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Abstract Perfluorooctanoic acid (PFOA) is extremely persis-
tent and bioaccumulative in the environment; thus, it is very
urgent to investigate an effective and moderate technology to
treat the pollution of PFOA. In this study, a process combined
iron and granular activated carbon (Fe”/GAC) micro-
electrolysis with VUV-Fenton system is employed for the re-
mediation of PFOA. Approximately 50 % PFOA (10 mg L™")
could be efficiently defluorinated under the following condi-
tions: pH 3.0, dosage of Fe 7.5 g L™, dosage of GAC
125 ¢ L_l, and concentration of H,O, 22.8 mmol |
Meanwhile, during the process, evident defluorination was
observed and the concentration of fluoride ion was eventually
3.23 mg L', The intermediates including five shorter-chain
perfluorinated carboxylic acids (PFCAs), i.e., C7, C6, C5, C4,
and C3, were also analyzed by high-performance liquid chro-
matography tandem mass spectrometry (HPLC/MS/MS) and
defluorination mechanisms of PFOA was proposed, which
involved photochemical of OH-, direct photolysis (185-nm
VUYV), and photocatalytic degradation of PFOA in the pres-
ence of Fe** (254-nm UV).
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Introduction

Perfluorooctanoic acid (PFOA) has been extensively used in
numerous industrial and commercial trades, including chemi-
cal industry, textile industry, coating, and paper manufacturing
industry (Poothong et al. 2012)—due to its specific character-
istics such as high surface activity, high chemical stability, and
thermal and acid resistance (Houde et al. 2006). Recently, it
has been detected in various environmental media (Dinglasan-
Panlilio et al. 2014; Heydebreck et al. 2015; Shoeib et al.
2006), wildlife (Yen Le and Peijnenburg 2013; Wania 2007;
Dai et al. 2006), and humans (Yeung et al. 2013; Geiger et al.
2014; Lau et al. 2007). The bioaccumulation of PFOA has
been revealed (Gisey and Kannan 2001), and its toxicological
properties, including liver toxicity, neural toxicity (Hu et al.
2012; Johansson et al. 2009), embryonic developmental tox-
icity (Ding et al. 2013), endocrine disruption (Abbott et al.
2012), and potential carcinogenicity (Florentin et al. 2011;
Butenhoff et al. 2012), have also been detected. Considering
the unique properties of PFOA, especially the strong carbon-
fluorine bond (C—F; 116 kcal mol ') (Blake et al. 1997) and
the high oxidation potential (Ey=3.6 V), PFOA is highly sta-
ble under chemical and thermal destructions. Therefore, the
traditional wastewater treatment methods, such as biodegra-
dation and chemical degradation, were useless to decompose
PFOA. Moreover, a majority of advanced oxidation technol-
ogies were also unable to eliminate PFOA effectively.
According to previous reports (Lee et al. 2010; Yang et al.
2013), PFOA could be effectively decomposed by sulfuric
acid radical oxidation and sonochemical degradation.
However, the decomposition required strict reaction
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conditions and high energy consumption. Moreover, PFOA
could be degraded by photocatalysis and photochemistry ox-
idation under mild reaction conditions, which were seem to be
slow and inefficient. Therefore, the investigation of PFOA
elimination under mild conditions has become an attractive
target in the field of environmental science.

It has been already demonstrated that PFOA could be
decomposed efficiently by VUV radiation (<200 nm), as
PFOA had strong absorption in 185-nm VUV light region
(Vaalgamaa et al. 2011). However, the major wavelengths
emitted from commercial VUV lamps are longer than
200 nm, and the 185 nm VUV light was only 12-15 % of
the entire spectral range. Thus, the direct photolysis of PFOA
only consumed a small part of photon energy from VUV light.
On the other hand, it was reported that ferric ions could form
coordination compound with PFOA, and the electron trans-
ferred from compound to metal under the 254-nm UV light
radiation, resulting in the degradation of PFOA. Cheng et al.
(2014) reported that PFOA could be eliminated by VUV/Fe**
system, and the defluorination rate constant of PFOA in the
presence of 20 uM ferric ion was approximately 2.6 times
higher than that observed in VUV treatment alone.

In recent years, iron and granular activated carbon
(Fe’/GAC) micro-electrolysis has been widely applied
in wastewater treatment, including dyes (Huang et al.
2013a), landfill leachate (Ying et al. 2012), petroleum
wastewaters (Li et al. 2010; Guan et al. 2012), and
coking wastewater (Liu et al. 2012; Lv et al. 2011).
The researchers have already paid attention to the com-
bination of Fe’/GAC micro-electrolysis with other tech-
nologies, such as Fenton process (Wang et al. 2013),
anaerobic treatment (Huang et al. 2013b), and ultra-
sound pyrolysis (Zhou et al. 2013). A large number of
proto batteries will be formed, when iron and GAC
were in touched with electrolyte solution (Huang et al.
2013b; Fan et al. 2009; Zhu et al. 2014). Iron as anode
lost two electrons to form ferrous ion. The GAC as
cathode accelerated the reduction or oxygen of the pol-
lutants by accepting electrons and transferring the elec-
trons. The reactions could be expressed as follows
(Zhang et al. 2015; Qin et al. 2012):

Anodic oxidation

F 2+
Fe—2e— Fe?* E0< ©
Fe

) =044V (1)

2+ 34+ Fe’* _
Fe*"—e—Fe E(tar) =071V @
e

Cathodic reduction

Under acidic conditions 2H"—2e—2[H]—H, Ey=0.00 V

(3)
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Acidic with oxygen O, +4H" + 4e—2H,0 E(0;)=123V
(4)

.. _ 0,
Neutral conditions O, + 2H,0 + 4e—40H Ey oI =040V
(5)

Fe?* and the new eco-hydrogen [H] had high chemical
activity, which could break organic matter chain and change
the organic functional groups. In the presence of H,O,, Fe?"
and H,0O, could react and generate Fe*" and OH- radicals. As
known, the complex which generated between Fe®* and
PFOA was conducive to the decomposition of PFOA under
254-nm UV light radiation. Therefore, the introduction of Fe/
GAC micro-electrolysis in VUV system could greatly im-
prove the utilization of light intensity and the defluorination
of PFOA. Researchers (Tang et al. 2012) also conducted that
OH: radicals could effectively degrade perfluorinated carbox-
ylic acids (PFCAs) by weakening the C-F bond with the aid of
other substrate or introducing external high energies such as
UV radiation. Hence, we anticipate that PFOA might be min-
eralized by OH- radicals under VUV irradiation. Furthermore,
whether Fe’/GAC micro-electrolysis could improve the elim-
ination of PFOA was still unknown.

The main objectives of this study were to investigate the
efficiency and mechanism of photochemical defluorination of
PFOA in the combined Fe’’GAC micro-electrolysis with
VUV-Fenton system. Firstly, the effects of various factors on
the photochemical defluorination of PFOA were discussed.
Secondly, the intermediate products were determined using
HPLC/MS/MS. Eventually, the potential defluorination mech-
anism and degradation pathways of PFOA were proposed.

Materials and method
Chemical reagents

Perfluorooctanoic acid (C,F;sCOOH, PFOA, 95 %) and
perfluoroheptanoic acid (C¢F13COOH, PFHpA, 98 %) were
purchased from Alfa Company, USA. Perfluorohexanoic acid
(CsF;;COOH, PFHxA, 98 %) and perfluoropentanoic acid
(C4F9COOH, PFPeA, 98 %) were obtained from Tokyo
Kasei, Japan. Perfluorobutanoic acid (C3F,COOH, PFBA,
99 %) and trifluoroacetic acid (CF;COOH, TFA, 97 %) were
purchased from Adamas Reagent, Switzerland. Perfluoroacyl
acid (C,FsCOOH, PFPA, 97 %) was bought from Acros
Organics, Belgium. Ferrous sulfate heptahydrate (FeSOy-
7H,0), hydrogen peroxide (H,O,, 30 %), ammonium acetate
(CH3COONHy,), glacial acetic acid (CH;COOH), sodium
fluoride (NaF), sodium acetate (C,HoNaOs), hydroxylamine
hydrochloride (NH,OH-HCl), phenanthroline (C;,HgN,-
H,0), sulfuric acid (H,SO,4), chloride (HCI), and sodium
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hydroxide (NaOH) were purchased from Guangzhou
Chemical Reagent Factory (Guangzhou, China).
Ammonium ferrous sulfate (NH4Fe(SO,)-7H,0), iron pow-
der, and commercial GAC were obtained from Tianjin
Fuchen Chemical Reagents Factory (Tianjin, China).
Trisodium citrate dehydrate (CcHsNa3;07-7H,0) was pur-
chased from Sinopharm Chemical Reagent Co., Ltd (China).
All other reagents were of analytical grade from Beijing
Chemical Factory (Beijing, China). And, ultrapure water sup-
plied by the Millipore Milli-Q ultrapure water system (USA)
with a conductivity of 18.2 m{2 cm at 25 °C was used in all
experiments. All chemicals were used as received without any
further purification.

Preparation of GAC

GAC was immersed in PFOA solution of 10 mg L ™" for 24 h
to achieve the adsorbing-desorbing equilibrium and then
washed with ultrapure water in order to eliminate the interfer-
ence of the impurities and the adsorption of PFOA. Finally,
the treated GAC was put in a vacuum drying chamber for 4 h
at 70 °C and sealed for use.

Reaction procedures

Fe”’GAC micro-electrolysis system was sated before VUV-
Fenton system to initially degraded PFOA. The reaction was
conducted in a Teflon cylindrical reactor with an inner diam-
eter of 90 mm (Fig. 1a). A stirring paddle was placed in the
center of the reactor. Aqueous solution of PFOA was prepared
before the experiment and used immediately. The GAC and
Fe were stirred well before reaction at a specific mass rate. In
a typical run, the mixture was mixed with 10 mg/L PFOA in
the reactor. The solution was stirring with the speed of
200 r min' for 1 h and then proceeded to the VUV-Fenton

- Mixer
ﬁ'—;{?ﬁ— ::?— — ~—— Sample to analyze
[ . -

v [V Y
N gl Nvo__.
_____ V- -y ----V-- ~<¢———————— Reactor
A0 A
,,,,, ) v A

(2)

system. The initial pH was adjusted to 3.0 by NaOH and HCI
except for “solution pH effect” reaction.

The photodegradation reaction was conducted in a Teflon
cylindrical reactor with an inner diameter of 75 mm (Fig. 1b).
A low-pressure mercury lamp (5 W, Philips Lighting Co.,
Guangdong, China) emitting mainly 254-nm UV light and a
small amount of 185-nm VUV light (12—15 %) was placed at
the center of the reactor with quartz tube protection (external
diameter 25 mm). In a typical run, the reaction solution after
Fe”/GAC micro-electrolysis treatment was introduced into the
reactor. The initial pH was adjusted to 3.0 by NaOH and HCI
except for solution pH effect reaction. Then, certain amount of
H,0, was added into the reactor. No additional gas was sup-
plied during the entire reaction. The whole photochemical
reactions were marched at room temperature for all of the
runs. The reaction solutions were sampled for analysis at reg-
ular time intervals of 60 min.

Analytical procedures

The concentrations of PFOA and the intermediate products
were detected by high-performance liquid chromatography
tandem mass spectrometry (HPLC/MS/MS; RRLC/6410B
Triple Quard MS, USA). HPLC was used for the separation
of PFOA and the intermediates. The multiple reaction moni-
toring mode (MRM) was used to quantify analysis of PFOA
and other shorter-chain PFCAs. HPLC/MS/MS analysis was
performed in three separate HPLC/MS/MS runs (methods 1—
3) in the MRM mode. Method | conducted the PFOA and
intermediates in the negative ionization mode, method 2 the
compounds in the positive ionization mode, and method 3 the
alkylphenolic compounds. Other details could be found in the
literatures (Yang et al. 2013; Loos et al. 2008; Loos et al.
2009). Finally, the external standard method was applied to
quantify concentrations of PFOA and the intermediate
products.

Sample to analyze
«— Ultraviolet source

G Ultraviolet lamp
T — Lampshade
Reactor

Magnetism miser

SE®

—

[¢—————— Container

(b)

Fig. 1 Schematic representation of reactor a iron carbon micro-electrolysis and b VUV-Fenton
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The concentration of fluoride ion (F) in aqueous solution
was determined using a fluoride ion selective electrode (PF-1-
01, Rex Electric Chemical, Shanghai Instrument Scientific
Instrument Co., Ltd) integrated with calomel reference elec-
trode (232, Rex Electric Chemical, Shanghai Instrument
Scientific Instrument Co., Ltd). The limit of detection of this
means was 0.01 mg L™". Defluorination ratio of PFOA was
calculated as follows:

Cr x414

Defluorination ratio =
15 x Cy

x 100 % (6)

where Cr_ is concentration of fluoride ion, mM, and Cy is
initial concentration of PFOA, mg L™'. The factor of 15
amounts to the number of fluorine atoms contained in a
PFOA molecule. The regression coefficient (R*) of the cali-
bration curves was 0.9992.

The concentrations of total organic carbon (TOC) were
detected by total organic carbon analyzer.

The concentrations of total iron and ferrous were measured
using 1,10-phenanthroline spectrophotometric method
(Amax — 510 nm) (Amonette and Templeton 1998); the concen-
tration of Fe** was calculated as the Fe** ion concentration
subtracted from the total iron concentration.

Results and discussion

Effects of VUV photolysis system on photodegradation
of PFOA

The decomposition of PFOA was investigated in the systems
of alone VUV and Fe’/GAC micro-electrolysis coupled with
VUV-Fenton. It was well assured that PFOA could be directly
decomposed by the deep UV region (<200 nm) light irradia-
tion (Wang et al. 2010; Cao et al. 2010). The experiments
showed that the concentration of fluoride ion in solution syn-
chronously increased with the degradation of PFOA (Fig. 2a).
The PFOA with initial concentration 10 mg L' was
defluorinated by 185-nm VUV light irradiation, and
defluorination ratio attained about 20 % within 2 h (Fig. 2a),
which was in good agreement with the results reported by
Chen et al. (2007). In addition, defluorination efficiency of
PFOA increased to 39 % after 6 h. However, compared to
direct photolysis, Fe’/GAC micro-electrolysis and VUV-
Fenton system improved PFOA decomposition. The
defluorination ratio of PFOA with an initial concentration of
10 mg L' approximately reached 47 % for 6-h reaction
(Fig. 2a). Moreover, it was found that PFOA could be
decomposed by Fe’/GAC micro-electrolysis through detect-
ing the intermediates of PFOA (Fig. 8a). Lai et al. (2013)
found that the macroscopic galvanic cells of the Fe’/GAC
micro-electrolysis system played a key role in degradation of
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3,3'-iminobis-propanenitrile. Fe’/GAC micro-electrolysis was
an electrochemical corrosion process occurring between the
Fe” and GAC in the wastewater, which could generate [H] and
O- from electrode action to reduce or oxidize organic pollut-
ants. In addition, Fe*" and OH- were formed between H,0O,
and Fe*" from Fe”’GAC micro-electrolysis. It was reported
(Tang et al. 2012) that OH and UV could break down
PFOA. Moreover, it was also reported (Wang et al. 2008) that
PFOA could be degraded by UV/Fe** (254 nm) system. Tang
et al. (2012) investigated the removal of PFOA in UV-Fenton
systems, and they found that the decomposition of PFOA
could be divided into two stage; at the first stage, the
defluoriantion and degradation of PFOA was attributed to
the generation of OH radicals, and at the second stage, the
mineralization of PFOA was mainly due to the complex be-
tween PFOA and Fe®" ions. Thus, Fe®’GAC micro-
electrolysis and VUV-Fenton system were worthy of further
study according to our results and others’ reports.

In order to study the mineralization of PFOA by Fe’’GAC
micro-electrolysis and VUV-Fenton system, the TOC was
measured in Fig. 2b. The experiment was selected 50 mg L™
of initial PFOA concentration (the actual value of TOC was
11.59 mg L") for improving the accuracy of the TOC deter-
mination. As shown in Fig. 2b, TOC gradually reduced with
running reaction. That is, TOC was transformed into inorganic
carbon (IC). Furthermore, F~ was detected in Fe”/GAC micro-
electrolysis and VUV-Fenton system. This indicated that
PFOA was finally mineralized into IC and F . The degradation
mechanisms of PFOA were particularly discussed in the
“Defluorination and decomposition mechanisms of PFOA”
section.

Influence of GAC dosage on the defluoridation effect

The effects of GAC dosage (varying from 7.5 to 17.5 g L)
on defluorination were conducted with 10 mg L™" of initial
PFOA concentration and 5 g L™ of Fe dosage, and the results
were illustrated in Fig. 3a.

In Fig. 3a, the defluorination efficiency of PFOA at 7 h was
27.8 % at the GAC dosage of 7.5 g L™" and increased dosage
of GAC (<12.5 g L™"); defluorination ratio of PFOA quickly
improved. However, the defluorination ratio of PFOA
decreased gradually once the dosage of GAC was more
than 12.5 ¢ L', Fe® as an anodic metal provided elec-
trons for the pollutant; GAC particles as cathodes were
used to form macroscopic galvanic cells contacting with
Fe’ in the Fe’/GAC micro-electrolysis system. Therefore,
the dosage of GAC more or less could all effect on the
balance of the primary cell between Fe’ and GAC and
further effected the decomposition of PFOA. Thus, the
dosage of GAC 12.5 g L™! was selected in the following
researches.
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Fig. 2 a Photochemical defluorination ratio under VUV and Fe®/GAC
micro-electrolysis and VUV-Fenton systems, Coproa)y=10 mg L
pHo=3.0, Corey=7.5 g L, Cogacy=12.5 g L', and
[H>0,]o=22.8 mmol L™'. b The change of TOC under Fe’/GAC

Influence of Fe’ dosage on the defluoridation of PFOA

In order to study the influence of the Fe° dosage on the deg-
radation of PFOA by Fe”/GAC micro-electrolysis and VUV-
Fenton system, the various Fe’ dosages were analyzed in
Fig. 3b. Under the certain amount (<7.5 g L"), the photo-
chemical reactivity was enhanced with increasing the initial
Fe° dosage. After 1-h reaction, the defluorination ratio of
PFOA reached 3.2 % in the presence of 2.5 g L™' Fe dosage.
The defluorination efficiency of PFOA increased to 4.6 %
when the Fe® concentration was increased to 7.5 g L™\
However, the defluorination ratio of PFOA decreased when
the dosage of Fe” exceeded 7.5 g L', indicating that super-
fluous Fe® might inhibit defluorination of PFOA.
Furthermore, with the change of Fe” dosage, the photocat-
alytic degradation efficiency of PFOA was various (Fig. 3b).
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micro-electrolysis and VUV-Fenton system, Coproa) =50 mg L
pHo=3.0, Corey=7.5 g L™", Cogacy=12.5 g L', and
[H>05]o=22.8 mmol L™

In this section, the photocatalytic decomposition and
defluorination of PFOA were attributed to the generation of
complex between PFOA and ferric ion under 254-nm UV
light radiation, as well as the generation of OH- radicals.
Figure 3b shows that removal ratio of PFOA was accelerated
with increasing dosage of Fe” (<7.5 g L™"). After 7-h reaction,
the defluorination efficiency of PFOA was 19.3 % in the pres-
ence 2.5 g L' dosage of Fe’. Moreover, it greatly enhanced to
43.2 % when the dosage of Fe’ increased to 7.5 g L™".
However, defluorination ratio of PFOA was decreased when
the dosage of Fe° further increased to over 7.5 g L', Tang et
al. (2012) suggested that the decomposition and
defluorination efficiencies of PFOA in UV-Fenton systems
were 95 and 53.2 % at reaction time of 5 h, respectively.
The generation of OH- radicals and the complex between
PFOA and Fe®" also were found in Tang’s study. Cheng et

(b)

—o—Fe:2.5g/L
—e— Fe:5.0g/L
45 | ——Fe:7.5g/L
40 | —— Fe:10.0g/L
—eo—Fe:12.5g/L

Defluorination efficiency(%)

1 . 1 " 1 i 1 2 1 ~ 1 " 1

60 120 180 240 300 360 420

Time(min)

Fig.3 a Effects of GAC dosage on the defluorination of PFOA. b Effects of Fe dosage on the defluorination of PFOA. Cyproay =10 mg L, pHp=3.0,

and [H,0,]o=11.4 mmol L™
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al. (2014) reported that the photochemical reactivity improved
when the initial amount of ferric ion increased in the Fe’"
concentration range of 20-30 uM by VUV/Fe*" system.
Therefore, it was inferred that OH- and the Fe** ions made a
major contribution to the defluorination of PFOA. This will be
further discussed below.

Influence of initial pH values on the defluoridation
of PFOA

In this section, the effects of initial pH with Fe”/GAC micro-
electrolysis system and VUV-Fenton system on defluorination
of PFOA were discussed, respectively.

In Fe"/GAC micro-electrolysis system, the initial pH value
of the wastewater directly affected the potential difference of
electrolysis reaction, because the ferric species would precip-
itate as ferric hydroxides at alkali condition, which made it
more difficult to establish a good redox system between H,O,
and Fe*"/Fe**. The various pH value had different influences
on the defluorination ratio of PFOA. As shown in Fig. 4a, with
an increase of pH (<3.0), the defluorination efficiency im-
proved quickly. It was found that the defluorination ratio of
PFOA increased from 27.8 to 43.2 % when pH increased from
2.5 to 3.0 after 7-h reaction (Fig. 4a). However, the
defluorination efficiency of PFOA decreased when the initial
pH further elevated. Fe*" was produced in Fe’’GAC micro-
electrolysis process and quickly oxidized to Fe**, which re-
sulted in the solution turned into a deep yellow in air. This
could hinder photodegradation reaction in VUV-Fenton.
Ferric could generate hydroxide precipitation when the pH
of the aqueous solution was more than 4.0, resulting in a
negative influence on both Fe’’GAC micro-electrolysis and
VUV-Fenton system. Therefore, pH of 3.0 was chosen in iron
carbon micro-electrolysis system.

~
&0
e

—s—pH:2.0

Defluorination efficiency(%)

1 i 1 M 1 i 1 i 1 i 1 i 1

120 180 240 300 360 420

Time(min)

o~
=
~

B

Defluorination efficiency(%)

In VUV-Fenton system, the initial pH of the aqueous solu-
tion mainly affected photochemical reactivity. Thus, to study
the effects of initial pH on the degradation of PFOA in VUV-
Fenton system, five samples with initial pH of 2.5, 3.0, 3.5,
4.0, and 4.5 were investigated (Fig. 4b). As shown in Fig. 4b,
the defluorination ratio of PFOA approximately reached
43.21 % at initial pH 3.0 for 7-h reaction. However, a higher
or lower pH had an adverse influence on the defluorination
efficiency of PFOA. In acidic conditions, PFOA mainly
existed in its molecular state (C;F;sCOOH), while it emerged
in its ionic status (C;F;5COO") in neutral and alkaline condi-
tions. Although PFOA and its intermediate products with ion-
ic status were beneficial to removal under 185-nm VUV light
radiation, the system involved in the photocatalytic degrada-
tion in the presence of Fe’”, which Fe®" and the free radicals
were the vital to the VUV-Fenton system. Moreover, the pH
also had an influence on forming of the complex between Fe**
and PFOA. When the pH is more than 4.0, Fe** could form
iron hydroxide precipitation, resulting in the form of complex
([PFOA-Fe]*") that was held back, and the direct photolysis of
PFOA also was affected. It was reported (Cheng et al. 2014)
that PFOA could exist in the protonated form in the case of
lower pH (>2.8), which was not beneficial to the formation of
complex between ferric ion and PFOA and electronic trans-
ferred. Therefore, acidic condition (pH=3.0) was conductive
to defluorination of PFOA.

Influence of H,O, concentration on the defluoridation
of PFOA

The effects of initial H,O, concentrations (0~57 mmol L)
on the PFOA defluorination ratio were given in Fig. 5. The
defluorination efficiency of PFOA reached 21.02 % in the
absence of H,0, by Fe”’GAC micro-electrolysis and VUV-

360

1 1 1
60 120 180 240 300 420

Time(min)

Fig. 4 Effects of pH on the defluorination of PFOA in a Fe’’GAC micro-electrolysis and b VUV-Fenton process, Coproay=10 mg L

Coey=7-5 gL', Coigacy=12.5 g L™, and [H,0,]o=11.4 mmol L™
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Fig. 5 Effects of H,O, dosage on the defluorination of PFOA,
CO(PFOA): 10 mg Lil, pHQ:3.0, CO(FE):7’5 g Lil, and
CO(GAc):lz.S gL_l

Fenton system for 7-h reaction. However, the defluorination
ratio of PFOA ascended to 46.81 % when adding a certain
amount of H,0, (22.8 mmol L™"). It indicated that the dosage
of appropriate H,O, had a positive influence on removal of
PFOA.

H,0, was the original source of generating OH- radicals;
hence, increasing H,O, dosage was favorable to promoting
decomposition of PFOA. Nevertheless, it was the possibility
that iron hydroxide precipitation was formed between ferric
and OH at higher H,O, concentration, resulting in the decreas-
ing of photocatalytic degradation PFOA when H,O, was added
excessively (22.8 mmol Lfl). Therefore, excess H,O, dosage
was unfavorable for PFOA defluorination. Furthermore, the
competition of photons may occur between lots of hydroxyl
radical (OH-) and PFOA, resulting in the reduction of PFOA
absorption photons and degradation efficiency of PFOA by
direct photolysis (185-nm VUV). At this time, the efficient
impact of OH- could not make up for the negative effect of
the photon competition on the defluorination of PFOA.
Hence, the optimized H,O, dosage was 22.8 mmol L ! in the
experiment.

Valence state and content of iron in Fe’/ GAC
micro-electrolysis and VUV-Fenton system

Valence state and content of iron was major component in the
system which could affect defluorination of PFOA in photo-
catalytic degradation. Hence, the concentrations of irons with
different valence states were monitored using 1,10-
phenanthroline spectrophotometric method (Aj.x—510 nm)
in this section (Fig. 6). The results found that the concentra-
tions of Fe*" and total iron rapidly decreased with the reaction
time in Fe”/GAC micro-electrolysis and VUV-Fenton system.
However, the concentration of Fe*" had diverse variation.

30 | V) Total Fe
Fe’'
= 25 CFre”
g‘) 20 _
1
S
£ 15
E
=
310
=
S
5 %ﬂ.@ﬂ%ﬂﬂ_ﬂm
0 1

S0 100 150 200 250 300 350 400 450

Time(min)

Fig. 6 Valence state and content of iron in the system,
CO(PFOA):lo mg Lil: pHo=3.0, CO(Fe):7-5 g Lil,
Coacy=12.5 g L', and [H,0,]o=22.8 mmol L'

Firstly, the concentration of Fe’" increased up to
19.37 mg L™ within 2 h but quickly decreased as the exten-
sion of reaction time.

The experiment was conducted under the atmosphere,
which Fe?" was gradually oxidized to Fe®*. Because of the
existence of OH  in the system, plenty of ferric hydroxide was
generated with the passage of time, leading to the reducing of
the Fe concentration.

Analysis of intermediate products in the system

As shown in the “Effects of VUV photolysis system on
photodegradation of PFOA” section, the defluorination effi-
ciency was inconsistent with PFOA degaradation ratio, and
the degradation ratio much more than defluorination efficien-
cy, meaning that PFOA was not completely mineralized to
CO; and F . Thus, besides fluoride ion, the intermediates of
shorter-chain perfluorocarboxylic acid (C,F,, + ;COO,
PFCAs), including PFHpA (C7), PFHeA (C6), PFPeA (C5),
PFBA (C4), PFPrA (C3), and TPA (C2), were monitored by
HPLC/MS/MS analysis with retention time of 5.65, 5.25,
4.58, 2.72, 1.32, and 1.28 min, respectively, suggesting the
formation of PFCA ions in Fe”’GAC micro-electrolysis and
VUV-Fenton system. The perfluoroalkyl compounds with
longer carbon chains generally have higher peak concentra-
tions than those with shorter chains. The decomposition inter-
mediates were the same as those reported by other researchers
(Cheng et al. 2014; Tang et al. 2012; Wang et al. 2010; Cao et
al. 2010; Wang et al. 2008; Wang and Zhang 2014; Zoschke et
al. 2014). Figure 7 shows the total ion chromatography (TIC)
of seven kinds of PFCA standard samples. External standard
method was used for measurement of PFCAs.

The degradation of PFOA and intermediates were shown in
Fig. 8a. The formation of the five kinds of PFCAs, including
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Fig. 7 MRM spectra of standard solution of seven kinds of PFCAs

PFHpA (with one CF, unit less than PFOA), PFHeA (with  and PFPrA (with five CF, units less than PFOA), increased
two CF, units less than PFOA), PFPeA (with three CF, units  continuously in the degradation process after 5 h. Especially,
less than PFOA), PFBA (with four CF, units less than PFOA), PFHpA had obviously changed. Nevertheless, TPA was not
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Fig.8 a Evolution of the decomposition of PFOA and the intermediates in system. b Fluorine element mass balance during the decomposition of PFOA.
CO(PFOA): 10 mg Lﬁl, pHO :3,0, CO(Fc): 7.5 g Lil, CO(GAC): 12.5 g Lil, and [H202]0 =22.8 mmol L71
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detected in the whole reaction process. In addition, PFHpA
was firstly monitored after 1 h of reaction (Fe®’GAC micro-
electrolysis process), indicating that PFOA could be
decomposed by Fe’/GAC micro-electrolysis process.
Moreover, the shorter-chain intermediates were identified af-
ter about 2 h of reaction, indicating that PFCAs may be
formed and degraded stepwise.

In order to further study the decomposition of PFOA
process in Fe”’GAC micro-electrolysis and VUV-Fenton
system, the mass balance of fluorine element (F ) was
also calculated for the reaction system (Fig. 8b). The
total F content in aqueous solution consists of the fol-
lowing three sections: organic fluorine, F, and unknown
fluoride. The mass concentration of the organic fluorine
in the solutions was analyzed using fluoride ion selective
electrode (PF-1-01) after the different reaction time. The
organic fluorine mainly referred to the fluorine in PFOA
and intermediates which were detected by HPLC/MS/
MS, and their mass concentrations were calculated from
mass ration between fluorine and parent PFCAs.

6
Y= Z (3+2i) x CCF3(CFZ)I.COO’ (7)
i—0

13

The unknown fluorine was those not to be identified
by above analysis. The unknown F mass concentration
was calculated by subtracting both the kinds of fluorine
mentioned above from total fluorine. The results of
analysis of mass balance of fluorine were given in
Fig. 8b. Aqueous organic fluorine and inorganic fluorine
accounted for more than 85 % of the fluorine in the
decomposed PFOA solution at any point during the re-
action process. In Fig. 8b, it was found that the
amounts of organic fluorine lost and inorganic fluoride
ion formed in the solution were very similar, indicating
that the lost organic fluorine might be converted into
fluorine ions during degradation. Due to the very low
proportion of unknown fluorine, it could be inferred that
shorter-chain PFCs were main intermediate products of
PFOA during reaction in Fe’’GAC micro-electrolysis
and VUV-Fenton system.

Defluorination and decomposition mechanisms of PFOA

As reported in literature (Tang et al. 2012), PFOA was degrad-
ed by the attack of OH- radicals with UV light irradiation.
Tang et al. investigated that PFOA was stimulated by OH-
radicals and changed PFOA*, then decarboxylated into
C;F5- and CO, by breaking the C-C bond between the
C,F5 and COO—. Furthermore, the C,F, 5 radical was imme-
diately hydrolyzed and converted into the CqF;3COOH and
fluoride ion. The intermediate C¢F;3COOH was further

decomposed into a series of perfluorinated carboxylic acids
in a similar pathway.

C7 F15C007 + OH'—>C7 F15COO' + OH (8)
C;F15COO —CO, + C7F5 9)
C7F|5‘ —|—2H20—>C6F13COOH+2F7—|—2H+ +H (10)

It were also reported that (Cheng et al. 2014; Wang
et al. 2008; Hori et al. 2007) ferric ions could form a
complex with PFOA, and then, the complex could be
converted to Fe*" and organic radical under the UV
254-nm light irradiation. Hori et al. (2007) investigated
that the complex was formed between Fe®" and
C,FsCOOH at first and was then stimulated and photoly-
sis by 220—460-nm UV light irradiation. Moreover, they
indicated that Fe* could be transformed into Fe*" after
reaction under oxygen atmosphere during the photochem-
ical degradation of C,FsCOOH. They also found that the
[C,FsCOO-Fe]*" was a prerequisite species for the pho-
tochemical degradation of C,F;COOH under 220-460-nm
UV light irradiation on the basis of electron spin reso-
nance (ESR) spectrum of the mixture of iron (III) sulfate
and C,FsCOOH.

C;F5CO0™ + Fe**—[C;F;sCOO-Fe]*" (11)
[C7F5COO-Fe]*" + hv (254 nm)—Fe’* + C;F;sC00"  (12)

C7F5COO" + 3H,0—C4F;3COOH + HCOOH + 2F + 2HT + OH

(13)
Fe’™ + 0,—Fe'™ + 0,7 (14)
Fet + OH' —Fe’t + OH™ (15)

Cheng et al. (2014) investigated that PFOA could be excit-
ed by VUV 185-nm light irradiation converted to C;F;5- and
COOH-. Then, C;F,5 was hydrolyzed to C;F;sOH in water,
and C,F;sOH further formed C,F;3COF and fluoride ion by
losing a CF, unit. Finally, the C;F|3COF was transformed into
C,F3COOH in water. The C;F;3COOH was decomposed to
shorter-chain PFCAs by a similar pathway. And, fluoride ion
was continuously generated from CF, unit removed from
PFCAs.

CsF1sCOOH + hv (185 nm)—C;F;s + COOH  (16)

C;F5 + H,O0—C;FsOH +H (17)
C;FsO0H—C;F3COF + H" + F~ (18)
C7F]3COF+H20_)C6F]3COOH+H+ + F (19)
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As mentioned above, during removal of PFOA, fluoride ion
was also continuously formed. Furthermore, five shorter-chain
PFCs, including C7, C6, C5, C4, and C3, were detected by
HPLC/MS/MS during decomposition of PFOA, and their con-
centrations also continuously increased and had the following
sequence during reaction time: C7>C6>C5>C4>C3. These
showed that degradation of PFOA was a stepwise way. Firstly,
PFOA was transformed into C¢<F;3COOH with a less CF; unit
than PFOA, and then C4gF;3COOH into CsF;;COOH,
CsF;;COOH into C4F9COOH, and C4F9COOH into
C3F,COOH, through a similar pathway. The CF, unit removed
from the PFCAs was transformed to formic acid (or further
mineralized as CO,) and fluoride ion.

Based on the discussions above and the experimental re-
sults, the mechanisms of degradation and defluorination of
PFOA with Fe”’GAC and VUV-Fenton system were pro-
posed. Photochemical of OH-, direct photolysis, and
photocatalysis were involved in the reaction solution
(Fig. 9). Photochemical of OH-, with OH- radicals and UV,
PFOA was stimulated by OH- radicals and changed PFOA*,
then the C-C bond between the C;F ;5 and COO— was broke
into C;F;5- and CO,. Next, the C,F ;5 radical was

immediately hydrolyzed and converted into the C¢F;;COOH
and fluoride ion. The intermediate C¢F;3COOH further was
decomposed into a series of perfluorinated carboxylic acids in
a similar pathway. Direct photolysis (185 nm), with VUV
185-nm irradiation, the C-C bond in the PFOA between
C5F;5 and COO— was fractured and produced C-F,s- radical.
Then, the C;F 5 radical was hydrolyzed in water and gener-
ated the C;F;50H. And, the C,FsOH further transformed into
acyl fluoride and CgF,3COF by losing a HF unit. Ultimately,
the CgF13COF was produced to a shorter-chain CgF;3COOH
in water. Photocatalytic degradation of PFOA in the presence
of Fe’™ (UV 254 nm), the complex was formed between
PFOA and Fe**, and then, the complex was excited and pho-
tolyzed by UV 254-nm light irradiation for formation of the
C,F5COO-. The C;F;5COO- radical could generate
CeF13COOH with less CF, unit than the PFOA in water,
and fluoride ions were formed. The intermediate
CsF13COOH was able to further be decomposed to shorter-
chain PFCAs in a similar pathway.

As the above analysis, PFOA could be degraded and
defluorinated to shorter-chain PFCAs through photochemical
of OH-, direct photolysis (VUV 185-nm light), and
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Fig. 9 Possible defluorination and decomposition pathways of PFOA in Fe?/GAC micro-electrolysis and VUV-Fenton system
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photocatalytic degradation in a stepwise way. The CF, unit
that came from PFCAs was transformed to CO, and fluoride
ion. If the reaction time was long enough, PFOA and the
intermediates could be completely mineralized to CO, and
fluoride ion.

Conclusions

The Fe’/GAC micro-electrolysis and VUV-Fenton system
were employed for the defluorination of PFOA. Under the
conditions of initial experiment, pH 3.0, Fe® dosage
75¢g L', GAC dosage 12.5 g L', and H,0, concentration
22.8 mmol L', the defluorination of PFOA reached 46.81 %.
Furthermore, the intermediates of degradation PFOA were
short-chain PFCAs, including PFHpA (C7), PFHeA (Co6),
PFPeA (C5), PFBA (C4), PFPrA (C3), and TPA (C2), which
were identified and quantified using HPLC/MS/MS.
According to the mass balance calculation, the decomposition
of PFOA and intermediates always was step-by-step through
loss of a CF». It is proposed that photochemical of OH-, direct
photolysis, and photocatalysis are referred to the reaction
solution.
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