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a  b  s  t  r  a  c  t

The  photoabatement  of  perfluorooctanoic  acid in aqueous  solution  has  been  performed  with  a  com-
mercial  nano-sized  TiO2-based  photocatalyst  content  of  0.66  g/L  under  an UV irradiation  of 95  W/m2.
PFOA  degradation  intermediates  were investigated  by  HPLC–MS  and 19F-NMR  analysis.  Evidences  of  a
degradation  mechanism  based  on  two competitive  pathways  are  discussed:  photo-redox  and  �-scission
pathways.  Shorter  perfluorinated  carboxylic  acids,  CnF2n+1COOH  (n =  1–6),  as expected  degradation  inter-
mediates,  were  identified  and  their  concentration  trends  over  time  were  determined.  The  apparent
eywords:
itanium dioxide
FOA
hotocatalysis
ollution
PLC–MS

pseudo-first  order  kinetic  constant  expressed  as  rate  of  PFOA  disappearance  was  also  measured:  kapp

0.1296  h−1. The  influence  of  fluoride  ions  on  TiO2 surface  was  analyzed  by  XPS  technique,  revealing  a
surface  modification  that  affects  the  performances  of the  catalyst.

©  2014  Elsevier  B.V.  All  rights  reserved.
9F-NMR

. Introduction

Perfluorooctanoic acid (PFOA), C8HF15O2 (AMW = 414.07
/mol), a representative of perfluorinated chemicals (PFCs), is
argely used as surfactant in the fluoropolymers synthesis with
he aim to obtain chemical compounds with specific properties
or a wide range of industrial applications, such as manufacturing,
erospace, automotive, electronics, semiconductors and textile
1,2]. Moreover, PFOA is applied for the production of breathable

embranes for clothing, e.g. Gore-Tex® [3]. Its strong stability and
igh surface-active effects are due to the presence of C F bonds
about 130 kcal/mol) in its molecular structure [4,5].

However, many studies indicate that PFOA is environmentally
ersistent and bioaccumulative [6,7]. For these reasons, in the last

ears many research groups have devoted efforts to develop meth-
ds able to eliminate PFOA from the environment [8,9]. Actually,
he US-EPA (Environmental Protection Agency) and EEA (European

∗ Corresponding author at: Politecnico di Milano, Dipartimento di Chimica, Mate-
iali e Ingegneria Chimica “Giulio Natta”, Via Mancinelli 7, 20131 Milano, Italy.
el.: +39 02 2399 3035; fax: +39 02 2399 3180.

E-mail address: maurizio.sansotera@polimi.it (M.  Sansotera).

ttp://dx.doi.org/10.1016/j.cattod.2014.04.031
920-5861/© 2014 Elsevier B.V. All rights reserved.
Environmental Agency) launched an industrial program aimed to
reduce global emissions and product content of PFOA and related
chemicals. In agreement with these directives, the eight major pro-
ducers of fluoropolymers and fluorotelomers have been coerced
into reducing global facility emissions and product content of PFOA
and its related chemicals by 95% in 2010 as well as to completely
eliminate emissions and product content of PFOA by 2015 [10,11].

Many procedures have been developed over the years for the
removal of surfactants from water [12]. Traditional techniques
include air stripping, biological processes, incineration and chem-
ical treatments, but each method presents some negative aspect
limiting its industrial feasibility [13,14]. For example, biological
processes cannot reach a complete degradation of the pollutant
and incineration can produce fully persistent and toxic by-products
[12].

Therefore, besides classical wastewater treatment techniques,
in the last decades advanced oxidation processes (AOPs) have
increasingly become a valuable alternative [15–17]. In such pro-
cesses, very reactive hydroxyl radicals are generated and, thanks

to their high redox potential (E0 = 2.73 V), they are responsible
for the oxidation of organic pollutants [18–20]. AOPs methods
can be distinguished on the basis of the oxidizing agent source
involved in photolysis, photocatalysis, ultrasound, microwave or

dx.doi.org/10.1016/j.cattod.2014.04.031
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.04.031&domain=pdf
mailto:maurizio.sansotera@polimi.it
dx.doi.org/10.1016/j.cattod.2014.04.031
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zone treatments and Fenton processes. Among these, we adopted
hotocatalysis based on a semiconductor in combination with UV

ight and oxygen. Many studies have been carried out using tita-
ium dioxide for the degradation of organic pollutants in both
ater and air phase [21,22]. TiO2 is characterized by chemical and

iological inertness, high photocatalytic activity, photodurability,
echanical robustness and relative cheapness. Therefore, these

eatures offer great potential, especially for industrial scale water
reatment.

The present paper is focused on PFOA photodegradation
romoted by commercial TiO2 powder (P25 by Evonik®). The min-
ralization was monitored by total organic carbon (TOC) analysis
nd ionic chromatography (IC) and the intermediate degradation
roducts were determined by high-performance liquid chromatog-
aphy combined with mass spectrometry (HPLC–MS) analysis.
he presence of the fluorinated surfactant in solution was  also
onitored by 19F-NMR. HPLC–MS and 19F-NMR analyses were

erformed on samples of PFOA solution collected from the photore-
ctor after different reaction times. The degradation and changes
n the fluorinated solution during the process were assessed by
hese techniques highly endowed to reveal the structure changes
f molecules that could take place in the reaction environment.
inally, XPS analysis allowed the evaluation of chemical modifica-
ions occurring on the surface of the photocatalyst powder.

. Materials and methods

.1. Materials

Perfluorooctanoic acid (purity 96%—from Sigma Aldrich®) was
sed as received. PFOA is soluble in water (9.5 g/L) and its criti-
al micelle concentration (CMC) is 7.80 × 10−3 mol/L at 25 ◦C [6].
itanium dioxide P25 (75% Anatase, 25% Rutile [23]) was supplied
y Evonik® and it was tested as titanium-based photocatalyst.
ater was purified using an Elga Option 3 deionizer and was

sed to prepare all solutions. Milli-Q water was  employed for
on chromatography. HPLC–MS analyses were carried out using as
luting phase a mixture of methanol (CHROMASOLV®, for HPLC,
99.9%—from Sigma Aldrich®) and 2 mM aqueous ammonium
cetate solution.

.2. Photocatalysis

The photocatalytic apparatus was a 1-L glass stirred reactor
quipped with an iron halogenide UV lamp (500 W,  Jelosil® HG500)
mitting light at wavelengths of 315–400 nm and able to irradi-
te the reactor with a specific power of 95 W/m2. The UV lamp
as placed beside the reactor, which was cooled with water at a

emperature of 30 ± 0.5 ◦C [24]. Titanium dioxide was introduced
n the reactor at the beginning of each test (0.66 g/L). As previ-
usly reported, the variation of the surfactant concentration in
olution was monitored by total organic carbon (TOC) analysis
nd ionic chromatography [24]. The PFOA initial concentration
[PFOA]0 = 4 mM)  was maintained lower than its CMC  (7.8 mM)  in
rder to avoid the formation of emulsions during the kinetic tests.
hus, the PFOA initial concentration was high enough to allow the
etection also of the degradation intermediates at low concentra-
ions. Samples (10 mL)  of the reaction mixture were collected at
ifferent reaction times: typically at 0 min  (before the start of the
eaction), 30 min, 1 h, 2 h, 3 h, 4 h, 6 h and 9 h. Each kinetic test
as repeated three times in order to evaluate the error extent.
ach sample was centrifuged and filtered through a 0.45 �m poly-
arbonate membrane in order to separate the TiO2 powder from
he solution. The residual photocatalytic performances of exhaust
iO2 after 9 h of PFOA photodegradation were also evaluated by
ay 241 (2015) 8–14 9

reusing it in an additional test performed on a standard 4 mM  PFOA
solution.

Photocatalysis follows the Langmuir–Hinshelwood model [25].
When the PFOA adsorption onto the photocatalyst surface is
negligible, the reaction mechanism can be approximated to a
pseudo-first order kinetic (1):

r = −dC

dt
= kappC (1)

In Eq. (1), r is the reaction rate, C is the surfactant concentration
in solution, t is the time and kapp is the apparent first order rate
constant. The reactions were conducted without a constant feed
of oxygen as reported by Li et al. [9], but using just the naturally
dissolved O2 (DO), in order to simulate conditions of non-enriched
water, as industrially feasible.

2.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy analysis was performed to
study the photocatalyst surface before and after the photodegrada-
tion 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 Instru-
ments). The source was  monochromatic Al K� radiation (1486.6 eV).
A spot size of 200 �m × 750 �m and pass energy of 25 eV were
used. 1 s 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. XPS
analyses were conducted on samples obtained centrifuging and fil-
tering through a 0.45 �m polycarbonate membrane the surfactant
solution at different reaction times (2 h, 4 h, 9 h); the TiO2 sam-
ples were then dried in inert atmosphere for 24 h 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.

2.4. High-performance liquid chromatography combined with
mass spectrometry

Analytes separation was  performed by using an Agilent 1100
Series HPLC Value System, consisting of a quaternary pump, vac-
uum degasser and autosampler. The instrument was  equipped with
a Lichrocart® 55-4 Purospher® STAR RP-18 endcapped column
(55 × 4.0 mm i.d., 3 �m)  supplied by Merck KGaA. For quantita-
tive determination, the chromatographic system was interfaced to
a Bruker Esquire 3000 Plus quadrupole ion trap mass spectrometer
(Bruker Daltonics) operating in negative electrospray mode. Instru-
mental parameters were optimized to transmit the [M H]− ion for
all expected degradation intermediates. Primary ions monitored
for PFOA, perfluoroheptanoic acid (PFHpA), perfluorohexanoic acid
(PFHxA), perfluoropentanoic acid (PFPeA), perfluorobutanoic acid
(PFBA), perfluoropropionic acid (PFPrA) and trifluoroacetic acid
(TFA) determinations were 413, 363, 313, 263, 213, 163 and 113
m/z, respectively. Samples of the reaction mixture collected at dif-
ferent reaction times were diluted in deionized water (1:10) and
injected in the HPLC–MS with 2 mM ammonium acetate/methanol
as the mobile phase starting at 10% methanol. At a flow rate of

200 �L/min the gradient increased to 90% methanol at 5 min; before
reverting to original conditions at 20 min, the gradient decreased
to 80% methanol at 15 min. Column temperature was maintained
at 40 ◦C.
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Fig. 1. Reaction mechanism of PFOA degradation in the presence of TiO2 ph

.5. Fluorine-19 nuclear magnetic resonance (19F-NMR)
pectroscopy

19F-NMR experiments were performed on a Bruker 500 Ultra-
hield spectrometer operating at 470.30 MHz, in order to evaluate
he trend of PFOA signals. In particular, samples of solution col-
ected from the photoabatement reactor at the starting time
0 min), at 3 h and 9 h were analyzed by 19F-NMR, using D2O as
euterated solvent. PFOA integral calculation allowed the detec-
ion of degradation products by considering the ratio between CF3,
resent in all the degradation by-products (C2–C7 perfluorinated
cids) and CF2 signals.

. Results and discussion

.1. Photocatalysis results

PFOA total degradation reaction in water can be summarized as
ollows:

F3(CF2)6COOH + 7/2O2 + 7H2O → 8CO2 + 15 HF (2)

The whole mechanism of PFOA decomposition in presence of
iO2, comprehensive of both the photo-redox (Fig. 1A) and the
-scission (Fig. 1B) pathways, is presented in Fig. 1. The com-
only accepted mechanism of PFOA decomposition starts with

he excitation of titanium dioxide caused by the irradiation of UV
ight (Fig. 1—reaction a) [20,26]; excited TiO2 accepts one elec-
ron from carboxylate of PFOA (CF3(CF2)6COO−) and a PFOA radical
Fig. 1—reaction b) is generated [7,20,26]. The so formed species
ndergoes a Kolbe decarboxylation reaction (Fig. 1—reaction c)
27,28]. The C7 radical reacts with molecular oxygen present
n the reaction environment and peroxyradicals are generated
Fig. 1—reaction d) [8]. The coupling of two peroxyradicals allows
he formation of O2 and two oxyradicals (Fig. 1—reaction e) that, in
he presence of the surface excited electrons of TiO2 and water, gen-
rate an unstable primary perfluorinated alcohol (Fig. 1—reaction f)
8,29]. This unstable compound originates acyl fluoride and hydro-
en fluoride (Fig. 1—reaction g) [28,29,31]; in the presence of
ater, the acyl fluoride is hydrolyzed to the corresponding car-

oxylic acid Cn−1, CF3(CF2)5COOH (Fig. 1—reaction h) [28–31]. This

hoto-redox mechanism explains a step-by-step Cn → Cn−1 chain

ength decrease of PFOA [8,28,32] and the formed carboxylic acid
n−1, CF3(CF2)5COOH, should compete with the PFOA on the cat-
lytic sites of TiO2 particles (Fig. 1—reaction b). Therefore, in the
alyst, comprehensive of both photo-redox (A) and b-scission (B) pathways.

decomposition reaction the concentration of shorter chain perflu-
orinated acids should increase proportionally to fluoride formation
according to pathway A in Fig. 1.

Another possible reaction pathway can be hypothesized assum-
ing that the oxyradical formed in reaction (e) evolves eliminating
COF2 by mono molecular �-scission and consequent generation of
a Cn−1 radical (Fig. 1—reaction i in pathway B) [29,33–35]. The
so formed carbon-centered perfluorinated radical takes part to
reaction (d), while fluorophosgene is quenched in aqueous envi-
ronment generating hydrogen fluoride and carbon dioxide [29].
Assuming that this pathway is active, it is remarkable that this
mechanism can promote an almost complete PFOA decomposition
without the formation of perfluorinated acids as intermediates.
The key steps of the complete oxidation mechanism are repre-
sented by the two competing reactions: the bimolecular reduction
of the oxyradical activated by TiO2 surface (reaction f) and the
monomolecular �-scission generating COF2 and Cn−1 radical (reac-
tion i).

During the first 4 h of PFOA photoabatement, the major release
of fluoride ions was  recorded as a consequence of PFOA miner-
alization (Fig. 2A). This phenomenon might be promoted by a
predominant �-scission mechanism, able to directly mineralize
PFOA and to generate fluoride ions with negligible formation of
shorter chain perfluorinated acids as degradation intermediates.
The presence of fluoride ions in concentrations up to around 17 mM
is reasonably related to the surface fluorination of TiO2-catalyst. For
the entire duration of the photoabatement process, it was  possible
to observe a decrease in the PFOA content in solution (Fig. 2B). Min-
eralization data obtained by TOC and IC determined that after 4 h
of PFOA photoabatement the mineralization ratio was 32% and the
yield in fluoride ions (calculated as the ratio of the concentration of
fluoride ions over the initial concentration of PFOA multiplied by 15
due to the stoichiometric ratio) resulted to be 29% (Table S.I.1). The
adsorption of fluoride ions on the surface of TiO2 particles might be
a reason of the fluoride ions loss (3%) in the aqueous phase.

The presence of an evident limit condition for the photomin-
eralization (plateau) can be noticed in the kinetic curve after 4 h
(Fig. 2A and B). In fact, the fluoride content and the percentage
mineralization after 6 and 9 h remained equal to 29% and 32%,
respectively. The lack of photoactivity of exhaust TiO2 after 9 h

of PFOA photodegradation was confirmed by evaluating its photo-
catalytic performances in a reusing test on a standard 4 mM PFOA
solution: TOC data revealed that after additional 6 h PFOA mineral-
ization was  only 10% (Fig. S.I.1).
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Fig. 2. Trends of fluoride ions release (A), total organic carbon content and PFOA concentration in solution (B), and degradation intermediates concentrations in solution ((C)
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In order to evaluate PFOA degradation intermediates content,
amples of the solution from the photoabatement reactor were
ollected at different reaction times and analyzed by HPLC–MS
Table S.I.2). First, an increasing difference between the trends of
OC content and PFOA concentration was overall present and after

 h it became particularly evident (Fig. 2B). However, even if the
hotoabatement rate of PFOA after 4 h was significantly reduced,
n increase in the degradation intermediates concentrations was
bserved (Fig. 2C and D). The concentration trends of the degrada-
ion intermediates in solution followed a well-defined order: the
igher the molecular weight of the intermediate, the higher its
resence in solution (PFHpA > PFHxA > PFPeA > PFBA > PFPrA > TFA).
owever, all the expected degradation intermediates were already
etected in the sample collected after 30 min, even if their pres-
nce in solution was negligible if compared to PFOA conversion
nd fluoride formation (Fig. 2A–D). It is important to notice that
he shorter chain acids formation during PFOA decomposition is
ot sufficient to explain the fluoride evolution observed and shown

n Fig. 2A and C. This gives further prove of the coexistence of two
FOA decomposition pathways, as shown in Fig. 1.

In addition, the presence in solution of TFA and PFPrA after
0 min  of treatment (Fig. 2D) could not be ascribed to photo-
edox Cn → Cn−1 chain length decrease mechanism, but it could be
ustified by a competitive direct chain length decomposition mech-
nism based on the elimination of COF2 as decomposition product
nduced by �-scission reactions of the oxyradical formed in reac-
ion (e) (Fig. 1). The photo-redox Cn → Cn−1 chain length decrease

echanism appeared to be significant after 4 h of photoabatement,
hen the mineralization rate of PFOA was evidently lowered.
Kinetic data of photodegradation of a 4 mM PFOA solution
evealed that, under an UV irradiation of 95 W/m2 and with a TiO2
ontent of 0.66 g/L, the degradation fitted with a pseudo-first order
inetic during the first 4 h (Fig. 3). The kinetic apparent constant
(kapp) referring to the rate of PFOA disappearance was equal to
0.1296 h−1 (R2 = 0.9956).

As reported in the literature, no PFOA abatement was observed
working in the presence of TiO2 as photocatalyst without UV irradi-
ation as well as under UV irradiation in the absence of photocatalyst
(photolysis) [24].

In order to understand the chemical modification induced
on TiO2 photocatalyst during the degradation process, the high-
resolution XPS spectra in the F-1s region were recorded on TiO2
samples collected at different reaction times. After 2 and 4 h of
photodegradation (Fig. 4A and B), XPS analysis revealed two  peaks
at around 684 and 688 eV which can be attributed to molecules
of hydrofluoric acid and PFOA, respectively, adsorbed on the TiO2
surface. After 9 h the XPS spectrum in the F-1s region showed
three peaks which could be assigned to different fluorinated
species (Fig. 4C): the first peak at around 684 was still related to
adsorbed hydrofluoric acid; the signal at around 687 eV was due
to the formation of fluorinated TiO(2−x/2)Fx species induced by flu-
oride ions generated during the photoabatement of PFOA [36];
the third peak at around 690 eV could be assigned to fluorinated
organic derivatives generated during the PFOA photodegradation
and adsorbed on the photocatalyst surface. Further evidences of
fluoride adsorption on the surface of TiO2 particles were derived
from the difference between the mineralization ratio and the yield
in fluoride ions (3% after 4 h) as well as from a mass balance of
fluorine atoms. Mass balances of fluorine atoms at different reac-
tion times have been evaluated on the basis of the concentrations
of initial PFOA, residual PFOA, degradation intermediates (PFHpA,
PFHxA, PFPeA, PFBA, PFPrA, TFA) and fluoride ions (Table S.I.2). The

results of mass balance calculation revealed an increasing loss of
fluorine, till about 5% loss of fluorine after 9 h. The incorporation of
a moderate amount of fluoride ions as dopant onto TiO2 nanoparti-
cles generally enhances effectively their photocatalytic activity due
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Fig. 3. PFOA photodegradation kinetic data plotted against time as [PFOA]/[PFOA]0 (A) and its corresponding linearization (B).

Fig. 4. XPS results—F-1s region XPS spectra of titanium dioxide catalyst: after 2 h
(A);  after 4 h (B); after 9 h reaction (C).
to the formation of Ti–F species on the facets [37–48]. However,
variations of reaction operative conditions, especially pH, and use
of an excessive F:Ti molar ratio can cause an opposite behavior: the
stabilization of F− ions in the vicinity of Ti4+ cations and the limi-
tation of charge carriers mobility hinder the photocatalytic activity
of TiO2 [36]. These results were in agreement with the XPS anal-
yses in the Ti-2p region recorded on catalyst samples collected at
different reaction times: in the first 4 h of photoabatement, no vari-
ations were observed on the TiO2 surface and both binding energy
values and peaks distribution remained almost identical to that of
the pristine P25; conversely, considerable variations were noticed
after 9 h of PFOA photodegradation [24].

The assignments of 19F-NMR spectra of PFOA (Fig. S.I.2),
referring to the labeled formula CF3(m)CF2(n)CF2(o)CF2(p)CF2(q)CF2(r)
CF2(s)COOH, were in agreement with literature: ı = −81.4 (3 F, Fm),
−126.7 (2 F, Fn), −123.7 (2 F, Fo), −123.4 (2 F, Fp), −122.6 (2 F,
Fq), −122.4 (2 F, Fr), −117.9 (2 F, Fs) ppm [49]. The presence of
the same set of 7 signals in both the starting and the final solu-
tions suggested that a significant portion of undecomposed PFOA
remained. Only at the end of the considered decomposition time
(9 h), the amount of shorter acids in solution was  enough to be
clearly detected and a peak due to a CF2 near a CF3 not ascribable
to PFOA appeared at −131 ppm (Fig. S.I.3) [50]. Peaks of shorter
perfluorinated acids have almost the same chemical shifts of the
corresponding signals of PFOA [49–51]. The integrals of the signals
in the 19F-NMR spectra recorded at 0 min, 3 h and 9 h were also
calculated (Fig. S.I.2–4). The CF3(m) integral was  used as reference,
with an imposed value of 3. The PFOA mineralization results in
less concentrated solutions of the starting acid and, consequently,
the ratio between 19F-NMR integrals of CF3(m) and of all the CF2
should remain constant. If PFOA decomposition stops before the
complete mineralization, shorter perfluorinated acids should be
generated. In this situation, the elimination of COF2 in pathway
B (Fig. 1—reaction i) as well as the decarboxylation in pathway A
(Fig. 1—reaction c) reduce the number of CF2 groups in the chains
and, consequently, the number of peaks in 19F-NMR spectra. In the
starting solution (0 min), the ratio between CF3 and CF2 integrals
was 3:2 (Fig. 5). After 3 h, the integrals of two inner CF2 signals,
CF2(p) and CF2(q), slightly decreased, because of the formation of
perfluorinated acids with shorter chains. In fact, these acids have
progressively a lower number of CF2 groups than PFOA and a CF3 as

carbon-chain end-group. Therefore, a diminishing number of CF2
signals can contribute to the 19F-NMR spectra even if the CF3 signal
is present until the complete mineralization of PFOA. After 9 h, the
relative integral of four CF2 signals, CF2(n), CF2(p), CF2(q) and CF2(r),
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Fig. 5. 19F-NMR spectra integrals values at different decomposition time. All the
CF2 integral values are relative to their ratio with CF3 ones and the assign-
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ents are referred to the labeled formula of PFOA: CF3(m)CF2(n)CF2(o)CF2(p)
F2(q)CF2(r)CF2(s)COOH.

ecreased and this can be due to the formation of perfluorinated
cids with even shorter chains.

. Conclusions

The influence of fluoride ions on the surface of titanium diox-
de, during the perfluorooctanoic acid degradation, was studied.
he photocatalytic reaction was carried out working under opti-
al  conditions, using a 4 mM PFOA solution and a TiO2 content

f 0.66 g/L under a UV irradiation of 95 W/m2. The degradation
echanism was investigated by HPLC–MS analysis, confirming the

resence of the intermediates through two possible degradation
athways: the photo-redox and the �-scission pathway. The mech-
nism based on �-scission reactions resulted dominant during
he first 4 h of photoabatement, when the complete mineraliza-
ion with the fastest rate of fluoride release is more significant;
fterwards, the photo-redox mechanism prevailed and noticeable
oncentrations of shorter chain perfluorinated acids as degradation
ntermediates were observed. The PFOA concentration was  moni-
ored during the reaction and a kinetic apparent constant (kapp)
eferring to the rate of PFOA disappearance was measured as equal
o 0.1296 h−1. The surface of TiO2 was analyzed by XPS technique,
evealing the modification of TiO2 catalyst after 9 h of reaction. The
urface modification was induced by fluoride ions due to hydroflu-
ric acid generated by PFOA degradation and it might influence
he catalyst reducing the photocatalytic efficiency of TiO2. 19F-NMR
nalysis revealed the signals due to PFOA in both the starting and
he final solutions, proving that the surfactant was not completely
ecomposed.
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