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ABSTRACT: Concern over water contamination by per/polyfluoroalkyl
substances (PFAS) has highlighted the lack of effective treatment
approaches. Photocatalysis offers advantages of using ambient conditions
for reaction, air as the oxidant, and light as the energy source, but
identifying photoactive materials is challenging. Herein, we report that
boron nitride (BN) degrades PFOA upon irradiation with 254 nm light.
The ability of BN to degrade PFOA photocatalytically has previously been
unreported and is unexpected, because its band gap is too large for light
absorption. On the basis of scavenger results, we suggest that PFOA
degrades in the presence of BN via a hole-initiated reaction pathway
similar to the TiO2 case and involves superoxide/hydroperoxyl and
hydroxyl radicals. We surmised that defects allow BN to absorb in the UVC range and to photogenerate reactive oxygen species.
Sealed batch studies indicated BN was ∼2 and ∼4 times more active than TiO2, before and after ball milling the material,
respectively. BN can be reused, showing no decrease in activity over three cycles. BN was active for the photocatalytic degradation of
GenX, another PFAS of concern. These findings present fresh opportunities for materials design and for the re-evaluation of other
wide band gap semiconductors for PFAS photocatalytic degradation.

1. INTRODUCTION

Perfluorocarboxylic acids (CnF2n+1COOH, PFCAs), part of the
per/polyfluoroalkyl substance (PFAS) family, have been
detected in water and soil due to their application as
surfactants, additives, firefighting foams, and lubricants.1−3

Stable by design (∼485 kJ/mol C−F bond),4 the degradation
of PFCAs by natural decomposition and microbiological
treatment is extremely slow, with half-lives of ∼50 years in
water5 and 112−233 years in soil,6 and they are classified as
persistent organic pollutants. Toxicological studies indicated
that PFCAs, including perfluorooctanoic acid (C7F15COOH,
PFOA), bioaccumulate in humans and wildlife and lead to
developmental and reproductive problems, liver damage, and
cancer.7 Efficient and economical PFOA degradation tech-
nologies are urgently needed.
Numerous PFOA degradation methods are under develop-

ment, including advanced oxidation processes (AOPs)8−10 and
advanced reduction processes.11−13 UV-based AOPs promote
direct and indirect photochemical reactions that show promise
for efficient degradation. Vacuum ultraviolet (VUV) and UVC
irradiation with high spectral irradiance (>600 mW/cm2) were
reported to decompose PFOA via photolysis.9,14 However,
defluorination is slow, making direct photolysis of PFOA
unfeasible. VUV and UVC irradiation in solutions containing
sulfite or persulfate also degrades PFAS,15,16 but continuous
chemical addition is required.

Heterogeneous photocatalysis can be operated in recirculat-
ing slurries that do not require continuous addition of
reagent.17 As a commercially available form of TiO2 and a
widely used photocatalyst, P25-TiO2 is active for PFOA
photodegradation though at relatively slow rates (Table
S1).18−20 Semiconductor materials with wider band gaps
(i.e., in the UVC range) have been investigated for PFOA
degradation. Zhao et al. synthesized β-Ga2O3, which exhibited
a level of PFOA degradation that was higher than that of
TiO2.

21 They ascribed the activity to the reductive capability of
the photogenerated electrons in the conduction band of β-
Ga2O3. Li et al. reported photocatalytic decomposition of
PFOA using In2O3, which showed significant activity for PFOA
decomposition with a rate constant that was 8.4 times higher
than that of TiO2.

22 Sahu et al. synthesized and tested a
Bi3O(OH)(PO4)2 photocatalyst, which was more active than
TiO2.

23

PFOA degradation occurs through different reaction
mechanisms, depending on the photocatalyst composition
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and reaction conditions. Many TiO2-based studies implicate
photogenerated holes as the primary oxidant species, in
addition to hydroxyl radicals.19,20,24 Studies using Fe(III) and
concentrated H2O2 showed that superoxide/hydroperoxyl
radicals are responsible for defluorination.25 Studies using
SiC photocatalysts suggest that a reductive hydrodefluorination
pathway may also be possible.4 More effective PFOA
degradation may be possible through new reaction pathways.
Boron nitride (BN) is normally considered an electrical

insulator due to the wideness of its band gap (∼6.0 eV), but
increasingly, it is being treated as a wide band gap
semiconductor. Composite BN materials are now being
studied for photocatalytic water splitting26,27 and for photo-
catalytic water treatment.28,29 For the latter, the BN
component is proposed to increase organic contaminant
adsorption28 and to improve photocatalytic efficiency.29

There is no evidence that BN alone has any photodegradation
properties.
In this study, we report the surprising finding that

commercially available BN is not only active for the
heterogeneous photodegradation of PFOA at room temper-
ature using 254 nm light but also as much as 4 times more
effective than P25-TiO2 under optimal conditions. Using
radical scavengers, we find evidence for superoxide/hydro-
peroxyl-, hydroxyl-, and hole-promoted reaction pathways.
Through diffuse-reflectance UV (DR-UV) and Raman
spectroscopies, we observed the importance of defects for
UVC absorption and photocatalytic activity. These results
reveal the PFOA photodegradation properties of BN,
expanding the spectrum of photocatalysts for targeted PFAS
treatment.30

2. MATERIALS AND METHODS
The hexagonal phase of BN and the P25 form of TiO2 were
procured from commercial sources and used as received (Text
S1). Ball milling and materials characterization are described in
Text S2. XRD spectra and TEM images are shown in Figures
S1 and S2, and BET surface area data are listed in Table S2.
Details of the photocatalytic experiments, conducted in a
custom-built reactor with six 4 W 254 nm bulbs similar to that
reported by Alvarez and co-workers (Scheme S1),31 are
described in Text S3. Results of dosage experiments are shown
in Figure S3, and results of additional control experiments are
shown in Figures S4 and S5. Results of radical probe
experiments are shown in Figure S6. Analytical methods are
described in Text S4. ICP analysis of postreaction fluids
showed no leaching of BN or TiO2.

3. RESULTS AND DISCUSSION
PFOA concentrations unexpectedly decreased with irradiation
time using BN (Figure 1). Irradiation was required for PFOA
loss to occur; BN did not adsorb PFOA in the dark (Figure
S4). PFOA did not degrade with 254 nm light without BN or
TiO2. PFOA had a half-life of 1.2 h for BN in our reaction
system, exhibiting a photocatalytic rate of 0.24 mg of PFOA
L−1 min−1. PFOA degraded using TiO2 as expected, with a
half-life of 2.4 h (rate of 0.11 mg of PFOA L−1 min−1). These
studies were carried out at optimum catalyst dosages, which
avoided differential reaction conditions and poor light
penetration, and maximized photocatalytic rates (Figure
S3).32,33 Fluoride ions were detected after irradiation began
(Figure 1b). After 240 min, ∼52% of the total initial fluorine
(30 mg of F/L) was released as F− for BN (compared to ∼40%
for TiO2). Also, after 240 min, PFOA concentrations were not

Figure 1. (a) HPLC−DAD-detected PFOA concentration−time profiles using BN and TiO2, with and without 254 nm irradiation. (b) Fluoride
concentration profiles for BN and TiO2 with 254 nm irradiation. (c and d) HPLC−MS-detected concentration−time profiles of PFOA and
byproducts for BN and TiO2, respectively, with corresponding total fluorine balance. Reaction conditions: [PFOA]0 ∼ 50 ppm, dosage of 2.5 g of
BN/L or 0.5 g of TiO2/L, ambient temperature, air headspace, 254 nm light, and an initial pH of 6.5.
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Figure 2. PFOA photodegradation over (a) BN and (b) TiO2 using EDTA, SOD, and TBA, as hole, superoxide/hydroperoxyl, and hydroxyl radical
scavengers, respectively. (c) Proposed photooxidative mechanism of PFOA degradation over BN. Reaction conditions: [PFOA]0 ∼ 50 ppm, 3 mM
scavenger, dosage of 2.5 g of BN/L or 0.5 g of TiO2/L, ambient temperature, air headspace, and 254 nm light.

Figure 3. XPS of (a) B 1s and (b) N 1s binding energies at different reaction times. Reaction conditions: [PFOA]0 ∼ 50 ppm, dosage of 2.5 g of
BN/L, ambient temperature, air headspace, 254 nm light, an an initial pH of 6.5.
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measurable in the BN case [HPLC−diode array detector
(DAD) detection limit of 1 mg/L], suggesting the formation of
shorter-chain PFAS byproducts to account for the remaining
∼16%.
Prior UV-based AOP studies indicate PFOA can undergo

stepwise decarboxylation and defluorination, in which PFOA
(“C8”) decomposes to perfluoroheptanoic acid (“C7”), which
decomposes to perfluorohexanoic acid (“C6”), etc.9,18−20 We
then measured PFOA concentrations and sought to detect
reaction intermediates with chain lengths of C3−C7 though
HPLC−MS (detection limit of 0.01 mg/L). Figure 1c shows
concentration profiles that typify reactions occurring in series;
i.e., PFOA is degrading in a stepwise decarboxylation/
defluorination fashion over BN. Figure 1d shows PFOA is
also degrading and forming shorter-chain intermediates over
TiO2, consistent with literature reports.9,18,19,24 Fluoride
balance was completed by accounting for the fluorine in the
shorter-chain byproducts in both BN and TiO2 cases.
To probe the involvement of different ROSs, we carried out

the photocatalytic reaction in the presence of ethylenediami-
netetraacetic acid (EDTA), superoxide dismutase (SOD), or
tert-butanol (TBA) as ROS scavenging agents. EDTA
completely inhibited BN and TiO2 activity, indicating
photogenerated holes are critical to PFOA degradation, in
agreement with previous TiO2 literature (Figure 2).22 SOD
initially inhibited BN and TiO2 activity before PFOA
degradation became apparent after 30 min, indicating the
importance of •O2

−/•OOH species. TBA had a partial
inhibitory effect, indicating that •OH radicals are also involved
in PFOA degradation. Separate experiments confirmed the
existence of •OH and •O2

−/•OOH species in both BN and
TiO2 cases (Text S3 and Figure S6).34 Protons were generated
during the reaction, such that the pH was ∼3 at the end of the
reaction. In all, this suggests a co-dependent mechanism
(Figure 2c) in which holes and radical species degrade PFOA
and related byproducts, rather than a single radical that is
responsible for defluorination.
Studies of SiC photocatalysts proposed a hydrodefluorina-

tion pathway to degrade PFOA, in which the C−F bond
reacted with a hydrogenated SiC surface, such that C−H and
Si−F bonds formed in situ.4,35 To explore the possibility of a
similar reaction with BN, we performed XPS on BN before and
at different reaction times (Figure 3a,b). We attributed the
higher-binding energy shifts of the B 1s and N 1s peaks (after
180 min) to the formation of surface B−F and N−F bonds,
respectively.36 We speculate that PFOA and its shorter-chain

homologues can react directly with surface B−H bonds formed
during irradiation. The binding energy peaks shifted back after
360 min, suggesting that surface-bound fluoride was released
into solution from the BN surface, as the concentrations of
PFOA and its fragments decreased. A reductive reaction
pathway (C−F + B−H → C−H + B−F) over in situ-
hydrogenated BN sites may be coexisting with the photo-
oxidative pathway shown in Figure 2c. The B−H surface
species would be regenerated via photocatalyzed reaction with
either proton or water species, as has been reported for BN and
fluorinated BN in photocatalyzed water splitting.26,27 The XPS
results imply concurrent hydrodefluorination during BN-
catalyzed PFOA photodegradation, the extent of which is to
be determined.
The BN band gap of ∼6 eV should be too wide for 254 nm

light absorption, yet PFOA underwent apparent photocatalytic
degradation over BN. We measured the absorbance spectra of
BN (Figure 4a) as well as TiO2 (Figure S7) through DR-UV.
As expected, TiO2 has a wide absorbance throughout the UV
region, extending from 200 to 400 nm. In comparison, the BN
spectrum showed a small peak absorbance at 208 nm,
consistent with previous studies of bulk BN.27

BN had very small, but non-zero, absorbance at 254 nm,
which we hypothesized to be due to defects within BN, i.e.,
edge defects or B or N vacancies (Figure 4a). We next
collected Raman spectra of the BN material, focusing on the
E2g phonon mode at ∼1371 cm−1, which arises from in-plane
vibrations of N and B in opposing directions.37 Its broadness
and location are measures of defectiveness.38 The as-received
BN powder was relatively defective (Figure 4b). The full width
at half-maximum (fwhm) was 12 cm−1, which was broader
than the value of 8 cm−1 for bulk powder.38 The E2g mode
blue-shifted to 1367 cm−1, from 1371 cm−1 for bulk BN.38

We intentionally introduced more defects through ball
milling,38 with the resulting material showing increased
absorbance in the UVC range (Figure 4a) and a broader E2g
Raman peak (fwhm of ∼14 cm−1), and a slight blue-shift to
1366 cm−1 was also observed (Figure 4b). Notably, the ball-
milled BN showed improved performance for PFOA
degradation (Figure 4c). The photocatalytic degradation rate
increased from 0.24 to 0.44 mg of PFOA L−1 min−1 after ball
milling; these rates were ∼2 and ∼4 times greater than that of
TiO2 [0.12 mg of PFOA L−1 min−1 (Figure S9)]. The apparent
quantum yields for as-received and ball-milled BN were
calculated to be 0.4% and 0.7%, respectively, higher than the
value of 0.18% for TiO2 (Text S4). We conclude that BN

Figure 4. (a) DR-UV and (b) Raman spectra of as-received and ball-milled BN. (c) PFOA concentration−time profiles using as-received and ball-
milled BN. Reaction conditions: [PFOA]0 ∼ 50 ppm, dosage of 2.5 g of BN/L, ambient temperature, air headspace, 254 nm light, and an initial pH
of 3.3.
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surface defects are necessary for light absorption and
photodegradation capability and predict that large-surface
area BN (for example, hydrothermally exfoliated BN), with its
high surface defect content, will show higher PFOA photo-
degradation activity.
To determine the effects of a realistic water matrix on BN

photocatalytic properties, we performed the reaction in
simulated drinking water (SDW) (Table S3). Though slightly
inhibited [60% vs 80% degradation in SDW vs deionized (DI)
water after 120 min], BN outperformed TiO2, whose level of
degradation after 120 min dropped to 15% (Figure 5a). BN
maintained activity following three cycles of PFOA degrada-
tion over 19 h, during which time the TiO2 was able to degrade
only the initial spike over 16 h (Figure 5b). At the end of the
experiments, the level of free fluoride in the BN system was 48
ppm, representing ∼43% of the total fluorine added, while the
TiO2 system had 25 ppm F−, representing ∼74% of the initial
fluorine added (Figure 5c).
Finally, we tested BN for the photodegradation of GenX

[ammonium perfluoro(2-methyl-3-oxahexanoate)], another
carboxylic acid form of PFAS.39 Roughly 20% degraded in 2
h under the same reaction conditions, with an estimated half-
life of at least 5 h (Figure 5d). This is the first reported
heterogeneous photocatalytic decomposition of GenX to the
best of our knowledge.
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