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ABSTRACT: Advanced reduction processes (ARPs) that generate
hydrated electrons (ea_q; e.g, UV-sulfite) have emerged as a
promising remediation technology for recalcitrant water contam-
inants, including per- and polyfluoroalkyl substances (PFASs). The
effectiveness of ARPs in different natural water matrices is
determined, in large part, by the presence of non-target water
constituents that act to quench e, or shield incoming UV photons
from the applied Photosens_ltlzer. Thls_study .examlned the pH- Deactivation C0§ HCO;  H,CO0;
dependent quenching of e;; by ubiquitous dissolved carbonate el

species (H,CO,*, HCO;~, and CO;*") and quantified the relative 105 % 10°M7S
importance of carbonate species to other abundant quenching ' 218~
agents (e.g, H,0, HY, HSO,;~, and OZ(aq)) during ARP

applications. Analysis of laser flash photolysis kinetic data in

relation to pH-dependent carbonate acid—base speciation yields species-specific bimolecular rate constants for e;; quenching by
H,CO;* HCO;™, and CO;™ (kyy,cor = 223 £ 0.42 X 10° M~ 57} kyyeo: =218 £0.73 X 10° M™' 57!, and k2~ = 1.0S + 0.61 X
10° M™' s7'), with quenching dominated by H,CO;* (which includes both CO,(,q and H,CO;) at moderately alkaline pH
conditions despite it being the minor species. Attempts to apply previously reported rate constants for e;; quenching by CO,(,q),
measured in acidic solutions equilibrated with CO,,), overpredict quenching observed in this study at higher pH conditions typical
of ARP applications. Moreover, kinetic simulations reveal that pH-dependent trends reported for UV-sulfite ARPs that have often
been attributed to e,; quenching by varying [H"] can instead be ascribed to variable acid—base speciation of dissolved carbonate and
the sulfite sensitizer.

KEYWORDS: laser flash photolysis, hydrated electron, advanced reduction process, PFAS, acid—base speciation

s Mist y
10 M 109 M—&s‘

B INTRODUCTION natural water systems. Moreover, sulfite has the added benefit
of scavenging dissolved oxygen,'” a known quencher of €y (k,

Advanced reduction processes (ARPs) are a class of water 1 s )
=1.9 X 10 M™' s7"),"” and has an extensive history of use at

treatment technologies that integrate activation methods (e.g.,

UV light and ultrasound) with reduced species (e.g,, sulfite and wastewater treatment facilities for dechlorination of treated
dithionite) to generate reductive radicals that are highly wastewater before discharging.”

reactive with many aquatic contaminants." Remediation While e is a strong reductant that is able to react with many
strategies employing ARPs are emerging as promising options contaminants of concern, it is also a transient species (lifetime
for chemicals that are resistant to oxidation, including per- and ~107 §)">'° that is rapidly quenched by water and other non-
polyfluoroalkyl substances (PFASs), chlorinated solvents (e.g., target constituents commonly measured in groundwater,
trichloroethylene), and toxic oxyanions (e.g, ClO,~, BrO;, including O,y H*, and NO,~."7""° The effectiveness of

and Cr0,>").””® Among ARPs, UV photochemical processes
that generate hydrated electrons (ea_q) have received growing
attention due to their potential for degrading highly
recalcitrant PFASs.” Absorption of UV photons of sufficient
energy by an appropriate photosensitizer species (e.g, sulfite,
iodide, and ferrocyanide) leads to electron ejection into the
bulk solvent, forming e,;, a powerful reductant (Ey® = 2.9
V).'!" Practical remediation applications have focused on UV
activation with sulfite (SO;*7) salts due to their low cost as
well as the non-toxicity and ubiquity of the byproduct sulfate in

UV-sulfite and other ARPs in treating target contaminants is
directly related to e, steady-state concentrations, which are
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highly dependent on source water composition and difficult to
predict a priori from available information. Moreover, the
literature does not currently have the tools to estimate e,
steady-state concentrations from geochemical solution con-
ditions. Applications involving e, for contaminant remediation
typically re(c)luire adjustment of pH to alkaline conditions (e.g.,
pH > 9),°° often assumed to be a requirement to limit €
quenching by H* (2.3 X 10'"® M~' s7")."%*"** In fact, Bentel
and co-workers recently reported that UV-sulfite treatment of
PFASs is dramatically accelerated by increasing pH to 12.*
Whereas ~85% defluorination of trifluoroacetate was observed
after 24 h of reaction at pH 9.5, complete defluorination was
observed within 4 h at pH 12.>> Although pH-dependent
trends have often been attributed solely to changes in e
quenching by H*****’ quantitative analysis of reactivity
trends does not support this conclusion. For example, our
recent work using laser flash photolysis (LFP) demonstrated
invariance of e; lifetime from 9 < pH < 12, suggesting that H"
itself is not a significant e;; quencher at these pH conditions.”*
Additional work has highlighted the potential importance of
weak acids as alternative quenchers of e  in both laboratory-
prepared solutions and real-world water matrices.””*® Weak
acids exhibit pH-dependent changes in speciation that could
influence rates of contaminant degradation observed in
different solution matrices. For example, Maza and co-workers
recently showed that HSO;™, the conjugate acid species of the
sulfite photosensitizer (pK, 7.2),'”*” is a significant quencher
of e (12 x 10° M~ s71)** that will inhibit contaminant
reactions to varying degrees during UV-sulfite treatment
applications, depending on pH conditions.

Perhaps the most ubiquitous weak acids in natural water
systems are carbonate species that are in equilibrium with
atmospheric CO,,) (e.g, H,CO;* and HCO;") and are a
dominant pH buffer of natural water systems. Moreover,
carbonate has been widely used in laboratory ARP studies to
buffer pH conditions,””***° and the results of a recent study
show that increasing carbonate concentrations inhibit de-
fluorination of perfluorooctanoic acid (PFOA) by ea_q.‘?’1 While
past reports of e, quenchin§ by HCO;™ (<10° M~' s71)** and
CO5*™ (3.9 x 10° M~" s71)* suggest such species are unlikely
to inhibit contaminant reactions with e, when present at
environmentally relevant concentrations, dissolved CO, has
been reported to react with e,y at near diffusion-limited rates
(7.7 x 10° M~! s71).>* However, it remains unclear whether
CO,,q (the major contributor to H,CO;*), a minor
contributor to dissolved carbonate speciation at pH conditions
typical of ARP applications, contributes significantly to
scavenging in e, treatment processes. Past reports of €y
reactions with carbonate assumed quenching by single species,
ignoring potential for simultaneous reactions with different
(and otherwise minor) acid—base carbonate species that are in
equilibrium with the species that predominates at a given pH
condition. Thus, given the ubiquity of dissolved carbonate in
natural water matrices, a more comprehensive study of e
quenching over a range of pH conditions typical of ARP
applications that carefully quantify the effects of changing
acid—base-driven carbonate speciation is warranted. Accurate
rate constants for e, reactions with individual carbonate
species will be critical inputs for comprehensive kinetic models
for ARP remediation applications that require a full accounting
of sources and sinks of e, in different water matrices.

In this study, we report on the effects of dissolved carbonate

concentration and speciation on e,q reactions. The inhibitory

7850

effect of dissolved carbonate on UV-sulfite treatment of
perfluorooctane sulfonate (PFOS), a highly recalcitrant PFAS,
was first confirmed and compared with recent reports for
PFOA. LFP experiments were then conducted to quantify e,
quenching by dissolved carbonate over a range of pH
conditions (pH S$—12), and the resulting data were
quantitatively analyzed in terms of changing acid—base
carbonate speciation. Finally, species-specific bimolecular rate
constants derived from this effort were then applied to quantify
the potential contribution of dissolved carbonate species
relative to other documented quencher species present during
treatment applications, including H" and HSO;".

B MATERIALS AND METHODS

Chemicals. A full list of chemicals used are provided in the
Supporting Information. All stock solutions were prepared
inside an anaerobic chamber (Coy Lab Products; 97% N,, 3%
H,) using deoxygenated deionized water prepared as described
in the Supporting Information.

Constant Irradiation Experiments. UV-sulfite reaction
of PFOS was carried out in solutions amended with varying
concentrations of dissolved carbonate. Experiments were
conducted using a light source and reactor described
previously.” Briefly, a jacketed glass photoreactor and jacketed
quartz immersion well were used with an 18 W low-pressure
Hg UV lamp. Photochemical parameters (photon flux, path
length, etc.) were reported previously.”® A solution containing
70 ug/L PFOS and sulfite (3 mM Na,SO;) was buffered at pH
10.0 (5 mM sodium tetraborate) and amended with 0—25 mM
NaHCO; with an NaCl offset to keep the ionic strength
constant (0.0S M) across experiments. To eliminate €.q
scavenging by dissolved oxygen, solutions were deoxygenated
by sparging with Ny, for 1 h before introducing PFOS and
sulfite to initiate UV reactions. Sample aliquots were collected
at pre-determined time intervals to measure changing PFOS
concentrations which were measured by liquid chromatog-
raphy with tandem mass spectrometry (LC—MS/MS) using
procedures and instrumentation described elsewhere.”> Sol-
ution pH was re-measured after the reaction was completed to
evaluate any pH drift during experiments. Additional details on
reaction solution preparation and analysis are described in the
Supporting Information. We note that UV-sulfite treatment
often requires millimolar concentrations of Na,SO; as a UV
sensitizer, which results in high ppm levels of residual sulfate
byproducts that could increase total dissolved solid levels in
any receiving water. This, among other reasons, is why it has
been suggested to apply destructive technologies, including
UV-sulfite,’® to PFAS concentrate streams (e.g, membrane
rejection) rather than for direct treatment of more dilute water
sources. Subsequent discharge of small volumes of treated
concentrates would then benefit from significant dilution
effects.

LFP Experiments. Transient absorption spectra at 690 nm
were collected (LP980 spectrophotometer equipped with an
ICCD camera and photomultiplier tube, Edinburgh Instru-
ments) to quantify the kinetics of e, quenching in solutions
amended with varying sodium bicarbonate concentrations (0—
500 mM) and adjusted to varying pH conditions (5.0—12.0).
A Nd/YAG laser (Surelite EX, Continuum) operating at 1064
nm with a 10 Hz repetition rate was used with a 4th harmonic
generator to produce 266 nm light (further details described
elsewhere).”* Generation of €,q Was achieved by irradiating a
solution of K,Fe(CN)4 (40 uM) and K;Fe(CN)4 (10 uM)
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with an 8—10 mJ laser pulse. Ten transient spectra were
measured and averaged for each of the solution. Unless
otherwise noted, individual solutions containing K,Fe(CN),
K;Fe(CN)g, the desired bicarbonate concentration, and NaCl
(added to fix ionic strength near 0.5 M), were prepared in SO
mL polypropylene centrifuge tubes and adjusted to the desired
pH condition using either 1 M HCI or NaOH. Three replicate
2.75 mL aliquots of each solution were then transferred to
individual quartz cuvettes (Innovative Lab Supply) and sealed
before removing them from the anaerobic chamber and
subjecting them to LFP measurement. Stern—Volmer analysis
of the change in e  lifetime (7) for all 15 measurements was
used to determine the pH-dependent k,,, value. Further details
on solution preparation can be found in the Supporting
Information.

A separate LFP experiment was conducted to measure e
quenching by dissolved H,CO5* (which includes both COy0g)
and H,CO;) under acidic pH conditions. A stock solution of
31.8 mM H,CO;* was prepared inside the anaerobic chamber
by sparging deionized water with 1 atm CO, overnight;
H,CO;* concentration was estimated using the Henry’s Law
constant for CO,q) (3.4 X 107> mol/kg bar at 20 °C).*’
Aliquots of varying volume from this stock solution were mixed
in a cuvette with solution containing K,Fe(CN),, K;Fe(CN)s,
and electrolyte to yield final concentrations equal to the other
experiments (i.e., 40 uM K,Fe(CN)g, 10 uM K;Fe(CN)y, ionic
strength &~ 0.5 M) and then immediately sealed with minimal
headspace (3.5 mL total) before removing from the glovebox
for LFP analysis of e, lifetimes. Replicate solutions were
prepared in larger centrifuge tubes to measure pH of the
solution before the reaction, and the 3.5 mL samples were
pooled post reaction to measure the pH after LFP analysis.

Analysis and Modeling. PFOS degradation kinetics
observed in constant irradiation experiments followed a
pseudo-first-order rate law, and corresponding rate constants
(kobsy h™") were determined by least-squares fits of the model
to measurements. Apparent bimolecular rate constants for e
quenching by dissolved carbonate species at each pH condition
(kapp, M™ s7') were derived from LFP data using Stern—
Volmer analyses of the changes in e lifetimes (7) as a function
of total dissolved carbonate concentration (CT,CO3)' Equili-

brium acid—base speciation of dissolved carbonate and sulfite
was calculated using Visual MINTEQ_ (Ver 3.1). MINTEQ
calculations assumed an ionic strength () of 0.5 M for LFP
experiments, 0.05 M for the constant irradiation experiments,
and a temperature of 20 °C for both. Species-specific
carbonate-e,; bimolecular rate constants were then determined
by least-squares fits of the trends in measured k,,, values in
relation to carbonate speciation (Scientist Ver 3.0, Micromath
Research). Scientist was also used to rule out the potential
kinetic limitations of carbonate species interconversion
reactions to the observed kinetics of e;; quenching.

B RESULTS AND DISCUSSION

Effect of Dissolved Carbonate on PFAS Degradation.
Here, we first re-visited the effects of dissolved carbonate on
the kinetics of e,; ARP PFAS degradation by examining
treatment of PFOS during UV-sulfite treatment, a commonly
applied ARP. In the absence of added carbonate, UV-sulfite
treatment of PFOS with 3 mM sulfite (pH 10.0) yielded a kg,
value of 0.237 + 0.031 h™". This value dropped by >25%
(0.154 + 0.035 h™') and >50% (0.105 + 0.027 h™") ‘when 1

7851

and 5 mM total dissolved carbonate, respectively, were added
to the solution and pH was kept constant (Figure 1). These
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Figure 1. Effect of added dissolved carbonate on the observed rate
constant for PFOS degradation during UV-sulfite treatment. Reaction
conditions: [PFOS] s = 70 pg/L, 3 mM Na,SOj, irradiation with
LP-Hg light source, pH 10.0 (S mM borate buffer), 20 °C. Each
experimental condition was run in duplicate, and error bars represent
the standard deviation of k., values determined from duplicate
experiments conducted under the same conditions.

decreases in k., are particularly noteworthy since mM
concentrations have often been applied to buffer pH in
previous studies examining UV-sulfite treatment of
PFASs.”***7*° Moreover, this highlights that environmentally
relevant concentrations of dissolved carbonate can inhibit
PFAS degradation. Additionally, the pseudo-first-order reac-
tion rate constant (k,,; h™) obtained here for 5 mM added
carbonate is not far off from previous reports by Tenorio and
co-workers at similar conditions (0.080 + 0.005 h7!).*®
Further increases in carbonate concentration led to greater
inhibition, where k,, = 0.066 + 0.024 h™' when 25 mM
carbonate was added. It should be noted that removal of
dissolved carbonate resulting from dissolution of ambient
CO,(y) was not attempted because it would be difficult to
ensure complete removal experimentally. However, the
concentration of dissolved carbonate expected to be present
in equilibrium with atmospheric CO,g) (~107° M) is far lower
than the concentrations of carbonate added in these experi-
ments (1—25 mM). Moreover, any background levels of
dissolved carbonate will be the same for each condition shown
in Figure 1, so differences between the kg, at the various
Cr,co, are still valid.

These findings are also consistent with earlier reports noting
inhibited rates of PFAS treatment by e,; ARPs. Ren et al.
investigated the effect of carbonate, as well as other common,
co-existing anions, on degradation and defluorination of
PFOA, a commonly studied long-chain perfluoroalkyl carbox-
ylic acid”’ In the absence of carbonate, nearly 100%
degradation of PFOA was observed within 1 h, while only
about 55% of PFOA was degraded during the same time in the
presence of 5 mM added carbonate, the lowest concentration
studied. Not only was carbonate found to inhibit parent
compound degradation, but it also decreased the extent of
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PFOA defluorination from nearly 90% (0 mM) to ~60% (S
mM) after 24 h. Further increases in carbonate concentration,
up to 25 mM, led to further inhibition.

LFP Measurements. The progressive inhibition of PFOS
degradation observed with increasing total dissolved carbonate
is consistent with competitive scavenging of the reactive e, by
this solution component. Given the ubiquity of carbonate
species in natural water matrices, this warrants further
investigation to better predict its influence on treatment
efficacy. LFP kinetic traces collected for e,, quenching in
solutions buffered at pH 9.3 and varying concentrations of
carbonate are provided in Figure 2A (traces for all other pH
conditions provided in the Supporting Information). Following
excitation, absorbance values at 690 nm (characteristic of
e,,’®) increase to an initial optical density (AOD) value of
~0.0S. Applying Beer’s law and reported molar absorptivity for
e,y at 690 nm (20,560 M~ em™),*** each laser pulse
generated an initial e;; concentration of ~2.4 yM. We note
that the amount of e, generated is at least 1000X lower than
that of the added quencher which varied from 2.5 to 500 mM
Crco, (see Figure S9). Therefore, any reactions between
carbonate and adventitious reactive species (e.g., H*) will not
affect the kinetics of the reaction of interest since carbonate is
in significant excess. Absorbance then decays on a ys timescale
and was accelerated by the addition of increasing concen-
trations of total dissolved carbonate. Rate constants were
determined in a similar fashion as our previous study,”* and
results of the replicate measurements were found to be highly
reproducible. Briefly, lifetimes of the transient e, species (7;
ns) were analyzed using a Stern—Volmer type relationship (i.e.,
1/t vs Cr o, Figure 2B,C) to derive apparent bimolecular
rate constants (k,p; M~ s7!) for €, reactions with dissolved
carbonate at each pH condition. Table 1 summarizes k
measured at various pH conditions from pH 5.0 to 12.

The results of these experiments show that values of k,,
increase dramatically with decreasing pH conditions, with
values increasing from <2 X 10° M~ s! at pH 12.0 to 4.63
(£0.13) x 10° M™" s7! for pH 5—5.5 prepared by equilibrating
solutions with CO,(y) (Figure 2C). We note that the continued
increase in kapp at pH < 6 is possibly a consequence of
uncertainties in the H,CO;* concentrations estimated from
Henry’s law when performing Stern—Volmer analysis and not
to an actual increase in carbonate reactivity or e,; quenching by
H* (vide infra). This trend is attributed to changes in the
acid—base speciation of the dissolved carbonate species. The
predominance of e, quenching by carbonate species is further
supported by the fact that the measured lifetimes for e,y (z; us)
in the absence of added carbonate show little change in value
between pH 5.8 and 12.0 (Figure S2), highlighting that H,
which varies 10-fold in concentration for each integer change
in pH, is not a major quencher species compared to the solvent
and the photosensitizer species. It follows that dissolved
carbonate and its speciation may be determinative factors in
the reported pH dependencies of e, -based ARPs,**"*! rather
than variable [H*].

Quantitative Analysis of Kinetics in Terms of
Carbonate Speciation. Figure 3 shows the measured values
of k,y, as a function of pH along with fits of a model that
assumes parallel reactions of e, with different species of
dissolved carbonate. As a diprotic acid, dissolved carbonate
speciation can be described by acid dissociation constants

app
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Figure 2. (A) Kinetic transient absorption traces for ey decay
(measured at 690 nm) at pH 9.3 in solutions amended with varying
concentrations of dissolved carbonate prepared from NaHCO;.
Solution conditions: 40 uM K,Fe(CN)4 10 uM K Fe(CN),, ionic
strength = 0.47 M (balanced using NaCl). (B) Stern—Volmer plots
for selected pH conditions generated from model fits of the traces to
determine e lifetimes in each solution (results for all pH conditions
provided in the Supporting Information). (C) Stern—Volmer plot for
acidic solutions (pH 5.0—5.5) prepared by equilibrating CO,,) with
aqueous solutions and then adding K,Fe(CN), K;Fe(CN),, and
NaCl. Individual kinetic traces in panel (A) represent the average of
the triplicate measurements, and error bars in panels (B) and (C)
represent one standard deviation based upon triplicate measurements.
Apparent rate constants derived from Stern—Volmer analyses
provided in Table 1.

H,CO; = H" + HCOj; pK = 6.3 (1)

HCO; = H* + CO;™; pK = 1033
a4

)

Therefore, speciation shifts from predominantly H,CO;*
(includes both CO,(,q) and H,CO; with the former
accounting for >99% of the total) at the lowest pH conditions
examined to predominantly HCO;™ at pH conditions between
the two pK, values and finally to predominantly CO;>" at the
highest pH conditions examined. We note that the pK, values
cited above are for standard conditions (e.g., 25 °C, 1 atm, 0 M
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Table 1. Summary of k,,,

Values Determined at Various pH Conditions Using LFP along with Corresponding & Values at Each

Condition Determined Using Visual MINTEQ at an Ionic Strength (u) of 0.5 M and Temperature Fixed at 20 °C

Cr.co,
pH u (M) (M) a

12.0 0.54 0.33 147 x 1078
11.0 0.52 0.33 1.36 X 107°
10.3 0.50 0.23 2.54 X 1075
9.8 0.45 0.44 1.50 x 107*
9.5 0.46 0.47 373 x 1074
9.3 0.47 0.46 6.52 x 1074
8.8 0.49 0.49 234 x 1073
8.3 0.50 0.49 7.69 X 1073
7.8 0.50 0.50 0.024

7.3 0.47 0.45 0.073

6.8 0.55 0.05 0.200

6.3 0.56 0.05 0.442

5.8 0.50 0.01 0.714
5.0-5.57 0.47 0.0014 0.94—0.83

a, (€53 kapp (M's7)
0.009 0.991 1.54 (+1.13) x 10°
0.086 0914 1.81 (+£1.08) x 10°
0.321 0.679 591 (+2.30) x 10°
0.599 0.401 1.37 (+0.11) x 10°
0.748 0251 3.62 (+0.13) x 10°
0.825 0.175 5.18 (+0.12) x 10°
0.935 0.063 1.34 (+0.04) x 107
0.972 0.021 2.99 (+0.04) x 107
0.969 6.49 X 1073 5.54 (+0.15) x 107
0.925 1.96 x 1073 1.02 (+0.03) x 10°
0.800 535 x 1074 2.45 (£0.15) x 10®
0.558 1.18 x 107 6.65 (+£0.32) x 10°
0.286 191 x 107° 1.13 (+0.09) x 10°
0.06—0.17 <6 % 107¢ 4.63 (+0.13) x 10°

“Solution pH varied from 5.0 to S.5 as concentration of H,CO;* stock solution, prepared by equilibrating water with 1 atm CO,(g), added to

unbuffered solution decreased.

10 —
10 S B Experimental
o - --- Predicted (literature)
10’ = Predicted (this study)
. kHzcoz*ao
P N Kico,-01
— Keo,o-%
7
— 10
- w
=
= 6
g 10
I L. .
5
10
4
10
3
10
1 I L L L l L L

11 12

pH

Figure 3. Effect of pH on measured and model-predicted apparent
rate constants for e, reaction with dissolved carbonate species.
Measured k,,, for carbonate species at acidic conditions (which
ranged from pH 5.0—5.5 with decreasing amounts of added CO,,)
saturated solution) is shown as an open black square and was
prepared by equilibrating water with 1 atm CO,. Simulated
contributions of H,CO;* (beveled orange line), HCO;~ (beveled
blue line), and CO;*~ (beveled green line) to the overall quenching
(solid black line) are also shown. The dashed black line shows model
predictions using rate constants previously reported in the
literature,>*>*

ionic strength); however, the a values reported in Table 1 and
throughout these studies were calculated at the conditions
applied in the experiments (described in the caption). Figure
S3 in the Supporting Information depicts the speciation shifts
in our system. It is in line with the observed pH dependence of
kinetic trends that e,  reactivity follows: H,CO;* > HCO;™ >
CO,*". If we consider that e,q reacts in parallel with individual

carbonate species, we can formulate a relationship between k,;,,
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and the species-specific bimolecular rate constants (kHZCO’;!
-1 -1
kyco; and kege-, M7 s™)

k

wp = Ki,coi@ + kycoydr + keora,

3)
where the a values represent the fractional contribution of the
corresponding species to total dissolved carbonate. Attempts to
apply the model described in eq 3 using literature values of
kcor (7.7 X 10° M7 s71), % kyyeor (6 X 10° M7 s7"),* and
koor (39 x 10° M™! s reported by separate

investigators were unsuccessful. Although the general trend
of increasing reactivity with decreasing pH is predicted, the
modeled k,,, values overpredict measurements by up to a
factor ~2 over the entire pH range examined (Figure 3, dashed
line). The overprediction may result from the fact that past
studies measuring carbonate reactivity with e, only considered
contributions from a single species in each study. Most
importantly, model predictions are dominated by extrapolation
of the reported ky cor value measured under acidic pH

conditions to much higher pH conditions that are
representative of conditions used for ARPs in practice (e.g,,
pH > 9). This extrapolation leads to overprediction of ey
quenching even if it is assumed to be the only species present
across the pH range studied (Figure S4).

Re-fitting of eq 3 to the measured k,,, values in this study
yields updated values for kyy cor = 2.23 (£0.42) X 10° Mt s,
kyco; = 218 (£0.73) x 10° M™' 57!, and k- = 1.05
(£0.61) x 10° M™* s7* that more closely match the observed
e,y quenching over the full range of pH conditions (Figure 3,

bold line). Comparing these species-specific values reveals that
ky,cor derived from fitting the pH-dependent data is >3-fold

lower than that measured at acidic conditions alone (7.7 X 10°
M s7), " whereas kyco; and kgoe- are >3-fold higher and

lower, respectively, than the values reported previously (6 X
10° and 3.90 X 10° M~ 57, respectively).*>** We hypothesize
that the differences result largely from the assumption in earlier
studies that the carbonate species in question was the sole
quencher of e, .. For example, the value for k- was measured
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at pH 11.4 where CO;*™ accounts for 93% of Crco, but

contribution of HCO;~ to the rate constant was not
considered despite this species accounting for 7% of Cr o,

and being 20-fold more reactive than CO;*~."*** In addition,
no mention is made of the pH at which the value for kyy¢o: was

measured.”’ Additional factors responsible may include
differences in ionic strength or temperature. We employed a
high ionic strength (0.5 M) to ensure that this parameter was
constant when varying added NaHCOj, (up to 0.50 M) during
LFP experiments. We note that when two ions are of the same
charge, their reactivity toward each other can be affected by
changes in ionic strength.** However, the main quencher of €
in carbonate-containing solutions at pH < 9.3 is the neutral
COy(,q) species that is not expected to be strongly influenced
by changing ionic strength. The insensitivity to changing ionic
strength was confirmed by comparative LFP experiments
conducted at low and high ionic strength conditions at pH
5.0—5.5 (Figure S5) and 8.3 (Figure S6), where CO,(,q) and
HCO;™ species predominate, respectively. Failure to specifi-
cally account for this variable in earlier studies may also have
affected the resulting rate constant values.

Figure 3 also illustrates the relative contributions of
individual carbonate species to net quenching of e, at different
pH conditions. This shows that H,CO;* is the dominant
quencher species at pH < 9 despite the fact that it is a minor
contributor to carbonate speciation at pH > 6.35. The
dominance of quenching by H,CO;* at pH < 9 is further
highlighted by the fact that all the individual e;; measurements
at these pH conditions (40 different data points at varying
concentration and pH conditions) fall onto a single Stern—
Volmer-type plot when the x-axis is re-defined by the
calculated concentration of H,CO;* (Figure S7) rather than
total dissolved carbonate (CT,CO3)' It is also notable that the

value derived from this data set (1.42 (+0.04) X
is similar to the value of ki _, obtained from

o3

resulting kapf
10° M~ s7h)
fitting the pH-dependent k,,,, data set with eq 3. Nevertheless,
ARP applications are most often being conducted at pH > 9,
where HCO;™ is a major contributor to e,, quenching and
cannot be ignored. For example, this analysis indicates that
HCO;™ is responsible for 85% of the carbonate inhibition of
PFOS degradation rates observed in Figure 1.

Reaction Mechanisms. Model fits are consistent with e,
quenching by H,CO;*, HCO;", and CO;*~ species. H,CO,*
is defined to include both CO,q and H,CO;, which are
related by the hydration/dehydration equilibrium

COz(aq) + HZO = H2C03; IOg Khyd = —2.66 (4)

Hence, this equilibrium is strongly shifted to the left and
H,CO;* is dominated by CO,(,q) (i.e, [COypq)] ® Crco, at
pH < pK, ). Earlier reports document that the reaction of

COyq With ey yields the CO, radical a&igon (Co3),
confirmed by transient absorption spectroscopy™
- o

COz(aq) tey® CO, (s)

While most studies to date show that increasing dissolved
carbonate acts to inhibit rates of e,y ARPs,*"* 3 recent report
suggests that CO37, itself, may react with more recalcitrant
PFASs (e.g, perfluorobutane sulfonate).”” However, the
importance of PFAS reactions compared to other processes
that rapidly consume CO;7, including near diffusion-limited

7854

recombination reactions, remains to be established.”*>*® Still,
further studies of the fate and reactivity of CO3™ are warranted,
given the likelihood for generation of this transient species
during e, ARPs in carbonate-containing natural water matrices.

The minor contributor to H,CO;* H,CO;, and its
conjugate base HCO;™ are Bronsted acids, where the acidic
proton can react with e, to yield atomic hydrogen in the same

4
manner as H;0" ions*

H,0" + e, » H* + H,0 (6)
H,CO; + ¢, — H® + HCOj (7)
HCO; + e, - H* + CO;~ )

Because of its minor contribution to H,CO;*, we are unable
to directly quantify the reactivity of H,CO; with e, separate
from CO,(,q), but previous work has shown that the reactivity
of different Bronsted acids varies with acid strength according
to the following relationship™’

ky

K /
GA(q—A)
p p (9)

where k), K,, p, and g, respectively, represent the bimolecular
rate constant for Bronsted acid reactivity with e, the acid
dissociation constant, the number of dissociable protons
available in the acid, and the number of equivalent sites at
which a proton can be attached to in the conjugate base. G,
and S are constants distinct to similar types of acids.”” Using
data presented by Maza and co-workers™ for a series of
Bronsted acids together with the pK, of H,CO, (3.45),>° we

estimate k, for H,CO, of 4.8 X 10° M™' s™' (Figure S8). It is
worth noting that the estimated ki ¢, is more than 4 times

lower than the value determined for H,CO;* from fitting
experimental data (2.23 X 10° M~ s7"), further supporting the
conclusion that CO,,q) is the dominant species contributing to
e,q Scavenging. It is also worth noting that lower reactivity of
HCO;" determined from model fitting (2.18 X 10 M~' s7") is
consistent with the Bronsted relationship described by eq 9
and similar in magnitude to the value reported for e
quenching by NH," (1.30 x 10° M~ s7!),°" a Brensted acid
of similar strength to HCO;". The fully deprotonated (CO,>")
species still reacts with e;,, albeit very slowly. To the best of
our knowledge, there are no literature reports on the product
of the reaction between e;; and CO;*” or similar polyatomic
ions such as SO, despite rate constants being available for
both, 13335253

Relative Importance of Carbonate Species to Other
Quenchers. Data presented in Figure 1 shows the importance
of carbonate species as e, quenchers that inhibit ARP
treatment of PFOS. We can more generally evaluate the
importance of dissolved carbonate species relative to other
quencher species expected to be abundant in natural water
matrices during ARP treatment applications. The net
contribution of individual quenchers can be quantified by the
product of their concentration and bimolecular rate constant
for reaction with ey, k[i]. For carbonate species, this can be

aq)
formulated according to the following expression

ki, cotH,COR] + kiyco:[HCO] + keo-[CO37]

(10)

Other e, quenchers expected to be common in groundwater
matrices during ARP treatments include the conjugate acid of
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the sulfite photosensitizer HSO;~ (1.2 x 10®* M~ s71),> H*
(2.3% 10" M1 s71),"* dissolved O, (1.9 x 10" M~ s71),"7
and nitrate (9.7 x 10° M~! §71)."*°° It follows that total
quenching of e;; can be formulated as

D klil = kg coiH,COE + koo [HCOS]
+ keor[CO3T] + kyygo:[HSO3] + kype[H']

Figure 4 illustrates the predicted contribution of individual
quencher species and overall quenching in solutions at varying
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—— 10mM Cy g,
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Figure 4. Simulation of the rates of e, scavenging by dissolved
carbonate species in comparison with other common scavengers
expected during groundwater treatment with UV-sulfite constructed
using eq 11. Species concentrations ([i] in eq 11) were determined
using Visual MINTEQ_(Ver 3.1) at 20 °C and 0.05 M ionic strength.
(A) Influence of pH and (B) influence of variable carbonate
concentration at pH 7.0.

pH conditions (Figure 4A) and varying total dissolved
carbonate concentrations (Figure 4B). If we first consider
matrices free of O, and NO;~, we observe strong pH
dependence for the rates of quenching by different species
resulting from shifts toward conjugate acid species with
elevated reactivity. This trend is consistent with experimental
observations that UV-sulfite treatment efficacy decreases with
decreasing pH.””*”*" Comparing the contributions of different
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quencher species, it appears that carbonate and bisulfite species
are the major quenchers anticipated at most conditions, with
the relative contributions being dependent on their respective
concentrations in the matrix of interest. For example, if the
trends for 1 mM total dissolved carbonate and 10 mM sulfite
are compared, simulations in Figure 4A show that carbonate
quenching dominates at pH < 6.5 and >9.6, but sulfite
dominates at pH conditions in between. When a lower sulfite
concentration (3 mM) is used for treatment, such as in the
PFOS experiments shown in Figure 1, carbonate species
become the dominant quencher over the entire pH range.
Investigations into UV-ARPs have often used 10 mM sulfite as
a sensitizer along with S mM carbonate as a buffer.”>**%° This
system is represented by the dashed line in Figure 4A, which
shows that the curve representing total background quenching
nearly overlaps the line for S mM carbonate, suggesting that
carbonate alone is responsible for any pH-dependent processes
involving ey, It is also noteworthy that H" contributes
negligibly to e, quenching across the full range of pH
conditions. We note that the decreases in PFOS k,,, were not
directly proportional to the increases in added carbonate. For
example, PFOS k., decreases by roughly a factor of 1.5 when
increasing added carbonate from 1 to S mM (Figure 1). This is
likely due to background levels of quenching due to non-
carbonate species (e.g., bisulfite) whose effects do not scale
with added carbonate. However, rudimentary analysis assum-
ing that e,  is the sole species reacting with PFOS would lead
one to expect closer to a 1:1 correlation between degradation
kinetics and quencher concentration. From this, we recognize
that other species which are unaffected by dissolved carbonate
could be present and react with PFOS in parallel. This
warrants an in-depth analysis investigating the mechanisms and
impacts of other reactive species (e.g, SO3~, H®, etc.) on
contaminant transformation.

As shown in Figure 4B, carbonate quenching becomes
important relative to anticipated sulfite quenching as total
dissolved carbonate approaches millimolar levels. While the
concentration of carbonate in natural waters can vary, any
given source water is likely to undergo pH adjustment
immediately prior to UV irradiation, and re-equilibration
with atmospheric CO,(,) will not occur after this action is
taken in a closed reactor system.’” Thus, we believe that
quantification of Crcq, prior to treatment and inclusion of

quenching by carbonate species are important within models
for ARP treatment of PFAS and other recalcitrant contam-
inants. Simulations suggest that even at lower pH conditions
relevant to natural waters (pH 6.0—8.5), H" is not a prevalent
quencher, and therefore, if HSO;~ quenching and dissolved
carbonate quenching are minimized, it is possible for ARPs to
operate efficiently without pH adjustment, which has
significant practical implications.

Figure 4B also shows that quenching from dissolved O, and
NO;™ will be dominant when present in the matrix at elevated
levels, highlighting the need to characterize these species in
source waters being subjected to treatment. Although dissolved
O, has a very high reactivity with e, it is expected to be very
low in concentration during UV-sulfite treatment applications
because sulfite is an effective scavenger of O, and suppresses its
concentration.'” In fact, recent studies show that there is little
benefit to actively deoxygenating solutions prior to UV-sulfite
treatment since the sensitizer effectively suppresses dissolved
oxygen concentrations and eliminates scavenging of e,
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generated upon UV irradiation.*® Still, this is an issue to be
aware of when applying other ARPs. Nitrate is also known to
be a strong scavenger of €,q SO nitrate-contaminated water
matrices will require denitrification before applying ARPs to
treat less reactive contaminants like PFASs. The ARPs
themselves can remove the nitrate, but the additional e,
demand of the matrix needs to be accounted for in treatment
system design. These findings provide critical insights into the
operative mechanisms responsible for poor performance of
ARPs often observed at lower pH conditions. They also
provide mechanistic support for the recent design recom-
mendations to adjust pH conditions prior to UV-sulfite
treatment.”” Ultimately, quantitative information on back-
ground scavenging of source water matrices, such as those
provided here, provides critical information needed to improve
predictions and design of ARP technologies for treatment of
recalcitrant micropollutants such as PFASs. Because k, values
for e,q reactions with many common water constituents are
known,"” quantitative analysis of their impact on UV-ARPs can
be described using the tools presented here. We note that the
development of a comprehensive kinetic model naturally
follows the results of this work which will be reported in a
follow-up study focusing on the prediction of PFAS
degradation during UV-sulfite treatment in diverse environ-
ments.
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S1. Methods

S1.1 Reagents.

Constant irradiation and LFP experiments. All chemicals were used as received without further
purification. Potassium ferricyanide (100.2%), sodium chloride (100.5%), sodium hydroxide (97.5%), and
sodium bicarbonate (99.7%-100.3%) were purchased from Fisher Chemical. Sodium borate, tetra (99.5—
101.5%) was purchased from Baker & Adamson. Potassium ferrocyanide (101.3%) was purchased from
J.T. Baker. Hydrochloric acid (36.5%-38% was purchased from Macron Fine Chemicals. Sodium sulfite
(= 98%), and perfluorooctane sulfonate (98%) were purchased from Sigma-Aldrich.

Deoxygenated water was used to prepare all solutions inside an anaerobic glovebox (Coy Labs) to eliminate
scavenging of e,q by dissolved oxygen, unless otherwise noted. Briefly, this was prepared by boiling
nanopure water for 3 h while stirring and sparging with Na). After sparging, the deoxygenated water was
transferred into the glovebox and allowed to equilibrate with the atmosphere (97% Na(g), 3% Ha(g) overnight
while stirring.

LC-QqQ-MS analysis. Optima® HPLC-grade ammonium hydroxide solution (AmOH), Optima® HPLC-
grade ammonium acetate (AmAc). Optima® HPLC-grade water, and Optima® HPLC-grade methanol were
purchased from Fischer Scientific.

S1.2 Method for constant UV -sulfite irradiation experiments and analysis.

Photoreactions. Stock solutions for constant irradiation experiments are summarized in Table S1. Final
reaction volume was 575 ml for all constant irradiation experiments, and pH was adjusted to pH 10 using
1 M NaOH and buffered using 5 mM borate. Borate and carbonate solutions (570 ml total in nanopure
water) were added to the reactors and deoxygenated by sparging Na into the systems while stirring for 1
h prior to the reaction. In addition, UV lamps were warmed up for 15 min prior to initiating photoreactions.
Solutions of sulfite and PFOS were prepared in vials within the glovebox (~5 ml total), then removed from
the chamber and immediately spiked into the photoreactor using stainless-steel syringes to initiate the
photoreaction. 5 ml aliquots were then collected from the reactors at predetermined timepoints using the
stainless-steel syringes and were stored at 4 °C until analysis. Syringes were rinsed with 25 ml nanopure
water in between samples. Solution pH was re-measured after the reaction was completed to evaluate any
pH drift during experiments. While there is a potential for side reactions to occur, their effects would be
consistent across each UV photoreaction since the only variable changing between experiments is added
carbonate (Cr,co3). In addition, effects from the buffer (sodium tetraborate) are likely to be negligible
because it is not a e, quencher and absorbs negligibly at 254 nm."? Moreover, the photolysis products of
sulfite are e, and SO5~ (sulfite radical), which is a mild oxidant and poor reductant and therefore its role

in PFOS transformation will be insignificant compared to e,;q.3

LC-QqQ-MS sample preparation and analysis. Reaction samples were diluted to fall within the range of
the calibration curve (0.1 — 7.5 ug/L) PFOS using 80:20 MeOH:H,O and diluted AmOH. Double blanks
(80:20 MeOH and diluted AmOH) were injected throughout the analysis to verify no contamination.
Calibration standards were matrix-matched to the diluted reaction samples to ensure background levels
were consistent between the standards and samples (67 uM sulfite and 33 uM borate after dilution). Lab
blanks were injected at the beginning of analysis to ensure matrix components did not contain target
compound (PFOS). 100 uL of each sample and calibration standard was injected using a CTC PAL
autosampler onto an Agilent 1200 Series LC high-pressure liquid chromatography (HPLC) system set up
with a guard column (SecurityGuard, Phenomenex), two guard cartridges (ZORBAX Diol, Agilent, 6 um,
4.6 x 12.5 mm), and a Gemini C18 analytical column (3 mm x 100 mm, 5 um; Phenomenex). Column oven
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temperature was fixed at 40 °C. The mobile phases consisted of 20 mM AmAc (mobile phase A) and
methanol (mobile phase B). A gradient method was used, as described in Table S2.

S1.3 LFP solution preparation. All stock solutions (Table S1) and reaction samples were prepared in the
glovebox using deoxygenated water (prepared as described above). Unless otherwise noted, reaction
samples were first prepared in 5 X 50 ml centrifuge tubes with an increasing amount of bicarbonate quencher
along with 40 uM K4Fe(CN)s, 10 uM KsFe(CN)s, and NaCl as an electrolyte to balance ionic strength at
~0.5 M. 1 M NaOH and 1 M HCI were used to adjust pH to the desired condition. Final volume of each
reaction sample was 20 ml, and 3 x 2.75 ml aliquots of the solutions were transferred to 15 separate cuvettes
for triplicate measurement. Cuvettes were then covered with parafilm and immediately run in LFP
experiments after removing from the glovebox. Additions of bicarbonate quencher were 0-0.5 M for pH
conditions 12.0 to 7.3, 0.0-0.05 M for pH 6.8 to 6.3, and finally 0-0.01 M for pH 5.8. Various amounts of
carbonate were added based on pH condition because at the highly alkaline conditions, the quenching
reaction was slow and required high quencher concentrations to observe e7,q lifetime changes, while the
opposite is true at moderate and low pH values. To ensure pH was constant during reactions, pH was
measured after flash photolysis by pooling solutions from the three replicate cuvettes for a total volume of
8.5 ml. Although high concentrations of carbonate were required for Stern-Volmer analysis at high pH
conditions, its presence is not expected to alter e, concentration because the KsFe(CN)s sensitizer used
for laser flash photolysis experiments has a very high molar extinction coefficient and quantum yield of
4480 M cm™! and 0.674, respectively.** Meanwhile, bicarbonate, the dominant species at 6.3 <pH < 10.3
was found to have a very low extinction coefficient of 0.0206 M cm™! at the same wavelength.* In addition,
Hart and Boag report an insignificant difference in in the absorbance spectrum of e, in the presence of
Na»COs in anoxic water.® Indeed, minimal changes were measured in UV absorbance at elevated carbonate
concentrations (Figure S1). Moreover, the maximum absorbance standard deviations in the e, transient

traces for the conditions requiring ~0.5 M Crco3 (i.e., pH 7.3-9.8) were all < 12% of the averages when
comparing the various Cr,co3 concentrations (see Figure S9e-k).

CO, saturated solution was prepared from the deoxygenated water in the glovebox by bubbling COx at 1
atm for 14 h into a 250 ml sidearm flask affixed with a holed stopper to ensure that CO, did not saturate the
glovebox atmosphere. Gas was allowed to exit the flask through a tube secured to the sidearm that led
outside the glovebox. This solution was used to measure the bimolecular rate constant of H,COs" (which
consists of mostly CO»q and some H>COs3) in acidic conditions. The pH of the samples prepared in this
manner spanned from 5.0-5.5 with pH decreasing with increasing COjauq concentration.. For this
experiment, to ensure COq) did not partition into the gas phase, samples were made directly in the quartz
cuvettes at a total volume of 3.5 ml to minimize headspace. Addition of COxq) quencher for this experiment
was 0-1.36 mM, while other conditions were identical to those above (40 pM K4Fe(CN)s, 10 uM
K3Fe(CN)s, and NaCl for ionic strength balance at 0.5 M). pH was measured after flash photolysis by
pooling solutions from the three replicate cuvettes for a total volume of 10.5 ml.
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Table S1. Chemical concentrations of stock solutions used in constant irradiation (C.I.) and laser flash
photolysis (LFP) experiments.

Stock solution Component Experiment type Deoxygenated? Concentration
Borate buffer Na,B407 * 10 H,O C.L No 0.05 M
Sodium sulfite NaxSOs C.L Yes 1.64 M
NaOH NaOH C.L No 1M
HCI HCl C.L No 1M
PFOS PFOS C.L Yes 172.5 mg/L
Sodium NaHCOs3 C.L No 0.96 M
bicarbonate

Salt offset NaCl LFP Yes 1M
Potassium K3Fe(CN)s LFP Yes 5 mM
ferricyanide

Potassium K4Fe(CN)s*3H,O LFP Yes 10 mM
ferrocyanide

NaOH NaOH LFP Yes 1M
HCI HCI LFP Yes 1M
Sodium NaHCOs3 LFP Yes 0.5M
bicarbonate

COsynq saturated COxa) LFP Yes 31.8 mM?
solution

2Solution was saturated with CO» at room temperature giving a CO, concentration of 0.0318 (Henry’s law
constant Ky = 0.034 mol/kgBar).’
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Figure S1. Absorbance of solutions containing varying concentrations of added carbonate at 0.5 mM in

nanopure water.
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Table S2. Gradient pump method used for PFOS analysis on LC-QqQ-MS

Total time (min) Flow rate (ul/min) A (%) B (%)
0 600 90 10
0.5 600 90 10
1 600 50 50
8.5 600 1 99
10 600 1 99
S2. Additional Data
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Figure S2. Hydrated electron lifetimes measured at various pH conditions in
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carbonate. Reaction conditions are listed in Table 1.
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Figure S3. Speciation diagram of dissolved carbonate at I.S. = 0.5 M and 20 °C calculated using Visual
MINTEQ.

kapp (M s )
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10 Ml — Predicted (this study) \\
Ky, co,+p (this study) K
10° H---- Kco,,, o (literature) s
I I I | | | o
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Figure S4. Effect of pH on measured (black squares) and model-predicted apparent rate constants for e
reaction with dissolved carbonate species. Simulated contributions of H>COs" using the value from this
study (beveled orange line) and the value for COxq determined at acidic conditions from Getoff et al.®
Overall quenching using values from this study is shown as a bold black line.
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Figure S5. Stern-Volmer plots at high (red) and low (blue) ionic strength. The measured kapp value at 0.6
mM ionic strength is comparable to that derived at 470 mM: 4.84 £ 0.28 x 10° and 4.63 £0.13 x 10° M s°
!, respectively.
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Figure S6. Stern-Volmer plots conducted at various Cr,cos and ionic strength conditions at pH 8.3.
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Figure S7. Stern-Volmer plot for all LFP measurements at pH conditions < 9 where ey, lifetimes are
plotted as a function of HCO;". Species concentrations were calculated using Visual MINTEQ.
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Figure S8. Bronsted law for the conversion of eg, to H- by HCO;3 (from this study), as well as values for

other protonated acids. Solid black line represents the line of best fit determined from linear regression used
to predict kuacos (pKa = 3.5, red symbol). Refs® 2. Datapoint for HCOs (teal square) was determined using
the kucos- value from this study (2.18 x 10 M s71).
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S3. LFP transient traces and Stern-Volmer plots

LFP kinetic traces and SV-plots for various pH conditions.
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Figure S9. (Left) Transient absorbance traces depicting the decay of the characteristic 690 nm eg, peak
after photolyzing K4FE(CN)s with 266 nm light. (Right) Corresponding Stern-Volmer plots. Error bars
represent one standard deviation. Uncertainties of the ks, values represent standard errors of the
regression-derived slope values using the linest function in Excel. Solution conditions are outlined in

Table 1.
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Figure S9. Continued.
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