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Hydrated electrons (e-aq, E= -2.9 V) generated by advanced reduction processes (ARPs) have been proved to be a
promising approach to eliminate various per- and polyfluoroalkyl substances (PFASs) in water. In this study, the
decomposition of perfluorooctanoic acid (PFOA) in a complex water matrix by e-aq generated from the UV/sulfite
process was investigated. The effect of pH (9–12) and co-existing compounds (chloride, nitrate, phosphate,
carbonate and humic acid) on PFOA degradation efficiency was studied. In addition, the intermediates and
possible degradation pathways were analyzed by ultra-high performance liquid chromatography-tandem mass
spectrometry (UPLC-MS). The results showed that the concentration of PFOA was below the detection limit (10
μg/L) after 1 h (conditions: C0 10 mg/L, initial pH = 10, sulfite 10 mM) while 89% defluorination was achieved
after 24 h. Using a higher initial pH (pH = 12) greatly enhanced the PFOA degradation as 100% degradation and
98% defluorination were achieved after 24 h. The presence of carbonate (> 5 mM), nitrate (> 2 mM) and humic
acid (> 25 mg/L) showed a significant negative effect on PFOA degradation via a UV blocking effect or
quenching of hydrated electrons while the presence of chloride and phosphate had a smaller effect on PFOA
degradation. Even at extremely high concentrations of chloride (1.709 M, pH = 11.25), the defluorination ratio
reached 97% after 24 h of reaction time. During the process, short-chain perfluorinated carboxylic acids (PFCAs,
C < 7) and hydrogen substituted compounds were detected, which implies that chain-shortening and H/F change
reactions had occurred. Moreover, this confirmed the generation of sulfonated and unsaturated intermediates
during the process, which disclosed valuable new mechanistic insights into PFOA degradation.

1. Introduction
Per- and polyfluoroalkyl substances (PFASs) are a group of anthro
pogenic compounds in which at least one or all hydrogen atoms attached
to the carbon chain are replaced by fluorine. Because of their high
thermal stability, low chemical activity and good water-resistant prop
erties, PFASs have been widely used in many products, such as food
packaging, firefighting foams, textiles and personal care products (Cui
et al., 2020; Gagliano et al., 2020; Wu et al., 2020). Global production
and the wide application of PFASs have caused worldwide contamina
tion since the 1940s and PFASs have drawn increasing attention due to
their persistence, toxicity and bioaccumulation (Bentel et al., 2019; Cui
et al., 2020; Dixit et al., 2020). A representative PFAS compound, per
fluorooctanoic acid (PFOA), has been widely used in the production of
everyday necessities, in the construction industry and textile industry.
PFOA has been detected in natural water, soils, effluent from wastewater

treatment plants (WWTPs) and even animal tissue in recent years (Ghisi
et al., 2019; Li et al., 2020; Sunderland et al., 2019). Moreover, the
decomposition of PFOA has been found to be extremely slow in the
natural environment due to the high strength of the carbon-fluorine
bond (Li et al., 2020; Sunderland et al., 2019). In 2019, PFOA, its salts
and PFOA-related compounds were listed as new persistent organic
pollutants (POPs) under Annex A in the Stockholm convention (2019) to
restrict their production and application. It was reported that kidney
cancer, testicular cancer, ulcerative colitis, thyroid disease, hypercho
lesterolemia (high cholesterol) and pregnancy-induced hypertension are
related to high PFOA exposure (Kwiatkowski et al., 2020; Nicole, 2013).
Therefore, it is important to develop a feasible method to eliminate
PFOA contamination from water.
To date, several treatment techniques, such as adsorption, membrane
separation, biological treatment, advanced oxidation processes (AOPs),
advanced reduction process (ARPs) and photodecomposition, have been
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investigated for eliminating organic pollution (Duan et al., 2019;
Gagliano et al., 2020; Ross et al., 2018; Shang et al., 2021; Trojanowicz
et al., 2018). Of these techniques, AOPs have shown good degradation
performance but poor defluorination efficiency for PFAS, which means
that most of the long-chain PFASs were degraded to short-chain PFASs
and further degradation was limited (Chen and Zhang, 2006; Qian et al.,
2016; Trojanowicz et al., 2018). By comparison, ARPs, by using hy
drated electrons (e-aq) for PFAS degradation, have exhibited much
higher defluorination and decomposition efficiency, which makes this a
promising method for controlling PFAS pollution (Bao et al., 2018;
Bentel et al., 2019; Gu et al., 2017b). The e-aq (E = − 2.9 V) is a highly
reactive and reductive species that can react with the halogen atoms in
organic matter (Qu et al., 2010). It can be generated from water or by
some source chemicals like iodide, sulfite or indole via UV radiation
(Guo et al., 2019). Because they have the highest electronegativity, the
fluorine atoms in PFASs exhibit a strong electron-withdrawing ability,
which makes it possible to be attacked by e-aq as a reaction center (Song
et al., 2013). So far, sulfite is recognized as an ideal reductant that has
widely been studied for PFAS degradation by ARPs. The generation of
e-aq from the photoionization of SO32- (Eq. (1)) has proved to be an
effective method for PFAS degradation. In the study by Song et al.
(2013), a UV/sulfite process was first used for PFOA reductive degra
dation, and the defluorination ratio of PFOA reached 88.5% after 24 h.
Another study investigated the kinetics and evaluated the associated
toxicity of PFOA decomposition by a high photon flux UV/sulfite process
(Gu et al., 2017b). Bentel et al. (2020a, 2020b, 2019) recently revealed
the degradation kinetics and mechanism of PFASs with different func
tional groups and chain structures. In one of their studies, the
photo-reductive decay mechanism (UV/sulfite process) of 34 represen
tative PFASs, such as perfluorocarboxylic acids (PFCAs, CnF2n+1COO-),
fluorotelomer carboxylic acids (FTCAs, CnF2n+1− CH2CH2− COO-), per
fluoroalkanesulfonic acids (PFSAs, CnF2n+1SO3-) and per- and poly
fluorodicarboxylic acids (PFdiCAs, -OOC− CnF2n− COO-) were
investigated in detail (Bentel et al., 2019).
SO2−3

+ hυ→

SO•−3

+

e−aq

UV/sulfite process are incomplete and need further explanation.
In this study, the effect of pH (9–12) and a high concentration of coexisting compounds (Cl-: 50–1709 mM, PO43-: 5–25 mM, CO32-: 5–25
mM, NO3-: 1–12.5 mM and HA: 10–50 mg/L) on PFOA degradation ef
ficiency in the UV/sulfite system was investigated. Next, the degrada
tion intermediates as well as possible degradation pathways and
mechanisms were analyzed by ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS). We identified
new sulfonated and unsaturated intermediates that are now being re
ported for the first time, which also revealed new information on the
PFOA degradation pathways and mechanisms in the UV/sulfite process.
The present findings have important implications for eliminating PFOA
from concentrated water and understanding the degradation
mechanisms.
2. Materials and methods
2.1. Chemicals and reagents
Sodium sulfite, sodium chloride, sulfuric acid, sodium carbonate,
sodium phosphate, sodium nitrate, potassium chloride, humic acid (HA,
No. 53,680), trifluoroacetic acid (TFA, CF3COOH, > 99.0%), penta
fluoropropionic acid (PFPrA, C2F5COOH, > 98%), heptafluorobutyric
acid (PFBA, C3F7COOH, > 99%), nonafluoropentanoic acid (PFPeA,
C4F9COOH, > 98%), undecafluorohexanoic acid (PFHxA, C5F11COOH,
> 98%), tridecafluoroheptanoic acid (PFHpA, C6F13COOH, > 96%),
PFOA (C7F15COOH, > 95%) were all purchased from Sigma-Aldrich.
The fluoride ionic strength adjustment (ISA) powder pillows and fluo
ride standard solutions (0.5, 1 and 2 mg/L) were purchased from Hach.
2.2. Reductive degradation of PFOA
The photochemical reductive degradation experiments were con
ducted at room temperature (21 ℃) in a cylindrical glass container 78
mm in diameter and 270 mm in height (Fig. 1). A UV lamp (TUV PL-S 11
W, 254 nm, Philips) was placed in the center of the glass container with a
quartz jacket to avoid contact with the solution. Unless otherwise

(1)

The concentration of PFAS reported in contaminated water has been
usually at the ng/L to μg/L level (Ateia et al., 2019b; Li et al., 2020),
which is uneconomic and inefficient for direct treatment by the reduc
tive degradation process. Therefore, some pretreatment methods like
membrane technologies and sorption/desorption are preferred to
concentrate PFASs before applying the UV/sulfite process. It has been
reported that the concentration of PFAS could be concentrated from 10
μg/L to around 10 mg/L by sorption/desorption (Dixit et al., 2020),
which means that only ≈ 0.1% of the original volume of wastewater
needs to be treated by the UV/sulfite system. After the UV/sulfite
treatment, the PFAS-free wastewater effluent can be neutralized and
further treated to remove salts by traditional methods. However, anions
and organic substances, such as carbonate, phosphate, nitrate, chloride
and humic acid (HA), usually exist in surface water or ground water, and
probably affect the reductive degradation efficiency of PFOA by using
the UV/sulfite process. After an enrichment process, the anions and
organic substances are typically also concentrated. In addition, in the
case of an ion exchange-based concentration process, the desorption
eluent might be concentrated brine solution. Therefore, the effect of a
high concentration of anions and organic substances on PFOA degra
dation in the UV/sulfite system should be evaluated so as to guide
practical application. So far, only a few studies have investigated the
effect of co-existing compounds (e.g. 10 mM nitrate and 1 mg/L HA) on
PFOA reductive degradation (Guo et al., 2019; Song et al., 2013), while
research related to the effect of phosphate, chloride, carbonate and HA
with high concentrations on PFOA degradation by the UV/sulfite system
is still lacking. Furthermore, as some new intermediates were identified
from the degraded samples for the first time in this study, we believe that
the current degradation pathways and mechanisms of PFOA in the

Fig. 1. Schematic diagram of a UV/sulfite reactor.
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specified, the dosage of sulfite was 10 mM and the initial concentration
of PFOA was 10 mg/L (24.15 μM). Four initial pH values (9, 10, 11 and
12) were chosen to investigate the effect of pH (pH meter: inoLab® pH
7110). The pH of the PFOA solution was adjusted using NaOH and
H2SO4. All experiments were replicated. Prior to each degradation
experiment, the PFOA solution was purged with nitrogen gas for 30 min
to remove the dissolved oxygen (DO).

to achieve effective degradation and defluorination. Therefore, gener
ation of a large amount of e-aq is the key step in the whole process. The
generation of e-aq in the UV/sulfite system is very sensitive to the solu
tion pH (Bentel et al., 2020a; Gu et al., 2017b; Song et al., 2013). In
acidic conditions, e-aq will be rapidly quenched by reacting with protons
via Eq. (2) (Gu et al., 2017a). On the other hand, the quantum yield of
e-aq will be greatly enhanced in alkaline conditions by the reaction of H•
and OH- via Eq. (3) (Gu et al., 2017a), and thus a high pH should be
preferred.

2.3. Effect of co-existing compounds

H+ + e−aq →H •

The concentration of chloride, phosphate, carbonate, nitrate and
humic acid in each run are listed in Table 1. Unless otherwise specified,
the initial pH and sulfite dosage of each experiment were 10 and 10 mM,
respectively. Additionally, experiments with 0.855 and 1.709 M chlo
ride (Cl- concentrations equal to 5% and 10% NaCl (w/v) solution) were
performed both at pH = 10 and 11.25. All experiments were duplicated.
The UV adsorption spectra of carbonate, phosphate, nitrate and humic
acid solutions were measured with a UV spectrometer (UV-1800,
Shimadzu).

k = 2.3 × 1010 M− 1 s−

H • +OH− →e−aq + H2 O

(2)

1

k = 2.2 × 107 M− 1 s−

(3)

1

In this study, the effect of pH (9 to 12) on PFOA degradation and
defluorination performance was investigated and the results are shown
in Fig. 2. A rapid degradation of PFOA was observed from pH = 9 to 12
(Fig. 2a), as all degradation efficiencies exceeded 95% after 30 min and
reached 100% within the first 1 h. However, the defluorination effi
ciency only reached 36 to 57% in the first 30 min (Fig. 2b) and many
intermediates were observed in the MS spectra (Figs. S5–S9). This in
dicates that, although the decomposition of PFOA was rapid, most of the
PFOA molecules were transformed into other perfluorinated in
termediates. Therefore, when comparing degradation efficiencies, the
defluorination efficiency is a better indicator for evaluating the degra
dation performance compared to the residual PFOA concentration. After
24 h reaction, the defluorination efficiency reached 98% at pH = 12,
which was much higher than those at pH = 9–11 (85 to 89%). Similar
results were observed in a previous study (Bentel et al., 2020a). These
results indicate that strong alkaline conditions are beneficial for PFOA
degradation and defluorination.
To better understand the degradation process, the concentrations of
intermediates can be used as indicators to evaluate the degradation
performance. However, the determination of the exact concentration of
the intermediates is hampered by the lack of standard samples. Thus, the
peak areas of the intermediates were used to estimate their relative
abundance. As too many intermediates were detected from the MS
spectra, only the six main intermediates generated were analyzed and
are shown in Fig. 3. It is noteworthy that P1, P4, P6, P8 and P9 were first
reported in this study. Due to the lack of standards, accurate quantitative
values of the intermediates are not available. Therefore, we could only
roughly calculate the quantitative value of these intermediates by
assuming that their ionization ability in the MS was similar to that of
PFOA. A comparison of peak area of each important intermediate and
PFOA standards was calculated and is summarized in Table S1. A
detailed discussion of these intermediates and mechanisms is given in
Section 3.4. As shown in Fig. 3, the peak areas of all representative in
termediates at pH = 12 after 2 h reaction were much smaller than those
at pH = 9–11. Most of these intermediates were fully decomposed at pH
= 9–12 after 24 h reaction. However, as shown in Fig. 3d and e, P6 and
P8 were not fully degraded after 24 h reaction at pH = 9–11. The
abundance of P6 even accumulated during the reaction. This indicates
that P6 and P8 are recalcitrant intermediates, which are probably
resistant to the reductive degradation at pH = 9–11. These results
further prove that strong alkaline conditions are beneficial for e-aq
generation and will enhance degradation efficiency. Nevertheless,
extreme pH conditions might be uneconomical in real wastewater

2.4. Analytical methods for fluoride and PFAS
For the measurement of fluoride concentration, 5 mL of solution was
taken from the reactor and diluted to 25 mL with Milli-Q water in a
plastic beaker (30 mL). Then, one fluoride ISA powder pillow was added
with stirring, and the fluoride concentration was measured using a
fluoride probe (ISEF121, Hach) equipped with a HQ30d meter (Hach).
The concentration of PFOA, PFCAs and their degradation intermediates
were measured by ultra-high performance liquid chromatography
(Acquity UPLC System, Waters) using a tandem mass spectrometer (Q
Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer,
Thermo) (UPLC-MS). A C18 column (Acquity UPLC® BEH C18 1.7 μm,
2.1 × 100 mm column, Waters) was used. The mobile phase was 70% 10
mM ammonium acetate in water (mobile phase A) and 30% methanol
(mobile phase B). The gradient program for elution A was 70% (initial
and 0–0.5 min), 70% to 5% (0.5–7 min), 5% to 70% (7–10 min). The
flow rate was 0.3 mL/min and the injection volume was 10 µL. The
column temperature was 50 ℃. The mass spectrometer was run in
negative ion mode. The temperature and voltage of the electrospray
ionization (ESI) source were 262.5 ℃ and 3.5 kV, respectively.
The mixed PFCAs stock solution contained 1 g/L of TFA, PFPrA,
PFBA, PFPeA, PFHxA, PFHpA and PFOA. The standard PFCA samples
(0.1 to 10 mg/L) were obtained by diluting the PFCA stock solution with
Milli-Q water. The detection limit of PFOA was 100 μg/L. The target
compounds and fragments of PFCAs used in the quantification methods
are given in Section S1. The concentration of PFCAs and intermediates
were analyzed by Xcalibur® Qual Browser (Thermo). All chemical
compositions of the intermediates were generated by comparison with
the database.
3. Results and discussion
3.1. Effect of pH
The hydrated electron (e-aq) is the one of the strongest reductive
species (E = − 2.9 V) that can be used for breaking the C–F bonds of PFAS
Table 1
Concentrations of co-existing compounds.
Exp. No

Chloride (mM)

Exp. No

Phosphate (mM)

Exp. No

Carbonate (mM)

Exp. No

Nitrate (mM)

Exp. No

Humic acid (mg/L)

1
2
3
4
5

50
100
150
855
1709

6
7
8

5
12.5
25

9
10
11

5
12.5
25

12
13
14
15

1
2
5
12.5

16
17
18

10
25
50
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Fig. 2. Effect of pH on PFOA (a) degradation and (b) defluorination efficiency (PFOA = 10 mg/L, sulfite = 10 mM, T = 21 ℃).

treatment. Thus, pH = 10 was chosen as a suitable parameter for further
experiments.

the phosphate does not absorb UV at 254 nm (Fig. S2). However, it has
previously been reported that the logarithm of the rate constant for
quenching e-aq is linearly related to the number of the O–H bonds in the
phosphate molecule, and the e-aq decay kinetics depends slightly on the
phosphate concentration with a rate constant of 2 × 105 L mol-1 s-1 at
high pH (Levin et al., 2007). Thus, the slight decrease in the defluori
nation efficiency could be attributed to the e-aq quenching effect of the
phosphate species. Although the inhibition effect of phosphate on PFOA
degradation is weak, the concentration of phosphate should be
controlled to avoid the e-aq quenching effect when considering practical
application.
The inhibition effect of carbonate on the PFOA degradation and
defluorination ratio was more significant than with phosphate and
chloride. As shown in Fig. 5a, the addition of 5, 12.5 and 25 mM car
bonate greatly decreased the final defluorination efficiency from 89 to
67, 51 and 43%, respectively. The degradation of PFOA was inhibited
(Fig. 5b). Previously, it was reported that 1 mM carbonate/bicarbonate
had no observable impact on dehalogenation in the UV/sulfite system
(Li et al., 2014). However, when the concentration of carbonate was 5
mM or higher in this study, an obvious inhibition effect on PFOA
degradation was observed. As the UV254 absorbance of 25 mM carbonate
(Fig. S2) is very low, the UV blocking effect was not the main reason for
the decreased PFOA degradation efficiency. The rate constant for the
reaction of e-aq and carbonate was reported to be 3.9 × 105 L mol-1 s-1 at
pH = 11.4 (Buxton et al., 1988), which is higher than that of phosphate.
Therefore, the scavenging of e-aq by carbonate was the most likely reason
for the inhibition.
Nitrate is known as an effective scavenger for e-aq. It has been pro
posed that the presence of nitrate would greatly suppress PFAS degra
dation by rapidly reacting with e-aq via Eqs. (4)–(6) (Cui et al., 2020).
Therefore, it is necessary to find a tolerable nitrate concentration level
for the UV/sulfite system to guide practical application. The effect of
nitrate on PFOA defluorination and degradation are shown in Fig. 5c and
d. In the presence of 1 mM nitrate, the degradation of PFOA was greatly
inhibited in the first 2 h, as only 13% of PFOA was degraded and ach
ieved 4% defluorination efficiency. Then, 99% of PFOA was degraded
and achieved 52% defluorination efficiency in the 4 h reaction. This
could be attributed to the fact that first all nitrate anions were consumed
by hydrated electrons after which the degradation of PFOA started.
Finally, after 24 h reaction, the defluorination efficiency reached 89%
and a complete degradation of PFOA was observed. When the concen
tration of nitrate exceeded 2 mM, the degradation and defluorination of

3.2. Effect of co-existing anions
The concentration of PFAS in contaminated water is usually at the
level of ng/L to μg/L (Ateia et al., 2019a; Hu et al., 2016; Sunderland
et al., 2019), which is too low to be treated directly by the UV/sulfite
process. To increase the efficiency of the process, concentration of the
PFASs before the degradation process is required. It has been reported
that ion exchange is one of the most effective methods to remove PFOA
from water (Gao et al., 2017; Park et al., 2020), and that a high con
centration of NaOH and/or NaCl solution is efficient for resin regener
ation (Belkouteb et al., 2020; Dixit et al., 2020). However, the
concentrated solution may also contain more common ions and organic
substances, which may affect the degradation performance (Du et al.,
2014; Gagliano et al., 2020). Therefore, we investigated the effect of
co-existing anions (chloride, phosphate, carbonate and nitrate) and
humic acid on PFOA degradation in the UV/sulfite system (at pH = 10).
The effect of chloride on PFOA degradation and defluorination is
shown in Fig. 4a and b. The presence of 50–150 mM chloride did not
affect the defluorination and degradation efficiency. The concentrations
of PFOA were all below the detection limits after 1 h reaction and the
defluorination in all cases reached around 90% after 24 h. Even in high
salinity conditions (0.855 and 1.709 M, Fig. S1), the defluorination ef
ficiency was not negatively affected and reached 90% and 92% after 24
h. The results imply that PFOA-brine solution could be directly treated
by the UV/sulfite process despite a high pH value and/or high chloride
concentration. Unlike in AOPs where chloride might inhibit the degra
dation efficiency of an organic pollutant by reacting with •OH or SO4•-,
the generation of chlorine radicals (Cl•, E = 2.4 V) (Han et al., 2021)
would be greatly inhibited due to the strong reductive conditions in the
UV/sulfite system. Therefore, the effect of chloride on PFOA degrada
tion in the UV/sulfite system is not significant. This is an advantage over
AOPs when considering the treatment of the PFAS desorption solution.
The presence of phosphate had an adverse effect on PFOA degrada
tion and defluorination (Fig. 4c and d). When the concentration of
phosphate was increased from 5 to 25 mM, the defluorination efficiency
decreased from 30 to 15% after 30 min reaction, and from 90 to 82%
after 24 h reaction. This suggests that, although the degradation of PFOA
was inhibited at the beginning, the final defluorination efficiencies were
only slightly affected. There was no UV blocking effect in the system as
4
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Fig. 3. Abundance of main intermediates under different pH conditions (a) P1 (m/z 474.93); (b) P2 (m/z 394.98); (c) P4 (m/z 436.94); (d) P6 (m/z 392.95); (e) P8
(m/z 392.98); (f) P9 (m/z 430.94). (PFOA = 10 mg/L, sulfite = 10 mM, T = 21 ℃).
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Fig. 4. Effect of chloride and phosphate on PFOA (a), (c) defluorination and (b), (d) degradation efficiency (PFOA = 10 mg/L, sulfite = 10 mM, pH = 10, T = 21 ℃).

PFOA were significantly suppressed during the whole process. Only very
weak defluorination and degradation of PFOA were observed after 24 h
reaction. Although the concentrations of nitrate in contaminated surface
water and groundwater are usually below 1 mM, some pretreatment
methods would be needed to remove a high concentration of nitrate
from the desorption eluent before applying the UV/sulfite process. One
feasible method is simply to increase the sulfite dosage. As shown in Fig.
S3, in the presence of 2 mM nitrate, when the sulfite dosage was
increased to 20 or 30 mM, 99% defluorination and 100% degradation of
PFOA were achieved after 24 h. However, a strong inhibition effect was
still observed in the first 2 h. This indicates that even though a higher
sulfite dosage was able to remove extra nitrate and obtain high
defluorination efficiency, the reaction rate was the key factor that
dominates the e-aq production as the UV emission was the same in all
experiments.
NO−3 + e−aq →(NO3 )•2−

k = 1.0 × 1010 M− 1 s−

(NO3 )•2− + H2 O ↔ (NO3 H)•− + OH−
(NO3 H)•− →NO•2 + OH−

1

pK ≈ 7.5

3.3. Effect of humic acid
The effect of humic acid (HA) on PFOA degradation is much more
complicated than the effect of common anions. It has been claimed that,
depending on the concentration, HA will either enhance or inhibit the
degradation of PFAS compounds (Cui et al., 2020). The results of this
study are consistent with this statement. As illustrated in Fig. 6, the
presence of 10 mg/L HA inhibited PFOA degradation in the first 2 h, and
after that enhanced the degradation and yielded a high defluorination
efficiency (93%) after 24 h. However, when the concentration of HA was
increased to 25 and 50 mg/L, the degradation of PFOA was significantly
suppressed (Fig. 6a) and only achieved 75% and 20% defluorination
efficiency, respectively, after 24 h. The inhibition could be attributed to
three possible reasons. Firstly, HA has been reported to have a UV
blocking effect, as it competes with sulfite for photons and thus reduces
the production of e-aq (Cui et al., 2020; Uyguner and Bekbolet, 2005).
Fig. 6d illustrates the strong UV blocking effects observed at 254 nm in
the presence of 10, 25 and 50 mg/L HA. Secondly, hydrated electrons
have been proved to be a promising reductive species for degrading
organic contaminants in water (Li et al., 2014; Yu et al., 2018). It has
been reported that organic compounds with electron-withdrawing
groups (e.g. –F, –Cl, –Br, –NO2, –COOH and –CHO) possess high re
activities with e-aq (Li et al., 2019). Therefore, HA with
electron-withdrawing groups might quench e-aq and result in the

(4)
(5)
(6)
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Fig. 5. Effect of carbonate and nitrate on PFOA (a), (c) defluorination and (b), (d) degradation efficiency (PFOA = 10 mg/L, sulfite = 10 mM, pH = 10, T = 21 ℃).

inhibition of PFOA degradation. Thirdly, the destruction of HA by UV or
e-aq might generate reactive species that could oxidize e-aq and hence
lead to a low degradation efficiency (Cui et al., 2020). As for the pro
motion effect of HA, Guo et al. (2019) reported that the presence of a low
concentration of HA could promote PFOA degradation in the UV/iodide
system. They proposed that the aromatic rings in HA could react with I2
(formed during the generation of e-aq), generating π–complexes to pro
tect e-aq from quenching by I2. Then the electron-donating groups in HA,
such as phenolic hydroxyl groups, would release electrons and reduce I2
in π–complexes to I-, which accelerates the cycling of iodide (I- + hν254
→ I• + e-aq; I• + I• → I2; I2 + e- → I-) and improves the generation of e-aq
(Eq. (7)) . The generation of e-aq from the UV/sulfite system is similar to
that in the UV/iodide system Eqs. (1) and (7). Moreover, the trans
formation of sulfite species in the UV/sulfite system Eqs. (8)–(10) (Cui
et al., 2020) is also similar to the cycling of iodide. Thus, we propose that
the continuous generation of e-aq from the UV/sulfite system at low HA
concentrations might be similar to the UV/iodide system, that the HA
might also serve as electron shuttles to reduce S2O62- to SO32- and SO3•and accelerate the generation of e-aq.

S2 O2−6 + e−aq → SO•−3 + SO2−3

2k2 = 1.1 × 109 M− 1 s−

1

/
k3 k2 = 0.37

k ≈ 2 × 105 M− 1 s−

1

(9)
(10)

During the degradation process, the brown color of HA gradually
faded, which indicates that decomposition of HA occurred. The UV–Vis
spectra also confirmed the decomposition of HA. As shown in Figs. 6c
and S4, the UV254 absorbance continued to decrease in all experiments
as the reaction proceeded. After 24 h reaction, the UV254 absorbance of
the 10 mg/L HA sample decreased to 0, and 100% decomposition and
93% defluorination of PFOA were observed. This indicates that HA was
totally degraded by UV and e-aq and the remaining sulfite was still able
to generate enough e-aq to achieve a high defluorination efficiency. On
the other hand, the UV254 absorbance of samples with 25 and 50 mg/L
HA was still high (0.56 and 1.68, respectively) after 24 h reaction, and
the defluorination efficiencies were significantly decreased to 75% and
20%, respectively. This result suggests that a high concentration of HA
remained in the system and led to suppression. Therefore, it could be
inferred that the blocking effects were the main reason for the inhibition
of the reductive degradation of PFOA. Once the HA was fully destroyed
by UV and e-aq, the reductive degradation of PFOA could proceed with
an enhanced reaction rate (e.g. as in the experiment with 10 mg/L of
HA). Overall, a high concentration of HA has a notable inhibition effect

(7)

I− + hν254 → I • +e−aq
SO•−3 + SO•−3 →S2 O2−6

2SO•−3 + H2 O→SO2−4 + H+ + HSO−3

(8)
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Fig. 6. Effect of humic acid on PFOA (a) defluorination and (b) degradation efficiency; (c) UV spectra of experiments with 10 mg/L HA; (d) UV254 absorbance of all
experiments with HA (PFOA = 10 mg/L, sulfite = 10 mM, pH = 10, T = 21 ℃).

CnF2n+1–SO3- via Eq. (11). No other sulfonated intermediates generated
from PFOA reductive degradation have been reported.

on PFOA degradation and should therefore be reduced to an acceptable
level to improve the efficiency. In addition, other organic compounds
with similar functional groups and aromatic structures probably have
the same effect and need to be removed.

Cn F2n+1 • + SO•−3 →Cn F2n+1 − SO−3

(11)

In this study, eight sulfonated intermediates were firstly identified
from the MS spectra by determining 34S (Section S2). In addition, other
important intermediates were also analyzed. The proposed degradation
pathways are shown in Fig. 7. The first important intermediate is P1
(Fig. S5, m/z 474.93, C7F14SO3H–COO-), which has a relatively high
abundance at the beginning of the degradation reaction (Fig. 3a). Based
on the finding of P1, we deduced that CnF2n–COO•- could also react with
a sulfite radical to generate CnF2nSO3–COO2-. P2 (Fig. S8, m/z 394.98,
C7F14H–COO-) is the intermediate generated by the H/F exchange of
PFOA, which has been reported in many studies (Bentel et al., 2020b;
Cui et al., 2020; Qu et al., 2010). The detection of P1 and P2 indicates
that, apart from the H/F exchange mechanism, SO3•-/F exchange also
occurs in the UV/sulfite reductive degradation process. When a PFOA
molecule is attacked by a hydrated electron, one fluoride is dropped
from the carbon chain and generates a C7F14–COOH• radical, and then
this radical is combined with a sulfite radical to generate P1. According
to Bentel’s calculation (Bentel et al., 2020b), the C–F bonds at the
α-position (adjacent to –COOH) and in the middle of the PFCA carbon
chain have relatively low bond dissociation energies (BDEs) compared

3.4. Degradation intermediates and mechanism
In previous studies, short-chain PFCAs and hydrogen-containing in
termediates generated from PFOA reductive degradation have been
widely reported (Bentel et al., 2020b; Cui et al., 2020; Wang et al.,
2017), and two degradation mechanisms: decarboxylation-hydro
xylation-elimination-hydrolysis (DHEH) and H/F exchange, have been
proposed (Bentel et al., 2019; Gu et al., 2017b). In the study by Bentel
et al. (2019), the structural dependence of the PFAS degradation
mechanism in the UV/sulfite system was also well explained based on
their experimental data and quantum computing. They proposed that
the dissociation of the fluorine atom or carboxyl group might occur and
generate CnF2n+1• or CnF2n–COO•- radicals once the PFCA molecule is
attacked by a hydrated electron. Qu et al. (2010) performed PFOA
reductive degradation in 18O-water and proved that water was also
involved in the PFOA chain-shortening reaction. Song et al. (2013) are
the only researchers to have pointed out that sulfite radicals might also
be involved in the reaction by reacting with CnF2n+1• to generate
8
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Fig. 7. Proposed PFOA degradation pathway and important intermediates in the UV/sulfite system.

to other C–F bonds, which means that the dissociation of fluoride can
occur in different places after being attacked by e-aq, and hence can
generate C7F14–COOH• radicals with different structures. Then, the
C7F14–COOH• radicals could react with the sulfite radical or water to
generate P1 or P2. Therefore, P1, P2 and other generated intermediates
might have several isomers. PFOA is the parent compound of P1. As can
be seen in Fig. 2a, after 30 min reaction at pH = 10, only 0.4 mg/L PFOA
(4%) remained and P1 was accumulated in the samples (peak area of P1:
7.78E + 08). On the other hand, the abundance of P1 only decreased to
40% (peak area from 7.78E + 08 to 3.14E + 08) after 2 h (Fig. 3a) with a
very limited precursor. Both results indicate that P1 is probably more
resistant to reductive degradation compared to PFOA. Similar results
were observed for other sulfonated intermediates (P4, P6 and P9). It has
been suggested that a sulfonate group grafted at the end of the chain
would significantly increase the BDEs of the C–F bond at the α-position,
and hence decrease the degradation and defluorination efficiency
(Bentel et al., 2019). Therefore, the low degradation rate of all of the
sulfonated intermediates could be attributed to the high BDEs of the C–F
bonds.
Another important intermediate is P3 (Fig. S9, m/z 374.97,
C7F13–COO-), an unsaturated intermediate with one carbon-carbon
double bond. A possible mechanism for P3 generation is that two
adjacent C–F bonds on PFOA are simultaneously attacked by a hydrated
electron and release two fluoride anions, then a carbon-carbon double
bond is formed (Eq. (12)). Apart from P3, P4, P5 and P6 also contain a
carbon-carbon double bond; the decay of P4 and P6 in different pH
conditions is shown in Fig. 3c and d. This indicates that the generation of
unsaturated intermediates is an essential pathway. Besides, the detec
tion of P8 (Fig. S12, m/z 392.98, C7F13HOH–COO-) suggests that water
might be involved in the fluoride exchange via Eq. (13).
C7 F15 − COO− + 2e−aq →C7 F13 − COO− + 2F−

(12)

C7 F15 − COO− + 2e−aq + H2 O→C7 F13 HOH − COO− + 2F−

(13)

(15)
C7 F14 − SO•−3 + H2 O + e−aq →C7 F14 H − SO−3 + OH−

(16)

Overall, the detection of a sulfonated intermediate, unsaturated
compounds and other intermediates proved that the degradation
mechanism of PFOA in water in the UV/sulfite system is much more
complicated than ever previously reported. The chemical structure of
PFOA determines that each C–F bond can be attacked by e-aq and
participate in the reaction. Therefore, as shown in Fig. 7, the in
termediates could be generated via various complicated approaches
from different parent compounds. To summarize, four main reaction
mechanisms between the C–F bond, hydrated electron, water and sulfite
radical are proposed here and are given in Fig. 8. When a single C–F
bond on PFOA or other perfluorinated intermediate is attacked by a e-aq,
one fluoride will drop and form a radical that could react with water or a
sulfite radical, which means that H/F exchange or SO3•-/F exchange
would occur (Fig. 8a). When two adjacent C–F bonds are simultaneously
attacked by two hydrated electrons, the generated radical would either
react with water to form hydrogen and a hydroxyl group (hydrolysis), or
directly form a carbon-carbon double bond to generate an unsaturated
intermediate (Fig. 8b).
4. Conclusions and perspectives
A strong reducing species, e-aq generated by the UV/sulfite process,
was successfully applied to PFOA degradation in the current study. At
pH = 10, the degradation of PFOA reached 100% within 1 h, and the
defluorination of PFOA reached 89% after 24 h. When the initial pH was
increased to 12, the defluorination reached 98% after 24 h reaction. This
indicated that strong basic conditions (pH = 12) are highly beneficial for
PFOA decomposition and almost all fluorine atoms in PFOA molecule
could be finally mineralized into fluoride anions. The UV/sulfite process
is resistant to a high concentration of chloride and phosphate, whereas
carbonate, nitrate and humic acid have a greater inhibition effect on
PFOA degradation. The presence of carbonate (≥ 5 mM), nitrate (≥ 2
mM) or HA (≥ 25 mg/L) will greatly suppress PFOA degradation by the
UV blocking effect and/or fast consumption of e-aq. Moreover, condi
tions of extremely high salinity (1.709 M chloride, pH = 11.25) did not
affect the PFOA degradation and defluorination, which means that the
current method has a great potential for practical application in PFOA
degradation in desorption eluents and other concentrated wastewaters.

Moreover, the detection of P9 (Fig. S13, m/z 430.94, C7F14H–SO3-)
also indicated two possible pathways. One is that P5 is derived from P2
by decarboxylation and sulfonation Eq. (14), which is similar to the
transformation of PFOA to PFOS, as shown in Eq. (11). Another possible
approach is that P5 is derived from P1 by reaction via Eqs. (15) and (16).
(14)
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Fig. 8. Proposed reaction mechanism of hydrated electrons with (a) a single C–F bond and (b) two adjacent C–F bonds in the UV/sulfite system.

The detection of sulfonated intermediates proved that, apart from e-aq,
the sulfite radical might also participate in the reaction and generate
recalcitrant sulfonated intermediates. Therefore, future studies could
focus more on the reaction conditions and mechanisms to help avoid the
generation of sulfonated intermediates and subsequently improve the
degradation efficiency. Furthermore, the unsaturated intermediates and
other newly discovered intermediates detected during the degradation
processes indicate that additional, previously unknown reaction mech
anisms and pathways exist and need to be studied further.
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