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Highlights

Oxygen influences PFOA photocatalytic oxidation pathways

C, = C,.1 photo-redox and B-scissions pathways are active in PFOA oxidation
PFOA oxidation can be forced to follow one pathway or the other

Isolation of COF, intermediate proved the B-scissions route

COF, can be conveniently obtained by waste PFOA

Abstract
The influence of oxygen in the photocatalytic oxidation of perfluorooctanoic acid (PFOA) promoted

by a commercial nano-sized titanium dioxide was studied by testing the reaction in different
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conditions: static air, oxygen flux, nitrogen flux and pre-saturated nitrogen flux. The reaction was
monitored by Total Organic Carbon (TOC) analysis and Ionic Chromatography (IC). Shorter chain
perfluorocarboxylic acids (PFCAs; C, n = 1-7) intermediate degradation products were
quantitatively determined by High-Performance Liquid Chromatography combined with Mass
Spectrometry (HPLC-MS) analysis. The presence of shorter chain PFCAs in solution was also
monitored by "F-NMR. The experimental findings are in agreement with two major oxidative
pathways: C, — C,_; photo-redox and B-scissions routes mediated by COF, elimination. Depending
on the experimental conditions, the mutually operating mechanisms could be unbalanced up to the
complete predominance of one pathway over the other. In particular, the existence of the B-scissions
route with COF, elimination was corroborated by the isolation and characterization of carbonyl

difluoride, a predicted fluorinated decomposition by-product.

Keywords: PFOA, Oxidation, Titanium dioxide, Photocatalysis, Carbonyl difluoride

1. Introduction

PFOA and its salts are exogenous very stable perfluorinated surfactants, utilized till now for the
preparation of the majority of fluoropolymers that are worldwide employed in thousands of
everyday life essential applications, such as manufacturing, aerospace, automotive, electronics,
semiconductors and textile [1]. PFOA UV stability and high surface-active effects are due to its
completely perfluorinated structure [2-4]. However, perfluorocarboxylic acids (PFCAs) are
nowadays source of great concern due to their proved persistence in the global abiotic and biotic
environment, including food and humans [5-7]. These compounds, in fact, are among the most
widely diffused fluorinated surfactants into waste streams [8-10].

The 2015 is the deadline for the complete phase out of perfluorooctanoic acid; this phase out plane
was launched in the PFOA Stewardship Program by US-EPA and by eight major companies in

2006 [1]. As a direct consequence of this program, the fluoropolymer industry has been forced to
2
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develop new environmentally friendly surfactants suitable for emulsion polymerization. In addition,
from that moment on, many important research studies on PFOA substitutes and related materials
appeared in the specialized literature [11-17]. Furthermore, due to recent findings on the extreme
difficulty to decompose PFOA by using standard methodologies, new and effective degradation
techniques like electrochemical [18], modified Fenton reagent [19], sonochemical [20], plasma
[21], microwave [22], photochemical [23,24] and photocatalytic methods [25-29] have been studied
and published. In addition extensive technological reviews are also available in the literature [30-
32].

In this study, we analyzed the influence of oxygen in PFOA photocatalytic oxidation induced by
UV-activated TiO,. Semiconductors, in particular TiO,, are characterized by an electronic band
structure in which electrons from the valence band (V) are promoted to the conductive band (Cy)
with the simultaneous generation of positively charged holes (h") in the Vj, by the absorption of a
photon flux of energy equal or higher to the bandgap energy. The electron-hole pairs can recombine
in a few nanoseconds, or they can be trapped in surface states where they can react with donor or
acceptor species adsorbed on the photocatalyst surface [33]. Interface redox reactions involving
both excited electrons and photogenerated holes must compete effectively with the recombination
processes of the electron-hole pairs [34,35]. In the presence of water and oxygen, hydroxyl radicals
‘OH and superoxide ions O, - are generated [36]. These intermediates are strong oxidizing species
able to mineralize organic compounds [37,38]. However, an extensive debate on the oxidative
pathway of PFOA exists nowadays, because it has been demonstrated that -OH radicals generated
by Fenton reagent are not very effective in the PFOA mineralization [30,39] and that Ti'"" OH-" can
take an active part in the mineralization reaction [27,40,41].

Despite the numerous studies on PFOA oxidation, at the moment a complete rationalization of the
decomposition pathways is not available. The interpretation of experimental findings, as well as a
priori calculations reported in the literature, are often in apparent contradiction [19,26,30] and

provide an incomplete interpretation of the PFOA oxidation mechanism [25] or, in some cases, the
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experimental findings are complementary [18,21]. The intent of this work is to give our contribution
to the understanding of this intriguing reaction. In particular, we focused on the influence of oxygen
in the photocatalytic oxidation of PFOA induced by UV-activated TiO, and we obtained that,
differently from static conditions, a continuous oxygen feeding enhanced the decomposition of
PFOA till its mineralization. On the contrary, PFOA photooxidation was hindered in a nitrogen-
saturated reaction environment.

The use of oxygen excess directed the PFOA decomposition through a reaction pathway involving
the formation of oxygen-centered perfluorinated radicals as major intermediates. As already
hypothesized, the perfluorinated oxyradicals preferentially followed a -scission route by releasing
carbonyl difluoride, COF,, as a specific by-product, which can be hardly isolated due to its rapid
hydrolysis in aqueous media [42]. Carbonyl difluoride is an important intermediate for the industrial
synthesis of key fluorinated monomers and it is essential in the preparation of fluoroplastics and
perfluororubbers [43-45]. In this work, we firstly report that the intermediate COF, can be isolated
in pure form and in good selectivity by performing the photocatalytic oxidation of PFOA in a
suitable perfluorinated aprotic solvent, instead of water. Moreover, in these conditions the catalyst
deactivation due to fluoride ions is mostly inhibited [27]. As often happens, a more complete
understanding of a reaction mechanism gives more options in the utility of the reaction under study
[46,47]. In particular, in the photocatalytic oxidation of PFOA a new chemical route has been

identified for the synthesis of carbonyl difluoride, COF,.

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~ mol/L at 25°C [48].
Titanium dioxide P-25 (75% Anatase, 25% Rutile) was supplied by Evonik®™ and it was tested as a

titanium-based photocatalyst. The coexistence of anatase and rutile in commercial P-25 causes the
4
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catalyst photoactivity to be enhanced if compared to pure anatase [49]. The presence of small rutile
crystallites, in fact, creates a structure characterized by a more stable charge separation, slowing
recombination reactions on anatase; moreover, the smaller band gap of rutile extends the useful
range of photoactivity into the visible region [49]. Water was purified by using an Elga Option 3
deionizer and it was used to prepare PFOA solutions for the different kinetic tests. Milli-Q water
was employed for ion chromatography. HPLC-MS analyses were carried out by using as an eluting
phase a mixture of methanol (CHROMASOLV™, for HPLC, > 99.9% - from Sigma Aldrich®) and 2
mM aqueous ammonium acetate solution. The evaluation of COF, formation during PFOA
abatement was specifically monitored by degrading a solution of PFOA in Galden® HT-170 (from
Solvay Specialty Polymers), a PFPE-based solvent with boiling point of 170°C and formula as

follows: CF30(CF,CF(CF3)0),(CF,0),CF3 (AMW = 760).

2.2. Photocatalysis

The photocatalytic apparatus was a 1 L glass stirred reactor equipped with an iron halogenide UV
lamp (500 W, Jelosil® HG500) emitting light at wavelengths of 315-400 nm and able to irradiate the
reactor with a specific power of 75 W/m?. The UV lamp was placed beside the reactor, which was
cooled with water at a temperature of 30.0 + 0.5°C [27]. Titanium dioxide was introduced in the
reactor at the beginning of each test (0.66 g/L) [27]. The variation of the surfactant concentration in
solution was monitored by Total Organic Carbon (TOC) analysis and Ionic Chromatography [27].
The PFOA initial concentration ([PFOA]y = 4 mM) was maintained lower than its CMC (7.8 mM
[48]) in order to avoid the formation of emulsions that would reduce the TiO,-promoted
photodegradation rates [27,28]. Moreover, the PFOA initial concentration was high enough to allow
the detection of the degradation intermediates, even at very low concentrations. Each kinetic test
was repeated three times in order to evaluate the error extent and realized by collecting samples (10
ml) of the reaction mixture at predetermined reaction times. Samples were centrifuged and filtered

through a 0.45 pm polycarbonate membrane in order to separate the TiO, powder from the solution.
5
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Photocatalytic process could be commonly described in terms of a modified Langmuir-
Hinshelwood (L-H) model, which has been successfully used for heterogeneous photocatalytic
degradation by determining the relationship between the apparent first-order rate constant and the
initial content of the organic substrate [50,51]:

_dC kK
dt  1+K,C, "

(1

In Equation 1, r is the reaction rate, C is the pollutant concentration in solution, Cy is the initial
organic content, k, is the reaction rate constant, K is the adsorption rate constant, ¢ is the time and
kapp the apparent first-order rate constant. In the original L-H model the rate constant &, and the
adsorption constant K are independent of light intensity and K should not vary with the light
intensity because it represents the adsorptive affinity of a substrate on the catalyst surface.
Differently, in the modified L-H model the light intensity can affect both kinetic constants (4, Ky),
as reported in the literature [50,51].

The effects on PFOA photocatalytic oxidation due to both oxygen excess and deficiency in the
reaction environment were evaluated by running and comparing the results of specific kinetic tests;
in particular, PFOA degradation trends were monitored in atmospheric conditions (A4ir test), in the
presence of a constant O, flux (O, test - Fo, = 7 NL/h) and in the presence of a constant N, flux
(Fn2 = 7 NL/h). The latter case comprehended two different oxygen starvation tests: PFOA
degradation under N, flux with an air-saturated initial solution (N, test) and with a N-presaturated
reaction environment (N, test - PFOA solution fluxed with N, for 12 h until saturation, then Fx;, =
7 NL/h during the kinetic test). Dark and photolysis tests were also conducted (Table S.I1.9 and
Table S.I.10, respectively).

In order to verify the deactivating effect of fluoride ions towards TiO,, an additional test (F~ fest)
was performed by adding potassium fluoride ([KF]o = 120 mM) to the initial PFOA solution. In

these conditions PFOA photoabatement was not observed, thus confirming the effects due to the
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fluoride-promoted deactivation of the catalyst (see Table S.I.11 in the Supporting Information for

more details).

2.3. Detection of carbonyl difluoride

The intent of this test was the detection of COF,, hypothesized as a specific by-product in the
PFOA degradation pathway based on the [B-scission reaction. The photocatalytic apparatus
described in Paragraph 3.2 was connected to an on-line Thermo Nicolet 380 FT-IR set with a PTFE
gas-tight IR cell (volume 8 cm’, length 10 cm) equipped with CaF, windows. The outlet gases of
the cell were neutralized in a saturated NaHCOj3 aqueous solution. PFOA ([PFOA]y = 4 mM) was
dissolved in a high boiling point PFPE-based solvent (Galden® HT-170) and this solution was
introduced in the reactor. The use of aqueous solutions in the photoabatement of PFOA did not
allow the detection of COF; because of its rapid hydrolysis. Titanium dioxide P-25 (0.66 g/L) was
used as a photocatalyst and the UV lamp (75 W/m?) was placed beside the reactor. Oxygen (Fo = 7
NL/h) was continuously fluxed in the reactor. FT-IR analysis was used to monitor the composition
of the outlet gases and to verify the formation of COF,, by comparing its typical IR signal at 1928
cm™' due to the C=O stretching (Table S.I.12). The concentration of COF, (expressed in parts per
million by volume, ppmV) was calculated on the basis of its reported molar absorptivity at 10110
cm/mmol [42]. A portion of the outlet gases was bubbled in a NMR tube containing toluene-dg
cooled in a dry ice-acetone bath at -78°C [52]. "F-NMR spectrum was recorded on a Bruker 500
Ultrashield spectrometer operating at 470.30 MHz and 305 K.

Chemical stability test of pure Galden® HT-170 towards UV-activated TiO, and dark test of a
PFOA solution in Galden® HT-170 were also performed under O, flux (Fo, = 7 NL/h - see Tables

S.I.13 and S.I.14 in the Supporting Information for more details).

2.4. TOC analysis and ion chromatography
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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 by comparing the sample with a calibration curve obtained from PFOA solutions at
defined concentrations. In the kinetic study of PFOA degradation, the data obtained by TOC
analysis were considered for the calculation of C/C, ratios. The PFOA degradation generated
fluoride ions in solution and their concentration was monitored by Ion Chromatography (IC) with a

Metrohm 883 Basic IC Plus.

2.5. High-Performance Liquid Chromatography with Mass Spectrometry (HPLC-MS)

Analytes separation was performed by using an Agilent 1100 Series HPLC Value System,
consisting of a quaternary pump, vacuum degasser and auto sampler. The instrument was equipped
with a Lichrocart® 55-4 Purospher™ STAR RP-18 end capped column (55 x 4.0 mm i.d., 3 pm)
supplied by Merck KGaA. For quantitative determination, the chromatographic system was
interfaced to a Bruker Esquire 3000 Plus quadrupole ion trap mass spectrometer (Bruker Daltonics)
operating in negative electrospray mode. Instrumental parameters were optimized to transmit the
[M-H] ions 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-H], respectively (see
Appendix A). Samples of the reaction mixture collected at different 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 uL/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. HPLC-MS spectrum of Air
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Test sample collected after 7 h and the extractions of primary ions due to PFOA and degradation

PFCA intermediates are reported as example in the Supporting Information (Fig. S.I.1).

2.6. Fluorine-19 nuclear magnetic resonance ("’ F-NMR) spectroscopy

F-NMR tests were performed on a Bruker 500 Ultrashield spectrometer operating at 470.30 MHz
and 305 K, in order to evaluate the trend of PFOA signals. In particular, for each kinetic test, the
samples of solution collected from the photoabatement reactor at the beginning and at different
specific times were analyzed by '"F-NMR, using D,O as solvent. PFOA integral calculation
allowed the detection of degradation products by considering the ratio between the integrals of the
peaks ascribable to CF3 groups, present in all the degradation by-products (C,-C; perfluorinated

acids; see Appendix A) and the integrals of the peaks ascribable to CF, signals.

2.7. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy spectra were obtained by using an M-probe apparatus (Surface
Science Instruments). The source was monochromatic Al Ka radiation (1486.6 eV). A spot size of
200 pm x 750 pm and pass energy of 30 eV were used. /s level hydrocarbon-contaminant carbon
was taken as the internal reference at 284.6 eV. Fittings were performed by using pure Gaussian
peaks, Shirley’s baseline, and without any constraints. X-ray photoelectron spectroscopy analysis
was performed to study the composition of the photocatalyst surface after the photodegradation of a
PFOA solution in Galden® HT-170. The TiO, sample for XPS analysis was obtained by
centrifuging and filtering through a 0.45 pm polycarbonate membrane the surfactant solution at the
end of the reaction (15 h); the sample was then dried in inert atmosphere for 24 hours and analyzed.

High resolution XPS analyses in the typical zone of C Is (as reference) and Ti 2p were performed.

3. Results and discussion

3.1. Photocatalytic oxidation of perfluorooctanoic acid
9
Page 9 of 29



The solubility of perfluorocarboxylic acids can be approximated to their critical micelle
concentration (CMC). In particular, PFOA is characterized by a CMC of 0.0078 M and above this
value PFOA molecules tend to aggregate in micelles of average dimension around 100 nm,
originating a colloid [48]. Below the CMC, PFOA molecules are expected to exhibit lower chemical
stability than PFOA aggregates towards the coupled effect of TiO, and UV light [28]. On the basis
of the optimizations achieved in previous studies [27,28], the general experimental conditions were
maintained by setting PFOA initial concentration at 0.0040 M ([PFOA], < CMC), TiO; content at
0.66 g/L and UV-lamp power at 75 W/m®. Different kinetic tests were realized in order to evaluate
the effects of oxygen excess or defect in the reaction environment. PFOA degradation trends were
monitored in static conditions with atmospheric concentration of O, (4ir test) and in the presence of
a constant O, flux (O, test - Fo, = 7 NL/h) in order to obtain an O,-enriched environment. Two
kinetic tests were also run under N, flux in O, starvation conditions, either in the presence of
residual oxygen traces due to the air-saturated initial solution (N, fest) or in the complete absence of
O, obtained by pre-saturating the PFOA solution with N, before starting the photocatalytic
experiment (Nos, test - see Paragraph 2.2 for details). The surfactant abatement trends were
evaluated by monitoring at different times the mineralization percentage of the treated solutions by
TOC analysis, the fluoride contents by IC analysis (Tables S.I.1, S.I.3, S.I.5 and S.1.7) and the
degradation intermediates concentrations by HPLC-MS (Tables S.1.2, S.1.4, S.I1.6 and S.L.8). PFOA
concentrations expressed as ppm of carbon ascribed to PFOA and measured by HPLC-MS were
reported for benchmarking purposes with the experimental TOC concentrations (Fig. 1-A). PFOA
degradation kinetic data were interpolated by pseudo-first order curves (R* > 0.96) which enabled

the comparison of the apparent rate constants, &, (Fig. 1-B).
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Figure 1. Concentration trends of TOC data (solid lines) compared to the ppm of carbon
corresponding to PFOA concentration monitored by HPLC-MS (dashed lines) for the different
kinetic tests (O,, Air, N> and N, test) (A); linearization of PFOA degradation data obtained in the
different kinetic tests (O,, Air, N> and Ny, test) (B).

In the Air test, TOC content and PFOA concentration resulted to be constantly decreasing along the
whole experiment and a substantially constant gap can be observed (Fig. 1-A). Considering the O,
test, the total mineralization was very rapid during the first 4 h of abatement and after 7 h PFOA
appeared to be almost completely degraded: [PFOA];/[PFOA]y = 0.034. After 4 h, the
mineralization rate clearly decreased, probably due to the F-promoted chemical modifications of
the catalyst surface [27]. The gap between the trends of TOC content and PFOA degradation was
substantially constant after 7 h. The Ny, test was run in N, pre-saturated reaction environment and
a very low decrease in the TOC content was observed (Fig. 1-A): at the end of the test
mineralization was slightly higher than 2%. Differently, the residual oxygen content present in the
N test due to the air-saturated initial solution raised the final mineralization to more than 50% and
the PFOA abatement was about 71% (Fig. 1-A). These results are in complete agreement with the
expected behavior of the system by supporting the enhancing role of oxygen in the reaction
mechanism of PFOA photodegradation.

The linearization of PFOA degradation data are reported in Figure 1-B for all the experimental
conditions tested, along with the calculated apparent kinetic constant. The apparent kinetic constant

obtained in the O, fest (ko; = 0.3346 h') was almost twice the one calculated in the Air test (ki =
11
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0.1715 h™") (Fig.1-B). As expected, tests run in the presence of O, starvation (N test and Nagy test)
allowed lower rates of PFOA removal (ky,; = 0.0560 h'l, knzsar = 0.0078 h']). From the comparison
of the calculated k,,, the importance of working in Oj-enriched conditions during PFOA
photodegradation was confirmed. Moreover, no PFOA abatement was observed by working in the
presence of TiO, as photocatalyst (0.66 g/L) without UV irradiation (dark test, Table S.1.9) or by
working just under UV irradiation (75 W/m?) without photocatalyst (photolysis test, Table S.1.10),
in accordance to the literature [24]. The absence of any PFOA abatement in the dark test confirmed
also that PFOA adsorption on the TiO, surface was negligible.

PFOA degradation intermediates were identified and quantified by HPLC-MS analysis. In the Air
test, the concentration trends of the degradation intermediates in solution followed a well-defined
order: the higher the molecular weight of the intermediate, the higher its presence in solution
(PFHpA > PFHxA > PFPeA > PFBA > PFPrA > TFA) (Fig. 2-A and 2-B). PFHpA concentration
increased up to a maximum value (0.632 mM) followed by an evident decrease. This concentration
trend can be related to the C, — C,.; chain length degradation pathway. It is important to notice that
the shorter-chain acids formation during PFOA decomposition observed at the beginning of the
reaction and the presence of TFA and PFPrA after 30 minutes (Fig. 2-B) cannot be ascribed to the
generally accepted photo-redox consecutive C, — C,.; chain length decrease mechanism [29].
These findings can be justified by an alternative decomposition mechanism based on the
elimination of COF; as a decomposition product induced by B-scission reactions of oxyradicals, in
competition with the stepwise chain length decrease [28]. Overall, the concentration trends of
PFOA degradation intermediates represented an indirect proof of the coexistence of two
degradation pathways. In the O, fest, PFHpA maximum concentration was comparable with the one
observed in the Air test, as well as the final concentrations of PFHxA and PFPeA (Fig. 2-C and 2-
D). On the contrary, PFPrA and TFA were definitely more concentrated at the end of the O, test
than in the Air test. In the presence of O, excess, PFOA decrease appeared to be definitely more

rapid and higher concentrations of short chain acids were detected. These results suggested that a
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PFOA oxidation mechanism alternative to the C, — C,_; stepwise chain length degradation should
be considered, especially in the presence of appreciable O, concentrations. In the N, fest (Fig. 2-E
and 2-F), the formation of shorter-chain acids resulted greatly limited: [PFPrA]m.x and [TFA]max
were 0.008 and 0.002 mM, respectively. In fact, in O, starvation, the PFOA abatement appeared to
follow the generally accepted stepwise C, — C,.; chain length decrease mechanism and the PFOA
concentration decreased constantly with gradual increase in C;-C¢ acids content and relatively low
formation of shorter chain acids. In N, fest, the very limited PFOA abatement (Fig. 1) and the
related small increase in the PFOA degradation intermediates concentrations (Fig. 2-G and 2-H)
were probably due to traces of oxidant species in the solution ascribable to residual O, or to the
reaction between photogenerated holes and water adsorbed onto TiO, particles [53]. These
evidences overall suggest that the use of an external source of oxygen can promote the PFOA

degradation.
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PFOA degradation is expected to produce fluoride ions due to several routes such as

dehydrofluorination of primary perfluorinated alcohols and hydrolysis of both COF, and

perfluoroacyl fluoride

intermediates.

Overall,

fluoride release can be considered as a
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complementary marker of PFOA mineralization; however, differences in the balance between
fluoride yields and mineralization degrees can be noticed and should be ascribed to several
contributory causes, such as the volatility of some PFOA decomposition products, like HF and
COF,, the partial fluorination of the TiO, catalyst and the undesired production of SiF¢ . Fluoride
concentration in solution increased linearly during the A4ir fest until around 9 h of photoabatement;
then F~ increase was less pronounced (Fig. S.I.2-B). At the end of the treatment, the detected
fluoride concentration was 29 mM, corresponding to a F~ yield of 48%. Fluoride release in O, test
was definitely quicker than in the case of Air test (Fig. S.I1.3-B): the F~ concentration reached 25
mM after 4 h which was about 2.5 times the F~ content observed in the Air test after the same
degradation time (10 mM after 4 h); after 7 h treatment, the F~ concentration reached a plateau and
a maximum value of 31 mM, slightly higher than the one in the Air fest. This trend can be ascribed
to an almost complete deactivation of the catalyst due to the chemical interactions of fluoride ions
with TiO, surface moieties [27,28]. In N> test as well as in Ny, test, a limited fluoride release was
observed (Fig. S.1.4-B and S.1.5-B): at the end of the tests (after 15 h), [F] were about 6 and 3 mM,
respectively; F~ yields were around 10% and 5%, respectively. These results confirm that the
photocatalytic degradation of fluorinated surfactants in solution is significantly influenced by the

presence of dissolved oxygen.

3.3. "F-NMR results

Referring to the labeled formula CFs3)CF2()CF2(¢)CF2(5)CF2y)CF2(3)CF2(yCOOH, the assignments of
PFOA in the ""F-NMR spectra (Fig. S.1.6) were in agreement with literature: & = -81.9 (3 F, Fy),
-127.1 (2 F, F), -123.8 2 F, F¢), -123.1 (2 F, F5), -122.9 2 F, F,), -124.2 (2 F, Fp), -118.5 (2 F, F,)
ppm [52,53]. The peaks of shorter perfluorinated acids (C;.3) have chemical shifts located in the
immediate vicinity of PFOA signals, except for trifluoroacetic acid (TFA) that is characterized by a
single signal at -76.55 ppm (generally used as a calibration standard) [28,54,55]. "’F-NMR spectra

of PFOA solutions collected from the photoabatement reactor at different times during the kinetic
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tests (Air, O,, Ny and N, tests) were recorded in order to confirm the variation in the chemical
composition of the samples. The integrals of the signals ascribable to CFje. and CFjmwere
calculated for each spectra and the corresponding ratios () between the sum of CFy. PF-NMR
integrals and the sum of CFjq) integrals were also evaluated (Table 1): 9 = > (CFyq
integrals)/) (CFs(, integrals). The direct mineralization of PFOA (Eq. 2) progressively reduces the
concentrate of the starting acid, formally avoiding the formation of shorter chain species and
maintaining constant the ratio 9:
CF3(CF,)sCOOH + 7/2 O, + 7 H,0 — 8 CO, + 15 HF (2)

On the contrary, if the PFOA decomposition proceeds across intermediates, shorter chain acids are
generated and the '"F-NMR integrals ascribable to CF, moieties in the chains decrease

independently from the terminal CF; integrals; thus, the ratio 9 is expected to decrease.

Table 1. Comparison of 3 values at different decomposition time for Air,
0,, N, and N, kinetic tests.

Test Time 3 Mineralization
(h) ) (%)*
Air test 0 4.0 0
7 3.7 50
9 2.9 62
15 1.6 80
O, test 0 4.0 0
4 33 69
7 2.3 78
N, test 0 4.0 0
7 39 30
15 33 54
Ny test 0 4.0 0
7 4.0 1
15 4.0 2

a. % mineralization calculated on the basis of TOC data.

As reported in Table 1, the calculated § value in the starting solution was equal to 4.0. The
comparison of 9§ values at similar mineralization degrees in different tests reveals the relative

incidence of the two alternative degradation pathways: in particular, low 9 values can be ascribed to

16
Page 16 of 29



a higher influence of the photo-redox C, — C,; stepwise mechanism; conversely, experiments
characterized by high 3 values preferably follow the B-scission pathway. In 4ir and O; fests, the
comparison of 9 values highlighted a well-defined trend; in fact at similar mineralization degrees,
9air were always significantly lower than 3o, (Table 1): at mineralization of 62%, 3;; at 9 h was
equal to 2.9, while So, at 4 h was 3.3; more markedly, at mineralization of 80% 3 at 15 h was
equal to 1.6, that is definitely lower than 2.3 (3o at 7 h). A similar trend was observed in 4ir and N,

tests: at mineralization of 52%, 34i-at 7 h was found equal to 3.7 while 9xy at 15 h was 3.3.

B S
: A = B
= 0, test - 15 h | — 0, test - 15 h
i oD N N R L — B N W N7 S SR o, SO
N 0, test - 7 h 0, test - 7 h
MMMM I 0
Air test - 15 h Air test - 15 h
bl A Pt Mmoo

Air test - 7 h
Air test - 7 h W no M !
,% N, test - 15 h

\Mk.- N, test - 7 h

f AN Nogqe test - 15 h

Nosae test - 7 h

N, test - 15 h

N, test - 7 h 1

Npooe test - 15 h |

Nosoe test - 7 h
T

-81.9 -82.0 -82.1 [ppm] -120 -122 -124 4126 [ppm]

N S S
|

T

Figure 3. Comparison of "F-NMR spectra recorded at 7 and 15 h for Air, O3, Nase and N; kinetic

tests: zooms in the CF3) (A) and CFy..) (B) regions.

On the basis of these results it is possible to hypothesize that in the presence of a constant O, feed
(O; test) the degradation of PFOA preferentially follows the B-scission pathway. On the contrary, in
O, starvation conditions (N> test), the photo-redox C, — C,_; chain length mechanism appears to be
preponderant. In the case of PFOA degradation in the presence of naturally dissolved oxygen (4ir

test), a balanced coexistence of B-scission and photo-redox pathways is possible.
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It is also interesting to compare the CF3(, signals obtained at different PFOA mineralization (Fig. 3-
A). In the spectra of Air test at 15 h and O, test at both 7 and 15 h, the well-resolved triplet of
triplets of the PFOA CFj3 signal at -81.86 ppm varied in multiple signals resulting from the partial
overlapping of several contributions: a triplet at -82.15 ppm due to PFPrA, a triplet of triplets at
-82.03 ppm due to PFPeA and a multiplet in the range between -81.86 and -81.92 ppm due to
overlapping triplets of triplets ascribable to PFOA, PFHpA, PFHXA and PFBA [55-61]. This
transition confirmed the coexistence of comparable amounts of different perfluorocarboxylic acids
(Cs.3). In addition, the presence of TFA (C;) was also proved by its distinctive signal at -76.55 ppm
(Fig. S.I.7-11). Conversely, in the spectra of N> and N, tests at both 7 and 15 h, the CF3y signal of
PFOA remained almost unchanged (Fig. S.I.12 and S.I.13); in N, test at 15 h a slight shoulder at -
81.92 ppm can be detected. Comparatively, in these tests it was possible to notice a complementary
trend in the CFy,.¢) signals (from -118 to -128 ppm) obtained at different PFOA mineralization (Fig
3-B): in the spectra of Air test at 15 h and O; fest at both 7 and 15 h, CF; signals almost disappeared
and new weak CF; signals appeared at -118.7 (triplet; CFyq) of PFBA), -119.5 (quartet; CFyq) of
PFPrA), -124.5 (multiplet; CF,) of PFPeA) and -125.2 ppm (multiplet; CF,g) of PFBA), ascribable
to low concentration of shorter perfluorocarboxylic acids [55-61]. In N, fest at 15 h and in Air test at

7 h, only a broadening of the intense signal of the CF,,.¢) peaks was observed.

3.3. p-scission of perfluorooxyradicals and carbonyl difluoride detection

The PFOA degradation passes through the formation of oxygen-centered perfluororadicals, as
already reported in the literature [28]. The commonly accepted mechanisms foresee that these
radicalic intermediates evolve by producing unstable perfluorinated alcohols, which further
decompose to perfluoroacyl fluorides by eliminating hydrofluoric acid [65]. However, the B-
scission reaction of perfluorinated oxyradicals (C,O) is thermodynamically favored with a low
kinetic barrier; shorter carbon-centered perfluoroalkyl radicals (C,.;) and COF, are formed as

reaction products [18]. Perfluoroalkyl radicals continue the degradation pathway and COF, is
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rapidly hydrolyzed in aqueous media by generating CO, and HF. To demonstrate this pathway, the
hydrolysis of COF, should be inhibited by setting the experiment in the absence of water and
allowing the release of COF, from the reaction environment in gaseous phase. Therefore, a specific
test was defined in order to achieve the PFOA degradation in absence of water and to avoid the
COF, hydrolysis. A high boiling point perfluoropolyether (Galden® HT-170, b.p. = 170°C) was
chosen as a solvent because of its solvating properties on PFOA (~ 1,9 g/L), inertness to radicals,
stability towards UV-light and low volatility. The remaining experimental parameters of the test
were maintained consistent with the O, test by setting PFOA initial concentration at 4 mM, TiO,
content at 0.66 g/L, UV-lamp power at 75 W/m” and oxygen flux at 7 NL/h. Oxygen was
continuously fluxed in the reactor in order to enhance the concentration of perfluorinated
peroxyradicals and consequently to facilitate the formation of COF,. As soon as the PFOA
photocatalytic oxidation in the perfluoropolyether solvent started, the outlet gases from the reactor
were analyzed by FT-IR spectroscopy and the production of COF, was monitored (Fig. 4 and Table
S.I.12). The typical IR pattern of COF, with the intense signal at 1928 cm™ due to the C=0O
stretching was easily recognized in the spectra (Fig. S.I.14) [42]. The IR signals of CO,
antisymmetrical stretching at 2350 cm’ and HF lines in the range 3700-4200 cm™ were also
present. A portion of the outlet gases was also analyzed by '’F-NMR spectroscopy and the spectrum
revealed an evident signal at -21.5 ppm ascribable to COF, (Fig. S.I.15) [52]. While the
concentration trends of PFOA degradation intermediates indirectly suggest the existence of two
competitive degradation pathways, the detection of COF, can be considered as a direct experimental

evidence of the -scissions route in the PFOA degradation mechanism.
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Figure 4. COF, concentration (expressed as parts per million by volume, ppmV) in outlet gases
during the decomposition of PFOA dissolved in a high boiling point PEPE-based solvent (Galden®™

HT-170).

In the PFPE-solvent PFOA was completely degraded after approximately 12 h and the maximum
COF; concentration in the flux resulted equal to 232 ppmV. The COF, concentration trend over
time revealed the rapid and almost complete decomposition of the PFOA through the B-scission
pathway (Fig. 4). In addition, the production of COF, and its removal from the reaction
environment, due to stripping action by the oxygen flow, reduced the release of fluoride ions in the
solution. Thus, TiO, deactivation due to fluoride ions was inhibited by performing PFOA
photooxidation in a PFPE-based solvent and, even after 15 h of photoabatement only a minor part
of the catalyst turned out to be fluorinated. At the end of the test, XPS analysis of TiO, catalyst
(Fig. S.I.16) showed in the Ti 2p region two couples of peaks which can be attributed to pure
titanium dioxide (at 458-464 e¢V) and to titanium fluorides with low fluorination degree (at 460-466
eV). On the basis of the deconvolutions, the amount of these fluorinated species was estimated as

30% of the surface composition.

3.4. Suggested mechanism for PFOA photocatalytic oxidation
The experimental results discussed in this work allowed new insights on the PFOA degradation

mechanism. In particular, the role of oxygen, the concentration trends of the degradation
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intermediates and the detection of COF, offer a new interpretation of the photocatalytic oxidation of
PFOA.

It is commonly recognized that the PFOA degradation mechanism is initiated with the excitation of
titanium dioxide caused by the irradiation of UV light [29,36,66]; after being excited by UV
radiation (Fig. 5 - Reaction a), TiO; accepts one electron from dissociated PFOA in water
(CF3(CF,)6COOQO), generating PFOA radical (Fig. 5 - Reaction b) [29,36,66]. As clarified by various
papers, PFOA decomposition starts in correspondence to the carboxylic function that undergoes a

Kolbe decarboxylation (Fig. 5 - Reaction c¢) [29,67-69].

o -
TiO, = TiO," (h' + &) (a)

h+
CF3(CF,)sCOO" = CF3(CF,)sCOO- (b)
CF3(CF,)CO0- — CF5(CF,)sCFy: + CO, ()

The energetically favoured reaction of C; radicals includes the formation of primary perfluorinated
alcohols by coupling with hydroxyl radicals produced by water oxidation due to photo-generated
holes (Ti'"VOH-") (Fig. 5 - Reaction d) [70]:

CF3(CF,)sCF,- + OH- — CF3(CF,)sCF,0OH (d)
However, as demonstrated by the kinetic tests, a high concentration of oxygen in the reaction
environment promotes the coupling between C; radicals and O, by inducing the formation of
peroxyradicals (Fig. 5 - Reaction e) [71]:

CF3(CF,)sCF, + O, — CF3(CF,)sCF,00- (e)
The coupling of two peroxyradicals allows the production of oxyradicals (Fig. 5 - Reaction f) that,
in the presence of the surface excited electrons of TiO, and water, generate an unstable primary
perfluorinated alcohol (Fig. 5 - Reaction g) [71,72].

2 CF3(CF,)sCF,00- — 2 CF5(CF,)sCF,0- + O, (f)

CF3(CF2)sCF20- + HyO — CF3(CF3)sCF,0H + OH- ()
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Alternatively, peroxyradicals can react with molecular oxygen originating oxyradicals and releasing
ozone that can react with C; radicals, generating further oxyradicals [18].
Primary perfluorinated alcohols produced in reactions (d) and (g) are widely reported as
thermodynamically unstable (from -80 to -160 kJ/mol) and originate the corresponding acyl
fluorides and hydrogen fluoride (Fig. 5 - Reaction h) [68,72]; in the presence of water, the acyl
fluorides hydrolyze to carboxylic acids (Fig. 5 - Reaction 1) [72-75].

CF3(CF,)sCF,0OH — CF3(CF;,)sC(O)F + HF (h)

CF3(CF,)sC(O)F + H,O — CF;(CF,)sCOOH + HF (1)
The reactions from (a) to (i) are at the basis of the stepwise C, — C,.; chain length shortening
during PFOA degradation. The evidences obtained from the concentration trends of the degradation
intermediates and the detection of COF; prove the existence of another reaction pathway, where the
oxyradical formed in reaction (f) evolves by eliminating COF, through monomolecular -scission
and consequent generation of a C,,.; radical [4,76,77]:

CF3(CF,)sCF,0- — CF3(CF,)4CF, + COF, ()
The carbon-centered perfluorinated radical is redirected at the step of reaction (e), while
fluorophosgene is quenched in the aqueous environment generating hydrogen fluoride and carbon
dioxide [72]. It is remarkable that the mechanism based on B-scissions can promote an almost
complete PFOA decomposition without the formation of perfluorinated acids as intermediates.
Thus, the key steps of the complete oxidation mechanism are represented by the two competing
reactions: the bimolecular reduction of the oxyradical activated by TiO, surface (Fig. 5 - Reaction

g) and the monomolecular B-scission generating COF, and C, radical (Fig. 5 - Reaction j).
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Figure 5. Reaction mechanism of PFOA degradation in the presence of TiO, photocatalyst: photo-

redox pathway (A - blue arrows); -scission pathway (B - orange arrows).

4. Conclusions

The photocatalytic oxidation of PFOA promoted by titanium dioxide was studied by testing the
reaction in different conditions: static air, oxygen flux, nitrogen flux and pre-saturated nitrogen flux.
The effects of oxygen excess or defect in the reaction environment were evaluated in different
kinetic tests by measuring mineralization degrees and fluoride releases by TOC analysis and IC,
respectively. Concentration trends of PFOA degradation intermediates were also determined by
HPLC-MS and ""F-NMR analyses. In particular, the disclosure of very short chain acids at the
beginning of the reaction suggested the presence a PFOA oxidation mechanism alternative to the
stepwise photo-redox C, — C,.; pathway: the B-scissions routes mediated by COF, elimination.

The mechanism based on f-scission reactions appeared to be dominant in O,-enriched solutions,
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while in O,-starving conditions the photo-redox C, — C,.; chain length decrease mechanism
prevailed. These hypotheses were confirmed by detecting carbonyl difluoride, COF,, specifically
produced in the B-scission pathway. An appropriate kinetic test was set for COF, detection by
avoiding its easy hydrolysis and a high boiling point perfluoropolyether as reaction solvent was
employed because of the solvating properties on PFOA. Thus, COF; production was characterized
by "F-NMR and IR analyses. The production of COF, in a non-aqueous medium also reduced the
release of fluoride ions in the reaction environment and hindered the F'-induced -catalyst
deactivation. In addition to the confirmation of the mechanism, it is worth to notice that carbonyl
difluoride is an important industrial intermediate and its synthesis with good selectivity and high
purity was possible starting from PFOA as pioneering recycling of this banned fluorinated

surfactant.

Appendix A. Glossary of acronyms, names (classical and IUPAC) and condensed chemical

formulas for PFCAs

PFOA Perflurooctanoic acid (or perfluorocaprylic acid) CF;(CF,)¢COOH
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctanoic acid

PHpA Perfluroheptanoic acid (or perfluoroenhantic acid) CF;5(CF,)sCOOH
2,2,3,3,4,4,5,5,6,6,7,7,7-Tridecafluoroheptanoic acid

PFHxA Perflurohexanoic acid (or perfluorocaproic acid) CF;5(CF,);COOH
2,2,3,3,4,4,5,5,6,6,6-Undecafluorohexanoic acid

PFPeA Perfluropentanoic acid (or perfluorovalerianic acid) CF;(CF,);COOH
2,2,3,3,4,4,5,5,5-Nonafluoropentanoic acid

PFBA Perflurobutanoic acid (or perfluorobutyric acid) CF;5(CF,),COOH
2,2,3,3,4,4,4-Heptafluorobutanoic acid

PFPrA Perfluropropanoic acid (or perfluoropropionic acid) CF;CF,COOH

2,2,3,3,3-Pentafluoropropanoic acid
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TFA Trifluoroethanoic acid (or trifluoroacetic acid) CF;COOH

2,2, 2-Trifluoroethanoic acid
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