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ABSTRACT: Semiconductor photocatalysis is currently being explored
as a treatment tool for wastewaters contaminated with poly-/
perfluoroalkyl substances (PFAS), such as groundwater impacted by
aqueous film-forming foams. While numerous catalysts have been shown
to degrade perfluorocarboxylic acids (PFCAs) such as PFOA, research
thus far has been confined to bench-scale evaluations that offer little
insight into the practical aspects and potential energy efficiency expected
during full-scale application. Herein, we advanced such understanding
using the recently discovered Bi3O(OH)(PO4)2 catalyst system (UV/
BOHP) by first elucidating the basic PFCA degradation mechanisms and
behavior, followed by comparisons among different photoreactor designs.
The BOHP suspension degraded PFCAs primarily through direct
heterogeneous oxidation by valence band holes, and kinetics correlated
positively with chain length. Degradation of PFCAs was further compared between stirred immersion photoreactors, bench-scale
confined-flow high-intensity slurry photocatalytic reactors (CHISPRs), and a larger commercial CHISPR system. Complete
degradation (>99%) of long-chain PFCAs was observed in the immersion reactors within 60 min, while the CHISPRs degraded all
PFAS tested within 20 min; however, control tests revealed that direct photolysis by vacuum UV was the main driver in the
CHISPRs. Despite their faster kinetics, the energy consumption (per order removal) of PFOA photolysis in the unmodified
CHISPRs was significantly higher (51−124 kWh/m3) compared to PFOA photocatalysis in the immersion reactors (25 ± 4 kWh/
m3). Based on these findings, practical photoreactor design criteria were proposed which incorporate both photolysis and
photocatalysis, and which have implications beyond just the UV/BOHP process.

KEYWORDS: PFAS, Photocatalysis, Bismuth phosphate, Photoreactor, Vacuum UV

■ INTRODUCTION

In the wake of intensifying research on poly-/perfluoroalkyl
substance (PFAS) contamination, the need for practical
removal methods within nearly every sector of water treatment
and remediation is now evident, including drinking water,
wastewater, groundwater, leachate, and industrial discharge.1−4

Current technological trends suggest that adsorbents and ion
exchange resins can contribute to PFAS control in municipal
water and wastewater treatment scenarios handling MGD-
range flows (103−104 m3/d) and relatively low PFAS
loading.5,6 Destructive processes that produce no hazardous
residuals, on the other hand, may prove more cost-effective for
smaller decentralized operations associated with contaminated
groundwater sites, landfills, and industrial effluents, as
examples. While conventional homogeneous advanced oxida-
tion processes based solely on •OH generation are ineffective
in destroying PFAS,7 photocatalytic treatment is a promising
route. Several unconventional wide band gap semiconductor
photocatalysts have been shown to degrade perfluorocarboxylic

acids (PFCAs) under UV irradiation, including β-Ga2O3,
In2O3, InOOH, and BN.8−11

Recently, we demonstrated photocatalytic degradation of
perfluorooctanoic acid (PFOA) by bismuth phosphate semi-
conductors, including BiPO4 submicrometer particles (n
monoclinic) and Petitjeanite Bi3O(OH)(PO4)2 microparticles
(BOHP).12 In benchtop UVC immersion reactors, a
suspension of BOHP was shown to outperform BiPO4 and
β-Ga2O3, achieving complete degradation of PFOA in under
60 min and >60% fluoride liberation in 120 min.12 Results
showed that acidic conditions (pH < 4.5) were indispensable
to rapid PFOA degradation by BOHP, as they promoted
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positive charge on the catalyst surface which attracted the
deprotonated PFOA carboxylate headgroup. Overall, BOHP
may be well-suited for practical application in UV photo-
reactors due to its chemical stability, low toxicity, high catalytic
activity, and physical durability.12,13 With an estimated band
gap of 3.90 eV,12 photoexcitation is achievable using UVB
LEDs (e.g., 290 nm) or more conventional mercury lamps.
Photocatalytic water treatment techniques are notoriously

difficult to scale-up and transfer out of the laboratory;
therefore, we assert that further development of the UV/
BOHP process should address reactor design aspects early on,
rather than focusing solely on degradation mechanisms and
catalytic behavior at this time. Moreover, any interpretation of
bench-scale photocatalytic performance data should consider
what type of full-scale reactor might be used for real-world
application of the process.
Most laboratory studies on photocatalytic water treatment

techniques have employed immersion photoreactors, wherein a
mercury lamp assembly is immersed into a magnetically stirred
cylindrical vessel containing suspended catalyst particles, in an
annular configuration. Lamp-to-wall distances (annulus width)
are typically a few centimeters but vary widely among studies.
Their impact on treatment efficiency is also overlooked. While
simple to construct for lab tests, this reactor type is not
typically used for larger-scale systems, wherein flow-through
designs using mainly static mixing are common to pilot-scale
experimental systems.14−17 Thus, the only widely applied
commercial photocatalytic system is the Purifics Photo-cat®,
which uses a TiO2 slurry in designs with treatment capacities
ranging up to 4 MGD (4264 m3/d).18 This systemto which
we refer generically herein as a confined-flow, high-intensity,
slurry photocatalytic reactor (CHISPR)employs a design
that differs drastically from typical laboratory reactors. (For a
detailed description of the Photo-cat® system, the reader is
referred to ref 19.) The distinguishing features of CHISPRs are
flow-through configuration with a narrow annulus width; high
flow velocity (and thus turbulence); and high ratio of lamp
power to reactor volume (P:V ratio). For the Photocat-L
system, these values are 3 mm, 1.8 m/s, and 349 W/L,
respectively. Scale-up to MGD-range treatment rates has been
achieved by arranging numerous CHISPRs in series, with full-
scale commercial units employing up to 360 kW of low
pressure mercury lamp wattage.18 Because of the different
configurations, photocatalytic behaviors observed for any
catalyst/contaminant combination have the potential to differ
significantly between immersion reactors and CHISPRs.
Our preliminary experimentation with the UV/BOHP

process also revealed that the degradation behavior of PFAS
in photocatalytic reactors may be affected significantly by the
type of low-pressure mercury lamp employed, i.e., VUV-
emitting (254/185 nm; “ozone generating”) or non-VUV
emitting (254 nm UVC emission only; “ozone-free”). The two
types differ only in the purity and thus VUV transmittance of
the quartz glass components of the bulb and protective sleeve.
Direct photolysis of PFAS has been observed by other
researchers for both UVC and VUV, though the former is
much less efficient and typically neglected in immersion
reactor studies.20,21 Given the dose rates used in CHISPRs,
however, the effects of both types of photolysis should be
carefully considered in addition to photocatalytic degradation.
The broader goal of this work is to advance understanding of

the UV/BOHP process as it applies to practical treatment of
PFAS-contaminated groundwaters. The scope of our objectives

included (1) to elucidate the photocatalytic mechanisms and
behavior of BOHP which may be affected by operational
conditions; (2) to assess the ability of BOHP to degrade a
wider range of PFAS species; (3) to determine the impacts of
realistic water matrices on degradation kinetics; and (4) to
compare performance and energy efficiency between different
reactor configurations. Experiments were conducted using
benchtop immersion reactors and custom-made bench-scale
CHISPRs, as well as a pilot-scale Purifics Photo-cat® system
(Figure 1).

■ EXPERIMENTAL METHODS
Materials. Stock chemical sources and purities are provided

in the Supporting Information (Text S1). BOHP micro-
particles were prepared using hydrothermal syntheses, as
described in our previous work.12 Diluted HCl and NaOH
(∼0.1 M) were used to adjust the pH of the precursor
solutions. Distilled−deionized water (DDI) of resistivity 18
MΩ·cm or tap water were used in all experiments.

Analyses. Chemical analyses of PFAS and other analytes, as
well as catalyst material characterization methods, are provided
in the Supporting Information (Text S2).

Photoreactors and Photocatalysis Experiments. Pho-
tocatalytic tests were performed in three photoreactor systems,
depicted in Figures 1 and S1, and the parameters are listed in
Table 1. The Photo-cat® system was operated with a total
system volume of 16 L, typically using a tap water matrix, with
a recycle flow rate of 25 L/min. Tap water parameters are
listed in Table S1. The amount of BOHP added was 20 g (1.25

Figure 1. Photoreactor configurations used in this study (mercury
lamps depicted in blue), including (A) immersion photoreactor, (B)
benchtop CHISPR, and (C) commercial CHISPR system with
catalyst separation and effluent recycle (lamps are mounted within the
tubes similar to in part B). All reactors were equipped with outer
cooling jackets through which tap water flowed. Photographs are
shown in Figure S1.
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g/L), as pre-experiments revealed that greater amounts did not
result in faster PFOA degradation, and the synthesis require-
ments were prohibitive. The unit was also equipped with a rack
cooling system comprising steel jackets around each photo-
reactor through which tap water was pumped to keep the
treatment water cool during operation in recycle mode. The
typical steady state temperature of the Photo-cat® water was
38 °C. Additional details of the Photo-cat® system can be
found in Gerrity et al.19 Smaller, bench-scale CHISPRs were
also constructed to emulate the annulus width and slurry flow
velocity of the reactors in the commercial system while
providing a simplified treatment loop for greater control over
photocatalysis/photolysis conditions. These reactors were
equipped with either 254 nm emission lamps or 185/254
nm lamps. Full details of the reactors are included in Text S3.
Immersion Photoreactor Experiments. Experiments in the

bench immersion photoreactors were performed as reported
previously, though some experiments used a 185/254 nm lamp
of equivalent submerged wattage.12 For scavenger experiments,
an initial PFOA concentration of 0.13 mM was used, and
sodium oxalate, isopropanol (IPA), and superoxide dismutase
(SOD) were added at 2.5 mM, 14.5 mM, and 6.0 U/mL,
respectively. In the experiments using O2 and N2 bubbling, the
solutions were bubbled continuously with the gas for 2 h
before starting the irradiation, as well as during the
experiments. For evaluation of potential quenching by

groundwater matrix components, Suwannee River NOM,
NaCl, and Na2SO4 were used as sources of NOM, Cl−, and
SO4

2−, respectively (Text S1). Samples collected for high-
performance liquid chromatography (HPLC) and ion
chromatography (IC) analyses were filtered using 0.2 μm
poly(ether sulfone) (PES) filters.

Commercial Pilot-Scale CHISPR Experiments. Tap water
spiked with PFAS was prepared externally and then transferred
into the Photo-cat® unit via the influent reservoir. Before
turning on the UV lamps, the unit was run in the dark mode
for 2 h to achieve adsorption/desorption equilibrium and
homogeneously disperse the contaminant(s) throughout the
system. In a typical photocatalytic experiment for high initial
concentrations (0.13 mM), irradiation was conducted for 3 h
with the water-cooling system on. Samples of 50 mL were
taken for analysis every 1 h from the effluent sampling port;
this port is located after the membrane unit, and the effluent is
thus free of catalyst particles. Before each experiment, the
CHISPR was flushed for 10 min with tap water to remove the
residual PFAS from the system. To prepare the unit for
experiments using low initial PFAS concentrations (ppb-
range), the unit was flushed with tap water for 6 h to achieve a
measured residual PFOA concentration of <0.4 ppb, as
determined by LC-MS/MS analysis.

Bench-Scale CHISPR Experiments. The BOHP/PFAS
slurries were prepared externally by mixing in DDI water. In
a typical experiment, the slurry was first transferred into the
system via the polypropylene graduated cylinder, which served
as an influent reservoir (Figure S1). Before turning on the
lamp, the slurry was circulated through the system in the dark
mode for 15 min to achieve adsorption/desorption equilibrium
of the system, while the outer cooling jackets were continually
flushed with tap water to maintain constant temperature.
During treatment, sample aliquots were collected via a valve,
with the first 5 mL returned to the influent reservoir to
minimize the interference from the residual solutions in the
valve. Then, 3 mL was collected. Samples were filtered using
0.2 μm PES filters. After each experiment, a cleaning procedure
was performed to remove the residual PFAS from the bench-
scale CHISPR system. Tap water was first pumped through the
whole system for at least 30 min. Then, 400 mL of DDI water

Table 1. Characteristics of Photoreactor Systems Used in
This Study

immersion
photoreactors

bench-scale
CHISPR

pilot-scale
CHISPR system

individual lamp
wattage (W)

7.2a 48 or 57 75

number of lamps 1 1 8
operation mode batch recirculation recirculation
wavelengths (nm) 254 254 or

185/254
185/254

catalyst conc. (g/L) 1.8 1.8 1.25
typical water matrix acidified DDI

water
acidified DDI
water

tap water

a18 W lamp submerged partway (0.4)

Figure 2. Photocatalytic degradation mechanisms of PFOA by UV/BOHP. (A) Results of immersion reactor scavenger studies using UVC
irradiation (254 nm) with scavengers and target active species indicated in parentheses. Error bars represent standard deviations of experiments
performed in triplicate. (B) Hypothesized mechanisms of PFOA degradation. Red arrows show primary mechanisms while blue arrows show
secondary mechanisms.
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was circulated through the reactor for 10 min and then
discharged. This procedure was repeated three times before
starting new experiments.

■ RESULTS AND DISCUSSION
Characterization. Data pertaining to particle morphology,

phase purity, and zeta potential of BOHP were included in our
previous work.12 Herein we additionally determined the pH of
zero charge (PZC) of BOHP to be approximately 5.9 (Figure
S2), which is consistent with our previous result of positive
zeta potential at pH 4 and negative potential at neutral pH.12

Photocatalysis Mechanism. Classical photocatalytic
water treatment employs semiconductors such as TiO2 to
produce surface-bound and bulk phase reactive oxygen
speciesnamely •OH and O2

•−which in turn oxidize target
contaminants. Our previous work, as well as other reports of
photocatalytic PFOA degradation,10,12,22 found that catalyst
surface properties favoring PFOA adsorption strongly
enhanced degradation and mineralization kinetics. The direct
heterogeneous reaction between PFAS and valence band holes
(hvb

+) was thus speculated to be the primary mode of action by
UV/BOHP. To confirm the role of hvb

+ herein, individual
active species were quenched with appropriate scavengers
during UV/BOHP treatment to reveal those which contributed
most to PFOA degradation. Addition of oxalate as a hvb

+

scavenger23,24 completely halted degradation as seen in Figure
2A; this confirms that hvb

+ plays a vital role but does not
indicate whether it is through direct heterogeneous reaction or
an indirect mechanism involving radical formation. Isopropa-
nol and SOD were added to quench •OH and O2

•−,9,23

respectively, and the results are also shown in Figure 2A.
Quenching of •OH by IPA markedly slowed PFOA
degradation, with methanol and t-butanol having a similar
effect (data not shown). While direct reaction of PFOA with
•OH is known to be inefficient in homogeneous advanced
oxidation,7 several works involving the reaction of PFOA at
liquid−solid interfaces have reported similar results, including
in photocatalytic and electrochemical systems.9,25−27 Relating
to the same behavior observed during PFOA degradation by a
In2O3 photocatalyst, Wu et al. proposed that •OH reacts with
perfluoroalkyl radical intermediates formed by reaction of
PFOA with hvb

+ (Reaction 2) and thus accelerates the stepwise
chain-shortening mineralization process.9 Aside from aiding in
mineralization, the manner in which •OH contributes to

parent compound degradation is not clear at this time, though
an apparent synergism upon exposure of adsorbed PFOA to
•OH and hvb

+ simultaneously has been noted by others.9,11

Finally, quenching of O2
•− resulted in a measurable impair-

ment of PFOA degradation, suggesting possible minor
contribution of O2

•− in degrading PFOA. Activity of O2
•− in

degrading PFOA has been reported by others.28 The
hypothesized primary mechanism of PFOA oxidation is
shown below, in agreement with other photocatalysis studies:9

hC F COO C F COO C F COvb 17 15 7 5 7 15 2+ → → +− + • •
(1)

C F OH C F OH C F COF HF7 15 7 15 6 13+ → → +• •
(2)

C F COF OH C F COO HF6 13 6 13+ → +− −
(3)

The effect of both excess and diminished dissolved O2 was
studied by purging the suspensions with O2 and N2 gases,
respectively, during irradiation (Figure 2A). Additional O2 was
expected to enhance PFOA degradation by increasing O2

•−

generation, but interestingly, bubbling with neither gas resulted
in enhancement compared to the air atmosphere control. In
the case of the O2-bubbled experiment, the BOHP particles
became less stable in suspension and were observed forming
particle−bubble aggregates that resulted in some loss from the
reactor. We hypothesize that O2 ionosorption and/or attack by
O2

•− resulted in neutralization of positively charged BOHP
surface groups, such as oxygen vacancies; this charge
neutralization in turn led to flocculation that impeded
photocatalysis by inhibiting mass transfer to the available
surface area and caused catalyst self-shading. While this
explanation is not proven, the results clearly indicate that
UV/BOHP is not enhanced by the addition of O2. Moreover,
the lack of any quenching effect by N2 bubbling (and thus
removal O2) suggests that H+ might serve as a BOHP
conduction band electron acceptor, and the presence of O2 is
not a prerequisite for PFOA degradation under acidic
conditions. The proposed photocatalytic mechanism is
depicted in Figure 2B.
The kinetics of PFOA degradation by UV/BOHP with a

ppb-range starting concentration are shown in Figure 3A, along
with the concentration profiles of shorter-chain PFCA
intermediate products. PFOA was completely degraded
(>99%) after 120 min, which was slower compared to the
ppm-range starting concentration and consistent with an

Figure 3. (A) Concentrations of PFCAs during PFOA degradation by UV/BOHP using an immersion reactor and 254 nm irradiation (C0 = 660
ppb). (B) Degradation kinetics of various PFCAs and GenX spiked individually in the immersion reactor (C0 = 53 ppm). Experiments were
performed using DDI matrix adjusted to initial pH of 4. Error bars represent standard deviations of experiments performed in triplicate.
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adsorption-dependent mechanism; therein, a lower solution
phase PFOA concentration resulted in a lower adsorbed-phase
concentration at equilibrium, thereby decreasing the proba-
bility of interaction with photogenerated charge carriers. All
short-chain PFCAs included in our analyses were detected and
increased in concentration as PFOA was degraded, with the
exception of perfluoroheptanoic acid (PFHpA) which began to
decline after 90 min. The data suggest that PFCAs of six
carbons or less are not degraded by BOHP under these
conditions, which is further confirmed by the data in Figure
3B. Therein, PFCAs (C4−C10) and 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)propanoic acid (GenX) were spiked
individually at a high concentration (0.13 mM) into separate
solutions for treatment by UV/BOHP. A distinct dependence
of degradation rate on PFCA chain length was observed, with
perfluorodecanoic acid (PFDA) showing the fastest degrada-
tion and C4−C6 compounds showing negligible degradation.
This trend can be explained by adsorption behavior, which is
also known to be generally dependent on PFCA chain length.29

The short-chain compounds known for poor adsorption had
limited interaction with the catalyst surface and direct reaction
with hvb

+ was inefficient. Additionally, no degradation of GenX
was observed, despite having a similar chain length to that of
PFHpA. The result was attributed to the methyl group on the
α carbon, which is known to cause a steric hindrance that
interferes with both adsorption and reactions that target the
carboxylate headgroup.30,31

Effects of the Water Matrix. Applicability of the UV/
BOHP process to real waters was first assessed by singly
introducing potential quenching species at concentrations
typical to groundwaters, including natural organic matter
(NOM), Cl−, and SO4

2−. As seen in Figure S3a, the presence
of Suwanee River NOM had no significant effect on PFOA
degradation at any of the test concentrations, which ranged up
to 7.3 mg/L dissolved organic carbon (DOC). Yet, we found
that BOHP could readily degrade NOM, as evidenced by up to
∼80% reduction in DOC after 2 h, with accompanying
improvements in UV transmittance (Figure S3b,c). The
finding of NOM degradation, but a lack of interference in
PFOA degradation, indicates a contrasting photocatalytic
mechanism. Anionic PFOA was readily attracted to the
positively charged catalyst surface where it directly reacted
with hvb

+. Humic substances, on the other hand, have pKa >
4,32 were thus mainly protonated and neutral at pH < 4, and
would be sterically hindered from direct reaction with the
catalyst surface. It is therefore likely that NOM was degraded

primarily by reactive oxygen species that diffused from BOHP
to the bulk solution.
Since groundwater often contains elevated Cl− and SO4

2−

concentrations, the impacts of these anions on UV/BOHP
were evaluated at environmentally relevant concentrations.
The effects of concentrations up to 100 ppm on PFOA
degradation kinetics are shown in Figure 4 a,b, respectively.
The presence of both anions negatively impacted PFOA
degradation rate, with SO4

2− having a greater impact on a per
molar basis. Literature reports of effects of Cl− on semi-
conductor photocatalytic water treatment are inconsistent (and
largely exclusive to TiO2), with some studies reporting
significant quenching,33−35 some reporting enhancement
effects,36 and others reporting a negligible effect.37,38 In the
case of quenching, the mechanisms were also inconsistent and
speculative, including both adsorption/surface effects and hvb

+

scavenging. Iguchi et al. conclusively showed that Cl− was
oxidized by the hvb

+ of layered double hydroxide photocatalysts
to produce HOCl.39 Given the wide band gap and oxidizing
ability of BOHP, we speculate this is also the case here. Sulfate,
on the other hand, would not be oxidized further but likely
acted by adsorbing to the BOHP surface as reported for other
materials; this in turn neutralized positive surface charge and
created a potential barrier that interfered with the PFOA−hvb+
direct reaction.37,40 As seen in the data, the quenching effect
begins to plateau at SO4

2− concentrations greater than 10 ppm.
Additional increases in the SO4

2− concentration resulted in
diminishing increases in quenching, consistent with the catalyst
surface approaching a saturated adsorption capacity.
Due the detrimental effects of anions (Cl−, SO4

2−, and
possibly others), there likely exists a trade-off with respect to
intentional acidification of the UV/BOHP process. Lower pH
improves surface charge and contaminant-catalyst contact, but
the counterion component of any acid may induce quenching
effectsparticularly for alkalinity-bearing waters that require
more copious acid addition to reach pH 4. To elucidate,
additional PFOA kinetics comparisons were performed in the
immersion reactor using tap water and DDI matrices, with
various adjustments made to initial pH values with PFOA
degradation kinetics shown in Figure 4C. (Water quality
parameters of the employed tap water are shown in Table S1,
including Cl− and SO4

2− concentrations of 7.7 and 10.8 ppm,
respectively, and alkalinity of 12.8 mg/L-CaCO3.) In DDI
water, PFOA degradation rate was highly sensitive to pH, as we
found previously.12 For the pH 5 water, distinct accelerating
degradation kinetics were observed as HF was generated in the

Figure 4. Effects of water matrix contents on PFOA degradation by UV/BOHP in the immersion photoreactor (254 nm). (A) Effect of copresent
Cl− and (B) sulfate anions on PFOA degradation kinetics. (C) Comparison of tap water and DDI matrices at different pH values. Error bars show
standard deviations of triplicate experiments; C0,PFOA = 0.13 mM.
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unbuffered solution and caused a drop in the pH. For tap water
experiments, PFOA degradation was heavily suppressed both
for natural pH conditions (6.9) and when acidification to pH 4
was employed. Considering the background Cl− and SO4

2−

content of the tap water, as well as the substantial additional
HCl added to remove alkalinity and lower the pH, photo-
catalysis was undoubtedly quenched by anions during this
experiment. Overall, these results suggest that alkalinity is
problematic for UV/BOHP photocatalysis, though the use of
other acids for lowering the pH may be less detrimental than
HCl.
Commercial CHISPR Reactor Results. Figure 5A,B

shows the degradation and F− recovery, respectively, of singly
spiked PFCAs and GenX in tap water by the commercial
CHISPR loaded with BOHP. While the observed degradation
kinetics were faster than those in the immersion reactor when
plotted vs irradiation time, the energy per unit volume values
plotted on the secondary X-axes show that the commercial
reactor used 2.5 times more lamp energy to achieve the same
degree of removal. Energy efficiency aspects are discussed in
further detail in a later section. Degradation of all PFAS
proceeded at similar rates in this reactor, as did the PFOA
control experiment using no BOHP, which together indicates
that photolysis was responsible and not photocatalysis. Unlike
the lamps used in the immersion reactor experiments discussed
above, those in the commercial reactor included 185 nm VUV
emissions capable of directly photolyzing most PFAS.20,41

Overall, F− recovery was significantly lower than that observed
previously in the immersion reactor for PFOA,25 with PFHpA
showing the lowest (23 ± 4%) and PFOA the highest (36 ±

2%), though no clear trend was observed. Since significant
turbulence occurred where the recycled effluent and slurry
reenter the influent reservoir (Figure 1C), air stripping is
suspected to have resulted in loss of HF and other intermediate
fluorinated compounds from the system. The data in Figure
5C show the appearance of sequentially shorter-chain PFCAs
upon degradation of PFOA in the CHISPR, though other
intermediates cannot be ruled out. With an initial PFOA
concentration of 81 ppb in that experiment, all PFCA
compounds were reduced to below detection limits (Table
S3) within 50 min, with the exception of PFHxA (Cfinal = 190
ppt).
Tap water was used in most commercial CHISPR

experiments due to the extensive flushing requirements of
the unit, though a limited number of experiments were
completed with DDI matrix for comparison. As seen in Figure
5D, PFOA degradation was fastest in acidified DDI, suggesting
that BOHP photocatalysis contributed to degradation to some
extent in the reactor under these conditions. Furthermore, the
aforementioned trade-off between acidification and anion
addition in the case of alkalinity-bearing water was confirmed;
since the tap water required more HCl to reach pH 4, the
additional quenching from Cl− counteracted any benefit to the
BOHP surface charge, and degradation in tap water was largely
photolysis-driven and insensitive to pH. Lastly, the faster
degradation in tap water, compared to DDI at pH 4.6, may
have been due to the presence of sulfate in the former. While
we found sulfate to impair photocatalysis, it has been reported
to undergo photolysis under VUV irradiation to form •OH42

Figure 5. Results of commercial CHISPR (Photocat) experiments (185/254 nm). (A) Degradation of PFCAs spiked individually in the Photo-
cat® system loaded with BOHP in tap water matrix and (B) associated fluoride liberation (C0,PFCA = 0.13 mM, pH0 ≈ 6.8). (C) Degradation of
PFOA and intermediate products at low concentration (C0,PFOA = 81 ppb) in tap water. (D) PFOA degradation comparison between different
water matrices. For CHISPR kinetic data, the degradation ratios are plotted versus “irradiation time”, which includes only the portion of the
residence time spent within the actual photoreactor components of the system (Table S2). All experiments used an initial pH of approximately 6.8
unless otherwise indicated.
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and, thus, might provide enhancement when photolysis is the
dominant mechanism.
Contributions of Photocatalysis and Photolysis. The

results of commercial CHISPR experiments overall exhibited a
starkly different behavior than those using the bench
immersion reactors, with important implications in transferring
the UV/BOHP process from the lab to the field. Comparison
of the two is complicated by the existence of VUV emissions in
CHISPR and apparent weak contribution of UVC photo-
catalysis relative to VUV photolysis. To explicitly separate
these phenomena, tests were performed in bench-scale
CHISPRs with irradiation and flow conditions similar to the
reactors in the Photo-cat® system, and with option to be fitted
with either of two lamp types185/254 or 254 nm-only.
Figure 6 shows comparisons of PFOA degradation using both

immersion and CHISPR reactors fitted with the various lamp
types. For the immersion reactor, photolysis of PFOA in the
absence of any catalyst was observed for 185/254 nm
irradiation, but not for 254 nm-only irradiation (Figure 6A).
With BOHP present, the addition of the VUV emissions had
surprisingly little effect on the kinetics. This result shows that
PFOA degradation in the immersion reactor was dominated by
photocatalysis even with VUV present. In the CHISPR, some
PFOA photolysis by 254 nm-only irradiation was observed,
owing to the higher average intensity in this reactor. The rate
of degradation by 254 nm increased only slightly with BOHP
added (Figure 6B), indicating a weaker photocatalytic effect
compared to the immersion reactor. Under 185/254 nm
irradiation, PFOA degradation rate was the same in the
CHISPR whether BOHP was present or not, confirming that
photolysis was dominant in this reactor type. We note that this
behavior is only applicable to degradation of PFOA and likely
longer-chain PFCAs as well. Tests performed using PFBA as
the target contaminant revealed degradation by VUV

photolysis in both reactor types, but no contribution from
BOHP photocatalysis in either case (data not shown). In fact,
the presence of BOHP in the immersion reactor detracted
slightly from PFBA degradation by attenuating VUV photons.

Reactor Design Evaluation. As seen above, even with the
same photocatalyst, water matrix, target contaminant, and
irradiation wavelengths, the immersion and CHISPR reactors
demonstrated starkly different treatment behaviors. We
hypothesized this contrast to have resulted from two aspects
of their respective designs. First, VUV radiation is attenuated
by water, and thus its effects radiate less than a centimeter from
the source. With an annulus width of 3 mm, the CHISPR
reactor contained all of the flow within range of the VUV to
result in a greater contribution of photolysis. In the immersion
reactor, however, only a small fraction of the volume was
irradiated by VUV at any given time, thus limiting its overall
contribution to PFOA degradation. Second, the 254 nm
(UVC) component of mercury lamp emissions is ∼10 times
more intense than the VUV and has greater penetration depth
into solutions.43 With the CHISPR reactor, we suspect that a
significant fraction of the UVC emissions was absorbed by the
reactor walls (i.e., wall losses). Catalyst particles within the
annulus would also experience a very high UVC intensity,
potentially generating charge carriers faster than PFOA could
transfer to their surfaces, causing a greater portion of hvb

+ to be
wasted (i.e., saturation losses). In contrast, with the greater
lamp-to-wall distance and lower P:V ratio of the immersion
reactor, that system likely experienced much lower degrees of
both types of losses, thus permitting more of the UVC energy
to drive photocatalytic reactions. To demonstrate this theory,
two additional bench-scale CHISPRs were constructed with
double and quadruple the original annulus width (6 and 12
mm, respectively), while keeping the lamp power fixed. Results
of PFOA degradation tests in all three CHISPRs, equipped
with 185/254 nm lamps, are shown in Figure 7. Therein, it was
found that as annulus width increased, the contribution of
UVC photocatalysis relative to VUV photolysis increased.

Treatment Efficiency Comparison. In comparing differ-
ent reactor systems for PFAS degradation, data concerning
only kinetics can be misleading, as it does not inform on the
treatment energy efficiency (e.g., kJ/m3) and treatment rate
potential (e.g., m3/h, meeting the target effluent concen-
tration) of a system. Processes offering fast degradation

Figure 6. Effect of lamp type on PFOA photocatalysis (with BOHP)
and photolysis (no catalyst) in both the (A) immersion reactor and
(B) bench-scale CHISPR. C0,PFOA = 0.13 mM in DDI water adjusted
to pH with HCl.

Figure 7. Comparison of photocatalytic (BOHP present, solid lines)
and photolytic (no catalyst, dashed lines) PFOA degradation in
CHISPR reactors with various annulus widths (C0 = 0.13 mM in DDI,
pH0 4).
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kinetics can be accommodated in reactors with shorter
residence times and smaller volumes, which, for photocatalysis,
implies the additional benefit of requiring less catalyst material.
Nonetheless, the energy requirements for destructive treatment
of PFAS-contaminated waters remain the most challenging
limitation, and therefore, a process with slower kinetics that
requires longer residence time and larger footprint may in fact
be preferred if it is overall more energy efficient.
For photoreactors using the same type of UV source, the

electrical energy per log order reduction (EE/O) method
offers a valid means of quantitively comparing treatment
efficiencies of different reactor systems.44 The EE/O (kWh/
m3, per order) for batch or recirculating reactors is calculated
as follows:

( )
P

C C
EE / O

log( / ) (3600)V
t0

=
−

where P is the total electrical power of UV lamp(s) in the
reactor (kW), C/C0 is the contaminant removal ratio, V is the
total volume of the treated water (m3), and t is the reaction
time (s). This equation does not include other forms of energy
consumption, such as pumping, since radiation sources
account for the majority of electricity use in UV-based
advanced redox processes. Calculated EE/O values for select
experiments herein are shown in Table 2. Overall, the

immersion reactor system degraded PFOA via BOHP
photocatalysis/VUV photolysis more energy-efficiently than
the CHISPRs due to the greater lamp-to-wall distance, lower
P:V, and efficient use of UVC photons as discussed previously.
This reactor was also roughly as efficient or more efficient in
photolyzing PFBA, compared to the CHISPRs. From a
photolysis perspective, a greater lamp-to-wall distance results
in slower kinetics by increasing the portion of the volume
receiving negligible VUV photons; however, at the same time,
elimination of wall losses results in more PFAS degradation per
lamp wattage employed, and thus efficiency improves. This
effect was observed more explicitly in the comparison of
bench-scale CHISPRs with varying annulus width. For both
PFOA photocatalysis/photolysis and PFBA photolysis, EE/O
decreased as the lamp-to-wall distance increased.
The immersion reactor and CHISPR configurations also

differ in how the water is mixed during treatment, with the

former using magnetic stirring and the latter relying on static
mixing from flow through the reactor. For systems using low
P:V, mixing is vitally important in cycling water from low
intensity zones closer to the lamp(s) and for minimizing the
mass transfer limitations of heterogeneous photocatalysis.
From a design perspective, the statically mixed nature of the
CHISPR concept is limiting, as turbulence cannot be
controlled independently of flow rate. We therefore postulate
that the most efficient design for degradation of long-chain
PFCAs by UV/BOHP can be achieved in an immersion type
reactor equipped with axial impellers, as has been proposed by
others.45 This configuration would be conducive to both
efficient photon utilization and mixing and better able to take
advantage of both VUV and UVC emissions. Moreover,
individual modules could be arranged in-series and parallel to
achieve a desired treatment rate and will be the subject of
future work. Degradation of short-chain PFCAs and GenX are
treated more efficiently by VUV photolysis without BOHP;
therefore, a sequential-type treatment scheme using photo-
catalysis-optimized reactors followed by photolysis-optimized
reactors may offer the most efficient route to comprehensive
PFAS removal.
Compared to existing technologies, the observed EE/O

values for UV/BOHP demonstrate that the process is
competitive at this stage of development, at least for treatment
of waters containing less than ∼10 ppm of Cl− and/or SO4

2−.
While some methods require excessive energy requirements
(e.g., 103−105 kWh/m3 for persulfate advanced oxidation),46

recent studies have reported PFOA degradation at relatively
high efficiency under ideal conditions using alkaline UV/sulfite
advanced reduction (16 kWh/m3),47 reactive electrochemical
membranes (5.1 kWh/m3),48 and plasma-based treatment (1.7
kWh/m3).49 With a fully optimized reactor system, and
incorporating future advances in the catalyst materials
themselves, photocatalysis is deserving of further study as a
PFAS treatment option alongside these other tools.

■ CONCLUSIONS
The data herein affirm that UV/BOHP effectively degrades
long-chain PFCAs in acidified pure water through direct
reaction with photogenerated hvb

+. Application to certain real
waters may present cost-effectiveness challenges due the
potential for quenching by Cl− and SO4

2−. Waters with high
alkalinity may also be unsuitable for UV/BOHP, as acidifying
such influents to the effective pH range with HCl resulted in
similar inhibitory anion content. Our experiments showed that
the inability of BOHP and other photocatalysts to degrade
shorter-chain PFAS may be offset by incorporating VUV
photolytic effects in the design of the reactor system. Future
development of catalysts with highly positive surface charge is
also recommended for targeting a wider range of PFAS
compounds. Finally, we conclude that the focus on degradation
kinetics as the primary performance metric for photocatalytic
water treatment methods can obscure important differences in
the energy efficiencies offered by different reactor designs.
Reactors that treat larger volumes (relative to lamp power) at
slower rates more effectively leverage photocatalytic effects and
can achieve significantly lower EE/O values.
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Table 2. Comparison of EE/O Values Obtained from PFCA
Degradation in the Reactors Used in This Studya

reactor type
PFOA, with BOHP,
EE/O (kWh/m3)

PFBA, no catalyst, EE/O
(kWh/m3)

immersion reactor 25 (±4) 92 (±1)
commercial
CHISPR, 3 mm

51 (±5) 85 (±6)

bench-scale
CHISPR, 3 mm

124 (±22) 153 (±52)

bench-scale
CHISPR, 6 mm

84 (±19) 127 (±3)

bench-scale
CHISPR, 12 mm

70 (±39) 111 (±2)

aIn all cases, 185/254 nm lamps and DDI water matrix at pH0 = 4
were used, with the exception of the PFBA without catalyst in the
commercial CHISPR, for which only tap water data at natural pH was
obtained. Mid-range time values and their associated C/C0 values
from the kinetic curves were used for EE/O calculation. Standard
deviations (±SD) are indicated.
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Experimental details of stock chemicals, instrumental
analyses; photographs of reactors (Figure S1); PZC
measurement of BOHP microparticles (Figure S2); tap
water parameters (Table S1); geometric and operation
time for bench-scale CHISPR with different annular
widths (Table S2); NOM/UVT data (Figure S3); and
LC-MS/MS PFCA detection limits (Table S3) (PDF)
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Beltrań, F. J. Determination of main species involved in the first steps
of TiO2 photocatalytic degradation of organics with the use of
scavengers: The case of ofloxacin. Appl. Catal., B 2015, 178, 44−53.
(25) Sun, Y.; Li, G.; Wang, W.; Gu, W.; Wong, P. K.; An, T.
Photocatalytic defluorination of perfluorooctanoic acid by surface
defective BiOCl: Fast microwave solvothermal synthesis and photo-
catalytic mechanisms. J. Environ. Sci. 2019, 84, 69−79.
(26) Lin, H.; Niu, J.; Ding, S.; Zhang, L. Electrochemical
degradation of perfluorooctanoic acid (PFOA) by Ti/SnO2-Sb, Ti/
SnO2-Sb/PbO2 and Ti/SnO2-Sb/MnO2 anodes. Water Res. 2012, 46
(7), 2281−2289.
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