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Photocatalytic reductive defluorination of
perfluorooctanoic acid in water under visible light
irradiation: the role of electron donor†
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The development of efficient technology for perfluorooctanoic acid (PFOA) treatment has prompted much

attention in water environmental fields, due to its global distribution and threats to ecosystems. In this

study, a new method for reductive defluorination of PFOA under visible light (VL) was established by using

Pt–Bi2O4 as a photocatalyst and KI as an electron donor. The defluorination process in water was found to

occur via a photocatalytic reductive pathway, in which the photo-generated e− played the dominant role.

The Pt served as a co-catalyst to trap the photo-generated e−, while KI could trap photo-generated h+ to

suppress the undesired e−–h+ recombination, which cooperatively enhanced the defluorination efficiency.

Along with PFOA reduction, very limited amounts of short-chain perfluorocarboxylic acid intermediates

were generated, all of which could be further degraded to inorganic ions, and the total recovery of fluorine

could reach 99% after 6 h of irradiation. The system also possesses high photostability, since the

photocatalyst surface remained clean during the degradation. Finally, a decomposition pathway of stepwise

removal of CF2 units was proposed in detail. As a proof-of-concept, the VL/Pt–Bi2O4/KI system not only

shows potential for sustainable and “green” removal of PFOA in water, but may also find applications in the

treatment of various refractory organic pollutants in water using solar energy.

1. Introduction

Perfluorooctanoic acid (PFOA) has a great variety of industrial
applications, including emulsifying agents, protective
coatings, and fire retardants.1 Due to its widespread
utilization, it has been detected in various environmental
media including surface water with concentrations up to the
ng L−1 level,2 wildlife and even humans.3,4 The
bioaccumulation of PFOA and its toxicological properties,
including endocrine disruption and potential
carcinogenicity,5 neural toxicity6 and immunotoxicity,7 have
aroused increasing environmental and public health

concerns. It was added to the list of persistent organic
pollutants (POPs) that need special consideration at the
recent Stockholm convention.8 Thus, it is vital to develop
efficient treatment technology for PFOA elimination under
mild conditions.

However, the C–F bond in the PFOA molecule has the
strongest chemical bonding energy in nature (∼110 kcal
mol−1), making it extremely difficult to degrade by
conventional technologies.9–11 The widely applied advanced
oxidation process (AOP), which utilizes hydroxyl radicals
(˙OH) to attack refractory pollutants via hydrogen
abstraction,12–14 is also ineffective in degrading PFOA,
because the carbon chain of PFOA has no hydrogen atoms to
be abstracted.15 Pulse radiolysis studies have also confirmed
that perfluorinated compounds are practically unreactive
towards ˙OH.16 Although several oxidative methods, including
sulfate radical oxidation,17–19 photocatalytic oxidation,20

sonochemical degradation21 and electrolysis,22 have been
reported to degrade perfluorinated acids, the defluorination
efficiencies are rather low and the use of these methods
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Water impact

Perfluorooctanoic acid (PFOA) as a persistent organic pollutant has aroused increasing concern in water pollution. The present study provides a new
method for reductive defluorination of PFOA under visible light by using Pt–Bi2O4 as a photocatalyst and KI as an electron donor. This work provides a
basis for sustainable and “green” treatment of PFOA and other refractory organic pollutants using solar energy.
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requires not only strict reaction conditions but also high
energy consumption.

In this regard, photochemical methods using solar energy
have attracted increasing interest as sustainable and
environmentally benign technologies for PFOA treatment.
However, most photochemical processes are also based on
almost exclusively oxidative reactions,23–25 in which the
defluorination efficiency for PFOA and its intermediates is
still not satisfactory. Fortunately, it is known that the F atom
has the highest electronegativity among all elements, and its
strong electron withdrawing ability enables the F atom to act
as a reductive reaction center for defluorination via
nucleophilic agent attack. For example, Huang et al.26

showed the feasibility of the reaction between hydrated
electrons (eaq

−) and perfluorinated acids using the laser flush
photolysis of K4FeĲCN)6 in water. The reductive degradation
rate constants are increased with increasing CF2 chain
length, suggesting that the F atom is the reductive center.
Therefore, several reductive agents including I−,27,28 sulfite29

and oxalic acid30 have been utilized to treat PFOA via photo-
reductive pathways with high defluorination efficiency.
However, these methods all require UV irradiation as the
light source, which contains only 5% of solar energy. The
defluorination of perfluorinated acids by using visible light
(∼45% of solar energy) via photo-reductive technologies still
remains a mystery.

To achieve defluorination of PFOA under visible light (VL)
irradiation, one of the major tasks was to develop narrow
band gap photocatalysts which can use VL energy well.
However, a narrow band gap usually leads to the fast
recombination of excitons. This problem may be potentially
solved by adding external electron donors to trap photo-
generated h+, thus facilitating the separation of charge
carriers so that more photo-generated e− can be used for
PFOA reductive degradation. In addition, noble metal (i.e. Pt)
loading has been proven to be an effective way to further
accelerate interfacial electron transfer.31 Therefore, high
defluorination efficiency under VL may be achieved by
combining a narrow band gap photocatalyst with electron
donors and Pt loading. To this end, monoclinic dibismuth
tetraoxide (Bi2O4) has been recently found to be a novel and
good photocatalyst with a wide VL absorption range up to
620 nm.32 It has aroused great interest for applications in the
degradation of refractory organic pollutants because of its
excellent activity and facile green synthesis.33–36 Its high VL
absorption and suitable band structure could make it an
attractive candidate for PFOA treatment under mild
conditions.

Herein, VL-driven photo-reductive defluorination of PFOA
was first attempted with addition of different electron donors
and by using m-Bi2O4 with Pt loading as the representative
photocatalyst to demonstrate the feasibility. The effect of
different electron donors on the defluorination efficiency was
also investigated in detail. The intermediates as well as the
mass balance of fluorine during the degradation were
investigated. Finally, a defluorination mechanism based on

photo-reductive decomposition was also proposed. This work
is expected to provide new strategies for PFOA treatment via
reductive pathways based on well-designed novel
photocatalysts under VL irradiation.

2. Experimental
2.1. Chemicals and synthesis

2.1.1. Chemicals. Sodium bismuthate (NaBiO3, 99%),
pentafluoropropionic acid (PFPrA, 97%), trifluoroacetic acid
(TFA, 99%), perfluorobutyric acid (PFBA, 99%),
perfluoroheptanoic acid (PFHpA, 99%), perfluorohexanoic
acid (PFHxA, 97%), perfluoropentanoic acid (PFPeA, 94%),
perfluorooctanoic acid (PFOA, 90%) as well as chloroplatinic
acid (H2PtCl6, AR) were used as purchased without any
further purification.

2.1.2. Synthesis of materials. Dibismuth tetraoxide (Bi2O4)
was prepared using a simple hydrothermal method with
NaBiO3 as the only starting material based on published
work.32 Specifically, NaBiO3 powder (0.56 g) was added into
water and then placed into a 20 mL Teflon lined stainless
steel autoclave, which was then sealed and heated under
autogenous pressure in an oven set at 160 °C for 12 h. After
collection with a centrifuge (5000 rpm), the final product was
collected, and then cleaned with deionized water. Finally, the
product was dried at 55 °C overnight. Pt-loaded Bi2O4 was
obtained by using a photo-reduction method. Briefly, 16 mg
Bi2O4 was dispersed in deionized water (20 mL) under
stirring, followed by the addition of given amounts (0.5–2%)
of H2PtCl6 solution. The suspension was then irradiated for 2
h with a xenon lamp. Finally, the products were collected,
cleaned and dried overnight. The as-prepared samples were
characterized using a series of techniques including SEM/
TEM, XRD, UV-vis DRS, XPS and photoelectrochemical tests.
The characterization details can be found in the ESI.†

2.2. Photocatalytic defluorination of PFOA

The degradation reaction was performed in a homemade
quartz tube reactor with 30 mm inner diameter. Briefly, 16
mg Pt–Bi2O4 was dispersed in 80 mL PFOA solution (100
ppb). Then, different amounts of KI (1–9 mM) were added to
the mixture under vigorous stirring. Prior to starting the light
irradiation, N2 was bubbled through the mixture for 0.5 h to
remove O2 from the solution. The suspension was
illuminated with a 300 W xenon lamp equipped with a 420
nm cut-off filter (λ > 420 nm). The light intensity was fixed at
100 mW cm−2. At certain time intervals, aliquots of the
suspension were taken from the reactor and filtered through
a nylon filter (0.22 mm) (Millipore) before measurement.
During the reaction, the temperature was maintained at 25
°C by water circulation. The pH was adjusted with 0.1 M HCl
or NaOH. For comparison, the electron donors Na2SO3, Na2S
and vitamin C were also used for tests under identical
conditions. All the experiments were performed in triplicate.
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2.3. Analytical methods

PFOA concentrations and possible intermediates were
analyzed with HPLC-MS/MS (Q Exactive, Thermo, USA) with a
Hypersil GOLD C18 column (100 × 2.1 mm, 1.9 μm). Thermo
Scientific Xcalibur and Compound Discover were used for the
data acquisition and processing. The employed mobile phase
was composed of 0.1% formic acid aqueous solution (solvent
A) and methanol (solvent B), starting at 2% methanol for 2
min, and then increasing linearly. The gradient increased to
95% methanol at 15 min, and was maintained until 18 min
before reversion to the original conditions. The injection
volume was 1 μL and the flow rate was set to 0.25 mL min−1.
Full MS mode was used and the scan range was 100–1000 m/
z. The m/z values are shown in Table S1.† During the PFOA
degradation processes, the released F− concentrations were
analyzed using ion chromatography (761 compact IC,
Metrohm, Switzerland). A Metrosep Supp 5 column (150 mm
× 4.0 mm) with a Metro A Guard column (5 mm × 4.0 mm)
was used for the analysis of F− concentrations. A mixed
solution of Na2CO3 (3.2 mmol L−1) and NaHCO3 (1 mmol L−1)
was used as a mobile phase for F− concentration analysis
with a flow rate set at 0.7 mL min−1. During the
photocatalytic reduction process, the defluorination
efficiency was calculated using eqn (1):

Defluorination efficiency = CF/(C0 × 15) × 100% (1)

In this equation, CF is the concentration of F− released
during the photocatalytic reduction process; C0 represents
the initial concentration of PFOA before the reaction; and
“15” is the number of F atoms in the PFOA molecule.20

3. Results and discussion
3.1. Material characterization

Using X-ray diffraction (XRD) technology, the crystal structure
of the prepared samples was characterized. As shown in
Fig. 1a, the XRD pattern of Bi2O4 could be well indexed to the
monoclinic phase of Bi2O4 (JCPDS-830410) without other

impurities. In addition, after loading with Pt nanoparticles,
the obtained Pt–Bi2O4 exhibits a similar XRD pattern to
Bi2O4, probably due to the low doping content of Pt, which
also suggests that the Pt nanoparticles are highly dispersed
on the Bi2O4 surface. The UV-vis DRS spectra in Fig. 1b
confirm that the as-prepared Bi2O4 has high VL absorption
with a cut-off wavelength of up to 620 nm, which is
consistent with our previous study.32 Pt–Bi2O4 exhibits
slightly enhanced VL absorption, suggesting that Pt loading
could also improve the VL absorption of Bi2O4.

The scanning electron microscopy (SEM) image
demonstrates that Pt–Bi2O4 has a nanorod morphology (Fig.
S1a†). The transmission electron microscopy (TEM) image
further confirms that nanorods with length of 1.7 μm and
diameter of 610 nm were obtained (Fig. S1b†). The clear
lattice fringes with d = 0.332 nm match well with the (111)
crystal plane of Bi2O4 (Fig. S1c†). The loaded Pt nanoparticles
were not obvious and were difficult to locate. However, their
existence could be verified by the EDS spectrum, which
clearly demonstrates the presence of Bi, O and Pt elements in
the catalyst (Fig. S1d†). The Cu signal originated from the
conducting substrate. The HAADF and corresponding
elemental mapping analysis (Fig. S1e†) further demonstrate
the existence and distribution of these elements, with the Pt
amount determined to be 0.36%, which is close to the
theoretical value of 0.50%. These results confirm the
successful photo-reduction synthesis of Pt–Bi2O4 with
ultrafine Pt nanoparticles highly dispersed on the catalyst
surface.

3.2. Photocatalytic defluorination of PFOA

Visible light-driven decomposition of PFOA was carried out
by using a xenon lamp with an optical cut-off filter (λ > 420
nm) as a light source. Spectral analysis of the light confirms
that there is no UV light irradiation (Fig. S2†). The light
control (without photocatalyst) experiments indicate that
PFOA is stable under VL irradiation, while dark control
(without light irradiation) experiments show that Pt–Bi2O4/KI

Fig. 1 (a) X-ray diffraction (XRD) patterns and (b) UV-vis diffuse reflectance spectra (UV-vis DRS) of the as-prepared Bi2O4 and Pt–Bi2O4 samples.
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is also ineffective for PFOA decomposition under dark
conditions (Fig. 2a). It was found that the defluorination of
PFOA was only about 7% after 6 h of VL irradiation in the
presence of Pt–Bi2O4 alone, due to the narrow band gap of
Bi2O4 which led to fast photo-generated charge recombination.
Interestingly, the addition of 6 mM KI could dramatically
promote the decomposition process and the defluorination
efficiency reached 44% within 6 h, nearly 9.0 times higher than
that without KI addition. The defluorination efficiency was
significantly decreased to only about 20% in the absence of Pt–
Bi2O4, suggesting that the contributions of both Pt–Bi2O4 and
KI as the electron donor are crucial for the efficient
decomposition of PFOA. To further study the effect of other
electron donors, several typical reducing agents including
SO3

2−, S2− and vitamin C were also used. As shown in Fig. 2b,
the introduction of SO3

2− and S2− has a very limited promoting
effect, while vitamin C shows a moderate effect with a
defluorination efficiency of 18.7%. Therefore, KI was found to
be the optimal electron donor for PFOA decomposition.
Previous studies have shown that SO3

2− and S2− were often used
as electron donors for photocatalytic H2 production, especially
when using sulfides as the photocatalyst.37,38 The standard
redox potentials of S2−/S2

2− (−0.52 V) and SO3
2−/S2O6

2− (−0.25 V)
are more negative than that of H+/H2,

39 and therefore H2 may
be produced in a competing side reaction which leads to a
decrease in PFOA defluorination efficiency. The redox
potentials of I−/I3

− and vitamin C are reported to be +0.54 V
(ref. 39) and +0.35 V,40 respectively, and so they are unable to
produce H2. Therefore, I− and vitamin C are more efficient
than SO3

2− and S2− as electron donors for PFOA defluorination.
In addition, the inorganic I− is probably more easily adsorbed
onto Pt–Bi2O4 than the organic vitamin C, because I− has a
high affinity with Bi oxides to form oxyhalides.41 This facilitates
the trapping of photo-generated h+ by I− at the catalyst surface,
which leads to its higher efficiency as an electron donor than
that of vitamin C.

To probe whether the defluorination process occurs by an
oxidation or reduction pathway, experiments were also

conducted under different atmospheres (i.e. O2 bubbling, N2

bubbling and air equilibrium). Fig. 3a shows that under
normal ambient conditions, the defluorination efficiency was
only about 24% after 6 h of VL irradiation, and this value
further decreased to 9% with O2 bubbling, suggesting that
the reaction would not proceed via an oxidation pathway. In
contrast, the defluorination efficiency was increased to 44%
on purging with N2, which indicates that the reaction may
proceed via a reduction pathway, because the removal of O2

could inhibit the trapping of photo-generated e− by dissolved
O2, facilitating direct electron transfer to PFOA molecules. To
further investigate the role of KI as electron donor,
experiments were conducted with the addition of different
amounts of KI. It is clearly shown in Fig. 3b that the
defluorination efficiency increased with increasing KI
concentration. When the KI concentration was increased to 6
mM, the defluorination efficiency reached the highest value
of 45% within 6 h, while on further increasing the KI
concentration to 9 mM, the defluorination efficiency did not
exhibit a significant difference. This may be due to the
increase in triiodide (I3

−) concentration at high
concentrations of KI. In addition, iodide radicals (I˙) could be
generated during iodide anion photolysis. The iodide radical
(I˙) would then transform into triiodide (I3

−) through a series
of reactions, and triiodide could consume a larger amount of
e−, leading to a decrease in defluorination efficiency.27

Subsequently, the effect of Pt loading on the
defluorination process was also studied. As shown in Fig. 3c,
the defluorination efficiency first increases when the Pt
loading amount is increased from zero to 0.5%, and then
decreases when the Pt loading amount is further increased to
2%. The optimal Pt loading amount was determined to be
0.5%, which is similar to the amount used in previous
studies for typical photochemical reduction reactions, such
as H2 production.

42 This result confirms the crucial role of Pt
as co-catalyst for PFOA reduction. However, an excess loading
amount would cause aggregation of the Pt nanoparticles
covering the Bi2O4 surface, resulting in changes in the

Fig. 2 (a) Photocatalytic defluorination efficiency of perfluorooctanoic acid (PFOA) by the as-prepared samples under different conditions; (b)
photocatalytic defluorination efficiency with several different electron donors. Experimental conditions: [PFOA] = 100 ppb; [catalyst] = 200 mg L−1;
[I−, SO3

2−, S2−, vitamin C] = 6 mM; λ > 420 nm; T = 25 °C.
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surface properties of Bi2O4 and the active reduction sites. In
addition, the shielding effect of excess Pt could inhibit the
absorption of light, further decreasing the activity.
Nevertheless, these results confirm that both KI acting as an
electron donor and Pt loading are crucial factors for the
successful decomposition of PFOA on a Bi2O4 catalyst under
VL irradiation.

It was further found that the pH had a significant
influence on the defluorination efficiency. Fig. 3d shows
that acidic conditions (pH = 3) could inhibit the reaction
process, and the defluorination efficiency increased with an
increase in pH value up to 11. This could be explained by
two aspects. Firstly, the photo-generated e− could react with
H+ under low pH conditions to produce ˙H, which leads to
the quenching of photo-generated e− under acidic
conditions. Secondly, high pH values could promote the
disproportionation of I2 into I− and IO3

− (3I2 + 6OH− → 5I−

+ IO3
− +3H2O), and therefore more I− could be recycled and

used for h+ trapping reactions, leading to the enhanced
separation of photo-generated e−–h+ pairs. Thus, more
photo-generated e− could be used for reduction of PFOA at
high pH values. Similar results have also been found in a
previous study which shows that the reductive
defluorination of PFOA could be enhanced by increasing the
pH value.43 Nevertheless, these results indicate that the

present system can work in a wide pH range of 5–11, which
shows potential for practical applications.

3.3. Defluorination intermediates

To explore the defluorination process and mechanism, the
degradation profile of PFOA was investigated. As Fig. 4a
shows, the PFOA concentration decreased rapidly within the
first 1 h, and the degradation efficiency reached about 45%
within 6 h under VL irradiation. It was noted that the
degradation efficiency was reduced significantly after the first
1 h, which was probably due to the formation of
perfluorinated intermediates which could occupy the reaction
centers on the catalyst surface, leading to a decrease in
reaction kinetics.

The possible shorter chain perfluorocarboxylic acid (PFCA)
intermediates with 2 to 7 carbon atoms were further
determined using HPLC/MS. As Fig. 4b and Table S1† show,
degradation intermediates including PFHpA (C6F13COOH,
C7), PFHxA (C5F11COOH, C6), PFPeA (C4F9COOH, C5), PFBA
(C3F7COOH, C4) and PFPrA (C2F5COOH, C3) were detected,
which indicates that the C–C bonds are simultaneously
cleaved during the photocatalytic reductive process. The
concentrations of shorter chain PFCAs increased at the initial
stage and then dropped with prolonged reaction time,

Fig. 3 (a) Photocatalytic PFOA defluorination efficiency under different atmosphere (O2, N2, air); (b) KI concentration (0–9 mM); (c) loading
amount of Pt (0–2%); (d) pH value (3–11). Experimental conditions: [PFOA] = 100 ppb; [catalyst] = 200 mg L−1; λ > 420 nm; T = 25 °C.
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suggesting that these intermediates could be further
decomposed. It was noted that the reaction times needed to
reach the maximum concentrations of the intermediates were
different, and were 0.5, 1 and 1.5 h for C7, C6 and C5,
respectively, and 2 h for C4/C3. This indicated that PFOA as
well as its intermediates were degraded step by step with loss
of the carbon chain. As demonstrated, the C6 content was
higher than the shorter chain (C3–C5) content at a reaction

time of 1 h. On prolonging the reaction time to 2 h, the
concentration of C6 became lower than that of C5 and C4. At
a time of 6 h, the concentrations of C6 and C5 were zero,
while there were still considerable amounts of C4 and C3. It
was also noted that C7 was the main intermediate during the
whole degradation process, since its concentration was the
highest among all the intermediates. In addition, the amount
of C7 increased rapidly in the initial stage (0–0.5 h) and
decreased gradually in the middle stage (0.5–4 h), suggesting
that C7 was generated first and underwent rapid
decomposition to form shorter chains. However, the
concentration of C7 increased again in the late stage (4–6 h),
which indicates that the decomposition of C7 was inhibited,
probably because the main event in the late stage was the
decomposition of shorter chains. It has been reported that
PFCAs with shorter chains are more difficult to degrade than
longer chains, because shorter C–F chains would provide
fewer attacking sites.26,44 This may account for the decreased
defluorination efficiency at the late stage with the formation
of shorter chains. Besides the fully fluorinated carboxylic
acids, less fluorinated carboxylic acids including
C7F13H2COOH, C7F14HCOOH, C6F12HCOOH and C6F11H2-
COOH were also detected (Fig. S3†), which was also found in
a previous study.29

Fig. 4c further demonstrates the fluorine mass balance
during the process. At the beginning, all the F element was
present in the carbon chain of PFOA. The total recovery of
fluorine (that is, the molar ratio of the total fluorine content
in F−, residual PFOA and short-chain PFCAs to that in PFOA
before reaction) was about 99% after 6 h of irradiation but
only about 75% at the early stage within 1 h of VL irradiation.
This demonstrates that additional fluorine-containing
species, likely less fluorinated carboxylic acids such as
C7F13H2COOH and C7F14HCOOH, could be formed during
PFOA decomposition, especially at the beginning of the
degradation. As time went by, these additional products were
also further decomposed into F−. These results suggest that
many additional intermediates other than the original PFCAs
could be formed in the VL/Pt–Bi2O4/KI system, but these
intermediates could also be decomposed after prolonged
reaction time in this system.

3.4. Photocatalytic reductive defluorination mechanism

To investigate the effect of Pt loading on the photocatalytic
properties of the Bi2O4 photocatalyst, the photocurrent
response was measured. Fig. 5a shows the average
photocurrent density under VL irradiation. The Pt–Bi2O4

composite electrode displayed a photocurrent density of 0.5
μA cm−2, which is 3.3 times higher that of the Bi2O4 electrode
(0.15 μA cm−2) under the same conditions. The EIS Nyquist
plots of Bi2O4 sample electrodes with and without Pt loading
were compared and the results are shown in Fig. 5b. The arc
radius can act as an indicator to estimate the charge transfer
efficiency on the electrodes.45,46 Smaller radius indicates
higher charge separation and migration efficiency. It was

Fig. 4 Irradiation–time dependence profiles for (a) PFOA, (b) short-
chain PFCAs detected by HPLC/MS, and (c) fluorine element mass
balance during the photocatalytic defluorination process. Experimental
conditions: [PFOA] = 100 ppb; [catalyst] = 200 mg L−1; [KI] = 6 mM; λ >
420 nm; T = 25 °C.
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found that the arc radius of Pt–Bi2O4 was much smaller than
that of Bi2O4 under both dark and light conditions,
indicating that the charge separation as well as the migration
of photo-generated e−–h+ pairs could be promoted by Pt

loading, which agrees with the data of the photocurrent
analysis. Our data also confirms that the photo-induced
interface charge separation could be enhanced during the
defluorination of PFOA by the surface Pt loading, which

Fig. 5 (a) Transient photocurrent responses under VL irradiation and (b) electrochemical impedance spectroscopy (EIS) Nyquist plots for Bi2O4

and Pt–Bi2O4 (Z′: real impedance; Z″: imaginary impedance).

Fig. 6 (a) Possible photo-induced reductive defluorination pathway of PFOA; (b) schematic illustration of photocatalytic defluorination of PFOA in
the VL/Pt–Bi2O4/KI system. CB: conduction band; VB: valance band.
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functions as an electron sink to trap photo-generated e−, thus
promoting the photo-reductive defluorination of PFOA under
VL irradiation.

Based on the above discussion, the dominant reactive
species for the defluorination of PFOA are the photo-
generated e− formed during this process. Because of their
high e− affinity, the e− firstly approach and attack the F atoms
at the α-position, which means replacing a F atom with a H
atom, resulting in the step by step decomposition of PFOA
(Fig. 6a). This explains the fact that less fluorinated
carboxylic acids (i.e. C7F13H2COOH and C7F14HCOOH) were
found within the initial reaction period of 1 h. The content
of C7F13H2COOH was lower than that of C7F14HCOOH,
according to the chromatogram peak height (Fig. S3†). The
produced C7F13H2COOH was further transformed into
C6F13COOH via the following reactions (eqn (2) and (3)) to
remove a CF2 unit:

29

C7F13H2COOH → ˙C6F13 + :CH2 + ˙COOH (2)

˙C6F13 + ˙COOH → C6F13COOH (3)

Then, the produced C6F13COOH was further degraded into
C6F12HCOOH and C6F11H2COOH, losing a CF2 unit to

produce C5F11COOH via a similar pathway. Finally, complete
defluorination was achieved by stepwise removal of the CF2
chain. Based on the above results, the overall defluorination
mechanism is shown in Fig. 6b. Under VL irradiation, the
Bi2O4 absorbs photons to generate e−–h+ pairs. The photo-
generated e− transfer to the Pt nanoparticles to react with
PFOA molecules, which are defluorinated via a series of
reductive reactions (Fig. 6a), while KI was used as the
electron donor to accelerate the whole reaction process. It
should be noted that prior studies have shown that hydrated
electrons (eaq

−) generated under UV irradiation are highly
reactive in the defluorination of PFOA,47,48 and the
defluorination efficiency can be enhanced by a potential-
driven electron transfer process.47 Thus, there may be a
possibility of potential-driven electron transfer from the
catalyst surface, resulting in the formation of eaq

− during the
photocatalytic process even under VL irradiation, which
needs future investigation.

3.5. Photostability of the reaction

To further investigate the photocatalyst stability in the VL/Pt–
Bi2O4/KI system, recycling runs were also conducted. As
shown in Fig. 7a, the defluorination efficiency remained

Fig. 7 (a) Repeated defluorination efficiency in the VL/Pt–Bi2O4/KI system; (b) X-ray photoelectron spectroscopy (XPS) high-resolution Bi 4f
spectra; (c) O 1s spectra (OL: crystal lattice oxygen; OD: crystal defect lattice oxygen; OA: adsorbed oxygen species); and (d) Pt 4f spectra of Pt–
Bi2O4 before and after the defluorination reactions.
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largely stable after three repeated experiments. There was a
slight decrease in the efficiency after the 2nd and 3rd runs,
probably due to surface adsorption of defluorination
intermediates or loss of the photocatalyst during each
recycling run. To confirm this, the used Pt–Bi2O4

photocatalyst was simply cleaned several times with distilled
water and ethanol, and the defluorination efficiency was
found to recover, suggesting that the photocatalyst was stable
and the interactions between the catalyst and the
intermediates were rather weak.

The stability of the catalyst was further verified by XPS
measurements. The survey scan spectra show the presence of
Bi, O, and Pt without other elements during the degradation
process (Fig. S4†), suggesting that the photocatalyst surface
was clean and no F-containing intermediates were adsorbed
on the surface. The Bi 4f7/2 and Bi 4f5/2 peaks of pristine
Bi2O4 were located at the binding energies of 158.7 and 163.6
eV, respectively, with a peak splitting of 4.9 eV (Fig. 7b). The
Bi 4f peaks were found to shift to higher binding energy after
6 h degradation, suggesting that the surface ratio of BiĲV) to
BiĲIII) increased slightly after the reaction, which was
attributed to oxidation by in situ photo-generated h+ based on
a previous study.49 The O 1s spectra were deconvoluted into
three peaks (Fig. 7c). The peak at binding energy 529.8 eV
was ascribed to crystal lattice oxygen (defined as OL); the
peak at 531.1 eV was ascribed to lattice defect oxygen (OD);
and the one at 532.4 eV corresponds to the adsorbed oxygen
species (OA). The OD/OL ratio decreased from 0.15 to 0.05
after the degradation, indicating that the surface oxygen
defects were gradually eliminated during the reaction, which
inhibited the chemical adsorption of PFOA degradation
intermediates and maintained the clean catalyst surface. The
Pt 4f spectra also indicated that Pt0 species were present
during the degradation (Fig. 7d), further confirming the role
of Pt loading. All these suggest that the present VL/Pt–Bi2O4/
KI system is very stable during the degradation time period,
which shows the potential application of this kind of
sustainable and “green” technology in the elimination of
PFOA in water.

Conclusions

In summary, a new visible light-induced PFOA defluorination
strategy using Pt–Bi2O4 as a photocatalyst and KI as an
electron donor was proposed. After 6 h of VL irradiation, the
degradation efficiency could reach 45% and a defluorination
efficiency of 44% was achieved. The defluorination
mechanism was found to be a photocatalytic reduction
process, in which the photo-generated e− played the most
important role. The Pt served as a co-catalyst to trap photo-
generated e−, while KI could trap photo-generated h+ to
suppress the undesired e−–h+ recombination, which
cooperatively enhanced the defluorination efficiency. This
work is expected to provide useful information for
sustainable and “green” treatment of PFOA under mild
conditions using solar energy, which may also have

applications in the elimination of various refractory organic
pollutants.
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