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ABSTRACT

Halogenated organic compounds are frequently characterized by their 

bioaccumulative nature, and long-term effects on human health. Their low 

biodegradability and their difficult removal by conventional technologies lead to 

their undesirable persistence in the environment. Titanium dioxide and reduced 

graphene oxide TiO2-rGO composites have shown promising results with 

enhanced photocatalytic degradation rates compared to bare TiO2 in the 

degradation of a good number of persistent pollutants. In this context, this work 

deepens on the influence of the type and number of halogen substitution on the 

photocatalytic degradation of halogenated organic compounds (HOCs). For the 

experimental analysis two HOCs, dichloroacetic acid (DCA) and 

perfluorooctanoic acid (PFOA), have been selected as both molecules differ in 

the type of halogen atoms, chlorine and fluorine, the number of halogen atoms, 

and in the length of the alkyl chain. The results showed that TiO2-rGO catalysts 

achieved a similar kinetic performance for the removal of the primary contaminant 

in terms of its degradation rate. Besides, TiO2-rGO composite successfully 

induced the release of all chlorine atoms from the DCA molecule, achieving its 

total mineralization. However, PFOA defluorination and mineralization rates were 

remarkably lower than its degradation rate. Although both contaminants released 

two halogen atoms step-by-step for the degradation of each molecule, PFOA 

dehalogenation was slowed down due to the generation of secondary products 

that retain fluorine. Therefore, we conclude that the composite photocatalysts 

showed a similar performance in terms of degradation rate of the primary 

contaminant independent on the length of the alkyl chain and on the number of 

halogen atoms, however, the mineralization and dehalogenation rates were 
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strongly dependent on the number of halogen substituents and the length of the 

alkyl chain.
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1. Introduction

Water pollution is one of the main challenges that society has to face to ensure 

the quality and availability of freshwater resources due to the inevitable prospects 

of water scarcity (Ortiz et al., 2015). Indeed, the quality of water resources is 

continuously threatened due to the increased release of anthropogenic pollutants 

from industrial, agricultural and human activities. Among water contaminants, 

halogenated organic compounds (HOCs) are persistent, bio-cumulative and 

potentially toxic (Fujii et al., 2007; Luo et al., 2015). Due to these properties, 

international action to control the use of HOCs and their impact on the 

environment started in the 1970s, when North America, Western Europe and 

Japan banned dieldrin, dichlorodiphenyltrichloroethane (DDT) and restricted 

polychlorinated biphenyls (PCBs). Since then, many HOCs have been subjected 

to stricter regulations (UNEP, 2001).

Within the HOCs group, dichloroacetic acid (DCA) is an haloacetic acid (HAA) 

analogous to acetic acid, where 2 of the 3 hydrogen atoms of the methyl group 

have been replaced by chlorine atoms (Fig. 1A). HAAs constitute the second 

most important group of disinfection by-products (DBPs) found in drinking water 

https://en.wikipedia.org/wiki/Acetic_acid
https://en.wikipedia.org/wiki/Atoms
https://en.wikipedia.org/wiki/Methyl_group
https://en.wikipedia.org/wiki/Chlorine
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after chlorine disinfection (Esclapez et al., 2012). DBPs have been widely related 

to adverse effects on human health, including cancer, growth retardation, 

congenital cardiac defects, and spontaneous abortion (Zhang et al., 2010). 

Although, the European Drinking Water Directive 98/83/EC (DWD) does not 

currently stablish any guideline for HAAs in drinking water, in the US EPA 

classification, DCA is considered as a potential human carcinogen, and 

accordingly the US EPA has set a maximum level of 60 µg L-1 for HAAs in drinking 

water (USEPA, 1998). Moreover, Australia and New Zealand regulate a limit of 

100 µg L-1 of DCA in drinking water (Zhang et al., 2010) and Japan’s drinking 

water standards for DCA is 40 µg L-1 (Sakai et al., 2013). 

Perfluorooctanoic acid (PFOA) is another hazardous compound ubiquitously 

detected in the natural environment (Fig. 1B). PFOA belongs to the family of 

perfluoroalkyl substances (PFAS) and consists of a fully fluorinated alkyl chain of 

eight carbons with a carboxylic acid end-group. This molecular structure offers 

unique physical-chemical properties, such as the amphiphilic character, and the 

extraordinary thermal and chemical stability, that have led to its use in pesticides, 

cosmetics, greases, paints, adhesives or aqueous film forming foams used for 

firefighting (Kissa, 2001; Prevedouros et al., 2006). As a result, PFOA has been 

found in drinking and ground waters, in industrial effluents and landfill leachates 

(Fuertes et al., 2017; B. Gomez-Ruiz et al., 2018; Hu et al., 2016), as well as in 

human blood, serum, plasma and tissues (Bartolomé et al., 2017). Many studies 

have reported that human PFAS exposure has been linked to elevated 

cholesterol, obesity, immune suppression, endocrine disruption and cancer 

(Gilliland and Mandel, 1993; Nelson et al., 2010). The USEPA has also 

established health advisory levels for PFOA and PFOS in drinking water at 0.07 
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µg L-1 (USEPA, 2016). Since June 2017, the European Union has also published 

actions to ban the PFOA production, and its use and placement in the market 

(The European Commission, 2017). Some technologies have already been 

applied but its fully removal is still an issue (Banks et al., 2020).

128.94 g mol-1 414.07 g mol-1

Figure 1 Chemical structures of DCA (A) and PFOA (B).

The recalcitrant nature of HOCs towards most conventional wastewater 

treatments was typically attributed to the strong C−X bonds (where X is the 

halogen atom) (Kissa, 2001). The energy bond increases in this order: C−F > 

C−Cl > C−Br > C−I. Nevertheless, over the last few decades, advanced oxidation 

processes (AOPs) have appeared as non-conventional techniques that are able 

to enhance the oxidation ability for the degradation of recalcitrant compounds.  

AOPs stand out thanks to their versatility, non-selectivity to the target compound 

and the production of the highly reactive oxygen species (ROS), mainly the 

hydroxyl radicals (·OH), which are able to degrade organic compounds 

(Comninellis et al., 2008; Miklos et al., 2018). 

Among them, research on heterogeneous photocatalysis is increasing. Although 

the positive features of TiO2 (Pelaez et al., 2012), it still presents limitations to 

real photocatalytic applications (Spasiano et al., 2015). It is only activated under 

ultraviolet light, which represents about 5% of the solar spectrum, and exhibits 

A B

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxyl-radical
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high electron-hole pair recombination. To overcome these drawbacks of the TiO2 

catalyst, new strategies based on the combination of TiO2 with other elements, 

such as noble metals, and carbon-based materials have been recently addressed 

(Dahl et al., 2014). Among them, graphene oxide (GO) shows outstanding 

properties because it can be easily reduced to reduced graphene oxide (rGO) 

during coupling with TiO2 nanoparticles via hydrothermal synthesis, providing a 

significant opportunity for TiO2-rGO materials. These composites can provide 

several advantages: (i) rGO can act as an electron trap, avoiding the undesirable 

electron-hole recombination; (ii) the excitation wavelength can be broaden to the 

visible region; (iii) the composite can be easily recovered because of the large 

surface area of the rGO nanosheets, and (iv) promotion of the adsorption of 

reactants thanks to additional active sites (Leary and Westwood, 2011). The 

effective photocatalytic activity of the composites based on GO and TiO2 

nanoparticles has become of increasing interest in the past years in the literature 

(Adamu et al., 2016; Kumordzi et al., 2016; Lavanya et al., 2016; Pastrana-

Martínez et al., 2012; Wang et al., 2013).

The present work aims to generate further knowledge on the photocatalytic 

performance of TiO2-rGO composites by comparatively analyzing the 

degradation and mineralization rates of two different recalcitrant halogenated 

organic compounds, DCA and PFOA. Both contaminants differ in the halogen 

type, chloride and fluoride, in the number of halogens that are bonded to carbon 

atoms, and in the length of the alkyl chain thus, offering a broader scope to the 

study. 

2. Experimental
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2.1. Chemicals 

PFOA (C7F15COOH, 96% purity), perfluoroheptanoic acid (PFHpA, C6F13COOH, 

99% purity), perfluorohexanoic acid (PFHxA, C5F11COOH, 96% purity), 

perfluoropentanoic acid (PFPeA, C4F9COOH, 97% purity) and DCA (99% purity) 

from Sigma Aldrich Chemicals were used. All solutions were prepared with Q-

POD Millipore water with conductance of 18.2 mΩ cm at 25 °C and 3 ppb of 

dissolved organic carbon (DOC). TiO2 P25 (Evonik) was selected to prepare the 

composite material.

2.2. Synthesis and characterization of TiO2-rGO photocatalyst

Graphene oxide (GO) based on hard oxidation of graphite powder and 

subsequent exfoliation for GO nanosheets following modified Hummers method 

(Hummers and Offeman, 1958) was carried out. TiO2-rGO composite was 

synthetized via the hydrothermal method with GO content of 5 wt% (Ribao et al., 

2017). The material was characterized via several techniques: transmission 

electron microscopy (TEM), Fourier transform infrared (FTIR) spectroscopy, 

Raman spectroscopy, X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) 

method for specific surface area calculation, X-ray photoelectron spectroscopy 

(XPS), atomic force microscopy (AFM), thermogravimetric analysis (TGA), and 

UV/Vis diffuse reflectance spectroscopy (Gomez-Ruiz et al., 2018; Ribao et al., 

2017; Ribao et al., 2018). During the synthesis, GO was reduced and TiO2 

nanoparticles were dispersed on the graphene nanoplatelets (Ribao et al., 2017). 

Moreover, Table 1 provides an overview of the main TiO2-rGO features. The 

specific surface area of the nanocomposite was evaluated from nitrogen 

adsorption isotherms using the BET equation. The number of graphene layers 
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was obtained from AFM; atomic composition was calculated by XPS; rGO real 

content was derived from TGA analysis heating the sample from 25ºC to 910 °C 

at 20 °C min−1 under 50 mL min-1 of nitrogen flow in an alumina cell and the band 

gap was calculated from UV-vis diffuse reflectance spectroscopy using the 

Kubelka-Munk function described elsewhere (Ribao et al., 2018).

TiO2 (Degussa) TiO2-rGO 5 wt.%

Specific area  (m2 g-1) 50.0 62.2

Number of overlapping layers - 2

Atomic composition (at.%) Ti 26.6 28.1

O 73.4 58.1

C - 13.8

rGO content (wt.%) - 7.27

Band gap (eV) 3.25 2.94

Table 1. Summary of the main characterization results of TiO2 and TiO2-rGO 

catalysts.

2.3. Photocatalytic activity

Photocatalytic experiments were carried out in a Heraeus Laboratory UV Reactor 

under continuous magnetic stirring and temperature was kept at 25 °C thanks to 

a water/ethylene glycol cooling bath (PolyScience). The total reactor volume was 

1 L. A 150 W medium-pressure mercury lamp (Heraeus Noblelight TQ z1) with 



9

an emission spectrum between 200 and 600 nm was used as irradiation source. 

Aliquots of the reacting mixture were filtered through 0.45 µm polypropylene 

filters. The irradiation received on the outer wall of the reactor was 145 ± 41 W 

m-2, 82 ± 13 W m-2, 1.7 ± 0.1 W m-2 and 729 ± 72 W m-2 for UV-A, UV-B, UV-C 

and visible light ranges, respectively, measured by a HD2102.1 photo/radiometer 

(Delta OHM).

The initial concentrations of DCA and PFOA aqueous solutions used as feed in 

the experiments are higher than that in environmental matrices for the ease and 

accuracy of the analysis. The photocatalytic experiments were carried out with 

0.8 L of 7.75 mmol L-1 DCA solution (pH 2.2) with 0.3 g L-1 of photocatalyst. On 

the other hand, the initial concentration of the PFOA solution was set at 0.24 

mmol L-1, (initial pH 3.8). The TiO2-rGO composite dose was 0.1 g L-1 Every 

photocatalytic experiment was performed in duplicate and pH was not controlled 

during the process (Gomez-Ruiz et al., 2018).

Several control tests were also performed. Adsorption of DCA and PFOA onto 

the catalysts was tested. After 24 h without light irradiation, there was no 

significant adsorption of DCA either on the TiO2 or on the TiO2-rGO. However, it 

was observed slight PFOA adsorption of 5.2±0.1% and 5.3±1.2% on TiO2 and 

TiO2-rGO surfaces, respectively, at a catalyst concentration of 0.1 g L-1. 

Additionally, experiments using dispersed GO nanosheets under light irradiation 

did not lead to any significant difference in DCA and PFOA concentration, 

indicating the absence of photocatalytic activity of GO.

2.4. Analytical methodology

PFOA, PFHpA, PFHxA, PFPeA, were analyzed with a HPLC-DAD (Water 2695) 
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system with an X Bridge C18 column (5 µm, 250 mm x 4.6 mm, Waters). The 

column was placed 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 detector’s wavelength was fixed at 204 nm. The 

DCA and halogen ions (Cl- and F-) concentrations were measured in an ICS-1100 

(Dionex) ion chromatograph equipped with an AS9-HC column in isocratic mode 

using Na2CO3 9 mM as the eluent at a flow rate of 1 mL min−1 and a pressure of 

approximately 2000 psi, based on Standard Methods 4110B (APHA (American 

Public Health Association), 1998). A TOC-V CPH (Shimadzu Corp. Japan) was 

used to quantify dissolved organic carbon (DOC).

3. Results and discussion

The photocatalytic activity of the TiO2 and synthesized TiO2-rGO composite was 

studied through the degradation of two different halogenated organic compounds, 

DCA and PFOA. Moreover, the mineralization extent was monitored by both the 

release of halogen ions (chloride and fluoride) and the progress of DOC along 

the photocatalytic degradation time.

3.1. DCA and PFOA degradation over TiO2 catalyst

Fig. 2A provides the degradation yield of DCA and PFOA after 8 hours when 

using bare TiO2 photocatalyst. The removal of DCA and PFOA was 35% and 

10%, respectively. These limited degradation percentages likely resulted from the 

rapid recombination of electron/hole pairs formed by the TiO2 catalyst that 

restricts further degradation of the contaminants. Detailed data of the compounds 

degradation is included in the Supplementary material (Figure S1).
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The experimental data of DCA and PFOA degradation by TiO2 catalyst were fitted 

to a first order kinetic model (Equation 1). 

d [HOC]
dt = ―𝑘𝐻𝑂𝐶[HOC] (Eq. 1)

The first order kinetic constants (kHOC) for DCA and PFOA photocatalytic 

degradation by means of TiO2 were 0.055 h-1 (R2 = 0.989) and 0.018 h-1 (R2 = 

0.845) respectively. Therefore, the kinetic constant of DCA degradation by TiO2 

photocatalysis is 3 times higher than in the case of PFOA. 

Fig. 2B shows the chloride and fluoride ions release into the reaction medium, 

during the degradation of DCA and PFOA, respectively. Results are expressed 

as percentage of the total halogen content in the initial contaminant. Chloride and 

fluoride release arose from the cleavage of the highly energetic C-Cl and C-F 

bonds. As a result, 31% and 2% of the total content of Cl- and F- in the initial feed 

solutions were released, respectively. Therefore, the percentage of subtracted 

chloride was similar to the DCA degradation (35%, Fig. 2A), meaning that TiO2 

successfully induced the release of the chlorine atoms from the DCA molecule. 

However, in the case of PFOA treatment, although the obtained PFOA 

degradation raised up to 10% (Fig. 2A), only 2% of its fluorine content was 

released into the solution, confirming that the photoactivity of the TiO2 catalyst for 

PFOA dehalogenation was significantly constrained.  Hence, PFOA decay during 

TiO2-mediated photocatalysis can be partially associated to the adsorption on the 

catalyst surface (~5%). In addition, only 0.012 mmol L-1 of perfluoropentanoic 

acid (PFHpA) was observed in the analytical survey. PFHpA is expected to be 

formed in the first step of PFOA degradation route; the observed PFHpA 
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generation matches with the 5% degradation of the initial PFOA (value obtained 

subtracting the concentration of PFOA adsorbed on the catalyst).

 

Figure 2 DCA and PFOA degradation after 8 hours (A), dehalogenation (B), and 

mineralization after 8 hours (C) of photocatalytic treatment using TiO2. 
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In order to get further insight on the TiO2 performance over halogenated 

compounds degradation, Fig. 2C shows DOC removal during the photocatalytic 

treatment of DCA and PFOA solutions. After 8 hours of irradiation, the values of 

mineralization were 32% and 4% for DCA and PFOA, respectively, consistent 

with their dehalogenation ratios. Detailed data of the compounds mineralization 

is included in the Supplementary material (Figure S2).

3.2. DCA and PFOA degradation over TiO2-rGO catalyst

Fig. 3A shows the photocatalytic degradation yield of DCA and PFOA after 8 h of 

irradiation using the TiO2-rGO composite, 87% and 86%, respectively. Although 

the molecular structures of these contaminants exhibit different complexities, in 

terms of halogen atom nature, number of halogen substituents, and alkyl-chain 

length, the TiO2-rGO composite provided similar rates of removal for DCA and 

PFOA degradation, being the values of the first order kinetic constant 0.211 h-1 

(R2 = 0.924). Detailed data of the kinetic fitting is included in the Supplementary 

material (Figure S3).These results pointed out a significant enhancement for both 

DCA and PFOA degradation rates compared to bare TiO2. In addition, it is 

remarkable that although TiO2 exhibited different photoactivity in the degradation 

of DCA and PFOA, the TiO2-rGO composite degraded both compounds to the 

same extent. Hence, the combination of TiO2 nanoparticles with rGO nanosheets 

overcomes the limited performance of TiO2 catalysts. Since the specific surface 

area of the composite increased by 24% with respect to bare TiO2, this property 

alone could not explain the outstanding performance of the TiO2-rGO composite. 

Nevertheless, two advantages in terms of photocatalytic activity of the composite 

could be pointed out: (i) rGO can contribute as a charge carrier contributing to a 

reduction in the recombination of the electron-hole pairs and, (ii) band-gap tuning 
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(Leary and Westwood, 2011; Liang et al., 2014). Raman spectroscopy results 

demonstrated a systematic variation of D and G bands to lower wavelengths and 

an increase in the full width at half maximum in TiO2-rGO spectrum with respect 

to GO (Ribao et al., 2018), which could indicate electron transfer processes in 

rGO nanosheets. Moreover, UV/Vis reflectance measurements provided an 

indirect band gap value for TiO2-rGO (5 wt. % of rGO) of 2.94 eV (Table 1). This 

would imply a band gap extension leading to a better use of the light irradiation. 
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Figure 3 DCA and PFOA degradation after 8 hours (A), dehalogenation (B), and 

mineralization after 8 hours (C) of photocatalysis with TiO2-rGO.

The dehalogenation progress of DCA and PFOA using the TiO2-rGO composite 

is depicted in Fig.3B. The release of halogen anions to the aqueous solution 

increased up to 80% and 30% for chlorine and fluorine, respectively. Similar DCA 

degradation (87%, Fig 3A) and chloride release (80%, Fig 3B) was attained. In 

contrast, the fluoride release ratio (30%) was significantly lower than the total 

PFOA degradation ratio that was 86% (Fig 3A) after 8h of irradiation. However, 

PFOA dehalogenation was drastically enhanced using the TiO2-rGO composite 

compared to bare TiO2, which provided only the release of 2% of the fluorine 

content. 

Fig. 3C shows DOC removal during the photocatalytic treatment of DCA and 

PFOA solutions using the TiO2-rGO composite. It can be observed that the 

mineralization degree was 81% and 43% for DCA and PFOA, respectively. In the 

case of PFOA photocatalytic decomposition, lower values of DOC removal 

compared to its degradation rate could be attributed to the formation of 

intermediate perfluorocarboxylic acids (PFCAs). Shorter-chain PFCAs were 

monitored in experiments using TiO2-rGO catalysts (Fig. 4). The first PFOA 
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degradation product was PFHpA which was further decomposed to shorter-chain 

intermediates, PFHxA and PFPeA. The next shorter-chain PFCA in the 

degradation pathway would be volatile perfluorobutanoic acid (PFBA), which 

could not be determined by the analytical technique used in the present work.

 

Figure 4 Evolution of PFHpA, PFHxA and PFPeA concentrations (mmol L-1) with 

the irradiation time during the photocatalytic treatment of PFOA employing TiO2-

rGO catalyst.

Moreover, theoretical values of DOC were calculated for each contaminant (Fig 

3C). DOC reduction revealed that the measured values approximately matched 

remaining DCA (black dots in Fig. 3C). This could be attributed to the lack of 

organic intermediates formed during DCA degradation. DOC calculated from 

PFOA and intermediate products concentrations (black dots in Fig. 3C) was 

slightly higher than the measured DOC values, which can be likely assigned to 

undetected shorter-chain intermediate products. 

In view of the results, it is concluded that despite the fact that the TiO2-rGO 

catalyst managed to degrade both organohalogenated compounds, DCA and 

PFOA, following the same kinetic performance for the degradation of the primary 
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contaminant, the dehalogenation and mineralization ratios differed due to the 

different molecular structure of the contaminants (Fig. 1). 

The clear differences in PFOA and DCA defluorination and mineralization herein 

shown can be explained by their reaction pathways that are summarized in Figure 

5. The initial step of HOCs degradation consists of radical reactions to form 

halogenated alkyl radicals (Eq.2-3). The initiation of DCA decomposition took 

place by the hydroxyl radical attack, whereas PFOA transformation can result not 

only from direct reaction of PFOA with the photogenerated holes of the 

photocatalyst surface but also through indirect reaction with hydroxyl radical; or 

even by the combination of both mechanisms. The formed halogenated alkyl 

radicals were further oxidized or hydrolyzed to give either phosgene (COCl2) (Eq. 

4a) or perfluorinated alcohol (C7F15OH) (Eq. 4b). These unstable compounds 

undergo further dehalogenation in a second step, in which two halogen atoms 

are released for both contaminants (Eq. 5a and Eq. 5b)). As a result of the release 

of one -CX2- unit (where X is Cl or F), DCA was degraded and mineralized to the 

same extent since the molecule contains only one –CCl2- unit with two chlorine 

atoms. In contrast, PFOA forms a shorter-chain perfluorocarboxylate 

intermediate, that needs to proceed through the same degradation pathway in 

consecutive cycles until the complete mineralization is reached.
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Figure 5 Reaction pathways for DCA and PFOA degradation

In order to further confirm the validity of the common reaction pathway, the 

relationship between the release of halogen ions and the degradation of 

contaminants along the photocatalytic treatment is shown in Fig. 6. As it can be 

observed in Fig.6A, the ratio between the degraded DCA and the chloride release 

was found to be around two moles of chloride per each mole of DCA removed, 

according to the proposed mechanism. Moreover, Fig. 6B shows that each mole 

of PFOA initially involved the generation of 2 moles of fluoride, that is consistent 

with the reaction 5b leading to the formation of PFHpA as the first secondary 

product in the initial degradation stages. However, as it was remarked previously, 

the total PFOA dehalogenation process implies further degradation cycles of 

intermediate PFCAs, until the total dehalogenation would produce 15 moles of F-. 

For longer reaction times, Fig. 6B shows that for each mole of PFOA, only 5 moles 

of fluoride were detected. This result represents one third of the total fluorine 

contained in the initial PFOA according to the dehalogenation degree (30%, Fig 

3B), the incomplete PFOA degradation and the presence of perfluorinated 

intermediates. 
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Figure 6 Linear relationship between the release of halides and the degradation 

of the mother contaminants along the photocatalytic treatment using TiO2-rGO 

composite. A: chloride release vs. DCA removal; B: fluoride release vs. PFOA 

removal.

Taking into account the similar degradation degree of the primary HOCs and 

different mineralization and dehalogenation ratios obtained with the TiO2-rGO 

catalyst, it can be assumed that the photocatalytic performance mainly depends 

on the number of halogen substituents and the length of the alkyl-chain instead 

of the C-X bond strength of the HOCs molecules.

4. Conclusions

This study focuses on the comparative photodegradation performance of TiO2-

rGO catalyst for two persistent organohalogenated  carboxylic acids, 

dichloroacetic and perfluorooctanoic acids, DCA and PFOA, which differ in the 

type of halogen atoms, chloride and fluoride, in the number of halogen atoms that 

are bonded to carbon atoms, and in the length of the alkyl chain. TiO2, which was 

used as benchmark catalyst, exhibited low degradation rates in the treatment of 

both halogenated organic compounds. However, the TiO2-rGO catalyst 

Theoretic DOCTheoretic DOC
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overcame the limited performance of bare TiO2 achieving successful degradation 

of DCA and PFOA, regardless of the molecule complexity. Moreover, similar first 

order kinetic constants were calculated for the photocatalytic degradation of both 

contaminants. rGO could efficiently contribute as charge carrier limiting the 

electron/hole pair recombination. Besides, a desirable modification of the band 

gap of the composite was achieved, which could allow its utilization in a wider 

range of the UV-Vis spectra. Conversely, although TiO2-rGO catalyst reported 

high performance for both contaminants in terms of the degradation rate of the 

primary contaminant after 8 hours of irradiation time (87% and 86% for DCA and 

PFOA, respectively), the dehalogenation and mineralization rates for PFOA were 

only 30% and 43%, respectively. During the process, only one third of the total 

fluorine contained in the parent molecules was released into the solution due to 

the generation of shorter chain perfluorinated intermediates that retain fluorine 

atoms in their molecules. In contrast, DCA was degraded and mineralized to the 

same extent releasing the two chloride ions. It is concluded that the higher 

number of halogen substituents and the greater complexity of the longer alkyl-

chain length of PFOA molecule compared to DCA molecule involved more 

reaction steps and needed longer times to achieve the complete mineralization 

and dehalogenation of the HOC.
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Figure S1. DCA and FPOA removal during the photocatalytic treatment with 
TiO2 (A) and TiO2-rGO (B) as catalysts respectively.

Figure S2. DCA and FPOA mineralization during the photocatalytic treatment with 
TiO2 (A) and TiO2-rGO (B) as catalysts respectively.

A B

A B



28

Figure S3. DCA and FPOA removal fitting to first order kinetic model for TiO2-rGO 
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Highlights

 Photo-activity of TiO2-rGO was tested as a function of the organic pollutant 

nature 

 TiO2-rGO showed similar kinetic performance in terms of PFOA and DCA 

degradation rates 

 DCA was degraded and mineralized to the same extent using TiO2-rGO 

composite

 PFOA defluorination and mineralization were remarkably lower than its 

degradation

 Mineralization strongly depended on the number of halogen substituents 

and chain length
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