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A B S T R A C T   

Boron nitride (BN) photodegrades perfluorooctanoic acid (PFOA) in water under 254-nm light illumination more rapidly than TiO2, which is hypothesized due to its 
greater surface hydrophobicity. We investigated the role of hydrophobicity on PFOA photocatalysis by comparing BN with anatase TiO2 under reaction conditions, 
for which the exposed surface areas were the same. BN exhibited ~ 3.5 × faster PFOA degradation rate compared to TiO2 under acidic pH conditions. PFOA 
adsorption experiments showed that BN had ~ 2 × higher PFOA surface coverage, consistent with its higher surface hydrophobicity, as corroborated by contact angle 
measurements. Both materials were comparatively less photocatalytically active at neutral pH, but BN still exhibited ~ 2.7 × faster PFOA degradation rate, due to 
less electrostatic attraction between the PFOA headgroup and the catalyst surface. Langmuir-Hinshelwood rate law analysis suggests BN and TiO2 have comparable 
photogenerated hole surface concentrations, and density functional theory calculations show that the holes for both photocatalysts can react with surface hydroxyls 
and with adsorbed PFOA. However, BN has comparatively less surface hydroxyl groups and more adsorbed PFOA, which favors hole reaction with the latter, resulting 
in a higher PFOA degradation rate. These insights into the role of surface hydrophobicity serve as rationally-guided design principles for improved heterogeneous 
photocatalysis of persistent surfactants, including the broad suite of per- or poly-fluoroalkyl substances.   

1. Introduction 

Per- and poly-fluoroalkyl substances (PFAS), or “forever chemicals,” 
are a group of anthropogenic fluorinated organic compounds which 
have been widely used industrially and in consumer products to take 
advantage of their unique properties, including chemical/thermal sta
bility, surfactant properties, and hydrophobic/lipophobic nature [1]. 
Perfluorooctanoic acid (PFOA), one of the most regulated and investi
gated PFAS representatives, had a global output of 3600–––5700 t from 
1951 to 2004, of which about 400–––700 t was directly discharged into 
the environment [2]. PFAS contamination has been globally detected in 
soil, plant, rainwater, surface water, and groundwater, including many 
drinking water supplies [3–6]. The stability of C-F bonds and the 

surfactant properties of PFAS lead to incomplete removal by standard 
water treatment methods, and ppb (μg/L) levels of PFAS have been 
detected in human tissues and blood serum [7,8]. Exposure to parts-per- 
quadrillion of PFAS in water has negative health effects, including kid
ney, liver, and reproductive problems in adults, suppressed immune 
response to vaccines, and neurological/behavioral issues in children 
[9,10]. Regulations are coming to push to solve these “forever” chemical 
problems. The United States Environmental Protection Agency (U.S. 
EPA) released a PFAS Strategic Roadmap in Oct 2021, which set time
lines by which EPA plans to take specific actions and commit to bolder 
new policies to safeguard public health and protect the environment. In 
March 2023, the U.S. EPA proposed Federal Maximum Contaminant 
Levels (MCLs) for six PFAS in drinking water. The proposed MCL for 
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PFOA and PFOS are 4 ppt (=4 ng/L), and a Hazard Index MCL was 
proposed for the sum of four other PFAS (PFNA, GenX chemicals, PFHxS, 
and PFBS) that accounts for their varying relative health risks. The Eu
ropean Chemicals Agency also proposed to reduce and ban the pro
duction and use of ~ 10,000 PFAS in the European Union [11]. 

Semiconductor-based photocatalysts have shown great potential for 
destroying PFOA contaminated waters [12–17]. We previously reported 
that the semiconductor material, boron nitride (BN), photocatalytically 
oxidized and degraded PFOA under 254-nm light illumination ~ 4 ×
faster than TiO2 [18]. BN is a commercially available [19–21], non- 
toxic, and earth-abundant element-containing material used in cos
metics, dental cement, and paint [22]. The ability of BN to act as a 
photocatalyst is unexpected because of its wide band gap and chemical 
inertness. Density of states (DOS) analysis conducted by Salavati-Fard 
and Wang indicated that the existence of point defects was essential to 
activate BN for photocatalytic reactions [23]. Our recent density func
tional theory (DFT) calculations showed nitrogen-at-boron-site substi
tutional defects (NB) generated a mid-gap state that enabled BN to 
absorb 254-nm light [24]. We confirmed the thermodynamic and kinetic 
favorability of the direct oxidation of PFOA by the photogenerated holes 
(delocalized over the non-defect N atoms of BN), [24] which is the first 
step in the DHEH (decarboxylation-hydroxylation-elimination-hydro
lysis) reaction pathway generally accepted for other semiconductor 
photocatalysts like TiO2, [15] In2O3, [14,25,26] and BiOCl [27]. 

The hydrophobic nature of BN surfaces very likely contributes to its 
superior PFOA photodegradation activity also, but this effect has not yet 
been rigorously studied. We previously observed that shorter-chain 
perfluorocarboxylic acid (PFCA) byproducts generated from incom
plete PFOA photodegradation took longer to degrade, [18] consistent 
with reports of other photocatalytic materials [28,29]. Our DFT calcu
lations indicated shorter-chain PFCAs only weakly adsorbed to the 
surface, as a result of decreased interactions of the tail group with the 
hydrophobic BN surface [24]. PFCAs behave less like surfactant mole
cules as the hydrocarbon tail shortens [30,31]. We infer that the surface 
coverage of the more hydrophilic shorter-chain PFCAs is lower 
compared to PFOA surface coverage, which would decrease opportu
nities for shorter-chain PFCAs to react with photogenerated holes on the 
BN surface. 

Here, we investigated the surface hydrophobicity of BN on PFOA 
photocatalysis by comparing it with hydrophilic TiO2. We performed 
PFOA adsorption isotherm measurements for BN for the first time, with 
pH effects consistent with anion adsorption on charged surfaces. We 
compared photocatalytic activity of the two materials with the same 
exposed surface area, and performed hole scavenger experiments, 
reactive oxygen species (ROS) quantification, and DFT calculations. 
Through a comparative Langmuir-Hinshelwood rate law analysis, we 
discussed the factors that contributed to differences in reaction rates 
between BN and TiO2. We identified several ways in which surface hy
drophobicity benefited PFAS photocatalytic oxidation, which can help 
the design and engineering of improved catalysts for targeted PFAS 
degradation. 

2. Experimental and DFT methods 

2.1. Materials 

All materials were of analytical grade and used as received. Per
fluorooctanoic acid (PFOA, C7F15COOH, 96 % purity) and anatase-TiO2 
were obtained from Sigma-Aldrich, and BN was obtained from 3 M 
company. Ethylenediaminetetraacetate disodium salt dihydrate 
(EDTA•2Na, 99 % purity) was obtained from Sigma-Aldrich. Disodium 
terephthalate (TA•2Na, 99 % purity) was acquired from Alfa Aesar. The 
water used in all experiments was deionized (18.2 MΩ). 

2.2. Characterization 

The hexagonal phase of BN and anatase phase of TiO2 were 
confirmed using X-ray powder diffraction (XRD, Fig. S1). The informa
tion of particle size, purity, and market price obtained from the manu
facturer and the elemental compositions obtained using X-ray 
photoelectron spectroscopy with a PHI Quantera System are provided in 
Fig. S1. Multipoint (10 points) nitrogen physisorption was performed on 
the samples following 5 h of evacuation at 150 ◦C and the specific sur
face areas (SBET) were determined using the Brunauer–Emmett–Teller 
(BET) equation (SBET of 40 m2/g-BN and 100 m2/g-TiO2). The XPS 
spectra and the peak deconvolution results were corrected using the C 1 
s peak at 284.6 (Fig. S3). 

Diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) experiments were performed on a Thermo Scientific Nicolet 
iS10 FTIR spectrometer equipped with a liquid-N2-cooled HgCdTe 
(MCT) detector (Fig. S2). A high-temperature reaction chamber equip
ped with ZnSe windows, mounted on a Praying Mantis diffuse reflec
tance accessory (Harrick Scientific), was used for DRIFTS analysis of the 
samples at 25 ◦C under He atmosphere at 10 torr total pressure. Before 
being placed in the reaction chamber, samples were diluted to 10 wt% in 
KBr. Temperature was monitored by positioning a type-K thermocouple 
in the sample cup and controlled using an ATK temperature controller 
(Harrick Scientific). Pure KBr was used as a background spectrum for all 
samples. All spectra are reported in Kubelka-Munk units by averaging 
128 scans at 4 cm− 1 resolution. 

The hBN or Anatase TiO2 powder was put into a customized sample 
holder (Scheme S1) and pressed under 2.4 MPa for 45 s using a bench 
top hydraulic press (Model 4389, Carver, Inc, USA) to form pellets, 
which were then used for contact angle measurement. A goniometer 
(DAS100, KRUSS) was used to measure the contact angles of DI water on 
BN and TiO2; five measurements were made on each sample and the 
average value was reported (standard deviation < 2 %). The zeta po
tential measurement of BN and TiO2 were determined with a Broo
khaven Instruments ZetaPALS with BI-9000AT digital autocorrelator 
using 1.6 mL aqueous slurry (0.25 mg/mL) at various pH conditions (pH 
2–8), which was adjusted using 0.1 M HCl and NaOH solutions. 

2.3. PFOA adsorption kinetics and isotherm measurements 

Sorption kinetic experiments were conducted by adding 1.25 g/L BN 
or 0.5 g/L of TiO2 to a 500 mL polypropylene bottle containing 400 mL 
of 50 mg/L (120 μM) PFOA solution with the initial pH adjusted to 3.5 or 
6.8. The bottles were mechanically shaken at 25 ◦C and 150 rpm with 
aliquots taken out periodically. Each kinetic experiment was run in 
duplicate and the average value of the PFOA sorption amount was re
ported. For a given point, measured values differed by no more than 1 %. 

The transient sorption kinetics were evaluated to estimate the 
equilibration time for each material and determine the initial sorption 
rate (v0). The data was fitted using the pseudo-second-order kinetic 
model in Eq. (1): 

t
qt

=
1
ν0

+
t

qe
(1)  

where qe and qt are the amounts of PFOA adsorbed at equilibrium 
(mmol/m2) and at time t, and v0 is the initial sorption rate (mmol/m2/ 
min). The time to reach PFOA adsorption equilibrium was determined to 
be ~ 20 min (Fig. S4). 

Batch adsorption isotherm experiments were conducted in 50-mL 
polypropylene centrifuge tubes containing 40 mL of a PFOA solution 
ranging from 25 to 480 μM (10–200 mg/L). The sorbent loadings were 
1.25 g/L for BN or 0.5 g/L for TiO2 and the initial pH was 3.5 or 6.8. 
Each adsorption measurement was taken after 1 h of mechanical 
shaking. 

The Langmuir model was used to determine PFOA surface coverage 
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(θPFOA): 

θPFOA =
CPFOA,ad

Cm
=

qe

qm
=

bCe

1 + bCe
(2)  

where CPFOA,ad is surface concentration of the adsorbed PFOA at equi
librium (µmol/m2), Cm is the maximum PFOA sorption amount (µmol/ 
m2), Ce is the PFOA equilibrium concentration (µM), and b is the 
adsorption equilibrium constant (L/mmol). The linearized mathematical 
form of the Langmuir model is 

Ce

CPFOA,ad
=

Ce

Cm
+

1
b × Cm

(3)  

2.4. Photocatalytic testing 

Photocatalytic reactions were conducted in a UV photoreactor sys
tem (equipped with six 4 W UVC Ushio G4T5 low pressure Hg germicidal 
lamps for the 254-nm UVC experiments) as in our previous work 
[18,32,33]. The photon flux measured by chemical actinometry was 6.5 
× 10-6 Einstein⋅L-1⋅s− 1, and the spectral irradiance was calculated to be 
4.33 mW/cm2. In a typical experiment, the photocatalysts (BN or TiO2) 
and 120 μM (50 mg/L) PFOA were added to a 100-mL flask quartz 
reactor with 20-mL DI water and adjusted to either pH 3.5 using HCl or 
pH 6.8 using NaOH. Based upon our prior screening, the catalyst con
centration of 0.5 g/L of TiO2 was determined to be within the optimum 
dosage range, such that higher concentrations did not increase (or 
decrease, due to decreased light penetration through the reaction vol
ume) the observed photocatalytic degradation [18,32]. The amount of 
BN charged to the batch reactor was 1.25 g/L, such that the total surface 
area (1 m2, based on BET-calculated specific surface areas) was equal to 
the TiO2 case. 

The reactor was sealed with ambient air and then stirred for 30 min 
in the dark to ensure PFOA adsorption reached equilibrium before light 
irradiation. During reaction, samples were withdrawn over time and 
filtered with 0.22-µm polyethersulfone (PES) syringe filters before 
analysis. PES filters were used, due to their lack of adsorption of PFOA 
and PCFA’s [34]. All experiments were repeated in triplicate. 

2.5. Reaction fluid analytical methods 

PFOA concentrations were measured via high-performance liquid 
chromatography (HPLC, 1260 Infinity II Agilent, USA) with an Agilent 
WPH C18 column (4.6 mm × 250 mm, 5 μm). The mobile phase was 
acetonitrile and 5 mM Na2HPO4 with a volume ratio of 50:50 (v/v), the 
flow rate was 0.8 mL⋅min− 1, the temperature of the column was 30 ℃, 
the sample injection volume was 50 μL, and a UV detector with a 
wavelength 210 nm was used. The detection limit for PFOA was ~ 2.5 
μM (1 mg/L). The released fluoride ion concentration was analyzed by 
ion chromatography (IC) with suppressed conductivity detection (Dio
nex Aquion, 4 × 250 mm IonPac AS23, AERS 500 Carbonate Suppres
sor). pH measurements were recorded using an Orion Star A111 pH 
probe. 

HPLC was used to quantify EDTA consumption in experiments to 
assess photogeneration of holes during photocatalysis. The experiments 
were conducted in the same reactor and the same liquid volume (20 mL) 
and PFOA concentration (~120 µM) at pH 3.5 and 6.8, except for the 
addition of EDTA•Na for a final concentration of 3 mM (at 25 × higher 
concentration than PFOA). The detailed EDTA quantification method 
using HPLC can be found here [35,36]. 

To estimate hydroxyl radical (•OH) formation during photocatalysis, 
a fluorescent assay based on terephthalic acid (TA) as the radical trap 
was used. These experiments were conducted in the same reactor and 
the same liquid volume (20 mL) and PFOA concentration (~120 µM) at 
pH 3.5, except for the addition of TA•2Na for a final concentration of 3 
mM. More details of this assay can be found in our previous work [37]. 

2.6. DFT settings 

DFT was used to compute band edge positions and redox potentials 
of proposed oxidation reaction steps. These calculations were used to 
assess reaction favorability, as a reaction step with a less positive 
oxidation potential than the valence band maximum (VBM) is thermo
dynamically favorable. VASP 5.4.4 [38,39] was used in conjunction 
with VASPsol implicit solvation [40,41]. Band edge positions were 
determined using the method from Toroker et al. [42] The methodology 
for computing the oxidation potentials referenced to the standard 
hydrogen electrode (SHE) was described in our previous work [24]. Full 
calculation details and settings are provided in Appendix A. 

The oxidation potential for the formation of the •OH radical from a 
surface-adsorbed hydroxide in the anatase TiO2 system was computed 
using Eq. (4), 

OH*+ h+→⋅OH + *( + 1) (4)  

where OH* represents a hydroxide adsorbed on the surface, h+ repre
sents a hole, •OH represents a hydroxyl radical in solution, and * rep
resents the + 1 charged TiO2 surface with the OH* adsorption site 
vacated. 

The OH* adsorption configuration was modeled as an anatase TiO2 
(101) surface covered with a 50 % dissociated water layer (Fig. S6a), 
where the overall system charge was neutral since each adsorbed hy
droxide is compensated by an adsorbed proton. This choice of water 
layer and anatase surface structure used in this work is justified by both 
experimental and theoretical results from the literature. The presence of 
OH* groups bound to surface Ti atoms was confirmed by surface x-ray 
diffraction results from Nadeem et al. [43] Martinez-Casado et al. [44] 
analyzed the anatase (101) surface interaction with water using DFT 
and found that ~ 50 % water dissociation is favorable. Walle et al. [45] 
investigated the surface coverage of OH* under different temperatures 
and reported a ~ 0.47 mono-layer of OH* on the surface. The *(+1) 
structure consists of the same surface model but with one OH* group 
removed from the surface yielding a net charge of + 1 |e| in the surface 
slab model (Fig. S6b). The charged slab in is balanced by the ion dis
tribution in the VASPsol implicit solvation model [40,41] to yield an 
overall neutral cell. •OH was treated in an isolated simulation cell with 
VASPsol implicit solvation. A •OH concentration of 2.5 × 10-4 M 
(determined from the experiments described Section 3.5) was used to 
compute the free energy •OH, which in turn is used to calculate the 
redox potential according to Eqns. S4–S5. 

For the BN system, the oxidation potential for the formation of the 
•OH radical from a surface hydroxide was computed using Eq. (5), 

OH*( − 1)+ h+→⋅OH + * (5)  

OH*(-1) represents a –OH- group on a four-coordinated boron site of the 
BN armchair edge with B-O and B-OH terminations (Fig. S6c). This edge 
model was motivated by experimental characterization reported by 
Dorn et al. [46] OH*(-1) is in the − 1 |e| charge state to account for the 
negatively charged 4-coordinated boron species, * represents a neutral 
armchair edge defect with three-coordinated B-O and B-OH termina
tions (Fig. S6d). [46] A •OH concentration of 5 × 10-5 M (determined 
from the experiments described Section 3.5) was used to calculate the 
redox potential using Eqns. S4–S5. 

The redox potential for the formation of the •OH radical from a water 
molecule (2.63 VSHE) via Eq. (6) was calculated using Eqns. S9–S10. 

H2O+ h+→⋅OH +H+ (6)  

This potential was calculated to determine the possibility of direct water 
oxidation. The computed value compares well with the experimental 
value of 2.73 VNHE [47]. 

The oxidation potentials for the PFCA anion to form of a per
fluorocarboxyl radical (2.17 VSHE) via Eq. (7) or to simultaneously form 
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a perfluoroalkyl radical and 1 atm gas-phase carbon dioxide (1.17 VSHE) 
via Eq. (8) was computed using Eqns. S4 and S5, 

CF3CF2COO− + h+→CF3CF2COO⋅ (7)  

CF3CF2COO− + h+→CF3CF2⋅+CO2(g) (8)  

The calculated redox potentials of PFCAs do not depend significantly on 
PFCA chain length, [24] so we used a model C3 PFCA anion in this study 
for computational efficiency. The anionic, deprotonated form of the 
PFCA molecule was employed because the pH in the PFOA degradation 
experiments was always much higher than the pKa of PFOA (~0) [48]. 

3. Results and discussion 

3.1. BN has a higher PFOA photodegradation rate than TiO2 at different 
pH values 

The mass loadings of BN and TiO2 powders charged to the batch 
reactor were such that the total surface area exposed in the reaction fluid 
was the same, to account for materials with different specific surface 
areas during photocatalytic measurements. We adjusted the pH of the 
reaction mixture with HCl to 3.5, to match the end-of-reaction pH value 
observed with the near-neutral pH experiments described later. The 
observed PFOA solution concentration decreases after 30 min of contact 
time in the dark (from 120 μM to ~ 112 and ~ 118 µM for BN and TiO2, 
respectively, Fig. 1a) corresponded to the equilibrium PFOA sorption 
capacities for BN and TiO2 of 0.2 and 0.1 μmol/m2, respectively 
(Fig. S4). 

After pre-equilibration in the dark and with time t = 0 min marking 
the start of the 254-nm illumination, PFOA concentrations continuously 
decreased for both materials (Fig. 1a). After 720 min of reaction time, 
the PFOA concentration dropped below the detection limit (7 μM, cor
responding to 1 ppm) for the BN case, and to ~ 45 μM for the TiO2 case. 
The initial reaction rates (determined from the first 120 min) were 
calculated as 0.171 μM PFOA/min and 0.049 μM PFOA/min, indicating 
BN was ~ 3.5 × more active than TiO2. Fluoride ions were detected after 
irradiation began, indicative of C-F bond cleavage (Fig. 1b). Defluori
nation extent (percentage of the total fluorine added to the reactor 
detected as fluoride ions) was 22 % and 16 % for BN and TiO2, 
respectively, at the end of 720 min reaction time. Defluorination did not 
reach 100 % (equivalent to ~ 1800 μM of fluoride), due to formation of 
shorter-chain PFCA [18,49]. 

We carried out the testing procedure again but at near-neutral pH 
(6.8), by adding NaOH to the PFOA/catalyst reaction mixtures. PFOA 
adsorption also occurred in the dark, but the equilibrium sorption 
amounts were lower (0.11 μmol/m2 and 0.04 μmol/m2, respectively, for 
BN and TiO2) were lower than those at acidic conditions. Upon illumi
nation, both PFOA concentration and solution pH decreased, and the 
final pH was 3.5 after 12 h for the BN case resulting from H+ formation 
[18,32]. The pH decreased to a lesser degree (from 6.8 to 5.5) for TiO2, 
which is reflective of lower PFOA degradation extent. Defluorination 
was 11 % and 3 %, respectively, for BN and TiO2, comparatively less 
than the pH 3.5 cases (Fig. 1b). Initial degradation reaction rates (0.057 
and 0.021 μM PFOA/min, for BN and TiO2, respectively) were also 
comparatively lower. Overall, we quantitatively find that BN is roughly 
2.7–3.5 ×more active than TiO2, and that lower pH values promote both 
PFOA photocatalytic degradation and PFOA adsorption. 

3.2. BN adsorbs more PFOA than TiO2 does 

We quantified PFOA adsorption on BN and TiO2 at the two pH values 
at which photocatalysis was performed. Fig. 2 a&b shows the adsorption 
isotherms, where the equilibrium data fit well to a Langmuir adsorption 
model (Eq. (2)), implying that PFOA adsorbs as a monolayer on both BN 
and TiO2 [50]. 

The calculated PFOA monolayer adsorption capacity (Cm) and 
adsorption equilibrium constant (b) of anatase under acidic conditions 
were similar to previous results reported for TiO2 P25 (Table 1) [51]. BN 
and TiO2 have similar adsorption capacity due to the same total expose 
surface area in water, but the adsorption equilibrium constant of BN was 
~ 2 × higher than TiO2 under acidic conditions. At neutral pH, both Cm 
and b values decreased for both BN and TiO2, indicative of pH- 
dependent charge interactions between the surfaces and PFOA. At 
both pH values, the PFOA surface coverage, θPFOA, of BN was almost 
twice that of TiO2 (0.26 v. 0.14, and 0.25 v. 0.12). 

3.3. BN surface is charged, hydrophobic, and water-wettable 

We determined the effective surface charges of BN and TiO2 sus
pended in water as a function of pH via zeta potential measurements 
(Fig. 3). The zeta potential of BN was + 5 mV at the lowest pH tested, 
and it decreased with increasing pH, such that zeta potential reached 
zero at a pH around 2.9. This point of zero charge (PZC) is consistent 
with previous reports [52,53]. Above this PZC, the BN surface became 
increasingly negatively charged with increasing pH, due to deprotona
tion of surface hydroxyl groups (BN powders are slightly oxidized, 

Fig. 1. (a) HPLC-DAD detected PFOA concentration–time profiles and (b) 
fluoride concentration–time profiles over BN and TiO2 at pH 3.5 and 6.8 with 
254-nm irradiation. Reaction conditions: [PFOA] (at t = -30 min) = ~120 μM 
(~50 ppm), catalyst charge with total surface area of 1 m2 for BN (1.25 g/L, 
SBET = 40 m2/g) and TiO2 (0.5 g/L, SBET = 100 m2/g), 254-nm light, photon 
flux = 6.5 × 10-6 Einstein⋅L-1⋅s− 1 (2.92 × 1014 photons⋅s− 1⋅cm− 2), initial pH =
3.5 or 6.8, ambient temperature, air headspace. 
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containing ~ 2 at% oxygen ~ 1.3 wt% oxygen, Fig. S3). In going from 
the photocatalytic reaction pH of 3.5 to 6.8, BN became more negatively 
charged, correlating to the observed lower PFOA adsorption (at pH 6.8). 

The PZC of anatase was determined to be ~ 6.8, consistent with 
literature values [54,55]. The TiO2 zeta potential became more positive 

in value with decreasing pH, corresponding to the observed higher PFOA 
adsorption at pH 3.5 than at pH 6.8. The anatase surface is positively 
charged, leading to electrostatic attraction to the PFOA carboxylate 
head group. In contrast, the BN surface and PFOA are negatively charged 
at these pH values and therefore expected to be electrostatically repel
ling, and yet PFOA adsorption is substantially higher compared to TiO2. 

This higher adsorption equilibrium constant of BN confirms PFOA 
adsorption is driven by hydrophobic interactions. The octanol/water 
partition coefficient (log Kow) of PFCA’s (in which Kow represents the 
equilibrium concentration ratio of a PFCA in n-octanol and in water) 
increases with carbon length (and tail hydrophobicity); log Kow for 
PFOA was determined experimentally to be 4.67 ± 0.26 by Xiang et al. 
[56] Generally, hydrophobic materials (through hydrophobic in
teractions with the C-F tail) adsorb more PFOA than hydrophilic mate
rials (through electrostatic interactions with the solvated and charged 
head group). Hydrophobic materials including activated carbon-based 
materials, [57–59] polymers, [60–62] and covalent or metal–organic 
frameworks [63,64] have excellent PFOA adsorption, compared to silica 
and other hydrophilic adsorbents [65]. BN has been shown as an 
absorbent for hydrophobic compounds such as other PFAS (though not 
PFOA), [66] dyes, [67,68] and pharmaceuticals [69,70]. 

The hydrophobicity of BN is widely reported, [71–73] but its 
wettability by water depends on the form of the BN material and extent 
of surface oxidation. We conducted water contact angle measurements 
to compare the surface wettability of the BN and TiO2 powders. BN had a 
contact angle of ~ 54◦ (Fig. 3a, inset), in good agreement with reported 
literature [72,74]. For comparison, the water contact angle for TiO2 (a 
well-known hydrophilic material [75]) was much smaller (~18◦) due to 
surface hydroxyl groups (Fig. 3b, inset) [43] They were detected on 
TiO2 through DRIFTS (OH stretching in the 3000–4000 cm− 1 range) but 
not on BN, indicating their relative paucity on the latter material 
(Fig. S2) [76]. Whereas pristine defect-free BN films have a much higher 
contact angle (~153◦) [77] indicative of true hydrophobicity, the BN 
powder can be thought as agglomerated, surface-oxidized particles 
comprising stacks of two-dimensional BN sheets. This BN form has lower 
contact angles due to the presence of ionizable B-OH (and N-H) terminal 
groups at the sheet edges (Fig. S3), [78,79] enhancing material stability 
in water. 

3.4. PFOA reaction rate dependence on the surface concentrations of 
PFOA and hole 

We gained insights into the factors influencing the PFOA photo

Fig. 2. PFOA sorption isotherms for (a) BN and (b) TiO2 at pH 3.5 (solid line) and 6.8 (dashed line). Ce represents the equilibrium PFOA concentration in the solution 
phase and qe represents the PFOA sorption amount. All isotherms fit well with a Langmuir model. Inset: Representative contact angle images for BN and TiO2. 

Table 1 
Isotherm parameters for PFOA sorption over BN and TiO2.   

Langmuir Constants (Eq. (3)) Surface Coverage at Ce ~ 
120 μM (Eq. (2)) 

Cm (μmol/ 
m2) 

B (L/μmol) R2 θPFOA 

BN-pH 
3.5 

1.19 ±
0.02 

2.96 ± 0.06 
× 10-3  

0.94  0.26 

TiO2-pH 
3.5 

1.13 ±
0.01 

1.38 ± 0.01 
× 10-3  

0.94  0.14 

BN-pH 
6.8 

0.71 ±
0.01 

2.63 ± 0.05 
× 10-3  

0.96  0.25 

TiO2-pH 
6.8 

0.63 ±
0.01 

1.14 ± 0.01 
× 10-3  

0.93  0.12  

Fig. 3. Zeta potential measurements of BN and TiO2 suspensions.  
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degradation rate by building on our recent modeling work [24] and 
treating the direct oxidation of PFOA with the photogenerated hole as a 
one-electron transfer from PFOA to the surface site (Eq. (9)). We model 
the reaction rate law (units of µM/min) as first-order dependent on 
surface concentration of the adsorbed PFOA (CPFOA,ad, units of μmol/m2)

and surface concentration of photogenerated holes (Choles,

units of μmol/m2) (Eq. (10)): 

C7F15COO−
ad + h+ →

k1 C7F15COO⋅ (9)  

− rPFOA = k1 × CPFOA,ad × Choles (10) 

Substituting Eq. (2) into Eq. (10), the PFOA initial photodegradation 
rate is expressed as: 

− rPFOA = k1 × θPFOA × Cm × Choles (11) 

The PFOA initial photodegradation rates over BN and TiO2 are 
written as Eqns. 12–13: 

− rPFOA,BN = k1,BN × θPFOA,BN × Cm,BN × Choles,BN (12)  

− rPFOA,TiO2 = k1,TiO2 × θPFOA,TiO2 × Cm,TiO2 × Choles,TiO2 (13) 

We sought to quantify the individual rate constants k1,BN and 
k1,TiO2 (units of m4/(µmol⋅L⋅min)), but the concentration of photo
generated hole is difficult to measure. Instead, we chose to determine 
the relative reaction ratio k1,BN/k1,TiO2 from Eq. (14), assuming ratios of 
the other terms can be quantified or estimated. 

− rPFOA,BN

− rPFOA,TiO2

=
k1,BN

k1,TiO2

×
θPFOA,BN

θPFOA,TiO2

×
Cm,BN

Cm,TiO2

×
Choles,BN

Choles,TiO2

(14) 

To assess the concentration of the photogenerated hole, we carried 
out PFOA photocatalysis at pH 3.5 in the presence of the hole scavenger 
EDTA (at 25 × higher concentration than PFOA). As expected, PFOA 
degradation was inhibited completely in both cases (Fig. 4, inset). 

Prior to light exposure, BN and TiO2 adsorbed 0.4 and 1.8 μmol/m2 

of EDTA, respectively at pH 3.5. With pKa values of 0, 1.5, 2, and 2.66, a 
considerable portion of EDTA species carries a negative charge at pH 
3.5, facilitating its adsorption onto positively charged TiO2. In the case 
of BN, both EDTA and BN exhibit negative charges, leading to 

electrostatic repulsion that lessens the sorption of EDTA onto the BN 
surface. Once illumination began, EDTA concentrations decreased 
continuously (Fig. 4), indicating the EDTA-hole reaction (Eq. (15)). 

EDTAad + h+ →
kEDTA Product (15) 

The initial EDTA degradation rate was quantified as 4 and 20 EDTA/ 
min for BN and TiO2, respectively. EDTA was much slower to degrade 
over BN compared to TiO2. 

The EDTA initial photodegradation rates over BN and TiO2 are then 
expressed as Eqns. 16–17. 

− rEDTA,BN = kEDTA,BN × CEDTA,ad,BN × Choles,BN (16)  

− rEDTA,TiO2 = kEDTA,TiO2 × CEDTA,ad,TiO2 × Choles,TiO2 (17)  

where rEDTA is the initial EDTA degradation rate (µM/min), kEDTA is the 
effective reaction rate constant (µM/min), and CEDTA is the adsorbed 
EDTA amount on the photocatalyst surface. The ratio of the EDTA 
degradation rates over the two materials is Eq. (18): 

− rEDTA,BN

− rEDTA,TiO2

=
kEDTA,BN

kEDTA,TiO2

×
CEDTA,ad,BN

CEDTA,ad,TiO2

×
Choles,BN

Choles,TiO2

(18) 

Fig. 4 results indicated that CEDTA,ad,BN
CEDTA,ad,TiO2

= 0.22 and − rEDTA,BN
− rEDTA,TiO2

= 0.20. An 

assumption in hole scavenging experiments is that EDTA reacts with 
holes indiscriminately, [80] the consequence of which is that EDTA 
reacts at same rate constant on both materials ( kEDTA,BN

kEDTA,TiO2
= 1). While BN 

holes are different than TiO2 holes, both are essentially unstable 
electron-deficient (N and O) atoms, and we do not expect their reactivity 
with EDTA to be significantly different. Substituting these values back 
into Eq. (18) allows us to estimate the Choles,BN/Choles,TiO2 ratio to be 0.91. 

With regard to the other terms of Eq. (14), Langmuir isotherm 
analysis indicated the PFOA surface coverage ratio θPFOA,BN/θPFOA,TiO2 to 
be 1.85 (Table 1), and Cm,BN

Cm,TiO2
=

qm,BN
qm,TiO2 

to be 1.05. The initial PFOA 

degradation rate ratio − rPFOA,BN
− rPFOA,TiO2 

was 3.50 (Fig. 1a). We thus estimated the 

rate constant ratio k1,BN/k1,TiO2 to be 1.98, which indicated BN had twice 
the PFOA degradation rate constant as TiO2 at 3.5. We performed the 
same analysis for the pH 6.8 case (slower PFOA degradation rates for 
both photocatalysts) and found BN had a slightly larger PFOA degra
dation rate constant (by 1.17 × ) than TiO2 (Section S6). While it would 
be difficult to conclude that BN is intrinsically more photocatalytically 
active than TiO2, the differences in rate constants suggest that there are 
other factors that contribute to BN’s higher performance, after ac
counting for BN’s greater PFOA adsorption (leading to higher PFOA 
surface coverage) and for comparable hole surface concentrations (as 
BN’s smaller hole generation rate correlates to lower EDTA adsorption). 

3.5. BN surface hydrophobicity and valence band position favor hole 
oxidation of PFOA over hole oxidation of water 

Next, we considered that the hydrophobicity of the materials may 
affect PFOA degradation not only by adsorption, but in ways not typi
cally considered. Photogenerated holes have been reported to oxidize 
surface hydroxyls from adsorbed water to form hydroxyl radicals (•OH) 
on TiO2, [81,82] and the detection of hydroxyl radical (•OH) over 
photoexcited TiO2 in aqueous environments has been widely reported 
[81,83,84]. Using electron paramagnetic resonance spectroscopy (EPR), 
Li et al. [26] found that photogenerated holes over TiO2 are generally 
transformed into •OH radicals even in the presence of PFOA. On the 
other hand, BN, due to its hydrophobicity, does not form a significant 
amount of surface hydroxyls or adsorb a significant amount of water (as 
shown earlier in Fig. S2) [85]. We considered, then, that TiO2′s lower 
performance may not only be due to lower PFOA adsorption, but also 
due to the competition of PFOA with surface hydroxyls and/or adsorbed 
water to react with photogenerated holes. 

Fig. 4. EDTA concentration–time profiles and PFOA concentration–time pro
files (inset), using EDTA as hole scavenger during PFOA photocatalysis with BN 
and with TiO2. Reaction conditions: [EDTA] (at t = -30 min) = ~3 mM, [PFOA] 
(at t = -30 min) = 120 μM, same total surface area (1 m2) of BN (1.25 g/L, SBET 
= 40 m2/g) or TiO2 (0.5 g/L, SBET = 100 m2/g), ambient temperature, air 
headspace, initial pH 3.5, 254-nm light, photo flux = 6.5 × 10-6 Einstein⋅L-1⋅s− 1. 
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Water dissociation over TiO2 has been well studied, [43–45,86] and 
in these aqueous systems the TiO2 surface would be hydroxylated. 
Surface hydroxyls could potentially be oxidized by photogenerated 
holes to form •OH (Eq. (4)). Through DFT analysis, we confirmed the 
thermodynamic favorability of this reaction by comparing its redox 
potential (1.95 VSHE, red line in Fig. 5a) with the VBM of anatase TiO2 
with a dissociated water layer at pH = 6.8 (Fig. 5a). Since the position of 
the redox potential is above the edge of the valence band, it is ther
modynamically favorable for the holes generated on TiO2 to oxidize 
surface hydroxyls (OH–*) to generate •OH (Fig. 5e). This implies holes 
are scavenged by the dissociated water layer, leaving fewer holes 
available to oxidize PFCA. 

Also, the redox potentials of the reactions related to hole oxidation of 
PFCAs to form a perfluorocarboxyl radical (Eq. (7), Fig. 5c) or a decar
boxylated perfluoroalkyl radical (Eq. (8), Fig. 5d) lie close to, and well 
above, the VBM of anatase, respectively, (the black and blue lines in 
Fig. 5a, respectively). Considering the redox potential calculation root 
mean square error (RMSE) of ± 0.2 V, we conclude that the oxidation of 
PFCA by a photo-generated hole on anatase TiO2 is thermodynamically 
feasible but will compete with OH* oxidation. 

By comparing the band edge alignment of BN (Fig. 5b) and the 
oxidation potential of Eq. (7) (2.17 VSHE, black horizontal line in Fig. 5b) 
and Eq. (8) (1.17 VSHE, blue horizontal line in Fig. 5b), we confirmed the 
thermodynamic feasibility of PFCA photo-oxidation over BN following 
PFCA adsorption. In our previous work [24], we examined the ther
modynamic and kinetic favorability of PFCA activation via photo- 
oxidation on pristine BN by explicitly calculating its reaction energy 
and barrier over BN. The water oxidation potential of Eq. (6) (2.63 VSHE, 
green line in Fig. 5b) is well below the VBM of BN positionally, indi
cating that holes would not be scavenged by intact water molecules near 
the BN basal plane. Therefore, under illumination, photogenerated holes 
would primarily react with PFOA due to BN’s hydrophobicity (which 
promotes PFOA adsorption and excludes water on the BN basal plane). 

We then examined the possible role of dissociated water on BN edge 
sites. Dorn et al. [46] characterized the edge termination of BN and 
found the edge is saturated by dissociated water, i.e., BN’s edges increase 
its hydrophilicity. Similar to the hydrophilic anatase surface, the 
dissociated water at the edge of BN could scavenge holes generated on 
BN and generate •OH. Previously, we found that the armchair edge 
defect with a four-coordinate boron featuring B-N, B-O, and 2 × B-OH 
coordination could be a source of •OH. [24] By comparing the redox 
potential of •OH generation (Eq. (5)) originated from OH* at the four- 

coordinate BN armchair edge (0.92 VSHE, the orange horizontal line in 
Fig. 5b) with the VBM in Fig. 5b (the valence band edge of BN is not 
affected by the presence of the edge defects [24]), we find that the extra 
*OH group at the four-coordinated boron site is readily oxidized to form 
•OH by photogenerated holes, leaving behind the three-coordinated B 
site (Fig. 5f). Since the four-coordinated boron sites at the edge represent 
only a small fraction of exposed sites in the BN material, the •OH for
mation density in the BN system is expected to be much lower than on 
hydrophilic anatase. 

To support the DFT findings, we performed additional experiments 
using terephthalic acid (TA) as a hydroxyl radical trap/scavenger during 
PFOA photocatalysis. PFOA degradation was partially inhibited over 
both BN and TiO2 (Fig. 6 inset), confirming that hydroxyl radical 
participated in the PFOA degradation but to a smaller extent than the 
photogenerated holes. Previous reports showed •OH radicals cannot 

Fig. 5. (a) Calculated redox potentials of reactions over TiO2: hole oxidation of surface hydroxyl (Eq. (4), red line), and of PFOA (Eq. (7), black line; and Eq. (8), blue 
line) and their positions relative to the band edge alignment of the anatase surface. (b) Calculated redox potentials of reactions in hBN system: hole oxidation of 
surface hydroxyl (Eq. (5), orange line) and of water (Eq. (6), green line), and of PFOA (Eq. (7), black line; and Eq. (8), blue line), and their positions relative to the 
band edge alignment of BN. An RMSE bar of 0.2 V is added, as benchmarked in our previous work.24 Illustrations of (c) Eq. (7) reaction (black lines), (d) Eq. (8) 
reaction (blue lines), (e) Eq. (4) reaction (red line), and (f) Eq. (5) reaction (orange line). The black dotted boxes highlight the sites that change during the reactions. 
Atom colors: C (orange), F (green), O (red), H (white), Ti (grey), B (pink), and N (purple). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Cumulative hydroxyl radical concentration–time profiles and PFOA 
concentration–time profiles (inset), using terephthalic acid as hydroxyl radical 
scavenger during PFOA photocatalysis with BN and with TiO2. Reaction con
ditions: [terephthalic acid] (at t = -30 min) = 3 mM, [PFOA] (at t = -30 min) =
120 μM, same total surface area (1 m2) of BN (1.25 g/L, SBET = 40 m2/g) or 
TiO2 (0.5 g/L, SBET = 100 m2/g), ambient temperature, air headspace, initial 
pH 3.5, 254-nm light, photo flux = 6.5 × 10-6 Einstein⋅L-1⋅s− 1. 
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oxidize PFOA directly, [87,88] but can promote the degradation of 
PFCAs by reacting with perfluoroalkyl radicals (CnF2n+1•) [12,13]. We 
then estimated the generation of •OH radicals using the method 
described in Section 2.5, with an assumption of a 20 % trapping effi
ciency of TA [89,37]. As shown in Fig. 6, both materials generated •OH 
radicals during PFOA photocatalysis and more •OH radicals were 
accumulated over TiO2. We calculated the hydroxyl radical formation 
rate with BN to be ~ 10 × lower than with TiO2 (0.34 μM •OH/min vs. 
3.5 μM •OH/min). 

We can express the production rate of hydroxyl radical formation 
from hole consumption by surface hydroxyls as: 

OHad + h+ →
k⋅OH ⋅OH (19)  

r⋅OH = k⋅OH × COHad × Choles (20) 

The implication of this side reaction is that, in any system, surface 
hydroxyls will compete with PFOA for reaction with surface holes. The 
fact that the TiO2 generates hydroxyl radicals 10 × faster than BN im
plies a much higher amount of surface hydroxyls on TiO2 than on BN, 
which is expected given TiO2′s affinity for forming surface hydroxyls 
[81,83,84]. While these not only make TiO2 more hydrophilic and less 
likely to adsorb PFOA, they also have the unintended negative conse
quence of consuming holes which could have reacted with PFOA mol
ecules, compounding the inefficiency of the system. While we note 
hydroxyl radicals can be formed from hydrogen peroxide generated 
from the reaction of photogenerated superoxide radicals with a hole and 
a proton, [24,90] this is expected to be negligible as no intermediate 
hydrogen peroxide was detected using titanium(IV) oxysulfate reagent 
in this work. 

4. Outlook 

BN is a wide bandgap semiconductor that exhibits limitations in its 
ability to absorb light effectively. In our previous work, the combination 
of BN with wide bandgap TiO2 facilitated the adsorption of UV-A light. 
Additionally, it resulted in the creation of a semiconductor hetero
junction, facilitating the separation of electrons and holes. This property 
is particularly advantageous for the efficient degradation of PFOA, 
which occurred even under solar radiation. 

This current work highlights a key limitation. TiO2, which, being a 
hydrophilic material, exhibits a relatively slower rate of PFOA degra
dation due to poor PFOA adsorption and inefficient reactions of photo
generated holes with adsorbed hydroxyls. To further enhance BN 
photocatalyst performance for PFOA, future composites should incor
porate hydrophobic wide bandgap semiconductor materials with com
plementary band structures. 

5. Conclusion 

Enhanced PFOA photodegradation performance of BN over TiO2 was 
investigated in the present work, with a focus on the role of material 
hydrophobicity. BN was ~ 2.7 × faster at photocatalytically degrading 
PFOA than TiO2 under 254-nm light illumination at near-neutral pH. 
Acidic pH accelerated PFOA (pre)adsorption and photodegradation for 
both materials due to improved electrostatic interactions between PFOA 
and the catalyst surfaces, and enhanced BN photocatalysis more (~3.5 
× faster than TiO2). PFOA sorption experiments showed hydrophobic 
BN had stronger PFOA adsorption affinity and ~ 2 × higher PFOA 
surface coverage for BN regardless of pH, affirming the positive benefit 
of surface hydrophobicity on catalysis. A Langmuir-Hinshelwood rate 
law comparison suggested hole surface concentrations were compara
ble, and DFT modeling indicated that holes on both photocatalysts were 
energetically capable of reacting with both surface hydroxyl groups and 
adsorbed PFOA. BN has less surface hydroxyls and more adsorbed PFOA 
than the presumably fully surface-hydroxylated TiO2, such that BN 

surface hydrophobicity effectively directs the holes to react with phys
isorbed PFOA rather than with surface hydroxyls. In comparison, the 
holes of TiO2 react more readily with surface hydroxyl groups than with 
PFOA, leading to the observed lower PFOA degradation rates and a 
higher OH formation rate. Thus, hydrophobicity of a photocatalyst 
surface contributes to higher degradation activity by increasing surface 
concentration of the target compound, and by diminishing the amount 
of surface hydroxyl groups which can react with the photogenerated 
holes. 
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[34] M. Sörengård, V. Franke, R. Tröger, L. Ahrens, Losses of poly-and perfluoroalkyl 
substances to syringe filter materials, J. Chromatogr. A 1609 (2020) 460430. 

[35] B. Nowack, F.G. Kari, S.U. Hilger, L. Sigg, Determination of dissolved and adsorbed 
EDTA species in water and sediments by HPLC, Anal. Chem. 68 (3) (1996) 
561–566. 

[36] H. Seshadri, S. Chitra, K. Paramasivan, P.K. Sinha, Photocatalytic degradation of 
liquid waste containing EDTA, Desalination 232 (1–3) (2008) 139–144. 

[37] Y.B. Yin, K.N. Heck, C.L. Coonrod, et al., PdAu-catalyzed oxidation through in situ 
generated H2O2 in simulated produced water, Catal. Today 339 (2020) 362–370. 

[38] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phys. Rev. B 54 (16) (1996) 11169. 

[39] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals 
and semiconductors using a plane-wave basis set, Comput. Mater. Sci 6 (1) (1996) 
15–50. 

[40] K. Mathew, V.S.C. Kolluru, S. Mula, S.N. Steinmann, R.G. Hennig, Implicit self- 
consistent electrolyte model in plane-wave density-functional theory, J. Chem. 
Phys. 151 (23) (2019) 234101. 

[41] K. Mathew, R. Sundararaman, K. Letchworth-Weaver, T.A. Arias, R.G. Hennig, 
Implicit solvation model for density-functional study of nanocrystal surfaces and 
reaction pathways, J. Chem. Phys. 140 (8) (2014) 84106. 

[42] M.C. Toroker, D.K. Kanan, N. Alidoust, L.Y. Isseroff, P. Liao, E.A. Carter, First 
principles scheme to evaluate band edge positions in potential transition metal 
oxide photocatalysts and photoelectrodes, PCCP 13 (37) (2011) 16644–16654. 

[43] I.M. Nadeem, J.P.W. Treacy, S. Selcuk, et al., Water dissociates at the aqueous 
interface with reduced anatase TiO2 (101), J. Phys. Chem. Lett. 9 (11) (2018) 
3131–3136. 

[44] R. Martinez-Casado, G. Mallia, N.M. Harrison, R. Pérez, First-principles study of the 
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