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ABSTRACT: Hydrogen-tuned 185 nm vacuum ultraviolet (VUV/H2)
photolysis is an emerging technology to destroy per- and polyfluoroalkyl
substance (PFAS) in brine. This study discovered the promotive effects
of two major brine anions, i.e., chloride and sulfate in VUV/H2
photolysis on the hydrated electron (eaq− ) generation and perfluor-
ocarboxylates (PFCAs) destruction and established a kinetics model to
elucidate the promotive effects on the steady-state concentration of eaq−
([eaq− ]ss). Results showed that VUV/H2 achieved near-complete
defluorination of perfluorooctanoic acid (PFOA) in the presence of
up to 1000 mM chloride or sulfate at pH 12. The defluorination rate
constant (kdeF) of PFOA peaked with a chloride concentration at 100
mM and with a sulfate concentration at 500 mM. The promotive effects
of chloride and sulfate were attributed to an enhanced generation of eaq−
via their direct VUV photolysis and conversion of additionally generated hydroxyl radical to eaq− by H2, which was supported by a
linear correlation between the predicted [eaq− ]ss and experimentally observed kdeF. The kdeF value increased from pH 9 to 12, which
was attributed to the speciation of the H·/eaq− pair. Furthermore, the VUV system achieved >95% defluorination and ≥99% parent
compound degradation of a concentrated PFCAs mixture in a synthetic brine, without generating any toxic perchlorate or chlorate.
KEYWORDS: PFAS, 185 nm UV, sulfate, chloride, hydrated electron, defluorination

■ INTRODUCTION
Per- and polyfluoroalkyl substance (PFAS) pollution is an
urgent global environmental issue. PFAS are ubiquitous,1,2

recalcitrant to conventional treatment,3,4 bioaccumulation,5,6

and pose high public health risks.7−9 Perfluorocarboxylates
(PFCAs; CnF2n+1COO−), one of the largest classes in the PFAS
family, are persistent in the environment due to their strong
C−F bonds,10−13 resulting in the contamination of potable
water.14 The U.S. EPA recently updated the health advisory
level for perfluorooctanoic acid (PFOA) at 0.004 ng/L15 and
proposed a maximum contaminant level (MCL) of 4 ng/L for
PFOA in drinking water.16 Perfluorononanoic acid (PFNA),
another PFCA, has also been proposed with a hazard index
MCL in drinking water by the U.S. EPA.16 In addition, many
states in the US have already established or are in the process
of setting new regulatory standards for other PFCAs.17

Physical separation of PFAS, including ion exchange
(IX)18,19 and membrane filtration,20−22 have been tested for
drinking water treatment, through which PFAS are transferred
into a brine waste stream. Consequently, PFAS treatment in
brine waste has become a major challenge. For example, the
regeneration of IX produces a brine with elevated PFAS and
chloride.19,23 The membrane concentrate is also elevated in
salinity and PFAS levels.24 Direct disposal of the brine poses a

high risk of secondary contamination to drinking water.
Therefore, there is an urgent need for the destruction of PFAS
in brine. However, destroying PFAS in brine is challenging due
to the complex water matrix. Existing technologies for aqueous
PFAS destruction include electrochemical oxidation,25,26

plasma treatment,27 and UVC photolysis (λ = 254 nm),28

but each has its limitations in brine treatment. Electrochemical
PFAS oxidation in brine can produce toxic chlorate and
perchlorate byproducts.26,29 Plasma treatment is energy-
intensive, with energy consumption ranging from 380 to 833
kWh/m3 for PFOA treatment.27 UVC photolysis requires the
addition of photosensitizers (e.g., sulfite, iodide, and indole
compounds) to produce hydrated electron (eaq− ) that destroys
PFAS,28,30−32 but possesses relatively low quantum yields (Φ =
0.11−0.29) of eaq− from the photolysis of photosensitizer, and
generates byproducts from photosensitizers.32,33 Photocatalytic
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degradation of PFAS was achieved using boron nitride, with
the formation of nitrate as a byproduct.34

In contrast, hydrogen-tuned vacuum UV (VUV/H2)
photolysis (λ = 185 nm) directly excites water molecules to
selectively and efficiently form eaq− that destroys PFAS, without
the need for any photosensitizer.35 VUV/H2 photolysis is
fundamentally distinct from the conventional VUV process.
Specifically, hydrogen gas (H2) not only protects eaq− from
quenching by dissolved oxygen but also transforms hydroxyl
radical (HO·) into eaq− , which creates a eaq− dominant system. In
contrast, conventional VUV photolysis has no selectivity to
generate eaq− and generates nonselective hydroxyl radical (HO·)
that aims for oxidative degradation of organic contami-
nants,36−38 which has a limited capacity in PFCAs defluori-
nation.39 Furthermore, because water molecules strongly
absorb 185 nm photons and have a high quantum yield to
generate eaq− (Φ ≈ 0.38),40,41 VUV/H2 photolysis essentially
turns abundant water molecules into eaq− -based reducing agent,
thus creating a sustainable, photosensitizers-free approach for
PFAS destruction in contaminated source water.
Despite the promising advantages, little is known about the

mechanisms and kinetics of VUV/H2 photolysis for PFAS
destruction in brine conditions, especially in the presence of
chloride and sulfate as two major brine anions. First, although
low mM levels of chloride and sulfate, typical in drinking water,
were found to slightly promote the PFAS destruction during
VUV/H2 photolysis,35 the effects of extremely high concen-
trations of chloride and sulfate in the regenerative IX brine and
membrane concentrate, ranging from 10 mM to 1000
mM,23,42,43 on the PFAS destruction kinetics and the
mechanisms of eaq− generation remain unknown. Second,
previous studies examined radical generation by chloride and
sulfate under conventional oxidative VUV processes,44−46

which were not relevant to the eaq− -based reductive VUV/H2
system. For example, the percentage of VUV light absorbed by
each constituent will significantly change in response to
different concentrations of chloride or sulfate, leading to
unique radical pathways for eaq− reactions. Furthermore, there is
a lack of quantitative understanding of the generation of eaq−
under different levels of chloride and sulfate.
Third, the wide range of chloride and sulfate concentrations

in brine results in varying ionic strengths, which can
significantly impact the production of the eaq− and reaction
kinetics, but the effects have not been quantified in the VUV/
H2 system. Additionally, the optimal pH of brine that favors
PFAS destruction remains unknown. The commonly found pH
in the brine concentrate is between 9 and 12,26,47,48 which
controls the acid−base speciation of hydrogen atom (H·) and
eaq− , therefore significantly impacting the efficiency and kinetics
of PFAS destruction.
Consequently, this study aimed to comprehensively examine

the kinetics of PFCAs destruction and explore the mechanism
of eaq− generation over a broad range of chloride and sulfate
concentrations commonly found in regenerative IX brine and
membrane concentrate. A theoretical reaction kinetic model
was developed to quantify the steady-state concentration of eaq−
in the VUV system. The effects of brine pH on the kinetics of
PFOA defluorination were quantified. Following that, the
kinetics of 7 PFCAs with various carbon chains (C3−C9) were
evaluated in the VUV system under optimal chloride and
sulfate concentrations. Finally, a synthetic brine containing a
mixture of concentrated PFCAs was treated via 185 nm VUV/
H2 photolysis to demonstrate the near-complete destruction of

PFCAs promoted by the presence of chloride and sulfate in
brine.

■ MATERIALS AND METHODS
Chemicals. Analytical grade PFCAs (CnF2n+1COO−; n =

3−9) were purchased from Sigma-Aldrich et al. An isotope-
labeled PFAS internal standard mixture (MPFAC-24ES) was
purchased from Wellington Laboratories. Detailed information
on PFCAs used is provided in Table S1 in the Supporting
Information (SI). All other solutions were prepared using
>99% purity chemicals and with Milli-Q (resistivity > 18 MΩ·
cm−1) water unless otherwise noted. Selective experiments
utilized a synthetic brine based on chloride and sulfate levels of
a reverse osmosis (RO) concentrate from a brackish water
desalination facility in inland Southern California49 and spiked
with elevated levels of PFCAs based on an IX regeneration
brine (Table S2).27

Photochemical PFAS Destruction Experimental
Setup. Photochemical reactions were conducted in a
cylindrical borosilicate glass reactor wrapped with aluminum
foil. The light source consisted of VUV lamps (LSE Inc.)
enclosed in high-transmittance synthetic quartz sleeves (Supra-
sil 310, Heraeus) that were immersed in the solution. The 185
nm VUV fluence rate (Ia,185nm = 6.5 × 10−6 Einstein·L−1·s−1)
was measured using an established chemical actinometry
method.37 Details are provided in Text S1. The reactor was
placed on a stir plate with a magnetic stir bar. A 500-mL
solution containing 25 μM individual PFCA or a mixture of
PFCA was prepared. The solution was presaturated with H2
gas (99.999%) for 30 min and continuously purged throughout
the reaction. The temperature was maintained at 25 °C by
cooling the jacketed water. Droplets of 1 M NaOH were added
to maintain the solution pH at the targeted level.
To evaluate the effects of chloride and sulfate on PFCA

destruction, experiments with chloride or sulfate individually
ranging from 0 to 1000 mM were conducted at a solution pH
of 12. This pH was selected due to the fastest observed PFOA
defluorination kinetics for both chloride and sulfate systems
between pH 9 and 12. Next, the effects of solution pH ranging
between 9 and 12 were investigated by using the optimal
chloride and sulfate concentration identified above. To
evaluate the significance of eaq− generation from the reaction
between hydroxyl radical (HO·) and H2, nitrogen (N2) gas-
saturated VUV control experiments (VUV/N2) were con-
ducted. In the N2-saturated system, HO· does not transform
into eaq− . Therefore, the difference in PFOA destruction kinetics
between N2 and H2 experiments represented the contribution
of eaq− from HO·. To evaluate the roles of the oxidative radicals,
e.g., reactive chlorine radicals and sulfate radical (SO4

·−) on
PFOA destruction, nitrous oxide (N2O) gas saturated VUV
control experiments (VUV/N2O) were performed to scavenge
eaq− to exclusively leave oxidative radicals in the system. In
addition, 254 nm UVC/H2 control experiments were
conducted with UVC lamps (LSE Inc.) in the same reactor
configuration. To evaluate the treatment efficiency of PFCAs
with different carbon chain lengths, 25 μM of individual PFCA
(CnF2n+1COO−; n = 3−9) was treated under optimal chloride,
sulfate, and pH conditions identified above. Finally, a
concentrated mixture of PFCAs in a synthetic brine was
treated.
Chemical Analysis. The concentration of fluoride was

measured by a fluoride ion selective electrode (Orion Star
A214, Thermo Scientific). Before each use, the electrode was
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calibrated with standard NaF solutions in the presence of
varying concentrations of chloride or sulfate. The method was
validated and cross-checked by ion chromatography (IC) (DX-
120, Thermo Fisher Scientific). The accuracy was also verified
by a fluoride spike test, with a recovery rate of 100% ± 1%.
The defluorination percentage was calculated as the molar
percentage of fluoride ions measured at a given reaction time
with respect to the total fluorine atoms in the PFCA initially
present in the solution. Carbonate concentration was measured
using the standard titration method.50 The concentrations of
chlorite, chlorate, and perchlorate were also analyzed by IC.
Concentrations of PFCAs were measured by an ultra-
performance liquid chromatograph equipped with a high-
resolution quadrupole orbitrap mass spectrometer (UPLC−
HRMS/MS, Thermo Scientific) or Waters ACQUITY UPLC
system coupled with a Waters Micromass triple quadrupole
(TQD) mass spectrometer equipped with an electrospray
ionization source (Waters, Milford, MA). Solid phase
extraction (SPE) was conducted to remove residual salinity
from the samples before PFAS analysis. More Details are
provided in Text S2.

■ RESULTS AND DISCUSSION
Impacts of Chloride on PFOA Destruction Kinetics via

VUV/H2 Photolysis. The presence of chloride initiated the
PFOA destruction, with 90% defluorination achieved after 80
min of reaction (Figure 1A) and more than 95% PFOA parent
compound degradation after 30 min of reaction (Figure 1B).
Defluorination and degradation of PFOA followed pseudo first-

order kinetics (Figure S2). The defluorination rate constant
(kdeF) and pseudo first-order PFOA parent compound
degradation rate constant (kdeg) were quantified as the slopes
of first-order kinetics for the first 20 min shown in Figure S2.
The first 20 min was chosen to capture the pseudo first-order
kinetics trend to the best accuracy. Kinetics data showed that
100 mM chloride promoted PFOA defluorination at pH 12,
with the kdeF nearly doubled from (3.26 ± 0.12) × 10−2 min−1

(or (0.84 ± 0.03) × 102 L·Einstein−1) to (6.43 ± 0.43) × 10−2

min−1 (or (1.65 ± 0.11) × 102 L·Einstein−1) as the chloride
concentration increased from 0 to 100 mM (Figure 1C). In
contrast, when the chloride concentration further increased
from 100 to 1000 mM, the kdeF decreased by 42% to (3.70 ±
0.41) × 10−2 min−1 (or (0.95 ± 0.10) × 102 L·Einstein−1)
compared to 100 mM, similar to the rate without chloride
(Figure 1C). The kdeg followed a similar trend, with the
maximal rate observed at 100 mM chloride (Figure S3). In
addition, chlorite, chlorate, and perchlorate were not detected
throughout the VUV/H2 photolysis.
Chloride initiates a cascade of chain reactions in the VUV/

H2 system. First, chloride undergoes direct photolysis at 185
nm irradiation to generate eaq− and Cl· (R1 in Scheme 1; all
subsequent reactions refer to Scheme 1 and Table S3).51

Meanwhile, water and hydroxide (OH−) are photolyzed by
185 nm photons into a combination of H·, eaq− and HO· (R2−
4).41,51,52 Second, Cl· further reacts with OH− and chloride to
form HOCl·− via two radical pathways (R5 vs R6−7, branching
ratio calculated in Text S3).53−55 Once HOCl·− is produced, it
rapidly dissociates into HO· and Cl− (R8).56 The additional

Figure 1. Effects of chloride on the destruction of PFOA and photochemistry of VUV/H2 system. (A) Time profile of PFOA defluorination via
VUV/H2 photolysis; (B) time profile of PFOA degradation via VUV/H2 photolysis; (C) pseudo first-order defluorination rate constant of PFOA in
VUV photolysis under H2 gas, N2 gas, and N2O gas tuned systems; (D) percentage of VUV light absorbed by each water constituent; (E) linear
correlation between predicted [eaq− ]ss and observed kdeF under VUV photolysis in the presence of chloride. (F) Model predicted contribution to eaq−
generation from Cl−, OH−, and H2O via VUV/H2 photolysis. Initial [PFOA] = 25 μM; pH = 12. Error bars represent the differences between
duplicate experiments and data points represent the average.
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HO· originated from Cl· is converted to H· by dissolved H2
(R9). eaq− is the predominant species in the H·/eaq− acid−base
couple when solution pH is higher than its pK values (R10; pK
= 9.7).57 Therefore, eaq− is produced via Cl· chain reactions in
VUV/H2 systems in the presence of chloride (R5−10). Third,
a chloride level higher than desirable can scavenge HO· and
reverse it to HOCl·− (R11),56 thus inhibiting the eaq− yield.
Additional VUV/N2O and VUV/N2 control experiments

confirmed that eaq− was the major reactive species in the VUV/
H2 system, contributing to reductive PFOA defluorination. In
the VUV/N2O system, eaq− was quickly quenched by N2O to
form the HO·/O·− pair (R16; pKHO·/O·− = 11.9; Text S3).58 As
a result, kdeF and kdeg were negligible in the VUV/N2O system
regardless of chloride levels (Figure 1C), which was consistent
with prior observations that the oxidative radicals, such as HO·,
Cl·, Cl2·− and HOCl·−, were not very effective in PFOA
defluorination.59−61 In the VUV/N2 system, the absence of H2
prevented HO· to convert into eaq− (R9−10). The kdeF
decreased by more than 50% in the VUV/N2 compared to
the VUV/H2 system at each chloride level (Figure 1C),
suggesting that the eaq− originated from direct photolysis of
chloride, and OH− and water contributed more than 50% to
PFOA defluorination. Defluorination of PFOA by 254 nm
UVC control was also negligible (Figure S4), suggesting that
the 254 nm photons cannot initiate eaq− generation via the
direct photolysis of chloride for PFAS destruction.
The presence of chloride at brine level significantly affected

the production and reactivity of eaq− in 185 nm VUV/H2
photolysis with three effects. First, chloride influences the
percentage of VUV light absorption and further increases the
production rate of eaq− . Chloride is a strong competitor for VUV
light when added, with an absorption coefficient that is 5
orders of magnitude higher than water or comparable to OH−

(εCl−,185 nm = 3500 M−1 cm−1; εOH−,185 nm = 3200 M−1 cm−1;

εHd2O = 0.032 M−1 cm−1).40 Based on the percentage of VUV
light absorption calculation (details provided in Text S4), VUV
photons absorbed by chloride increased from 0 to 99% as
chloride concentration increased from 0 to 1000 mM (Figure
1D), resulting in the shift of major eaq− initiator from OH− to
Cl− (R1 vs R4). Moreover, the quantum yield of eaq− of chloride
is much higher than OH− (ΦCl−,185 nm = 0.43 vs ΦOH−,185 nm =
0.11). To quantify the effects of chloride on the production of
eaq− , the production rate of eaq− (redaq

−) was calculated assuming
HO· and Cl· are stoichiometrically transformed into eaq− in the
VUV/H2 system (detailed calculated shown in Text S4).
Calculation showed that the presence of 1000 mM chloride
increased the redaq

− by nearly 3.5 times compared to without
chloride.
Second, when the chloride concentration was above 100

mM, it significantly quenched HO· (R11) and consequently
decreased the production of eaq− from HO·. When chloride was
below 100 mM, R11 was more than 1 order of magnitude
lower than R8, which led to a negligible scavenging effect of
chloride on HO· (Text S3). In this case, HO· primarily reacted
with H2 to generate eaq− . At a chloride concentration higher
than 100 mM, R11 began to scavenge HO· significantly and R8
was suppressed.62 For example, at 1000 mM, R11 is only 1.4
times lower than R8, which means that only 58% HO· is
available for transformation into eaq− (Text S3).
Third, the presence of chloride increased the ionic strength,

which consequently increased the second-order rate constant
between eaq− and PFOA (denoted as kPFOA,edaq

−) and decreased
the quantum yield (detailed effects of ionic strength are
summarized in Table S4). On the positive side, a higher ionic
strength from a higher chloride concentration increases the
kPFOA,edaq

− , due to increased shielding of like-charged reactants
reducing the distance over which Coulombic forces repel the
eaq− and PFOA.63 A calculation based on Bro̷nsted−Brjeuum
equation showed that kPFOA,edaq

− increased by a factor of 3.2 from
1.68 × 10−9 to 4.48 × 10−9 M−1 s−1 as chloride increased from
0 to 1000 mM (Figure S5A). On the negative side, the
quantum yield of eaq− decreases by ∼10% as chloride
concentration increases from 0 to 1000 mM (Figure S5B),
based on a prior observation that the eaq− quantum yields via
ClO4

−, OH−, and I− 185-nm photolysis decreased by an
average of 10% for every 1 M increased in ionic strength.64 A
high ionic strength decreases the survival probability of eaq− ,
which is related to the ion pairing effect with cations, e.g.
Na+.

64 When the chloride concentration exceeded 100 mM,
the negative effects of chloride outweighed the positive effects,
resulting in the lower kdeF and kdeg.
To further quantify the effects of chloride on eaq− generation

via VUV/H2 photolysis, the steady-state concentration of eaq− ,
HO· and reactive chlorine species were calculated at different
chloride concentrations considering the three effects from
above (detailed calculations are provided in Text S5). In
particular, the steady-state concentration of eaq− was calculated
as following:

I f k

k j
e

( ( ) H HO )i
i

i i

j
j

j
aq ss

a,185nm 1 HO,H 2 ss e

1 e ,

2 aq

aq

[ ] =
+ [ ][ ]

[ ]
=

·

=

·

(1)

where Ia,185 nm is the volume-normalized 185-nm VUV fluence
rate in this study (6.5 × 10−6 Einstein· L−1·s−1); f is the

Scheme 1. Reaction Scheme for H2-Saturated VUV System
in the Presence of Chloride and Sulfatea

aGreen line represents the reactions responsible for generating eaq− via
chloride photolysis. Red line represents the reactions responsible for
generating eaq− via sulfate photolysis. Blue-dashed line represents the
reactions responsible for generating eaq− from water and OH−

photolysis. Black line represents the generation of eaq− from HO·.
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percentage of VUV light absorbed by each chemical
constituent (values shown in Figure 1D); Φ is the quantum
yield of eaq− from each constituent (mol/Einstein; values shown
in Table S3); kHO·,Hd2

is the second-order rate constant between
H2 and HO· (6 × 107 M−1 s−1); [H2] is the dissolved H2
concentration (0.8 mM in this study); [HO·]ss is the steady-
state concentration of HO· (M; data shown in Table S5); αedaq

− is
the speciation coefficient of eaq− depending on pH; kedaq

− , j is the
second-order rate constant between eaq− and chemical
constituents, including PFCAs and other potential scavengers
(M−1 s−1); [j] are the concentrations of the chemical
constituents (M).
The model predicted that the [eaq− ]ss peaked at 100 mM of

chloride in the VUV/H2 system (Table S5). When combining
the model predicted [eaq− ]ss in VUV/N2 and VUV/N2O
controls, the [eaq− ]ss and the experimentally observed kdeF
exhibited an extremely strong linear correlation, with a R2 of
0.99 (Figure 1E). The [eaq− ]ss also showed a good linear
correlation with kdeg, with a R2 of 0.92 (Figure S6A),
confirming that chloride promoted eaq− concentration and
accelerated PFOA destruction (R12). The model calculation
showed that chloride contributed to more than 85% of eaq−
generation with a concentration >10 mM (Figure 1F), mainly
via chloride direct photolysis and the conversion of reactive
chlorine species to eaq− . It is important to note that the
predicted [eaq− ]ss was only based on initial PFOA destruction
during the first step of the defluorination process. As PFOA
destruction continued, a mixture of transient short-chain PFAS

intermediates was generated and subsequently destroyed. This
destruction pathway was also observed during VUV photolysis
in fresh water.35 Moreover, the model only considered the
major reaction pathways. Other pathways that consume eaq−
such as the reaction between eaq− and HO· or water are not
considered. Therefore, the predicted [eaq− ]ss highlighted the
trend responding to different chloride concentrations, but may
not exactly match the absolute values of [eaq− ]ss.
Impacts of Sulfate on PFOA Destruction Kinetics via

VUV/H2 Photolysis. The presence of sulfate strongly
promoted extensive defluorination and rapid degradation of
PFOA. Approximately 90% of defluorination was achieved in
60 min (Figure 2A) and 99% of PFOA degradation was
achieved in 20 min in the presence of sulfate (Figure 2B).
PFOA defluorination and degradation also followed a pseudo
first-order kinetics in the presence of sulfate (Figure S7).
PFOA destruction kinetics reached its maximum with 500 mM
of sulfate. In particular, kdeF increased 3-fold from (3.26 ±
0.12) × 10−2 min−1, i.e., equivalent of (0.84 ± 0.03) × 102 L·
Einstein−1, to (10.42 ± 0.58) × 10−2 min−1, i.e., equivalent of
(2.68 ± 0.15) × 102 L·Einstein−1 as sulfate increased from 0 to
500 mM and decreased slightly to (7.72 ± 0.28) × 10−2 min−1

(equivalent of (1.98 ± 0.07) × 102 L·Einstein−1) as sulfate
further increased to 1000 mM (Figure 2C). The kdeg exhibited
a maximum value (0.3 min−1) at 500 mM sulfate as well
(Figure S8).
Upon 185 nm VUV irradiation, sulfate is directly photolyzed

into SO4
·− and eaq− (R13).51 At alkaline condition, SO4

·− is

Figure 2. Effects of sulfate on the destruction of PFOA and photochemistry of VUV/H2 system. (A) Time profile of PFOA defluorination via
VUV/H2 photolysis; (B) time profile of PFOA degradation via VUV/H2 photolysis; (C) pseudo first-order defluorination rate constant of PFOA in
VUV photolysis under H2 gas, N2 gas, and N2O gas tuned systems; (D) percentage of VUV light absorbed by each water constituent; (E) linear
correlation between predicted [eaq− ]ss and observed kdeF in VUV photolysis in the presence of sulfate. (F) Model predicted contribution to eaq−
generation from SO4

2−, OH−, and H2O via VUV/H2 photolysis. Initial [PFOA] = 25 μM; pH = 12. Error bars represent the differences between
duplicate experiments, and data points represent the average.
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transformed into HO· (R14 and R15) and subsequently eaq−
(R9−10).65 Both kdeF and kdeg in VUV/N2O were negligible,
confirming that eaq− was the major species for PFOA
defluorination in the sulfate system (Figures 2C and S8).
The defluorination rate in VUV/N2 decreased by more than
50% compared to VUV/H2, which indicated that the eaq−
generated from direct photolysis of sulfate, OH−, and water
contributed to more than 50% of the PFOA defluorination.
The presence of sulfate affected the production and

reactivity of eaq− in the VUV/H2 systems in three ways. First,
sulfate changed the percentage of VUV light absorption and
the production of eaq− via direct 185 nm photolysis (ε = 260
M−1 cm−1). As the sulfate concentration increased from 10 to
1000 mM, the VUV photons absorbed by sulfate increased
from 4 to 83% (Text S4, Figure 2D). The quantum yield of eaq−
via sulfate photolysis is approximately 6 times higher than that
of OH− (ΦSOd4

2− = 0.67 mol/Einstein vs ΦOH
− = 0.11 mol/

Einstein), which leads to a 4.5 times higher redaq
− at 1000 mM

sulfate compared to without sulfate (Text S4). Notably, the
increase in redaq

− is 4.5-fold instead of 6-fold. This is because
OH− absorbs 17% of VUV photons in the presence of 1000
mM sulfate (Figure 2D), but its quantum yield is 6 times lower
than that of sulfate. Second, sulfate enhanced the yield of HO·

and therefore generated eaq− via the reaction between HO· and
H2. (R14-R15 followed by R9-R10). Unlike the reversible
radical pathways of chloride, there were no scavenging
reactions of SO4

·− and HO· to generate secondary radicals,
Therefore, the production of eaq− from HO· is positively related
to sulfate concentration. Based on the calculation of redaq

− , 50% of
redaq

− was contributed from SO4
·− if we assume that the HO·

generated from SO4
·− was 100% transformed into eaq− (Text

S4).
Third, sulfate changed the ionic strength, posing both

positive and negative effects on the eaq− reactivity with PFAS
and production. The increase in ionic strength results in a 4.4-
fold increase in kPFOA,edaq

− at 1000 mM sulfate compared to
without sulfate (1.68 × 10−9 M−1 s−1 vs 6.16 × 10−9 M−1 s−1;
Figure S9A). In contrast, the ionic strength is ∼3 M at 1000
mM sulfate, which decreases the quantum yield of sulfate VUV
photolysis (R13) by 30% (Figure S9B). Therefore, the
combined effects resulted in an optimal sulfate level at 500
mM (Figures 2C and S8).
The predicted [eaq− ]ss via VUV photolysis in the presence of

sulfate peaked at 500 mM (Text S6, Table S6). The predicted
[eaq− ]ss and the experimentally observed kdeF and kdeg also
exhibited a strong linear correlation, with R2 values of 0.95 and
0.97 (Figures 2E and S6B), which strongly supported the
mechanism of the sulfate system described above. The model
calculation showed that sulfate absorbed a majority of the VUV
photons when its concentration exceeded 200 mM (Figure
2D). Sulfate outcompeted OH− and H2O and became the
dominant species in producing eaq− , which contributed more
than 95% of eaq− generation as its concentration reached 1000
mM (Figure 2F).
Impact of pH on PFOA Destruction in the VUV/H2

System with Chloride and Sulfate. Effects of the pH were
evaluated at the optimal levels of chloride (100 mM) and
sulfate (500 mM). The kdeF of PFOA destruction in the VUV/
H2 system increased from pH 9 to 12 in the presence of either
chloride or sulfate (Figure 3A). The values of kdeg followed a
similar trend, where the values between pH 11 and 12 were

approximately 1.5 times higher than those between pH 9 and
10.5 (Figure S10). At the optimal pH and chloride or sulfate
concentration, ≥99% of PFOA degradation was achieved
within 20 min (Figure S11), and 100% was achieved after 3 h
(Figure S12).
There are two competing effects of pH on eaq− production.

First, with a pK of H·/eaq− pair 9.7, eaq− is the dominant species
above pH 9.7. Accordingly, the percentage of eaq− in the H·/eaq−
pair increased from 16 to 99% as pH increased from 9 to 12
(eq S14), which resulted in an accelerated defluorination when
the pH was above 10 (Figure 3A). Second, the pH alters the
percentage of VUV light absorption and impacts the
production rate of eaq− . Calculation showed that 97% of 185
nm photons were absorbed by sulfate at pH 9. As the solution
pH increased from 9 to 12, OH− competed with sulfate for
photons (εOH- = 3200 M−1 cm−1 vs εSOd4

2− = 260 M−1 cm−1),
and photons absorption by sulfate decreased from 98 to 70%
(Figure S13A). Because the quantum yield of OH− is lower
than that of SO4

2− (0.11 vs 0.67), an increase in pH lowered
the production rate of eaq− , which resulted in a decrease of kdeg
at pH 12 in the sulfate system (Figure S10). In contrast, the
percentage of VUV light absorption in the chloride system was

Figure 3. Effects of pH on pseudo first-order PFOA kinetic rate
constant via 185 nm VUV/H2 photolysis. (A) PFOA defluorination
rate constant; (B) linear correlation between predicted [eaq− ]ss and
measured kdeF in different pHs. Initial [PFOA] = 25 μM. Error bars
represent the differences between duplicate experiments, and data
points represent the average.
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similar at pHs between 9 and 12 (Figure S13B). Chloride
absorbed an overwhelming majority (>91%) of the 185 nm
photons at all pHs, which resulted in a relatively stable kdeg in
the chloride system within a pH range of 9−12 (Figure S9).
The predicted [eaq− ]ss via VUV/H2 photolysis at different

pHs in the presence of either chloride or sulfate system were all
well linearly correlated with the experimentally observed kdeF,
with R2 > 0.9 (Figure 3B). It is notable that the slope of the
linear correlation was higher in the presence of sulfate than in
the presence of chloride. This is because the ionic strength in
the sulfate system was higher than the chloride system, which
increased the kPFOA,edaq

− and subsequently suppressed the [eaq− ]ss
while achieving a higher defluorination rate.
Defluorination Kinetics of PFCAs under Optimal

Chloride and Sulfate Conditions. In the presence of 100
mM chloride, 90−100% defluorination of C3−C7
(CnF2n+1COOH, n = 3−7) PFCAs, 75% of C8 PFCA, and
66% of C9 PFCA were achieved (Figure 4A). In comparison,

the presence of 500 mM sulfate effectively achieved 100% or
nearly 100% defluorination of C3−7 PFCAs, and 80−90%
C8−9 PFCAs after 3 h VUV/H2 photolysis (Figure 4B). The
presence of sulfate resulted in 2−3 times kdeF of PFCAs than
chloride (Figure S14), which was similar to our previous
results (Figures 1A and 2A). It is worth noting that the
presence of sulfate rather than chloride can achieve a higher
defluorination percentage of certain PFCAs, e.g., PFDA. It is
because the sulfate system has a stronger promotive effect than
the chloride system; 500 mM sulfate exhibited a 2-fold higher
kdeF than 100 mM chloride. The sulfate system generates more
eaq− than the chloride system, which can destroy PFAS
byproduct more effectively and leads to a higher defluorination
rate. In addition, the 80−90% defluorination upper limit for
C8−C9 PFCAs may be attributed to the production of less-
reactive intermediate products that need further study to
understand the degradation pathways.
To further evaluate the new treatment platform, a

concentrated mixture of PFCAs in a synthetic RO concentrate
was treated by VUV/H2 photolysis. In a 5-h treatment, >95%
defluorination and nearly 100% degradation of the mixture of
PFCAs were achieved (Figure S15 and Table S7). Therefore,
our findings indicate that two major brine anions, chloride and
sulfate, effectively improve the efficiency of VUV/H2 for the
destruction of PFCA in the brine concentrates.
Implications to PFAS Destruction Research and

Engineering. Unique promotive effects of common anions
in brine waste, specifically 100 mM chloride and 500 mM
sulfate, were shown to accelerate PFAS destruction by
increasing the production of eaq− associated with 185 nm
VUV water photolysis. Considering the commonly found
concentrations of chloride and sulfate in brine are 10−1000
mM, the VUV/H2 system stands out as a potential technology
to achieve complete PFAS destruction without introducing
other photosensitizer chemical additives to the brine, therefore
leaving no byproducts that require additional cleanup.
Hydrogen gas (H2) has been commonly used in biological
nitrate and perchlorate reduction processes,66,67 and its usage
in industrial applications is safe following proper protocols.
The electrical energy per order for destruction of PFOA (EE/
Odeg) and electrical energy as 90% of the maximum
defluorination percentage achieved (EE/OdeF) under various
conditions in this lab study were calculated (Text S7 and Table
S8). At optimal pH ranges (11.5−12), the EE/Odeg for the
VUV/H2 system in the brine waste was 7.7−17 kWh/m3, and
the EE/OdeF was 47−75 kWh/m3. Although comparable
electrical energy consumptions for PFOA removal were
reported in other UV-based platforms, including VUV/boron
nitride (EE/Odeg = 6.4 kWh/m3) and UVC/sulfite iodide
systems (EE/Odeg = 1.4 kWh/m3 and EE/OdeF = 60 kWh/
m3),28,34 the effects of salinity in the feedwater matrix on other
UV-based platforms are unknown and a direct comparison is
not applicable. Furthermore, energy consumption can be
further optimized by a careful choice of high-efficiency UV
lamps and high-transmittance quartz sleeves that produce the
best photon energy efficiency.
To treat real brine waste, eaq− and HO· scavengers in brine

need to be carefully considered. Approximately 5 mM
methanol may also coexist with chloride in IX brine after the
distillation.26 Although methanol reacts HO· (kHO·,MeOH = 8.3
× 108 M−1 s−1), chloride has a higher reaction rate with HO·,
and the concentration of chloride is much higher than
methanol (R11 in Table S3). Therefore, the presence of

Figure 4. Defluorination of 7 PFCAs via VUV/H2 photolysis. (A)
Defluorination kinetics of individual PFCA; [Cl−] = 100 mM,
[PFCA] = 25 μM; (B) defluorination kinetics of individual PFCA;
[SO4

2−] = 500 mM, [PFCA] = 25 μM.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c10552
Environ. Sci. Technol. 2024, 58, 10347−10356

10353

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c10552/suppl_file/es3c10552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10552?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10552?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10552?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c10552?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c10552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methanol has a limited effect. Carbonate poses both positive
and negative effects on the VUV/H2 process.

68 For the positive
side, carbonate undergoes direct 185 nm VUV photolysis and
generates eaq− .

46 For the negative effects, although carbonate has
a low reactivity with eaq− (kedaq

− ,COd3
2− = 3.9 × 105 M−1 s−1), it can

react with HO· rapidly (kHO·,COd3
2− = 4.0 × 108 M−1 s−1) and

inhibits the generation of eaq− from HO·. Dissolved organic
matter (DOM) can quench eaq− (kedaq

− ,DOM = 0.5−2.1 × 108 M−1

s−1)69,70 and compete for VUV photons with chloride and
sulfate. We previously reported that 5.4 mg-C/L humic acids
had a negligible effect on the defluorination of PFOA.35

However, the composition and concentration of DOM are
heterogeneous and require a site-specific evaluation. DOM can
also be removed by a pretreatment step. Nitrate (kedaq

− ,NOd3
− = 9.2

× 109 M−1 s−1) and nitrite (kedaq
− ,NOd2

− = 3.5 × 109)63,70 are also
strong competitors with PFAS for eaq− and their presences need
to be considered when designing VUV systems for PFAS
destruction. For example, using the additional 254 nm photons
in the same VUV lamps to photolyze photosensitizers for
nitrate removal.71−73
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