ultrananocrystalline diamonds, it has been 

reported [13] that the D band peak shifted from 1355 cm-1 at B/C ratios of 

0 ppm towards 1300 cm-1 at B/C ratios of 6000 ppm. A comparison 

between the Raman spectrum of the UNCD anode and the Raman spectra 

of ultrananocrystalline BDDs at different boron doping levels reported by 

Zeng et al. [13] indicated that our UNCD anode would have a boron 

content of approximately 3000 ppm. 

For further surface characterization, Figure 3.7 depicts the XPS C-1s 

spectra of the MCD and UNCD anodes. The peak at 284.5 ± 0.1 eV was 

labelled as C–C1 and the component C–C2 was shifted +0.9 eV. These 

peaks were attributed to hydrogenated and non-hydrogenated carbon 

diamond, respectively [20,21]. The peak at 283.4 ± 0.3 eV was ascribed to 

C=C sp2 carbon or graphitic defects at the diamond surface and oxygenated 

carbon species were detected at higher binding energies: 286.5, 287.5 and 

289.3 eV for single oxidized components (C–O), such as i.e. –C–OH and 

–C–O–C– bonds, and further oxidized groups as –C=O or –COOH [20]. 

The oxidized carbon species typically appear after usage as a result of 

anode ageing. The B-C peak of boron doped diamonds that should appear 

at approximately 282.6 eV is not usually observed in these materials due 

to the presence of surface defects that affect the surface Fermi level [21]. 

It can be seen that the major component of the MCD surface is C–C2 or sp3 

crystal diamond carbon (56.0%), the contribution of C–C1 or hydrogenated 
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diamond was 16.1%, the total oxygenated species were 23.3% and 

graphitic defects counted up to 4.6% of the total carbon of the MCD anode. 

Figure 3.7. XPS C1s spectra of (a) MDC and (b) UNCD electrodes. -COOH, 

C=O and C-O were assigned to oxygenated carbon species. C-C1 and C-C2 

corresponded to hydrogenated and non-hydrogenated carbon diamond, 

respectively, and C=C sp2 refers to the graphitic defects in the diamond surface. 

Peaks were fitted to the spectra using Gauss-Lorentzian functions. 
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On the other hand, the major component of the UNCD anode is 

hydrogenated diamond carbon (C–C1) with 35.2%, non-hydrogenated 

diamond (C–C2) accounted for 31.1%, the graphitic carbon was 5.4% and 

oxidized species were 28.3% of the total carbon. Hydrogen-terminated 

diamond (C–C1) is produced during the BDD synthesis under H2-rich 

conditions to avoid the formation of graphitic carbon at grain boundaries 

[19]. The higher content of (C–C1) of the UNCD is related to the smaller 

(ultranano) grain size and consequently higher grain boundary density 

[21]. The amount of oxygenated species on both diamond films was 

comparable (23.3 vs 28.3% for the MCD and UNCD anodes, respectively), 

which is related to the formation of hydroxyl radicals during the use of the 

materials for anodic oxidation [22]. 

Overall the following remarkable differences about BDD films 

characterization can be highlighted: i) the sp3 diamond relative carbon 

abundance on the MCD surface is 1.8 times higher than on the UNCD 

surface, ii) lower boron doping level was found in MCD material compared 

to UNCD anode, and iii) the hydrogen-terminated diamond on MCD is 2.2 

times lower than in UNCD.  

Thus, some studies have demonstrated that higher content of sp3 carbon 

resulted in more rapid and efficient contaminant decay by electrochemical 

oxidation [10,11,23]. Assuming that the sp3 diamond is the direct 

responsible of the formation of hydroxyl radicals on the anode surface for 

electrooxidation applications, a lower abundance of sp3 diamond carbon 

might imply lower hydroxyl radical generation per unit anode surface area 

[11,23]. The sp2 or graphitic carbon content is very similar in both anodes 

(MCD = 4.6% and UNCD = 5.4%) and thus, the lower PFOA degradation 

efficiency of UNCD anode encountered in the present work cannot be 
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justified by differences in the grain boundary graphitic defects. The 

introduction of boron atoms into the diamond lattice is the main 

mechanism responsible for the conductivity and the density of active sites 

on the surface [24]. The anodic materials herein compared present a boron 

doping level of 1600 (MCD) and 3000 ppm (UNCD). However, despite 

the higher boron doping level of UNCD anode, the PFOA degradation 

efficiency was not improved, possibly related to the distortions or defects 

added into the lattice hindering the electrochemical activity [25,26]. The 

presence of H-terminated carbon also favors the p-type electrical 

conductivity on the conductive diamond film surface and enhances the 

surface hydrophobicity, electron affinity and conductivity [27]. However, 

the superficial hydrogen content can be progressively changed to O-

terminated surface during the electro-oxidation treatments, which would 

cause the anode surface oxidation and its consequent passivation. 

According to the XPS and Raman analysis, UNCD possessed higher boron 

doping and more H-terminated superficial carbon content than the MCD 

material, a sum of characteristics that could improve the UNCD p-type 

superficial conductivity [24,28]. This assumption was verified by the 

cyclic voltammetry (CV) of PFOA solution using sodium sulfate 

electrolyte, of both BDD anodes. Figure 3.8 shows that higher current 

densities were recorded for the UNCD electrode (Figure 3.8b), because of 

its more elevated electrical conductivity. Moreover, a distinctive feature is 

observed for the MCD anode, as its cyclic voltammogram (Figure 3.8a) 

shows the PFOA direct oxidation peak at a potential close to 2.6 V, which 

is neither observed in the CV with the single Na2SO4 electrolyte solution, 

nor in the case of UNCD anode. 
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Figure 3.8. Cyclic voltammogram of 0.24 mmol.L-1 of PFOA (blue lines) in 5 

g.L-1 Na2SO4 solutions for (a) MCD and (b) UNCD anodes, obtained at a scan

rate of 100 mV.s-1. Cyclic voltammograms of single Na2SO4 (dotted lines) are

included for comparison. 

Overall, the higher sp3 carbon content, lower hydrogen terminated carbon 

and lower conductivity of the MCD film seem to favor the faster and more 

efficient PFOA degradation. On the contrary, the surface features, such as 

extremely small grain size, lower sp3 carbon abundance and higher 

conductivity, of the UNCD electrode provided a limited electrochemical 

activity for the PFOA removal. 

Finally, the practical feasibility of the electrochemical technology is often 

linked to the energy consumption. The energy consumption (W, kWh.m-3) 

is directly related to the specific electrical charge (Q, kAh.m-3) and the cell 

potential (v) [29]. Due to the different electrochemical behavior exhibited 

by the MCD and UNCD anodes, the energy consumption has been 

calculated for the maximum PFOA degradation rate obtained in each 

system, which was 99% and 87% after 4h of treatment, respectively. In this 

way, the energy consumption estimated for PFOA removal using MCD 

was only 1.4 kWh.m-3 (j=1 mA.cm-2). On the contrary, using UNCD anode 
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would imply shifting to a higher current density (j=20 mA.cm-2) that 

implies an estimated consumption of 52.4 kWh.m-3. These results 

confirmed that the differences on BDD surface features can influence on 

the reaction time and the current density needed for the contaminant 

removal which impacts directly on the energy costs of the electrochemical 

process. 

Additionally, to determine the efficacy of the electro-oxidation process, the 

decrease in pollutant concentration during electrolysis can be plotted as a 

function of the specific electrical charge passed (Q).  

Figure 3.9. PFOA evolution as a function of specific electrical charge (Q) 

using: (a) MCD anode (j=1, 2 and 5 mA.cm-2) and (b) UNCD anode (j=5, 10 and 

20 mA.cm-2). [PFOA]0 = 0.24 mmol.L-1

To illustrate this point, the variation of PFOA degradation with Q was 

plotted in Figure 3.9. It can be seen that for the MCD system, the increase 

in current density from 2 mA.cm-2 to 5 mA.cm-2 significantly decreased the 

oxidation efficacy (Figure 3.9a). Therefore, current densities higher than 5 

mA.cm-2 only lead to a massive loss of current efficiency in this process. 

During PFOA electrolysis by the UNCD anode (Figure 3.9b), the 
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concentration decreased with the increase of specific electrical charge 

passed with similar trends for all the applied current densities from 5 to 20 

mA.cm-2. In conclusion, to achieve satisfactory PFOA removal rates, e.g.: 

90% removal, the specific electrical charge passed was two orders of 

magnitude larger for UNCD anode than MCD electrode. 

3.1.3. Industrial wastewaters treatment 

In this section, the target streams were the influent and effluent streams of 

an industrial wastewater treatment utility that receives the sewage of a 

manufacturer of fluorinated compounds. The effect of the complex matrix 

composition and the organic load background on PFASs degradation was 

also studied.  

The physical-chemical characterization of the wastewaters showed that the 

influent exhibited 7-fold higher content of total organic matter than the 

effluent, whereas the initial content of inorganic anions was very similar 

between both samples. The TOC content in the effluent can be attributed 

to organic compounds that are recalcitrant to the conventional water 

treatments applied in the WWTP. Additionally, the identification and 

quantification of PFASs in the samples revealed that 10 individual PFAS 

were found over the limit of quantification (LOQ) of the analytical method, 

among the group of 29 PFASs included in the monitoring program. The 

total concentration of PFASs reached 1402 µg.L-1 in the influent and 1652 

µg.L-1 in the effluent. According to the products manufactured in the 

industrial facilities above mentioned, 6:2 FTAB, M4 and 6:2 FTAS were 

the predominant components. Moreover, it is remarkable that the total 

content of PFCAs increased by one order of magnitude in the effluent after 

the WWTP treatments. The possible transformation of unknown PFAS 
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precursors in the conventional water treatments can generate 

perfluorocarboxylic acids. 

The superior electrochemical performance of BDD anodes 

(microcrystalline BDD in this study) was evaluated by the degradation of 

PFASs along with the reduction of the major organic pollution parameter, 

total organic carbon, and inorganic anions in both wastewater samples. The 

influence of the matrix composition contained in each sample and the 

applied current density on PFASs electrolysis were also studied.  

Poly- and perfluoroalkyl substances 

The electrochemical treatment by BDD anode was initially studied for the 

influent sample of the industrial WWTP. The experiments showed that the 

total content of PFASs was reduced by 97.1% after 8h of electro-oxidation 

time, under 50 mA.cm-2. More specifically, the progress of the major 

fluorotelomers, 6:2 FTAB, M4 and 6:2 FTSA, in the influent at 50 mA.cm-

2 is depicted in Figure 3.10. Due to the use of a specific calibration method, 

which is costly and time-consuming (standard addition, details are 

described by Boiteux et al. [30]), 6:2 FTAB and M4 were only determined 

in three samples of the experiment. The electrochemical treatment allowed 

a fast decrease of these compounds. Moreover, the concentration data 

shown in Figure 3.10c were fitted to a first-order kinetic model, C=C0e-kt, 

where C is the concentration of the compound at a given time t, C0 is the 

initial concentration and k is the apparent kinetic constant. The removal of 

both 6:2 FTAB and 6:2 FTSA followed first-order kinetic trends, typically 

observed in BDD electro-oxidation processes that are governed by mass 

transfer limitations. The first-order kinetic constant for 6:2 FTAB removal 
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was 1.22 h-1, whereas the kinetic constant for 6:2 FTSA was significantly 

lower, 0.35 h-1.  

Figure 3.10. Change with the treatment time of the main fluorotelomers 

contained in the influent sample: a) 6:2 FTAB and 6:2 FTSA, b) M4 and c) 

fitting of 6:2 FTAB and 6:2 FTSA removal data to a first-order kinetic model. 

j=50 mA.cm-2. 

Similarly, the progress of the major fluorotelomers (6:2 FTAB and 6:2 

FTSA) during the electrochemical treatment of the effluent wastewater 

sample at 50 mA.cm-2, is depicted in Figure 3.11. The fitting of these data 

to first-order kinetics gave rise to kinetic constants of 0.92 and 0.47 h-1, for 
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6:2 FTAB and 6:2 FTSA removals, respectively. M4 was reduced to below 

LOQ after 2 h of treatment (data not shown).  

Figure 3.11. Evolution of the main fluorotelomers a) 6:2 FTAB and b) 6:2 FTSA 

with electro-oxidation time, j=50 mA.cm-2, of effluent sample. 

Although the initial organic load was drastically higher in the influent 

wastewater, the electrochemical technology by BDD achieved similar 

degradation kinetics for the predominant fluorotelomers in both 

wastewater samples (see Figure 3.12). It is important to note the inaccurate 

estimation of the kinetic constant for 6:2 FTAB by three measurements.  

Based on these results and the molecular structure of 6:2 FTAB, M4 and 

6:2 FTSA (see Table 1.1 in Chapter 1), it is possible to foresee that 6:2 

FTAB and M4 were partially degraded into 6:2 FTSA. In addition, the 

lower kinetic constant of 6:2 FTSA disappearance can support the 

assumption of 6:2 FTAB being progressively degraded into 6:2 FTSA, 

which was simultaneously generated and broken under these conditions. 

The formation of 6:2 FTSA as a degradation product of 6:2 FTAB in 

abiotic conditions has been recently reported. D'Agostino et al. [31] 

postulated a degradation pathway that involved the activation of molecular 
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oxygen by Fe (II) ions contained in the aqueous solutions to form reactive 

oxygen species. 

Figure 3.12. Evolution of the dimensionless concentration of a) 6:2 FTAB and 

b) 6:2 FTSA with electro-oxidation time, j=50 mA.cm-2, of influent and effluent

wastewater samples. 

Perfluorocarboxylic acids were the next important group of PFASs in the 

industrial wastewaters (Ʃ[PFCA]0=12.18 μg.L-1). Figure 3.13 shows the 

change of PFCAs in the electrochemical treatment of the influent 

wastewater sample, at 50 mA.cm-2. PFOA present the lowest initial 

concentration in the raw wastewater (Figure 3.13a) among the group of 

PFCAs. However, the concentration of PFOA slightly increased during the 

electrolysis treatment, likely due to the decomposition of 8:2 FTSA that is 

present in the feed sample ([8:2 FTSA]0=874 ng.L-1, Table 2.2 in Chapter 

2) [32]. PFHxA was the compound that reached the highest concentration,

as it is observed in Figure 3.13c. Its concentration gradually increased

during the first 6 h that coincided with the complete depletion of 6:2 FTSA

and 6:2 FTAB. In contrast, the concentration of PFHpA (Figure 3.13b)

only raised during the initial 2 h. These results revealed that the oxidation
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of 6:2 fluorotelomers led to the generation of C6 PFCAs as the main 

product, and that C7 PFCA is a minor by-product.  

These experimental results in real industrial wastewaters seems to be in 

accordance with the mechanisms for 6:2 FTSA splitting reported by Park 

et al. [33], who found a 25/75 formation ratio of PFHpA/PFHxA upon 6:2 

FTSA degradation using heat activated persulfate oxidation. Similarly, the 

UV-activated hydrogen peroxide oxidation of 6:2 FTSA resulted in a 2-

fold formation of PFHxA over PFHpA generation, as reported by Yang et 

al. [34]. Figure 3.13d and 3.13e report the trends of the shorter-chain 

PFCAs (PFPeA and PFBA) in the sample. The content of these compounds 

progressively increased up to 6 hours of treatment, in coincidence with the 

trend of PFHxA. After that, their concentration decreased below 3 µg.L-1 

after 8h of treatment.  

The PFCAs evolution trends in Figure 3.13 indicate that shorter-chain 

PFCAs were simultaneously formed and degraded, following the stepwise 

degradation pathways of longer-chain homologues in the sample. Further 

degradation of PFBA into shorter PFCAs or transfer to the gas phase of 

volatile PFPrA and trifluoroacetic acid are expected to have occurred too. 
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Figure 3.13. Evolution with the treatment time of: a) PFOA, b) PFHpA, c) 

PFHxA, d) PFPeA and e) PFBA concentration, during the electrochemical 

treatment of the influent wastewater at j=50 mA.cm-2. 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8

C
on

ce
nt

ra
tio

n 
(μ

g.
L

-1
)

Time (h)

PFOA

(a)

0

2

3

5

0 2 4 6 8

C
on

ce
nt

ra
tio

n 
(μ

g.
L

-1
)

Time (h)

PFHpA

(b)

0

5

10

15

20

25

0 2 4 6 8

C
on

ce
nt

ra
tio

n 
(μ

g.
L

-1
)

Time (h)

PFHxA

(c)

0

2

4

6

0 2 4 6 8

C
on

ce
nt

ra
tio

n 
(μ

g.
L

-1
)

Time (h)

PFPeA

(d)

0

2

3

5

0 2 4 6 8

C
on

ce
nt

ra
tio

n 
(μ

g.
L

-1
)

Time (h)

PFBA

(e)



Chapter 3 

93 

The progress of the PFCAs concentrations during the treatment of the 

effluent wastewater is depicted in Figure 3.14. The most abundant PFCAs 

in the effluent were PFHpA (C0=37.85 μg.L-1), PFHxA (C0=24.83 μg.L-1), 

PFPeA (C0=52.50 μg.L-1) and PFBA (C0=7.54 μg.L-1). The total 

concentration of PFCAs (Ʃ[PFCA]0=124.78 μg.L-1) in the effluent was one 

order of magnitude higher compared to the total initial content in the raw 

wastewater, due to the degradation of polyfluorinated compounds after the 

WWTP treatments. The low initial concentration of PFOA (C0=2.06 μg.L-

1) could be related to the low concentration of 8:2 fluorotelomers and other

PFOA precursors in the WWTP influent. Additionally, the progresses of

PFCAs concentrations were studied under different current densities. In

Figure 3.14 the change of PFCAs concentrations varied according to the

applied current density. Initially, electrochemical experiments were

performed at 5 and 10 mA.cm-2, and for shorter degradation times, up to 2

h. For the lowest value of j, 5 mA.cm-2, the progress of all PFCAs showed

a gradual increase of concentration with time, a behavior that was assigned

to the faster rate of formation compared to their degradation rate. When the

applied current density was increased to 10 mA.cm-2, the peak of maximum

PFCAs concentrations was reduced, as a result of accelerating the

degradation rates. It should be reminded, that additionally to the PFASs

content, electro-oxidation is also acting on other recalcitrant organic

pollutants that are consuming most of the applied current for their

degradation and mineralization. During the electrochemical treatment at 50

mA.cm-2, the progress of PFHpA and PFPeA progressively decreased,

whereas increases of PFHxA and PFBA were observed at the initial stages

of the electrochemical treatment with BDD anodes.
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Figure 3.14. Evolution with the treatment time of: a) PFHpA, b) PFHxA, c) 

PFPeA and d) PFBA concentration, during the electrochemical treatment of the 

effluent wastewater, under different applied current densities: ( ) j=50 mA.cm-2 

(cell voltage=14.6 ± 0.5 V), ( ) j=10 mA.cm-2 (cell voltage=5.4 ± 0.02 V), ( ) 

j=5 mA.cm-2 (cell voltage=4.5 ± 0.07 V). 

These trends reinforced the idea that PFHxA was the main degradation 

product of 6:2 fluorotelomers. Among the measured compounds, PFBA is 

at the end of the degradation pathway of longer chain homologues, and it 

tends to accumulate at all the applied current conditions under study. 

However, after 2 h of treatment all these perfluorocarboxylates started to 

disappear in contrast with the delay observed in the raw influent 
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wastewater. Therefore, the lower content of the organic load in the effluent 

allowed a more rapid degradation of most PFASs, compared to the influent 

treatment, as a consequence of the lower consumption of electrogenerated 

radicals to degrade the background organic pollutants. 

As a result, the evolution of the PFASs analyzed in this work can be 

described by the degradation pathways gathered in Figure 3.15.  

Figure 3.15. Electrochemical degradation pathway of the group of PFASs 

observed in the industrial wastewater case of study. Solid lines represent the 

main degradation pathways, whereas dotted lines show alternative pathways that 

may also take place. 

By inspection of the chemical structures of 6:2 FTAB and M4, the cleavage 

of the S-N bond by the electrogenerated oxidants would promote the partial 

conversion of these fluorotelomer sulfonamides into 6:2 FTSA, which in 

these conditions would be simultaneously generated and broken. 

Moreover, fluorotelomer sulfonates present a CH2-CH2 unit between the 
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perfluoroalkyl chain and the sulfonate end group, which makes 

fluorotelomers much more susceptible to oxidation than PFCAs. 

Therefore, 6:2 FTSA degradation would start with the attack of 

electrogenerated ·OH radicals to the C-C and C-H bonds of the two 

unfluorinated carbons, causing the desulfonation and forming C6F13COO- 

and C5F11COO- [34,35]. The degradation of 8:2 FTSA was expected to 

follow a similar pathway to form PFOA as main secondary product. 

Once the PFCAs have been formed, the following degradation steps would 

start with the electron transfer from the carboxyl group to the anode to 

generate the CnF2n+1COO• radical (Eq. 3.3). Next, this highly unstable 

radical would undergo Kolbe decarboxylation to form a perfluoroalkyl 

radical (CnF2n+1
•) (Eq. 3.4). Then, the electrogenerated hydroxyl radical 

reacts with the perfluoroalkyl radical to form a perfluoroalcohol CnF2n+1OH 

(Eq. 3.5), which is a thermally unstable species that would undergo 

intramolecular rearrangement to form the perfluorocarbonyl fluoride and 

release one fluoride anion (Eq. 3.6). Finally, the latter species hydrolyses 

to give the one-carbon-shorter-chain perfluorocarboxylic acid, Cn-1F2n-

1COO- (Eq. 3.7) [7,35–37]. 

CnF2n+1COO-→ CnF2n+1COO•+e-               (Eq. 3.3) 

CnF2n+1COO•→ CnF2n+1
•+ CO2+ H+     (Eq. 3.4) 

CnF2n+1
•+ •OH →CnF2n+1OH               (Eq. 3.5) 

CnF2n+1OH→Cn-1F2n-1COF +F−+H+             (Eq. 3.6) 

Cn-1F2n-1COF +H2O→Cn-1F2n-1COO- +F−+H+                        (Eq. 3.7) 
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The Cn-1F2n-1COO‾ repeats the aforementioned steps and decomposes into 

shorter-chain PFCAs by gradually losing a CF2 unit. Nevertheless, more 

studies using model solutions of single fluorinated compounds would be 

needed to completely assess the proposed degradation pathway.  

Total organic load and inorganic anions 

The electrochemical performance of the BDD anode was also evaluated 

through the mineralization of the organic pollutant load, using TOC as the 

global parameter, and the release of fluoride as individual indicator of 

PFASs mineralization. 

In this way, the progress of TOC concentration during the electrochemical 

treatment of the raw wastewater at 50 mA.cm-2, is shown in Figure 3.16a. 

The high TOC content of this wastewater (722 mg.L-1, Table 2.2 in Chapter 

2) revealed that the analyzed PFASs contributed with <0.1% to the total

organic load. Nevertheless, the electrochemical treatment successfully

removed 80% of TOC after 8 h, which demonstrated the effectiveness of

BDD anodic oxidation for the removal of recalcitrant organic compounds

regardless the variety of chemical composition. Moreover, the TOC

removal of the industrial WWTP effluent is given in Figure 3.16b. The

TOC concentration was effectively reduced by 91% from the WWTP

effluent sample under 50 mA.cm-2, after 10h of treatment. In order to

compare the elimination of TOC between both types of wastewaters, the

TOC results were fitted to a first-order kinetic model. As a result, it was

observed that the TOC removal kinetics was slightly faster in the effluent

sample (kTOC,effluent=0.37 h-1) compared to the influent (kTOC,influent=0.27 h-1).

Additional experiments were developed under 2, 5, 10 mA.cm-2, to study

the effect of j on the TOC reduction in the effluent sample. At the low
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current regime (2 mA.cm-2) the TOC removal was slow, and showed zero-

order kinetics, typically obtained when electrolysis is under current 

control. Using higher values of j (5 and 10 mA.cm-2), a transient behavior 

of the trends of TOC removal was observed, to finally observed a first-

order trend under 50 mA.cm-2, which the electrolysis is conducted under 

mass transport control [38,39]. 

Figure 3.16. Evolution of TOC/TOC0 ratios during the electrochemical 

oxidation of the (a) influent, and (b) effluent wastewaters, where TOC0 is 722 

and 99 mg.L-1, respectively. ( ) j=50 mA.cm-2, (  ) j=10 mA.cm-2, ( ) j=5 

mA.cm-2, ( ) j=2 mA.cm-2. Data shown as the average of duplicate experiments. 

The data about the release of fluoride anions are given in Figure 3.17. The 

electro-oxidation of the influent sample generated F- concentration above 

the LOQ of the analytical method after 4h of treatment, as a result of the 

fluoride release during the PFASs degradation (Figure 3.17a). However, 

after 8 h of electrochemical treatment, fluoride increased to 0.012 mmol.L-

1, a value that is significantly below the initial fluoride contained in the 

analyzed PFASs, 0.034 mmol.L-1. This difference could be explained by 

the formation of other shorter-chain PFASs not included as target species 

in the analytical survey or due to the possible fluoride adsorption on the 
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BDD electrode during the mineralization of PFASs, as it has been 

previously reported when PFOA was electrochemically degraded on BDD 

[40,41]. The monitoring of the fluoride released during the electrochemical 

treatment of the effluent is shown in Figure 3.17b. The F- concentration in 

the solution progressively increased during the process, reaching higher 

values than the defluorination data of the raw wastewater sample. After 10 

h of electrochemical treatment, the generation of fluoride was 0.053 

mmol.L-1. This result was higher than the initial F content in the PFAS 

detected in the sample (0.042 mmol.L-1) pointing out that unknown PFAS 

precursors were also degraded during electrochemical oxidation of the 

effluent. Similarly, previous works highlighted the presence of 

unidentified perfluorinated compounds in various types of samples by the 

determination of total fluorine and total oxidizable precursors [42–45].  

Figure 3.17. Evolution of fluoride concentration in solution during the 

electrochemical oxidation of (a) influent and (b) effluent wastewaters, under 

j=50 mA.cm-2 of applied current density. Average values of duplicate 

experiments are shown. 

Regarding other inorganic anions, chloride is the most abundant ion in both 

industrial wastewater samples. Figure 3.18 displays the evolution of 
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chlorine species during the electro-oxidation time. The electrochemical 

treatment of the influent sample resulted in a slow reduction of the chloride 

content along the process (Figure 3.18a). Firstly, the depletion of chloride 

as a result of its anodic oxidation generated the increase of free chlorine. 

During the formation of free chlorine, the bulk pH was around 7, therefore, 

hypochlorous acid (HOCl) was the most abundant chlorine species in 

solution. Chloride and free chlorine are not expected to promote the 

degradation of PFASs, e.g.: Schaefer et al. [46] showed that the presence 

of chloride had a minimal effect on the observed rates of PFOA removal 

from impacted groundwaters, by means of BDD electrolysis, compared to 

the absence of chloride. After 4 h of treatment, free chloride started to 

decrease, in coincidence with the depletion of its chloride precursor to 

proceed with the formation of more oxidized chlorine species, such as 

chlorate and perchlorate. However, the operating conditions of the 

electrochemical treatment must be carefully selected in order to avoid the 

formation of undesirable perchlorate [47,48]. It is important to note that in 

the present study the oxidation of chlorate to perchlorate was significantly 

delayed and started after 6 h of electrochemical treatment, a behavior that 

can be explained by the preferential consumption of the electrogenerated 

hydroxyl radicals for the oxidation of organic compounds. Only after the 

oxidation of most of the organic load and when the chloride content was 

low enough, hydroxyl radicals are available for perchlorate formation 

[49,50]. As a result, the formation of undesirable perchlorate was avoided 

in the period in which >91% of the initial PFASs content had been 

degraded from the influent sample. 

In addition, Figure 3.18b reports the progress of the chlorine species during 

the electro-oxidative treatment of the effluent wastewater. The progress of 

chlorine species shows similarities with the results obtained for the influent 
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sample. However, in contrast to the raw sample (Figure 3.17a), the chloride 

removal rate was accelerated, which involved higher formation and 

degradation of HOCl. After 4h of treatment, the concentration of chloride 

and HOCl was highly reduced that gave rise to the consequent generation 

of perchlorate. Nevertheless, it is also important to note that before the 

perchlorate formation, most of the PFASs in the sample were degraded. 

Additionally, the total concentration of all chlorine species at 10 h (42.4 ± 

0.9 mmol.L-1) was quite similar to the value at the beginning of the 

experiment (38.2 ± 1.6 mmol.L-1), and the small increase could be assigned 

both to the experimental error or to the release of chloride upon oxidation 

of organochlorinated compounds [51]. 

Figure 3.18. Evolution of inorganic chlorine species (chloride, free chlorine, 

chlorate and perchlorate) during the electrochemical oxidation of (a) influent and 

(b) effluent wastewaters, at j=50 mA.cm-2. Average values of duplicate

experiments are shown. 

Nitrate and sulfate ions were also monitored during the electrochemical 

treatment of industrial wastewater samples (data not included in this 

summary). For the raw wastewater, nitrate and sulfate concentrations 

initially increased, and then, remained constant.  Nitrate formation can be 
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attributed to the transformation of the initial content of ammonium, which 

was partially converted into gaseous nitrogen, as it typically occurs in the 

BDD electrochemical removal of ammonium from wastewaters that also 

contain organic pollutants and chloride [39,50,52].  Similarly, there was a 

net formation of sulfate that was attributed to the oxidation of unknown 

sulfur compounds contained in the industrial wastewater. Nevertheless, the 

nitrogen and sulfur content of 6:2 FTSA, 6:2 FTAB and M4 only 

contributed to a maximum of 0.1-0.15% of the change in nitrate and sulfate 

concentration. Therefore, nitrate and sulfate formation due to the 

degradation of polyfluorinated sulfonamides and sulfonated 

fluorotelomers contained in the industrial wastewater was observed to be 

negligible. On the other hand, the nitrate and sulfate concentration stayed 

nearly constant in the effluent sample during the electrochemical 

treatment.  

Therefore, the results herein reported showed that PFAS compounds were 

efficiently removed by BDD anodes in both industrial wastewater samples. 

However, it is noted that the lower organic load of the WWTP effluent 

sample allowed to enhance the degradation rates of the total organic load 

(TOC), most PFASs and the unknown PFAS precursors in the sample, 

which also led to higher F- release in the solution.  Moreover, the applied 

current density should be high enough (50 mA.cm-2) to reach higher 

degradation ratios of all of the PFASs contained in the wastewater. 

3.2. Heterogeneous photocatalysis 

In this research approach, the photocatalytic removal of PFOA from model 

solutions was studied using a prepared composite catalyst, based on TiO2 

and reduced graphene oxide (rGO). This strategy aims at exploring an 
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alternative to overcome the limited photoactivity of the conventional TiO2 

catalyst for PFAS degradation [53]. 

3.2.1. Characterization of the prepared TiO2-rGO catalyst 

Firstly, the prepared TiO2-rGO composite (95 TiO2 /5 rGO, wt.%) was 

characterized by attenuated total reflectance - Fourier transform infrared 

(ATR-FTIR; Spectrum Two spectrometer, Perkin Elmer) Additionally, 

ATR-FTIR spectra of the GO and commercial TiO2 materials were 

performed for comparison (Figure 3.19). 

Figure 3.19. FTIR spectra of TiO2 ( ), GO ( ) and TiO2-rGO ( ). 

GO spectrum displayed strong absorption peaks that correspond to 

different oxygenated functional groups. The peaks at 3400 cm-1 and 1620 

cm-1 are ascribed to the stretching vibration of water hydroxyl groups and

the skeletal vibration of C=C, respectively. The peaks at 1732, 1380, 1220

and 1055 cm-1 are attributed to carboxylates C=O stretching, carboxyl C-

O, epoxide C-O-C or phenolic C-O-H and alkoxy C-O, respectively.

Moreover, TiO2-rGO samples still show skeletal vibration peak of C=C;
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however, there is no presence of peaks associated to carboxyl and alkoxy 

functional groups. This fact implies that GO was partially reduced during 

the hydrothermal synthesis of the composite catalyst. Moreover, the 

important intensity increase of the band range between 500-900 cm-1 in the 

spectrum of TiO2-rGO in comparison to the TiO2 spectrum could be related 

to the possible formation of Ti-O-C bonds additional to the Ti-O-Ti bonds 

typically occurring in TiO2.  

Figure 3.20a shows transmission electron microscopy (TEM; JEOL, JEM-

2100 electron microscope) images of the prepared TiO2-rGO composites. 

It is observed that TiO2 nanoparticles were well loaded on the graphene 

plane, which presents a flake-like structure with some wrinkles. Figure 

3.20b and 3.20c present the energy dispersive X-ray (EDX) spectrum 

collected from Si1 and Si2 areas in Figure 3.20a. The composition of the 

GO sheets (Si1) was mainly carbon. The EDX spectrum of Si2 area shows 

a composition based on titanium and oxygen, evidencing the presence of 

TiO2 on the graphene oxide nanosheets. Copper signal is attributed to the 

sample holder. Therefore, results indicated that TiO2 nanoparticles were 

well loaded on the graphene plane where GO was reduced during the 

bonding with TiO2. 
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Figure 3.20. TEM image of the composite TiO2-rGO (A) and EDX scan of zones 

Si1 (B) and Si2 (C) in the image. 

3.2.2. Photocatalytic decomposition of PFOA 

The photocatalytic degradation of PFOA using the TiO2-rGO composite 

and commercial TiO2 was studied. Moreover, the removal of PFOA by 

direct photolysis under UV irradiation was also studied for comparison. 

The adsorption of PFOA in the experimental system was negligible (less 
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than 1%) after 12 h of contact of the feed solution inside the glass reactor. 

The amount of PFOA adsorbed on the TiO2 and TiO2-rGO (0.5 g.L-1) were 

found to be 6.4 ± 0.6% and 8.4 ± 0.4%, respectively, after 12 h of contact 

under stirring in dark conditions. These values of adsorption could be 

explained by the higher BET specific surface area of TiO2-rGO, STiO2-rGO = 

62.2 m2.g-1, compared to TiO2, STiO2=50 m2.g-1 [54]. Similar values of 

PFOA adsorption on TiO2 and metal-modified TiO2 have been reported 

[55]. The electrostatic attraction between the negatively charged 

perfluorooctanoate anion and the positively charged surface of TiO2 

particles in acidic solution could have favored the adsorption [56,57], that 

nevertheless reached only a minor fraction of the initial content. 

Next, the influence of the photocatalytic media was assessed. Figure 3.21 

allows the comparison of the disappearance of PFOA with time by means 

of direct photolysis (without catalyst) and when using TiO2 and TiO2-rGO 

as photocatalysts. In every experiment, a volume of 0.8 L of an aqueous 

PFOA solution (0.24 mmol.L-1) was irradiated. It is observed that the 

application of UV light in the absence of any catalyst produced a 

significant PFOA degradation that reached 58 ± 9% removal after 12 h of 

irradiation. These results are in agreement with available data reported 

elsewhere [58,59]. PFOA molecule strongly absorbs light with 

wavelengths from deep UV-region to 220 nm, and presents weak 

absorption in the 220-270 nm range of light wavelengths [60]. In line with 

these properties, some authors reported high PFOA photoabatement using 

a vacuum UV lamp with a monochromatic emission at 185 nm, although 

the kinetics of PFOA removal were significantly reduced when using the 

more common emission at 254 nm [61,62]. However, the comparison of 

literature data about the direct photolysis of PFOA is hindered by the 

diversity of the applied experimental conditions, range of UV emission 



Chapter 3 

107 

wavelength and power of the UV lamp [58]. In line with the previous 

discussion, it was concluded that the medium-pressure mercury lamp used 

in the present study promoted PFOA degradation by means of the deep 

UV-region of its emission spectrum.  

Figure 3.21. Evolution of PFOA concentration (mmol.L-1) with irradiation time 

by photolysis and photocatalysis using TiO2 and TiO2-rGO; photocatalyst 

concentration: 0.1 g.L-1. 

The addition of the TiO2 catalyst (Figure 3.21, UV-TiO2) had the effect of 

decreasing the PFOA removal to only 24 ± 11%, after 12 h of irradiation. 

Although PFOA could have been partially adsorbed on the TiO2 surface 

(6.4% adsorption was observed in the dark experiment), the little release 

of fluoride (0.14 mmol.L-1) and the detection of a small amount of PFHpA 

(0.023 mmol.L-1) confirmed that PFOA had been degraded in a small 

extent, into shorter-chain perflurocarboxylic acids. The lower degradation 

rate of PFOA observed upon the addition of TiO2 can be assigned to a light 

screening effect by the TiO2 particles, that would have significantly 

reduced the penetration of the UV light into the reaction medium [63]. In 

contrast, the use of the TiO2-rGO composite (Figure 3.21, UV-TiO2-rGO) 

enhanced PFOA degradation compared to direct photolysis and TiO2-
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mediated photocatalysis. 93 ± 7% of the initial PFOA was removed after 

12 h of irradiation, 4-fold higher than in TiO2-mediated photocatalysis for 

the same reaction time. This high degradation has been previously 

demonstrated in the literature using TiO2 catalysts modified with metals 

such as Pb [64]. Moreover, a control experiment using GO nanoplatelets 

as photocatalyst showed that graphene oxide particles did not produce a 

significant variation of PFOA concentration, at the same time no 

degradation products were detected in solution. This result pointed out a 

synergistic effect between the reduced graphene oxide (rGO) layers and 

TiO2 nanoparticles during the photocatalytic degradation of PFOA. The 

effect can be ascribed to the good transparency of one-atom thickness rGO 

sheets towards the UV-visible spectrum, that can decrease the light 

screening phenomena caused by TiO2 particles, and therefore, facilitate a 

more efficient utilization of light and avoid the electron-hole 

recombination [65,66]. 

The irradiance received on the outer wall of the reactor was measured to 

get an indirect evaluation of the light screening phenomena. The results are 

displayed in Figure 3.22, using a background PFOA (0.24 mmol.L-1) 

aqueous solution in all cases. The radiation received when using TiO2 

suspensions was significantly lower than through TiO2-rGO suspensions, 

for every ultraviolet light range tested and for each catalyst concentration. 

If we focus on the UV-A range (315-400 nm) and 0.1 g.L-1 catalyst dose, 

where the TiO2 catalyst can absorb photons to generate the electron/hole 

pairs, the irradiance through TiO2 suspensions was approximately one-

tenth of the irradiance received through the TiO2-rGO solution. These 

results confirm that TiO2 particles were promoting the UV light screening 

and hindered UV-A light penetration through the PFOA solution. While 

the TiO2-rGO composite (0.1 g.L-1) still reduced the light transmission 
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compared to the absence of catalyst, the suitable photocatalytic properties 

of the prepared TiO2-rGO composite overcame the UV light screening, as 

the achieved PFOA degradation yield (93%) was much higher than the 

degradation percentage obtained under direct photolysis conditions (58%), 

as it was reported in Figure 3.21. 

Figure 3.22. Irradiance measurements (W.m-2) on the outer wall of the reactor 

using TiO2 (0.05, 0.1 and 0.5 g.L-1, red bars) and TiO2-rGO suspensions (0.05, 

0.1 and 0.5 g.L-1, green bars) in a PFOA (0.24 mmol.L-1) aqueous solution, in the 

regions: UV-A (315-400 nm), UV-B (280-315 nm) and UV-C (110-280 nm). 

Some studies have already shown that the combination of TiO2 with rGO 

leads to a reduction in the band gap energy to 2.72 eV [48], a feature that 

would provide the composite TiO2-rGO with the ability of visible light 

adsorption, and a more efficient utilization of light than TiO2 (band gap 3.2 

eV). On the other hand, Kamat and co-workers [67,68] have shown that 

photo-electrons generated by TiO2 under UV irradiation can be transferred 

to rGO due to the excellent electrical conductivity of graphene materials, 

thus avoiding the electron/hole recombination [69,70]. Therefore, rGO 

sheets would act as an electron-trap similar to the reported behavior of the 

metallic nanoparticles in metal-modified TiO2 photocatalysts [55,71]. The 
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electron conduction throughout the TiO2-rGO photocatalyst may allow 

further generation of superoxide and hydroxyl radicals [71,72], which in 

turn will enhance the oxidation of PFOA molecules. In addition, the 

excellent electron mobility of rGO could promote the electron transfer 

from PFOA molecule that favors the initial degradation steps, similar to 

Eq. 3.3. 

The structure and morphology of TiO2-rGO could also have a significant 

role in the photocatalytic process. It is well known that the spherical-like 

TiO2 nanoparticles aggregate to form larger particles [72,73]. Sun et al. 

[74] demonstrated that UV irradiation of TiO2 nanoparticles suspended in

water accelerated particle aggregation, that hindered the TiO2

photocatalytic degradation of Rhodamine B. However, the TiO2-rGO

composite prepared in the present study presented a homogeneous

distribution of TiO2 nanoparticles spread on the platform of a graphene

oxide nano-sheet (Figure 3.20). This structure may have limited TiO2

particles agglomeration with the benefit of a more efficient use of the UV

light by the composite particles.

Results for experiments performed at different TiO2-rGO catalyst 

concentrations are provided in Figure 3.23. The concentration of the 

catalyst was first increased from 0.1 g.L-1 to 0.5 g.L-1, as the latter value is 

a common dose in TiO2 photocatalytic experiments, according to the 

literature survey (Table S1 in the scientific publication). However, 

increasing the catalyst dose had the effect of reducing significantly the rate 

of PFOA removal. Considering that TiO2 is the major component (95% 

wt.) of the composite catalyst, the higher concentration of TiO2 at the 

highest catalyst dose may have facilitated the UV light screening, as it can 

be seen in Figure 3.22. In contrast, the reduction of the catalyst dose to 0.05 
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g.L-1 had a minimal effect on PFOA removal in comparison to 0.1 g.L-1

catalyst concentration, in agreement with the similar values of  light

transmission for 0.05 g.L-1 and 0.1 g.L-1 TiO2-rGO concentrations (Figure

3.22).

Figure 3.23. Influence of the TiO2-rGO loading on the PFOA concentration 

(mmol.L-1) with the irradiance time. TiO2-rGO concentrations were 0.05, 0.1 and 

0.5 g.L-1. 

3.2.3. PFOA Mineralization and intermediate degradation 

products 

Generation of shorter chain PFCAs that were formed as intermediates from 

PFOA degradation is presented in Figure 3.24a, working with a catalyst 

concentration of 0.1 g.L-1. The corresponding fluoride generation for the 

same experiment is shown in Figure 3.24b, that also presents the total 

fluorine in the reactor calculated as the sum of fluoride anions in solution 

and the fluorine contained as part of the quantified PFCAs. Finally, Figure 

3.24c presents the reduction of TOC together with the TOC calculated 

from the organic compounds that were found in the analytical survey. 

Lines plotted in Figures 3.24a and 3.24c correspond to simulated values 
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that were obtained using the model and kinetic parameters that will be 

described next in this section. 

Figure 3.24. Evolution of (a) PFOA, PFHpA, PFHxA and PFPeA (mmol.L-1), 

and their simulated concentrations using the pseudo-first order estimated kinetic 

parameters (solid line); (b) fluoride (mmol.L-1) in solution and calculated total 

fluorine (%), and (c) measured TOC/TOC0, calculated TOC/TOC0 from the 

analyzed PFCAs, and simulated TOC/TOC0 using the simulated PFCAs 

concentrations. Experimental data obtained using 0.1 g.L-1  of TiO2-rGO. TOC0 

was the initial value in each experiment. 
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PFOA removal can be described by a first order rate kinetic law. The order 

of appearance of shorter-chain of PFCAs as intermediates (Figure 3.24a) 

were consistent with the well-known stepwise degradation mechanism [75] 

in which PFOA would have lose one –CF2 group to give PFHpA, and 

consecutively PFHxA and PFPeA. The next molecule in the degradation 

pathway would be PFBA that was detected although at concentrations 

below the LOD (Limit of Detection) of the analytical technique.  

TOC was reduced by 62% during the photocatalytic decomposition of 

PFOA (Figure 3.24c). The difference between PFOA reduction (93%) and 

TOC decrease can be ascribed to the presence of intermediate degradation 

products. It is worth mentioning the good match between the analyzed 

TOC and the TOC calculated from the quantified concentrations of PFOA, 

PFHpA, PFHxA, and PFPeA. The coincident trends prove the step-by-step 

PFOA degradation pathway in which shorter-chain perfluorocarboxylates 

are the intermediate products.  

The gradual increase of fluoride in the aqueous solution demonstrated that 

the cleavage of the C-F bonds was effective during PFCAs degradation 

(Figure 3.24b). Total fluorine measurements showed a net loss of fluorine 

of 20 % after 12 h of photocatalytic treatment. The loss of fluorine may be 

attributed to two factors: i) fluoride adsorption on the surface of the TiO2 

fraction of the composite catalysts, which is positively charged in acidic 

conditions [76–78], and ii) the volatilization of  the shortest PFCAs 

obtained as end products of the PFOA degradation chain [79]. 

In order to verify the possible fluoride incorporation onto the photocatalyst 

surface, XPS analysis of the TiO2-rGO particles surface was performed, 

using used samples of the photocatalytic material. Figure 3.25 shows the 
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section of the high resolution XPS spectrum of used TiO2-rGO particles, 

where the F-1s region has been magnified. Three deconvoluted peaks at 

684.2 (A), 688.8 (B) and 691.0 eV (C) can be observed: the first peak was 

related to negatively charged monovalent fluorine (F-); and the signals 

around 688-691 eV could be assigned to fluorine bonded to carbon, as it 

happens in the C-F bonds of PFOA and its perfluorinated degradation 

intermediates that may have been absorbed on the catalyst surface [77,78].  

Based on the above results, part of the fluoride anions that were released 

during PFOA abatement were absorbed onto the TiO2-rGO photocatalyst, 

to account for 6.8% of the total mass of the catalyst sample used in the XPS 

analyses. As this adsorption rate did not represent the total fluorine loss, 

volatile or undetected shorter PFCAs not determined by the analytical 

technique could also contributed to the 20% of fluorine loss observed in 

Figure 3.24b. 

 

Figure 3.25. XPS spectrum in the F-1s region of TiO2-rGO surface after PFOA 

photocatalytic degradation. A peak is attributed to inorganic fluorinated species. 

B and C peaks are assigned to organic fluorinated compounds. 
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Figure 3.26 presents the proposed mechanism and pathway of PFOA 

decomposition in the TiO2-rGO mediated photocatalysis and the role of 

rGO in the mechanism. Previous studies considered different possibilities 

for the initiation of the PFOA molecule degradation: i) direct reaction of 

PFOA with the photogenerated holes of the photocatalyst surface 

[55,57,78,80], ii) indirect reaction with hydroxyl radicals [58,64,75,81,82] 

or iii) combination of both mechanisms. Thereby, the degradation of PFOA 

could start from terminal carboxylic end, where the photogenerated 

hydroxyl radicals can attack the first alkyl C atom adjacent to the -COOH 

group, leading to the cleavage of C-C bond between the perfluorinated 

alkyl chain -C7F15 and -COOH by the formation of perfluorinated alkyl 

radicals, which can then react with water or hydroxyl radicals to produce 

the unstable perfluorinated alcohol C7F15OH (similar to the equation 3.3-

3.5 previously reported). After that, C7F15OH would eliminate HF to form 

C6F13COF (Eq. 3.6). The active C6F13COF undergoes hydrolysis in the 

solution, resulting in the formation of PFHpA with the release of CF2 unit 

(Eq. 3.7). On the other hand, other possible initiations of PFOA 

degradation could be the direct reaction of C7F15COO‾ with the holes. This 

step would involve the electron transfer from the dissociated PFOA to the 

valence band of the photocatalyst, generating the C7F15COO• radical that 

subsquentelly would undergo Kolbe descarboxylation, to give 

perfluoroalkyl radical C7F15
• and CO2 [80]. The next degradation pathways 

would be similar to equations 3.5 to 3.7. Correspondingly, the 

intermediates will be decomposed stepwisely into shorter-chain PFCAs, 

and eventually to CO2 and F-. Although the reaction mechanism seems to 

be mostly driven by •OH radical attack, the formation of the reactive 

species such as radical superoxide anion (O2
•−) and perhydroxyl radical 

(HO2
•), and may also be associated with the PFOA degradation [83]. 
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Figure 3.26. Photocatalytic pathways of PFOA decomposition using the TiO2-

rGO catalyst. 

Although all the semiconductor-based photocatalysis is initiated by the 

photogenerated electron/hole pairs, the reaction pathways and the activity 

of the electron and the hole would be strongly dependent on the type of 
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compounds by hydroxyl radicals which present limited activity for PFOA 

degradation [79]. However, the prepared TiO2-rGO provided an enhanced 

elimination of this contaminant likely due to the combination of hole and 

hydroxyl radicals mechanisms [84,85]. 
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PFOA and intermediate products were fitted to the following first-order 

rate equation [57,75,77–79,86]: 

d[Cn]
dt

=kn+1 [Cn+1]-kn [Cn]                                                             (Eq. 3.8) 

where n is the carbon atoms number in each PFCA molecule, C is the 

concentration in the solution (mmol.L-1), t is the time (h), k the observed 

degradation rate constant (h-1)  of  each PFCA. Concentration data shown 

in Figure 3.24a (0.1 g.L-1 TiO2-rGO) were used for the estimation of kinetic 

parameters. The obtained values of the apparent kinetic constants can be 

ordered as kPFPeA > kPFHxA > kPFHpA > kPFOA, with values of 2.14, 0.54, 0.27 

and 0.163 h-1, respectively. These results point to a clear influence of the 

length of the perfluoroalkyl chain on the degradation rate. Similarly to our 

process, Qian et al. [87] reported that the rate constant of PFCAs UV-

persulfate decomposition distinctly increased when the carbon-chain of the 

PFCAs was shorter.  

Eq. 3.8 and the reported k values were used to simulate the concentration 

of PFCAs, as depicted by the solid lines included in Figure 3.24a. 

Similarly, simulated PFCAs concentrations were employed to calculate 

TOC evolution, which is also shown as solid line in Figure 3.24c. The good 

agreement between measured and simulated TOC supports the validity of 

the kinetic constants obtained from the fitting of the experimental results. 

3.3. Homogeneous photocatalysis 

Homogenous photocatalytic strategies present several advantages, in terms 

of avoiding catalyst recovery and overcoming the diffusion limitations. 

This section aims at investigating the performance of different 
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photochemical treatments to remediate a complex mixture of PFASs 

contained in Aqueous Film-Forming Foam (AFFF) formulation. The large 

volume of AFFF used for decades for firefighting has resulted in a high 

number of AFFF-impacted sites that need to be assessed and remediated 

[88,89]. As the efficacy of reduction and oxidation processes seems to be 

affected by the molecular structure of PFASs, individual and sequential 

UV reductive/oxidative systems were applied to gain insights into the 

effect of different conditions on the removal trends of each group of 

PFASs. 

The AFFF present a PFAS profile defined by perfluorocarboxylates, 

perfluorosulfonates, fluorotelomer carboxylates and fluorotelomer 

sulfonates. A 1-to-106 dilution of the AFFF formulation supplied by CH2M 

(see section 2.4.1 of Chapter 2) was prepared as the target contaminated 

stream, mimicking PFASs concentration found in real AFFF-impacted 

groundwater. PFOS was the most abundant compound in the model AFFF-

impacted water (~4 µg.L-1). The oxidative treatment consisted of UV 

irradiation of sodium persulfate solution to generate sulfate radicals (SO4
•˗, 

E=+2.5-3.1 V). The reductive approach was accomplished by UV 

irradiation of sulfite to promote the generation of hydrated electrons (eaq
‾, 

E=-2.9 V). The light source consisted of a low-pressure mercury lamp for 

every treatment. 

3.3.1. Direct photolysis 

Prior to AFFF experiments, the effect of UV irradiation on AFFF 

degradation (in the absence of any sensitizer) was also studied in a 

sequence formed by a first stage in acidic matrix (Figure 3.27, red colored 

background) and the second alkaline stage (Figure 3.27, blue colored 
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background). The value of the pH remained nearly constant during the 

treatments. 

As it can be observed in Figure 3.27a, the content of PFCAs highly 

increased during the first 15 h of experiment, particularly PFNA, PFOA 

and PFHxA. Possible direct photolysis of fluorotelomers or unknown 

precursors promoted the generation of PFCAs [31,43,90,91]. However, 

after 34 h of UV irradiation, the concentrations of longer-chain PFCAs 

(PFNA and PFOA) decreased likely due to their moderate photolysis 

[61,62,92]. PFOA molecule absorbs photons from deep UV-region to 220 

nm, and presents weak absorption in the 220–270 nm range of light 

wavelengths [60]. Qu et al. [59] also observed that the C-C bond strength 

between carboxylic carbon and the adjacent carbon increases with the 

shortened carbon chains of PFCAs, revealing that photolysis rate gradually 

increases with the alkyl chain length. Additionally, other components in 

AFFF solution possibly absorb UV light (254 nm) which can generate 

small concentrations of reactive species. 

In contrast, PFSAs seemed to be relatively inert to direct photolysis (Figure 

3.27b). Only a slow degradation of PFOS (14 ± 10%) could be observed 

after 34 h of UV irradiation and acidic conditions. Direct photolysis of 

PFOS has been previously investigated using a low pressure mercury lamp 

by Yamamoto et al. [93], who reported that PFOS was slowly 

photodecomposed by 8 and 68% after 1 and 10 days, respectively. 

Moreover, this result can be related to the elimination of branched PFOS 

isomers in the sample, which are more susceptible to degradation due to 

the presence of one or two –CF3 groups branching from the perfluorinated 

alkyl chain [94,95]. The AFFF sample used in the present work typically 

contains a ratio of ∼70/30 of linear/branched PFOS. The concentrations of 
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FTs were depicted in Figure 3.27c. Overall, the content of FTs increased 

dramatically during the first 15 h of treatment, particularly 6:2 FTCA. 

After 34 h of irradiation, 6:2 FTCA achieved its maximum concentration 

of 26,000 ng.L-1, whereas the concentrations of 6:2 FTSA, 8:2 FTSA and 

6:2 FTUCA were photodegraded by 67, 60 and 41%, respectively. It can 

be suggested that 6:2 FTCA was the main PFAS component in the sample. 

Therefore, AFFF mixture contains high content of unknown precursors 

which may firstly form fluorotelomers, and subsequently, PFNA, PFOA 

and PFHxA under photolytic conditions [91,96,97]. However, this last 

assumption will be discussed in the section 3.3.4. 

Before the second stage of this control sequence, the experimental 

conditions of the AFFF sample were adjusted to alkaline conditions (see 

Table 2.7 of Chapter 2), to mimic conditions used for UV-SO3
2-. Then, 

during this second UV-only treatment (Figure 3.27, 34-58 h), no further 

photodecomposition of the different groups of PFASs was observed. Only 

minor eliminations of PFNA, PFOA and PFOS during the first 10 h of 

treatment (34-44 h in the overall experimental cycle) could be detected. 

Longer-chain PFCAs may be more sensitive to UV irradiation than shorter-

chain PFCAs [59]. Nevertheless, the bicarbonate presence in the alkaline 

matrix may have interfered with PFASs photodegradation, as it has been 

observed by Giri et al. [98]. 
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Figure 3.27. Concentration of (a) PFCAs, (b) PFSAs and (c) FTs during the 

photolytic treatment in absence of sensitizers. The first stage (0-34 h) developed 

under acidic matrix and air is shown in red colored background, whereas the 

second stage (34-58 h) in alkaline matrix and N2 is shown in blue colored 

background. 1-to-106 dilution of AFFF. Error bars represent standard deviation 

derived from duplicated experiments. 
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3.3.2. Individual photochemical treatment 

In this section, the progress of PFASs concentration after the application 

of each individual treatment (UV- Persulfate and UV- Sulfite) will be 

explained. Each individual UV system correspond to the first stage of the 

sequence of treatments proposed. However, the results of PFASs 

concentrations of the second stage in each sequence will be reported in the 

next section.  

UV – Persulfate 

The AFFF degradation by UV activated-persulfate is depicted in Figure 

3.28 (0-34 h, red colored background). Figure 3.28a presents the 

monitoring of persulfate concentration with time. The results showed the 

concentration before and after the persulfate spikes into the reacting media. 

The rate of persulfate decomposition by UV light became gradually slower 

during the test (Figure 3.28a). Some species formed during the treatment 

of AFFF impacted water may hinder the photoreaction between persulfate 

and UV light. As a result, the experiments were carried out during 34 h, to 

completely eliminate the residual persulfate at the end of the treatment.  

Persulfate salts dissociate in water to persulfate anion (S2O8
2‾) which can 

be activated photo-chemically or thermally to form two free sulfate 

radicals (SO4
•˗, standard reduction potential = 2.5-3.1 V [99]) with 

quantum efficiency of unity (Eq. 3.9) [100].  

S2O8
2-+ hυ → 2SO4

•‾                                      (Eq. 3.9) 

SO4
•- is an oxidizing radical that reacts by direct one-electron transfer to 

form sulfate ion. Sulfate radicals may react with water to form bisulfate 
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and hydroxyl radicals (Eq. 3.10). Moreover, bisulfate can release protons 

to the solution due to its low pKa (Eq. 3.11) [101]. This is the main 

mechanism that caused the pH drop from 3 to 1.4 at the end of persulfate 

experiment. The H+ released from the decomposition of some PFASs was 

considered negligible because of their lower concentration compared to 

persulfate. Therefore, under acidic conditions, SO4
•- is the predominant 

oxidizing species for PFASs degradation reactions  during the persulfate 

process [87,102].  

SO4
•‾+ H2O → HSO4

- + HO·                                                         (Eq. 3.10) 

HSO4
-  → SO4

2- + H+(pKa=1.92)                                                  (Eq. 3.11) 

Figure 3.28b shows the concentrations of PFCAs during the UV-persulfate 

process. PFCAs progressively increased during the first 10 h of irradiation. 

Particularly, the concentrations of shorter-chain PFCAs (PFPeA and 

PFBA) increased in 1,000 ng.L-1 during this period, a significantly higher 

rate than the results obtained in direct photolysis. These results may 

indicate that longer PFCAs were simultaneously formed and decomposed 

step-by-step by SO4
•- radicals into shorter-chain PFCAs, as it has been 

previously reported [33,87,102,103]. After that, PFCAs concentrations 

partially decreased after 34 h of irradiation time, more noticeable for longer 

chain PFCAs by the role of sulfate radicals (see Table 3.2).  

In the case of PFSAs (Figure 3.28c), a high 79% PFOS removal ratio was 

obtained after 34 h of treatment. Even though a possible PFOS sorption to 

the reactor walls or other physical phenomenon related to AFFF 

components can take place [104], the progressive decay with time 

elucidated its degradation under the applied experimental conditions. This 

finding revealed a higher removal of PFOS by UV-activated persulfate 
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than heat-activated persulfate previously reported [33,104]. It may be 

related to the high energy introduced by UV photons into the molecular 

entity that could promote electronically excited states of molecules, giving 

products probably different from the products of chemical/thermal 

reactions [105]. Alternatively, intermediates between persulfate or sulfate 

radicals and other components of AFFF may promote formation of 

unidentified PFOS-reactive species. Moreover, concentrations of PFHpS, 

PFHxS and PFPeS also decreased by 43, 28 and 34%, respectively. On the 

contrary, shorter-chain PFSAs exhibited poorer reactivity during the 

oxidative treatment.  

The progresses of FT carboxylates and FT sulfonates are shown in Figure 

3.28d. 6:2 FTCA notably increased during the first 10 h of treatment (1,800 

ng.L-1), and then, its concentration only slightly decreased after 34 h. 

However, these levels of 6:2 FTCA were lower than those obtained by 

photolysis. This result points out that 6:2 FTCA was formed and 

simultaneously degraded by the strong reactive capacity of SO4
•- radicals 

with this compound. Additionally, n:2 FTSA and 6:2 FTUCA were 

completely decomposed, likely to form PFCAs by UV-activated persulfate 

[33].  

After 34 h of UV activated-persulfate treatment, the total concentration of 

PFASs (listed in Table 3.2) decreased by 17%. Even though SO4·- radicals 

were strong oxidizing species for PFASs degradation, the final 

concentration was still high, likely due to the formation of PFCAs and FTs 

as degradation products of PFAS precursors in the AFFF sample. 
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Figure 3.28. Concentration of (a) sensitizers persulfate and sulfite, (b) PFCAs, 

(c) PFSAs, and (d) FTs during the sequence 2, formed by the first stage of UV-

S2O8
2- (0-34 h, red background) and the second treatment of UV-SO3

2- (34-58 h, 

blue background). 1-to-106 dilution of AFFF. Error bars represent standard 

deviation derived from duplicated experiments. 
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Moreover, it is important to note that the high presence of unknown 

fluorinated precursors in AFFF were highlighted previously, when the total 

fluorine content in the detected PFASs in the AFFF solution only 

corresponded to the 30% of the total fluorine content of AFFF obtained by 
19F-NMR. 

Table 3.2. Initial concentration (Cinitial) and the variation of each PFAS 

concentration (ΔC=Cfinal-Cinitial) after individual UV-S2O8
2- treatment and 

sequence of UV-S2O8
2- and UV-SO3

2- systems. 

 Cinitial (ng.L-1) ΔC (ng.L-1) 
UV-S2O82-  

ΔC (ng.L-1)  
UV-S2O82- + UV-SO32-  

PFBA 244 ± 44 1068 ± 406 -2 ± 39 
PFPeA 178 ± 38 601 ± 40 -151 ± 21 
PFHxA 1103 ± 196 462 ± 88 -984 ± 133 
PFHpA 100 ± 6 359 ± 41 -30 ± 6 
PFOA 220 ± 15 -112 ± 8 1512 ± 1406 
PFNA 39 ± 2 24 ± 1 2482 ± 1429 
PFPrS 100 ± 1 -3 ± 0* -5 ± 4 
PFBS 19 ± 0 0 ± 0* 2 ± 0 
PFPeS 128 ± 3 -43 ± 2 -50 ± 3 
PFHxS 844 ± 3 -239 ± 5 -307 ± 13 
PFHpS 131 ± 3 -56 ± 1 -41 ± 2 
PFOS 5929 ± 587 -4686 ± 551 -3436 ± 259 

6:2 FTCA  1611 ± 154 1028 ± 6 
6:2 FTSA 357 ± 119 -333 ± 117 2 ± 192 
8:2 FTSA 230 ± 76 -230 ± 76 -94 ± 32 

6:2 FTUCA 50 ± 0 -50 ± 0 1303 ± 0 

ƩPFASs 9672 ± 1094 -1628 ± 197 1228 ± 2720 

*The drop of PFAS concentration associated with the effect of adding extra volume by 

Na2S2O8 spikes (10mM) into the reacting media, which represented a removal ratio ~6 %. 
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UV - Sulfite 

The reductive method was developed by UV photolysis of sulfite which 

involves hydrated electrons (eaq
-) generation (Eq. 3.12), in an alkaline 

matrix and N2 atmosphere, in order to avoid the high reactivity of eaq
- with 

H+ and oxygen. 

SO3
2-+ hυ →  SO3

•‾+ eaq
   ˗                                                          (Eq. 3.12) 

Sulfite decay with UV irradiation time was depicted in Figure 3.29a (0-24 

h, blue colored background). The sulfite concentration remained at ~4mM 

after 24 h, without any further addition of sensitizer. Increasing the initial 

sulfite concentration could hinder AFFF degradation due to the formation 

of SO3
•- which could react with other SO3

•- radicals to give S2O6
2-, an eaq

- 

quencher (Eq. 3.13 and 3.14) [106–108].  

SO3
•‾+ SO3

•‾ →  S2O6
2-                                                                  (Eq. 3.13) 

S2O6
2-+eaq

   - →  SO3
2-+ H•                                                                (Eq. 3.14) 

The solution pH increased from 9.6 to 10.3 at the end of the experiment 

without pH adjustment. The pH increase could be assigned to the minor 

reaction of eaq¯
 with water, which produce OH‾ and H•, since this later 

compound can react with other components of AFFF solution (Eq. 3.15) 

[109].  

eaq
   -+ H2O →  OH-+ H•                                                                  (Eq. 3.15) 

Figure 3.29 (0-24 h, blue colored background) shows the concentrations of 

PFCAs (b), PFSAs (c) and FTs (d) during the reductive treatment. In 

contrast to the oxidative technique, eaq
--mediated experiments efficiently 



Results summary 
 

128 

allowed higher removal rates of all PFCAs initially contained in the AFFF 

solution (Figure 3.29b). After 24h, PFHxA and PFPeA almost disappeared, 

whereas PFOA, PFHpA and PFBA exhibited 69, 45 and 75% of 

degradation, respectively. It must be noted that the overall initial 

concentration of PFCAs was notably lower than in the initial sample of 

experiments shown in Figure 3.29, an indicative of the uncertainty of the 

composition of the AFFF formulation. In addition, PFCAs concentration 

did not increase during the treatment time of UV-sulfite system. Although 

unknown PFASs precursors were degraded into PFCAs over the treatment, 

the degradation rates of PFCAs were higher than the formation kinetics 

from the precursors transformation. This behavior contrast with the results 

obtained in the UV activated persulfate treatment, pointing to differences 

in the degradation mechanisms by the oxidative and reductive treatments.   

The concentrations of PFSAs in the treatment are shown in Figure 3.29c. 

As it is observed, this reductive test achieved the highest elimination of 

PFOS (86%) from the AFFF mixture after 24 h. PFHpS, PFHxS and 

PFPeS, decreased by 42, 26 and 25%, respectively, whereas shorter-chain 

PFSAs remained inert to eaq
- species formed during the treatment. Figure 

3.29d shows that the concentration of FT carboxylates (6:2 FTCA and 6:2 

FTUCA) remained nearly constant, however, the levels of FT sulfonates 

increased considerably after 24h of irradiation, likely due to the reduction 

of unknown sulfonamide-based precursors. In addition, control reductive 

experiments revealed that individual PFOA and PFOS solutions exhibited 

similar degradation rates compared to those obtained over AFFF treatment. 

Therefore, although unknown precursors were degraded over the UV-

sulfite treatment, the degradation rates of PFCAs and PFSAs by hydrated 

electrons were notably higher than the formation kinetics from the 

precursors or fluorotelomers transformation. 
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Figure 3.29. Concentration of (a) sensitizers sulfite and persulfate, (b) PFCAs, 

(c) PFSAs, and (d) FTs during the sequence 3, formed by the first stage of UV-

SO3
2- (0-24 h, blue background) and the second treatment of UV- S2O8

2- (24-48 

h, red background). 1-to-106 dilution of AFFF. Error bars represent standard 

deviation derived from duplicated experiments. 
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According to the results shown above, it could be highlighted that hydrated 

electrons reacted more rapidly with perfluorinated compounds (PFCAs and 

PFSAs) than with the fluorotelomers or unknown precursors that contained 

unfluorinated carbons in their molecules. After 24h of the reductive 

process, the ƩPFAS concentrations in the AFFF mixture was decreased to 

2,281 ng.L-1 (Table 3.3), which represented a significantly improved 

overall removal compared to UV-S2O8
2- treatment. 

Table 3.3. Initial concentration (Cinitial) and the variation of each PFAS 

concentration (ΔC=Cfinal-Cinitial) after individual UV-SO3
2- treatment and 

sequence of UV-SO3
2- and UV-S2O8

2- systems. 

 Cinitial (ng.L-1) ΔC (ng.L-1)  
UV-SO32-  

ΔC (ng.L-1)              
UV-SO32- + UV-S2O82-  

PFBA 58 ± 19 -43 ± 6 1137 ± 426 
PFPeA 31 ± 14 -29 ± 14 959 ± 435 
PFHxA 217 ± 27 -213 ± 27 818 ± 185 
PFHpA 30 ± 10 -13 ± 4 299 ± 81 
PFOA 119 ± 45 -82 ± 15 77 ± 50 
PFNA    
PFPrS 63 ± 27 20 ± 2 8 ± 6* 
PFBS 13 ± 5 7 ± 0 9 ± 0* 
PFPeS 149 ± 39 -38 ± 26 -54 ± 27 
PFHxS 777 ± 95 -200 ± 2 -388 ± 41 
PFHpS 84 ± 15 -35 ± 12 -54 ± 6 
PFOS 5269 ± 1151 -4547 ± 1126 -5096 ± 1092 

6:2 FTCA 22 ± 7 -3 ± 7 19 ± 7 
6:2 FTSA 99 ± 4 447 ± 39 -80 ± 8 
8:2 FTSA 31 ± 37 48 ± 16 -30 ± 37 

6:2 FTUCA 3 ± 0 1 ± 0 -1 ± 0 

ƩPFASs 6964 ± 1497 -4683 ± 1182 -2379 ± 61 

*The drop of PFAS concentration associated with the effect of adding extra volume by 

Na2S2O8 spikes (10mM) into the reacting media, which represented a removal ratio ~6 %. 
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3.3.3. Sequential oxidative/reductive treatments of AFFF 

Sequence 1: UV- Persulfate followed by UV- Sulfite 

The AFFF sample treated firstly by UV-activated persulfate was adjusted 

to the experimental conditions needed for UV-sulfite system (see Table 2.7 

of Chapter 2). The sulfite concentration represented in Figure 3.28a (34-58 

h, blue colored background) stayed nearly constant after 4 h of the 

treatment, which could involve lower formation of eaq
- during that period. 

Figure 3.28b shows that the high content of C4-C7 PFCAs after the first 

UV-S2O8
2- oxidative stage were progressively removed by eaq

-, and 

decreased by 80-90% at the end of this second treatment. However, PFOA 

and PFNA were significantly formed over the reductive treatment, up to 

levels of 1,700-2,500 ng.L-1. It is thought that 8:2 precursors may be inert 

to eaq
- during the first sulfite treatment, whereas these contaminants can be 

degraded by oxidizing species producing PFOA and PFNA in this second 

stage.  

Figure 3.28c shows the evolution of PFSAs with the irradiation time. PFOS 

concentration slightly increased during the reductive treatment.  However, 

an overall 60% PFOS removal resulted from this sequence of treatments. 

In contrast, shorter-chain PFSAs did not exhibit high interaction with eaq
- 

species formed in this second treatment. Figure 3.28d displays the change 

of FTs concentrations with time. 6:2 FTCA and 6:2 FTUCA initially 

increased during the first part of the treatment, and then, slightly decreased 

after 24 h of treatment. n:2 FTSA compounds seemed to be formed and 

degraded simultaneously during the treatment. These results pointed out 

the presence of unknown 8:2 sulfonamide-based or fluorotelomer 

precursors in the second stage, producing mainly PFOS, PFOA and PFNA 
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during the reductive treatment [110,111]. Moreover, previous experiments 

in the research group revealed the formation of PFOA, PFOS and 

perfluorooctane sulfonamide as degradation product of the reductive 

treatment of perfluorooctane sulfonamidoacetic acid (data not shown). 

These possible mechanisms are reported in Figure 3.30. 

Figure 3.30. Degradation pathways of possible precursors of PFOS, PFOA, 

PFNA. 

Additionally, the lower formation of n:2 FTSA in this second stage than in 

the UV-sulfite treatment (Figure 3.29d), revealed the partial removal of 6:2 

unknown precursors at the first persulfate treatment.   

The results of this reductive treatment differed with the individual UV-

sulfite treatment applied as the first treatment in the sequence (Fig 3.29 0-

24 h), particularly for long-chain PFCAs and PFSAs trends. This response 
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may be attributed to the limited formation of eaq
- after 4-5 h of this 

treatment, since the sulfite concentration stayed constant. Moreover, it is 

important to note that the AFFF sample contained high sulfate ion 

concentration (~180 mmol.L-1) due to the persulfate spikes over the first 

stage, which may interfere in the reactions scenario in this second reductive 

treatment.  

Even though the total concentration of PFASs slightly decreased during the 

first UV-S2O8
2- stage (Table 3.2), the transformation of unknown 

components into the identified PFASs which were also degraded resulted 

in a similar total content of PFAS at the end of this sequence of oxidative 

and reductive treatments. 

Sequence 2: UV- Sulfite followed by UV- Persulfate 

The background of the AFFF sample, treated initially by the reductive UV-

sulfite treatment, was modified according to the needs of the UV-S2O8
2- 

process (see Table 2.7 of the Chapter 2). It is noteworthy that residual 

sulfite was totally quenched by an equimolar amount of H2O2 without UV 

irradiation in 5 min (data not shown) [112], to avoid any interference in the 

generation of SO4·-, since eaq
- can also rapidly react with S2O8

2-. The 

monitoring of persulfate concentration during the treatment is depicted in 

Figure 3.29a (24-48 h, red colored background).  

Figure 3.29b (24-48 h) shows that the total concentrations of PFCAs highly 

increased, particularly C4-C6 PFCAs, as it was observed in the individual 

UV-S2O8
2- treatment. Regarding the progress of the PFSAs with time 

(Figure 3.29c), the concentrations of longer-chain PFSAs progressively 

decreased during this second treatment, in agreement with the results of 

UV-S2O8
2- treatment that were shown in Figure 3.28b. Additionally, this 
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sequence of UV-sulfite plus UV-persulfate treatments, achieved the 

highest total removal ratios of 96, 65, 50 and 36 %, for PFOS, PFHpS, 

PFHxS and PFPeS, respectively, after 48 h of irradiation. The change of 

FTs concentrations with time is displayed in Figure 3.29d. Whereas 6:2 

FTCA partially increased during the treatment, SO4
•- radicals can 

efficiently remove 6:2 FTSA, 8:2 FTSA and 6:2 FTUCA from the AFFF 

solution, similarly to the effect of the UV- S2O8
2- displayed in Figure 3.28d.  

In summary, during the first reductive stage, the ƩPFASs content decreased 

to 2,281 ng.L-1 after 24h of irradiation time. However, this total 

concentration of PFASs increased again to 4585 ng.L-1 after the second 

persulfate stage of this sequence (Table 3.3), due to the degradation of 

unidentified precursors by sulfate radicals.  

3.3.4. Overview of AFFF composition and treatments 

Since AFFF compositions are proprietary, some possible PFASs 

precursors in the AFFF formulation used in the present work were 

proposed, based on the trends of PFASs during the treatments and data 

from literature. 

Fluorotelomers 

Firstly, the initial content of the fluorotelomer carboxylates and 

fluorotelomer sulfonates on the target screening list studied in the sample 

was minor among the total PFASs content. However, the important 

formation of 6:2 fluorotelomer carboxylate during the oxidative treatment, 

revealed that unknown fluorotelomer-based precursors could be 

considered the most abundant component in the AFFF sample. The 

formation of FT carboxylates has been previously related to the photolytic 
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degradation of fluorotelomer alcohols which can exist as both primary 

contaminants and intermediates. In this way, Cn fluorotelomer alcohols 

were degraded into Cn fluorotelomer carboxylates and PFCAs under UV 

oxidations [113–116].  Moreover, 6:2 FTCA, FTUCA and 5:3 FTCA were 

also detected as semi-stable intermediates by abiotic and biotic 6:2 FTOH 

degradation [117], which can also explain the generation of FTUCA as a 

by-product in the present work. On the other hand, the formation of 

fluorotelomer sulfonates, particularly 6:2 FTSA, can be associated with the 

presence of fluorotelomer sulfonamide-based compounds in AFFF, such 

as fluorotelomer sulfonamide alkylbetaine (FTAB). FTAB, fluorotelomer 

thioether amido sulfonate (FtTAoS) and fluorotelomer sulfoxide amido 

sulfonate (FTSAS-sulfoxide) have been recently identified as alternatives 

to replace PFOS in AFFF formulations [104,118–120]. These PFASs 

precursors and fluorotelomers are more susceptible to oxidative 

degradation since they contain unfluorinated carbons (i.e., −CH2–CF2– into 

−CH═CF−) or individual chemical moieties within their molecular 

structures [2]. D’Agostino et al. [31] reported the biodegradation 6:2 

FTAB produces FTOH, FTCA, FTUCA, 5:3 FTCA and PFHxA and 

PFPeA. Direct photolysis of 6:2 FTAB gave rise to the generation of 6:2 

fluorotelomer sulfonamide (6:2 FTSAm), 6:2 fluorotelomer sulfonamide 

alkylamine (6:2 FTAA), 6:2 FTOH and 6:2 FTUCA and PFHpA, PFHxA 

and PFPeA, whereas the BDD electrochemical oxidation of industrial 

effluents that contain 6:2 FTAB produced 6:2 FTSA and PFCAs (C7-C4) 

[97,121]. Bruton et al. [104] observed the transformation of 6:2 FtTAoS in 

mainly PFHxA, and also PFHpA, PFPeA and PFBA, by heat activated-

persulfate. Overall, it has been reported that Cn sulfonamide-containing 

compounds can be transformed to equimolar quantities of the 

corresponding Cn fluorotelomers or PFCAs [97,104], whereas Cn 
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fluorotelomers are transformed to a mixture of PFCAs of varying carbon 

chain length [33–35,104,116]. Furthermore, based on the literature and the 

fluorotelomer trends in the different treatments herein shown, it could be 

pointed out that high content of an unknown 6:2 sulfonamide-based 

precursor (such as 6:2 FTAB [122]) in the AFFF formulation could give 

rise to 6:2 FTCA in the oxidative treatment, whereas 6:2 FTSA and 6:2 

FTUCA can be formed as by-product during the reductive treatment. This 

idea is supported by the low generation of 6:2: FTCA during the UV-

persulfate treatment used as the second stage (Fig. 3.29d), when its 

precursors seems to be eliminated in the first reductive stage. 

However, future research will be focus on the identification of 

these kind of sulfonamide precursors in the initial AFFF sample.  

Perfluoroalkyl sulfonates 

Within this group of PFASs, PFOS was initially the most abundant 

component in the AFFF mixture used in this work. On the one hand, PFOS 

initially increased during the second reductive stage in sequence 1, and 

then decreased by means of eaq
- species. This indicates that AFFF also 

contains perfluoroalkyl sulfonamide-based precursors, such as 

perfluorooctane sulfonamide (FOSA) which has been found in AFFF-

impacted groundwater [123,124]. This type of precursors can be also 

transformed into PFCAs (PFOA in this case) and the corresponding 

perfluoroalkyl sulfonamide as well [91].  

On the other hand, based on the results, it is concluded that both sulfate 

radicals and hydrated electrons could decompose long-chain PFSAs in the 

UV-persulfate and UV-sulfite treatments. The oxidative degradation 

pathways of PFOS initiated by SO4
•‾ radicals are not clear at present. 
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However, it has been reported that the first oxidative attack of PFOS may 

occur at the C-S bond, to form C8F17· [53,93,125,126]. Yamamoto et al. 

[93] demonstrated that PFOS can undergo two major degradation 

pathways, via C8HF17 and C8F17OH, under UV irradiation and alkaline 2-

propanol. As a result, short-chain fluorinated compounds such as C7HF15 

and C7F15OH by stepwise removal of CF2 were produced, to result in the 

formation of PFCAs. On the other hand, the reductive route of PFOS by 

eaq
- species could initially start with the formation of PFOS•2− 

(CnF2n+1SO3
•2−) which would further dissociate and produce different 

fragments [127,128]. CnF2n+1
- was the most likely produced species which 

may be transformed to PFOA through defluorination and hydrolysis 

reactions. 

Perfluoroalkyl carboxylates 

The initial content of PFCAs (C4-C9) in the AFFF formulation was 

relatively low. Two different PFCAs trends were observed over the 

treatments: (i) formation and degradation of PFCAs in the oxidative 

system, and (ii) only degradation of PFCAs was obtained by UV-sulfite 

treatment.  

The formation of PFCAs was the last step in the degradation of 

fluorotelomers or unknown sulfonamide- and fluorotelomer-based 

precursors in the UV-persulfate treatment. Houtz et al. [89] also observed 

the presence of perfluorohexane sulfonamide amine (PFHxSAm) and 

perfluorohexane sulfonamide amino carboxylate responsible for PFHxA 

production in 3M AFFF. Once PFCAs have been formed, the content of 

PFCAs subsequently decreased with the reaction with SO4
•‾ by the well-
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known sequential chain-shortening mechanism forming shorter-chain 

PFCAs, F- and CO2 [33,87,102,103].  

On the other hand, eaq
- generated during the UV-sulfite treatment were 

more reactive with fully fluorinated compounds (PFCAs and PFSAs) than 

with compounds that contained unfluorinated carbons. Qu et al. [129] and 

Song et al. [106] proposed reductive degradation routes in which PFOA 

could initially react with eaq
- releasing fluorine to form C7F14HCOOH and 

C7F13H2COOH. Afterward, C6F13
•, •COOH radicals and CH2 carbene were 

generated from C7F13- H2COOH under irradiation. The reaction between 

C6F13
• and •COOH radicals may occur to form shorter chain perfluoroalkyl 

carboxylate, C6F13COOH, which is further degraded in the same manner. 

Similarly, C6F13
• radical can undergo hydrolysis and HF loss to yield 

perfluoroalkyl carboxylates, which would be further decomposed by the 

same mechanism. 

3.4. Assessment of the energy consumption 

Both electrochemical and photochemical treatments need of an energy 

supply, either as electricity power or photoirradiation, to activate the 

advanced oxidation/reduction processes. Then, the main operation cost of 

these technologies in lab-scale arises predominantly from the energy 

consumption. Therefore, this section is aimed at assessing the energy 

demands of the technologies that have been studied in the present research, 

with the purpose of analyzing their viability from the economic point of 

view.  

The electrical energy per order (EEO) is a useful standard parameter that 

allows to compare the energy intake of diverse water treatment processes. 



Chapter 3 
 

139 

This concept was introduced by Bolton et al. [130] in a IUPAC technical 

report. EEO (kWh.m-3.order-1) represents the electrical energy necessary to 

degrade a contaminant with low initial concentration by one order of 

magnitude in a fixed volume of wastewater (Eq. 3.16).  

EEO =
Pe·t

V lg( C0
Cf

)
                                                                                 (Eq. 3.16) 

where Pe is the electric power (kW), t represents the time (h), V symbolizes 

the reaction volume of PFASs contaminated water (m3), lg denotes the 

decadic logarithm, and C0 and Cf are the initial and the final contaminant 

concentrations (mg.L-1).   

Since the initial PFASs concentrations and water matrixes were diverse 

over the work of this thesis, the estimation of EEO was calculated as the 

electrical energy needed to degrade either PFOA from model solutions or 

the total content of PFASs in real wastewater samples. In addition, the TOC 

removal was also considered in this section as a global parameter related 

to the mineralization of the organic pollutants.  

The removal rates of PFASs and TOC obtained in the experimental 

systems can be described by a first-order kinetic expression. Therefore, 

substituting the first-order kinetic constant into Eq. 3.16, Eq. 3.17 was 

obtained. 

EEO =
Pe

V· k
                                                                                     (Eq. 3.17) 



Results summary 
 

140 

where Pe is the electric power (kW), V symbolizes the reaction volume of 

PFASs contaminated water (m3) and k denotes the first-order kinetic 

constant related to the contaminants removal rates (h-1).  

The kinetic parameters of PFASs and TOC removals, following the first-

order kinetic model, are listed in Tables 3.4 and 3.5. 

Table 3.4. Kinetic data of PFASs degradation rates under electrochemical and 

photochemical systems studied. 

Water treatment Water source Initial PFASs 
concentration  kPFASs (h-1) R2 

Electro-oxidation 1 Model solution [PFOA]0=100 mg.L-1 1.82 0.952 

Electro-oxidation 2 WWTP influent [PFASs]0=1.40 mg.L-1 0.45 0.980 

Electro-oxidation 3  WWTP effluent [PFASs]0=1.65 mg.L-1 0.58 0.993 

Photocatalysis Model solution [PFOA]0=100 mg.L-1 0.16 0.949 

Table 3.5. Kinetic data of TOC degradation rates under electrochemical and 

photochemical systems studied. 

Water treatment Water source Initial TOC 
concentration  kTOC (h-1) R2 

Electro-oxidation 1  Model solution 22 mg.L-1 0.80 0.944 

Electro-oxidation 2 WWTP influent 722 mg.L-1 0.27 0.945 

Electro-oxidation 3  WWTP effluent 99 mg.L-1 0.37 0.949 

Photocatalysis Model solution 25 mg.L-1 0.069 0.948 
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Figure 3.31. EEO calculated for PFASs and TOC removals via electro-oxidation 

by BDD anode and photocatalysis using TiO2-rGO. 

The EEO results obtained for the treatments studied in this thesis are shown 

in Figure 3.31. In the case of electro-oxidation technology using the 

microcrystalline BDD anode, the energy consumption was estimated for 

the three types of target waters used: PFOA model solution (electro-

oxidation 1), WWTP influent (electro-oxidation 2) and effluent 

wastewaters (electro-oxidation 3). It can be observed that the initial 

concentration of the contaminants and the type of background water 

composition highly impacted on the values of the kinetic parameter, and 

consequently, on the energy requirements. Whereas PFOA in the model 

solution (100 mg.L-1) was removed by 90% after 1.5 h at 1 mA.cm-2, the 

concentration of ΣPFASs in industrial wastewaters (~1.5 mg.L-1) only 

decreased at adequate rates when a much higher current density of 50 

mA.cm-2 was applied at longer treatment times. As a result, the EEO 

required for PFASs removal in the industrial wastewater was ~100 kWh.m-

3.order-1, 200 times higher than for the PFOA solution prepared in the 

laboratory, which needed 0.5 kWh.m-3.order-1 for the same degree of 
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treatment. It is important to note that the energy consumption was similar 

between the two types of industrial wastewaters, regardless their dissimilar 

background organic loads, that was significantly higher in the influent 

stream. Therefore, PFASs degradation kinetics were not strongly affected 

by the concentration of the other organic contaminants of the samples, at 

least in the range of TOC concentrations studied (99-722 mg.L-1). 

The results of EEO estimated for TOC degradation are also shown in Figure 

3.31. In every water sample, and for the three electrochemical treatments, 

higher EEO values for TOC removal compared to those obtained for PFASs 

degradation were observed, as a result of the slower TOC removal kinetics 

(Tables 3.4 and 3.5). The TOC content of the model solution was uniquely 

assigned to PFOA concentration, therefore, the slower TOC removal 

kinetics (kTOC < kPFOA) was due to the formation of intermediate 

degradation PFOA products until its complete mineralization.  

However, the TOC content of industrial wastewater samples corresponds 

to a variety of unknown organic compounds, and the contribution of 

PFASs in the samples is lower than 1.5% of the total TOC. Therefore, 

PFASs content was not expected to bring a strong influence on TOC 

removal rates. Overall, TOC removal rates and energy consumptions were 

very similar in both the influent and the effluent streams of the WWTP. 

The photocatalytic treatment using TiO2-rGO catalyst led to an energy 

consumption of 2,650 kWh.m-3.order-1 for PFOA degradation in the 

synthetic solution (Figure 3.31), drastically higher than the EEO needed for 

the BDD anodic oxidation (electro-oxidation 1) of the same solution, 0.5 

kWh.m-3. The medium-pressure mercury lamp (150W) that demands a 

high power supply and longer times in photocatalysis significantly 
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increased the energy consumption. Furthermore, as TOC removal 

presented slower kinetics than PFOA removal, the EEO obtained for TOC 

degradation increased up to 6,261 kWh.m-3.order-1. Our results are in good 

agreement with previous data reported by Dominguez et al. [131], who 

estimated EEO values around 600 kWh.m-3.order-1, for 90% degradation of 

sodium dodecylbenzenesulfonate (SDBS, C0=50 mg.L-1) using TiO2 

photocatalysis in the same photocatalytic reactor. The lower energy 

demand reported in [131] is associated to the faster degradation kinetics of 

SDBS, compared to PFOA photocatalytic removal by TiO2-rGO obtained 

in the present research, as a result of the extreme recalcitrant behavior of 

PFOA. 

On the other hand, the energy consumption of the UV oxidative/reductive 

treatments applied to degrade PFASs (ΣPFAS0~0.007 mg.L-1) in model 

AFFF-impacted groundwater was estimated for the sequence 2 consisting 

of using persulfate sensitizer in the oxidative step, followed by adding 

sulfite as sensitizer in the reduction step. Sequence 2 enabled 34% removal 

of the detected ΣPFASs, although the experimental data did not allow to 

obtain the kinetic parameters for PFASs removals. The sequence of 

treatments was carried out for 48 h of irradiation by a low-pressure mercury 

lamp (18 W), which implied an energy input of 1,503 kWh.m-3. The energy 

consumption was also elevated due to the long time needed for PFASs 

degradation.  

These results point out that electrochemical oxidation by means of 

microcrystalline BDD anodes is the most promising technology for real 

wastewater treatment, achieving high rates of PFAS removal and lower 

energy consumptions than the photochemical strategies studied in this 

work. 
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4.1. Final remarks and future work 

This thesis was focus on the study of using several materials and advanced 

technologies for the treatment of the persistent poly- and perfluoroalkyl 

substances in model solutions and real wastewaters. Specifically, this study 

has led to the following conclusions.  

Electrochemical oxidation 

This work initially aims at investigating the roles of the different BDD 

anodes on the oxidation of PFOA model solution, since the literature 

showed a wide diversity of PFASs degradation kinetics by the diverse 

morphologies of this anodic material. In this context, a comparative study 

of two commercial electrodes, microcrystalline BDD/Si and 

ultrananocrystalline BDD/Nb anodes, was studied in terms of morphology, 

chemical composition and electrochemical performance to elucidate the 

relationship of the anode features with the PFASs electrolysis. The 

reported results showed that the electrochemical oxidation of PFOA by 

BDD anode was highly influenced by chemical and morphological 

characteristics of the surface, and the following considerations can be 

withdrawn: 

- The MCD anode led to the complete degradation of PFOA in 4 h, at

any applied current density in the range of 1-5 mA.cm-2. Conversely,

remarkable lower PFOA removal ratios were achieved by the UNCD

anode, as only 21% PFOA removal was achieved in 4 h working at 5

mA.cm-2.

- The higher sp3 carbon content and lower boron content and H-

terminated carbon content of the MCD anode tend to favor a faster
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and more efficient PFOA degradation. In contrast, the surface features 

and the higher conductivity of the UNCD anode limited its 

electrochemical activity for PFOA degradation.  

- The different electrochemical behaviors of commercial BDD anodes

strongly impacted on the process energy consumption. The energy

needed for PFOA removal from a 0.24 mmol.L-1 solution was 1.4

kWh.m-3 and 52.4 kWh.m-3, for MCD and UNCD anodes,

respectively.

Secondly, the practical feasibility and versatility of the microcrystalline 

BDD anode was investigated through the treatment of a complex mixture 

of PFASs contained in the influent and effluent of an industrial wastewater 

treatment utility that receives the sewage of a manufacturer of fluorinated 

compounds. PFASs are poorly removed by the conventional treatments 

currently used in WWTPs, and even, the biodegradation of some labile 

PFAS precursors may contribute to increase the content of persistent 

PFCAs. As a result, WWTP effluents have been suggested to be one of the 

major pathways of PFASs emission sources to the aquatic environment. 

This work gains insights into the evaluation of electrolysis of PFASs 

mixtures present over a wider concentration range and under the effect of 

complex matrix composition, since the electrochemical treatment of 

industrial wastewaters polluted by elevated concentrations of PFASs was 

practically unexplored. The results herein reported showed the 

effectiveness of BDD anode to reduce PFASs content in both influent and 

effluent wastewaters. Particularly, BDD anodic oxidation was able to 

reduce the PFASs content by 97.1% after 8 h of electrochemical treatment 

of the influent WWTP wastewater conducted at a current density of 50 

mA.cm-2. The high initial content of TOC (722 mg.L-1) in this sample was 
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also decreased by 80%, regardless the diverse chemical composition of the 

organic matter. Moreover, the electrochemical treatment of WWTP 

effluent allowed the nearly complete elimination of PFASs content at 50 

mA.cm-2 after 8 h. In this case, the TOC concentration was reduced to 12 

mg.L-1, due to less organic load present in this stream. Although the 

different initial organic background of industrial wastewaters, 

electrochemical treatment by BDD achieved similar degradation kinetics 

of the main PFASs in both samples. Based on the results, it was suggested 

that 6:2 FTAB and M4 were partially degraded into 6:2 FTSA, which was 

simultaneously generated and broken under these conditions. Moreover, 

the degradation of fluorotelomers induced the formation of PFCAs, that 

were further decomposed into shorter-chain PFCAs, and finally, 

mineralized as it was also supported by the increase of the fluoride. 

Therefore, BDD anodes demonstrated the effective removal of the 

complex mixture of PFASs along with the reduction of the major organic 

components from industrial wastewaters. Moreover, the BDD/Si anodic 

material offered a robust stability. The electrochemical cell used in the 

present study had been in operation at laboratory scale for more than 12 

years, under a variety of wastewaters and contaminants, a factor that proves 

the robustness of BDD electrooxidation technology.  

Heterogeneous photocatalysis 

The photocatalytic degradation of PFOA model solution was studied using 

a novel composite based on TiO2 and reduced graphene oxide (rGO) 

synthetized by the hydrothermal method. The proper synthesis of TiO2-

rGO catalyst was thoroughly analyzed using microscopic and 

spectroscopic techniques. Results indicated that TiO2 nanoparticles were 
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well loaded and disperse on the graphene plane, where GO was reduced 

after the bonding with the TiO2.  

The efficient photoactivity of the prepared TiO2-rGO composite was 

successfully confirmed for PFOA degradation, under UV–vis irradiation. 

After 12 h of irradiation, PFOA removal ratio was as high as 93 ± 7%. 

using a 0.1 g.L−1 concentration of the composite catalyst. This results was 

4-fold higher than the TiO2-mediated photocatalysis (24 ± 11%), under the 

same experimental conditions. The outstanding photoactivity of TiO2-rGO, 

which overcomes the limited performance of TiO2 against PFOA, can be 

attributed to: 

- The excellent electrical properties of the reduced graphene oxide,

acting as an electron sink. This property can reduce the recombination

of electron/hole pairs, with the electron transfer to rGO which further

allows greater generation of oxidizing radicals. In addition, the

excellent electron mobility of rGO could promote the electron transfer

from PFOA molecule that favors the initial degradation steps.

- The structure and morphology of the composite with the uniform

distribution of TiO2 nanoparticules on rGO sheets surface could

reduce the TiO2 agglomeration, providing more available actives sites

for the photocatalytic process.

- The lower band gap energy of the TiO2-rGO can give the ability to

absorb visible light, which promote a more efficient use of irradiated

light than TiO2 catalyst.

Moreover, the progress of shorter-chain PFCAs as well as fluoride release 

elucidated the step-by-step PFOA decomposition mechanism by gradually 
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losing one -CF2- unit in each step, that is converted into CO2 and F−. 

Homogeneous photochemical techniques 

Finally, individual and sequential UV reductive/oxidative systems were 

proposed for the degradation of a mixture of PFASs contained in an AFFF 

formulation. The precise chemical compositions of AFFF formulations are 

proprietary, nevertheless, different perfluorocarboxylates, 

perfluorosulfantes, fluorotelomer carboxylates and fluorotelomer 

sulfonates were identified. PFOS present a notably higher initial content in 

the sample, among the identified PFASs. Moreover, the sample contained 

high content of unknown PFASs precursors, as it was revealed with the 

total fluorine content of AFFF obtained by 19F-NMR, that corresponded 

only to the 30 ± 5% of total F calculated from the initial concentration of 

PFASs detected. The photochemical techniques consisted of: (i) an 

oxidative treatment based of UV irradiation of sodium persulfate to 

generate sulfate radicals, and (ii) the UV photolysis of sulfite as the 

reductive technique, to promote the generation of hydrated electrons.  

The results demonstrated that each photochemical system exhibited 

different performance for each PFAS group. Whereas fluorotelomer 

carboxylates seem to be inert to the reductive treatment, their concentration 

increased over the UV-activated persulfate treatment. Fluorotelomer 

sulfonates were effectively oxidized by sulfate radicals, while the levels of 

these compounds rose during the reduction. It was suggested that one 

sulfonamide-based precursors present in the AFFF formulation may be 

transformed into fluorotelomers FTs detected by different degradation 

pathways in oxidative and reductive treatments. In contrast, the 

degradation trends of PFSAs were similar between reductive and oxidative 
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strategies. However, PFCAs were effectively degraded by eaq
- species, 

while their concentrations partially increased during the oxidation, due to 

the high transformation of unknown precursors to fluorotelomers, and 

consequently to PFCAs, which were also decomposed step-by-step to 

shorter-chain PFCAs. As a result, it can be concluded that eaq
- are more 

reactive with perfluorinated compounds (PFSAs and PFCAs), and SO4
•- 

radicals could react more rapidly with PFAS precursors and fluorotelomers 

that contain unfluorinated carbons.  

Furthermore, as the efficacy of reduction and oxidation processes seemed 

to be affected by the molecular structure of PFASs, sequential UV 

oxidative/reductive treatments were applied for facilitating the degradation 

of the PFASs. Tests of different sequential treatments showed the most 

promising combination to be a sequence of UV-sulfite followed by UV-

persulfate, which achieved the highest removal of the total PFASs content 

in AFFF. Indeed, a 96% elimination of PFOS was obtained after 48h in 

this sequence. When UV-sulfite is used as second stage, it was less 

effective applied after the persulfate treatment, than the individual 

treatment. Although a tentative proposal of PFASs precursors have been 

explained, further research investigating potential PFASs precursors in the 

AFFF mixture and the possible routes of oxidation and reduction of PFASs 

will be addressed.   

Finally, from an economic point of view, the energy consumption required 

for the different technologies was evaluated. The results indicated that the 

electrochemical technology achieves higher removal rates of PFASs at 

lower values of energy consumption, compared to photochemical 

strategies. However, the initial concentration of the contaminants highly 

impacted on the energy requirements of BDD technology. The energy 
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required for the removal of the PFASs (~1.5 mg.L-1) in industrial 

wastewaters was 200 times higher than for synthetic PFOA solution (100 

mg.L-1) prepared in the laboratory. Still, the large-scale implementation of 

the electrochemical process will require of new strategies to reduce its 

energy consumption and operation costs. PFASs preconcentration by 

means of membrane separation is envisaged as possible strategies. 

Future research should deal with the understanding of the reaction 

pathways of PFASs by means of the different technologies in order to get 

insight in the most likely rate-limiting step in the degradation mechanism. 

In the case of photochemical processes, the strategies should be conducted 

towards more sustainable light sources, such as, light emitting diodes 

(LEDs) which appears a less toxic, durable and more efficient alternative. 

Moreover, the recovery of the catalyst in an additional stage or the use of 

catalytic-membrane photoreactors would lead to enhance the practical 

feasibility of this technology. 

4.2. Conclusiones y trabajo futuro 

Esta tesis doctoral se ha centrado en el estudio del tratamiento de sustancias 

poli- y perfluoroalquílicas persistentes, de disoluciones modelo y aguas 

residuales reales, mediante distintos materiales y tecnologías avanzadas. 

Las principales conclusiones derivadas de este trabajo se detallan a 

continuación. 

Oxidación electroquímica 

Este estudio inicialmente tiene como objetivo investigar el papel del ánodo 

BDD en la degradación de PFOA en disoluciones modelo. El trabajo viene 

motivado por las grandes diferencias ya reportadas en las cinéticas de 
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degradación de PFASs mediante este material anódico con distintas 

morfologías. De este modo, se realizó un estudio comparativo de dos 

electrodos comerciales, un ánodo BDD/Si microcristalino y un ánodo 

BDD/Nb ultrananocristalino, atendiendo a la morfología, composición 

química y comportamiento electroquímico para aclarar la relación de las 

características de la superficie anódica con la electrólisis de PFASs.  Los 

resultados obtenidos mostraron que el comportamiento del ánodo de BDD 

está altamente influenciado por las características morfológicas y químicas 

de la superficie anódica. Además, se pueden destacar las siguientes 

conclusiones:  

- El ánodo MCD dio lugar a la degradación completa de PFOA en 4h,

para las distintas j aplicadas en el rango de 1-5 mA.cm-2. Por el

contrario, las tasas de eliminación de PFOA obtenidas con el ánodo

UNCD son notablemente más bajas, alcanzando el 21% de

degradación tras 4 h, para una densidad de corriente de 5 mA.cm-2.

- El mayor contenido de carbono sp3, la menor concentración de boro y

de terminaciones C-H del ánodo MCD, tienden a favorecer una

degradación de PFOA más rápida y eficiente. Sin embargo, las

características de la superficie y la alta conductividad que presenta el

ánodo UNCD limitan la actividad electroquímica para la degradación

de PFOA.

- Las diferentes respuestas electroquímicas de los ánodos comerciales

influyen altamente en el consumo energético del proceso. Así, los

requerimientos energéticos para la eliminación de PFOA de la

disolución modelo (0.24 mmol.L-1)  se estimaron como 1.4 kWh.m-3

y 52.4 kWh.m-3, respectivamente.
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Tras estos resultados, la viabilidad práctica y versatilidad del ánodo de 

BDD microcristalino fueron estudiadas a través del tratamiento de una 

mezcla compleja de PFASs presentes en la corriente de entrada (afluente) 

y corriente de salida (efluente) de una planta de tratamiento de aguas 

residuales, que recibe aguas residuales de fábricas de compuestos 

perfluorados. Actualmente, los PFASs son prácticamente inertes a los 

procesos de estas plantas de tratamiento, y además, algunos de los 

compuestos precursores de PFASs pueden ser biodegradados 

contribuyendo al incremento de compuestos más persistentes como los 

PFCAs. Como resultado el efluente de estas plantas es considerado como 

una de las principales fuentes de contaminación de PFASs al medio 

acuático. En este contexto, este trabajo tiene como objetivo el estudio del 

proceso electroquímico de una mezcla de PFASs que se encuentra en un 

rango de concentraciones muy amplio, y bajo el efecto de una matriz 

acuosa compleja. Además, la degradación electroquímica de estos 

compuestos en altas concentraciones que se encuentran en aguas residuales 

industriales no se ha explorado previamente. Los resultados obtenidos en 

este trabajo mostraron la alta efectividad de la electro-oxidación mediante 

ánodo de BDD para la eliminación de PFASs tanto en las aguas residuales 

de entrada y de salida de la planta. Más concretamente, la oxidación 

anódica mediante BDD fue capaz de reducir el contenido de PFASs en un 

97.1% en el influente, tras 8h bajo una densidad de corriente de 50 mA.cm-

2. Además, el alto contenido de TOC de esta muestra (722 mg.L-1) también

fue eliminado en un 80% al final del tratamiento, independientemente de

la composición química de la materia orgánica. Por otro lado, durante el

tratamiento electroquímico del efluente, el contenido total de PFAS fue

casi completamente eliminado tras 8 h a una densidad de corriente de 50

mA.cm-2. En este caso, la carga total de materia orgánica fue reducido hasta
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12 mg.L-1 (89%), dado su menor contenido de TOC inicialmente. A pesar 

de que la carga orgánica inicial es muy distinta en las aguas residuales 

industriales, el tratamiento electroquímico con BDD dio lugar a cinéticas 

de degradación de los principales PFASs muy similares en ambas 

muestras. Además, en base a los resultados obtenidos, se propusieron 

diferentes vías de degradación de los PFASs. Así, los compuestos 6:2 

FTAB y M4, pueden ser parciamente degradados en 6:2 FTSA, que bajo 

estas condiciones fue generado y simultáneamente descompuesto. 

Además, la degradación de los fluorotelomeros sulfonados da lugar a la 

formación de PFCAs, que posteriormente son descompuestos a homólogos 

de menor cadena hasta la completa mineralización, apoyado por la 

liberación de F- a lo largo del tratamiento. Por lo tanto, la electro-oxidación 

mediante ánodo de BDD demostró la eliminación efectiva de la mezcla 

compleja de PFASs junto con la reducción de la materia orgánica de las 

aguas residuales industriales. Además, el material BDD/Si ofrece una gran 

estabilidad, dado que esta celda ha operado en escala laboratorio durante 

más de 12 años, con una amplia variedad de aguas residuales y 

contaminantes, un factor clave que resalta la robustez de esta tecnología. 

Fotocatálisis heterogénea 

La degradación fotocatalítica de las disoluciones modelo de PFOA fue 

estudiada mediante el uso de un nuevo catalizador compuesto basado en 

TiO2 y óxido de grafeno reducido (rGO), sintetizado mediante el método 

hidrotermal.  

Inicialmente, la correcta preparación del catalizador compuesto TiO2-rGO 

fue analizado a través de distintas técnicas microscópicas y 

espectroscópicas. Los resultados mostraron que las nanopartículas de TiO2 
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fueron correctamente depositadas a lo largo de las láminas de rGO, donde 

el GO fue reducido tras el enlace con TiO2. 

La alta actividad fotocatalítica del material compuesto TiO2-rGO para la 

degradación de PFOA fue confirmada, bajo la irradiación UV-Vis. Así, tras 

12 h de irradiación, el ratio de eliminación de PFOA fue de 93 ± 7%, 

empleando una concentración de catalizador de 0.1 g.L-1. Este resultado 

fue 4 veces mayor que la eliminación de PFOA obtenida en el proceso 

fotocatalítico con TiO2 (24 ± 11%), bajo las mismas condiciones 

experimentales. La alta efectividad del TiO2-rGO para la degradación de 

PFOA, que logra superar las limitaciones que presentaba el TiO2, se debe 

principalmente a las siguientes propiedades: 

- Las excepcionales propiedades electricas del rGO que haec que actue

como sumidero de electrones. Esta característica hace disminuir la

recombinacion de los pares electrón/hueco, con la transferencia del

electron hasta el rGO, que puede dar lugar a una mayor formación de

radicales oxidantes. Además, esta movilidad de electrones que

presenta el rGO también puede promover la liberación de e- del PFOA

que favorece las etepas iniciales de degradación.

- La estructura y morfología que presenta el composite, es decir, una

distribución uniforme de las nanoparticulas sobre la superficie de las

láminas del rGO, puede disminuir la aglomeración del TiO2 y

proporcionar una mayor disponibilidad de sitios activos para el

proceso fotocatalítico.

- La menor energía de la banda prohibida (band gap) del TiO2-rGO

puede dar lugar a la absorción de la luz visible, y dar lugar a un mayor

aprovechamiento de la luz irradiada en comparación con el TiO2.
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Por otro lado, el progreso de los PFCAs de menos cadena, así como, la 

liberación de fluoruro apoyan el mecanismo de descomposición de PFOA 

por etapas, mediate la eliminación de una unidad CF2 en cada etapa, que es 

convertido en CO2 y F-.  

Técnicas fotoquímicas homogéneas 

Finalmente, diferentes estrategias fotoquímicas, oxidativas y reductoras, 

fueron propuestas para la degradación de una mezcla de PFASs presentes 

en formulaciones de AFFF. Las composiciones químicas de las 

formulaciones AFFF son generalmente privadas, sin embargo, se 

identificaron diferentes perfluorocarxilados, perfluorosulfonados, 

fluorotelomeros carboxilados y fluorotelomeros sulfonados. PFOS, 

presentaba la mayor concentración inicial entre los PFASs identificados. 

Además, la disolución de AFFF contenía también compuestos precursores 

de PFASs desconocidos, como reveló la medida de F total de la disolución 

obtenido mediante la técnica 19F-RMN, que sólo correspondía con el 30 ± 

5% de F presente en los PFASs identificados. Los tratamientos 

fotoquímicos consistieron en: (i) oxidación mediante la radiación UV de 

persulfato de sodio, para generar radicales sulfato, y (ii) la fotólisis de 

sulfito en el caso de la reducción, que da lugar a la formación de electrones 

hidratados.  

Los resultados mostraron diferentes comportamientos de los grupos de 

PFASs en función del sistema fotoquímico. Mientras que los 

fluorotelomeros carboxilados tienden a ser inertes en el proceso reductor, 

su concentración aumentaba en el tratamiento con persulfato activado con 

luz ultravioleta. Por otro lado, los fluorotelomeros sulfonados desaparecían 

en el tratamiento oxidativo, y en el caso de la reducción con sulfito, su 
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concentración iba aumentando a lo largo del tratamiento. Estos resultados 

apoyan la idea de que puede existir una sulfonamida precursora de PFASs 

en la muestra de AFFF, que puede transformado en los FTs detectados 

mediante diferentes vías de degradación para los procesos oxidativos o 

reductores. Por otro lado, las tendencias de degradación de los PFSAs 

fueron similares entre los dos tipos de tratamientos. Sin embargo, los 

PFCAs fueron altamente degradados mediante las especies eaq
-, mientras 

que su concentración aumentó durante el tratamiento con persulfato. Esto 

fue debido a la descomposición de los precursores desconocidos y 

fluorotelomeros en los PFCAs, que simultáneamente se iban degradando 

en compuestos de menor cadena, por el mecanismo de etapas. Como 

resultado, cabe destacar que eaq
- tienden a ser más reactivos con los 

compuestos pefluorados (PFSAs and PFCAs), mientras que los radicales 

pueden reaccionar más rápidamente con los compuestos precursores y 

fluorotelomeros, ya que contienen carbonos no fluorados. 

Además, dado que la eficacia de cada tratamiento es afectada por la 

estructura molecular de los PFASs, se propusieron tratamientos 

consecutivos de las técnicas de oxidación y reducción para lograr mayor 

degradación de estos contaminantes. Los diferentes experimentos 

mostraron que la combinación más adecuada era la reducción con sulfito 

seguido de la oxidación de persulfato, que dio lugar a una mayor tasa de 

eliminación del contenido total de PFASs. Además, se logró un 96% de 

degradación de PFOS tras 48h de la secuencia de tratamientos, que era el 

compuesto más abundante es la muestra de AFFF. Se observó que cuando 

la técnica UV-sulfito era utilizada como segunda etapa, tras la oxidación 

con persulfato, era menos efectiva que como tratamiento individual. Sin 

embargo, mayor investigación será necesaria para averiguar los potenciales 

precursores presentes en la muestra AFFF, así como, las vías de 



Conclusions 

170 

degradación de los PFASs que tienen lugar en los tratamientos oxidativos 

y reductores.  

Finalmente, desde el punto de vista económico, se calcularon los consumos 

energéticos por las diferentes tecnologías. Estos resultados mostraron que 

la tecnología de electrooxidación logra altas tasas de degradación de los 

contaminantes PFASs con menores requerimientos energéticos que las 

técnicas fotoquímicas. Sin embargo, la concentración inicial de los 

contaminantes tuvo un gran impacto en los requisitos energéticos de la 

tecnología BDD. La energía requerida para la eliminación de los PFASs (~ 

1.5 mg.L-1) en aguas residuales industriales fue 200 veces mayor que para 

la disolución sintética de PFOA (100 mg.L-1), preparada en el laboratorio. 

Aun así, la implementación a gran escala del proceso electroquímico 

requerirá nuevas estrategias para reducir su consumo de energía y los 

costes de operación. La preconcentración de PFASs mediante el uso de 

membranas podrían ser una posible estrategia. 

Las investigaciones futuras deberían abordar el estudio de las reacciones 

de degradación de los PFAS mediante las diferentes tecnologías, con el fin 

de conocer las etapas limitantes de los mecanismos de degradación. En el 

caso de los procesos fotoquímicos, las estrategias deben dirigirse hacia 

fuentes de luz más sostenibles, como los diodos emisores de luz (LED), 

que son una alternativa menos tóxica, más duradera y eficiente. Además, 

la recuperación del catalizador o el uso de reactores con el catalizador 

integrado en membranas podrían mejorar la viabilidad práctica de este 

tratamiento. 
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A B S T R A C T

This work aims to study the effect of the distinctive chemical and structural surface features of boron doped
diamond (BDD) anodes on their electrochemical performance for perfluorooctanoic acid (PFOA) degradation.
Commercial BDD anodes were compared: (i) a microcrystalline (MCD) coating on silicon; and (ii) an ultra-
nanocrystalline (UNCD) coating on niobium. MCD gave rise to the complete PFOA (0.24mmol L−1) degradation
in 4 h, at any applied current density in the range 1–5mA cm−2. On the contrary, only 21% PFOA removal was
achieved when using UNCD at 5mA cm−2 under comparable experimental conditions. Similarly, the total or-
ganic carbon (TOC) was reduced by 89% using MCD, whereas only 13% TOC decrease was obtained by UNCD. In
order to explain the dissimilar electrochemical activities, the morphological and chemical characterization of the
electrode materials was developed by means of FESEM microscopy, XPS and Raman spectroscopy. The UNCD
anode surface showed characteristic ultrananocrystalline grain size (2–25 nm), higher boron doping and greater
content of H-terminated carbon, whereas the MCD anode was less conductive but contained higher sp3 carbon on
the anode surface. Overall, the MCD electrode features allowed more efficient PFOA electrolysis than the UNCD
anode. As a result of their distinctive performance, the energy needed for the maximum PFOA degradation (after
4 h) using MCD anode was only 1.4 kWhm−3, while the estimated energy consumption for the UNCD anode
would be 37-fold higher. It is concluded that the use of the MCD anode involves considerable energy costs
savings.

1. Introduction

In the last two decades, the use of conducting diamond electrodes
has grown rapidly due to their extraordinary performance for electro-
lysis of refractory organic pollutants [1–3]. In pure diamond, each
carbon atom is covalently bonded to four other sp3 hybridized carbons
forming an extremely robust and electrical insulator crystalline struc-
ture. For most electrochemical applications, some carbon atoms in the
lattice are substituted with a dopant to provide electrical conductivity
and reduce the wide band gap of diamond. Boron is one of the most
interesting doping elements which can act as an electron acceptor and
provides diamond with p-type semiconductivity at room temperature
[1,4,5].

Boron-doped diamond (BDD) film electrodes have gained attention
for water treatment by anodic oxidation, due to their unique properties
compared to other electrode materials [6–9]. The production and weak
adsorption of hydroxyl radicals on the BDD anode result in a low
electrochemical activity for the oxygen evolution reaction [3], leading
to powerful oxidation conditions for the removal of organic compounds

[10–12]. Particularly, BDD electrochemical oxidation has recently de-
monstrated its efficiency for the abatement of per- and poly-fluoroalkyl
substances (PFASs) in aqueous media [13–15]. PFASs, including per-
fluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) have
been released to the environment because of their use in industrial
manufacturing and applications in consumer goods. Persistent PFASs
have been detected in industrial effluents, landfill leachates, ground-
water, and even in drinking water, causing their bioaccumulation
[16,17].

Despite the use of BDD as anode material, the observed rates of
PFASs removal were very different among the reported works
[13,15,18–24]. Table S1 (in the Supplementary Information) gathers
the reported values of the observed kinetic constants alongside the
experimental conditions. Nevertheless, the wide diversity of the ex-
perimental conditions, such as area (5.5–140 cm−2), treated volume
(0.04–2 L), applied current density (0.15–50mA cm−2), the initial
concentration of PFASs (0.0007–8mM), and the observed kinetic con-
stants for PFASs degradation hindered the direct comparison of the
previous research. Also, it is worth mentioning that the BDD suppliers
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were different in most of the reported studies, and the relevant char-
acteristics of the BDD coating were not fully detailed, which could
explain the diverse electrochemical responses of BDD encountered in
the literature.

Many important features of the BDD coatings are known to influ-
ence their electrochemical performance as electrodes, including the
boron doping concentration, the surface morphology and roughness,
the grain size, the content of non-diamond impurities, the surface ter-
mination (H or O), and the sp3/sp2 carbon ratio of the diamond
[5,9,25–28]. The grain size and the surface morphology of BDD elec-
trode depend basically on the operating conditions of the chemical
vapor deposition (CVD) synthesis [4,29–32]. CVD leads to the following
categories of BDD electrodes: microcrystalline diamond (MCD), nano-
crystalline diamond (NCD) and ultrananocrystalline diamond (UNCD).
MCD films exhibit grain sizes larger than 1 µm and roughness values
that exceed 100 nm [4,33]. However, some applications require much
smoother surfaces implying that the grain microsize has to be reduced
to the nanoscale. NCD coatings exhibit grain sizes between 10 nm and
1 µm, with low to moderate amounts of sp2-bonded carbon trapped at
defects or grain boundaries. UNCD is the newest material of the dia-
mond coatings family which has attracted significant interest due to its
high uniformity, high boundary density and ultra-smooth surface
morphology [33–36]. UNCD possesses extremely low grain size
(< 10 nm) and roughness (< 100 nm) [4,33]. Though, the small grain
size and high grain boundary density of UNCD can facilitate the in-
corporation of graphitic carbon [35].

In this context, the present work aims to investigate and compare
the effect of the surface and crystalline features of two commercial BDD
anodes on their electrochemical performance for PFOA electrolysis. The
BDD samples used in this study were an UNCD electrode from
Advanced Diamond Technologies and a MCD electrode supplied by
Adamant Technologies. Great attention has been paid to the effect of
the diamond carbon content, boron doping level and the hydrogen
contained in the surface, which can play a fundamental role in de-
termining the electrical conductivity and the global electrochemical
response of the BDD electrodes.

2. Materials and methods

2.1. Electrode materials and chemical reagents

All chemicals used in the experiments were reagent grade or higher
and were used as received without further purification. PFOA
(C7F15COOH, 96% purity) was purchased from Sigma Aldrich
Chemicals. Ammonium acetate (CH3COONH4) and methanol (UHPLC-
MS) were obtained from Scharlau. Sodium sulfate (Panreac) 5 g L−1

was used as electrolyte in every electro-oxidation test. All solutions
were prepared using ultrapure water (Q-POD Millipore). PFOA aqueous
solution with initial concentration 0.24mmol L−1 were prepared.

The commercial MCD anode was purchased from Adamant
Technologies (Neuchatel, Switzerland) as part of a flow-by cell (Diacell
106). The UNCD anode was obtained from Advanced Diamond
Technologies (Romeoville, U.S.A.). The MCD anode was formed by a
diamond coating of thickness 2–3 μm, synthesized by hot filament CVD
on a monocrystalline p-Silicon circular substrate, with 70 cm2 of geo-
metrical area. The UNCD anode was made of a boron doped ultra-
nanocrystalline diamond coating of 2 µm film thickness and 3–5 nm
average grain size, on a niobium substrate (42 cm2 of geometrical area).
Additionally, three commercial BDD electrodes were purchased from
NeoCoat SA (Switzerland) for boron doping calibration (100, 2500 and
10,000 ppm of boron, respectively). The latter electrodes were fabri-
cated by hot filament CVD to give a polycrystalline diamond film with
2–3 µm thickness on a p-Silicon substrate, similarly to the MCD anode
previously described.

2.2. Electrochemical oxidation of PFOA by BDD electrodes

The electrochemical performance of MCD and UNCD anodes was
analyzed by the study of PFOA electrolysis in aqueous solutions. The
diagram of the experimental set-up used for the electrooxidation ex-
periments is provided as supplementary information (Fig. S1) [14].
Electrolysis tests were carried out in two undivided electrochemical
cells, both of them consisting of two parallel electrodes. The feed so-
lution was stored in a feed tank, pumped through the inter-electrode
channel at a high linear velocity and recirculated to the feed reservoir.
Table 1 collects the details of the experimental conditions applied for
each electrochemical cell. The feed volume was adapted to get similar
anode area/volume ratios for both experimental systems. The cell was
connected to a power supply (Agilent 6654 A) and comparative ex-
periments for MCD and UNCD anodes were conducted under galvano-
static control at j=5mA cm−2. Moreover, different current densities
were applied for MCD (j=1 and 2mA cm−2) and UNCD (j=10 and
20mA cm−2) to study the current density effect on the PFOA and total
organic carbon (TOC) removal rates. The applied current densities were
selected to allow appropriate evaluation of PFOA degradation kinetic
during a 4-hour experiment accordingly to the dissimilar electro-
chemical responses observed for UNCD and MCD anodes, respectively.
Every experiment was conducted in batch mode at constant tempera-
ture of 293 ± 2 K. The initial PFOA concentration of the prepared
solution was set at 0.24mmol L−1 to represent a concentration within
the range reported in the literature dealing with PFASs electrochemical
oxidation (Table S1, supplementary information). Treated samples were
withdrawn from the feed tank at regular time intervals and preserved at
4 °C until analysis. The cell voltages during the electro-oxidation ex-
periments at 5mA cm−2 were 5.6 and 4.9 V, for MCD and UNCD sys-
tems, respectively.

2.3. BDD anodes characterization

The surface morphology of the BBD anodes was determined using
field emission scanning electron microscopy (FESEM, JEOL JSM, 7000-
F) at 10 kV. The Raman spectra were taken at room temperature under
atmospheric pressure in backscattering geometry with a Horiba T64000
triple spectrometer using the 514.5 line of a Coherent Innova Spectrum
70C Ar+-Kr+ laser and a nitrogen-cooled CCD (Jobin-Yvon Symphony)
with a confocal microscope and a 100× objective for detection. The
power on the sample was kept below 4 mW to avoid laser-heating ef-
fects on the probed material and the concomitant softening of the ob-
served Raman peaks. Lorentzian fitting of the Raman spectra was done
using Origin 8 software. The relative sp3/sp2 band ratios were de-
termined by deconvolution of the spectra obtained from X-ray photo-
electron spectroscopy (XPS), using an SPECS (Berlin, Germany) system
equipped with a Phoibos 150 1D-DLD analyser and monochromatic Al
Kα radiation (1486.6 eV). Data analysis was carried out using Casa XPS
2.3.16 Software to fit the signals to Gauss-Lorentzian curves, after

Table 1

Description of the experimental conditions and anode geometry for the electro-
oxidation experiments.

Characteristic MCD system UNCD system

Anode geometry Circular Rectangular
Anode surface area (cm2) 70 42
Inter-electrode gap (mm) 5 8
Feed volume (L) 1 0.5
Flow-rate (m3 s−1) 5 · 10−5 1.1 · 10−4

Linear velocity (m s−1) 0.11a 0.16
Anode substrate Silicon Niobium
Cathode Stainless steel Tungsten

a Linear velocity was calculated at the central position of the circular elec-
trode.
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removing the background (Shirley).

2.4. Analytical procedures

PFOA concentration in the MCD experiments, was determined by
HPLC-TQD mass spectrometry (Acquity, Waters), and the X-Bridge BEH
C18 (2.5 μm, 2.1×75mm) column. The eluents were: (i) an aqueous
solution containing ammonium acetate (CH3COONH4) 2 mmol L−1 and
5% of methanol, and (ii) pure methanol. The eluent flow rate was
0.15mLmin−1. The limit of quantification (LOQ) was 1 µg L−1. For
experiments using the UNCD anode, the PFOA content was analyzed
using HPLC-DAD (Water 2695) equipped with a X Bridge C18 column
(5 µm, 250mm×4.6mm, Waters). A mixture of methanol (65%) and
di-hydrogen phosphate (35%) was used as mobile phase in isocratic
mode with a flow rate of 0.5mLmin−1. The wavelength of the detector
was set at 204 nm. The LOQ was 7.4 mg L−1 [37]. Total organic carbon
(TOC) analyses were performed using a TOC-V CPH (Shimadzu).
Fluoride was analyzed by ion chromatography (Dionex 120 IC) pro-
vided with an IonPac As-HC column and using a 9mmol L−1 Na2CO3

solution as eluent, that was circulated at a flowrate of 1mLmin−1,
based on Standard Methods 4110B [38]. The LOQ for fluoride analysis
was 0.03mg L−1.

3. Results and discussion

3.1. PFOA electrolysis

Fig. 1 reports the effect of the applied current density on the PFOA
removal rate using MCD (Fig. 1a) and UNCD (Fig. 1b) anodes. Different
electrochemical responses were observed for both materials. MCD
anode allowed a sharp abatement of PFOA, which was almost com-
pletely degraded in only 4 h, independently of the applied current
density.

Therefore, for the MCD anode, increasing j in the range 1–5mA
cm−2 had the effect of increasing the energy consumption of the pro-
cess. On the contrary, the UNCD anode provided significantly slower
PFOA degradation kinetics. When using UNCD, 21, 66 and 87% PFOA
removals were achieved at j=5, 10 and 20mA cm−2, respectively. It is
worth mentioning that the enhancement of PFOA degradation by so-
dium sulfate electrolyte as a promoter of secondary oxidant species was
considered to be negligible at the low range of current densities applied
in the present study [37,39]. Consequently, the remarkable lower PFOA
removal ratios alongside the substantial effect of the applied current
density observed for the UNCD film resulted in its less efficient elec-
trochemical performance compared to the MCD anode.

The comparison of experimental systems for MCD and UNCD anodes
was performed by means of the apparent kinetic rate. The PFOA mass
balance in the electrochemical system is written as follows:

∂
∂

= −V
C

t
k A C

(1)

where V is the volume of the treated solution (L), C is the PFOA con-
centration (mmol L−1) in the feed tank, t is the electro-oxidation time
(h), k is the apparent first order kinetic constant of PFOA degradation
(m h−1) and A is the electrode surface area (m2). The integration of Eq.
(1) during the length of the experiment (t) results in Eq. (2).

⎛
⎝

⎞
⎠
= −V A Ln

C

C
k t( / ) 0

(2)

PFOA removal data using MCD and UNCD electrodes, at the same
applied current density j=5mA cm−2, were fitted to Eq. (2) in Fig. 1c.
The definition of k allows to remove the effect of the anode area and
treated volume for comparison. Table 2 collects the values of k for MCD
and UNCD anodes at the different applied current densities that were
tested. In the MCD system, the PFOA decays were fitted to first-order
kinetics, and the values of the kinetic constants remained very similar
when increasing the applied current densities. This behavior has been

Fig. 1. Influence of the applied current density
on PFOA removal with the treatment time,
using: (a) MCD (j=1, 2 and 5mA cm−2) and
(b) UNCD (j=5, 10 and 20mA cm−2). (c)
Fitting of the experimental data obtained at
j=5mA cm−2 to the kinetic model (Eq. (2) for
both electrodes. The experimental standard de-
viation of MCD anode (a) was in the range of
10–15% and therefore experimental curves at
j=1–5mA cm−2 had no significant difference.
In the case of UNCD (b), the standard deviation
of 3–7% demonstrated that the effect of the
current density under the range 5–20mA cm−2

on PFOA electro-oxidation was statistically sig-
nificant. [PFOA]0 = 0.24mmol L−1.
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previously described in the literature; the degradation of the per-
fluoroalkyl pollutant occurred through a fast series of reactions in
which both direct electron transfer and oxidation by electro-generated
hydroxyl radicals took place, and the overall kinetics were controlled
by the mass transport of PFOA from the liquid bulk to the anode surface
[40,41]. On the other hand, the PFOA decomposition trend obtained by
means of UNCD anode at j=5mA cm−2 could be described by either
zeroth-order or first-order kinetics. Moreover, the values of the kinetic
constant were much lower compared to the ones obtained in the MCD
system, and they gradually raised when increasing j. This electro-
chemical performance pointed out the limited availability of active sites
on the surface of UNCD anode for direct electron transfer and hydroxyl
radical production, which play the main roles in PFOA electrochemical
degradation [23,24].

The kinetic constants obtained in the present study for the UNCD
anode are in agreement with the data reported by Schaefer et al. [15]
for PFOA electrolysis using an UNCD electrode manufactured by the
same provider (Table 2). Furthermore, Soriano et al. [22] studied the
electrochemical removal of perfluorohexanoic acid (PFHxA), which
contains two fluorinated carbons less than PFOA in the perfluoroalkyl
chain, using an electrochemical cell that contained two parallel flow-by
compartments made of a central bipolar BDD/Si electrode and two
BDD/Si anode and cathode. In the latter case [22], the provider of the
BDD electrodes was the same as the manufacturer of the MCD anode
used in the present study. The reported kinetic constant for PFHxA
(870mg L−1) removal was 0.13m h−1 at j=5mA cm−2, that is mod-
erately slower than the PFOA degradation constant using the MCD
anode in the present work (0.30 m h−1), although k values were still
within the same order of magnitude. The comparison of the kinetic
constants of both MCD and UNCD anodes together with the results
reported in the literature indicates that the PFOA degradation rates
provided by UNCD/Nb electrodes were much slower than in case of
using MCD/Si.

In addition, PFOA mineralization was confirmed by the progress of
TOC disappearance and the fluoride release using MCD and UNCD
anodes (Fig. 2a). Similarly to PFOA removal trends, the reduction of

TOC was influenced by the type of anode. At j=5mA cm−2 and
t=4h, TOC was reduced by 89% using MCD, whereas only 13% TOC
decrease was obtained using the UNCD anode. The effective cleavage of
CeF bonds was verified by the release of fluoride in the solution
(Fig. 2b). The final F− concentration was 0.7 and 0.3 mmol L−1 for
MCD and UNCD systems, respectively, after 4 h of the treatment at
j=5mA cm−2. These results are in agreement with the higher PFOA
decomposition rate on the MCD electrode.

Moreover, previous research [20,42] discussed the role of the
fluoride released upon PFOA degradation on the anode surface fluor-
ination. This mechanism could improve PFOA degradation, as reported
for F-doped Ti/SnO2 electrodes [43]. Thus, in order to investigate the
influence of fluoride, additional tests were carried out with the MCD
anode at j=5mA cm−2, by adding sodium fluoride to the feed solu-
tion. Similar first-order PFOA removal rates (0.27 and 0.26m h−1, re-
spectively) were observed when adding 20 and 50mg L−1 of fluoride,
that were similar to the degradation kinetics obtained without any extra
fluoride addition. In the same way, TOC depletion was not accelerated
by the addition of the different contents of F− into the reacting media.
Moreover, to contrast if higher current densities than those used in the
present system could promote the fluorine formation, a test was done at
20mA cm−2. The kinetics observed in Fig. S2 (Supplementary in-
formation) for TOC removal, did not reflect any improvement to those
experiments done at lower j. Therefore, the PFOA electrochemical
oxidation by means of MCD anodes was not enhanced by the fluoride
released into the solution during the degradation process.

3.2. Characterization of the BDD electrodes and its influence on PFOA

electrolysis

According to the literature [5,26,44], the anodic reactions on BDD
electrodes could be influenced by (i) boron doping level, (ii) morpho-
logical features and (iii) diamond carbon content, as it has been de-
scribed for other organic compounds. Therefore, due to the different
electrochemical response of the two commercial BDD anodes that have
been found in this study as well as the diverse results of PFAS removal

Table 2

Apparent kinetic constants k (m h−1) for the PFOA electro-oxidation on BDD anodes and the comparison with previous studies using similar electrodes. Reference
[22] studied the degradation of PFHxA instead of PFOA.

MCD/Si (this study) UNCD/Nb (this study) UNCD/Nb [15] MCD/Si (bipolar) [22]

j (mA cm−2) k (m h−1) j (mA cm−2) k (m h−1) j (mA cm−2) k (m h−1) j (mA cm−2) k (m h−1)

1 0.31 5 0.006 3 0.0054 5 0.126
2 0.36 10 0.027 15 0.026
5 0.30 20 0.048 50 0.086

Fig. 2. Evolution of: (a) TOC/TOC0 and (b) fluoride concentration with the electrolysis time, using MCD and UNCD anodes at j=5mA cm−2. [PFOA]0 =
0.24mmol L−1.
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rates reported in the literature (Table S1), the surface chemical and
morphological characterization of MCD and UNCD anodes was studied
to elucidate its effect on PFOA electrolysis.

Fig. 3 shows FESEM surface images of the MCD and UNCD anodes.
The FESEM images confirm the information provided by the manu-
facturers. At ×10,000 and ×25,000 magnifications MCD shows the
expected microcrystalline structure with crystal grains in the range of
approximately 1–3 µm while at the same magnifications, the crystals
cannot be appreciated in the UNCD anode. Nevertheless, at ×100,000
magnification nanocrystal grains ranging approximately between 2 and
25 nm could be observed in UNCD surface [45]. The surface images
present well faceted microcrystalline diamond for MCD and line-gran-
ular ultrananocrystalline diamond for UNCD film [35]. Moreover, it is
worth mentioning that the diamond grains were homogeneously dis-
tributed over the anode surface and no cracking defects were appre-
ciated.

Fig. 4 presents Raman spectra obtained for MCD (Fig. 4a) and UNCD
(Fig. 4b) anodes [35,46]. The values of the peaks were determined by
deconvolution of Raman spectra using Lorentzian functions (green
lines). MCD Raman spectra showed a sharp characteristic peak of mi-
crocrystals of diamond facet {1 1 1} at 1329 cm−1 slightly shifted from
the typical 1333 cm−1, characteristic of pure diamond microcrystals.
Indeed, its actual position depends on the boron concentration in the
diamond lattice, and moves to lower wavenumbers with increasing
boron concentration, as reported by [47,48]. The characteristic peaks at
1350 and 1550 cm−1 of D (sp2 carbon impurities) and G (non-diamond
sp2-bonded carbon atoms in the grain boundaries, CeH bending bonds)
bands respectively could be also observed (peaks at 1387 and
1547 cm−1 in Fig. 4a).

On the contrary, UNCD surface (Fig. 4b) presents a wide peak at
1327 cm−1 combining the sp3 diamond at 1333 cm−1 and a more
dominant D band (1310–1450 cm−1) coming from the presence of
disordered carbon at the grain boundary [35,49]. Besides G band
characteristic of sp2 carbon at 1535 cm−1, as well as the G′ band at
2515 cm−1 could be identified in UNCD anode. The peak at 1175 cm−1

which was formerly [49] ascribed wrongly to transpolyacetylene (ty-
pically at 1150 cm−1), has been demonstrated to actually correspond to
CHx bonds in the grain boundaries of nanocrystralline diamonds [50].
The UNCD spectrum in Fig. 4b is a typical Raman spectrum of ultra-
nanocrystalline diamonds using a laser excitation at 514 nm. According

Fig. 3. FESEM surface images of MCD at ×10,000 (a) and ×25,000 magnification (b), and UNCD at ×10,000 (c), ×25,000 (d) and ×100,000 magnification (e).
Scale bars indicated for each magnification. Arrows indicate dirtiness of salt deposits on the anode surface after the experiments.
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Fig. 4. Raman spectra of (a) MCD and (b) UNCD electrodes. The values of the
peaks were determined by deconvolution of Raman spectra using Lorentzian
functions within the software Origin 8 (green lines). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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to the literature [4], the small diamond grain size in the UNCD elec-
trode produced a large presence of graphite in the boundary layers that
scattered phonons to make the D peak intensity at 1357 cm−1 being
∼57 times larger than the diamond peak at 1333 cm−1.

The displacement of the diamond peak to lower frequencies in mi-
crocrystalline BDD materials is proportional to the increase of boron
content, according to May et al. [46]. This property has been applied in
the present work to determine the concentration of boron in the dia-
mond lattice of the MCD electrode. A calibration curve was built using 3
commercial microcrystalline BBD electrodes (NeoCoat, Switzerland) as
standards with known boron concentrations of 100, 2500 and
10,000 ppm, respectively. Fig. 5a shows the Raman spectra for each
BDD standard and the displacement of the Raman shift of the diamond
peak for each standard was determined. The pure diamond peak fre-
quency was used as reference (0 boron concentration, 1333 cm−1). The
calibration curve that relates the boron concentration with the diamond
Raman vibration frequency in cm−1 is represented in Fig. 5b. From this
calibration curve, the boron concentration for the MCD electrode was
calculated as 1676 ppm. Similarly for boron doped ultrananocrystalline
diamonds, it has been reported [35] that the D band peak shifted from
1355 cm−1 at B/C ratios of 0 ppm towards 1300 cm−1 at B/C ratios of
6000 ppm. A comparison between the Raman spectrum of the UNCD
anode and the Raman spectra of ultrananocrystalline BDDs at different
boron doping levels reported by Zeng et al. [35] indicated that our
UNCD anode would have a boron content of approximately 3000 ppm.

For further surface characterization, Fig. 6 depicts the XPS C 1s
spectra of the MCD and UNCD anodes. The peak at 284.5 ± 0.1 eV was
labelled as CeC1 and the component CeC2 was shifted +0.9 eV. These
peaks were attributed to hydrogenated and non-hydrogenated carbon
diamond, respectively [51,52]. The peak at 283.4 ± 0.3 eV was as-
cribed to C]C sp2 carbon or graphitic defects at the diamond surface
and oxygenated carbon species were detected at higher binding en-
ergies: 286.5, 287.5 and 289.3 eV for single oxidized components
(CeO) such as i.e. eCeOH and eCeOeCe bonds, and further oxidized
groups as eC]O or eCOOH [51]. The oxidized carbon species typically
appear after usage as a result of anode ageing. The B-C peak of boron
doped diamonds that should appear at approximately 282.6 eV is not
usually observed in these materials due to the presence of surface de-
fects that affect the surface Fermi level [52]. It can be seen that the
major component of the MCD surface is CeC2 or sp3 crystal diamond
carbon (56.0%), the contribution of CeC1 or hydrogenated diamond
was 16.1%, the total oxygenated species were 23.3% and graphitic
defects counted up to 4.6% of the total carbon of the MCD anode. On

the other hand, the major component of UNCD anode is hydrogenated
diamond carbon (CeC1) with 35.2%, non-hydrogenated diamond
(CeC2) accounted for 31.1%, the graphitic carbon was 5.4% and oxi-
dized species were 28.3% of the total carbon. Hydrogen-terminated
diamond (CeC1) is produced during the BDD synthesis under H2-rich
conditions to avoid the formation of graphitic carbon at grain bound-
aries [4]. The higher content of (CeC1) of the UNCD is related to the
smaller (ultranano) grain size and consequently higher grain boundary
density [52]. The amount of oxygenated species on both diamond films
was comparable (23.3 vs 28.3% for the MCD and UNCD anodes, re-
spectively), which is related to the formation of hydroxyl radicals
during the uses of the materials for anodic oxidation [9].

Overall the following remarkable differences about BDD films
characterization can be highlighted: (i) the sp3 diamond relative carbon
abundance on the MCD surface is 1.8 times higher than on UNCD
surface, (ii) lower boron doping level was found in MCD material
compared to UNCD anode, and (iii) the hydrogen-terminated diamond
on MCD is 2.2 times lower than in UNCD.

Thus, some studies have demonstrated that higher content of sp3

carbon resulted in more rapid and efficient contaminant decay by
electrochemical oxidation [5,25,26]. Assuming that the sp3 diamond is
the direct responsible of the formation of hydroxyl radicals on the
anode surface for electrooxidation applications, a lower abundance on
sp3 diamond carbon would might imply lower hydroxyl radical gen-
eration per unit anode surface area [25,26]. The sp2 or graphitic carbon
content is very similar in both anodes (MCD=4.6% and
UNCD=5.4%) and thus, the lower PFOA degradation efficiency of
UNCD anode encountered in the present work cannot be justified by
differences in the grain boundary graphitic defects. The introduction of
boron atoms into the diamond lattice is the main mechanism re-
sponsible for the conductivity and the density of active sites on the
surface [53]. The anodic materials herein compared present a boron
doping level of 1600 (MCD) and 3000 ppm (UNCD). However, despite
the higher boron doping level of UNCD anode, the PFOA degradation
efficiency was not improved, possibly related to the distortions or de-
fects added into the lattice hindering the electrochemical activity
[54,55]. The presence of H-terminated carbon also favors the p-type
electrical conductivity on the conductive diamond film surface and
enhance the surface hydrophobicity, electron affinity and conductivity
[56]. However, the superficial hydrogen content can be progressively
changed to O-terminated surface during the electro-oxidation treat-
ments, which would cause the anode surface oxidation and its con-
sequent passivation.

B = 100 ppm

B = 2500 ppm

B = 10000 ppm(a) (b)

Fig. 5. (a) Raman spectra of microcrystalline BDD standards with different boron concentration: 10,000 ppm, 2500 ppm and 100 ppm. (b) Diamond frequency
(cm−1) as a function of the boron concentration (ppm) in BDD standards obtained from Raman spectroscopy.
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According to the XPS and Raman analysis, UNCD possessed higher
boron doping and more H-terminated superficial carbon content than
MCD material, a sum of characteristics that could improve the UNCD p-
type superficial conductivity [53,57]. This assumption was verified by
the cyclic voltammetry (CV) of PFOA solution using sodium sulfate
electrolyte, of both BDD anodes. Fig. S3 given in the Supplementary
Data shows that higher current densities were recorded for the UNCD
electrode (Fig. S3b), because of its more elevated electrical con-
ductivity. Moreover, a distinctive feature is observed for the MCD
anode, as its cyclic voltammogram (Fig. S3a) shows the PFOA direct
oxidation peak at a potential close to 2.6 V, which is neither observed in
the CV with the single Na2SO4 electrolyte solution, nor in the case of
UNCD anode (Fig. S3b).

Overall, the higher sp3 carbon content, lower hydrogen terminated
carbon and lower conductivity of the MCD film seem to favor the faster
and more efficient PFOA degradation. On the contrary, the surface
features, such as extremely small grain size, lower sp3 carbon abun-
dance and higher conductivity, of the UNCD electrode provided a
limited electrochemical activity for the PFOA removal.

Finally, the practical feasibility of the electrochemical technology is
often linked to the energy consumption. The energy consumption (W,
kWhm−3) is directly related to the specific electrical charge (Q,
kAhm−3) and the cell potential (v), as described in equation (3) [58]:

= =W Q v
j A t

V
v· ·

(3)

Due to the different electrochemical behavior exhibited by the MCD
and UNCD anodes, the energy consumption has been calculated for the
maximum PFOA degradation rate obtained in each system, which was
99% and 87% after 4 h of treatment, respectively. In this way, the en-
ergy consumption estimated for PFOA removal using MCD was only 1.4
kWhm−3 (j=1mA cm−2). On the contrary, using UNCD anode would
imply shifting to a higher current density (j=20mA cm−2) that im-
plies an estimated consumption of 52.4 kWhm−3. These results con-
firmed that the differences on BDD surface features can influence on the
reaction time and the current density needed for the contaminant re-
moval which impacts directly on the energy costs of the electrochemical
process.

Additionally, to determine the efficiency of the electro-oxidation
process, the decrease in pollutant concentration during electrolysis can
be represented against specific electrical charge (Q). To illustrate this
point, the variation of PFOA degradation rate with Q was plotted in Fig.
S4 in the Supplementary material. It can be seen that for the MCD
system, the increase in current density from 2mA cm−2 to 5mA cm−2

significantly decreased the oxidation efficiency. Therefore, current
densities higher than 5mA cm−2 only lead to a massive loss of current
efficiency in this process. During PFOA electrolysis by UNCD anode
(Fig. S4b), the concentration decreased with the increase of specific
electrical charge with similar trends for all the applied current densities
from 5 to 20mA cm−2. In conclusion, to achieve satisfactory PFOA
removal rates, e.g.: 90% removal, the specific electrical charge passed
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C-C1

C=C
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C-O

C-O

C=O
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-COOH

MCD

UNCD

MCD

Component Amount (%)
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Fig. 6. XPS C1s spectra of (a) MDC and (b) UNCD electrodes. eCOOH, C]O and CeO were assigned to oxygenated carbon species. CeC1 and CeC2 corresponded to
hydrogenated and non-hydrogenated carbon diamond, respectively, and C]C sp2 refers to the graphitic defects in the diamond surface. Peaks were fitted to the
spectra using Gauss-Lorentzian functions.
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was two orders of magnitude larger for UNCD anode than MCD elec-
trode.

4. Conclusions

This work reports a morphological, chemical and electrochemical
comparison of two BDD electrodes that are commercialized for anodic
oxidation. Attending to their crystal size the electrodes are classified as
microcrystalline diamond (MCD) and ultrananocrystalline diamond
(UNCD). The relationship of the anode surface features with their
performance in the electrolysis of perfluorooctanoic acid (PFOA) was
analyzed. The following considerations can be withdrawn from the
reported results:

– Electrochemical oxidation of PFOA by means of the MCD anode was
significantly more efficient than when using the UNCD electrode.
The MCD anode led to the complete degradation of the persistent
pollutant in 4 h, at any applied current density in the range of
1–5mA cm−2. Conversely, remarkable lower PFOA removal ratios
were achieved by the UNCD anode, as only 21% PFOA removal was
achieved in 4 h working at 5mA cm−2.

– FESEM microscopy confirmed the micro and ultrananocrystalline
structure for MCD and UNCD anodes, respectively. Moreover, the
higher sp3 carbon content and lower boron content and H-termi-
nated carbon content of the MCD, revealed by Raman and XPS
spectroscopy, seem to favor faster and more efficient PFOA de-
gradation. On the contrary, the ultrananocrystalline surface features
and the higher conductivity of UNCD anode limited the electro-
chemical activity for PFOA electrolysis.

– Different electrochemical behaviors of the MCD and UNCD BDD
anodes strongly impacted the process energy consumption. The
energy needed for PFOA removal from a 0.24mmol L−1 solution
was 1.4 kWhm−3 and 52.4 kWhm−3, for MCD and UNCD anodes,
respectively.
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S4 

Figure S1. Electro-oxidation experimental system (1: Single Compartment 

Electrochemical Cell, 2: Power Supply, 3: Feed Tank, 4: Pump, 5: Refrigeration System). 
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S5 

Figure S2. Influence of fluoride added in the reacting media on TOC removal with the 

electro-oxidation time using MCD anode at j = 5 mA.cm-2 with no addition of F- ( ), at 

j = 5 mA.cm-2 adding 20 mg.L-1 of F- ( ), at j = 5 mA.cm-2 adding 50 mg.L-1 of F- ( ) 

and at j = 20 mA.cm-2 with no addition of F- ( ). [PFOA]0 = 0.24 mmol.L-1



S6 

Cyclic voltammetries were performed in a three-electrode cell using 50 mL PFOA (0.24 

mmol.L-1) and 5 g.L-1 Na2SO4 as electrolyte. Ag/AgCl saturated KCl electrode was used 

as the reference electrode and the counter electrode was a Pt foil. MCD and UNCD were 

used as working electrodes. For these tests, 1x1 cm2 samples of the commercial electrodes 

were obtained by fracture of the original ones. 

Figure S3. Cyclic voltammogram of 0.24 mmol.L-1 of PFOA (blue lines) in 5 g.L-1 

Na2SO4 solutions for (a) MCD and (b) UNCD anodes, obtained at 100 mV.s-1 of scan 

rate. Cyclic voltammograms of single Na2SO4 (dotted lines) are included for comparison. 

Na2SO4 

Na2SO4 and PFOA 

Na2SO4 

Na2SO4 and PFOA 

PFOA 

oxidation 



S7 

Figure S4. PFOA dimensionless evolution as a function of specific electrical charge (Q) 

using: (a) MCD anode (j = 1, 2 and 5 mA.cm-2) and (b) UNCD anode (j = 5, 10 and 20 

mA.cm-2). [PFOA]0 = 0.24 mmol.L-1 
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A B S T R A C T

The aim of this study was to determine the viability of electrochemical oxidation to degrade and mineralize poly-
and perfluoroalkyl substances (PFASs) in wastewaters from an industrial facility dedicated to the production of
side-chain-fluorinated polymers and fluorotelomer-based products for fire-fighting foams. 6:2 fluorotelomer
sulfonamide alkylbetaine (6:2 FTAB, 1111 μg/L), 6:2 fluorotelomer sulfonic acid (6:2 FTSA, 242.5 μg/L) and 6:2
fluorotelomer sulfonamide propyl N,N dimethylamine (M4, 34.4 μg/L) were the most abundant PFASs in the
industrial wastewater, that also contained perfluorocarboxylic acids (ΣPFCAs, 12.2 μg/L), high TOC and chloride
as main anion. 2 L samples were treated in bench scale experiments performed at a current density of 50 mA/
cm2, in a commercial cell equipped with a boron doped diamond (BDD) anode (70 cm2). 97.1% of the initial
PFASs content was removed after 8 h of electrochemical treatment. Furthermore, the TOC removal (82.5%) and
the fluoride release confirmed the PFASs mineralization. Based on the evolution of the different PFASs,
electrochemical degradation pathways were proposed. Fluorotelomers sulfonamides 6:2 FTAB and M4 would be
degraded into 6:2 FTSA, which conversely would give rise to PFHpA and preferentially PFHxA. The latter PFCAs
were transformed into shorter-chain PFCAs, and eventually into CO2 and fluoride. The reported results support
the technical viability of BDD electrooxidation for the treatment of PFASs in industrial wastewater.

1. Introduction

Poly- and perfluoroalkyl substances (PFASs) have been synthesized
and widely used in different industrial and commercial applications
since the 1950s, including oil and water repellent surface coatings for
packing and textiles, surfactants and aqueous fire-fighting foams [1].
PFASs have been detected globally in wildlife and humans, and this
group of substances is now recognized as a worldwide health threat.
Recent studies reported that PFASs exceed recommended safety levels
in public drinking water supplies for 6 million people in the United
States [2] and that as many as 100 million people could be at risk from
exposure to these chemicals. The United States Environmental Protec-
tion Agency established health advisory levels for PFOA and PFOS in
drinking water at 0.07 μg/L, both individually and combined [3]. The
European Water Directive (2013/39/EU) defined the environmental
quality standard (EQS) for the annual average value of PFOS at
6.5 × 10−4 μg/L in inland surface waters [4].

PFASs are released into the environment during their industrial
production and application, and as a result of leaching from the PFASs-

containing consumer products [5]. Eventually, PFASs enter wastewater
treatment plants (WWTP), which together with landfill sites have been
suggested as the major point sources of PFASs to surface waters and to
the atmosphere [6–8]. Groundwater contamination is often encoun-
tered at or near firefighting training areas where aqueous film-forming
foams (AFFFs) have been used [9].

Monitoring of PFASs in WWTP utilities have shown the inefficiency
of conventional water treatment technologies to remove PFASs [10,11].
Therefore, there is a need to develop innovative water treatment
technologies that enable the removal of this group of persistent and
hazardous substances. Electrochemical oxidation is among the most
promising technologies for PFASs degradation. It is a versatile option
that benefits from working at mild operation conditions and provides
high removal efficiency [12–16].

Most of the previous research on PFASs electrochemical treatment
was focused on testing different anodic materials, and was conducted
with model solutions of a single compound, usually PFOA. In this way,
“non-active” anodes such as SnO2, PbO2 and boron doped diamond
(BDD) provided high mineralization ratios of some perfluorocarboxylic
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(PFCAs) and perfluoroalkane sulfonic acids (PFSAs) [13–15,17–20]. In
contrast, a poor performance for PFOA degradation was obtained when
using “active” anodes, such as Pt, Ti/Ru-IrO2, and Ti/SnO2-Sb/MnO2

[14,21]. In order to enhance the treatment efficiency, some studies paid
attention to the influence of the operating conditions, such as cell
potential, current density and pH, as it has been recently reviewed [22].
However, very few studies have reported the treatment of PFASs in real
water samples under environmental conditions. Within this group of
pioneering studies, Schaefer et al. [9,23] and Trautmann et al. [24]
demonstrated the ability of electrochemical oxidation to remove PFOA,
PFOS and other shorter-chain PFCAs and PFSAs from groundwaters
impacted by the use of AFFFs. Zhang et al. [25] studied the electro-
chemical treatment of municipal WWTP effluents and reported the
efficient removal of PFAS traces. A recently reported study has
contributed to a significant scientific progress on the technology for
the treatment of industrial wastewaters by obtaining excellent results in
the removal of perfluorohexanoic acid (PFHxA) using a hybrid process
that combined nanofiltration and electrochemical oxidation using
commercial BDD cells [26].

However, the treatment of industrial wastewaters polluted by
elevated concentrations of fluorotelomers is still unexplored. More
studies need to be conducted to focus on the feasibility and effective-
ness of the electrochemical process to remediate PFASs mixtures
present over a wider concentration range and under the effect of
complex matrix composition with higher organic load background. The
lack of studies about the treatment of industrial effluents with a high
PFASs load is remarkable, particularly when production of PFASs is
recognized as one of the main PFASs emission sources to the environ-
ment [1].

The aim of the present study was to investigate the efficiency of
electrochemical oxidation to degrade and mineralize a mixture of
PFASs of a highly polluted raw industrial wastewater that was
generated in a chemical production facility. For this purpose, a bench
scale commercial cell provided with a BDD anode was selected. A group
of ten PFASs, that included 6:2 fluorotelomer sulfonamide alkylbetaine
(6:2 FTAB) and 6:2 fluorotelomer sulfonic acids (6:2 FTSA) as major
contributor to the load of PFASs, was monitored along the electro-
chemical treatment. At the same time, the formation and disappearance
of five perfluorocarboxylic acids was analyzed in order to elucidate the
degradation pathway followed by fluorotelomers and PFCAs. In addi-
tion, the electrochemical treatment allowed the mineralization of the
organic pollutant load, using total organic carbon (TOC) as global
indicator and the release of fluoride as individual indicator of PFASs
mineralization.

2. Materials and methods

2.1. Materials and water sample

One raw industrial wastewater grab sample (50 L) was collected
from the influent to an industrial wastewater treatment utility. The
WWTP received the sewage of 4 different manufacturing plants, and
only one of them produced side-chain-fluorinated polymers and
fluorotelomer-based products, such as 6:2 FTAB and 6:2 FTSA for
fire-fighting foams [27]. Its flow accounted for 3 to 17% of the overall
WWTP influent flowrate.

The characteristics of the industrial wastewater are summarized in
Table 1. The main anions, chloride and sulfate, provided the waste-
water with the conductivity required for the electrochemical treatment.
Ten individual PFASs were found over the limit of quantification (LOQ)
of the analytical method, among the group of 29 PFASs that were
included in the monitoring program. The chemical structure of these
compounds is provided in Fig. 1, in which the proposed degradation
pathways were gathered and will be discussed later. The PFASs profile
was dominated by the presence of 6:2 FTAB, 6:2 FTSA and 6:2
fluorotelomer sulfonamide propyl N,N dimethylamine. The latter

compound was designated as M4, following the simplified nomencla-
ture reported by Moe et al. [28]. Several PFCAs were also identified,
such as PFHxA, perfluoropentanoic acid (PFPeA), perfluoroheptanoic
acid (PFHpA), perfluorobutanoic acid (PFBA). On the other hand,
perfluorobutane sulfanic acid (PFBS) was the only compound of the
group of perfluorosulfonates that was detected in the industrial waste-
water. The following list of PFASs were included in the analytical
method but were not detected over the LOQ: perfluorohexane sulfonic
acid, perfluoroheptane sulfonic acid, perfluorooctane sulfonic acid,
perfluorodecanesulfonic acid, perfluorononanoic acid, perfluorodeca-
noic acid, perfluoroundecanoic acid, perfluorododecanoic acid, per-
fluorotridecanoic acid, perfluorotetradecanoic acid, 4:2 fluorotelomer
sulfonic acid, 6:2, 8:2 and 10:2 fluorotelomer carboxylic acids, 5:3
polyfluorinated acid, 6:2, 8:2 and 10:2 unsaturated fluorotelomer
carboxylic acids and perfluorooctane sulfonamide.

2.2. Electrochemical experiments

Bench scale electro-oxidation experiments were performed in an
undivided cell (Diacell 106, Adamant Technologies, Switzerland)
consisting of two circular parallel electrodes: a BDD anode and a
stainless steel cathode, each one with a surface area of 70 cm2 and an
electrode gap of 5 mm (Fig. 2). The cell was connected to a power
supply (Agilent 6654 A) and experiments were conducted in galvano-
static conditions at a current density of 50 mA/cm2. The average cell
potential was 11.7 V. The industrial wastewater was filtered using
0.45 μm nitrocellulose filters (Millipore). 2 L samples were used as feed
in the experiments that were conducted in batch mode at constant
temperature of 20 °C. Treated samples were collected in polypropylene
containers, and preserved at 4 °C until delivery for analysis. Each point
of the kinetic data was obtained as a single electrochemical experiment,
a procedure that allowed to keep the volume constant along the
experimental time.

2.3. Analytical methods

Detailed protocol of the PFASs analysis has been previously
published [29]. Briefly, non-filtered water samples were diluted prior
to extraction, purification and pre-concentration by a solid-phase
extraction (SPE) procedure (Strata X-AW® (200 mg, 6 mL) cartridge

Table 1

Characteristics of the raw industrial wastewater and initial PFASs
concentration (μg/L).

Physico-chemical parameters

Suspended solids (mg/L) 125
Conductivity (mS/cm) 6.7
pH 8.4

Organic pollutants
COD (mg/L) 2944
TOC (mg/L) 722

Inorganic compounds
Sulfate (mM) 1.03
Chloride (mM) 28.4
Ammonium (mM) 5
Fluoride (mM) < 0.002

Perfluorinated compounds
PFBS (μg/L) 0.974
PFBA (μg/L) 0.496
PFPeA (μg/L) 3.154
PFHxA (μg/L) 5.291
PFHpA (μg/L) 2.793
PFOA (μg/L) 0.449
6:2 FTSA (μg/L) 242.496
8:2 FTSA (μg/L) 0.874
M4 (μg/L) 34.361
6:2 FTAB (μg/L) 1111
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(Phenomenex, Torrance, CA)). Recovery rates of the SPE procedure
were reported elsewhere [29]. An ultra-high performance liquid
chromatography coupled to tandem mass spectrometry (UHPLC-MS/
MS) in negative electrospray ionisation (ESI) mode was employed to
separate and detect targeted compounds (Waters Xevo TQ-MS tandem
mass spectrometer (Waters Corporation, Milford, MA, USA)). Twelve
labelled internal standards (IS) were used to provide an adequate
correction compensating for matrix effects. Considering the initial
dilutions, the LOQ in wastewater samples were 0.05 μg/L for 6:2 FTAB
and M4, and 0.4 and 1 μg/L for the other PFASs depending on the
analytes.

TOC was determined using a TOC-V CPH (Shimadzu) analyzer.
Chemical oxygen demand (COD) was measured following the Standard
Method 5220D [30]. Ion chromatography was used for anion analysis
following the procedure that was detailed elsewhere [26]. Total

ammonium nitrogen (TAN) was determined according to Standard
Method 4500-NH3. Finally, free chlorine and total chlorine were
determined by DPD Ferrous Titrimetric Method. pH was measured
using a portable pH-meter.

3. Results and discussion

The principal objective of this work was to study the viability and
efficiency of the electrochemical oxidation to remediate industrial
wastewaters heavily polluted by PFASs. As a whole, the BDD electro-
chemical treatment achieved 97.1% elimination of the overall ΣPFASs,
that was reduced from 1400 μg/L to a final content of 41 μg/L.

Fig. 3 depicts the electrochemical oxidation of the predominant
fluorotelomers (6:2 FTAB, 6:2 FTSA and M4). The three compounds
include an alkyl chain formed by 8 carbon atoms, 6 of which are fully
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Fig. 2. Electro-oxidation system (1: electro-oxidation cell, 2: power supply, 3: feed tank, 4: pump, 5: cooling system).
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substituted by fluorine atoms (see Fig. 1). 6:2 FTAB was the most
abundant PFASs in the wastewater sample, with an initial content
higher than 1000 μg/L. The electrochemical treatment allowed a fast
decrease of 6:2 FTAB that was reduced to 302 μg/L in only 2 h, and a
concentration lower than 0.05 μg/L after 8 h of treatment. 6:2 FTAB
and 6:2 FTSA removal data were fitted to a first-order kinetic model, as
shown in the logarithm plot of Fig. 3c. The resulting pseudo first-order
kinetic constant for 6:2 FTAB removal was 1.22 h−1, which is
significantly faster than the kinetic constant for 6:2 FTSA removal,
0.35 h−1. By inspection of the chemical structures depicted in the
Fig. 1, the cleavage of the SeN bond by the electrogenerated oxidants
would promote the partial conversion of 6:2 FTAB and M4 into 6:2
FTSA, which in these conditions would be simultaneously generated
and broken. The formation of 6:2 FTSA as a degradation product of 6:2
FTAB in abiotic conditions has been recently reported. D'Agostino et al.
[31] postulated a degradation pathway that involved the activation of
molecular oxygen by Fe(II) ions contained in the aqueous solutions to
form reactive oxygen species. Formation of 6:2 FTSA through reaction
of hydroxyl radicals (%OH) with the sulfur center of the sulfonamide, as
was observed for gas phase N-methyl perfluorobutane sulfonamide
ethanol, has also been described [32].

Fig. 4 shows the change with the treatment time of the PFCAs that
were detected in the wastewater sample: PFOA, PFHpA, PFHxA, PFPeA
and PFBA. PFOA was initially at low concentration (0.44 μg/L) which
passed to 0.96 μg/L at the end of the experiment. This increase was
assigned to the decomposition of 8:2 FTSA, that was present in the feed
sample at a concentration of 0.87 μg/L. Fang et al. [33] reported the
chemical oxidation of 8:2 FTSA into PFOA using hydrogen peroxide and
potassium permanganate. These findings support the increase of PFOA
observed in the present study during the electrochemical treatment of
the industrial wastewaters. PFHxA was the compound with the highest
increase in concentration, changing from the initial 5.3 μg/L to a

maximum of 28 μg/L after 6 h of treatment. The peak of PFHxA
concentration coincided with the complete depletion of 6:2 FTSA and
6:2 FTAB. In contrast, PFHpA increased only during the initial 2 h, and
the variation was not as marked as for PFHxA. The progress of PFHpA
and PFHxA revealed that PFHxA is the main product obtained in the
degradation of 6:2 fluorotelomers. Our experimental analysis in real
industrial wastewaters seems to be in accordance with the mechanisms
for 6:2 FTSA splitting reported by Park et al. [34], who found a 25/75
formation ratio of PFHpA/PFHxA upon 6:2 FTSA degradation using
heat activated persulfate oxidation. Similarly, the UV-activated hydro-
gen peroxide oxidation of 6:2 FTSA resulted in a 2-fold formation of
PFHxA over PFHpA generation, as reported by Yang et al. [35].
Regarding PFPeA and PFBA (Fig. 4d and e), both compounds followed
increasing trends up to 6 h of treatment, in coincidence with the time at
which PFHxA started to decrease. This behavior points to the simulta-
neous formation and consumption of the shorter chain PFCAs.

The evolution of the PFASs analyzed in this work can be described
by the degradation pathways gathered in Fig. 1. 6:2 fluorotelomers
degradation [35,36] would start with the attack of electrogenerated %

OH radicals to the CeC and CeH bonds of the two unfluorinated
carbons, causing the desulfonation and forming C6F13COO

− and
C5F11COO

−. The degradation of 8:2 FTSA was expected to follow a
similar pathway to form PFOA as main secondary product. Once the
PFCAs have been formed, the following degradation steps would start
with the electron transfer from the carboxyl group to the anode to
generate the CnF2n + 1COO% radical (Eq. (1)). Next, this highly unstable
radical would undergo Kolbe decarboxylation to form a perfluoroalkyl
radical (CnF2n + 1%) (Eq. (2)). Then, the electrogenerated hydroxyl
radical reacts with the perfluoroalkyl radical to form a perfluoroalcohol
CnF2n + 1OH (Eq. (3)), which is a thermally unstable species that would
undergo intramolecular rearrangement to form the perfluoro carbonyl
fluoride and release fluoride anion (Eq. (4)). Finally, the latter species
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hydrolyses to give the one-carbon-shorter-chain perfluorocarboxylic
acid, Cn − 1F2n − 1COO

− (Eq. (5)) [14,19,21,36].

C F COO → C F COO + en 2n+1
−

n 2n+1
⋅ − (1)

C F COO → C F + CO + Hn 2n+1
⋅

n 2n+1
⋅

2
+ (2)

C F + OH → C F OHn 2n+1
· ·

n 2n+1 (3)

C F OH → C F COF + F + Hn 2n+1 n−1 2n−1
− + (4)

C F COF + H O → C F COO + F + Hn−1 2n−1 2 n−1 2n−1
− − + (5)

The Cn− 1F2n − 1COO
− repeats the above steps and decomposes

into shorter-chain PFCAs by gradually losing a CF2 unit. Nevertheless,
more studies using model solutions of single fluorinated compounds
would be needed to completely assess the proposed degradation path-
way.

The change of TOC and the fluoride release with time, shown in
Fig. 5, were indicators of mineralization of the overall organic
pollutants load. The high TOC content of the industrial wastewaters
(see Table 1) revealed that the analyzed PFASs contributed with<
0.1% to the total organic load. Nevertheless, the electrochemical

treatment successfully removed> 80% of TOC after 8 h (Fig. 5), a
demonstration of the effectiveness of BDD anodic oxidation for the
removal of recalcitrant organic compounds in a variety of chemical
compositions. Fig. 5 also shows the evolution of fluoride concentration.
Initially, F− concentrations were below the LOQ of the analytical
method. Then, the appearance of fluoride was due to PFASs degrada-
tion. After 8 h of electrochemical treatment, fluoride increased to
0.012 mM, a value that is significantly below the initial fluoride
contained in the analyzed PFASs, 0.034 mM. This difference could be
explained by the formation of other shorter-chain PFASs not included as
target species or due to the possible fluoride adsorption on the BDD
electrode during the mineralization of PFASs, as it has been previously
reported when PFOA was electrochemically degraded on BDD [17,37].

The transformation of chloride into other inorganic chlorine species
was also evaluated. Fig. 6 shows the evolution of chloride, free chlorine,
chlorate and perchlorate. The experimental data show that chloride was
transformed into free chloride that was simultaneously oxidized to
chlorate. However, the findings recently reported by Schafer et al. [23]
demonstrated that chloride in solution had a negligible effect on the
kinetics of PFOA and PFOS electrochemical treatment using BDD
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anodes. On the other hand, the operating conditions must be carefully
selected in order to avoid the formation of undesirable perchlorate
[38,39]. It is important to note that in the present study the oxidation of
chlorate to perchlorate was significantly delayed and started after 6 h of
electrochemical treatment, a behavior that can be explained by the
preferential consumption of the electrogenerated hydroxyl radicals for
the oxidation of organic compounds. It is not only after most of the
organic load and chloride have been oxidized, that hydroxyl radicals
are available for perchlorate formation [40,41]. As a result, the
formation of undesirable perchlorate was avoided in the period in
which> 91% of the initial PFASs content had been degraded.

Nitrate formation was observed during the first 2 h to reach a
plateau at 2.8 mM, a value that is lower than the initial 5 mM
ammonium concentration of the industrial wastewater (Fig. 7). This
result is showing that ammonium was partially converted into gaseous
nitrogen, as it typically occurs in the BDD electrochemical removal of
ammonium from wastewaters that also contain organic pollutants and

chloride [41–43]. The oxidation of nitrogen in 6:2 FTAB and M4 cannot
explain itself the change of nitrate concentration, as it would only
contribute to 0.15% of the observed nitrate increase. Similarly, there
was a net formation of sulfate that was attributed to the oxidation of
unknown sulfur compounds contained in the industrial wastewater
(Fig. 7). Nevertheless, the sulfur content of 6:2 FTSA, 6:2 FTAB and M4
could contribute to a maximum of 0.1% of the change in sulfate
concentration. Therefore, nitrate and sulfate formation due to the
degradation of fluorotelomers contained in the industrial wastewater
was observed to be negligible.

One of the key points for the practical feasibility of electrochemical
water treatment lies in the reduction of their energy demands. In the
present study, the energy consumption for 97% PFASs removal was
estimated at 164 kWh/m3. In contrast, the extraordinary technical
efficiency of BDD electrochemical oxidation has not been reported by
any other technique.

4. Conclusions

The present study demonstrated the electrochemical degradation of
PFASs contained in the wastewaters generated in an industrial facility
dedicated to the production of side-chain-fluorinated polymers and
fluorotelomer-based products for fire-fighting foams. The effectiveness
of a commercial BDD anode was assessed by studying the evolution of
ten PFASs. The most abundant PFASs were 6:2 FTAB, 6:2 FTSA and M4.
The BDD anode was able to reduce the PFASs content by 97.1% after
8 h of electrochemical degradation conducted at a current density of
50 mA/cm2. While fluorotelomers were completely removed, the
degradation of these fluorotelomer compounds gave rise to the forma-
tion of PFCAs, being PFHxA the most abundant. However, PFHxA was
also converted into shorter chain PFCAs, and eventually mineralized, as
it was confirmed by the TOC removal and the release of fluoride. This
research contributes to get insight about the electrochemical degrada-
tion pathways of fluorotelomers contained in real industrial waste-
waters. Future studies should be carried out to verify the suggested
mechanisms and determine the presence and the role of possible
unknown PFASs.
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PFASs content, RPFASs = 1642 mg/L,
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� The most abundant PFASs were
fluorotelomers 6:2 FTAB and 6:2
FTSA.
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revealed PFASs mineralization.
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a b s t r a c t

This paper reports the electrochemical treatment of poly- and perfluoroalkyl substances (PFASs) in the
effluent from an industrial wastewater treatment plant (WWTP). While most of the previous research
focused on the electrochemical degradation of perfluorooctanoic acid and perfluorooctane sulfonate in
model solutions, this work studies the simultaneous removal of 8 PFASs at environmentally relevant con-
centrations in real industrial emissions, which also contained organic matter and inorganic anions. The
overall PFASs content in the WWTP effluent was 1652 mg/L, which emphasized the need to develop inno-
vative technologies for the management of PFASs emissions. 6:2 fluorotelomer sulfonamide alkylbetaine
(6:2 FTAB) and 6:2 fluorotelomer sulfonate (6:2 FTSA) were the major contributors (92% w/w) to the
overall PFASs content, that also contained significant amounts of short-chain perfluorocarboxylic acids
(PFCAs). Using a boron doped diamond (BDD) anode of 0.0070 m2, the effluent (2 L) was treated by apply-
ing a current density of 50 mA/cm2 for 10 h, that resulted in 99.7% PFASs removal. The operation at lower
current densities (5 and 10 mA/cm2) evidenced the initial degradation of 6:2 fluorotelomers into perflu-
oroheptanoic and perfluorohexanoic acids, that were later degraded into shorter chain PFCAs. The high
TOC removal, >90%, and the fluoride release revealed that PFASs mineralization was effective. These
results highlight the potential of the electrochemical technology for the treatment of PFASs contained
in industrial wastewaters, which nowadays stands as the main source of this group of persistent pollu-
tants into the environment.
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1. Introduction

Poly- and perfluoroalkyl substances (PFASs) have been synthe-
sized and widely used in industrial and commercial applications
since the 1950s [1]. Releases of perfluoroalkyl carboxylic acids
(PFCAs) into the environment during the period 1950–2004 were
estimated to be 3200–7300 tons. The contribution of direct sources
that result from the manufacture and use of PFCAs were estimated
to be in the range 3200–6900 ton, most of them used as processing
aids in the manufacture of fluoropolymers [2,3]. Therefore, histor-
ically PFASs emissions are dominated by industrial manufacturing
processes.

Recently, perfluorooctane sulfonate (PFOS) and perfluorooc-
tanoic acid (PFOA) have been subjected to increasingly intense
research due to their potential toxicity and the extent of their envi-
ronmental distribution [4]. PFOS and its salts are included in the
Annex B of the Stockholm Convention on Persistent Organic Pollu-
tants (POPs) [5]. In addition, PFOS is part of the OSPAR List of
Chemicals for Priority Action [6] and is also listed as a priority sub-
stance in the field of European water policy according to Directive
2013/39/EC [7]. U.S. EPA has also established the health advisory
level at 70 parts per trillion of combined PFOA and PFOS in drink-
ing water [8].

The scientific community is now facing the challenge of develop-
ing new technologies for the treatment at source of PFASs emissions,
and where necessary, to abate the pollution already introduced in
the environment. Many of the already published studies emphasize
the low efficiency of the conventional water treatment technologies
for the elimination of PFASs [9]. It is thought that PFASs removal
takes place by adsorption onto sludge, although the biodegradation
of some precursors might contribute to the observed increase of
PFCAs concentrations in wastewater treatment processes [10], as
it happens in AFFF (Aqueous Film Forming Foams) impacted soils
and groundwaters [11]. Several studies have reported that activated
carbon adsorption and reverse osmosis remove significant amounts
of PFASs [10,12–16]. However, these are physical separation tech-
nologies that transfer the contaminants from the water phase to a
second phase that still needs to be treated, and that work properly
only for long-chain PFASs. Because of this reason, advanced oxida-
tion processes [17] such as persulfate addition [18], photocatalysis
[19–20], and particularly electrochemical oxidation are receiving
growing attention [21]. Electrochemical oxidation has the advan-
tages ofmild temperature and pressure operating conditions, versa-
tility and ease of operation [22–25]. Furthermore, the efficiency of
this process has already been assessed for landfill leachates [26],
recalcitrant compounds in industrial wastewater [27], pharmaceu-
ticals in reverse osmosis concentrates [28], and other emerging con-
taminants contained in the secondary effluents of wastewater
treatment plants (WWTP) [29–31].

The ability of electrochemical technologies for PFASs degrada-
tion is now under intensive research. Most of the previous studies
were focused on the selection of the anodic material. ‘‘Non-active”
anodes such as SnO2, PbO2 and boron doped diamond (BDD), pro-
vided high mineralization of PFOA and some perfluoroalkane sul-
fonic acids [24,32–35]. The electrochemical efficiency of the
anode material depends on its electron transfer ability, as well as
on its hydroxyl radical (HO�) generation capacity. To improve the
treatment efficiency some studies paid attention to the optimiza-
tion of the experimental conditions, such as cell potential, current
density and pH, as it has been recently reviewed [34]. Even though
previous studies of electrochemical degradation of PFASs have
shown promising results, most of the studies were performed
using model solutions of single PFASs upon addition of an elec-
trolyte, and using initial concentrations in the range of ten to hun-
dred milligrams per liter, which are much higher than the

concentrations usually found in polluted groundwater or even in
industrial effluents. Very few studies dealt with real water samples
under environmental conditions. Exceptions include the recent
studies that demonstrated the electrochemical degradation of
PFOA and PFOS in groundwaters impacted by the use of AFFFs
[35,36]. Particularly, the removal of PFASs from heavily contami-
nated industrial wastewaters has not been reported yet.

The present innovative work analyzes the electrooxidation of
PFASs in real effluents from an industrial WWTP. This water treat-
ment facility was selected based on the wide variety and the high
amount of PFASs contained in the effluent, as it will be shown later
on. BDD anodic material was selected due to its high stability, low
adsorption capacity, high overpotential for oxygen generation and
long life span, and moreover, because of its proven capacity to
degrade non-biodegradable organic compounds [26]. Both the
influent and the effluent streams of the industrial WWTP were
physico-chemically characterized. The electrochemical degrada-
tion and mineralization of 8 PFASs were evaluated in the WWTP
effluent, together with the reduction of major organic pollution
parameters such as total organic carbon (TOC). The formation
and degradation of intermediate PFCAs, which were generated as
degradation products of the most abundant fluorotelomers, is also
reported. In addition, the effect of the applied current density (j),
on the rate of PFASs degradation is also reported.

2. Materials and methods

2.1. Materials and wastewater samples

Grab samples, 50 l each, of the influent (I) and effluent (E)
streams from an industrial WWTP located in France were obtained
in one sampling campaign in 2015. It is worthy to note that both I
and E samples were simultaneously collected, so the effluent sam-
ple did not come from the influent sample, as the residence time in
the treatment plant (nine days) was not taken into account. Four
manufacturing plants discharge their wastewater into the WWTP,
but only one of them produces side-chain-fluorinated polymers
and fluorotelomer based products for fire-fighting foams. This
chemicals manufacturer contributes with 3– 17% to the overall
flow treated in the industrial WWTP. More details on the WWTP
facility, including the description of the conventional treatment
stages, were recently described elsewhere [37]. The same study
estimated the PFASs release from this WWTP facility in the range
of 21–247 g/day of PFCAs and 1,622–6963 g/day of fluorotelomers,
taking into account the variations observed in several sampling
campaigns.

Table 1 summarizes the characteristics of I and E samples,
including the concentration of the PFAS (ng/L) that were found
over the limits of quantification (LOQ) of the analytical procedure.
The chemical structure of these compounds is provided in Table 2.
The analytical method included perfluoroalkyl carboxylic acids
(PFCAs), perfluoroalkane sulfonic acids (PFSAs), n:2 fluorotelomer
carboxylic acids (n:2 FTCAs), n:2 unsaturated fluorotelomer car-
boxylic acids (n:2 FTUCAs), n:2 fluorotelomer sulfonic acids (n:2
FTSAs), perfluorooctane sulfonamide (FOSA), 6:2 FTAB and 6:2 flu-
orotelomer sulfonamide propyl N,N dimethylamine. The latter
compound, which has been identified in several previous works
[38,39] will be named M4, following the simplified nomenclature
reported by Moe et al. (2012) [40]. It can be observed that the con-
centration of RPFASs included in the analytical survey was
1402 lg/L in the influent and 1652 lg/L in the WWTP effluent.
Moreover, the conventional water treatment technologies applied
at this WWTP resulted in a considerable increase in the concentra-
tion of 6:2 FTSA, as well as all PFCAs.
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The most abundant PFASs in the influent was 6:2 FTAB (6:2 Flu-
orotelomer sulphonamide alkylbetaine) followed by 6:2 FTSA (6:2
Fluorotelomer sulphonic acid), and M4. As it can be seen in Table 2
the bio-oxidative breakdown of 6:2 FTAB and M4 at the S-NH posi-
tion can give rise to both 6:2 FTSA and PFHxA (Perfluorohexanoic
acid) [41–43]. An explanation for the observed increase in the
PFHpA (Perfluoroheptanoic acid) concentration is not readily avail-
able, although it could be due to the bio-degradation of unknown
8:2 fluorotelomer compounds not included as target analytes in
the current research [17,44]. It is also worthy to mention that a
recent study by Dauchy et al. [37] on the characterization of PFASs
mass flow rates in the same WWTP recognized the presence of
PFHpA precursors by means of an oxidative conversion analytical
method [44]. These results emphasize the low efficiency of the
conventional water treatment technologies for the removal of
PFASs, and the need to develop advanced treatments specially
designed for PFASs degradation.

2.2. Electrochemical experiments

Electro-oxidation treatment was applied to the effluent sample.
Experiments were performed at laboratory scale in an undivided
flow-by cell (Diacell 106, Adamant Technologies, Switzerland)
formed by two circular parallel electrodes: a BDD anode and a
stainless steel cathode, each one with a surface area of 70 cm2

and an electrode gap of 5 mm. The cell was connected to a power
supply (Agilent 6654 A) and experiments were performed under
galvanostatic conditions. Fig. S1 shows a diagram of the experi-
mental set-up, and further details can be found in previous works
[26,28]. Aliquots (volume = 2 L) of the E sample were introduced in
the feed jacketed glass tank (temperature = 20 �C), and the fluid
was circulated at a flowrate of 3 L/min, from the feed tank to the
electrooxidation cell and back to the tank. Most of the experiments
were performed at a current density of 50 mA/cm2. In these
conditions, the voltage developed by the cell varied in the range
13.9–15.3 V. In addition, different current densities (2, 5 and
10 mA/cm2) were applied to assess their effect on the removal rate
of PFASs and TOC from the WWTP effluent. The salts content of the
effluent sample was enough to provide the adequate conductivity

for the electrochemical treatment. Treated liquid samples were
collected in polypropylene containers, and stored in the refrigera-
tor at 4 �C until they were delivered for analysis. Gas phase sam-
pling was not considered, even though it could contain small
amount of short-chain volatile PFCAs as final products of the elec-
trochemical treatment. Each point of the kinetic experiments
shown in Figs. 3 and 4 was obtained as a single electrochemical
experiment. This way of operation allowed to keep constant the
feed volume along the electrochemical treatment time. Prelimi-
nary experiments using a model solution of PFOA (100 mg/L) were
conducted in the absence of current, to check that the concentra-
tion of PFOA was maintained within ±5% of the initial value, thus
showing that adsorption of PFASs in the experimental system
could be minimized.

Table 1
Main characteristics and initial concentration of PFASs (mg/L) in the influent (I) and
effluent (E) samples of the industrial WWTP.

Influent Effluent

Physico-chemical parameters

Suspended Solids (mg/L) 125 55
Conductivity (mS/cm) 6.7 6.9
pH 8.4 7.6

Organic Pollutants

COD (mg/L) 2944 227
TOC (mg/L) 722 99

Inorganic Compounds

Sulfate (mM) 9 11.3
Chloride (mM) 28.4 38
Fluoride (mM) <LOQ <LOQ

PFASs

PFBA (ng/L) 496 7544
PFPeA (ng/L) 3154 52,500
PFHxA (ng/L) 5291 24,827
PFHpA (ng/L) 2793 37,847
PFOA (ng/L) 449 2063
6:2 FTSA (ng/L) 242,496 382,200
8:2 FTSA (ng/L) 874 <LOQ
6:2 FTCA (ng/L) 328 <LOQ
6:2 FTAB (ng/L) 1,111,000 1,143,000
M4 (ng/L) 34,361 2414

LOQ: limit of quantification. The LOQ for fluoride was 0.002 mM. The LOQs for 8:2
FTSA and 6:2 FTCA were 2000 and 5000 ng/L, respectively.

Table 2
Chemical structure by compound class, of PFASs included in the analytical method.

Compound name Chemical structure n

Perfluoroalkyl carboxylic acids
(PFCAs)

C

F

F

F C

O

O-

n

3–13

Perfluoroalkane sulfonic acids
(PFSAs)

C

F

F

F S

O

O

O-

n

4, 6–
8, 10

Fluorotelomer carboxylic acids
(n:2 FTCAs)

CF

F

F

C

O

O-

n

6, 8,
10

5:3 Polyfluorinated acid (5:3
Acid)

C

F

F

F C

OH
5

O

Unsaturated fluorotelomer
carboxylic acids (n:2 FTUCAs)

C
C

F

F
F

F C

O

O-

n-1

6,8,10

Fluorotelomer sulfonic acids (n:2
FTSAs)

C

F

F

F S

O

O-

n

O 4,6,8

Perfluorooctane sulfonamide
(FOSA)

C F

F

S

O

N

8

O

F

H

H

6:2 Fluorotelomer sulfonamide
alkylbetaine (6:2 FTAB)

C

F

F

F S

O

NH

6

O

N+

CH3

CH3

C

O

O-

6:2

Fluorotelomer sulfonamide
propyl N.N dimethylamine (M4)

C

F

F

F S

O

NH

6

O

N

CH3

CH3
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2.3. Analytical methods

TOC analyses were performed using a TOC-V CPH (Shimadzu).
Chemical oxygen demand (COD) was determined by the closed

reflux and colorimetric method following the procedure 5220D
from Standard Methods [45]. Anions were determined by ion chro-
matography (Dionex 120 IC) provided with an IonPac As-HC col-
umn, using a solution of 9 mM of Na2CO3 as eluent, with a
flowrate of 1 mL/min and a pressure of 2000 psi, based on Standard
Methods 4110B. Free chlorine was determined following the N,
N-Diethyl-p-phenylene diamine (DPD) Ferrous Titrimetric Method
according to Standard Methods 4500-Cl. pH was measured using a
portable pH-meter.

The detailed protocol of the PFASs analysis has been recently
published [46]. Briefly, non-filtered water samples were diluted
prior to extraction, purification and pre-concentration by a solid-
phase extraction (SPE) procedure (Strata X-AW� (200 mg, 6 mL)
cartridge (Phenomenex, Torrance, CA)). Recovery rates of the SPE
procedure were reported elsewhere [46]. An ultra-high perfor-
mance liquid chromatograph coupled to tandem mass spectrome-
ter (UHPLC-MS/MS) in negative electrospray ionisation (ESI) mode
was employed to separate and detect targeted compounds (Waters
Xevo TQ-MS tandem mass spectrometer (Waters Corporation, Mil-
ford, MA, USA)). Table S2 lists the MS/MS transitions, cone voltages
and collision energies applied for the different target analytes and
isotope labelled standards. Twelve labelled internal standards (IS)
were used to provide an adequate correction compensating for
matrix effects. Due to initial dilutions, LOQs were between 2 and
5 mg/L in water samples depending on the analytes (see Table S1
of supporting information).
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Fig. 1. Evolution of inorganic chlorine species a) chloride, b) free chlorine, c) chlorate and d) perchlorate, with electro-oxidation time, under j = 50 mA/cm2 of applied current
density to the effluent (E) sample. Average values of duplicate experiments are shown.
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j = 50 mA/cm2, ( ) j = 10 mA/cm2, ( ) j = 5 mA/cm2, ( ) j = 2 mA/cm2.
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3. Results and discussion

3.1. Evolution of chloride and TOC

The unknown nature of the industrial wastewaters under study
and the complexity of their matrix components suggested to study
the evolution with time of the major pollutants. TOC acts as an
indicator of mineralization of the overall organic pollutants load.

Particular attention was paid to chlorine species, in order to iden-
tify the operating conditions that would prevent the formation of
undesirable perchlorate.

Fig. 1 reports the evolution of the concentration of chlorine spe-
cies with time. Firstly, the depletion of chloride (Fig. 1,a) as a result
of its anodic oxidation generated the increase of free chlorine
(Fig. 1,b). During the formation of free chlorine, that occurred in
the initial 4 h, the sample slightly reduced its bulk pH from 7.36
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to 6.47. Therefore, hypochlorous acid was the most abundant chlo-
rine species in solution. Free chlorine is not expected to promote
the degradation of PFASs, e.g.: Schaefer et al. [47] showed that
the presence of chloride had a minimal effect on the observed rate
constants for PFOA removal from groundwaters, by BDD electro-
chemical treatment, compared to the absence of chloride. After
4 h of treatment, free chloride started to decrease (Fig. 1,b), in coin-
cidence with the depletion of its chloride precursor and the forma-
tion of more oxidized chlorine species, such as chlorate (Fig. 1,c)
and perchlorate (Fig. 1,d). Nevertheless, it is also observed that
the formation of hazardous perchlorate was avoided in a period
up to 4 h of electrochemical treatment when most of the PFASs
were degraded, as it will be shown below. The total concentration
of all chlorine species at 10 h (42.4 ± 0.9 mM) was quite similar to
the value at the beginning of the experiment (38.2 ± 1.6 mM), and
the small increase could be assigned both to the experimental error
or to the release of chloride upon oxidation of organochlorinated
compounds [22].

The TOC removal of the industrial WWTP effluent is given in
Fig. 2. A reduction of 91.1 ± 0.31% was achieved when working at
a current density of 50 mA/cm2, showing the good performance
of the BDD anodes for the mineralization of recalcitrant organic
pollutants. If we look back to Table 1, the treatment applied in
the WWTP achieved a significant removal of both COD and TOC,
so the remaining TOC in the effluent was mostly assigned to
non-identified soluble organic compounds that are refractory to
traditional physico-chemical and biological treatments. The effect
of the applied current density on the TOC removal was examined
at 2, 5, 10 and 50 mA/cm2. At the low current regime (2 mA/cm2)
the TOC development was slow, and showed zero order kinetics,
which is typically observed when electrolysis is under current con-
trol. By increasing the applied current density to 50 mA/cm2 the
observed kinetics changed to first order, which is usually found
when the electrolysis is under mass transport control [48,49].
The use of intermediate current densities (5 and 10 mA/cm2) orig-
inated TOC removal rates which fell in the middle, that in the case
of 5 mA/cm2 showed an initial zero order trend followed by a first
order trend after 3 h of treatment. The complex reaction scheme
involved in the BDD electrooxidation of chloride-rich waters
requires a detailed analysis of the operating conditions that enable
the removal of TOC and at the same time the minimization of
undesirable chlorinated species. Our previous studies using BDD
electrodes to oxidize landfill leachates have documented that
waters that initially contained high levels of dissolved organic car-
bon scavenged the chlorine produced from chloride oxidation and
thus limited perchlorate formation [50]. In the present study, the
formation of perchlorate was hindered at operation times before
4 h when working at 50 mA/cm2, which resulted in a TOC removal
of 79%.

3.2. Electrochemical oxidation of PFASs

This section is focused on the degradation and transformation
of the group of PFASs found in the effluent of the industrial WWTP.
Figs. 3 and 4 show the evolution with time of the concentration of
those PFASs which were detected in higher amounts. The detail
about the concentration of all the compounds included in the ana-
lytical procedure is provided in the supplementary material
(Table S1 of supplementary material).

The development of the major fluorotelomers, 6:2 FTAB and 6:2
FTSA is depicted in Fig. 3. Due to the use of a specific calibration
method, which is costly and time-consuming (standard addition,
details are described by Boiteux et al. [46]), 6:2 FTAB was deter-
mined only in three samples, which corresponded to the initial
effluent and two samples that were electrooxidized for 2 and

10 h. The CH2-CH2 unit between the perfluoroalkyl chain and the
sulfonate end group makes fluorotelomers much more susceptible
to oxidation than PFCAs. Looking at the chemical structures in
Table 2, it is possible to foresee that 6:2 FTAB was partially
degraded into 6:2 FTSA which in these conditions would be simul-
taneously generated and broken. However, the kinetics of 6:2 FTSA
elimination was faster than its formation kinetics, as 6:2 FTSA fol-
lows a decreasing trend all the time. The removal of both 6:2 FTAB
and 6:2 FTSA followed first-order kinetic trends, typically observed
in BDD electro-oxidation processes that are governed by mass
transfer limitations. In a previous work, BDD electrodes were rec-
ognized as strong generators of HO� at the anode surface during
the electrooxidation of PFOA [51], a process that was enhanced
at higher values of the applied current density. The concentration
data shown in Fig. 3 were fitted to a first-order kinetic model,
C ¼ C0e

�kt , where C is the concentration of the compound at a
given time t, C0 is the initial concentration and k is the apparent
kinetic constant. The values of k for 6:2 FTAB and 6:2 FTSA removal
were 0.923 and 0.469 h�1, respectively. The lower kinetic constant
of 6:2 FTSA disappearance supports the assumption of simultane-
ous electrochemical formation and degradation of this compound.
The electrochemical degradation of fluorotelomers has not been
fully investigated in the literature yet. Among the very few studies,
Zhuo et al. [52] reported the use of a Ti/SnO2–Sb2O5–Bi2O3 anode
for the degradation of 6:2 FTSA, that provided a rate constant of
0.074 h�1. However, the comparison is not straightforward, as
the applied current and systems dimensions were different. Fur-
thermore, in the present study, PFASs were simultaneously treated
with other major pollutants (the analyzed PFASs contributed only
with 0.5% to the initial TOC) that could have hindered the kinetics
of fluorotelomers degradation.

The degradation of 6:2 FTAB and 6:2 FTSA gave rise to the for-
mation of PFCAs, as it is shown in Fig. 4. Initially, electrochemical
experiments were performed at 5 and 10 mA/cm2, and for shorter
degradation times, up to 2 h. After checking that PFASs degradation
was incomplete, it was decided to work at a higher current density
(50 mA/cm2) and for longer times, in order to assure complete
PFASs degradation. It should be reminded, that additionally to
the PFASs content, electro-oxidation is also acting on other recalci-
trant organic pollutants that are consuming most of the applied
current for their degradation and mineralization.

Paying attention to Table 1, the most abundant PFCAs in the
effluent sample were PFHpA (C0 = 37.85 mg/L), PFHxA
(C0 = 24.83 mg/L), PFPeA (Perfluoropentanoic acid) (C0 = 52.50 mg/L)
and PFBA (Perfluorobutanoic acid) (C0 = 7.54 mg/L). The low initial
concentration of PFOA (C0 = 2.06 mg/L) could be related to the low
concentration of 8:2 fluorotelomers and other PFOA precursors in
the WWTP influent. The development of PFCAs during the
electro-oxidation treatment (Fig. 4) varied according to the
applied current density. For the lowest values of the applied
current, 5 mA/cm2, the progress of all PFCAs showed increasing
concentrations with time, indicating that these compounds were
formed at a faster rate than they were degraded. Based on the very
few previous studies dealing with the degradation of 6:2 FTSA,
which include the use of Ti/SnO2–Sb2O5–Bi2O3 anode [52], heat
activated persulfate oxidation [53] and with hydrogen peroxide
activated by UV light [54], 6:2 FTSAwas transformed into a mixture
of PFHpA and PFHxA, where the proportions of each PFCA coming
from 6:2 FTSA degradation seem to strongly depend on the oxida-
tion technique implemented [44]. 6:2 FTSA degradationwould start
with the attack of hydroxyl radical at the positions of the two unflu-
orinated carbons. Further reaction with hydroxyl radical caused the
desulfonation, cleaving the bond between the end group of the sul-
fonate and the polyfluorinated tail. After that, the polyfluorinated
tail could be carboxylized at the end to form PFHpA and PFHxA
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[54]. Furthermore, these PFCAs obtained after breakdown of the
main 6:2 fluorotelomerswas broken into shorter-chain perflurocar-
boxylates through a step by stepmechanism that involved the loose
of one electron to the anode to form a perfluoroalkyl carboxyl rad-
ical, which was later decarboxylated and defluorinated by hydroxyl
radical mediated reaction. In each step, the PFCA molecule losses a
CF2 unit, and generates CO2 and fluoride ions [33,34]. This proposal
of degradation pathway, which includes the above mentioned pre-
vious literature contributions, is described in Fig. S2 of the supple-
mentary material [44,53,54].

Increasing the applied current density to 10 mA/cm2 had the
effect of reducing the maximum peak of PFCAs concentration. A
further increase to 50 mA/cm2 reinforced this effect and therefore,
increasing trends were observed only for PFHxA and PFBA. Accord-
ing to these observations, it could be concluded that on the one
hand PFHxA is the main initial degradation product of the major
6:2 fluorotelomers. On the other hand, PFBA is, among the mea-
sured compounds, at the end of the degradation pathway of longer
chain PFCAs, and tends to accumulate at all the applied current
conditions under study. Further degradation of PFBA into shorter
PFCAs or transfer to the gas phase of volatile PFPrA and trifluo-
roacetic acid are expected to have occurred too.

Fig. 5 depicts the evolution of the total concentration of PFASs.
Solid bars represent the sum of 6:2 FTAB and M4 that were mea-
sured only at times 0, 2 and 10 h. Dotted bars gather the sum of
6:2 FTSA, PFCAs, and other minor PFASs. The remaining concentra-
tion of all the detected PFASs at t = 10 h was 4.22 mg/L, that repre-
sents a reduction of 99.74% of the initial total PFASs content. The
energy consumption required for the 99.74% PFASs removal was
estimated as 256 kWh/m3, which is significantly reduced to
153 kWh/m3 when the target PFASs removal rate is set at 98%
(treatment time 6 h). Therefore, energy consumption, that is
strongly dependent on the target PFASs removal rate [55], and
the potential formation of disinfection by-product could be consid-
ered the main drawbacks of the electrochemical treatment. In this
way it is demonstrated that the electrochemical treatment of the
industrial WWTP effluent with BDD anodes allows the effective
removal of PFASs at the same time that the general TOC content
is nearly completely eliminated. Moreover, the Si/BDD anodic
material offered a robust stability. The electrochemical cell used
in the present study had been in operation at laboratory scale for
more than 10 years. Its degradation efficiency was periodically
checked using a phenol degradation test, that proved its stability
after more than 4000 h of discontinuous operation and acid/caustic
cleaning in a wide range of applied current densities, and under a

variety of wastewaters and contaminants [22,27,30,56], a factor
that proves the robustness of BDD electrooxidation technology.

The data about the release of fluoride anions is given in Fig. 6.
The fluoride content in solution, given by the black dots, increased
progressively, in coincidence with the disappearance of the ana-
lyzed PFASs. The total fluorine in solution, calculated as the sum
of fluorine contained in the analyzed PFASs plus fluoride in solu-
tion, is also shown in Fig. 6 as open circles. After 10 h of electro-
chemical treatment, the fluoride concentration in solution was
0.053 mM. The defluorination factor at t = 10 h was calculated
according to equation 1, where CF� is the final concentration of flu-
oride ions in the solution (mM), C0,i is the initial concentration of
each PFASs and nF,i is the stoichiometry factor of the fluoride anion
for each PFAS.

DF� ð%Þ ¼ CF�P
C0;i � nF;i

� 100 ð1Þ

The calculated defluorination factor was 126%. This value,
higher than 100%, supports the assumption that other unknown
fluorotelomers were also degraded during electrochemical oxida-
tion of the effluent. Similarly, previous works highlighted the pres-
ence of unidentified perfluorinated compounds in various types of
samples by the determination of total fluorine and total oxidizable
precursors [37,44,57,58].

4. Conclusions

Results herein reported highlight the potential of electrochem-
ical technology for the treatment of poly and perfluoroalkyl sub-
stances (PFASs) contained in industrial wastewaters coming from
the manufacturing of fluorotelomer-based products and side-
chain-fluorinated polymers. In this work, the use of a commercial
BDD anode reduced the PFASs contained in the effluent from an
industrial WWTP by 99.7%, as the concentrations decreased from
1652 lg/L in the feed water (effluent of the WWTP) to 4.2 lg/L in
the electrochemically treated water. The only compound, among
a group of 29 analyzed PFASs, that was detected in the final sample
of the electrooxidation treatment was 6:2 FTSA, since all the other
perfluorinated compounds were found below the LOQ of the ana-
lytical method. It was evidenced that the degradation of fluo-
rotelomers induced the formation of PFCAs, that nevertheless
were further degraded into shorter chain PFCAs and finally miner-
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alized, as it was also supported by the increase of the fluoride con-
tent and the TOC decay.

However, further research will be focused on the optimization
of the electrochemical process considering that variation of the
PFASs concentration in the feed water will likely act as a source
of uncertainty. Moreover, one of the key points for the economic
viability of electrochemical technologies lies in the reduction of
their energy demands. In the present study, the energy consump-
tion for 99.74% PFASs removal was estimated at 256 kWh/m3.
Therefore, the large scale implementation of the electrochemical
process will require of new strategies to reduce its high energy
consumption and operation costs. PFASs treatment at source
before mixing with other diluting water streams and PFASs pre-
concentration by means of membrane separation are envisaged
as possible strategies.
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Figure S1. Electro-oxidation experimental system (1: Electro-oxidation Cell, 2: Power 

Supply, 3: Feed Tank, 4: Pump, 5: Refrigeration System). 
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Figure S2. Electrochemical oxidation pathways for the predominant PFASs contained in 

the wastewater sample according to the literature.  
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Table S2. Name, acronym and optimised UHPLC-MS/MS parameters for target analytes and IS. 

Compound name Acronym IS 

UHPLC-MS/MS 

Precursor 

ion (m/z) 

Product 

ions (m/z) 

Cone 

voltage (V) 

CE a 

(eV) 

Perfluoroalkane Sulphonic Acids PFSAs 

Perfluorobutane sulphonate anion PFBS mPFHxA 299 99 / 80 40 31 / 30 

Perfluorohexane sulphonate anion PFHxS mPFOA 399 99 / 80 45 31 / 33 

Perfluoroheptane sulphonate anion PFHpS mPFOA 449 99 / 80 54 34 / 40 

Perfluorooctane sulphonate anion PFOS mPFOS 499 99 / 80 60 38 / 39 

Perfluorodecane sulphonate anion PFDS mPFDoDA 599 99 / 80 66 46 / 42 

Perfluoroalkyl Acids PFCAs 

Perfluorobutanoate PFBA mPFBA 213 169 / 213 12 10 / 2 

Perfluoropentanoate PFPeA mPFHxA 263 219 / 263 12 9 / 2 

Perfluorohexanoate PFHxA mPFHxA 313 269 / 119 16 10 / 17 

Perfluoroheptanoate PFHpA mPFHxA 363 319 / 169 16 10 / 19 

Perfluorooctanoate PFOA mPFOA 413 369 / 169 16 10 / 19 

Perfluorononanoate PFNA mPFOA 463 419 / 219 16 10 / 17 

Perfluorodecanoate PFDA mPFDA 513 469 / 219 16 10 / 18 

Perfluoroundecanoate PFUnDA mPFUnDA 563 519 / 269 16 12 / 20 

Perfluorododecanoate PFDoDA mPFDoDA 613 569 / 269 16 15 / 16 

Perfluorotridecanoate PFTrDA mPFDoDA 663 619 / 169 18 15 / 20 

Perfluorotetradecanoate PFTeDA mPFDoDA 713 669 / 369 18 12 / 28 

Fluorotelomers FTs 

4:2 Fluorotelomer sulphonate anion 4:2 FTSA m6:2 FTSA 327 307 / 80 36 16 / 26 

6:2 Fluorotelomer sulphonate anion 6:2 FTSA m6:2 FTSA 427 407 / 80 38 20 / 34 

8:2 Fluorotelomer sulphonate anion 8:2 FTSA m6:2 FTSA 527 507 / 80 46 24 / 32 

Perfluorooctane sulphonamide FOSA mPFDoDA 498 78 / 478 42 30 / 20 

6:2 Fluorotelomer carboxylic acid 6:2 FTCA m6:2 FTCA 377 293 / 313 14 18 / 6 

8:2 Fluorotelomer carboxylic acid 8:2 FTCA m8:2 FTCA 477 393 / 413 12 14 / 8 

10:2 Fluorotelomer carboxylic acid 10:2 FTCA m8:2 FTCA 577 493 / 513 14 12 / 8 

5:3 Acid 5:3 ACID m6:2 FTCA 341 237 / 271 20 12 / 24 

6:2 Fluorotelomer unsaturated 
6:2 FTUCA 

m8:2 
357 293 / 243 16 18 / 34 



S6 

carboxylic acid FTUCA 

8:2 Fluorotelomer unsaturated 

carboxylic acid 
8:2 FTUCA 

m8:2 

FTUCA 
457 393 / 343 16 12 / 38 

10:2 Fluorotelomer unsaturated 

carboxylic acid 
10:2 FTUCA 

m10:2 

FTUCA 
557 493 / 243 20 16 / 36 

6:2 Fluorotelomer sulphonamide 

alkylbetaine 
6:2 FTAB 

addition 

standard 
569 549 / 223 50 30 / 24 

6:2 Fluorotelomer sulphonamide 

propyl N.N dimethylamine 
M4 

addition 

standard 
511 491 / 165 48 30 / 36 

Internal labelled standard IS 38 

Perfluoro-n-[1,2,3,4-13C4]octane 

sulphonate anion 
mPFOS 503 99 60 10 

Perfluoro- n-[13C4]butanoate mPFBA 217 172 14 10 

Perfluoro- n-[1,2-13C2]hexanoate mPFHxA 315 207 13 10 

Perfluoro- n-[1,2,3,4-
13C4]octanoate 

mPFOA 417 372 16 10 

Perfluoro- n-[1,2-13C2]decanoate mPFDA 515 470 16 15 

Perfluoro- n-[1,2-13C2]undecanoate mPFUnDA 565 520 15 12 

Perfluoro- n-[1,2-13C2] 

Perfluorododecanoate 
mPFDoDA 615 570 16 26 

6:2 Fluorotelomer-[1,2-13C2] 

sulphonate anion 
m6:2 FTSA 429 409 40 24 

6:2 Fluorotelomer-[1,2-
13C2]carboxylic acid 

m6:2 FTCA 379 294 12 14 

8:2 Fluorotelomer-[1,2-
13C2]carboxylic acid 

m8:2 FTCA 479 394 14 14 

8:2 Fluorotelomer-[1,2-13C2] 

unsaturated carboxylic acid 

m8:2 

FTUCA 
459 394 18 14 

10:2 Fluorotelomer-[1,2-13C2] 

unsaturated carboxylic acid 

m10:2 

FTUCA 
559 494 24 16 / 26 

Bold means transitions used for quantification; a Collision Energy 
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• Photocatalytic decomposition of PFOA using a TiO2-rGO catalyst was studied.
• TiO2-rGO catalyst (0.1 g L−1) allowed 93 ± 7% PFOA removal under UV–vis irradiation.
• Formation of intermediate PFCAs and F− elucidated the PFOA degradation mechanism.
• Faster degradation kinetics were observed for shorter carbon-chain PFCAs.
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a b s t r a c t

The inherent resistance of perfluoroalkyl substances (PFASs) to biological degradation makes nec-
essary to develop advanced technologies for the abatement of this group of hazardous substances.
The present work investigated the photocatalytic decomposition of perfluorooctanoic acid (PFOA)
using a composite catalyst based on TiO2 and reduced graphene oxide (95% TiO2/5% rGO) that
was synthesized using a facile hydrothermal method. The efficient photoactivity of the TiO2-rGO
(0.1 g L−1) composite was confirmed for PFOA (0.24 mmol L−1) degradation that reached 93 ± 7%
after 12 h of UV–vis irradiation using a medium pressure mercury lamp, a great improvement
compared to the TiO2 photocatalysis (24 ± 11% PFOA removal) and direct photolysis (58 ± 9%).
These findings indicate that rGO provided the suited properties of TiO2-rGO, possibly as a
result of acting as electron acceptor and avoiding the high recombination electron/hole pairs.

∗ Corresponding author.
E-mail address: urtiaga@unican.es (A. Urtiaga).

https://doi.org/10.1016/j.jhazmat.2017.11.048
0304-3894/© 2017 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.jhazmat.2017.11.048
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2017.11.048&domain=pdf
mailto:urtiaga@unican.es
https://doi.org/10.1016/j.jhazmat.2017.11.048


B. Gomez-Ruiz et al. / Journal of Hazardous Materials 344 (2018) 950–957 951

Titanium dioxide
Graphene oxide
Photocatalysis

The release of fluoride and the formation of shorter-chain perfluorocarboxilyc acids, that were progres-
sively eliminated in a good match with the analysed reduction of total organic carbon, is consistent with a
step-by-step PFOA decomposition via photogenerated hydroxyl radicals. Finally, the apparent first order
rate constants of the TiO2-rGO UV–vis PFOA decompositions, and the intermediate perfluorcarboxylic
acids were found to increase as the length of the carbon chain was shorter.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The presence of poly- and perfluoroalkyl substances (PFASs)
in industrial emissions, drinking water sources and groundwa-
ters is of increasing concern due to their extreme persistence and
potential toxicity [1–3]. As a result, the Stockholm Convention on
Persistent Organic Pollutants restricted the use and production of
perfluorooctanesulfonate (PFOS) and its salts, and at present per-
fluorooctanoic acid (PFOA) and PFOA related compounds are under
review for listing under the Convention [4]. The United States Envi-
ronmental Protection Agency established health advisory levels for
PFOA and PFOS in drinking water at 0.07 �g L−1, both individually
and combined [5].

Due to the inherent resistance of PFOA, PFOS and related com-
pounds to biological degradation [6–8], there is an intense research
on chemical oxidation/reduction technologies to degrade PFASs in
water, including direct photolysis, photochemical oxidation, pho-
tochemical reduction, photocatalytic oxidation, electrochemical
oxidation, persulfate oxidation and sonochemical pyrolysis [9–18].
Among these technologies, direct photolysis is an alternative that
operates at ambient temperature and pressure and it does not
require additional chemicals. However, the studies published so
far have shown that PFOA was only efficiently decomposed using
a light source emitting at wavelengths from deep UV-region to
220 nm [19,20] or under elevated irradiation intensity [21]. There-
fore, direct photolysis application is constrained by the high energy
demand needed to obtain the intensity of the active irradiating light
and the long treatment times.

A literature survey about the photocatalytic PFOA degrada-
tion in aqueous media is summarized in Table S1 (Supplementary
Material). Despite the suitable properties of TiO2 catalyst, such
as non-toxicity, photostability and low cost [22–24], the major-
ity of the previous studies revealed the low PFOA degradation
rate achieved by TiO2 photocatalysis, which was comprised in the
range 7–44% in most of the studies [12,21,25–33]. The limited
performance of TiO2 is attributed to its relatively large band-gap,
high recombination rate of electron-hole pairs and limited use of
visible light spectrum. Nevertheless, the comparison of previous
research is hindered by the diversity of the applied experimental
conditions, e.g.: light intensity (0.45–9.5 mW cm−2), wavelength
spectrum emitted by the light source (200–600 nm), reactor vol-
ume (0.12–3 L) and treatment time. The reaction medium has been
also widely varied, in terms of PFOA concentration, background
electrolytes and O2 or N2 supply [34]. Yet, the catalyst dosage was
quite homogeneous in all the reviewed research, and was varied in
the range of 0.25–2 g L−1. The highest reported PFOA removal rates,
98%, could be associated to the use of high intensity irradiation, a
factor that would accelerate the degradation rates [21,34].

Recently, different strategies have been proposed to overcome
TiO2 limitations, such as the synthesis of titanate nanotubes (TNTs)
out of a commercial TiO2 catalyst, that doubled the PFOA degrada-
tion rate [21]. Other approaches consisted of modifying the process
conditions. Within this group, TiO2-mediated photocatalysis com-
bined with perchloric acid [26] or ultrasonication [35], achieved
2-fold and almost 5-fold improvements in the PFOA degradation

rate, respectively. The addition of oxalic acid also accelerated PFOA
decomposition using TiO2, under nitrogen atmosphere [27]. How-
ever, these methods would involve adding different substances to
the polluted water. A more promising strategy is focused on the
synthesis of new composite catalysts that combine the photoac-
tivity of TiO2 with transition metals, e.g.: Fe, Nb, Cu, Pb [12,30,36]
or with noble metal nanoparticles Ag, Pt or Pd [31]. Transition and
noble metals have demonstrated to act as electron traps prevent-
ing the high electron-hole recombination, to successfully improve
the photocatalytic features of TiO2-doped composites [37]. Also
Song et al. [32] showed that the use of composites of TiO2 with
multiple wall carbon nanotubes (TiO2-MWCNT) enhanced the pho-
tocatalytic PFOA decomposition.

Among the new strategies to enhance the efficiency of photocat-
alysts, the combination of TiO2 with graphene materials has been
reported to increase the lifetime of electron-hole pairs, by reducing
charge recombination, due to the excellent electron trapping and
electrical conductivity properties of graphene. It is also thought
that graphene provides a superior photoresponse by extending the
excitation wavelength compared to bare TiO2 [37–40]. The effective
photocatalytic activity of the composite catalysts based on TiO2 and
graphene or graphene oxide has been demonstrated for the degra-
dation of dyes as model of organic pollutants [39,41–44], and in a
few seminal studies dealing with more complex organic contam-
inants, such as, dodecylbenzenesulfonate [45], diphenhydramine
[46] or phenols [40]. A notable gap is that TiO2-graphene compos-
ite photocatalysts have not been tested yet for the degradation of
neither PFOA nor other PFASs.

This study aims to explore the photocatalytic degradation of
PFOA by means of a composite catalyst of TiO2 and reduced
graphene oxide (TiO2-rGO). Photocatalysis experiments under
UV–vis irradiation examined the effect of TiO2-rGO catalyst con-
centration on PFOA removal and defluorination, and evaluated
the generation of shorter-chain perfluorinated intermediate prod-
ucts, as well as the total organic carbon reduction. Results were
compared with bare TiO2 and direct photolysis conditions to
gain insight into factors influencing the significant photocatalytic
enhancement that was provided by the TiO2-rGO material. Finally,
this work assessed the effect of the alkyl chain length on the kinet-
ics of the photocatalytic degradation of perfluorocarboxylic acids
by means of TiO2-rGO composite catalyst.

2. Materials and methods

2.1. Chemical reagents

All chemicals were reagent grade or higher and were used
as received without further purification. PFOA (C7F15COOH, 96%
purity), perfluoroheptanoic acid (PFHpA, C6F13COOH, 99% purity),
perfluorohexanoic acid (PFHxA, C5F11COOH, 96% purity), perfluo-
ropentanoic acid (PFPeA, C4F9COOH, 97% purity) were purchased
from Sigma Aldrich Chemicals. TiO2 (P25, 20% rutile and 80%
anatase, 50 m2 g−1, 21 nm) was obtained from Evonik Degussa.
Graphite powder was supplied by Acros Organics. Sulfuric Acid
95–98% (H2SO4), chloride acid 37% (HCl), potassium permanganate
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(KMnO4), sodium nitrate (NaNO3), phosphoric acid (85%) and
sodium di-hydrogen phosphate anhydrous were provided by Pan-
reac. Hydrogen peroxide (H2O2, 30% v/v) and Methanol (UHPLC–MS
grade) were obtained from Scharlau. All solutions were prepared
using ultrapure water (Q-POD Millipore).

2.2. Synthesis of composite TiO2-rGO catalyst

The first step was the synthesis of graphene oxide (GO) using
the modified Hummers method [47] by the oxidation of graphite
powder with NaNO3, H2SO4 and KMnO4. The oxidized graphite was
centrifuged and washed with ultrapure water and with an aqueous
HCl solution. The remaining solid was ultrasonicated to achieve
exfoliated graphene oxide nanosheets. After that, the sample was
centrifuged and the supernatant was collected and dried in an oven
overnight, obtaining GO as a solid [46].

TiO2-rGO composites were synthesized using the hydrother-
mal method and following the procedure reported in the literature
[37,48]. In brief, commercial TiO2 was added into 150 mL GO disper-
sion in ultrapure water. The content of GO was controlled to be 5%
wt. in the TiO2-rGO composites. After stirring for 2 h, the solution
was placed in a 200 mL Teflon-lined stainless steel auto-clave and
maintained at 120 ◦C for 3 h, to achieve simultaneously the reduc-
tion of GO and the loading of TiO2 on the reduced GO sheets. The
resulting composite was recovered by centrifugation, rinsed with
ultrapure water, and fully dried at 50 ◦C overnight.

The successful synthesis of the composite TiO2-rGO was exam-
ined by means of Attenuated Total Reflectance Fourier Transformed
Infrared (ATR-FTIR) spectroscopy (Fig. S1, Supplementary mate-
rial). The intensity increase of the ATR-FTIR bands between 500
and 900 cm−1 for TiO2-rGO in contrast to the TiO2 material was
indicating the formation of Ti O C bonds in addition to the typical
Ti O Ti bonds present in TiO2. Furthermore, Transmission Elec-
tron Microscopy (TEM) results (Fig. S2 in Supplementary material)
demonstrated the homogeneous distribution of the TiO2 catalysts
on the rGO surface. Energy dispersive X-ray (EDX) spectroscopy of
two distinct zones of the TiO2-rGO material were done to qual-
itatively discern between TiO2 and GO presence. Both ATR-FTIR
and TEM-EDX results are similar to those reported by Ribao et al.
[37]. X-ray diffraction analysis (Fig. S3 in Supplementary mate-
rial) showed that the crystalline phase of the commercial P25 TiO2

was maintained in the TiO2-rGO composite after the hydrothermal
sysnthesis. Therefore, it can be deemed that TiO2-rGO composites
were successfully prepared via hydrothermal synthesis. Finally, the
specific surface area (S) of the catalyst materials was calculated
by the Brunauer-Emmett-Teller (BET) method from the nitrogen
adsorption-desorption isotherm data employing the ASAP 2000
surface area analyzer (Micromeritics).

2.3. Photocatalytic experiments

The schematic of experimental setup is shown in the Sup-
plementary material, Fig. S4. Photocatalytic experiments were
conducted in a 1 L Heraeus Laboratory UV Reactor mounted
on an Agimatic-S magnetic stirring plate (JP Selecta, Spain). A
water/ethylene-glycol cooling jacket (PolyScience Digital Temper-
ature Controller) was used to keep the reactor temperature at
293–298 K. A medium-pressure mercury lamp (Heraus Noblelight
TQ 150 W z1) with an emission spectrum between 200 and 600 nm
(Fig. S5, Supplementary material) was used as irradiation source.
The lamp was placed in a quartz sleeve in the centre of the reactor. It
is noteworthy that the quart sleeve of the lamp did not absorb light
in the UV wavelength range of interest. PFOA aqueous solutions
0.24 mmol L−1 were used as feed in all experiments. The initial pH of
the PFOA solution was 3.8 and it was not adjusted during the exper-
iments. The TiO2-rGO catalyst doses were 0.05, 0.1 and 0.5 g L−1.

Samples were withdrawn from the reactor at different time inter-
vals and filtered through 0.45 �m polypropylene filters to remove
the catalyst particles before analysis. A HD2102.1 photo/radiometer
(Delta OHM) provided with VIS-NIR, UVA, UVB and UVC detectors
allowed measuring the light intensity received on the outer wall of
the glass reactor.

2.4. Analytical methods

The concentration of PFOA and its degradation products, PFHpA,
PFHxA, PFPeA were analysed using HPLC-DAD (Water 2695) system
equipped with a X Bridge C18 column (5 �m, 250 mm × 4.6 mm,
Waters). The separation column was set in an oven at 40 ◦C. A mix-
ture of methanol (65%) and di-hydrogen phosphate (35%) was used
as mobile phase in isocratic mode with a flow rate of 0.5 mL min−1.
The wavelength of the detector was set at 204 nm. The limit of quan-
tification (LOQ) was 10 mg L−1 for PFOA and 5 mg L−1 for PFHpA,
PFHxA and PFPeA.

TOC analyses were performed using a TOC-V CPH (Shimadzu).
Fluoride was analyzed by ion chromatography (Dionex 120 IC) pro-
vided with an IonPac As-HC column and using a 9 mM Na2CO3

solution as eluent, that was circulated at a flowrate of 1 mL min−1,
based on Standard Methods 4110B (Standard Methods, 1998).
The LOQ for fluoride analysis was 0.03 mg L−1. The possible fluo-
ride incorporation onto the TiO2-rGO surface was investigated by
X-ray photoelectron spectroscopy (XPS), using an SPECS (Berlin,
Germany) system equipped with a Phoibos 150 1D-DLD analyser
and monochromatic Al K� radiation (1486.6 eV).

3. Results and discussion

3.1. Photocatalytic decomposition of PFOA

The photocatalytic degradation of PFOA using the TiO2-rGO
composite and commercial TiO2 was studied. Moreover, the
removal of PFOA by direct photolysis under UV irradiation was
also studied for comparison. The intermediate products formed
upon PFOA degradation were analysed, and PFOA mineralization
rate was monitored using the progress of TOC and the released
fluoride as indicators. The adsorption of PFOA in the experimental
system was negligible (less than 1%) after 12 h of contact of the feed
solution inside the glass reactor. The amount of PFOA adsorbed on
the TiO2 and TiO2-rGO (0.5 g L−1) were found to be 6.4 ± 0.6% and
8.4 ± 0.4%, respectively, after 12 h of contact under stirring in dark
conditions. These values of adsorption could be explained by the
higher BET specific surface area of TiO2-rGO, STiO2-rGO = 62.2 m2 g−1,
compared to TiO2, STiO2 = 50 m2 g−1 [48]. Similar values of PFOA
adsorption on TiO2 and metal-modified TiO2 have been reported
[31]. The electrostatic attraction between the negatively charged
perfluorooctanoate anion and the positively charged surface of
TiO2 particles in acidic solution could have favoured the adsorp-
tion [12,26], that nevertheless reached only a minor fraction of the
initial content.

Next, the influence of the photocatalytic media was assessed.
Fig. 1 allows the comparison of the disappearance of PFOA with
time by means of direct photolysis (without catalyst) and when
using TiO2 and TiO2-rGO as photocatalysts. In every experiment,
a volume of 0.8 L of an aqueous PFOA solution (0.24 mmol L−1)
was irradiated. It is observed that the application of UV light in
the absence of any catalyst produced a significant PFOA degrada-
tion that reached 58 ± 9% removal after 12 h of irradiation. These
results are in agreement with available data reported elsewhere
[9,21]. PFOA molecule strongly absorbs light with wavelengths
from deep UV-region to 220 nm, and presents weak absorption
in the 220–270 nm range of light wavelengths [19]. In line with
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Fig. 1. Evolution of PFOA concentration (mmol L−1) with irradiation time by photol-
ysis and photocatalysis using TiO2 and TiO2-rGO; photocatalyst loading: 0.1 g L−1 .

these properties, some authors reported high PFOA photoabate-
ment using a vacuum UV lamp with a monochromatic emission at
185 nm, although the kinetics of PFOA removal were significantly
reduced when using the more common emission at 254 nm [49,50].
However, the comparison of literature data about the direct photol-
ysis of PFOA is hindered by the diversity of the applied experimental
conditions, range of UV emission wavelength and power of the UV
lamp [21]. In line with the previous discussion, it was concluded
that the medium-pressure mercury lamp used in the present study
promoted PFOA degradation by means of the deep UV-region of its
emission spectrum.

The addition of the TiO2 catalyst (Fig. 1, UV-TiO2) had the effect
of decreasing the PFOA removal to only 24 ± 11%, after 12 h of
irradiation. Although PFOA could have been partially adsorbed
on the TiO2 surface (6.4% adsorption was observed in the dark
experiments), the little release of fluoride (0.14 mmol L−1) and the
detection of a small amount of PFHpA (0.023 mmol L−1) confirmed
that PFOA had been partially degraded into shorter-chain perfluro-
carboxylic acids. The lower degradation rate of PFOA observed
upon the addition of TiO2 can be assigned to a light screening
effect by the TiO2 particles, that would have significantly reduced
the penetration of the UV light into the reaction medium [51].
In contrast, the use of the TiO2-rGO composite (Fig. 1, UV-TiO2-
rGO) enhanced PFOA degradation compared to direct photolysis
and TiO2-mediated photocatalysis. 93 ± 7% of the initial PFOA was
removed after 12 h of irradiation, 4-fold higher than in TiO2-
mediated photocatalysis for the same reaction time. This high
degradation has been previously demonstrated in the literature
using TiO2 catalysts modified with metals such as Pb [36]. More-
over, a control experiment using GO nanoplatelets showed that
graphene oxide particles did not produce a significant variation

of PFOA concentration, at the same time no degradation products
were detected in solution. This result pointed out a synergistic
effect between the reduced graphene oxide (rGO) layers and TiO2

nanoparticles during the photocatalytic degradation of PFOA. The
effect can be ascribed to the good transparency of one-atom thick-
ness rGO sheets towards the UV–vis spectrum, that can decrease
the light screening phenomena caused by TiO2 particles, and there-
fore, facilitate a more efficient utilization of light and avoid the
electron-hole recombination [39,52].

The irradiance received on the outer wall of the reactor was
measured to get an indirect evaluation of the light screening phe-
nomena. The results are displayed in Fig. 2, using a background
PFOA (0.24 mmol L−1) aqueous solution in all cases. The radiation
received when using TiO2 suspensions was significantly lower than
through TiO2-rGO suspensions, for every ultraviolet light range
tested and for each catalyst concentration. If we focus on the UV-
A range (315–400 nm) and 0.1 g L−1 catalyst dose, where the TiO2

catalyst can absorb photons to generate the electron/hole pairs, the
irradiance through TiO2 suspensions was approximately one-tenth
of the irradiance received through the TiO2-rGO solution. These
results confirm that TiO2 particles were promoting the UV light
screening and hindered UV-A light penetration through the PFOA
solution. While the TiO2-rGO composite (0.1 g L−1) still reduced
the light transmission compared to the absence of catalyst, the
suitable photocatalytic properties of the prepared TiO2-rGO com-
posite overcame the UV light screening, as the achieved PFOA
degradation yield (93%) was much higher than the degradation per-
centage obtained under direct photolysis conditions (58%), as it was
reported in Fig. 1.

Some studies have already shown that the combination of TiO2

with rGO leads to a reduction in the band gap energy to 2.72 eV
[48], a feature that would provide the composite TiO2-rGO with the
ability of visible light adsorption, and a more efficient utilization of
light than TiO2 (band gap 3.2 eV). On the other hand, Kamat and
co-workers [53,54] have shown that photo-electrons generated by
TiO2 under UV irradiation can be transferred to rGO thanks to the
excellent electron conductivity of graphene materials, thus avoid-
ing the electron/hole recombination [43,55]. Therefore, rGO sheets
would act as an electron-trap similar to the reported behaviour of
the metallic nanoparticles in metal-modified TiO2 photocatalysts
[31,37]. The electron conduction throughout the TiO2-rGO pho-
tocatalyst may further allow higher generation of superoxide and
hydroxyl radicals [37,56], which in turn will enhance the oxidation
of PFOA molecules.

The structure and morphology of TiO2-rGO could also have
a significant role in the photocatalytic process. It is well known
that the spherical-like TiO2 nanoparticles aggregate to form larger
particles [46,56]. Sun et al. [57] demonstrated that UV irradia-
tion of TiO2 nanoparticles suspended in water accelerated particle

Fig. 2. Irradiance measurements (W.m−2) on the outer wall of the reactor using TiO2 (0.05, 0.1 and 0.5 g L−1 , red bars) and TiO2-rGO suspensions (0.05, 0.1 and 0.5 g L−1 , green
bars) in a PFOA (0.24 mmol L−1) aqueous solution, in the regions: UV-A (315–400 nm), UV-B (280–315 nm) and UV-C (110–280 nm). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Influence of the TiO2-rGO loading on the PFOA concentration (mmol L−1)
with the irradiance time. TiO2-rGO concentrations were 0.05, 0.1 and 0.5 g L−1 .

aggregation, that hindered the TiO2 photocatalytic degradation
of Rhodamine B. However, the TiO2-rGO composite prepared in
the present study presented a homogeneous distribution of TiO2

nanoparticles spread on the platform of a graphene oxide nano-
sheet (Fig. S2, Supplementary material). This structure may have
limited TiO2 particles agglomeration with the benefit of a more
efficient use of the UV light by the composite particles.

Results for experiments performed at different TiO2-rGO cata-
lyst concentrations are provided in Fig. 3. The concentration of the
catalyst was first increased from 0.1 g L−1 to 0.5 g L−1, as the lat-
ter value is a common dose in TiO2 photocatalytic experiments,
according to the literature survey (Table S1). However, increasing
the catalyst dose had the effect of reducing significantly the rate of
PFOA removal. Considering that TiO2 is the major component (95%

wt.) of the composite catalyst, the higher concentration of TiO2 at
the highest catalyst dose may have facilitated the UV light screen-
ing, as it can be seen in Fig. 2. In contrast, the reduction of the
catalyst dose to 0.05 g L−1 had a minimal effect on PFOA removal in
comparison to 0.1 g L−1 catalyst concentration, in agreement with
the similar values of light transmission for 0.05 g L−1 and 0.1 g L−1

TiO2-rGO concentrations (Fig. 2).

3.2. PFOA mineralization and intermediate degradation products

Generation of shorter chain PFCAs that were formed as inter-
mediates from PFOA degradation is presented in Fig. 4a, working
with a catalyst concentration of 0.1 g L−1. The corresponding fluo-
ride generation for the same experiment is shown in Fig. 4b, that
also presents the total fluorine in the reactor calculated as the sum
of fluoride anions in solution and the fluorine contained as part of
the quantified PFCAs. Finally, Fig. 4c presents the reduction of TOC
together with the TOC calculated from the organic compounds that
were found in the analytical survey. Lines plotted in Fig. 4a and c
correspond to simulated vales that were obtained using the model
and kinetic parameters that will be described next in this section.

PFOA removal can be described by a first order rate kinetic law.
Several studies have reported that PFOA oxidation by hydroxyl
radicals proceeds via a stepwise mechanism in which C C bond
cleavage occurs between the carbon chain and the carboxylate
group, coupled with fluoride elimination, resulting in the inter-
mediate generation of shorter chain PFCAs [30]. Consistent with
this mechanism, in the present work the generation of shorter
chain PFCAs was observed. The order of appearance and the con-
centrations observed in solution support the stepwise degradation
mechanism, in which PFOA would have lose one CF2 group to give
PFHpA, and consecutively PFHxA and PFPeA. The next molecule in
the degradation pathway would be perfluorobutanoic acid (PFBA)

0.00

0.05

0.10

0.15

0.20

0 2 4 6 8 10 12

C
o

n
c
e
n

tr
a
ti

o
n

 (
m

m
o

l.
L

-1
)

Time (h)

PFOA

PFHpA

PFHxA

PFPeA

A

0

20

40

60

80

100

0.0

0.4

0.8

1.2

0 5 10

T
o

ta
l 
F

lu
o

ri
n

e
 (
%

)

F
l u

o
ri

d
e
 (
m

m
o

l.
L

-1
)

Released Fluoride

Calculated Fluorine

B

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10

T
O

C
/T

O
C

0

Measured TOC

Calculated TOC

Simulated TOC

C

Fig. 4. Evolution of (A) PFOA, PFHpA, PFHxA and PFPeA (mmol L−1), and their simulated concentrations using the pseudo-first order estimated kinetic parameters (solid line);
(B) fluoride (mmol L−1) in solution and calculated total fluorine (%), and (C) measured TOC/TOC0 , calculated TOC/TOC0 from the analyzed PFCAs, and simulated TOC/TOC0

using the simulated PFCAs concentrations. Experimental data obtained using 0.1 g L−1 of TiO2-rGO. TOC0 was the initial value in each experiment.



B. Gomez-Ruiz et al. / Journal of Hazardous Materials 344 (2018) 950–957 955

675 680 685 690 695 700

C

B

A

Fig. 5. XPS spectrum in the F–1s region of TiO2-rGO surface after PFOA photocat-
alytic degradation. A peak is attributed to inorganic fluorinated species. B and C
peaks are assigned to organic fluorinated compounds.

that was detected although at concentrations below the LOD (Limit
Of Detection) of the analytical technique. Volatile pefluoropropi-
onic acid (PFPrA) and trifluoroacteic acid (TFA) were not observed
in the liquid phase.

TOC was reduced by 62% during the photocatalytic decomposi-
tion of PFOA. The difference between the PFOA reduction (93%) and
TOC decrease can be ascribed to the presence of intermediate degra-
dation products. It is worth mentioning the good match between
the analyzed TOC and the TOC calculated from the quantified con-
centrations of PFOA, PFHpA, PFHxA, and PFPeA. The coincident
trends prove the step-by-step PFOA degradation pathway in which
shorter-chain perfluorocarboxylates are the intermediate products.

The gradual increase of fluoride in the aqueous solution demon-
strated that the cleavage of the C F bonds was effective during
PFCAs degradation. Total fluorine measurements showed a net loss
of fluorine of 20% after 12 h of photocatalytic treatment. The loss
of fluorine may be attributed to two factors: i) fluoride adsorp-
tion on the surface of the TiO2 fraction of the composite catalysts,
which is positively charged in acidic conditions [28,29,58], and ii)
the volatilization of the shortest PFCAs obtained as end products of
the PFOA degradation chain [33].

In order to verify the possible fluoride incorporation onto
the photocatalyst surface, XPS analysis of the TiO2-rGO parti-
cles surface was performed, using both fresh and used samples
of the photocatalytic material. The XPS survey spectra and ele-
mental composition for both materials is provided as Fig. S6 and
Table S2 (Supplementary material). As expected, fluorine was only
detected on the TiO2-rGO sample that had been used as catalyst for
PFOA photocatalytic degradation. The mass percentual elemental
composition of the fresh TiO2-rGO sample was 13.8/58.1/28.1 as
C/O/Ti, while in the used catalyst the elemental composition was
13.1/53.2/26.9/6.8 as C/O/Ti/F.

Fig. 5 shows the section of the high resolution XPS spectrum of
used TiO2-rGO particles, where the F–1 s region has been magni-
fied. Three deconvoluted peaks at 684.2 (A), 688.8 (B) and 691.0 eV
(C) can be observed: the first peak was related to negatively charged
monovalent fluorine (F−); and the signals around 688–691 eV could
be assigned to fluorine bonded to carbon, as it happens in the
C-F bonds of PFOA and its perfluorinated degradation intermedi-
ates that may have been absorbed on the catalyst surface [28,29].
Moreover, F–1 s spectra for TiO2-rGO composite before use was not
detected (Fig. S6). Similar peak distribution and binding energies for
raw and used TiO2-rGO catalysts samples confirmed that the pho-

tocatalyst surface remained unchanged after its use in the PFOA
photodegradation experiments. Based on the above results, part of
the fluoride anions that were released during PFOA abatement were
absorbed onto the TiO2-rGO photocatalyst, to account for 6.8% of
the total mass of the catalyst sample used in the XPS analyses (Table
S2). As this adsorption rate did not represent the total fluorine loss,
the volatilization of the shortest PFCAs could have also contributed
to the 20% of fluorine loss observed in Fig. 4b.

Fig. 6 presents the proposed mechanism and pathway of PFOA
decomposition in the TiO2-rGO mediated photocatalysis and the
role of rGO in the mechanism. Previous studies considered differ-
ent possibilities for the initiation of the PFOA molecule oxidation: i)
direct reaction of PFOA with the photogenerated holes of the pho-
tocatalyst surface [26,29,31,34], ii) indirect reaction with hydroxyl
radicals [21,30,36,59,60] or iii) combination of both mechanisms.
Thereby, the degradation of PFOA could start from terminal car-
boxylic end, where the photogenerated hydroxyl radicals can attack
the first alkyl C atom adjacent to the −COOH group, leading
to the cleavage of C C bond between the perfluorinated alkyl
chain −C7F15 and −COOH by the formation of perfluorinated alkyl
radicals, which can then react with water to produce the unsta-
ble perfluorinated alcohol C7F15OH (reactions (1)–(3)). After that,
C7F15OH would eliminate HF to form C6F13COF (Eq. (4)). The active
C6F13COF undergoes hydrolysis in the solution, resulting in the for-
mation of PFHpA with the release of CF2 unit (Eq. (5)).

C7F15COO−
+ HO · → · C7F15COO+

+ OH− (1)

· C7F15COO+
→ · C7F15 + CO2 + H+ (2)

· C7F15 + H2O → C7F15OH + H+ (3)

C7F15OH → C6F13COF + F−
+ H+ (4)

C6F13COF + H2O → C6F13COOH + F−
+ H+ (5)

On the other hand, other possible initiation of PFOA degradation
could be the direct reaction of C7F15COO− with the holes. This step
would involve the electron transfer from the dissociated PFOA to
the valence band of the photocatalyst, generating the C7F15COO•

radical that subsquentelly would undergo Kolbe descarboxylation,
to give perfluoroalkyl radical C7F15

• and CO2 [34]. The next degra-
dation pathways would be similar to reactions (3)–(5).

Correspondingly, the intermediates will be decomposed step-
wisely into shorter-chain PFCAs, and eventually to CO2 and F−.
Although the reaction mechanism seems to be mostly driven by
HO• radical attack, the formation of the reactive species such as
radical superoxide anion (O2

•−) may also be associated with the
PFOA degradation.

3.3. Kinetic model for PFOA and its degradation products

In a first attempt to quantify the kinetics of PFOA photocatalytic
degradation by the TiO2-rGO composite catalyst, the concen-
trations of PFOA and intermediate products were fitted to the
following first-order rate equation [20,26,28–30,33]:

d [Cn]
dt

= kn+1 [Cn+1] − kn [Cn] (6)

where n is the carbon atoms number in each PFCA molecule, C is
the concentration in the solution (mmol L−1), t is the time (h), k the
observed degradation rate constant (h−1) of each PFCA.

Concentration data shown in Fig. 4a (0.1 g L−1 TiO2-rGO) were
used for the estimation of kinetic parameters. The obtained
values of the apparent kinetic constants can be ordered as
kPFPeA > kPFHxA > kPFHpA > kPFOA, with values of 2.14, 0.54, 0.27 and
0.163 h−1, respectively. These results point to a clear influence of
the length of the perfluoroalkyl chain on the degradation rate. Sim-
ilarly to our process, Qian et al. [10] reported that the rate constant
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Fig. 6. Photocatalytic pathways of PFOA decomposition using the TiO2-rGO catalyst.

of PFCAs UV-persulfate decomposition distinctly increased when
the carbon-chain of the PFCAs was shorter.

Eq. (6) and the reported k values were used to simulate the con-
centration of PFCAs, as depicted by the solid lines included in Fig. 4a.
Similarly, simulated PFCAs concentrations were employed to cal-
culate TOC evolution, which is also shown as solid line in Fig. 4b.
The good agreement between measured and simulated TOC sup-
ports the validity of the kinetic constants obtained from the fitting
of the experimental results.

4. Conclusions

This study reports for the first time the effective photocatalytic
degradation of perfluorooctanoic acid (PFOA) using a composite
catalyst based on TiO2 and reduced graphene oxide (rGO) success-
fully synthesized by a hydrothermal method.

The efficient photoactivity of the prepared TiO2-rGO composite
was positively confirmed for PFOA degradation under UV–vis irra-
diation. After 12 h of irradiation, the PFOA removal ratio was as high
as 93 ± 7%. using a 0.1 g L−1 concentration of the composite catalyst.
The PFOA degradation ratio obtained using TiO2-rGO was 4-fold
higher than the TiO2-mediated photocatalysis, under the same
experimental conditions. It is hypothesized that reduced graphene
oxide can efficiently capture the electrons photogenerated by the
TiO2, thus reducing the electron/hole pair recombination, that
would promote the PFCAs degradation by means of active radicals
or direct oxidation by the photogenerated holes. The progress of
shorter-chain perfluorocarboxilyc acids as well as fluoride release
elucidated the step-by-step PFOA decomposition mechanism by
gradually losing a CF2 unit in each step, generating CO2 and F−.
The PFOA mineralization was also demonstrated with the 60% TOC
reduction. Furthermore, the effect of the alkyl chain length on the
kinetics of PFCAs was revealed, showing that shorter chain PFCAs
degraded faster than their longer chain homologues.

It is concluded that TiO2-rGO composite catalyst offers an
unprecedented effectiveness for the degradation of recalcitrant
PFCAs, to become a promising alternative for the photocatalytic
degradation of this group of persistent organic pollutants.
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The prepared TiO2-rGO composite was characterized by Attenuated total reflectance - 

Fourier transform infrared (ATR-FTIR; Spectrum Two spectrometer, Perkin Elmer) 

Additionally, ATR-FTIR spectra of the GO and commercial TiO2 materials were 

performed for comparison (Figure S1). 

Fig. S1. FTIR spectra of TiO2, GO and TiO2-rGO. 

Analysis of Fig. S1: 

- GO spectrum displayed strong absorption peaks that correspond to different

oxygenated functional groups. The peaks at 3400 cm-1 and 1620 cm-1 are ascribed to

the stretching vibration of water hydroxyl groups and the skeletal vibration of C=C,

respectively. The peaks at 1732, 1380, 1220 and 1055 cm-1 are attributed to

carboxylates C=O stretching, carboxyl C-O, epoxide C-O-C or phenolic C-O-H and

alkoxy C-O, respectively.

- TiO2-rGO samples still show skeletal vibration peak of C=C; however, there is no

presence of peaks associated to carboxyl and alkoxy functional groups. This fact

implies that GO was partially reduced during the hydrothermal synthesis of the

composite catalyst. Moreover, the important intensity increase of the band range

between 500-900 cm-1 in the spectrum of TiO2-rGO in comparison to the TiO2

spectrum could be related to the possible formation of Ti-O-C bonds additional to the

Ti-O-Ti bonds typically occurring in TiO2.
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Fig. S2A shows Transmission electron microscopy (TEM; JEOL, JEM-2100 electron 

microscope) images of the prepared TiO2-rGO composites. It is observed that TiO2 

nanoparticles were well loaded on the graphene plane, which presents a flake-like 

structure with some wrinkles. Figs. S2B and S2C present the energy dispersive X-ray 

(EDX) spectrum collected from Si1 and Si2 areas in Fig. S2A. The composition of the 

GO sheets (Si1) was mainly carbon. EDX spectrum of Si2 area shows a composition 

based on titanium and oxygen, evidencing the presence of TiO2 on the graphene oxide 

nanosheets. Copper signal is attributed to the sample holder. 

Fig. S2. TEM image of the composite TiO2-rGO (A) and EDX scan of zones Si1 (B) and 

Si2 (C) in the image. 
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Fig. S3 shows the X-ray diffraction (XRD) data of commercial P25 TiO2 (blue line) and 

the synthesized TiO2-rGO composite (green line). The crystalline phase of TiO2 was not 

modified by the hydrothermal method used to synthesize the TiO2-rGO composite.  

Fig. S3. XRD data of of P25 TiO2 and TiO2-rGO composite. Power X-ray diffraction 

patterns were recorded with a “Bruker Kappa-APEX-II” X-ray diffractometer, equipped 

with a Molybdenum Rx tube operating at 50Kv and 30mA. 

Fig. S4. Schematic illustration of the photocatalytic system (1: Photocatalytic Reactor, 2: 

Medium Pressure Mercury Lamp, 3: Radiometer, 4: Refrigeration System; 5: Power 

Source). The lamp was placed into a quartz sleeve, which was surrounded by a cooling 

jacket used to circulate a cooling fluid to maintain the temperature of the reacting media 

at 20 ºC. 
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Fig. S5. UV-Vis emission spectrum of the medium-pressure mercury lamp 

Fig. S6. XPS spectra of fresh (red line) and used (blue line) TiO2-rGO catalyst. 
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Table S2. X-ray photoelectron spectroscopy (XPS) data of TiO2-rGO photocatalyst 

before and after the photocatalytic degradation of PFOA for 12 h of UV-Vis irradiation. 

Sample Atomic Species Peak (eV) Amount (at%) Total Amount (%) 

TiO2-rGO 

C 

284.6 7.266 

13.8 286.3 4.757 

(fresh catalyst) 288.9 1.811 

O 
529.6 48.51 

58.1 
531.2 9.574 

Ti 

458.5 15.762 

28.1 
464.2 7.892 

471.8 3.046 

477.3 1.381 

TiO2-rGO 

C 

284.6 7.313 

13.1 
286.3 2.509 

(used catalyst) 
288.6 1.375 

292.5 1.95 

O 
529.8 48.45 

53.2 
531.4 4.697 

Ti 

458.6 15.202 

26.9 
464.3 7.611 

471.9 2.81 

477.4 1.24 

F 

683.5 1.988 
6.8 

(5.4 mg of F) 
687.9 3.686 

690.0 1.161 

Regarding the C-1s region in Fig. S6, the main peak at 284.6 eV, which is due to C-C and 

C-H bonds, and the signals at 286 and 288 eV of the oxygenated species, C-O and COO-

, were assigned to the partially reduced graphene oxide sheets in the TiO2-rGO composite.

The XPS results in the Ti-2p region revealed the double signal at 458 and 464 eV of Ti4+

in the TiO2 particles. Also, the deconvoluted Ti-2p spectrum showed extra satellite peaks

which contributed to the total amount of Ti. The typical zone of O-1s signals showed two

peaks, one at 529 eV of the oxygen as oxide and another at 531 eV of the hydroxyl groups.

Besides, the peak that was detected at 292.5 eV was assigned to the presence of C-F2 and

C-F3 bonds on account of absorbed PFOA and its degradation products.
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Abstract 

Aqueous film-forming foam (AFFF) containing poly- and perfluoroalkyl 

substances (PFASs), widely used for firefighting, have resulted in the 

contamination of water at training sites. In this work, sequential UV 

oxidative/reductive treatments were applied to accomplish the degradation 

of a mixture of PFASs contained in AFFF solution. The oxidative 

treatment consisted of UV irradiation of sodium persulfate solution to 

generate sulfate radicals (SO4·-, E=+2.5-3.1 V). The reductive approach 

was accomplished by UV irradiation of sulfite to promote the generation 

of hydrated electrons (eaq
-, E=-2.9 V). The oxidation technique promoted 

transformation of fluorotelomers sulfonates and unknown PFASs 

precursors to fluorotelomer carboxylates (FTCA) and 

perfluorocarboxylates (PFCAs). Additionally, it could be observed a 

decrease of long-chain PFCAs and PFOS concentrations by SO4·- radicals. 

Conversely, the highest PFOS and PFCAs removal ratios were observed 

during UV-sulfite treatment. In contrast, fluorotelomers seemed to be 

relatively inert to eaq
-. Tests of different sequential oxidative/reductive 

treatments were carried out. As a result of applying UV-persulfate stage 

followed by UV-sulfite treatment, the total concentration of PFASs in the 

AFFF solution was not further removed, due to the simultaneous 

elimination of unknown precursors and the less effectiveness of sulfite 

treatment as the second stage. However, the sequence of UV-sulfite 

followed by UV-persulfate was the most promising combination, 

achieving higher removal of the total content of PFASs and a 96% 

elimination of PFOS from the AFFF sample, after 48h of irradiation in this 

sequence. 
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Graphical Abstract 

Figure 3.1. Graphical abstract of the work “Degradation of poly- and 

perfluoroalkyl substances (PFASs) in Aqueous Film-Forming Foam by 

sequential UV oxidative/reductive treatments”. 

Keywords: AFFF, hydrated electrons, hydroxyl radical, sulfate radical, 

photodegradation 
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1. Introduction

Poly- and perfluoroalkyl substances (PFASs) have been extensively 

released to the environment due to their wide use in a variety of industrial 

and household applications for 50 years [1,2].  Furthermore, the extreme 

environmentally persistence, global distribution and bio-accumulation of 

PFASs, in particular perfluorooctanoic acid (PFOA) and perfluorooctane 

sulfonic acid (PFOS), have resulted in increasing attention from the 

regulatory bodies [3,4].  

In particular, PFASs are key components in aqueous film-forming foam 

(AFFF) formulations used for fire suppression because of their superior 

heat resistance and unique tensioactive properties, facilitating the rapid 

formation of thin films on the surface of the fuel, thereby preventing 

contact with oxygen and extinguish fires [5,6]. The extensive use of AFFFs 

during fire training activities at many civilian airports and military fire 

training areas has been an important contamination source of PFASs and 

associated co-contaminants, e.g., hydrocarbon fuels, into groundwater and 

surface waters surrounding these sites [7–9]. Therefore, the large volume 

of AFFF used for decades has resulted in a high number of AFFF- impacted 

sites that need to be assessed and remediated. Additionally, since the 

information of AFFF composition is proprietary and rarely available, many 

of the PFASs and nonfluorinated compounds contained in AFFF 

formulations are still unidentified [10].  

To date, adsorption and/or ion exchange processes, such as granular 

activated carbon or ion exchange resins, are the most common approaches 

in use for PFASs impacted groundwater remediation. These techniques are 

effective for removal of long-chain PFASs. However, the adsorbent life 
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span can make these processes costly, and the PFAS contaminants are 

transferred to an another matrix that needs to be further treated  [11,12].  

Therefore, the challenge lies in the cleavage of the strong C-F bonds to 

achieve the complete mineralization of PFASs in water. Most of the 

technologies proposed for PFASs destruction have been focused on 

advanced oxidation processes (AOPs), by means of the generation of 

hydroxyl radicals, such as UV-H2O2 system. Hori et al. [13] observed slow 

PFOA degradation rates by means of 1M of H2O2 under UV-Visible 

irradiation and O2 atmosphere, whereas no removal of PFOA was observed 

with 15 mM and even higher H2O2 dosages under UV light by Qian et al. 

[14]. However, Yang et al. [15] observed nearly complete desulfonation 

and defluorination of 6:2 FTSA and of the perfluorocarboxylates formed 

during the UV-H2O2 treatment in air atmosphere. Additionally, other 

photolytic methods including persulfate photolysis [14] have shown more 

efficacy on PFASs elimination. Sulfate radicals promoted by activated 

persulfate seem to be stronger oxidant species than hydroxyl radicals. In 

this way, Qian et al. [14] and Yin et al. [16] demonstrated significant PFOA 

degradation by activated-persulfate system and under acidic conditions. 

Moreover, Bruton et al. [17] evaluated the oxidation of PFASs contained 

in AFFF-impacted groundwater by heat activated persulfate. 

Fluorotelomer- and perfluoroalkyl sulfonamide-based polyfluorinated 

compounds were transformed to perfluorinated carboxylic acids, which 

underwent further degradation under acidic conditions. Other 

photochemical strategies, such as heterogeneous photocatalysis by means 

of new synthetic composite catalysts, e.g., TiO2 with metals or carbon-

based material, have been demonstrated to be a promising alternatives for 

the degradation of PFOA [18,19]. Overall, some AOPs are able to degrade 

perfluorocarboxylates, however, reports to date indicate that they are 
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ineffective with perfluoroalkyl sulfonates, including PFOS [17,20]. 

Additionally, among these oxidative approaches, electrochemical 

oxidation has also attracted interest for PFAS degradation. Particularly, 

BDD anodes can effectively decompose PFAS from aqueous solution, 

since it can provide high generation of ·OH and the ability of electron 

transfer [21–23] 

Recently, new reductive strategies have been proposed as alternative for 

PFAS removal which involve the generation of hydrated electrons (eaq
-, 

standard reduction potential = -2.9 V). Hydrated electrons are powerful 

reducing agents that enabled the effective degradation of both PFOA and 

PFOS [24]. It has been reported that PFASs reduction is 

thermodynamically more favored than PFASs oxidation [25]. The strong 

electronegativity of fluorine atoms can act as the reductive reaction center 

for defluorination. eaq
- species can be generated by pulse radiolysis of pure 

water or photolytic methods including inorganic anions mediated 

photolysis, such as ferrocyanide mediated laser flash photolysis [26] or UV 

photolysis of KI [27], sulfite [28,29], aminocarboxylates [30,31] or NOM 

[32,33]. Among the different alternatives, UV photolysis of sulfite is more 

practical and environmental friendly than the use of KI or ferricyanide as 

sensitizers. Song et al. [34] reported the feasibility of using the UV-sulfite 

system to decompose PFOA under N2 atmosphere and alkaline conditions. 

Also, PFOS was successfully decomposed in 30 min using high-pressure 

mercury lamp at alkaline and 10 mM of sulfite [29]. Additionally, Park et 

al. [35] studied the effect of the ionic headgroup and the chain length of 

perfluoroalkyl carboxylates and sulfonates on the reductive defluorination 

by UV irradiation of KI. As a result, for the same alkyl-chain length, higher 

degradation rates for PFSAs were obtained. Moreover, PFSAs reduction 
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kinetic increase linearly with the chain length, whereas a negligible effect 

of PFCA chain length on reduction rate was observed.  

As the efficacy of reduction and oxidation processes seemed to be affected 

by the molecular structure of PFASs, this work reports for the first time the 

sequential UV oxidative/reductive treatments for facilitating the 

degradation and mineralization of a complex mixture of PFASs contained 

in AFFF formulation. The AFFF included a PFAS profile defined by 

perfluorocarboxylates, perfluorosulfantes, and fluorotelomer carboxylates 

and sulfonates. The oxidative treatment consisted of UV irradiation with 

persulfate to generate sulfate radicals, whereas the photolysis of sulfite was 

used to promote hydrated electrons. In this work, individual and sequential 

treatments, including oxidation followed by reduction and reduction 

followed by oxidation, were compared. The feasibility of each UV-system 

and the benefits of the different combinations for the degradation of PFASs 

were also evaluated.  

2. Materials and methods

2.1.  Materials and AFFF samples 

All chemicals used in the experiments were reagent grade or higher 

(purity > 98%) and were used as received without further purification. 

Sodium sulfite (Na2SO3), sodium sulfate (Na2SO4), sodium persulfate 

(Na2S2O8), sodium phosphate monobasic dihydrated (NaH2PO4·2H2O), 

potassium hydrogen phthalate (C8H5KO4), 5-5-dithio-bis-(2-nitrobenzoic 

acid) (C14H8N2O8S2, DTNB), were purchased from Sigma Aldrich 

Chemicals. Sodium bicarbonate (NaHCO3) was obtained by Macron, ACS 

Reagent. Sodium hydroxide 1N (NaOH) was obtained from Fisher 

Chemical. Sulfuric acid (H2SO4, GR grade, 98%) was purchased by 
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Millipore. Potassium iodide (KI) was obtained from Alfa Aesar (99%). All 

solutions were prepared using ultrapure water (Millipore Milli-Q system). 

A mixed AFFF waste mixture was obtained from CH2M (Englewood, 

Colorado). The AFFF mixture was spiked into laboratory water matrices 

as the target contaminated water. A 1-to-106 dilution of the AFFF 

formulation was prepared to simulate PFAS concentration (µg.L-1 levels) 

typically found in real AFFF-impacted groundwater. Table 1 lists the 

composition of the resulting diluted AFFF solution, that was analyzed 

using the analytical methods reported in section 2.3. 

As it is observed, AFFF contained a complex mixture of PFASs that is 

formed by: perfluoroalkyl carboxylates (PFCAs), perfluoroalkyl 

sulfonates (PFSAs) and fluorotelomers (FTs). The AFFF composition was 

consistent with a mixture of 3M AFFF formulation synthetized by 

electrochemical fluorination (ECF) and fluorotelomer AFFFs obtained by 

telomerization methods [36]. PFOS was significantly the most abundant 

compound identified in the model AFFF-impacted water, as it has been 

observed in other AFFF formulations [8]. Full names, abbreviations and 

limits of quantification (LOQs) for these PFASs detected in AFFF, are 

listed in Table S1 in the Supplementary information.  

The total fluorine content the AFFF solution was 0.0135 mg.L-1 which was 

quantified by Fluorine-19 nuclear magnetic resonance spectroscopy (19F-

NMR). The F content calculated from the initial concentration of PFASs 

detected in the AFFF (Table 1) corresponded only to the 30 ± 5% of the 

total fluorine obtained by 19F-NMR. This result revealed a high content of 

unknown PFASs or fluorinated precursors in AFFF formulation. These 

compounds can cause the generation of the PFASs monitored throughout 

https://www.sciencedirect.com/science/article/pii/S1385894717302723?_rdoc=1&_fmt=high&_origin=gateway&_docanchor=&md5=b8429449ccfc9c30159a5f9aeaa92ffb#s0080
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the treatments, hindering the determination of each PFAS compound 

removal. In this context, the total content of PFASs at the end of the stages 

was used to compare the feasibility of the proposed AFFF treatments. 

Table 1. Initial concentration of PFASs, total organic carbon (TOC) and F 

content in the 1-to-106 diluted AFFF solution 

PFASs C0 (ng.L-1) 

PFBA 47 ± 8 

PFPeA 41 ± 3 

PFHxA 110 ± 76 

PFHpA 39 ± 6 

PFOA 86 ± 24 

PFNA 65 ± 0 

PFPrS 91 ± 16 

PFBS 17 ± 3 

PFPeS 124 ± 16 

PFHxS 725 ± 91 

PFHpS 104 ± 17 

PFOS 4,976 ± 692 

PFNS 51 ± 3 

6:2 FTCA 22 ± 7 

6:2 FTSA 67 ± 29 

8:2 FTSA 29 ± 2 

6:2 FTUCA 33 ± 17 

TOC (mg C.L-1) 0.147 

F (mg.L-1) 0.0135 
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2.2.  Photochemical Experiments 

The schematic of experimental setup is shown in the Figure S1 

(Supplementary Data). Batch photochemical degradation experiments 

were conducted in an immersion well photoreactor (Ace Glass Inc.) 

mounted on a magnetic stirring plate (Isotemp, Fisher Scientific). A UV 

low-pressure mercury lamp (Ace Glass Inc., 18W) emitting at 254 nm, was 

placed in a quartz sleeve in the center of the reactor, as irradiation source. 

By flowing a cooling fluid through the outer cooling jacket that encases 

the lamp and the reactor, the temperature was maintained at 20 ± 1 ºC. 

Treated samples were withdrawn from the reactor at regular time intervals 

and preserved at 4ºC until analysis. PFASs concentrations are shown as the 

average of duplicate experiments. 

Two photochemical systems were studied: (O1) UV irradiation with 

persulfate (UV-S2O8
2-) and (R1) UV irradiation with sulfite (UV-SO3

2-). 

Table 2 summarizes the experimental conditions that were established 

based on the literature [13–16,29,34,37–39]. The same initial 

concentration of Na2S2O8 and Na2SO3 (10 mM) was employed to allow the 

comparison of treatments efficiency. In each experiment, a volume of 575 

mL of a 1-to-106 dilution of AFFF was irradiated. Oxidative treatment was 

carried out under atmospheric air, and the initial pH was adjusted to 3 with 

0.5 mM of H2SO4 and 4 mM Na2SO4, used for ionic strength adjustment. 

During AFFF impacted water treatments, additions of 10-12 mM Na2S2O8 

aliquots to the reacting media were needed when the sensitizer 

concentrations dropped below 50% of their initial value. UV-sulfite tests 

were performed under N2 gas and the initial pH was adjusted to 9.5 by 

NaOH and 5mM NaHCO3 buffer. Before the test, the mixture was bubbled 
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with N2 for an hour to remove dissolved oxygen from solution before 

switching on the UV lamp. 

Table 2. Experimental conditions for each photolytic system: UV-S2O8
2- and 

UV-SO3
2-. 

System Reacting media Atmosphere 
Initial sensitizer 
concentration 

(mmol.L-1) 

Initial AFFF 
concentration 

Treatment 
time (h) 

O1:  
UV-S2O82- 

Acidic pH0  
H2SO4 + Na2SO4 

Air 10 (Na2S2O8) 1-to-106 
dilution 34 

R1:  
UV-SO32- 

Alkaline pH0  
NaOH + NaHCO3 

Nitrogen 10 (Na2SO3) 1-to-106 
dilution 24 

 

Individual experiments of each UV-system and sequences of UV 

oxidative/reductive treatments were performed as follows:  

1) Control test: UV only 

2) UV- Persulfate only 

3) UV- Sulfite only 

4) Sequence 1: UV- Persulfate followed by UV- Sulfite 

5) Sequence 2: UV- Sulfite followed by UV- Persulfate 

 

2.3. Analytical Methods  

Persulfate concentrations were quantified by colorimetric methods 

following the reported studies by Liang et al. [40]. A modified 

spectrophotometric method was applied to determine sulfite 

concentrations [41]. Briefly, sulfite reacts quantitatively with excess 

DTNB in aqueous solutions buffered at pH 7.0 with NaH2PO4 for 5 min 

before measuring absorbance at 412 nm. Fluoride determination by ion-

selective electrode was unsuccessful due to the low concentrations present 
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in the diluted AFFF mixture. 

PFASs were measured on a SCIEX X500R QToF-MS system 

(Framingham, MA) using electrospray ionization in negative mode (ESI-) 

with SWATH® Data-Independent Acquisition for both TOFMS and 

MS/MS mode, which enables simultaneous tentative identification of 

>1500 PFASs in the suspect screening list, and including 44 analytes that 

are quantified against external reference standards. LOQs were analyte, 

matrix, and run dependent, but were generally 0.6–23 ng.L-1 (see details on 

the analytical protocol in the Supplementary Information). 

3. Results and discussion 

3.1. Direct UV photolysis 

Prior to AFFF experiments, the effect of UV irradiation on AFFF 

degradation (in the absence of any sensitizer) was also studied in a 

sequence formed by a first stage in acidic matrix (Figure 1, red colored 

background) and the second alkaline stage (Figure 1, blue colored 

background). The value of the pH remained nearly constant during the 

treatments. 

As it can be observed in Figure 1a, the content of PFCAs highly increased 

during the first 15 h of experiment, particularly PFNA, PFOA and PFHxA. 

Possible direct photolysis of fluorotelomers or unknown precursors 

promoted the generation of PFCAs [22,42–44]. However, after 34 h of UV 

irradiation, the concentrations of longer-chain PFCAs (PFNA and PFOA) 

decreased likely due to their moderate photolysis [45–47]. PFOA molecule 

absorbs photons from deep UV-region to 220 nm, and presents weak 

absorption in the 220–270 nm range of light wavelengths [13]. Qu et al. 
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[48] also observed that the C-C bond strength between carboxylic carbon 

and the adjacent carbon increases with the shortened carbon chains of 

PFCAs, revealing that photolysis rate gradually increases with the alkyl 

chain length. Additionally, other components in AFFF solution possibly 

absorb UV light (254 nm) which can generate small concentrations of 

reactive species. 

In contrast, PFSAs seemed to be relatively inert to direct photolysis (Figure 

1b). Only a slow degradation of PFOS (14 ± 10%) could be observed after 

34 h of UV irradiation and acidic conditions. Direct photolysis of PFOS 

has been previously investigated using a low pressure mercury lamp by 

Yamamoto et al. [49], who reported that PFOS was slowly 

photodecomposed by 8 and 68% after 1 and 10 days, respectively. 

Moreover, this result can be related to the elimination of branched PFOS 

isomers in the sample, which are more susceptible to degradation due to 

the presence of one or two –CF3 groups branching from the perfluorinated 

alkyl chain [50,51]. The AFFF sample used in the present work typically 

contains a ratio of ∼70/30 of linear/branched PFOS. The concentrations of 

FTs were depicted in Figure 1c. Overall, the content of FTs increased 

dramatically during the first 15 h of treatment, particularly 6:2 FTCA. 

After 34 h of irradiation, 6:2 FTCA achieved its maximum concentration 

of 26,000 ng.L-1, whereas the concentrations of 6:2 FTSA, 8:2 FTSA and 

6:2 FTUCA were photodegraded by 67, 60 and 41%, respectively. It can 

be suggested that 6:2 FTCA was the main PFAS component in the sample. 

Therefore, AFFF mixture contains high content of unknown precursors 

which may firstly form fluorotelomers, and subsequently, PFNA, PFOA 

and PFHxA under photolytic conditions [44,52,53]. However, this last 

assumption will be discussed in the section 3.4. 
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Figure 1. Concentration of (a) PFCAs, (b) PFSAs and (c) FTs during the 

photolytic treatment in absence of sensitizers. The first stage (0-34 h) developed 

under acidic matrix and air is shown in red colored background, whereas the 

second stage (34-58 h) in alkaline matrix and N2 is shown in blue colored 

background. 1-to-106 dilution of AFFF. Error bars represent standard deviation 

derived from duplicated experiments. 
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Before the second stage of this control sequence, the experimental 

conditions of the AFFF sample were adjusted to alkaline conditions (see 

Table 2), to mimic conditions used for UV-SO3
2-. Then, during this second 

UV-only treatment (Figure 1, 34-58 h), no further photodecomposition of 

the different groups of PFASs was observed. Only minor eliminations of 

PFNA, PFOA and PFOS during the first 10 h of treatment (34-44 h in the 

overall experimental cycle) could be detected. Longer-chain PFCAs may 

be more sensitive to UV irradiation than shorter-chain PFCAs [48]. 

Nevertheless, the bicarbonate presence in the alkaline matrix may have 

interfered with PFASs photodegradation, as it has been observed by Giri 

et al. [54]. 

3.2. Individual photochemical treatments of AFFF 

In this section, the progress of PFASs concentration after the application 

of each individual treatment (UV- Persulfate and UV- Sulfite) will be 

explained. Each individual UV system correspond to the first stage of the 

sequence of treatments proposed. However, the results of PFASs 

concentrations of the second stage in each sequence will be reported in the 

next section.  

UV – Persulfate 

The AFFF degradation by UV activated-persulfate is depicted in Figure 2 

(0-34 h, red colored background). Figure 2a presents the monitoring of 

persulfate concentration with time. The results showed the concentration 

before and after the persulfate spikes into the reacting media. The rate of 

persulfate decomposition by UV light became gradually slower during the 

test (Figure 2a). Some species formed during the treatment of AFFF 
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impacted water may hinder the photoreaction between persulfate and UV 

light. As a result, the experiments were carried out during 34 h, to 

completely eliminate the residual persulfate at the end of the treatment.  

Persulfate salts dissociate in water to persulfate anion (S2O8
2-) which can 

be activated photo-chemically or thermally to form two free sulfate 

radicals (SO4
•-, standard reduction potential = 2.5-3.1 V [55]) with 

quantum efficiency of unity (Eq. 1) [56].  

S2O8
2-+ hυ → 2SO4

·-                                                                            (Eq. 1) 

SO4
•- is an oxidizing radical that reacts by direct one-electron transfer to 

form sulfate ion. Sulfate radicals may react with water to form bisulfate 

and hydroxyl radicals (Eq. 2). Moreover, bisulfate can release protons to 

the solution due to its low pKa (Eq. 3) [57]. This is the main mechanism 

that caused the pH drop from 3 to1.4 at the end of persulfate experiment. 

The H+ released from the decomposition of some PFASs was considered 

negligible because of their lower concentration compared to persulfate. 

Therefore, under acidic conditions, SO4
•- is the predominant oxidizing 

species for PFASs degradation reactions  during the persulfate process 

[14,16].  

SO4
·-+ H2O → HSO4

- +HO·                                                                (Eq. 2) 

HSO4
-  → SO4

2- + 𝐻𝐻+(pKa=1.92)                                                       (Eq. 3) 

Figure 2b shows the concentrations of PFCAs during the UV-persulfate 

process. PFCAs progressively increased during the first 10 h of irradiation. 

Particularly, the concentrations of shorter-chain PFCAs (PFPeA and 

PFBA) increased in 1,000 ng.L-1 during this period, a significantly higher 
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rate than the results obtained in direct photolysis. These results may 

indicate that longer PFCAs were simultaneously formed and decomposed 

step-by-step by SO4
•- radicals into shorter-chain PFCAs, as it has been 

previously reported [14,16,20,58]. After that, PFCAs concentrations 

partially decreased after 34 h of irradiation time, more noticeable for longer 

chain PFCAs by the role of sulfate radicals (see Table S2, Supplementary 

Material).  

In the case of PFSAs (Figure 2c), a high 79% PFOS removal ratio was 

obtained after 34 h of treatment. Even though a possible PFOS sorption to 

the reactor walls or other physical phenomenon related to AFFF 

components can take place [17], the progressive decay with time elucidated 

its degradation under the applied experimental conditions. This finding 

revealed a higher removal of PFOS by UV-activated persulfate than heat-

activated persulfate previously reported [17,20]. It may be related to the 

high energy introduced by UV photons into the molecular entity that could 

promote electronically excited states of molecules, giving products 

probably different from the products of chemical/thermal reactions [59]. 

Alternatively, intermediates between persulfate or sulfate radicals and 

other components of AFFF may promote formation of unidentified PFOS-

reactive species. Moreover, concentrations of PFHpS, PFHxS and PFPeS 

also decreased by 43, 28 and 34%, respectively. On the contrary, shorter-

chain PFSAs exhibited poorer reactivity during the oxidative treatment.  

The progresses of FT carboxylates and FT sulfonates are shown in Figure 

2d. 6:2 FTCA notably increased during the first 10 h of treatment (1,800 

ng.L-1), and then, its concentration only slightly decreased after 34 h. 

However, these levels of 6:2 FTCA were lower than those obtained by 

photolysis. This result points out that 6:2 FTCA was formed and 



Annexes 
 

258 

simultaneously degraded by the strong reactive capacity of SO4·- radicals 

with this compound. Additionally, n:2 FTSA and 6:2 FTUCA were 

completely decomposed, likely to form PFCAs by UV-activated persulfate 

[20].  

After 34 h of UV activated-persulfate treatment, the total concentration of 

PFASs (listed in Table S2, Supplementary Material) decreased by 17%. 

Even though SO4·- radicals were strong oxidizing species for PFASs 

degradation, the final concentration was still high, likely due to the 

formation of PFCAs and FTs as degradation products of PFAS precursors 

in the AFFF sample. Moreover, it is important to note that the high 

presence of unknown fluorinated precursors in AFFF were highlighted 

previously, when the total F content in the detected PFASs in the AFFF 

solution only corresponded to the 30% of the total fluorine content of AFFF 

obtained by 19F-NMR. 
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Figure 2. Concentration of (a) sensitizers persulfate and sulfite, (b) PFCAs, (c) 

PFSAs, and (d) FTs during the sequence 2, formed by the first stage of UV-

S2O8
2- (0-34 h, red background) and the second treatment of UV-SO3

2- (34-58 h, 

blue background). 1-to-106 dilution of AFFF. Error bars represent standard 

deviation derived from duplicated experiments. 
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UV - Sulfite 

The reductive method was developed by UV photolysis of sulfite which 

involves hydrated electrons (eaq
-) generation (Eq. 4), in an alkaline matrix 

and N2 atmosphere, in order to avoid the high reactivity of eaq
- with H+ and 

oxygen. 

SO3
2-+ hυ →  SO3

·-+ eaq
-                                                                       (Eq. 4) 

Sulfite decay with UV irradiation time was depicted in Figure 3a (0-24 h, 

blue colored background). The sulfite concentration remained at ~4mM 

after 24 h, without any further addition of sensitizer. Increasing the initial 

sulfite concentration could hinder AFFF degradation due to the formation 

of SO3
•- which could react with other SO3

•- radicals to give S2O6
2-, an eaq

- 

quencher (Eq. 5-6) [34,60,61].  

SO3
·-+ SO3

·- →  S2O6
2-                                                                         (Eq. 5) 

S2O6
2-+eaq

-  →  SO3
2-+ H·                                                                    (Eq. 6) 

The solution pH increased from 9.6 to 10.3 at the end of the experiment 

without pH adjustment. The pH increase could be assigned to the minor 

reaction of eaq
- with water, which produce OH- and H·, since this later 

compound can react with other components of AFFF solution (Eq. 7) [62].  

eaq
- + H2O →  OH-+ H·                                                                       (Eq. 7) 

Figure 3 (0-24 h, blue colored background) shows the concentrations of 

PFCAs (b), PFSAs (c) and FTs (d) during the reductive treatment. In 

contrast to the oxidative technique, eaq
--mediated experiments efficiently 

allowed higher removal rates of all PFCAs initially contained in the AFFF 
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solution (Figure 3b). After 24h, PFHxA and PFPeA almost disappeared, 

whereas PFOA, PFHpA and PFBA exhibited 69, 45 and 75% of 

degradation, respectively. It must be noted that the overall initial 

concentration of PFCAs was notably lower than in the initial sample of 

experiments shown in Figure 3, an indicative of the uncertainty of the 

composition of the AFFF formulation. In addition, PFCAs concentration 

did not increase during the treatment time of UV-sulfite system. Although 

unknown PFASs precursors were degraded into PFCAs over the treatment, 

the degradation rates of PFCAs were higher than the formation kinetics 

from the precursors transformation. This behavior contrast with the results 

obtained in the UV activated persulfate treatment, pointing to differences 

in the degradation mechanisms by the oxidative and reductive treatments.   

The concentrations of PFSAs in the treatment are shown in Figure 3c. As 

it is observed, this reductive test achieved the highest elimination of PFOS 

(86%) from the AFFF mixture after 24 h. PFHpS, PFHxS and PFPeS, 

decreased by 42, 26 and 25%, respectively, whereas shorter-chain PFSAs 

remained inert to eaq
- species formed during the treatment. Figure 3d shows 

that the concentration of FT carboxylates (6:2 FTCA and 6:2 FTUCA) 

remained nearly constant, however, the levels of FT sulfonates increased 

considerably after 24h of irradiation, likely due to the reduction of 

unknown sulfonamide-based precursors. In addition, control reductive 

experiments revealed that individual PFOA and PFOS solutions exhibited 

similar degradation rates compared to those obtained over AFFF treatment. 

Therefore, although unknown precursors were degraded over the UV-

sulfite treatment, the degradation rates of PFCAs and PFSAs by hydrated 

electrons were notably higher than the formation kinetics from the 

precursors or fluorotelomers transformation.  
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Figure 3. Concentration of (a) sensitizers sulfite and persulfate, (b) PFCAs, (c) 

PFSAs, and (d) FTs during the sequence 3, formed by the first stage of UV-SO3
2- 

(0-24 h, blue background) and the second treatment of UV- S2O8
2- (24-48 h, red 

background). 1-to-106 dilution of AFFF. Error bars represent standard deviation 

derived from duplicated experiments. 
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According to the results shown above, it could be highlighted that hydrated 

electrons reacted more rapidly with perfluorinated compounds (PFCAs and 

PFSAs) than with the fluorotelomers or unknown precursors that contained 

unfluorinated carbons in their molecules.  

After 24h of the reductive process, the ƩPFAS concentrations in the AFFF 

mixture was decreased to 2,281 ng.L-1 (Table S3, Supplementary 

Material), which represented a significantly improved overall removal 

compared to UV-S2O8
2- treatment. 

3.3. Sequential oxidative/reductive treatments of AFFF 

Sequence 1: UV- Persulfate followed by UV- Sulfite 

The AFFF sample treated firstly by UV-activated persulfate was adjusted 

to the experimental conditions needed for UV-sulfite system (see Table 2). 

The sulfite concentration represented in Figure 2a (34-58 h, blue colored 

background) stayed nearly constant after 4 h of the treatment, which could 

involve lower formation of eaq
- during that period. 

Figure 2b shows that the high content of C4-C7 PFCAs after the first UV-

S2O8
2- oxidative stage were progressively removed by eaq

-, and decreased 

by 80-90% at the end of this second treatment. However, PFOA and PFNA 

were significantly formed over the reductive treatment, up to levels of 

1,700-2,500 ng.L-1. It is thought that C8 precursors may be inert to eaq
- 

during the first sulfite treatment, whereas these contaminants can be 

degraded by oxidizing species producing PFOA and PFNA in this second 

stage.  

Figure 2c shows the evolution of PFSAs with the irradiation time. PFOS 
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concentration slightly increased during the reductive treatment.  However, 

an overall 60% PFOS removal resulted from this sequence of treatments. 

In contrast, shorter-chain PFSAs did not exhibit high interaction with eaq
- 

species formed in this second treatment. Figure 2d displays the change of 

FTs concentrations with time. 6:2 FTCA and 6:2 FTUCA initially 

increased during the first part of the treatment, and then, slightly decreased 

after 24 h of treatment. n:2 FTSA compounds seemed to be formed and 

degraded simultaneously during the treatment. These results pointed out 

the presence of unknown C8 sulfonamide-based or fluorotelomer 

precursors in the second stage, producing mainly PFOS, PFOA and PFNA 

during the reductive treatment [63,64]. Moreover, previous experiments in 

the research group revealed the formation of PFOA, PFOS and 

perfluorooctane sulfonamide as degradation product of the reductive 

treatment of perfluorooctane sulfonamidoacetic acid (data not shown). 

These possible mechanisms are reported in Figure 4. 

Figure 4. Degradation pathways of possible precursors of PFOS, PFOA, 

PFNA. 
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Additionally, the lower formation of n:2 FTSA in this second stage than in 

the UV-sulfite treatment (Figure 3d), revealed the partial removal of C6 

unknown precursors at the first persulfate treatment.   

The results of this reductive treatment differed with the individual UV-

sulfite treatment applied as the first treatment in the sequence (Fig 3 0-24 

h), particularly for long-chain PFCAs and PFSAs trends. This response 

may be attributed to the limited formation of eaq
- after 4-5 h of this 

treatment, since the sulfite concentration stayed constant. Moreover, it is 

important to note that the AFFF sample contained high sulfate ion 

concentration (~180 mmol.L-1) due to the persulfate spikes over the first 

stage, which may interfere in the reactions scenario in this second reductive 

treatment.  

Even though the total concentration of PFASs slightly decreased during the 

first UV-S2O8
2- stage (Table S2), the transformation of unknown 

components into the identified PFASs which were also degraded resulted 

in a similar total content of PFAS at the end of this sequence of oxidative 

and reductive treatments. 

Sequence 2: UV- Sulfite followed by UV- Persulfate 

The background of the AFFF sample, treated initially by the reductive UV-

sulfite treatment, was modified according to the needs of the UV-S2O8
2- 

process (see Table 2). It is noteworthy that residual sulfite was totally 

quenched by an equimolar amount of H2O2 without UV irradiation in 5 min 

(data not shown) [65], to avoid any interference in the generation of SO4·-

, since eaq
- can also rapidly react with S2O8

2-. The monitoring of persulfate 

concentration during the treatment is depicted in Figure 3a (24-48 h, red 

colored background).  



Annexes 
 

266 

Figure 3b (24-48 h) shows that the total concentrations of PFCAs highly 

increased, particularly C4-C6 PFCAs, as it was observed in the individual 

UV-S2O8
2- treatment. Regarding the progress of the PFSAs with time 

(Figure 3c), the concentrations of longer-chain PFSAs progressively 

decreased during this second treatment, in agreement with the results of 

UV-S2O8
2- treatment that were shown in Figure 2b. Additionally, this 

sequence of UV-sulfite plus UV-persulfate treatments, achieved the 

highest total removal ratios of 96, 65, 50 and 36 %, for PFOS, PFHpS, 

PFHxS and PFPeS, respectively, after 48 h of irradiation. The change of 

FTs concentrations with time is displayed in Figure 3d. Whereas 6:2 FTCA 

partially increased during the treatment, SO4
•- radicals can efficiently 

remove 6:2 FTSA, 8:2 FTSA and 6:2 FTUCA from the AFFF solution, 

similarly to the effect of the UV- S2O8
2- displayed in Figure 2d.  

In summary, during the first reductive stage, the ƩPFASs content decreased 

to 2,281 ng.L-1 after 24h of irradiation time. However, this total 

concentration of PFASs increased again to 4585 ng.L-1 after the second 

persulfate stage of this sequence (Table S3), due to the degradation of 

unidentified precursors by sulfate radicals.  

3.4. Overview of AFFF composition and treatments 

Since AFFF compositions are proprietary, some possible PFASs 

precursors in the AFFF formulation used in the present work were 

proposed, based on the trends of PFASs during the treatments and data 

from literature. 

Fluorotelomers 

Firstly, the initial content of the fluorotelomer carboxylates and 
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fluorotelomer sulfonates on the target screening list studied in the sample 

was minor among the total PFASs content. However, the important 

formation of 6:2 fluorotelomer carboxylate during the oxidative treatment, 

revealed that unknown fluorotelomer-based precursors could be 

considered the most abundant component in the AFFF sample. The 

formation of FT carboxylates has been previously related to the photolytic 

degradation of fluorotelomer alcohols which can exists as both primary 

contaminants and intermediates. In this way, Cn fluorotelomer alcohols 

were degraded into Cn fluorotelomer carboxylates and PFCAs under UV 

oxidations [39,66–68].  Moreover, 6:2 FTCA, FTUCA and 5:3 FTCA were 

also detected as semi-stable intermediates by abiotic and biotic 6:2 FTOH 

degradation [69], which can also explain the generation of FTUCA as a by-

product in the present work. On the other hand, the formation of 

fluorotelomer sulfonates, particularly 6:2 FTSA, can be associated with the 

presence of fluorotelomer sulfonamide-based compounds in AFFF, such 

as fluorotelomer sulfonamide alkylbetaine (FTAB). FTAB, fluorotelomer 

thioether amido sulfonate (FtTAoS) and fluorotelomer sulfoxide amido 

sulfonate (FTSAS-sulfoxide) have been recently identified as alternatives 

to replace PFOS in AFFF formulations [5,17,70,71]. These PFASs 

precursors and fluorotelomers are more susceptible to oxidative 

degradation since they contain unfluorinated carbons (i.e., −CH2–CF2– into 

−CH═CF−) or individual chemical moieties within their molecular 

structures [72]. D’Agostino et al. [43] reported the biodegradation 6:2 

FTAB produces FTOH, FTCA, FTUCA, 5:3 FTCA and PFHxA and 

PFPeA. Direct photolysis of 6:2 FTAB gave rise to the generation of 6:2 

fluorotelomer sulfonamide (6:2 FTSAm), 6:2 fluorotelomer sulfonamide 

alkylamine (6:2 FTAA), 6:2 FTOH and 6:2 FTUCA and PFHpA, PFHxA 

and PFPeA, whereas the BDD electrochemical oxidation of industrial 
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effluents that contain 6:2 FTAB produced 6:2 FTSA and PFCAs (C7-C4) 

[53,73]. Bruton et al. [17] observed the transformation of 6:2 FtTAoS in 

mainly PFHxA, and also PFHpA, PFPeA and PFBA, by heat activated-

persulfate. Overall, it has been reported that Cn sulfonamide-containing 

compounds can be transformed to equimolar quantities of the 

corresponding Cn fluorotelomers or PFCAs [17,53], whereas Cn 

fluorotelomers are transformed to a mixture of PFCAs of varying carbon 

chain length [15,17,20,39,74]. Furthermore, based on the literature and the 

fluorotelomer trends in the different treatments herein shown, it could be 

pointed out that high content of an unknown C6 sulfonamide-based 

precursor (such as 6:2 FTAB [75]) in the AFFF formulation could give rise 

to 6:2 FTCA in the oxidative treatment, whereas 6:2 FTSA and 6:2 FTUCA 

can be formed as by-product during the reductive treatment. This idea is 

supported by the low generation of 6:2: FTCA during the UV-persulfate 

treatment used as the second stage (Fig. 3d), when its precursors seems to 

be eliminated in the first reductive stage. However, future reseacrh will be 

focus on the identification of these kind of sulfonamide precursors in the 

initial AFFF sample.  

Perfluoroalkyl sulfonates 

Within this group of PFASs, PFOS was initially the most abundant 

component in the AFFF mixture used in this work. On the one hand, PFOS 

initially increased during the second reductive stage in sequence 1, and 

then decreased by means of eaq
- species. This indicates that AFFF also 

contains perfluoroalkyl sulfonamide-based precursors, such as 

perfluorooctane sulfonamide (FOSA) which has been found in AFFF-

impacted groundwater [76,77]. This type of precursors can be also 

transformed into PFCAs (PFOA in this case) and the corresponding 
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perfluoroalkyl sulfonamide as well [44].  

On the other hand, based on the results, it is concluded that both sulfate 

radicals and hydrated electrons could decompose long-chain PFSAs in the 

UV-persulfate and UV-sulfite treatments. The oxidative degradation 

pathways of PFOS initiated by SO4·- radicals are not clear at present. 

However, it has been reported that the first oxidative attack of PFOS may 

occur at the C-S bond, to form C8F17· [25,37,49,78]. Yamamoto et al. [49] 

demonstrated that PFOS can undergo two major degradation pathways, via 

C8HF17 and C8F17OH, under UV irradiation and alkaline 2-propanol. As a 

result, short-chain fluorinated compounds such as C7HF15 and C7F15OH by 

stepwise removal of CF2 were produced, to result in the formation of 

PFCAs. On the other hand, the reductive route of PFOS by eaq
- species 

could initially start with the formation of PFOS•2− (CnF2n+1SO3
•2−) which 

would further dissociate and produce different fragments [29,79]. CnF2n+1
- 

was the most likely produced species which may be transformed to PFOA 

through defluorination and hydrolysis reactions. 

Perfluoroalkyl carboxylates 

The initial content of PFCAs (C4-C9) in the AFFF formulation was 

relatively low. Two different PFCAs trends were observed over the 

treatments: (i) formation and degradation of PFCAs in the oxidative 

system, and (ii) only degradation of PFCAs was obtained by UV-sulfite 

treatment.  

The formation of PFCAs was the last step in the degradation of 

fluorotelomers or unknown sulfonamide- and fluorotelomer-based 

precursors in the UV-persulfate treatment. Houtz et al. [10] also observed 

the presence perfluorohexane sulfonamide amine (PFHxSAm) and 
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perfluorohexane sulfonamide amino carboxylate responsible for PFHxA 

production in 3M AFFF. Once PFCAs are formed, the content of PFCAs 

subsequently decreased with the reaction with SO4
•- by the well-known 

sequential chain-shortening mechanism forming shorter-chain PFCAs, F- 

and CO2 [14,16,20,58].  

On the other hand, eaq
- generated during the UV-sulfite treatment were 

more reactive with fully fluorinated compounds (PFCAs and PFSAs) than 

with compounds that contained unfluorinated carbons. Qu et al. [27] and 

Song et al. [34] proposed reductive degradation routes in which PFOA 

could initially react with eaq
- releasing fluorine to form C7F14HCOOH and 

C7F13H2COOH. Afterward, C6F13·, ·COOH radicals and CH2 carbene were 

generated from C7F13- H2COOH under irradiation. The reaction between 

C6F13· and ·COOH radicals may occur to form shorter chain perfluoroalkyl 

carboxylate, C6F13COOH, which is further degraded in the same manner. 

Similarly, C6F13· radical can undergo hydrolysis and HF loss to yield 

perfluoroalkyl carboxylates, which would be further decomposed by the 

same mechanism. 

4. Conclusions 

This work evaluates the feasibility of sequential UV oxidative/reductive 

treatments for the degradation of a complex mixture of PFASs contained 

in a AFFF formulation. The precise chemical compositions of AFFF 

formulations are proprietary, nevertheless, different perfluorocarboxylates, 

perfluorosulfantes, fluorotelomer carboxylates and fluorotelomer 

sulfonates were identified. PFOS present a notably higher initial content in 

the sample, among the identified PFASs. PFOS present a notably higher 

initial content in the sample, among the identified PFASs. Moreover, the 
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sample contained high content of unknown PFASs precursors, as it was 

revealed with the total fluorine content of AFFF obtained by 19F-NMR, that 

corresponded only to the 30 ± 5% of total F calculated from the initial 

concentration of PFASs detected. To the best of our knowledge, this is the 

first study investigating combinations of consecutive treatments of AFFF. 

The results demonstrated that each photochemical system exhibited 

different performance for each PFAS group. Whereas fluorotelomer 

carboxylates seem to be inert to the reductive treatment, their concentration 

increased over the UV-activated persulfate treatment. Fluorotelomer 

sulfonates were effectively oxidized by sulfate radicals, while the levels of 

these compounds rose during the reduction. It was suggested that one 

sulfonamide-based precursors present in the AFFF formulation may be 

transformed into fluorotelomers FTs detected by different degradation 

pathways in oxidative and reductive treatments. In contrast, the 

degradation trends of PFSAs were similar between reductive and oxidative 

strategies. However, PFCAs were effectively degraded by eaq
- species, 

while their concentrations partially increased during the oxidation, due to 

the high transformation unknown precursors to fluorotelomers, and 

consequently to PFCAs, which were also decomposed step-by-step to 

shorter-chain PFCAs. As a result, it can be concluded that eaq
- are more 

reactive with perfluorinated compounds (PFSAs and PFCAs), and SO4
•- 

radicals could react more rapidly with PFAS precursors and fluorotelomers 

that content unfluorinated carbons.  

Furthermore, as the efficacy of reduction and oxidation processes seemed 

to be affected by the molecular structure of PFASs, sequential UV 

oxidative/reductive treatments were applied for facilitating the degradation 

of the PFASs. Tests of different sequential treatments showed the most 
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promising combination to be a sequence of UV-sulfite followed by UV-

persulfate, which achieved the highest removal of the total PFASs content 

in AFFF. Indeed, a 96% elimination of PFOS was obtained after 48h in 

this sequence. When UV-sulfite is used as second stage, it was less 

effective applied after the persulfate treatment, than the individual 

treatment. Further research investigating potential PFASs precursors in the 

AFFF mixture and the possible routes of oxidation and reduction of PFASs 

will be addressed. 

Appendix A. Supplementary data 

Additional information regarding the full name, chemical structure, LOQs 

for PFASs detected in AFFF and PFASs concentrations after the treatments 

are gathered.   
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Table S1. Full names, abbreviations and limits of quantification (LOQs) for 

PFAS analytes identified in this work. 

Compound Compound Name Lower LOQ 
(ng.L-1) 

Upper LOQ 
(ng.L-1) 

Perfluoroalkyl carboxylates (PFCAs)   

PFBA Perfluoro-n-butanoic acid 18.8 2323 

PFPeA Perfluoro-n-pentanoic acid 0.6 2323 

PFHxA Perfluoro-n-hexanoic acid 0.6 2323 

PFHpA Perfluoro-n-heptanoic acid 2.3 2323 

PFOA Perfluoro-n-octanoic acid 0.6 2323 

PFNA Perfluoro-n-nonanoic acid 1.2 2323 

Perfluoroalkyl sulfonates (PFSAs)  

PFPrS perfluoro-1-propanesulfonate 5.8 1161 

PFBS perfluoro-1-butanesulfonate 0.6 2323 

PFPeS perfluoro-1-pentanesulfonate 0.6 2323 

PFHxS perfluoro-1-hexanesulfonate 2.3 2323 

PFHpS perfluoro-1-heptanesulfonate 2.3 2323 

PFOS perfluorooctanesulfonate 1.2 1161 

PFNS perfluoro-1-nonanesulfonate 0.6 1161 

Fluorotelomer carboxylates (FTCAs)  

6:2 FTCA 2-Perfluorohexyl ethanoic acid (6:2) 23.2 2323 

Fluorotelomer sulfonates (FTSAs)  

6:2 FTSA 1H,1H,2H,2H-perfluorooctane sulfonate (6:2) 0.6 2323 

8:2 FTSA 1H,1H,2H,2H-perfluorodecane sulfonate (8:2) 2.3 581 

Fluorotelomer unsaturated carboxylates (FTUCAs)  

6:2 FTUCA 2H-Perfluoro-2-octenoic acid (6:2) 2.3 5807 
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Table S2. Initial concentration (Cinitial) and the variation of each PFAS 

concentration (ΔC=Cfinal -Cinitial) after individual UV-S2O8
2- treatment and 

sequence of UV-S2O8
2- and UV-SO3

2- systems. 

 Cinitial (ng.L-1) ΔC (ng.L-1) 
UV-S2O82-  

ΔC (ng.L-1)  
UV-S2O82- + UV-SO32-  

PFBA 244 ± 44 1068 ± 406 -2 ± 39 
PFPeA 178 ± 38 601 ± 40 -151 ± 21 
PFHxA 1103 ± 196 462 ± 88 -984 ± 133 
PFHpA 100 ± 6 359 ± 41 -30 ± 6 
PFOA 220 ± 15 -112 ± 8 1512 ± 1406 
PFNA 39 ± 2 24 ± 1 2482 ± 1429 
PFPrS 100 ± 1 -3 ± 0* -5 ± 4 
PFBS 19 ± 0 0 ± 0* 2 ± 0 
PFPeS 128 ± 3 -43 ± 2 -50 ± 3 
PFHxS 844 ± 3 -239 ± 5 -307 ± 13 
PFHpS 131 ± 3 -56 ± 1 -41 ± 2 
PFOS 5929 ± 587 -4686 ± 551 -3436 ± 259 

6:2 FTCA  1611 ± 154 1028 ± 6 
6:2 FTSA 357 ± 119 -333 ± 117 2 ± 192 
8:2 FTSA 230 ± 76 -230 ± 76 -94 ± 32 

6:2 FTUCA 50 ± 0 -50 ± 0 1303 ± 0 

ƩPFASs 9672 ± 1094 -1628 ± 197 1228 ± 2720 

*The drop of PFAS concentration could be associated with the effect of adding 
extra volume with Na2S2O8 spikes (10mM) into the reacting media (which 
represented a removal ratio around 6 %). 
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Table S3. Initial concentration (Cinitial) and the variation of each PFAS 

concentration (ΔC=Cfinal -Cinitial) after individual UV-SO3
2- treatment and 

sequence of UV-SO3
2- and UV-S2O8

2- systems. 

 Cinitial (ng.L-1) ΔC (ng.L-1)  
UV-SO32-  

ΔC (ng.L-1)              
UV-SO32- + UV-S2O82-  

PFBA 58 ± 19 -43 ± 6 1137 ± 426 
PFPeA 31 ± 14 -29 ± 14 959 ± 435 
PFHxA 217 ± 27 -213 ± 27 818 ± 185 
PFHpA 30 ± 10 -13 ± 4 299 ± 81 
PFOA 119 ± 45 -82 ± 15 77 ± 50 
PFNA    
PFPrS 63 ± 27 20 ± 2 8 ± 6* 
PFBS 13 ± 5 7 ± 0 9 ± 0* 
PFPeS 149 ± 39 -38 ± 26 -54 ± 27 
PFHxS 777 ± 95 -200 ± 2 -388 ± 41 
PFHpS 84 ± 15 -35 ± 12 -54 ± 6 
PFOS 5269 ± 1151 -4547 ± 1126 -5096 ± 1092 

6:2 FTCA 22 ± 7 -3 ± 7 19 ± 7 
6:2 FTSA 99 ± 4 447 ± 39 -80 ± 8 
8:2 FTSA 31 ± 37 48 ± 16 -30 ± 37 

6:2 FTUCA 3 ± 0 1 ± 0 -1 ± 0 

ƩPFASs 6964 ± 1497 -4683 ± 1182 -2379 ± 61 

*The drop of PFAS concentration could be associated with the effect of adding 
extra volume with Na2S2O8 spikes (10mM) into the reacting media (which 
represented a removal ratio around 6 %). 
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Figure S1. Photochemical experimental system formed by the UV reactor, 

refrigeration system, magnetic stirrer, UV low pressure mercury lamp and N2 

tank (for UV/sulfite experiments).  
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Prior to AFFF experiments, control tests were carried out to study the 

sensitizers decay by UV irradiation (Figure S2). After 4h of UV irradiation, 

complete depletion of persulfate was obtained. However, the concentration 

of sulfite after 24h of UV irradiation was around the 50% of the initial 

concentration. According to these results, additional aliquots of 10-12 mM 

Na2S2O8 were added to the reacting media to maintain a regular content of 

sensitizers throughout the AFFF tests. On the contrary, no additional 

aliquots of sulfite were introduced during the reductive experiments.  

Figure S2. Evolution of the dimensionless concentration of each sensitizer: (a) 

persulfate and (b) sulfite with time under UV irradiation. The initial 

concentration of sensitizers was 10 mM. 
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