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• Improvement of the perfluorooctanoic acid 
(PFOA) degradation.

• Analysis of the photocatalyst performance 
and influence of the operating variables.

• Benefits of a membrane concentration step 
before the photocatalytic oxidation.
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1. Introduction

Per- and poly-fluoroalkyl substances (PFASs) are synthetic chemical 
compounds, which are introduced to the environment through their 
manufacturing and use in industry and consumer products, with applications 
as surfactants, coatings, water repellents for leather and textiles, in metal 
plating and aqueous film-forming foam used in firefighting, among others 
[1,2]. The term PFAS represents a large and diverse set of substances; the 
US Environmental Protection Agency has a list of more than 7000 PFAS [3]. 
Among all PFAS, perfluorooctanoic acid (PFOA) is identified as a substance 

of very high concern due to its extreme persistence, bioaccumulation, and 
mobility in the environment. While there is no direct evidence linking PFAS 
exposure to human deaths, there are numerous studies suggesting that PFAS 
exposure may be connected to several adverse effects on human health [4,5]. 
Therefore, PFOA was included in Annex A of the Stockholm Convention 
on Persistent Organic Pollutants (POPs), meaning that signing parties are 
committed to taking measures to eliminate its production and use [6]. Health 
concerns prompted manufacturers in Europe and North America to phase out 
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The ubiquitous presence of per- and poly-fluoroalkyl substances (PFAS) in the environment together with their persistence urges the development of cost-effective remediation 
technologies to be applied to their aqueous sources thus, preventing their entrance to nature. Among all PFAS, perfluorooctanoic acid (PFOA) has been identified as a substance 
of very high concern due to its extreme persistence, bioaccumulation, and mobility in the environment; however, conventional technologies for water remediation report low yield 
in PFOA degradation. Photocatalytic degradation reports outstanding characteristics in its application to the degradation of recalcitrant compounds. This alternative relies on the 
properties and characteristics of the semiconductor material used as a photocatalyst, a fact that has prompted a series of works related to the synthesis and viability of new catalysts 
in recent years. After the preliminary results obtained in our group with a new composite photocatalyst based on the combination of the more extended TiO2 P25 semiconductor with 
reduced graphene oxide, TiO2-rGO 5%, this work provides a deeper analysis of the influence of operation conditions on the degradation kinetics and highlights the relevance of a 
membrane pre-concentration step, especially for the removal of aqueous matrixes with low PFOA concentration.

http://www.msrjournal.com/article_703892.html
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the production of PFOA, although the decline has been offset by the increase 

in other regions such as Asia [7,8]. Moreover, the legacy of previous use of 

PFOA remains in landfill leachates [9], effluents of wastewater treatment plants 

[10], and groundwater impacted by aqueous film forming foams contaminated 

soils [11]. The USEPA established health advisory levels (HALs) for 

perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) in 
drinking water at 0.07 μg/L, both individually and combined [12]. Likewise, 

the European Directive on the quality of water intended for human 

consumption encourages member states to limit the sum of PFAS in drinking 
water below 0.10 μg/L [13]. Meanwhile, a report documented that up to 6 

million U.S. residents might be exposed to drinking water that exceeds these 

HALs [11].  
Many studies emphasize the low efficiency of conventional water 

treatment technologies for the elimination of PFOA [14,15]. A recently 

published study reports an intensive survey of PFOA and PFOS concentrations 
in the effluents of numerous wastewater treatment facilities in the United 

Kingdom [16]. Furthermore, this study concluded that PFOA concentration in 

the effluent was on a whole increasing up to 35%, compared to influent 
concentration. Other studies on the removal of PFOA during wastewater 

treatment demonstrate that effluent concentrations can be higher than influent 

levels owing to its formation via the biodegradation of precursor compounds 
[17,18].  

Adsorption and ion exchange are the most extensively studied technologies 

for PFAS removal from water. However, adsorption techniques have several 
disadvantages, such as the low efficiency of regeneration of adsorbents, and 

when applicable, the generation of large amounts of waste organic solvents 
used as regenerants [19]. A different approach for separating PFAS from water 

is to apply nanofiltration and reverse osmosis membrane processes [20-24]. 

Combining membrane separation with efficient degradation technologies such 
as electrocatalysis or electrooxidation to degrade the PFAS retained in the 

concentrate has been explored as a more efficient treatment than oxidation 

alone [25,26]. 
PFOA photocatalytic decomposition, with the advantage of low energy 

consumption, requires highly efficient photocatalysts able to perform PFOA 

degradation at mild conditions. Although TiO2 shows a limited performance 
for PFOA degradation, an increasing number of semiconductors, such as 

materials based on In, Ga and Bi have shown much higher effectiveness in 

PFOA degradation [27-29]. Notably, TiO2 properties for the degradation of 
perfluorochemicals have been improved by hybridizing them with 

carbonaceous materials such as carbon nanotubes [30] and graphene 

nanosheets [31]. One approach consists of the concentrate and destroys 
strategy, in which the activated carbon adsorbs and concentrates the 

contaminant on the photoactive sites, facilitating the subsequent degradation of 

PFOA [32-34]. Graphene-related materials, e.g., reduced graphene oxide 
(rGO), possess excellent properties such as high electrical conductivity and 

electron mobility. The electronic properties of rGO decrease the electron-hole 

recombination rate in the TiO2, as well as reduce the nano-composite band-gap 
and contribute to avoiding the agglomeration of the nanoparticles which is 

usually found for TiO2 P25 catalyst [35-37]. Pachangam et al. [38] and Shang 

et al. [39] reported the photocatalytic degradation of PFOA on Pb-BiFeO3/rGO 
catalyst under UV 254 light achieving 69.6% PFOA degradation and 28% 

mineralization under the optimal conditions. Gomez-Ruiz et al. [35] reported 

that low dosages (0.05 g/L) of TiO2-rGO under UV-Vis light achieved 937% 
PFOA removal and 62% mineralization after 12 hours, a notable enhancement 

compared to TiO2 that in the same operation conditions only degraded 24% of 

PFOA. Using graphene oxide deposited TiO2 nanotube arrays PFOA 
degradation was favored at acidic pH [40], although the authors concluded that 

PFOA degradation efficiency was strongly dependent on operational 

parameters, on which the information was still insufficient. Within this context 
and considering the promising results so far obtained with composite 

photocatalysts containing graphene oxide (and its reduced form) this work 

deepens the influence of the operation variables, namely, solution pH and 
concentration of PFOA on the degradation kinetics highlighting the potential 

improvement of membrane concentration before the photocatalytic oxidation, 

especially for low concentrations such as those found in contaminated waters. 

 

 

2. Materials and methods 

 
2.1. Chemicals 
 

Perfluorooctanoic acid (C7F15COOH) and p-benzoquinone (BQ) were 

obtained from Sigma-Aldrich. Graphene oxide (GO) water dispersion of 0.4 

wt% was acquired from Graphenea and titanium dioxide TiO2 Aeroxide P25 

was purchased from Evonik Industries. Sodium hydroxide 50% solution was 
obtained from EMSURE and hydrochloric acid 0.1 mol/L, and formic acid 85% 

(FA) from PanReac. Ammonium acetate and UHPLC-MS grade methanol from 

Scharlab were used for analytical purposes. Tert-butanol (t-BuOH) was 

obtained from Sigma-Aldrich. 

 
2.2. Synthesis and characterization of TiO2-rGO photocatalyst 
 

The photocatalyst was composed of 95 wt% of TiO2 P25 and 5 wt% of 

reduced graphene oxide synthesized by the hydrothermal method [35,41-45]. 
In summary, 150 mL of ultrapure water containing 760 mg of commercial TiO2 

was mixed with 10 mL of the GO commercial solution. These conditions were 

selected from previous studies of the research group [36,37]. After stirring for 
2 h, the solution was introduced in a 200 mL Teflon-lined stainless-steel auto-

clave and maintained at 120 ºC for 3 h to achieve the GO reduction and the 
loading of the titanium dioxide on the reduced GO sheets. Finally, the 

composite was centrifuged, rinsed with ultrapure water, and fully dried at 50 

ºC overnight. 
Fourier-transform infrared (FT-IR) spectra of the synthesized TiO2-rGO 

composite were determined in a Perkin-Elmer equipment. GO samples were 

dried at 30 ºC for 12 h before analysis. Thermal characterization was carried 
out in a Shimadzu DTG-60H Differential Thermal Gravimetric Analyzer 

working under a nitrogen atmosphere, with a flowrate of 50 mL/min in the 

temperature range of 10-500 ºC at an increasing rate of 10 ºC/min. Moreover, 
the Zeta potential and the particle size of the photocatalyst were measured in a 

Zetasizer Nano ZS apparatus (Malvern). Additional characterization of TiO2-

rGO 5% can be found in the literature [36].  

 
2.3. Experimental methodology 
 

All photocatalytic experiments were carried out in a Light Emitting Diodes 

(LEDs) photoreactor. This light source was used by other research groups [46-
48]. A 1 L Pyrex glass vessel was filled with the target solution. LED Enging 

LZ1-00UV00 light source consisted of 30 units with an emission wavelength 

of 365 nm; it was placed around the reaction vessel at a 3 cm distance from the 
reactor wall [49]. Ochiai et al. [50] also treated perfluorocarboxylic acids with 

UV-A light. The irradiance was 213.4 mW/cm2, which corresponded to an 

electrical power consumption of 75 W. Furthermore, the photocatalytic LEDs 
reactor included a control panel to set the electrical power consumption and the 

radiation intensity.  

PFOA solutions were prepared using ultrapure water (Q-POD Millipore) 
with four different initial concentrations of PFOA: 0.12 mM, 0.24 mM, 0.36 

mM, and 0.48 mM. Samples of the reaction mixture were extracted at defined 

time intervals and filtered through a 0.22 μm polypropylene filter (FILTER-
LAB) before analysis. 

 
2.4. Analytical techniques 
 

The concentration of PFOA and its degradation products 

perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid (PFHxA), 

perfluoropentanoic acid (PFPeA), and perfluorobutanoic acid (PFBA) were 
analyzed using an ultraperformance liquid chromatography (UHPLC) system 

(Acquity H-Class, Waters) equipped with an X Bridge C18 column (5 μm, 250 

mm x 4.6 mm, Waters) and a triple-quadrupole mass spectrometer (Acquity 
TQD, Waters). A mixture of methanol (65 %) and dihydrogen phosphate (35 

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

mL/min. The Limit of Quantification (LOQ) was 0.1 μg/L for PFOA and its 
intermediates. A TOC-V CPH (Shimadzu) was used to quantify Dissolved 

Organic Carbon (DOC). Finally, the fluoride ions concentrations were 

measured in an ICS-1100 (Dionex) ion chromatograph equipped with an AS9-
HC column in isocratic mode using Na2CO3 9 mM as eluent with a flow rate of 

1 mL/min, and a pressure of approximately 2000 psi, based on Standard 

Methods 4110B [51]. 
 

 

3. Results 

 
3.1. Characterization of TiO2-rGO 5 % composite photocatalyst 
 

Fig. 1a shows the FT-IR spectra of the commercial titanium dioxide, 

reduced graphene oxide, and the synthesized composite TiO2-rGO 5%, 
assessing the successful synthesis of the composite as reported elsewhere 

[36,52] and Fig. 1b shows the FT-IR spectra of the catalyst after the degradation 

experiments. Bands assigned to C-F stretching can be found in the range 1300-

1100 cm-1 [32,53]. The increase in the intensity of these bands may point to the 

amount of adsorbed fluorinated compounds onto the catalyst during the 

photocatalytic treatment. 
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Fig. 1. a) FT-IR spectra of the catalyst before and b) after the photodegradation experiment. [PFOA]0 = 0.36 mM, [TiO2-rGO 5%] = 0.05 g/L, pH = 2.5. 

 

 

Fig. 2 shows the change of Zeta potential with pH for TiO2 P25 and TiO2-
rGO 5% composite. The point of zero charge (ZPC) of the composite takes a 

value of 5.2, lower than the ZPC corresponding to TiO2 P25, 6.25. Thus, both 

TiO2 and TiO2-rGO 5% catalysts reported a positive surface charge for pH 
values lower than the corresponding ZPC. Finally, the particle size was 

measured for the two photocatalysts leading to average values of 763 ± 30 nm 

for TiO2 P25 and 1288 ± 40 nm for the TiO2-rGO 5% composite, respectively. 
This increase in the particle size of the composite is in agreement with the 

literature data [54].  

 

 
 

Fig. 2. Zeta potential for TiO2 P25, graphene oxide (GO), and TiO2-rGO 5%. 

 

 
3.2. PFOA photocatalytic degradation 

  

Initially and to compare the activity of the two catalysts, preliminary 
degradation runs of PFOA were carried out with no pH control starting with 

initial PFOA concentrations between 0.12 mM (pH = 4.32 ± 0.17) and 0.48 

mM (pH = 3.53 ± 0.07). Figs. 3 and 4 depict the kinetic trends of PFOA 
disappearance and the formed intermediate compounds. 

 

 
 

Fig. 3. Photocatalytic degradation of PFOA at natural pH. 

 
 

Fig. 4. Intermediate acidic derivatives for the experiments at natural pH for a) [PFOA]0 = 0.12 mM, b) [PFOA]0 = 0.24 mM, c) [PFOA]0 = 0.48 mM. [TiO2-rGO 5%] = 0.05 g/L, 

irradiance = 213.4 mW/cm2. 

 

(a) (b) 

(a) 
(b) 

(c) 
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After these experiments, it was concluded first, that the composite is more 

effective in the degradation of PFOA than TiO2 P25 and second, that the higher 

the initial concentration of the acid the higher the degradation rate. The kinetic 

trend followed with the initial concentration of PFOA is, however, highly 

surprising and contrary to that observed in previous works for different initial 

concentrations [53,55]. Sansotera et al. [53] showed that the fastest PFOA 
degradation was achieved for the lowest concentration in the range between 4.0 

mM and 12.0 mM, although pH control was not reported. To shed light on this 

behavior the possible effect of the pH in the starting solutions was considered. 
At first, the increase of the acidity of the solution with an increasing initial 

concentration of PFOA was associated with a higher degradation rate. Next, a 

set of experiments working under controlled pH of 2.5 that was kept constant 
by adding hydrochloric acid was carried out. 

Fig. 5a shows the kinetic curves corresponding to four different initial 

concentrations of PFOA whereas Fig. 5b shows the comparison of the 

performance of the composite and the individual components for an initial 

concentration of PFOA of 0.36 mM. Before the experiments, the adsorption of 

the pollutant on the catalyst was assessed. Dark adsorption was negligible and 

so was photolysis without a catalyst. The adsorption of PFOA onto TiO2 was 

also reported to be insignificant in the literature [56,57]. 

Wang et al. [27], in a critical review of the photocatalytic degradation of 
PFOA, discussed the influence of pH and summarised that PFOA 

photodegradation with TiO2 was more favorable in an acidic solution because 

the acid would exist as the perfluorooctanoate anion (C7F15COO-) when the 
solution pH is higher than the pKa value of PFOA (the authors considered a 

widely reported value of pKa = 2.8), therefore when operating in a pH range 

from 2.8 to 6.25 (point of zero charge for the reported catalyst), the adsorption 
of C7F15COO- anions on the TiO2 surface would be accelerated due to the 

electrostatic force between C7F15COO- and the positively charged surface of 

the catalyst. 
 

 

 
 

Fig. 5. a) Influence of the initial PFOA concentration on the photocatalytic degradation at pH 2.5, [TiO2-rGO 5%] = 0.05 g/L, irradiance = 213.4 mW/cm2. b) Photocatalytic activity of 

titanium dioxide, reduced graphene oxide (rGO), and TiO2-rGO 5% for the PFOA degradation at pH 2.5, [PFOA]0 = 0.36 mM, [TiO2-rGO 5%] = 0.05 g/L, [TiO2 P25] = 0.05 g/L, and 

[rGO] = 0.0025 g/L, irradiance = 213.4 mW/cm2. 

 

 

 
 

Fig. 6. Intermediate PFCA derivatives for the experiments at pH 2.5 for a) [PFOA]0 = 0.12 mM, b) [PFOA]0 = 0.24 mM, c) [PFOA]0 = 0.36 mM, and d) [PFOA]0 = 0.48 mM. [TiO2-rGO 

5%] = 0.05 g/L, irradiance = 213.4 mW/cm2. 

 

 
 

(a) (b) 

(a) (b) 

(c) (d) 
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More recently, Xu et al. [58] in experiments of PFOA degradation by TiO2 

and peroxymonosulfate working in the pH range 3.0 ≤ pH ≤ 9.0 arrived at 

similar conclusions, highlighting that the fastest degradation kinetics was 

achieved in the region of pH between the value of pKa and the pH of ZPC of 

the catalyst, 2.8 and 5.6 respectively, according to the authors [39,59]. Thus, it 

has been repeatedly reported the relevance of the electrostatic attraction 
between the perfluorooctanoate anions and the positively charged catalyst 

surface on the degradation kinetics, and this manifests in the pH region between 

the pKa of the acid and pH at the ZPC of the catalyst. Determination of the pKa 
for these acids has been a subject of great interest in the scientific literature, 

where values ranging between pKa = 0.5 [60] to pKa < 1.3 [61,62] have been 

most widely reported and explained. Higher pKa values for PFOA, pKa = 2.8 
and pKa = 3.8 ± 0.1 have been reported as well and attributed to i) the presence 

of the organic solvent, methanol, in the experimental systems, ii) the 

aggregation of perfluorooctanoate, CF3(CF2)6COO- anion, in solution, and the 
formation of a stable (PFO)2H

- cluster [62]. Interestingly, Burns et al. [63] 

reported that the degree of perfluorooctanoate aggregation is concentration 

dependent, such that pKa suppression may be directly related to the 
concentration profile of perfluorooctanoate aggregation. After these works, it 

is derived that the lower the concentration the weaker the acid character of 

PFOA; this could partially explain the results of Fig. 3 obtained when no pH 
control is exerted. However, the results shown in Fig. 5 are barely explained by 

the influence of the electrostatic attraction between the catalyst surface and the 

anions in the solution, so the influence of pH in different phenomena involved 
in photocatalytic degradation must be considered.  

Explanations, in addition to the electrostatic forces, have been given in 
works that reported a positive influence of the solution acidity on the kinetics 

of PFOA degradation for different catalysts. Dilliert et al. [57] investigated the 

photocatalytic removal of 4.4 mM heptafluorobutanoic acid (HFBA) with 2 g/L 

of TiO2 using a mercury lamp emitting in the range of 310 - 400 nm. Several 

concentrations of HClO4 were added to the medium reaching pH values of 1.9 

and 1.0, and observing a faster degradation as pH decreases. The authors 

attributed this behavior, partially to the influence of pH on the adsorption of the 
acid on the catalyst surface, on the formation of surface complexes, and the 

oxidative power of the photocatalyst. Moreover, it was remarked that the 

oxidative power of the valence band holes in TiO2 is also pH-dependent and 
increases as pH decreases. Panchangam et al. [56] studied the decomposition 

of perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), and 

perfluorodecanoic acid (PFDA) by heterogeneous photocatalysis with TiO2 in 
acidic aqueous solutions. In this case, 60 μM of initial concentration of PFOA 

and 2 g/L of catalyst, and a low-pressure mercury lamp emitting at 254 nm were 

used. With 0.15 M HClO4 68% of PFOA removal was reached after 24 h, and 
using 0.225 M of HClO4, PFOA was below the detection limit after 7 h. This 

behavior was explained as associated with the influence of the presence of 

perchloric acid on the ionization of perfluorocarboxylic acids (PFCAs) that 
favors the electron transfer from the perfluorocarboxylate anion to the hole of 

the TiO2 catalyst. Moreover, the authors reported that the acid contributed 

positively to increasing the operating life of the photogenerated holes. Song et 
al. [30] with a 365 nm lamp, 30 mg/L of PFOA, and 1.6 g/L of TiO2-MWCNT 

using HCl to acidify the solution to pH 2.0 and NH3 to reach pH 11.0, observed 

that at pH 2.0 PFOA was almost completely removed after 8 h meanwhile in 
alkaline conditions only 58% of PFOA was degraded for the same time. In this 

case, the positive effect was explained because acidic conditions favor the 
formation of HO2

● radical, which is a precursor of H2O2 and HO●.  
 

 
 

Fig. 7. Fluoride release for the experiments at pH 2.5 for a) [PFOA]0 = 0.36 mM, and b) [PFOA]0 = 0.48 mM. TOC for c) [PFOA]0 = 0.36 mM, and d) [PFOA]0 = 0.48 mM. Defluorination 

and mineralization efficiency during the photocatalytic experiments for e) [PFOA]0 = 0.36 mM, and f) [PFOA]0 = 0.48 mM. [TiO2-rGO 5%] = 0.05 g/L. 

 

(e) (f) 

(d) 

(a) (b) 

(c) 
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All in all, in this work it has been proved that working at acidic pH (2.5) 

improves the degradation kinetics. The optimum pH value can be obtained from 

the dissociation of PFOA when the solubilized concentration is high enough or 

by the addition of an extra acidic compound. In the literature, interesting works 

of membrane concentration applied to short-chain perfluorocarboxylic acids or 

perfluoroalkyl acids can be found with information on the comparative 
performance of reverse osmosis and nanofiltration membranes [23,24]. The 

reverse osmosis RO BW30 has reported high rejection percentages of PFOA 

offering an interesting and clean technology to be applied as pre-treatment of 
the photocatalytic degradation with the benefit of increasing the concentration 

of the acid in the treated solution (lowering the pH) and increasing the driving 

force in the oxidation stage [26]. 
 With regard to the formation of intermediate acidic derivatives, Figs. 4 

and 6, depict the results with no pH control and controlled pH, respectively. In 

all cases it is observed that the total concentration of intermediate compounds 
is strongly related to the degradation percentage of PFOA and the 

perfluoroheptanoic acid (PFHpA) is the major intermediate compound showing 

an increasing trend during the time of the experiments [35,37]. 
When the PFOA molecule is broken, fluoride ions are released into the 

solution. Fig. 7 shows the measured fluoride in solution, and the mass balance 

to fluorine accounting for the measured fluoride and the fluorine content of the 
organic acids for two different initial concentrations of PFOA. There is a good 

match between the theoretical and the measured F concentration. The 

mineralization of the parent compound for the experiments with an initial 
concentration of PFOA of 0.36 mM and 0.48 mM is also presented in Figs. 7c 

and 7d, respectively. The theoretical TOC was calculated considering the C 
atoms in all the quantified compounds, and the experimental TOC is the value 

measured in the treated solution. It is observed that for both cases, the 

theoretical TOC concentrations and the experimental measurements are very 
close. Slight differences could be attributed to experimental errors. 

Additionally, the defluorination efficiency expressed as (moles of fluoride 

formed)/(moles of fluorine in initial PFOA), and the mineralization efficiency 
calculated as (moles of COT measured in solution)/(moles of COT 

correspondent to initial PFOA concentration) are also presented in Figs. 7e and 

7f for the initial concentrations of PFOA of 0.36 mM and 0.48 mM 
respectively. 

 

 

4. Conclusions 

The promising prospects of photocatalysis as an advanced oxidation 

process that can benefit from the use of solar light are highly dependent on the 
catalyst material that promotes the kinetics of the reactions involved. Although 

a huge volume of works has been published in recent years on the synthesis of 

new catalytic materials to be used in water remediation, which show on the one 
hand improved performance and on the other hand efficiency under visible 

light, there are still several unknown characteristics that prevent expanding the 

process.  
In this work, we focus on a highly motivating application that addresses 

the degradation of the persistent pollutant perfluorooctanoic acid in aqueous 

matrices before it goes into the environment. To this end, a new photocatalyst 
composite fabricated by combining commercial P25 TiO2 with 5% of reduced 

graphene oxide, which showed promising results in previous work, has been 

used. The influence of the working pH on the catalyst activation and the initial 
concentration of PFOA on the degradation kinetics have been analyzed offering 

new insight into the state-of-the-art. The results obtained in this work allow us 

to conclude the benefits of a membrane concentration step before the 
photocatalytic oxidation, increasing the driving force for the process kinetics. 
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