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Abstract 

The degradation of perfluorooctanoic acid (PFOA) in water was investigated both as 

photolysis and photocatalysis by slurry titanium dioxide. Different surfactant concentrations, 

the catalyst nature and concentration as well as the irradiation power of the UV lamp were 

evaluated. The reactions were conducted using merely the natural dissolved oxygen (DO), in 

order to simulate conditions of non-enriched water, as industrially feasible. The 

photomineralization of PFOA was monitored by Total Organic Carbon (TOC) analysis and 

Ionic Cromatography (IC). Finally, the photocatalytic powder was analyzed at different 

reaction times by X-ray Photoelectron Spectroscopy (XPS) and by X-ray powder diffraction 
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(XRD) technique in order to study and interpret the catalyst deactivation phenomena occurred 

during the treatment. 

 

Highlights 

 Photocatalytic treatment of PFOA solutions with TiO2 slurry 

 TOC analysis to evaluate the carbon content of the treated PFOA solution 

 IC analysis to evidence the photodegradation promoted production of fluoride ions 

 XPS and XRD analyses of TiO2 to monitor surface variations promoted by fluoride 

ions 
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1. Introduction 

The production of surfactants is nowadays estimated at around 15 Mton/y, about half of 

which are soaps like linear alkyl-benzene sulfonates, lignin sulfonates, fatty alcohol 

ethoxylates and alkylphenol ethoxylates [1]. Surfactants are employed in extremely different 

fields, such as textile, food, paint, polymer, cosmetic, pharmaceutical, microelectronic, 

mining and oil recovery [1]. However, these compounds are among the most widely diffused 

xenobiotic substances that can be found into waste streams and are responsible for polluting 

the aquatic environment [2-4]. In fact, they are the main cause of foam production in rivers 

and lakes, reducing overall the water quality [1,3,4]. For these reasons, the regulatory 

authorities, such as the United States Environmental Protection Agency (US-EPA) and the 

European Environment Agency (EEA), fixed strict limitations on the environmental 

surfactants concentration [5-7]. 



3 

 

Surfactants are normally removed from water by using the activated sludge techniques, but 

their complete elimination cannot be guaranteed. Other traditional removal methods for such 

contaminants include biological processing, chemical treatment, incineration, air stripping 

followed by carbon adsorption and landfilling [1,8]. However, adsorption and landfill merely 

transfer the contaminant to a different phase or location, that requires secondary disposal 

treatments, while incineration can cause the generation of potentially pollutant or toxic 

compounds that must be destroyed through a dedicated processes. On the other hand, 

biodegradation is very sensitive to many environmental factors, such as pH, temperature, 

aeration, nature and concentration of the pollutant and the presence of other toxic compounds 

(e.g. cyanides, phenols, formaldehyde, pesticides and heavy metals like Cd, Hg, Pb, Ni and 

Cr) [8,9]. However, the biodegradative techniques show low degradation rates, often produce 

unpredictable results and are inefficient for highly concentrated waste effluents. For these 

reasons, advanced oxidation processes (AOPs) are used as alternative methods in the 

degradation of surfactants and, generally, for wastewater treatments. The AOPs mechanism is 

generally based on reactions generating hydroxyl radicals (HO·), which have high redox 

potential (E0 = 2.73 V) and consequently can non-selectively react with any organic 

compound [10,11]. Hydroxyl radicals are generated by using one or more primary oxidants, 

such as ozone, hydrogen peroxide or oxygen, and/or energy sources, like ultraviolet 

radiations, or through a catalyst, such as titanium dioxide [12,13]. Semiconductor 

photocatalysis offers convenient routes to decontamination of air and water from gaseous, 

dissolved or solid compounds, even if present in low concentrations [14-16]. In fact, such 

materials are able to photocatalyze the complete mineralization of many organics, including 

aromatics, insecticides, pesticides, dyes, surfactants, hormones and halohydrocarbons [17-20], 

through an overall process that can be summarized as follows: 
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Organic pollutant + O2 → mineralized products   (1) 

 

Photocatalytic reactions take place over the photocatalyst surface and in semiconductors like 

titanium dioxide the exposure to radiations energetically higher than band-gap generates an 

electron-hole pair that can either recombine or react with adsorbed species [11,16,21,22]. The 

photogenerated electrons are capable to reduce surface oxygen to water, while the 

photogenerated holes can mineralize organic compounds [11,16,21,22]. The oxidation process 

is probably due to the initial oxidation of surface OH- groups to reactive OH· radicals which 

subsequently oxidize the adsorbed organic species [11,22,23]. 

Perfluorocarboxylic acids (PFCAs) are a class of fully fluorinated carboxylic acids, 

industrially employed as surfactants and fire retardants [3,7,24,25]. Within the PFCA class, 

perfluorooctanoic acid, C8HF15O2 (AMW = 414.07 g/mol), is one of the most widespread 

industrial surfactants [1,24,26]. It is mostly utilized in the synthetic route of 

politetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) and fluoroelastomers as 

surfactant in the emulsion polymerization process [27-29]. PFOA is also used as insulator for 

electric wires, in planar etching of fused silica [30], in fire-fighting foams [31] and in outdoor 

clothing [32]. It has been found to be bioaccumulative [2,24], carcinogen [26], liver and 

immune system toxicant and able to exert hormonal effects, including alteration of thyroid 

hormone levels [29,33]. Moreover, it has been associated with signs of reduced fetal growth 

including low birth weight [34-36]. Because of the typical chemical, thermal and 

photochemical stability of perfluorinated compounds due to the highly energetic C–F bonds 

(which ranges as high as 130 kcal/mol) [18,37,38], PFOA is slowly degraded by means of 

standard techniques and the advanced oxidation processes (AOPs) are preferred as alternative 

methods. 
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In the present paper, the photomineralization of PFOA by a commercial titanium dioxide (P25 

by Evonik®) was tested in different conditions and monitored by Total Organic Carbon (TOC) 

analysis and Ionic Cromatography (IC). TOC analysis determined the trend of the carbon 

content in solution and IC measured the amount of fluoride ions generated during the PFOA 

abatement [2,39,40]. The photocatalyst was analyzed at different reaction times by both X-ray 

photoelectron spectroscopy (XPS) and by X-ray powder diffraction (XRD) techniques to 

evaluate the variations during the treatment. 

 

2. Materials and methods 

2.1. Materials 

Perfluorooctanoic Acid (purity 96% - from Sigma Aldrich®) was used as received. PFOA is 

soluble in water (9.5 g/L) and its critical micelle concentration (CMC) is 7.80·10-3 mol/L at 

25°C [6]. Titanium dioxide P25 (75% Anatase, 25% Rutile [41]) was supplied by Evonik® 

and it was tested as titanium-based photocatalysts. Water was purified using an Elga Option 3 

deionizer and was used to prepare all solutions. Milli-Q water was employed for ion 

chromatography. Fluorinated titanium compounds TiF3, TiF4 and K2TiF6 (Sigma Aldrich®) 

were used as received as reference material for F 1s and C 1s for XPS Binding Energy values. 

 

2.2. Photocatalysis 

The apparatus for photocatalysis was a 1 L glass stirred reactor equipped with a low-pressure 

mercury UV lamp (500 W, Jelosil® HG500) emitting light at wavelengths of 310-400 nm and 

able to irradiate the reactor with a specific power of 75 or 95 W/m2. The UV lamp was placed 

beside the reactor, which was cooled with water at a temperature of 30±5 °C [42]. A stock 

solution of PFOA (0.1 M) was prepared and diluted to chosen concentrations. Titanium 

dioxide was introduced in the reactor at the beginning of each test. For each experiment, the 
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variation of the surfactant concentration in solution was monitored by TOC analysis and IC. 

Samples (10 ml) of the reaction mixture were collected at different reaction times for the 

analyses: typically at 0 min (before the start of the reaction), 30 min, 60 min, 120 min, 180 

min, 240 min and 300 min. Each sample of the reaction mixture was centrifuged and filtered 

through a 0.45 μm polycarbonate membrane in order to separate the TiO2 powder from the 

solution. 

The degradation reaction of perfluorooctanoic acid was evaluated comparing the effects of 

photolysis and photocatalysis, employing different surfactant concentrations: 0.0040 M 

(below the CMC), 0.0078 M (at the CMC) and 0.0120 M (above the CMC). The catalyst 

concentration (0.66 g/L; 1.00 g/L) and the irradiation power of the UV lamp (75 W/m2; 95 

W/m2) were varied to test the degradation reaction in different conditions. The reactions were 

conducted without a constant feed of oxygen as reported by Li, et al. [43], but using just the 

naturally dissolved O2 (DO), in order to simulate conditions of non-enriched water, as 

industrially feasible. 

 

2.6. TOC analysis and ion chromatography 

The Total Organic Carbon (TOC) analysis allowed to evaluate and to monitor the trend of the 

carbon content of the solution. TOC analyses were performed with a Shimadzu® TOC 5000 A 

with a combustion/non-dispersive infrared (NDIR) gas analysis method. The total organic 

carbon concentration of the PFOA solution at different photodegradation times was calculated 

automatically comparing the sample with a calibration curve obtained from solutions of 

PFOA at known concentrations.   

The PFOA degradation generated fluoride ions in solution and their concentration was 

monitored by ion chromatography with a Metrohm 883 Basic IC Plus. 
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2.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy analysis was performed to study the photocatalyst surface 

before and after the photodegradation reaction, in order to monitor composition variations that 

might have occurred. X-ray photoelectron spectroscopy spectra were obtained by using an M-

probe apparatus (Surface Science Instruments). The source was monochromatic Al Kα 

radiation (1486.6 eV). A spot size of 200 μm x 750 μm and pass energy of 25 eV were used. 

1s level hydrocarbon-contaminant carbon was taken as the internal reference at 284.6 eV.. 

Fittings were performed using pure Gaussian peaks, Shirley’s baseline, and without any 

constraints. Samples for XPS analysis were obtained centrifuging and filtering through a 0.45 

μm polycarbonate membrane the surfactant solution at different reaction times (2 h, 4 h, 9 h); 

the samples were then dried in inert atmosphere for 24 hours and analyzed. Subsequently, in 

order to remove possible fluorinated organic compounds deposited on the catalyst surface, the 

samples were suspended in the fluorinated solvent CF3OCFClCF2Cl, dried in inert 

atmosphere and analyzed again. 

For each sample, survey analyses in the whole range of X-ray spectra and high resolution 

analyses in the typical zone of C-1s, Ti-2p, O-1s and F-1s were performed. 

 

2.8 X-ray diffraction (XRD) 

XRD powder patterns were obtained on a X’Pert Pro PANalytical diffractometer with Cu-Kα 

radiation at a scan rate of 0.03°s–1. 

 

2.9 Fourier transform infrared spectroscopy (FT-IR) 

Infrared spectra were measured with an FT-IR model tensor 27 Bruker spectrometer, with 

resolution of 1 cm–1 in the spectral region 1000–2000 cm–1. KBr pellets of different 



8 

 

thicknesses were prepared in order to obtain the best signal/noise ratio. Photocatalyst samples 

for FT-IR analysis were obtained as described for XPS analysis in paragraph 2.7. 

 

3. Results and discussion 

3.1 Photocatalysis results 

The PFOA total degradation reaction in water could be written on the base Equation (1) as 

follows: 

 

CF3(CF2)6COOH + 7/2 O2 + 7 H2O → 8 CO2 + 15 HF  (2) 

 

The photocatalytic mechanism is still not totally explained, particularly with regard to the role 

played by oxygen. It has been verified that the reduction of O2 is a determining step of the 

photodegradation process [11,44]. Moreover, concerning the oxidation mechanism, it is 

generally accepted that many compounds generated by oxygen reduction, such as HO2·, HO2
-, 

H2O2 and above all OH·, being strong oxidizers, are fundamental for the oxidation of 

organics; on the other hand, it has been also demonstrated that TiIVOH·+ has an essential role 

in the mineralization reaction, as reported by Mills and Le Hunte [11,45,46]. Furthermore, it 

has been shown that the oxidation reaction requires firstly the oxidation of surface hydroxyl 

groups to hydroxyl radicals OH·, which subsequently interact with the organics, oxidizing 

them [11,22]. Still it is not clear if the oxidation of the organic is due to a direct reaction with 

the photogenerated holes, to an indirect reaction with hydroxyl radicals or to a combination of 

the two. 

The proposed PFOA degradation mechanism is initiated with the excitation of titanium 

dioxide caused by the irradiation of UV light (3) [11,22,47]; excited TiO2 accepts one electron 

from dissociated PFOA (CF3(CF2)6COO-), generating PFOA radical (4) [11,22,47]. As 
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clarified in various papers, PFOA decomposition starts in correspondence to the carboxylic 

function [2,47-49]. The so formed species undergo Kolbe decarboxylation reaction (5) 

[39,47]. 

    TiO2 + hv → TiO2 + h+ + e-     (3) 

   CF3(CF2)6COO-  CF3(CF2)6COO·              (4) 

   CF3(CF2)6COO· → CF3(CF2)5CF2· + CO2   (5) 

The C7 radicals can subsequently react with molecular oxygen present in the reaction system 

to generate the peroxoradical (6) [40]; otherwise, C7 radicals can incur in coupling reactions 

that cause the formation of waxes (C14) (7): 

   CF3(CF2)5CF2· + O2 → CF3(CF2)5CF2OO·   (6) 

   2 CF3(CF2)5CF2· → CF3(CF2)12CF3    (7) 

The coupling of two peroxoradicals allows the production of O2 and oxoradicals (8) that in 

presence of the surface excited electrons of TiO2 and water generate an unstable primary 

perfluorinated alcohol (9) [40,50]. 

   2 CF3(CF2)5CF2OO· → 2 CF3(CF2)5CF2O· + O2  (8) 

  CF3(CF2)5CF2O· + H2O  CF3(CF2)5CF2OH + OH–  (9) 

A further reaction pathway consists in the coupling of the hydroxyl radical with the C7 

radical, generating an unstable primary perfluorinated alcohol [40]. This unstable compound 

originates acyl fluoride and hydrogen fluoride (10) [39,50]; in presence of water, the so 

formed acyl fluoride generates the corresponding carboxylic acid, CF3(CF2)5COOH (11) 

[39,50-52]. 

   CF3(CF2)5CF2OH → CF3(CF2)5C(O)F + HF   (10) 

   CF3(CF2)5C(O)F + H2O → CF3(CF2)5COOH  (11) 

This hypothetical mechanism could explain a Cn → Cn-1 chain length decrease [2,39,53]. 

Another possible reaction pathway can be hypothesized assuming that the oxoradical formed 
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in reaction (8) evolves eliminating COF2 and consequently generating a C6 radical through the 

reaction [50,54,55]: 

   CF3(CF2)5CF2O· → CF3(CF2)4CF2· + COF2   (12) 

Finally, the so formed fluorophosgene, in water, is decomposed to hydrogen fluoride and 

carbon dioxide [50]. 

The surfactant abatement trends were monitored studying the percentage mineralization of 

PFOA and the fluoride concentrations at different times. In Figure 1, the kinetic curves and 

the corresponding linearization obtained with the PFOA solutions at different surfactant 

concentrations are shown. 
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Figure 1. Kinetic curves - PFOA degradation (A) at different concentrations and linearization 

(B) based on a pseudo-first order kinetic. 

 

The reaction kinetics appeared to follow a pseudo-first order trend, which enabled the 

comparison of rate constants. Three different values of the apparent kinetic constant (Kapp) 

were observed changing the surfactant concentration in solution; working with PFOA at 

0.0120 M, 0.0078 M and 0.0040 M, the calculated Kapp were equal to 0.0332 h-1, 0.0493 h-1, 

0.0572 h-1 respectively (see S.I. Table 4). At concentrations higher than the CMC, the lowest 

mineralization rates were obtained (17% after 6 h) while at the CMC higher mineralization 

values were observed (24% after 6 h); at concentrations lower than the CMC a further 

increase in the mineralization rate was noticed (30% after 6 h). A similar trend was observed 
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for the fluoride concentration in solution, whose increase was directly proportional to the 

decrease of PFOA. In fact, as one mole of PFOA is completely mineralized, 15 moles of 

fluoride ions are theoretically released. However, the yield in fluoride ions (calculated as the 

ratio of the concentration of fluoride ions over the initial concentration of PFOA multiplied by 

15) was lower than the PFOA mineralization values. The adsorption of fluoride ions on the 

particles of TiO2 might be a probable reason of the fluoride ions loss in the aqueous phase. In 

particular, the fluoride content of the different solutions appeared to be minimum  at PFOA 

0.0120 M (10% after 6 h), at 0.0078 M a higher content of fluoride ions was measured (16% 

after 6 h), while at 0.0040 M the maximum concentration of fluorides was observed (22% 

after 6 h) (see S.I. Tables 1-3). 

Further tests were carried out to evaluate the effect of a variation of the photocatalyst 

concentration in the system. The photoactive power of nanometric titanium dioxide at two 

different concentrations: 0.66 g/L and 1.00 g/L was evaluated and compared. The 

corresponding kinetic curves (see S.I. Tables 5-6, S.I. Figure 1) showed a slight general 

decrease of the mineralization when the concentration of the photocatalyst increased. In fact, 

after 6 h treatment, the percentage mineralizations were 30% and 28% and the conversions to 

fluoride ions were equal to 15% and 21%, respectively. This trend could be explained by the 

phenomenon of the scattering, due to the amount of catalyst particles dispersed in solution. 

Finally, the effects due to the variation of the irradiation power were evaluated, testing two 

different lamp powers: 75 W/m2 and 95 W/m2. As expected, the results (see S.I. Tables 7-8, 

S.I. Figure 2) showed that the photocatalytic efficiency of the system was enhanced by the 

increase of the power of the incident radiation. In fact, the PFOA percentage mineralization 

reached 32% after 4 h treatment with the 95 W/m2 lamp, while in the same conditions, using 

the 75 W/m2 lamp, only 21% mineralization was achieved. However, increasing the duration 

of the test with the 95 W/m2 lamp, the presence of a limit condition for the 
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photomineralization (plateau) in the kinetic curve was noticed: after 6 h treatment the 

percentage mineralization was still equal to 32%, with a fluoride content of 29%. Conversely, 

with the 75 W/m2 lamp a mineralization of 30% and a fluoride content of 15% were obtained 

after 6 h. Nevertheless, by using the 75 W/m2 UV-lamp, a similar plateau was reached after 9 

h UV exposure. 

 

3.2 Analyses of the photocatalyst at different reaction times 

IC analysis shows that PFOA degradation reactions generated fluoride ions which could 

interact with the catalyst; for this reason, P25 was analyzed by XPS before and after the 

photodegradation reaction (Table 1). Samples collected after 2 h and 4 h of photodegradation 

presented a substantially constant quantity of fluorine: 25.1%at and 23.9%at, respectively. 

However, a part of the deposited fluorinated compounds was dissolved by suspending a 

specimen of each sample in the fluorinated solvent CF3OCFClCF2Cl. As shown in Table 1, 

the total fluorine content decreased after this treatment to 12.0%at for both the samples 

collected after 2 h and 4 h. 

 

Table 1  
Surface composition (at%) of the catalyst at different reaction times. 

Reaction 
Time (h) 

Sample 
Amount (at%) 

OH/OTOT ratio 
Ti O F C 

0 P25 16.3 43.2 - 40.5 0.14 

2 - 15.2 39.8 25.3 19.7 0.15 
a.s.a 24.0 41.5 12.0 22.5  

4 - 14.7 37.4 23.9 24.0 0.13 

a.s.a 17.4 46.6 12.0 24.0  
9 - 22.8 42.5 15.9 18.8 0.71 

a.s.a 11.6 51.4 13.6 23.4  
a a.s. after suspension (in fluorinated solvent). Before the XPS analysis the 
sample was suspended in the fluorinated solvent CF3OCFClCF2Cl and 
dried in inert atmosphere. 
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High resolution XPS spectra were recorded in the typical zone of F 1s signals and showed the 

presence of two peaks at 684.2 eV and 688.4 eV with almost constant relative areas (85-90% 

and 10-15%) for the samples collected after 2 h and 4 h (see S.I. Table 10). The intense signal 

at 688.4 eV (85-90%) was due to PFOA molecules and its fluorinated degradation 

intermediates. These compounds were adsorbed on the catalyst and, as noticed after the 

suspension in the fluorinated solvent, they can be significantly removed by the fluorinated 

solvent. The residual part of fluorine (10-15%) could be attributed to inorganic fluorides. As it 

is widely reported in literature, small amounts of inorganic fluorides either didn't affect or 

enhance the photocatalytic properties of titanium dioxide [56]. However, adsorption of 

reactants to the photocatalyst surface is a critical step in the photocatalytic process [57]. 

The FT-IR is a highly sensitive method to characterize structural changes of adsorbed species, 

and the FT-IR spectra of the catalyst at different reaction times are shown in Figure 2. The 

broad bands at 1690-1580 cm−1 are assigned to adsorbed water molecules and the strong 

signals in the range of 1300-1100 cm−1 are attributed to C−F stretching [43]. The symmetric 

stretching of carboxylate (COO−) can be observed at 1408 cm−1 [43]. The C−OH vibration at 

1210 cm−1 and the asymmetric stretching of carboxylate (COO−) at 1686 cm−1 were overlaid 

with absorbance peaks of fluorinated compounds and water, respectively [43]. The peaks due 

to fluorinated molecules were particularly evident on the samples collected after 2 h and 4 h. 

However, in the FT-IR spectrum of the sample collected after 9 h these signals were 

significantly reduced. Similarly, the vibration peak of the symmetric stretching of carboxylate 

(COO−) almost disappeared. These results confirmed the presence of PFOA molecules or its 

fluorinated degradation intermediates on the surface of the catalyst during the 

photodegradation reaction. After 9 h the mineralization of PFOA that generated fluoride ions 

was at 32%, but PFOA molecules were not observed on the surface of the photocatalyst. 
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Figure 2. FT-IR spectra of titanium dioxide catalyst at different reaction times (*) C−F 

stretching; (+) COO symmetric stretching. 

 

In order to interpret the high-resolution XPS spectra of TiO2 samples collected during the 

photocatalytic process, initial analyses were conducted also on TiF3, TiF4 and K2TiF6. A 

summary of the binding energy values obtained through the high resolution analyses of 

pristine P25 and titanium fluorides is presented in S.I. Table 9. For pure sample of TiF3, TiF4 

and K2TiF6 sharp peaks were observed at 684.7, 685.2 and 686.0 eV, respectively (see S.I. 

Table 9). These peaks can be associated to fluoride ions due to titanium fluoride with different 

fluorination degree and it can be noticed that the binding energies of the F 1s signals slightly 

increased as the molar ratio of fluorine atoms in the titanium compounds increased. Thus, the 

signals at 684.2 eV could be related to titanium fluoride with low degree of fluorination. In 

the Ti 2p zone, the binding energies of the signals were 459.6-465.4 eV for TiF3 and 460.4-

466.2 eV for TiF4. The signals of K2TiF6 in the Ti 2p zone showed the presence of two 

species: at 460.4-466.5 eV and at 462.5-468.3 eV. 

Significant variations were noticed comparing the catalyst samples collected after 4 h and 9 h 

of photodegradation. In fact, after 9 h of photoabatement XPS analysis measured a decrease in 
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the fluorine content (15.9%at) on the sample surface, which was barely reduced by suspension 

in fluorinated solvent (13.6%at). High resolution XPS spectra revealed indeed that the 

fluorinated organic derivatives due to the PFOA photodegradation were significantly reduced 

(see S.I. Table 10): the signal at higher binding energies (690.8 eV) had in this sample a 

relative area of just around 50%. The residual fluorine content can be attributed to inorganic 

titanium-based fluorinated species and a comparison with the XPS spectra of the samples of 

fluorinated titanium allowed the attributions: the signal at 684.5 eV (~10%) could be related 

to titanium fluoride with low degree of fluorination, while that at 687.2 eV (~40%) could be 

due to the formation of highly fluorinated TiO(2-x/2)Fx species during the photoabatement. 

High resolution XPS analysis in the zone of Ti 2p signals revealed that pristine titanium 

dioxide had the double signal of the system Ti 2p3/2 and Ti 2p1/2 at 458.6 and 464.3 eV, 

respectively. As presented in Figure 3, XPS analyses in the Ti 2p region of the catalyst 

samples obtained at different reaction times showed that no variation occurred on TiO2 

surface in the first four hours of photoabatement (Fig. 3-A). In fact, the samples collected 

after 2 h and 4 h revealed values of binding energy and peak distribution almost identical to 

that of the pristine P25 (see S.I. Table 10). Considerable variations were instead noticed 

comparing the catalyst samples collected after 4 h and 9 h of photodegradation (Fig. 3-A and 

2-B). In fact, after 9 h the XPS spectrum in the Ti 2p region showed three couples of peaks 

which could be attributed to different titanium fluorides, together with pure titanium dioxide 

(see S.I. Tables 9-10): the first couple of peaks, 459.4-464.6 eV, corresponded to TiO2; the 

second couple, 460.9-466.0 eV, was probably related to TiF4; the third couple, finally, 462.0-

467.5 eV, might be due to TiF6
= salts. Overall, it can be observed that the increase in the 

fluorination degree of the fluorinated titanium compounds gradually shifted the Ti 2p signals 

towards higher values of binding energies. This behavior can be ascribed to the electron 

withdrawing properties of fluorine atoms. 
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Figure 3. XPS results - Ti 2p region XPS spectra of titanium dioxide catalyst: after 4 h (A); 

after 9 h reaction (B); after 9 h reaction and after suspension in fluorinated solvent (C). 

 

The presence of these signals could indicate that the fluoride ions generated during the PFOA 

abatement interact with the catalytic powder, causing morphological variations on TiO2 

surface and consequently lowering considerably its photoactivity. An XPS analysis in the Ti 

2p region on the catalyst sample collected after 9 h of photodegradation was also repeated 

after suspension in the fluorinated solvent in order to verify if the fluorinated compounds on 

the surface were effectively bonded to the catalyst or just physically deposited as fluorinated 
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organic compounds (Table 1). As shown in Fig. 3-C, the presence of three couples of peaks 

was confirmed even after this treatment and the binding energies of these signals were 

comparable with the results presented above: 458.3-464.2 eV, 460.3-465.9 eV and 461.7-

467.3 eV. The main difference between the spectra in Fig. 3-B and Fig. 3-C was represented 

by an increase in the peaks attributable to TiF4 to the detriment of the ones ascribable to 

TiF6
=. 

 

 

Figure 4. XPS results - O 1s region XPS spectra of titanium dioxide catalyst after 9 h 

reaction. 

 

The typical zone of O 1s signals was also monitored by XPS analysis. P25 has a typical signal 

that can be fitted in two contributions: one at 529.7 eV of the oxygen as oxide and another at 

531.4 eV of the hydroxyl groups [56]. The ratio OH/OTOT is around 0.14 (Table 1). Similarly, 

the XPS analysis of the catalyst samples collected after 2 h and 4 h revealed a signal in the O 

1s region with the two contributions at 529.7 and 531.5 (±0.1) eV (S.I. Table 10). Moreover, 

the OH/OTOT ratio was approximately the same of that measured on pristine P25 sample: 0.15 

after 2 h and 0.13 after 4 h (Table 1). These results corroborated the evidences that the 

catalyst surface is maintained unchanged during the first four hours of PFOA 

photodegradation. Conversely, in the O 1s region XPS spectrum of the sample collected after 
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9 h a peak with two evident contributions at 530.7 and 532.9 eV was observed (Fig. 4). These 

signals can be attributed again to oxides and hydroxyl groups, respectively, but the number of 

hydroxyl groups on the catalyst surface was apparently increased. In fact, the OH/OTOT ratio 

in this sample was equal to 0.71 (Table 1). Thus, the chemical modification of the catalyst 

and, in particular, the substantial formation of highly fluorinated and hydroxylated TiO(2-x/2-

y/2)OHyFx species on the catalyst surface can be at the basis of the observed limited 

performances of these photocatalytic process for the PFOA degradation. 

 

 

Figure 5. XRD patterns of titanium dioxide catalyst at different reaction times. 

 

In the samples of catalyst collected at different reaction times, X-ray diffraction patterns show 

the persistence of the typical peaks due to anatase and rutile of P25 titanium dioxide (Fig. 5). 

In particular, the more intense peak at 2θ = 25.4° is referred to the 101 plane diffraction peak 

of anatase [56]. As shown in Fig. 5, the intensity and the width of anatase peaks and the 

relative height of rutile signals remained almost constant during the reaction. These results 

suggest that also the sizes of crystallites in the photocatalyst did not change (21±1 nm, 

checked by Scherrer data elaboration). From the XRD results it can be concluded that the 
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crystal structure in the bulk of the photocatalyst was mainly preserved during the 

photoabatement of PFOA. As a consequence, the deactivation phenomena can be attributed 

mainly to variations of the surface chemical composition, as indicated by XPS analysis. 

 

4. Conclusions 

The degradation of a common fluorinated surfactant and water pollutant, perfluorooctanoic 

acid, was studied. The photocatalytic abatement was carried out evaluating several 

parameters: PFOA concentration related to its CMC, photocatalyst concentration and 

radiation power of the UV source. The highest degradation rates were obtained working with 

a concentration of PFOA lower than the critical micelle concentration (CMC), using as 

photocatalyst nanometric titanium dioxide P25 in concentration 0,66 g/L and high radiation 

power (95 W/m2): 32% mineralization of PFOA 0,004 M after 4 hours UV exposure was 

observed. The use of a higher TiO2 concentration (1 g/L) led to worse results, since in these 

conditions the phenomenon of scattering was increased, affecting the catalyst performances. 

XRD results revealed that the crystal structure of the photocatalyst was preserved during the 

photoabatement of PFOA. The formation of highly fluorinated and hydroxylated TiO(2-x/2-

y/2)OHyFx species on the catalyst surface was observed by XPS analysis. Thus, the chemical 

modification of the catalyst surface induced by fluoride anions can be at the basis of the 

limited performances of titanium dioxide photocatalyst for PFOA degradation. 
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