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Abstract

Perfluorooctanoic acid (PFOA) is a new-found hazardous persistent organic pollutant, and it is resistant to decomposition by hydroxyl
radical (HO-) due to its stable chemical structure and the high electronegativity of fluorine. Photocatalytic reduction of PFOA with
-Ga,0; in anoxic aqueous solution was investigated for the first time, and the results showed that the photoinduced electron (ey;)
coming from the $-Ga,O; conduction band was the major degradation substance for PFOA, and shorter-chain perfluorinated carboxylic
acids (PFCAs, C,F,,,;COOH, 1 < n < 6) were the dominant products. Furthermore, the concentration of F~ was measured by
the IC technique and defluorination efficiency was calculated. After 3 hr, the photocatalytic degradation efficiency was 98.8% and
defluorination efficiency was 31.6% in the presence of thiosulfate and bubbling N,. The degradation reaction followed first-order
kinetics (k = 0.0239 min™', 71/, = 0.48 hr). PFCAs (C,F,,,1COOH, 1 < n < 7) were detected and measured by LC-MS and LC-MS/MS
methods. It was deduced that the probable photocatalytic degradation mechanism involves e attacking the carboxyl of C,F,.;COOH,
resulting in decarboxylation and the generation of C,F,. .. The produced C,F,,,;- reacted with H,O, forming C,F,,,;OH, then

C, F»,+1OH underwent HF loss and hydrolysis to form C,F,,,; COOH.

Key words: perfluorooctanoic acid; f-Ga,O;; photocatalytic degradation; defluorination; photoinduced electron
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Introduction

Perfluorocarboxylic acids (PFCAs, C,F,,+1COOH) have
recently caused much concern due to their persistence and
bioaccumulative properties (Bischel et al., 2010; Niisoe
et al.,, 2010; Houde et al., 2006; Pistocchi and Loos,
2009). Perfluorooctanoic acid (PFOA, C;F;sCOOH), as a
member of the PFCAs’ family, was classified as a likely
potential carcinogen by The US EPA’s Science Advisory
Board in 2006. Recently, PFOA and its precursors have
been globally detected in water (Hansen et al., 2002; So
et al.,, 2004), wildlife (Martin et al., 2004; Kannan et
al., 2006) and human beings (Tao et al., 2008; Niisoe
et al., 2010). So far, no natural decomposition pathway
for PFOA has been reported. Hori (2004) and Moriwaki
(2005) indicated that it was difficult for most conventional
advanced oxidation processes (AOPs) involving hydroxyl
radical (HO-) to decompose PFOA. In recent years many
efforts have been made to develop effective decomposition
or defluorination processes to destroy PFOA, because
shorterchain compounds are less bioaccumulative (Kudo
et al., 2010; Scott et al., 2006) and cause milder environ-

* Corresponding author. E-mail: zhaobaoxiu@tsinghua.org.cn

mental pollution.

At present, treatments for PFOA mainly include pho-
tochemical oxidation and sonochemical methods. Hori
(2005, 2008) reported that PFOA could be destroyed by
photochemical oxidation in the presence of heteropolyacid
(H3PW,049) or persulfate (SgOé‘), and F and shorter-
chain PFCAs were detected as the major products in
aqueous solution. Moriwaki (2005) found that PFOA was
pyrolyzed at the interfacial region between the cavitation
bubbles and the bulk solution in a sonochemical degrada-
tion reaction, and F and shorter-chain PFCAs were also
identified in the liquid phase. Vecitis (2008) and Cheng
(2008, 2010) studied the sonolysis degradation of PFOA
and found that the degradation conformed to first-order
kinetics and that PFOA was converted to CO, CO,, F~ and
shorter-chain PFCAs. Furthermore, Dillert (2007) reported
that PFOA could be decomposed by TiO, photocatalytic
oxidation, but they found that degradation only occurred
in strongly acidic aqueous solution (0.1 mol/I. HCIO,)

Panchangam (2009) also proved that PFOA was only
efficiently destroyed by TiO, photocatalytic reaction in
strongly acidic solution (0.075-0.1 mmol/L. HCIO,).

To the best of our knowledge, there had been no report
on PFOA degradation in anoxic aqueous [solution with(a
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semiconductor photocatalytic reaction. Besides the photo-
catalytic oxidation degradation for POPs, semiconductor
photocatalysis also has the ability to reduce organic com-
pounds. Actually photocatalytic reduction is an alternative
pathway for the degradation of poly- or per-halogenated
organic compounds which are difficult to oxidize further.
For example, the simplest perchloroalkane, i.e., CCly was
photo-reductively degraded by TiO, in the presence of
organic electron donors (Chio and Hoffmann, 1995), and
ZnS and CdS were also used as photocatalysts for the re-
ductive dehalogenation of halogenated benzene derivatives
(Yin et al., 2001).

Ga;03 is a wide bandgap semiconductor and it is
mainly used in the photoelectronic field (Zheng et al.,
2007); nevertheless it is rarely used as a photocatalyst in
wastewater treatment. Compared with TiO, (E; = 3.2 eV,
Eg = 4.21 eV), Ga,03 possesses a wider bandgap (E,
= 4.8 eV) and higher conduction band position (E., =
—2.95 eV). Thus, theoretically, the reduction potential of
Ga, 03 is higher than that of TiO,, which implies that it
is possible for Ga, O3 to decompose PFOA. Based on this,
we first investigated the photocatalytic decomposition of
PFOA with -Ga;Os3 in anoxic solution and then deduced
the decomposition mechanism.

1 Materials and methods

1.1 Materials

PFCAs (purity > 98%), including PFOA (C;F;sCOOH),
perfluoroheptanoic acid (C¢F;3COOH), perfluorohexanoic
acid (CsF1;COOH), perfluoropentanoic acid
(C4F9yCOOH), perfluorobutyric acid (C3F,COOH),
perfluoropropionic acid (C,FsCOOH) and trifluoroformyl
acid (TFA, CF;COOH), were all purchased from Aldrich
Co. (USA). a-Ga,0O3 powder (purity > 99.9%) was
purchased from Aladdin Reagent Co. (China). Methanol,
thiosulfate and oxalate were all analytical reagents and
purchased from Chemical Reagent Co. (China). High
purity water (18.2 MQ/cm) used in all experiments was
prepared using the Thermo Scientific Barnstead Nanopure
Diamond UV™  water purification system (Thermo
Scientific, USA).

1.2 Preparation of $-Ga;0; and characterizations

Using a-Ga; 03 as raw material, 3-Ga, O3 was successfully
prepared through calcination at 800°C for 4 hr in air. The
crystalline phase of f-Ga,O3 was analyzed by an X-ray
diffraction (XRD) instrument monitored by a D/max-RB
system (Cu K, irradiation, A = 1.5406 A, voltage = 40 kV,
current = 30 mA, scanning rate = 0.01°/sec, scanning range
= 10°-80°). Based on the Brunauer-Emmett-Teller (BET)
equation, Ga,;Oj3 specific surface areas were obtained using
the nitrogen sorption-desorption equipment (NOVA4000,
Germany) at 77.3 K. The bandgap energy was derived from
the UV-Vis diffuse reflection spectrum measured with a
UV-Vis NIR spectrometer (Varian Cary 500, USA).

1.3 Photocatalytic degradation procedure

Photocatalytic degradation of PFOA was performed in a
cylindrical quartz reactor with a glass jacket for cooling
water circulation. PFOA aqueous solution (100 mL, 75
umol/L) containing 0.5 g/L. 3-Ga,O3 powder was trans-
ferred to the reactor. The UV-C light (A = 254 nm) was
irradiated using a 15 W low-pressure mercury lamp which
was placed in the center of the reactor, equipped with a pro-
tective quartz tube. High-purity nitrogen gas (P > 99.99%)
was supplied to the solution with a flow rate of 40 mL/min.
The mixed solution containing PFOA and B-Ga,03; was
first bubbled for 3 hr to ensure that the adsorption of
PFOA on B-Ga, 03 surface and reactor interior had reached
equilibrium (in this experiment, the adsorption for PFOA
was about 6.4% after 3 hr accompanied with bubbling N5),
then the reaction was started. The initial pH of the PFOA
solution (75 umol/L) was about 4.8 and was not adjusted
in the following experiments.

1.4 Ion chromatography

The concentrations of F~, $,03~ and SO;~ were measured
with an Ion Chromatography System (ICS-2000, Dionex,
Sunnyvale, USA) equipped with an automatic elution
generator and separation column (Dionex Ionpac AS11).
The column temperature was maintained at 30°C and
the injection volume was kept at 25 pL. The eluting
phase containing 30 mmol/L. KOH was automatically
produced by the electrolysis apparatus connected with the
chromatography system and the flow rate was set at 1.2
ml/min. Before analysis, all samples were filtered with a
0.45 wm PFTE membrane to remove [3-Ga,Oj3 particles.

1.5 LC-MS and LC-MS/MS analysis

The concentrations of PFOA and shorter-chain PFCAs
were measured by a Waters Acquity Ultra Performance
Liquid Chromatography (LC) system linked with a mi-
cromass Quattro Premier Tandem Quadrupole mass spec-
trometer (Waters, USA). The electrospray negative ion
(EST™) mode was adopted. The mobile phase consisted of
2 mmol/L. ammonium acetate (named as solvent A) and
2 mmol/L ammonium acetate/methanol (named as solvent
B), and the flow rate was 0.4 mL/min. A gradient flow
mode was used and the flow sequences were as follows: 0—
0.5 min, isocratic flow of 30% solvent B and 70% solvent
A; 0.5-5.0 min, linear increase of solvent B from 30%
to 90%; 5.0-5.1 min: linear increase of solvent B from
90% to 100%; 5.1-6.0 min: hold solvent B at 100%;
6.0-7.0 min: linear decrease of solvent B from 100%
to 30%; 7.0-10.0 min: hold solvent B at 30%. Samples
were managed by an auto-sampler (Waters, USA) and
separated by an Acquity BEH C;g column (2.1 mm X 50
mm, 1.7 wm). Data acquisition of chromatograms or mass
spectra was controlled by the MassLynx V 4.1 software.

The MS full scan spectrum ranged from iz T00 0 420
and the scan time was 10.0 min. The cqncentrations of
PFOA and shorter-chain PFCAs were megsured with a 7-
channel MRM mode. Here, all samples wefe diluted below,
1.0 mg/L and filtered by a 0.22 wm PFTE ultra-filtration
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membrane before analysis.

2 Results and discussion

2.1 Characterizations of $-Ga,0;

The Ga, 03 crystal phase can be characterized by XRD pat-
terns. Figure 1 displays the crystallization of commercial
0-Ga; 03 and as-prepared [3-Ga,O3. Several characteristic
diffraction peaks which belong to the 3 phase (JCPDS
No: 43-1012) clearly appear in the XRD pattern, which
shows that 3-Ga, O3 can be obtained by the dry calcination
method using a-Ga, O3 as raw material. According to the
BET equation, the specific surface area of as-prepared f3-
Ga,0; decreases slightly to 27.8 m?/g, compared with
that of a-Ga,05; (32.1 mz/g), which suggests that a few
particles co-aggregate during the transformation of the
crystal phase.

The bandgap energy (E,) of as-prepared 3-Ga,O3 can
be obtained from the UV-Vis diffuse reflection spectrum
(Fig. 2). The value of E, (4.7 €V) can be obtained from the
intersection point (258 nm) of the tangent and the X-axis,
which is in agreement with the reported value of 4.8 eV for
pure powder (Xu and Schoonen, 2005).

10000

8000

0-Ga,03

6000

4000 J J

2000

Itensity (a.u.)

0
10 20 30 40 50 60 70 80

20 (degree)

Fig. 1 X-ray diffraction patterns of a-Ga,O3 and -Ga,O3 prepared by
calcination at 800°C for 4 hr in air.
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Fig. 2 UV-Vis diffuse reflection spectrum of as-prepared 3-GaO3.

2.2 Photocatalytic decomposition

Three experiments including direct photodegradation and
-Ga,Os3 photocatalytic degradation in the presence of
N, or O, were carried out. From Fig. 3, it appears that
PFOA is hardly destroyed by direct photodegradation, only
4.8% PFOA is degraded after 3 hr, and 43.6% PFOA is
destroyed in the presence of Ny, but only 10.7% PFOA is
decomposed when O, instead of Ny is supplied. This is to
say that the photoinduced hole or HO- is not the protago-
nist decomposing PFOA. Thus the sole actor involved in
PFOA degradation is photoinduced electrons (e, ). In fact,
e, has a powerful ability to reduce halogen-containing
compounds through dehalogenation reactions (Chio and
Hoffmann, 1995). The conclusion that PFOA is destroyed
by e can be explained by the bandgap structures of f3-
Ga,03 and TiO;. f-Ga, 03 has a more negative reduction
potential (—1.55 V (NHE)) than TiO, (-0.29 V (NHE)).
This reveals that e, coming from the B-Ga; O3 possesses
a more powerful reduction ability, compared with that
coming from TiO5.

2.3 Photocatalytic defluorination

To research the fate of fluorine atoms, the F~ concen-
tration was measured. Here, defluorination (R, %) and
transformation degree of fluorine (denoted as Dg) are
introduced and defined by Egs. (1) and (2).

Cg- x 100

R(%) = ——— !

(%) = 5% Cproa, .
— CF_

15 x (CPFOAO - CPFOAI)

where, Cg- is the molar concentration of fluoride ions;
Crroa, and Cppoa, are the initial and ¢ time molar con-
centrations of PFOA, respectively. The relationship of
defluorination and Dg with reaction time is shown in Fig.
4. It is observed that defluorination increases with reaction
time and arrives at 15.7% after 3 hr, while Dg changes
only a little from 0.273 at 30 min to 0.286 at 3 hr, which
suggests that the relationship between the generation of F~
and degradation of PFOA is fixed. This is to say that about
four fluorine atoms are transformed to F~ and released

(@)

Dg

60

—X— UV light
50F  —o— O, bubbling

—4a— N, bubbling
401

30

20+

Decomposition (%)

L ——X

e X————7 X
50 100 50 200
Reaction time (min)

R

Fig. 3 (a) Direct photodegradation and (3-Ga;O3 phptocatalytic decom=
position in the presence of Ny or O, respectively.
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Fig.4 The relationship of Dp and defluorination with reaction time in
the B-GayO3 photocatalytic degradation reaction. Where, [PFOA]y: 75
umol/L; power of UV light: 15 W; dosage of $-Ga;03: 0.5 g/L; flow rate
of Na: 40 mL/min; without pH adjustment.

to the solution when one molecule PFOA is completely
degraded, and the remaining fluorine atoms may exist in
other intermediates.

2.4 Effect of pH on photocatalytic decomposition

pH is one of the important factors in the photocatalytic
reaction, because it influences the charge state of the
photocatalyst and ionization degree of the pollutant. The
photocatalytic decomposition of PFOA was conducted
at four different pH values, i.e., 4, 7, 9, and 11, and
results are presented in Fig. 5. The results show that the
decomposition efficiency decreases with increasing pH.
Although the most-cited pK, value of PFOA is 2.8 in the
literature (Goss, 2008), recently an argument has been put
forth that the pK, value of PFOA may be as low as —0.5
based on analogy considerations and molecular modeling.
According to this estimated pK, value, PFOA molecules
completely ionize in the investigated pH range (pH 4-11)
and exist in the form of C;F;5sCOO~ anions. The above
analysis can be approved by the following Reaction (3) and
Egs. (4) and (5).

C;F5COOH — C;F;5COO™ + H* 3)
60
——pH 4
sok —s—pH7
——pH9
g a0k ——pH 11
=
.S
Z 30t
2
=)
3
R 20f

10

0 50 100 150 200

Reaction time (min)
Fig. 5 The effect of pH on $-Ga; O3 photocatalytic degradation of PFOA
in the presence of bubbling N>. The pH of the aqueous solution was
adjusted with HySO4 or NaOH. [PFOA]p: 75 wmol/L; power of UV light:
15 W; dosage of 3-Ga,03: 0.5 g/L; flow rate of N;: 40 mL/min.

—pH
_ Cu+ X Corsco0- 10777 X Coypysc00-

K, = @
Cc,F,sCOOH Co — Cc,r,5c00-
K, x Cy
Cc,Frsc00- = m ~ Cy (5)
a

where, Cj is the initial concentration of PFOA. According
to Eq. (3), it is observed that the change of pH (4—11) does
not affect the ionization of PFOA. However, pH change
definitely influences the surface charge state of 3-Ga,Os.
The reported isoelectric point (IEP) of 3-Ga,O3 is about
pH 9 (Kosmulski, 2001), so the surface charge of $-Ga, O3
becomes positive when the pH is lower than 9, which is
beneficial for the adsorption for C;F;5sCOQO~ anions on
the 3-Ga, O3 surface, and negative when the pH is higher
than 9, which repels the adsorption of C;F;sCOQO™ anions
on the B-Ga, 03 surface. As is well known, photocatalytic
reaction mainly occurs on the surface of the catalyst,
so it is reasonable that the photocatalytic decomposition
for PFOA performs better in lower pH solutions where
C7F5COO is more easily adsorbed on the surface of f3-
G3203.

2.5 Effect of reductive additives on photocatalytic
degradation

Based on the above analysis, it is observed that PFOA is
decomposed well under a reductive atmosphere. Although
N; bubbling can drive dissolved O, out of an aqueous solu-
tion to an utmost degree, residual dissolved O, still reacts
with ey to produce H,O,, weakening the concentration of
e..

CbTo further drive dissolved O, and H,O, out of the
reaction system, methanol (CH;OH), szog— and ox-
alate (C2o§-) reductive reagents were studied and results
are shown in Table 1. Before the investigation on the effects
of reductive additives on PFOA degradation, correspond-
ing blank experiments were carried out and results showed
that the influences of reductive additives were slight (re-
moval efficiency < 4.6%). It is clearly observed that the
addition of reductive reagents accelerates the degradation
and defluorination of PFOA, and Szog’ performs best. To
some extent, degradation increases with increasing amount
of $,02%", and the reason can be explained by the following
Reactions ((6)—(7)).

28,03 +30, — 2507 +2S0, (6)
$,07” + 4H,0, — 2S0;” + 3H,0 + 2H* @)

Furthermore, a phenomenon is observed that the con-
centration of szog— decreases with the reaction time and

almost all SZO? is transformed to SOﬁ’ at last, suggesting
that 5205’ is indeed oxidized by O, or H,0,.

2.6 Major intermediates and degradation mechanism

As mentioned above, F~ is one of the majr intermediates
in aqueous solution. To further analyze other major prod-
ucts in the liquid phase, a LC-MS full scanf was carried out
and the spectrum is presented in Fig. 6. Compared with
the inset MS full scan spectrum of the PFOA standard
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Table 1 Photocatalytic decomposition and defluorination of PFOA with $-Ga; O3 in the presence of reductive reagent and bubbling N,
Additives No additive CH30H 50 C,03" 50 $,03™ 20 $,03750 $,03" 75

(umol/L) (umol/L) (umol/L) (umol/L) (umol/L)
Decomposition (%) 43.6 85.4 823 72.6 98.8 96.1
Defluorination (%) 14.7 25.6 23.4 213 31.6 28.8
Rate constant (min~') 0.0042 0.0186 0.0169 0.0127 0.0239 0.0214
Half time (hr) 2.7 0.62 0.68 091 0.48 0.54

[PFOA]p was 75 umol/L; pH of PFOA aqueous solution was not adjusted. The dosage of 3-Ga, O3 was 0.5 g/L. Flow rate of N, was 40 mL/min.
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2 6626
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* " 2032172W e
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Fig. 6 MS full scan spectrum of PFOA aqueous solution sample photocatalytically decomposed by (3-Ga;O3 for 3 hr in the presence of szo§* and

bubbling N, and the inset is the MS spectrum of the PFOA standard sample.

sample, one series of obvious peaks appears at m/z 413,
363, 313, 263, 213, 163, 113 and the m/z differences
between the neighboring peaks are 50. They are assigned
to [C,F2,+,1COO]~ (1 < n < 7) and the m/z difference
is caused by the loss of the —CF, group, which reveals
that shorter-chain PFCAs are major intermediates in the
reduction reaction. Another series of peaks is present at
m/z 369, 319, and 269 and the m/z differences between the
neighboring peaks are also 50. These peaks are assigned
to [C,Fa,11]” (5 < n < 7) groups which originate from
C,Fy,.1H (5 < n < 7). Because C,Fy, . 1H (2 < n <4)
molecules are gaseous under normal conditions and easily
escape from the solution, the peaks at m/z 219, 169 and
119 are not observed in the MS spectrum. Besides these
characteristic peaks, there appear intense peaks at my/z 119,
141, 155, 217, but they also emerge in the spectrum of the
PFOA standard sample. These peaks are probably caused
by solvents or impurities from the PFOA sample.

In the photochemical and sonochemical degradation
reactions, the decomposition mechanism involves three
steps: decarboxylation of PFOA, elimination of HF from
C4F;5sOH and hydrolysis of C¢F3COF. Based on the MS
spectrum and chromatograms, the -Ga, O3 photocatalytic

decomposition mechanism can be deduced. First, PFOA is
ionized to C7F;5COO~ and H* in water:

Then the C;F;5COO™ absorbs on the surface of $-Gay O3
and reacts with Cep. forming C;F;s-:

H+
—_—

C;F;sCO00™ —=, C,F;5CO02"
HO™ + C;F5CO- — C;F;5- + CO

®)

There is a similar study showing that PFOA can be reduc-
tively degraded into C;F;s- and CO by a hydrated electron
(e;) (Park et al., 2009). The C7Fs- produced is very active
and quickly reacts with H,O to form C;F;sOH. C;F;50H
is unstable and easily loses HF, generating Cg¢F;3COF
which easily hydrolyzes to form CgH;3COOH. Then,
step by step, CsH;;COOH, C4HyCOOH, C;H;COOH,
C,HsCOOH and CH3COOH are produced. In fact, Ya-

mamoto et al. (2007) also observed short
during photodegradation of PFOS in t
alkaline 2-propanol and bubbling N,. Pg
low photodegradation decomposition effid
day™"), only C;F;sCOOH, C4F;3COOH
were measured. That is to say that shorts

T-citaim PFCAS
ne presence of
rhaps due to a
iency (k = 0.93
, CsF;;COQH
r-chain PECAS
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are major organic products during PFOA degradation with
the reduction method.

3 Conclusions

PFOA was efficiently decomposed by (3-Ga,Os; photo-
catalytic reduction and photoinduced electrons were the
effective species destroying PFOA in anoxic aqueous so-
lution. Photocatalytic degradation and defluorination of
PFOA was 98.8% and 31.6% in the presence of Szog’
and bubbling N,, respectively. Photocatalytic decompo-
sition followed first-order kinetics (k = 0.0239 min~!,
tij» = 0.48 hr), and F~ and shorter-chain PFCAs were
the major products during PFOA degradation. Reductive
decarboxylation of PFOA was the crucial pathway in the
[-Ga,Osphotocatalytic reaction.
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