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ARTICLE INFO ABSTRACT

Keywords: Reductive water treatment using hydrated electrons (e,,) is a promising technology to destruct perfluoroalkyl
Vacuum UV substances; however, it faces challenges of slow reaction kinetics, undesirable chemical addition, and high en-
PDI::I:tiuction ergy consumption. Herein, we developed a hydrogen (Hz)-polarized water photolysis system using vacuum UV
Water ionization (VUV) light at 185 nm for reductive destruction of perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
Defluorination acid (PFOS). The 185-nm photons directly photolyzed H,O and OH" into HO-, H., and €gq- Ho elevated the quasi

steady-state concentration of e;; 18 times in untuned VUV systems through eliminating the scavenging effect of
dissolved oxygen and converting hydroxyl radicals (HO-/O-") into e,,. The polarization effect of Hy increased the
degradation of PFOA from 10 % to 95 % and the defluorination from 17 % to 94 % and led to 87 % of
defluorination for PFOS. The pH impacted VUV photon adsorption between H,O and OH’ and shifted the
equilibrium between H- and e, which led to an optimal pH of 10.3 for PFOA destruction. The presence of
chloride and sulfate enhanced the production of e, and promoted PFOA destruction. Hy-polarized VUV water
photolysis systems produced high levels of e,, from clean water constituents and significantly reduced energy

consumption for PFAS treatment under mild alkaline conditions.

environmental conditions (Dombrowski et al., 2018; Vecitis et al., 2009,
) Microbial PFAS degradation is normally slow (Zhang et al., 2022;
Wackett, 2022; Huang and Jaffé, 2019; Yu et al., 2022). Thermal

1. Introduction

The wide application and improper disposal of poly- and per-

fluoroalkyl substances (PFAS) lead to their ubiquitous occurrence in
terrestrial, aquatic and atmospheric environments, which poses a great
threat to public health (United State Environmental Protection Agency:
Our Current Understanding of the Human Health and Environmental
Risks of PFAS; Hu et al., 2016; Gliige et al., 2020). The U.S. EPA recently
released updated health advisories for four types of PFAS (United State
Environmental Protection Agency: Drinking Water Health Advisories for
PFAS Fact Sheet for Communities). Physical treatment processes,
including activated carbon adsorption (Park et al., 2020; McCleaf et al.,
2017; Xiao et al., 2017), ion exchange, (Liu and Sun, 2021; Boyer et al.,
2021; Fang et al., 2021) and membrane separation (Mastropietro et al.,
2021; Lee et al., 2021; Xiong et al., 2021), only physically transfer PFAS
from the contaminated water to a second media (either as spent media or
concentrate). Conventional chemical oxidants (e.g, chlorine and per-
manganate) and reductants (e.g., ferrous ion and zero-valent iron) are
ineffective in breaking highly stable C—F bonds under ambient

* Corresponding authors.

E-mail addresses: gchen0l6@ucr.edu (G. Chen), haizhou@engr.ucr.edu (H. Liu).

https://doi.org/10.1016/j.hazl.2022.100072

incineration is energy intensive and likely induces a secondary atmo-
spheric PFAS pollution due to incomplete combustion (Wang et al.,
2022a, 2022b; Stoiber et al., 2020).

Reductive defluorination using hydrated electrons (e;q) is an effec-
tive approach to degrade PFAS compounds (Fennell et al., 2022; Cui
et al., 2020; Chen et al., 2021; Bentel et al., 2020; Kugler et al., 2021).
The negative reduction potential of €aq (E° = — 2.9 V) leads to a low free
energy activation barrier for C-F bond cleavage (Biswas et al., 2022;
Yamijala et al, 2020). e, is traditionally produced by UVC
(A = 254 nm) photolysis of ionizable chemicals (e.g, sulfite and indole
compounds) (Fennell et al., 2022; Cui et al., 2020; Chen et al., 2021;
Bentel et al., 2020; Liu et al., 2022; Park et al., 2009). However, this
process suffers from a low quantum yield of e;, (® = 0.11-0.29), a high
chemical dosage (mM levels), and the formation of by-products that
requires additional purification (Fennell et al., 2022; Cui et al., 2020; Liu
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et al., 2022; Yu et al., 2018). Recently, egq-based PFAS treatment using
water ionization systems has attracted much attention (Gonzalez et al.,
2004; Zoschke et al., 2014; Locke et al., 2006; Attri et al., 2018; Pono-
marev and Ershov, 2020). In these systems, an energetic medium,
including vacuum UV (VUV) light (A =100-200 nm), non-thermal
plasma, gamma rays, and electron beam, directly dissociates water
molecules into a variety of reactive species (e.g., e,,, H- and HO-). VUV
light is one of the most convenient water ionization media, because it
can be readily generated from commonly used mercury lamps and
conveniently operated (Gonzalez et al., 2004; Zoschke et al., 2014).
However, conventional VUV systems exhibit slow PFAS degradation,
inadequate defluorination, and a high energy consumption (Jin and
Zhang, 2015; Jing et al., 2007; Wang and Zhang, 2014; Chen and Zhang,
2006), due to low quantum yield of e;, (@ = 0.045), high e, -scavenging
effect from common water constituents (e.g., dissolved oxygen, nitrate,
bicarbonate, and dissolved organic carbon), and incapable utilization of
the major reactive species (e.g, HO- and H-) in VUV systems (Fennell
et al., 2022; Zoschke et al., 2014; Wang and Zhang, 2014).

To transform VUV systems into highly efficient platforms for PFAS
destruction, it is essential to minimize the scavenging effects and tune
the speciation of reactive species to enhance the production of e,,. Prior
studies on transient reactive species in pulse radiolysis systems showed
that Hy could convert HO-/O-" radicals into e,, under alkaline conditions
(Wardman, 1978; Hickel and Sehested, 1991). Given the unique role of
Hs in deoxygenation, radical conversion and its sustainable nature in
clean final product (i.e., water), harnessing Hy in VUV systems can create
eg-dominated highly reducing environments for efficient and sustain-
able treatment of PFAS. In addition, VUV light can beneficially photo-
lyze common water constituents (e.g., chloride and sulfate) to enhance

the production of €, (Duca et al., 2017; Barki et al., 2021; Jortner

et al.,, 1964; Furatian and Mohseni, 2018a, 2018b). Accordingly, we
developed a highly polarized water photolysis system utilizing Hs to
boost the treatment and energy efficiency. VUV water photolysis was
selected as a model water ionization system to produce a representative
mixture of primary reactive species. We investigated the degradation
and defluorination of PFOA and PFOS in a Hy-polarized VUV system,
quantified the effects of solution pH and coexisting constituents on the
speciation and yield of reactive species, and monitored the trans-
formation products of PFOA and PFOS.

2. Materials and methods

Information on all chemicals and equipment used is provided in Text
S1 in the Supporting information (SI). Photochemical experiments were
performed in a cylindrical borosilicate glass reactor. Four low-pressure
mercury lamps (52 W) housed in high-transmittance synthetic quartz
sleeves served as light sources and were immersed into the solution
(Text S1 and Scheme S1). The lamps have major output at 254 nm
accompanied with emission at 185 nm (irradiation intensity: I;gspnm
= 8 % Iy54 nm) (Zoschke et al., 2014; Masschelein and Rice, 2016). Ny
gas (99.97 %) continuously purged lamp-housing quartz sleeves to
minimize the attenuation of 185-nm VUV light by air. Typically, a
500-mL solution containing 2.5-25 pM of PFOA or PFOS was treated in
the photochemical reactor. The solution was pre-saturated with Hy
(99.99 %) for 30 min and was continuously sparged with Hy throughout
the reaction. Control experiments were performed in solutions saturated
with Ny, N2O or air, or irradiated by UVC mercury lamps (A = 254 nm)
with titanium-doped quartz envelopes that blocked the 185-nm VUV
light. To test the effect of pH on PFOA treatment, the initial solution pH
varied between 7.0 and 12.0 using NaOH. To investigate the effect of
coexisting constituents, experiments were conducted in Hy-saturated
VUV systems in the presence of 5 mM chloride, 5 mM sulfate, 5 mM
carbonate, or 5.4 mg-C/L Suwannee River humic acid. These concen-
trations were chosen to represent high levels measured in groundwater.
To assess the treatment efficiency for PFAS in a real drinking water
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matrix, experiments were conducted using tap water from Riverside, CA
(Table S1) with spiked PFOA or PFOS. All experiments were conducted
at 22 °C.

The concentrations of fluoride ions were measured by fluoride ion
selective electrode with accuracy verified by ion chromatography
(Fig. S1). The defluorination extent was calculated as the molar con-
centration ratio of the measured fluoride ions at a given reaction time to
total fluorine in PFAS compounds initially present in the solution. PFAS
parent compounds and their transformation products were measured by
an ultra-high-performance liquid chromatography system equipped
with a high-resolution mass spectrometer (UPLC-HRMS). Additional
information on experimental setup and analytical procedures is pro-
vided in Text S1 and Table S2 of the SI.

3. Results and discussion
3.1. Enhanced destruction of PFAS in the Hy-polarized VUV systems

The untuned VUV system (i.e., VUV/air in which solution was air-
saturated; Figs. 1A and 1B) was inefficient in destruction of PFOA,
only exhibiting 23 % defluorination and 58 % degradation after
180 min of treatment. In contrast, polarizing VUV systems with Hy gas
substantially increased defluorination to 94 % and degradation to 97 %.
The degradation and defluorination of PFOA followed a pseudo first-
order kinetics (Fig. S2). The observed pseudo first-order rate constants
(kobs) in the Hy-polarized VUV system were 18 times (PFOA degradation:
0.12 vs. 0.0067 min') and 23 times (PFOA defluorination: 0.034 vs.
0.0015 min'l) higher than those in VUV/air. Similarly, PFOS underwent
a fast degradation (0.05 min™) and deep defluorination (87 %) in the
Hy-polarized VUV system (Fig. S3A). Filtering out VUV light completely
ceased the degradation and defluorination of PFOA (i.e., UVC/Hz in
which only 254-nm UVC light was dosed into solution; Figs. 1A and 1B),
which confirmed that the 185-nm VUV light, rather than the UVC light,
initialized aqueous reactions.

The 185-nm VUV photons directly photolyze H,O and OH™ into HO-,
H., and €aq (Reactions (1)—(3)) with an equilibrium between HO- and O~
(Reaction (4)): (Gonzalez et al., 2004; Zoschke et al., 2014; Lyu et al.,
2015; Boyle et al., 1969; Dainton and Fowles, 1965)

OH —™ HO-+ C;q EOH-, 185nm — 3600Milcm71¢0H’<185nm =0.11 @
HyO—" H-+HO-£41,0,185 nm = 0.032 M~ em ™" @0 155 m = 0.33 @

H,0—"“H" + HO-+e,, €m0, 185 nm = 0.032 M em ' Py,0, 155 am = 0.045
3

HO= O~ +H"'pK =119 ()]

Light partition calculations (Text S2 and Tables S3-54) showed that
96 % of VUV light was absorbed by OH™ at pH 12, suggesting that hy-
droxyl radicals (HO-/O-, pK = 11.9, Reaction (4)) (Poskrebyshev et al.,
2002) and e, were the major reactive species in the VUV systems at pH
12 (Reaction (1)).

Polarizing the VUV system with Hy has multi-fold promotive effects
in creating a highly polarized reducing environment. First, Hy converted
HO- into H- (Reaction (5)) that was quickly converted into €y at pH 12
(H~/e;q, pK = 9.7, Reaction (6)), and Hpy also directly converted the
deprotonated hydroxyl radical (i.e., O-) into €aq (Reaction (7)) (Hickel
and Sehested, 1991; Bunn et al., 1959; Han and Bartels, 1989; Walker,
1967):

HO*+ H, - H- 4+ H,0 ks= 60x10" M's™ (5)
H+ OH = ¢, + HO k=23x10 M's"; ke
= 16M's! (6)
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Fig. 1. Destruction of PFOA under the irradiation of VUV light (A = 185 nm)
and UVC light (A = 254 nm). (A) Defluorination of PFOA; (B) Degradation of
PFOA; (C) Evolution of transformation products. [PFOA] =25puM and
pH = 12. Error bars represent the differences between duplicate experiments
and data points represent the average.

0"+ Hy— ¢, + HO k= 1.1 x 108 M's @

Second, Hy deoxygenated- the solution and eliminated- the scav-
enging effect of dissolved oxygen on e, (Gordon et al., 1963):

€,+0, — 07 k= 19x10°0 M's" €)

Branching ratio calculations (Text S3) showed that more than 99 %
of e, was quenched by dissolved oxygen in the air-saturated VUV
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systems, because both the concentration of dissolved oxygen and its
bimolecular rate constant with e, were one order of magnitude higher
than those of PFOA. In contrast, when the solution was sparged with
non-reactive Ny gas, the scavenging effect of dissolved oxygen was
eliminated, and the defluorination of PFOA increased from 23 % to 76 %
(Fig. 1A), suggesting that deoxygenation effect of Hy contributed to a
53 % increase in defluorination in VUV systems (i.e., elimination of
Reaction (8)). Replacing Ny with Hj further increased the defluorination
from 76 % to 94 % (Fig. 1A), which was contributed by the additional
production of €y from the reaction between Hy and HO-/O-" (Reactions
(5)-(7)). Calculations (Text S4) showed that [e;q]ss increased 18 times
from 8.0 x 107 to 1.4 x 1012 M when the air-saturated VUV system
was polarized by Hy. The essential role of e, in destructing PFOA was
further confirmed by a standard e, -quenching technique using N2O gas
(Buxton et al., 1988). Polarizing VUV systems with N,O significantly
slowed the destruction of PFOA (kops: 15-time decrease for PFOA
degradation; 25-time decrease for PFOA defluorination), which led to a
significant drop in defluorination from 90 % to 14 % (Fig. S2, Fig. 1A,
and Text S3). The observed destruction of PFOA in the e, -quenching
VUV systems (i.e., VUV/N20) was likely due to VUV photolysis of PFOA.
Collectively, the tuning effect of Hy in deoxygenation and selective
radical conversion boosted the production of e, and created a highly
polarized reducing environment for the destruction of PFOA.

Nontarget analyses and suspect screening of UPLC-HRMS data
identified six partially defluorinated/short-chain intermediates from
PFOA in the Hy-polarized VUV systems (Fig. 1C). These intermediates
were degraded by the end of the reaction period. In comparison to the
UVC/sulfite system, three new unique intermediates with one or two
alkene moieties (i.e., C=C) in fluoroalkyl chain were identified:
C;F13C00", C;F13HCOO', and C7F1oHCOO™. C;F13CO0” was predicted by
molecular dynamics simulations of hydrated PFOA with excess electrons
and was also detected from PFOA degradation in Gamma radiation
system (Yamijala et al., 2020; Patch et al., 2022). In addition, H/F ex-
change intermediate C;F;4HCOO’, chain-shortening intermediate
CeF13CO0" and its H/F exchange product CgF1oHCOO™ were also
observed (Fig. 1C and Scheme S2). These three intermediates were
detected in the UVC/sulfite system (Bentel et al., 2020, 2019). PFOS
degradation in the Hy-polarized VUV systems generated two alkene in-
termediates (CgF15S03 and CgF14HSO3), one OH/F exchange interme-
diate (CgF140HSO3), and one H/F exchange intermediate (CgF16HSO3)
(Fig. S3B). These intermediates were previously reported in Gamma
radiation and UV sulfite systems (Bentel et al., 2020; Patch et al., 2022).
The alkene intermediates from PFOA and PFOS were likely formed
through H/F exchange followed by HF elimination or direct elimination
of 2F from two adjacent carbons (Scheme S2) (Patch et al., 2022; Sun
et al., 2021). Their formation in Hy-polarized VUV systems was likely
due to the enhanced production of e, facilitating simultaneous disso-
ciation of multiple C—F bonds in PFAS. The alkene moieties in PFAS
structures reduced the dissociation energy of C—F bonds and enhanced
the degradation and deep defluorination of PFOA and PFOS (Yamijala
et al., 2020; Liu et al., 2018).

3.2. Effect of solution pH

Fast and complete degradation of PFOA was observed across a wide
pH range in the Hp-polarized VUV systems (Fig. 2). Mild alkaline con-
ditions accelerated the destruction process (Fig. 2). Specifically,
increasing pH from 7.0 to 10.3 speeded up the defluorination rate 6
times, with the defluorination elevating from 42 % to 93 % after 100-
min treatment (Fig. 2A and Fig. S4). A further increase in pH beyond
10.3 slowed the defluorination process 1.6 times. The degradation ki-
netics of PFOA followed the same trend as the defluorination rate con-
stants, with the kgps value (0.52 min™) peaking at pH 10.3 and
decreasing by a factor of ~ 5 at a lower or higher pH (Figs. 2B and S4).
The experimental results (Figs. 2 and S4) showed that the most reactive
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Fig. 2. Impact of initial pH on the destruction of PFOA in Hy-polarized VUV
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pH for PFOA treatment in the Ho-polarized VUV system was between 10
and 11.

The impact of pH on the defluorination and degradation rate con-
stants of PFOA was well correlated with the production rate of e,

(Fig. 2C). Calculations (Text S2) based on VUV volume-normalized
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photon irradiance to the solution in the reactor, quantum yield, and
speciation of reactive species (Tables S3-S4, Text S5, and Fig. S5)
showed that the production rate of e,, increased more than two orders of
magnitude from pH 7.0 to 10.3 and declined at a higher pH (Fig. 2C).
The accelerated destruction of PFOA from pH 7.0 to 10.3 was due to the
conversion of H- to e, (H-/e,,: pK = 9.7, Reaction (6)) (Walker, 1967).
As pH was above 10.3, the major species absorbing VUV photons shifted
from H,0 to OH". Because OH' photolysis generated much less e, than
H,0 photolysis (Reaction (1) vs. Reactions (2)-(3)), the production of e,
was reduced, which slowed the defluorination and degradation of PFOA
at pH above 10.3.

3.3. Effect of major water chemical constituents

The presence of chloride and sulfate promoted the deep defluorina-
tion of PFOA in Hy-polarized VUV systems to nearly 100 % (Fig. 3A) and
accelerated the degradation of PFOA (Fig. 3B and Fig. S6). The degra-
dation rate constant increases from 0.12 (without coexisting constitu-
ents) to 0.25 min™! (5 mM chloride) and 0.24 min™' (5 mM sulfate). The
presence of humic acid at a high level measured in groundwater slightly
slowed the defluorination process and had insignificant effect on the
degradation of PFOA (Fig. 3). While 5 mM carbonate slowed the reac-
tion to a larger extent, more than 97 % of degradation and 80 % of
defluorination were still achieved after 180 min of treatment.

The promoting effect of chloride and sulfate was contributed by their
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Fig. 3. Impact of coexisting constituents on the destruction of PFOA in Ha-
polarized VUV systems. (A) Defluorination of PFOA; (B) Degradation of PFOA.
[PFOA] = 25 pM, pH = 12, and [ coexisting constituents] = 5 mM or 5.4 mg-
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high VUV absorption and high quantum yield of e, in VUV photolysis

(Reactions (9) and (10), respectively) (Dainton and Fowles, 1965;
Furatian, 2017):

Cl"—™Cl + e, €0, 185 im = 3500M ™' em™ Doy 1g50m = 0.43 9

SO —" S04 — + € €502 155 = 260 M em™! Dy 155y = 0.67
(10)

Light partition calculations (Text S2 and Table S4) showed that
5 mM Cl absorbed 29 % of VUV light at pH 12.0 and directly photolyzed
into [ and Cl- (Reaction (9)). Similarly, 5 mM sulfate absorbed 3 % of
VUV light at pH 12.0 and photolyzed into SO, and €y (Reaction (10)).
Under alkaline conditions, Cl- and SO, quickly reacted with OH" to
generate hydroxyl radicals. Given that chloride and sulfate generated
more reactive species than OH’, their presence boosted the production of
€y In Ha-polarized VUV systems. Calculations (Text S4) showed that
[e;q]ss increased from 1.4 x 10712 (without coexisting constituents) to
3.0 x 102 M (5 mM chloride) and 2.9 x 10" M (5 mM sulfate). Humic
acid slightly inhibited the defluorination of PFOA because it reduced the
production of e, through screening VUV light and scavenging hydroxyl
radical from reacting with Hy. Carbonate slowed the destruction of
PFOA to a larger extent because it eliminated the production of e,, from
the reaction between hydroxyl radicals and Hp. 5mM carbonate
quenched more than 95 % of hydroxyl radicals because carbonate has a
higher concentration and faster reaction rate with hydroxyl radicals
than with H (4.0 x 105 M s 5. 1.0 x 108 M s; 5 mM vs. 0.8 mM).
The pseudo first-order defluorination and degradation rate constants of
PFOA was linearly correlated with the production rates of e, under
different chemical conditions (Fig. S7), which strongly supported that
tuning the production of e, using Hy is critical to enhance reductive

treatment of PFAS in VUV systems.
4. Conclusions

The Hy-polarized VUV water photolysis system provides a promising
platform to treat PFAS-contaminated drinking water sources and brine
concentrates, because it can directly ionize water molecules and coex-
isting constituents (e.g, chloride and sulfate) in waste streams to
generate e,. The Hp-polarized VUV system quickly destructed PFOA
(1300 ng/L) and PFOS (580 ng/L) spiked into a real drinking water
matrix, with 95 % degradation achieved within 45-min treatment
(Fig. S8). Furthermore, the electrical energy per order (EE/O) for

Appendix A. Supporting information
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destruction of PFOA under a mild alkaline condition (pH = 10, Fig. S4)
is 11 kW h/m® (Text $6), which is one order of magnitude lower than
that of UVC/sulfite systems at a similar pH (Bentel et al., 2020). Given
that only less than 10 % of total photon irradiance from low-pressure
mercury lamps was utilized in the VUV system in this study, the en-
ergy footprint can be significantly reduced by developing
energy-efficient light sources with major photon output at VUV wave-
length ranges. We addressed the limitation of VUV light (e.g., short light
penetration) in water treatment by minimizing the light attenuation by
air, reducing the thickness of the solution surrounding the VUV lamps,
and increasing the turbulence of the solution. The performance of the
Hj-polarized VUV systems can be further improved by optimizing the
lamp type and reactor configurations and enhancing dissolution and
diffusion of Hy gas. More broadly, the Hy-based polarization technique
may be readily applied to other water ionization systems to enhance
reductive destruction of PFAS and other contaminants. The application
of Hy should performed under proper engineering controls (e.g., ignition
source elimination, adequate ventilation, and leak detection). The cost
of Hj can be significantly reduced by recycling and reusing the unuti-
lized H; gas out of the solution phase.
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