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ABSTRACT: Ultraviolet advanced reduction processes (UV-ARP)
have garnered significant attention recently for the degradation of
several hard to treat contaminants, including recalcitrant per- and
polyfluoroalkyl substances (PFAS). The rate of contaminant degrada-
tion in UV-ARP is directly related to the available hydrated electron
ag ])- However, reports of [e,”] and other
parameters typically used to characterize photochemical systems are
not widely reported in the UV-ARP literature. Deploying monochlor-
oacetate as a probe compound, we developed a method (R._yy) to
quantify the time-based hydrated electron concentration ([e,],)
available for contaminant degradation relative to inputted UV fluence.
~ rate of

concentration ([e

Measured [e, ]t was then used to understand the impact of e

aq

" [JNO3™ PFOS
%% Short Term
(t<2h)
N

formation and scavenging capacity on the degradation of two
contaminants—nitrate and perfluorooctane sulfonate (PFOS)—in four source waters with varying background water quality.

The results show that the long-term treatability of PFOS by UV-ARP is not significantly impacted by the initial e,
~ scavengers like dissolved organic carbon and bicarbonate. Lastly, using

conditions but rather is influenced by the presence of e,

~ scavenging

[eaq]t, degradation of nitrate and PFOS was modeled in the source waters. We demonstrate that the R,y method provides an
effective tool to assess UV-ARP treatment performance in a variety of source waters.
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1. INTRODUCTION

The rate of contaminant degradation in ultraviolet advanced
reduction processes (UV-ARP) is directly related to the
available concentration of hydrated electron (eaqf). Acting as a
powerful reductant (E° of —2.9 V),' €, is produced through
the illumination of a chemical sensitizer (e.g., sulfite) and has
been explored for the treatment of a wide range of
contaminants, such as oxyanions,2_6 high-valence transition
metals and metalloids,”® and halogenated organic com-
pounds,””"> including per- and polyfluoroalkyl substances
(PFAS)."* % Furthermore, extensive laboratory studies within
the past decade'”™** and a recent pilot-scale study”™ suggest
that e, ~-based UV-ARP are a promising technology for
degrading PFAS, which are resistant to direct photolysis and
ultraviolet advanced oxidation processes (UV-AOP).'>'**”
Despite the growing success of e,;-based UV-ARP treatment,
a method to determine the available e, concentration for
contaminant degradation has yet to be developed.
Quantifying the time-based hydrated electron concentration
([e,q]) is important in UV-ARP treatment due to the varied
treatment times required for contaminant degradation and the
potential for e,,~ formation and scavenging conditions to
change over these time scales. For instance, nitrate, which has
high reactivity with e,;~, completely degrades on the time scale

© 2022 American Chemical Society

7 ACS Publications

. . 2,28,29 .
of minutes in UV-ARP systems,””>*’ whereas degradation

half-lives of hours are typical for more recalcitrant contami-
nants like PFAS."*** 1t is likely that the %
nitrate and PFAS at early treatment times is not the same as at
later treatment times. This contrasts with UV-AOP in which
hydroxyl radical (*OH)-mediated contaminant transformation
kinetics occur on much shorter time scales,*® such that the
[*OH] in these systems is assumed to be at a steady state. The
[e,q J; available for contaminant degradation is impacted by

"], experienced by

€, Scavengers present in water. Past studies have demon-
strated the 1nh1b1tory impacts e,,~ scavengers such as dissolved
oxygen,6 1 nitrate,'® dissolved orgamc matter (DOM),8 " and
bicarbonate'" have on contaminant degradation. While these
studies highlight the importance of individual e,,~ scavengers,
the combined, long-term impact of e,;~ scavengers most often

present in natural waters has not been considered.
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Table 1. Water Quality Parameters for the Four Source Waters Used in This Study

Simsboro Aquifer”

DOC (mgC L™) 1.1

NO;™ (mg L™" or uM) BDL
alkalinity (mg L™" as CaCO3) 580
fluoride (mg L") 0.30

pH 8.6
SUVA,5, (L mgC™' m™") 1.0

Aysy om (cm™) 0.011
specific conductance (uS cm™") 1,084

Ry (Ms™)? 3.6 x 1077

Lake Bryan“ LWC RBF“ Ohio River”
9.8 1.7 3.9

BDL 0.46 or 7.4 4.57 or 73.8
679 161 92

0.54 0.0 0.0

9.4 7.9 7.9

2.4 1.9 3.5

0238 0.033 0.137

1,414 393 302

2.9 X 1077 3.6 x 1077 3.1 x 1077

“NO,” concentration below detection limit (BDL). “Computed with eq 3.6 under the following experimental conditions: 10 W low-pressure Hg
lamp, pH, = 9.4-9.7, 20 °C, [MCAA], = 20 uM, [SO;*"], = 10.0 mM, [PFOS], = 20.0 uM (Simsboro Aquifer [PFOS], = 16.3 uM).

The purpose of this paper is to develop a method for
characterizing the key properties of e,  -mediated trans-
formation kinetics in UV-ARP, namely, [e,,"], and kg, (e,
scavenging capacity). To this end, we deployed a probe
compound selective for e,,~ in the UV/sulfite system,
monochloroacetate (MCAA(B, and developed the R,_yy
method (defined as the € exposure per UV fluence) in
analogy to Roy yy previously used for the UV/H,0, system.>”
We then use the R,_ ;;y method to model the degradation rates
of two contaminants—nitrate (NO;~) and perfluorooctane
sulfonate (PFOS)—in four source waters with varying water
quality. The results demonstrate that a water’s initial e, ~
scavenging capacity does not necessarily determine the
ultimate treatability of PFOS. Rather, the extent of PFOS
degradation is determined by the total e,;~ exposure as
measured by the R,_ v method.

2. MATERIALS AND METHODS

2.1. Chemicals. A list of chemicals and standards is
available in Table S1 in the Supporting Information (SI).
Details on solution preparation can be found in SI Text S1.
Ultrapure water (>18.2 MQ cm) for solution preparation and
photochemistry experiments was obtained from a Barnstead
purification system (ThermoFisher).

2.2. Source Waters. Four source waters with different
background matrix compositions were selected for analysis
(Table 1). The samples included groundwater from the
Simsboro Aquifer (Brazos County, TX), Lake Bryan surface
water (Brazos County, TX), Ohio River surface water
(Louisville, KY), and Louisville Water Company (Louisville,
KY) post riverbank filtration (LWC RBF). The LWC RBF
source water is the Ohio River filtered naturally by the
riverbank. Source water samples were filtered through muffled
(500 °C, 4 h) and prerinsed 1.6 ym Whatman glass microfiber
filters (GF/A) and stored at 4 °C until use.”” Water quality
parameters including dissolved organic carbon (DOC), nitrate,
nitrite, fluoride, alkalinity, pH, specific conductance, and
absorbance at 254 nm (A,s,) were measured for each source
water (see SI Text S2).

2.3. Photochemical Irradiation Experiments. Irradi-
ation experiments were performed in duplicate immersion well
reactors (Ace Glass) containing 570 mL of total solution. The
reactors included an exterior glass body and an interior quartz
immersion sleeve. A low-pressure Hg, nonozone forming lamp
emitting at 254 nm (10 W LSE Lighting GPH212TSL/4P or
11 W Philips TUV TS 4P-SE) was placed into each quartz
sleeve and powered on for at least 15 min before each
experiment. UV irradiance was measured monthly using

uridine actinometry’* with a range of 9.58 X 107°—1.15 X
107® Es cm ™ s™' observed over the study period. The average
path length for each reactor was determined as 2.23 + 0.02 cm
using the H,0, method.**® SI Text $4—S5 further explain UV
irradiance and path length measurements. Kinetic parameters
will be reported below as the reactor average with error bars
corresponding to the minimum and maximum for each reactor.

Sulfite was selected as the e,,~ source for these experiments
because of its extensive use in prior UV-ARP studies.”'””'
UV/sulfite experiments were conducted under anaerobic
conditions at 2 pH units above the pK, of HSO;™ (pK, =
7.2) to minimize the e, Scavenging impacts of HSO,~."*"**
The initial pH of the groundwater and surface water
experiments was adjusted to 9.4—9.7 using a 1.0 M sodium
hydroxide solution. All ultrapure water experiments utilized a
1.0 mM borate buffer (pH 9.9) with the exception of one
control experiment that used a 10.0 mM NaHCO,~ buffer (pH
9.8). Nitrogen gas was bubbled for 45 min prior to initiating an
experiment and continuously thereafter to remove O,. The
temperature of the reactors was maintained at 20 °C by a
recirculating chiller while a magnetic stir bar maintained a 400-
rpm stirring speed. After warming the lamp for at least 15 min,
the lamp was briefly turned off while concentrated stock
solutions of PFOS, MCAA, or sodium sulfite were spiked into
the reactors and allowed to mix for at least 30 s. Lamps were
then turned back on and aliquots of solution (1—3 mL) were
collected at specific time intervals using a stainless-steel needle
and syringe. PFOS samples were stored in 15 mL
polypropylene Falcon tubes at 4°C before analysis. Anion
samples were collected in 10 mL polystyrene vials and analyzed
within 48 h.

Numerous UV/sulfite experiments were conducted to assess
e, -mediated transformation kinetics. Generally, experiments
presented in Sections 3.1 and 3.2 focus on initial trans-
formation kinetics deploying 20 yuM MCAA under varying
sulfite concentrations. Sections 3.3 and 3.4 investigate
temporal variations in e, -mediated transformation kinetics
by spiking 20 M MCAA at various time points throughout a
24 h experiment (20 uM PFOS and 10 mM sulfite were spiked
at time zero only). Experimental results presented in Sections
3.1—3.4 utilize all four source waters and ultrapure water. A 20
#M MCAA probe compound concentration was selected to
minimize its contribution to the total e, scavenging capacity
while also permitting quantification of kinetic degradation
within analytical detection limits.

2.4, Analytical Methods. Nitrate, nitrite, fluoride, and
MCAA concentrations were measured on a Dionex Integrion
ion chromatography system (ThermoFisher). Sulfite concen-
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trations were determined spectrophotometrically using S,5'-
dithiobis(2-nitrobenzoic acid) (DTNB).>” PFOS was isolated
using solid-phase extraction (SPE) and quantified on a triple
quadrupole mass spectrometer (Altis, Thermo Scientific,
Waltham, MA) coupled to a binary pump HPLC (Vanquish,
Thermo Scientific) in the Texas A&M University Integrated
Metabolomics Analysis Core lab. Detailed analytical methods
for anion and PFOS analysis are provided in SI Text S7 and SI
Text S8.

Electron pulse radiolysis was used to measure the
bimolecular reaction rate constant of e,,~ with Suwannee
River fulvic acid (SRFA, 2S101F), a surrogate for DOM in our
source waters. Briefly, a linear accelerator system at the
University of Notre Dame Radiation Laboratory was used to
produce e,;~ from the radiolysis of water.*” Transient €
decays at 720 nm were measured at a range of [SRFA]
(between 0 and 200 mg/L) at pH 9.0 (10 mM phosphate).
Rate constants were normalized to carbon concentration using
the carbon mass % of SRFA (52.34%). Additional details for
bimolecular rate constant measurements are provided in SI
Text S9.

3. RESULTS AND DISCUSSION

3.1. Probe Compound Selection and Deployment. We
chose MCAA to probe the [e, "] formed in the UV/sulfite
system based on its use in previous UV-ARP.'*~">*! Control
experiments were performed to verify that MCAA reacts
selectively with e,,” in the UV/sulfite system (SI Figure S3).
Briefly, the results indicate that MCAA undergoes no direct
photolysis at 254 nm, no dark reduction with SO;>~ over the
experimental time scale, and that its transformation is mediated
by e,;~ and not other reactive species produced in the UV/
sulfite system (e.g., SO;°7). Additional benefits of MCAA as a
probe compound include its low vapor pressure, high water
solubility, and occurrence as the chloroacetate anion over a
broad pH range (pK, = 2.87).” We selected a 20 uM
[MCAA], to minimize its contribution to the total e,
scavenging capacity.

The [e,,"] can be measured using the rate law for the loss of
MCAA in the UV/sulfite system (eq 3.1)

d[MCAA ’ B
% = —(ki + knicane, 1&g IMCAA] (3.1)

where kj is the rate constant for MCAA loss by direct
photolysis (s™'), knican,e;, is the bimolecular rate constant for

the transformation of MCAA (1.0 X 10° M~' s71),' [MCAA] is
the concentration of MCAA (M) remaining, and [e, "] is the
concentration of hydrated electron (M). To use this model in
natural waters, Kycaa.;, must be corrected for ionic strength

using the Brensted-Bjerrum equation. SI Text S10 and SI
Table S3 provide additional details on ionic strength
calculations for the four source waters. Since MCAA
experiences no direct photolysis at 254 nm, eq 3.1 can be
simplified and integrated to form eq 3.2.

[MCAA], t _
ficaa ) = e [ e h

(32)

The time interval from 0 to t represents the MCAA decay
kinetics from the time that MCAA was spiked into the solution
to the last quantifiable concentration at time t. [ olexg ] dt

represents the e,,~ exposure over this time interval and is a

function of water quality parameters, accounting for both the
rate of e, formation and the e,  scavenging capacity.
Dividing both sides of eq 3.2 by the UV fluence, H (i.e., the
average fluence rate, E, (m] cm™ s™') multiplied by the
exposure time, t (s)), normalizes the e, exposure to the

inputted UV fluence and yields R,y in units of M s cm® mJ ™"

(eq 3.3).
[MCAAJ, ¢
B _ln([MCAA]O) B /0 le,g 1 dt
e, UV = =
E, Xt X kMCAA‘eaq- H (3.3)

The method for calculating E, is provided in SI Text S6.

[MCAA],
[MCAA],

against t to obtain the first-order rate constant k' (min™"),
which was then divided by E; and kl\,[CM‘e;q (eq 3.4),

t, _
_y K, /t e, ], dt

E, X kMCAA,eaq’

R._yv was determined experimentally by plotting ln(

Re— , UV k H
MCAA, eaq7

(34)

where kf, is a fluence-based rate constant with units (cm?
mJ™'). An example calculation is provided in ST Text S11.
R._yv can be used to calculate the e, formation and
scavenging conditions. If we assume that the [eaq_] does not
change appreciably over the interval in which [MCAA] loss is
monitored, we can then multiply R, by E, and obtain the

concentration of e, at time t, [e, "], This [e, ], is
equivalent to the e, formation rate, i (M s7h), divided
by the total e, scavenging capacity (eaq_ scavenging capacity
of the water matrix, kg, plus e,~ scavenging capacity of
MCAA, kijcanp (s7')) at time t and is shown in eq 3.5.
[
o) = —b
aq It T 4
kg + knicaa (3.5)

Furthermore, under the monochromatic UV/sulfite con-
ditions employed in this study, eq 3.5 can be expanded to yield
eq 3.6

I —(£52-1503~ ! _
®,, (1 — 107 o 188 kel [ £503-[8037], ]

[eg I = -
a4 esog-[so§ ] + a

kg + kicans
(3.6)
q quantum yield of sulfite (0.116 Mol

Es™!),'? I, is the photon irradiance (mmol photons cm™ s7%),
g50>- is the molar absorption coefficient at 254 nm (18.14 M

where @, - is the e,

em™),"? [SO37]; is the sensitizer’s concentration (M) at time
t, a, is the absorption coefficient of the background water
matrix (cm™') at time ¢, [eaq_]t is the concentration of €q
measured by MCAA in eq 3.4 at time t, and [ is the path length
(223 ecm).”

Deploying MCAA as a selective e,;~ probe compound allows

key variables such as [e,, ], Rf, and kg, to be measured in
the UV/sulfite system. Reporting R._ yy further allows the e,
exposure to be normalized to the inputted UV fluence,
affording an equivalent comparison between different UV-ARP
treatment systems and different water types.

3.2. Hydrated Electron Formation Rates, Scavenging
Capacities, and R._yy at Initial Conditions. The

https://doi.org/10.1021/acs.est.2c02003
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Figure 1. R,_yy at initial conditions. (A) Measured MCAA degradation (symbols) as a function of time with variable [SO;>] in ultrapure water.
Lines represent a linear fit to the data. (B) R._ yy with variable [SO4*7], for all waters. All experiments in panels (A) and (B) include the following

conditions: 10 W low-pressure Hg lamp, pH, =

9.1-9.7, 20 °C, [MCAA], =

20 uM, and [borate] = 1.0 mM (ultrapure water only). Markers

represent the mean of duplicate measurements and error bars represent the range between the duplicates.

concentration of reactive species is a key variable influencing
the rate of target contaminant degradation in advanced
oxidation and reduction technologies.'”** It is generally
recognized that the background water quality exerts a
significant influence on the availability of reactive species for
contaminant degradatxon in advanced oxidation and reduction
processes.**® For example, the scavenging capacity of *OH in
UV-AOP systems is impacted by DOM, carbonate/bicarbon-
ate, and nitrite.”> However, in UV-ARP systems, there is a lack
of quantitative understandlng of the eﬂect of background water
quality parameters on e, avallablhty Thus, we used MCAA

transformation to measure Rf}' , kg, and R,_ yy for four water
samples with varying background water quality.

To evaluate these factors under initial conditions, we
examined the transformation kinetics of MCAA in the UV/
sulfite system for [SO,>"], ranging from 0.5 to 10.4 mM
(Figure 1). Figure 1A displays the kinetic data for ultrapure
water at different [SO;*"],, which were fit with a first-order
model to obtain the slope k" and calculate R,y (Figure 1B).
For ultrapure water, if we invoke the steady-state assumption,

in which we reasonably expect that R} and kg, will not change
appreciably over a 30 min period (SI Table SS), then the
calculated reactor average [e, ] values range from 2.5 x
1072 M ([SO5*7]p = 1.0 mM) to 1.6 X 107** M ([SO*7], =
10.4 mM).

Similar kinetic experiments were performed for all source
waters and the resulting R,_ v values (within the first 30 min
of irradiation) are plotted in Figure 1B. Significant variation in
R,_yv values occurred amongst the different source waters. For
example, R,_yy at 10 mM sulfite for the Simsboro Aquifer
sample (1.6 X 107> M s cm® mJ™") was more than 5-folds
higher than for the Ohio River (3.0 X 107 M s cm® mJ™").
R._yv increased with increasing [SO;>7], for all samples. Ohio
River had the largest relative change in R,_ ;v between 2.5 and
10 mM (13.7-fold), whereas Simsboro Aquifer had the lowest
(2.8-fold). These results indicate that R,y measured via
MCAA can detect changes in e,,~ formation and scavenging
conditions in the UV/sulfite system.

We calculated Rfg and kg, based on the measured R,y
and eq 3.6 for each source water under 10 mM [SO;*7],
conditions. Table 1 lists the water quality parameters
associated with the formation and scavenging of e, for

10332

each source water. Lake Bryan and the Ohio River (surface
waters) both have a higher DOC concentration than LWC
RBF and Simsboro Aquifer (groundwaters) and, consequently,
at least an order of magnitude greater A5, ... The Ohio River
had the highest level of nitrate while Lake Bryan had the

highest alkalinity. According to eq 3.6, the variability of RE‘O“_ is
attributable to the background absorbance of the source water
(a, in eq 3.6 is Aygyp in Table 1) as the other terms remain

equivalent between samples. However, the computed e““

values shown in Table 1 vary by less than 20% between the

T . €
source waters, indicating that R;j

R._yy at a [SO;*7]; of 10 mM.

has a minor influence on

The minor variations in R?“ between the source waters
suggest that differences in R._yy are attributable to the e, ~
scavenging capacity; thus, we assessed the kg for each source
water using two approaches. First, kg, was calculated using eq

3.6., which is based on the measured values of R,_ 5, and Rz’(;‘?.
Second, kg, was calculated using eq 3.7

D ks e[S,

i (3.7)

/ —_—
kS,t -

where kg, - is the e,,~ bimolecular rate constant and [S]; is

the scavenger concentratlon at time t. Note that kg, is the e, ~
scavengmg capacity of the water matrix and does not include
the e,;~ scavenging capacity of MCAA (knvtcan)- Asll
bimolecular rate constants were taken from literature values,

with the exception of kpoc,, - and adjusted for aqueous ionic

strength impacts using the Bronsted-Bjerrum equation.'

kpoc,e; was measured for SRFA using pulse radiolysis as
described in Section 2.4 and is reported as 1.97 X 10* L mg.™"

~. We did not apply ionic strength corrections to kpoc,e

which ' may underestimate the calculated contribution of DOC
to e, scavenging.

Figure 2 shows the measured (eq 3.6) and estimated (eq
3.7) kg, for all of the source waters. Regardless of the method
employed, kg, followed the order Ohio River > Lake Bryan >
LWC RBF > Simsboro Aquifer. For Ohio River and LWC
RBF, the largest fraction of the calculated e,,~ scavenging was
due to nitrate, whereas for Lake Bryan, DOC was the most

important e,,” scavenger. Simsboro Aquifer had the lowest
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measured ko (42 X 10* s7') amongst the source waters,
equating to only 5% of the measured kg, for the Ohio River
(7.9 X 10°s7"). e,y~ quenching by SO;*" is presented using the
reported upper limit of the bimolecular rate constant (<1.3 X
106 M~! s7),*® which gives the impression that SO, is a
significant scavenger for Simsboro Aquifer. The variability in
ko directly impacts the [e,,~] available for contaminant
degradation, implying that the Ohio River will have the lowest
[e,q ] and that Simsboro Aquifer will have the highest [e,,"].
This is exactly the trend observed for R,y (Figure 1B). Thus,
significant differences in initial e,,” scavenging capacities
between the four source waters (Figure 2) are the main
contributors to the variation in initial R,_yy (Figure 1B).

I Measured
—

6.0

Keo (10°s™)

4.0

2.0

0.0

Ohio
River

LWC
RBF

Simsboro
Aquifer

Lake Bryan

Figure 2. Measured (eq 3.6) and estimated (eq 3.7) and kg for each
source water. Adjusted bimolecular rate constants accounting for ionic
strength were used to calculate kg, Nonadjusted bimolecular rate
constants (M™' s7') used are as follows: ksor e, = 13 X 106,
kncane,” = 1.0 X 10% koot e - = 3.9 X 10% kycoje,” = 1.0 x 105,
kpoce, = 1.97 X 10* L mgc™" 57, kyoj,e,” = 3.5 X 10%, and kyoj e~ =
9.7 X 10°.>® Formation of NO,~ was observed in the Ohio River and
LWC RBF source waters due to direct photolysis of NO;~ (see SI
Text S12). Experimental conditions include 10 W low-pressure Hg
lamp, pH, = 9.4-9.7, 20 °C, [MCAA], = 20 uM, [SO;*"], = 10.0
mM, and [PFOS], = 20.0 uM (Simsboro Aquifer [PFOS], = 16.3
uM). All chemicals were spiked into the waters at time 0. Markers
represent the mean of duplicate measurements and error bars
represent the range between the duplicates.

It is also clear from Figure 2 that the measured kg, values
(R._yv method, eq 3.6) are lower than those estimated via eq
3.7. We attribute these differences to two possible explan-
ations. First, the measured kg, values rely on the assumption
that kg, remains constant over the time that MCAA kinetic
transformation experiments are performed (~10 min).
However, as an example, the nitrate concentration in the
Ohio River decreases from 65 to 2 uM after 10 min of
irradiation using 10 mM [SO;*], (see SI Figure S4),
indicating that the e,,~ scavenging capacity changes markedly
over this time scale. The measured value for the Ohio River
thus represents an average scavenging capacity over the 10 min
period. In comparison, the calculated value is based on the
measured initial concentration of e,,~ scavengers. A second
possibility is that the overestimation in kg, comes from the fact
that e,;~ bimolecular rate constants for S0,*7, CO;*7, and
HCO,~ are reported only as an upper limit.*”** If the
bimolecular rate constants are slower than the upper limit, the
kg calculated via eq 3.6 will be lower. These upper limits will
have the largest relative impact for the Simsboro Aquifer since
this sample has the lowest overall kg,

Overall, both approaches to characterizing k§, (eqs 3.6 and
3.7) appear to have limitations. Use of eq 3.7 is limited by the
availability of accurate bimolecular rate constants and known
e,y scavenger concentrations. For the measurement approach
with MCAA, the chosen concentration of probe compound
(20 uM) does not scavenge enough e,,” to be transformed
substantially over the time scale at which scavenging
conditions remain constant. It is possible to increase the
concentration of the probe compound to achieve more MCAA
degradation and thus more accurately measure the scavenging
capacity. However, doing so will impact the system’s [e,q" ],
which we desired to measure concomitantly to kgo In
summary, the MCAA transformation kinetics measured after
the time zero spike provide an average e, scavenging capacity
due to rapid changes in background e,,~ scavenger
concentrations.

3.3. PFOS Degradation is Influenced by Source Water
Composition. UV-ARP have received significant attention
recently for the degradation of PFAS; ! 52%254649,50 | gyvever,
the impact of water quality on PFAS degradation rates in UV-
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Figure 3. PFOS transformation in the UV/sulfite system in ultrapure water and four source waters. (A) PFOS degradation and (B) defluorination
as a function of time. Legend in panel (A) applies to panel (B). All experiments include the following conditions: 10 W low-pressure Hg lamp, pH,
=9.4-9.7, 20 °C, [MCAA], spikes = 20 uM, [SO;*"], = 10.0 mM, [PFOS], = 20.0 uM (Simsboro Aquifer [PFOS], = 16.3 uM), and [borate] =
1.0 mM (ultrapure water only). All chemicals were spiked into the waters at time 0. Markers represent the mean of duplicate measurements and

error bars represent the range between the duplicates.
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Figure 4. Temporal variation in e,,~ availability during a 24 h UV/sulfite experiment. (A) Measured MCAA degradation (symbols) as a function of

time in Ohio River (20 uM [MCAA], spiked into reactor prior to each time point). The best linear fit (line) is also shown. (B) R._yv, (C) Ri¥,
and (D) kg, (eq 3.6) as function of time for all waters (20 uM [MCAA], spiked into reactor prior to each time point). Legend in panel (B) applies
to panels (C) and (D). Reported kg, values in panel (D) are within the e,,~ scavenging capacity measurement limit established by the probe
compound. All experiments include the following conditions: 10 W low-pressure Hg lamp, pH, = 9.4—9.7, 20 °C, [MCAA], spikes = 20 uM,
[SO;>7], = 10.0 mM, [PFOS], = 20.0 uM, and [borate] = 1.0 mM (ultrapure water only). All chemicals were spiked into the waters at time 0.
Markers represent the mean of duplicate measurements and error bars represent the range between the duplicates.

ARP is not well-constrained. Using PFOS as a model
contaminant, we evaluated whether R,y and kg, measured
by the MCAA probe could predict the degradation and
defluorination rate of PFOS in different source waters. We
expected that PFOS degradation kinetics in each source water
would correlate to the R,_yy and e,,~ scavenging capacity
under initial conditions (Figures 1 and 2). For example, the
Ohio River sample (with the lowest R,_yy and highest kg,)
was expected to have the slowest PFOS degradation rate, while
Simsboro Aquifer (highest R,y and lowest kg,) would have
the fastest.

However, Figure 3 reveals that rates of PFOS degradation
and defluorination did not hold to this anticipated pattern
throughout a 24 h experiment. PFOS transformation kinetics
(Figure 3A) and defluorination percentage (Figure 3B) vary
considerably between each source water. PFOS spiked into
both the Ohio River and ultrapure water were degraded below
the quantification limit (0.04 M) at 24 h, with nearly identical
defluorination percentage (~67%), yet ks, was the highest for
the Ohio River and lowest for ultrapure water (Figure 2).
Considering other samples, PFOS transformation at 24 h
increased with the following order: ultrapure water ~ Ohio
River < LWC RBF < Simsboro Aquifer < Lake Bryan.
Conversely, within the first 2 h (see the inset in Figure 3B), the
defluorination percentages are consistent with predictions

10334

based on kg. These results indicate that the [e,,~] available for
PFOS degradation varies throughout the 24 h experiment. At
shorter treatment times (<2 h), PFOS transformation is
limited by the background e,,~ scavenging, consistent with
predictions from the initial MCAA probe experiments.
However, our results show that a source water’s initial e

aq
scavenging conditions have little influence on the extent of

PFOS degradation or defluorination achievable by 24 h.

3.4. Temporal Variation in Hydrated Electron For-
mation Rates, Scavenging Capacities, and R._yy. To
characterize [e,,”]; during a PFOS degradation experiment, we
measured R,_ v using the MCAA probe at several time points
during 24 h UV/sulfite experiments (20 yuM PFOS was also
present). Based on the measured R,_y, absorbance, [SO;*7],

path length, and irradiance, we were able to calculate Rff;‘ and
ks, at each MCAA spike (SI Table S6). Results from these
experiments indicate that R,y changes throughout 24 h for
all of the samples studied but to different extents depending on
the background water chemistry (Figure 4). The kinetic data
for MCAA transformation in Ohio River after each MCAA
spike provide a representative example (Figure 4A). After the 0
h MCAA spike, little to no change in [MCAA] is seen over the
first S min. Conversely, a progressive increase in the slope k' is
observed at the 0.5, 1, and 7 h MCAA spikes. The resulting
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Figure S. Modeling contaminant transformation rates in the UV/sulfite system using R,_ y. (A) Measured nitrate (symbols) and modeled nitrate
degradation (lines) based on measured [e.q Jiand eq 3.2 (B) Measured PFOS degradation (symbols) and modeled PFOS degradation (lines)
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duplicate measurements and error bars represent the range between the duplicates.

R._yv calculated from these data changes with time as well
(Figure 4B).

Several trends in the temporal nature of R,_ 5y are observed
amongst the source waters (Figure 4B). R,_ yy is the lowest for
each source water at the initial MCAA spike, increases to a
maximum value between 2 to 4 h, followed by a more
tempered decrease or a leveling off up to 24 h. The increase in
R._yy values range from 2.1-fold (Simsboro Aquifer) to 34.0-
fold (Ohio River). Ultrapure water had the highest R,_ 1, value
(5.6 X 107> M s cm® mJ "), which is 2.8-fold higher than the
maximum for Lake Bryan (2.0 X 107> M s cm® mJ ™).

The trends in R,_yyy were explored further by analyzing the

temporal nature of Rfy (Figure 4C) and kg, (Figure 4D using
eq 3.6). Note that kg, could not be quantified in some cases
because of the large influence of kycasp, meaning that the
measured scavenging capacity was completely attributable to
MCAA. This was the case for ultrapure water at most
treatment times and for Ohio River and LWC RBF past 12 h.
See SI Text 13 for additional discussion.

Fluctuations in R,_ yy are mainly attributed to changes in kg,
during the first 2 h for the Ohio River and LWC RBF, whereas

L. . e - . c s .
variation in R¢?' impacts R._ iy at longer irradiation times. For
example, a 99% decrease in kg, is observed for Ohio River in

the first 2 h, while R;‘t“_ changes by only 4%. Extending this
evaluation from 4 to 12 h results in a 9% decrease in kg, and a

30% decrease in Rii for the Ohio River. This trend implies
that a majority of the initial e,,~ scavengers (e.g, nitrate and
DOC) and scavenging byproducts (e.g.,, nitrite) have been
consumed in these source waters after ~2 h of UV/sulfite
treatment. A different trend was observed for the Simsboro
Aquifer and Lake Bryan source waters with high alkalinity.
Changes in R,_yy at longer treatment times for these source
waters were also significantly influenced by the change in kg,
For example, kg, decreased by 80% and 39% from 4 to 24 h for
the Simsboro Aquifer and Lake Bryan waters, respectively. This
implies that after ~2 h, other e,~ scavengers such as
bicarbonate and carbonate become dominant, therein account-
ing for the long-term inhibitory effects of alkalinity on R,_ yy.

Lake Bryan also has the lowest ef;’? for the first 12 h and
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largest baseline kg, which we attribute to its high DOC
concentration compared to other source waters. SI Text S14
further confirms the long-term inhibitory effects of alkalinity by
showing the results of a control experiment with a 10.0 mM
NaHCO; buffer. Additional discussion about the time-based
role of specific e,,~ scavengers is provided in SI Text S18.

The variation in R,_ yy over the 24 h UV/sulfite treatment
helps to explain the PFOS degradation and defluorination rates
previously discussed in Section 3.3. One major takeaway is that
€, scavengers with larger bimolecular rate constants such as
nitrate (9.7 X 10° M~! s71)," nitrite (3.5 X 10° M~ s7!)," and
DOC (1.97 X 10* L mgc™" s7" or 2.37 x 10° L M ™" s7')
impact PFOS degradation at shorter time scales, while e, ~
scavengers with smaller bimolecular rate constants such as
bicarbonate (<1.0 X 10° M~! s7!)" and carbonate (<3.9 x 10°
M~ s7')°" impact treatment at longer time scales. PFOS
degradation is limited during the first 2 h of treatment in all
source waters, whereas 50% of the PFOS is degraded in
ultrapure water over the same time scale. On the other hand,
PFOS degradation is most inhibited at longer treatment times
in Lake Bryan and Simsboro Aquifer, which have a high
concentration of e,;~ scavengers with slower bimolecular rate
constants. SI Figure SS further supports this finding by
demonstrating the inhibitory impact of 10.0 mM HCO;™ on
PFOS degradation relative to ultrapure water. DOC plays a
dualistic role in PFOS degradation by screening light from the
e, sensitizer sulfite and scavenging e, .

The R,_yy method provides a way to quantify the [e, "],
Rfy, and kg, available for contaminant degradation in any
source water. Furthermore, the results demonstrate that a
water’s initial kg, does not determine the ultimate treatability
of PFOS. Rather, the extent of PFOS degradation is
determined by the total e,;~ exposure as measured by the
R._ vy method.

3.5. Contaminant Degradation Modeling. Measuring
temporal R,y values provides a means for modeling the
concentration of contaminant in UV-ARP as a function of
time, background water matrix, and treatment conditions.
Equation 3.2 was used to model the degradation of nitrate and

PFOS in the UV/sulfite system (Figure S). Using a kno e, =
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9.7 x 10° M~! s7' which was adjusted for ionic strength, and
[e,g J; calculated from R,_ v, the model accurately predicted
the degradation of nitrate in both the Ohio River and LWC
RBF (Figure SA). SI Text S16 provides sample calculations for
nitrate degradation modeling using this approach. Modeling
PFOS degradation was also attempted using eq 3.2 and [e,q "],
calculated from R,y for each source water. Unfortunately,
literature-reported PFOS-e,,~ bimolecular rate constants vary
significantly (e.g., a pulse radiolysis study measured kpeos,,~ as

7.3 X 107 M~! s71,°* whereas Maza et al. recently measured a
value of 2.4 X 10° M™' s7').>* Both PFOS-e,,~ bimolecular
rate constants were tried to see which generated a better fit,
and both vastly overpredicted PFOS degradation, even for
ultrapure water (SI Figure S9 shows complete degradation of
PFOS within minutes using a value of 2.4 X 10° M™' s7'). A
PFOS-e,,~ bimolecular rate constant was fitted for the
ultrapure water system by using the method of least squares
between the measured and modeled PFOS degradation values.

The kppos,,,~ fitted value (5.7 X 10° M~! s71) was used to

model PFOS degradation in the remaining source waters
(Figure SB).
Even with the kpgos,, - fitted value, the model overpredicted

PFOS degradation for the four source waters, with the most
significant deviation occurring at longer irradiation times in
Lake Bryan and Simsboro Aquifer. The model was more
successful at predicting PFOS degradation from 0—1 h for all
source waters using the kPFos,eaq’ fitted value (see inset in

Figure SB). The source of discrepancies between the model
and measured values at long irradiation times could not be
determined with certainty, although uncertainty in reported
PFOS-e,;~ bimolecular rate constants is one possibility. SI
Text S17 provides additional discussion on the variability in
PFOS degradation modeling results.

While MCAA can measure R,_yy, there are some inherent
limitations to modeling contaminant degradation using eq 3.2.
We observed more accurate results at shorter time periods (1 h
or less). Modeling PFOS degradation at longer time periods (2
h or more) tended to overpredict PFOS degradation. We
anticipate that short-term modeling will be sufficient for a
majority of contaminants treated with UV-ARP, since they
degrade within 1 h.** Long-term modeling of PFOS and other
PFAS destruction in UV-ARP remains a challenge. In addition,
while [e,,7]; is an important factor influencing the degradation
rate of PFAS, treatability is also determined by the e,~
bimolecular rate constant. Some PFAS tend to be more
recalcitrant to e, reduction, like perfluorobutanesulfonic acid
or fluorotelomers;”"***® however, e,q bimolecular rate
constants for these PFAS are unknown. Future modeling
efforts in UV-ARP may be enhanced with a resolution of
PFAS-e,;~ bimolecular rate constant discrepancies.

4. ENVIRONMENTAL SIGNIFICANCE

In this study, we used MCAA as an e,,~ probe compound to
demonstrate that the e,,” exposure (R._yv) varies significantly
in a set of diverse source waters. Notably, the factors that
determine e, availability are shown to vary considerably over
24 h, which is a typical treatment time in UV-ARP. The R,_ iy

method allows for the characterization of [eaq_]t and other key

parameters (e.g, Riy and kg, ) that can be used to compare
and optimize UV-ARP for any source water. Treatment of
contaminants with fast bimolecular rate constants will be most

impacted by other e,,” scavengers with fast bimolecular rate
constants. On the other hand, more recalcitrant contaminants
requiring longer treatment times such as PFOS will be
inhibited by e,,~ scavengers with slower bimolecular rate
constants (e.g., bicarbonate).

Our results suggest that high alkalinity may inadvertently
increase the treatment time or amount of sensitizer chemical
required for complete PFOS degradation when applying UV-
ARP treatment to groundwaters. Furthermore, DOC was
shown to both increase the e, ~ scavenging capacity by having

aq
a moderately fast e bimolecular rate constant

aq
(~10® Mc"'s™!) and decrease Rfy by shielding sulfite from
incoming photons. The role of DOC in e, scavenging
deserves further attention. For example, we observed that Lake
Bryan (with an initial [DOC] of almost 10 mg. L™") exhibited
a higher e,;~ scavenging capacity than other source waters after
~12 h of treatment. This is particularly relevant for UV-ARP
treatment of concentrated PFAS sources such as ion exchange
regenerate and reverse osmosis concentrate. Effective UV-ARP
treatment in waters with high DOC may require pretreatment
to lessen the impacts of this e,,~ scavenger.

This study contributes to the development of quantitative
methods to study UV-ARP systems. The results obtained using
MCAA as an e,,~ probe compound reveal insights into UV/
sulfite treatment of PFAS. Accordingly, we expect that the
R._yy method will be useful for characterizing [e, ~],
availability in future UV-ARP studies.
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