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Abstract

Plasma has been proposed as an alternative strategy to treat organic contaminants in brines.
Chemical degradation in these systems is expected to be partially driven by halogen oxidants, which have
been detected in halide-containing solutions exposed to plasma. In this study, we characterized specific
mechanisms involving the formation and reactions of halogen oxidants during plasma treatment. We first
demonstrated that addition of halides accelerated the degradation of a probe compound known to react
quickly with halogen oxidants (i.e., para-hydroxybenzoate), but did not affect the degradation of a less
reactive probe compound (i.e., benzoate). This effect was attributed to the degradation of para-
hydroxybenzoate by hypohalous acids, which were produced via a mechanism involving halogen radicals
as intermediates. We applied this mechanistic insight to investigate the impact of constituents in brines on
reactions driven by halogen oxidants during plasma treatment. Bromide, which is expected alongside
chloride in brines, was required to enable halogen oxidant formation, consistent with the generation of
halogen radicals from the oxidation of halides by hydroxyl radicals. Other constituents typically present in
brines (i.e., carbonates, organic matter) slowed the degradation of organic compounds, consistent with their

ability to scavenge species involved during plasma treatment.

Synopsis
In plasma-based water treatment, halides lead to hypohalous acid formation via a radical-mediated pathway,

which contributes to the accelerated degradation of certain organic compounds.
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Introduction

Plasma technology has been recently proposed as a promising tool for water treatment due to its
simplicity, cost, and effectiveness toward destroying toxic organic compounds.'” Unlike
ultraviolet/oxidant advanced oxidation processes (UV/oxidant AOPs), plasma operates without requiring
chemical consumables (e.g., hydrogen peroxide, H,O,; hypochlorous acid, HOCI).? In addition, though the
energy requirement may be substantial, plasma treatment of some organic contaminants has been reported
to be competitive against other treatment options including UV/oxidant AOPs, electrochemical treatment,
and sonolysis.®” Plasma-based water treatment generates an array of oxidative species (e.g., hydroxyl

radical, ‘OH; oxygen atom, O; ozone, Os; hydrogen peroxide, H,0,)* ! via processes in the plasma or at

8

the plasma-water interface,*® among which "OH — known to react with a wide spectrum of organic

contaminants'? — is frequently determined to drive the degradation of several organic contaminants (e.g.,

13-15 16,17

pesticides, pharmaceuticals, algal toxins'®?%). Plasma also generates reductive species (i.e.,

— 21-24

aq>- *orits conjugate acid hydrogen atom, H',** pK, 9.6'%) that degrade contaminants

hydrated electron, e

7,26,27

such as per- and polyfluoroalkyl substances and halogenated disinfection byproducts in plasma or other

treatment technologies.*®

Among possible applications, plasma has particular advantages when applied to degrade organic

compounds in brines. Contaminated brines encompass a wide array of waste streams from diverse sources

34,35 36-38

(ion exchange, reverse 0smosis, pharmaceutical production,®® hydraulic fracturing,***! landfill,**
textile manufacturing®), but all share high concentrations of salts and other constituents that present
multiple opportunities for plasma treatment. Firstly, relative to conventional AOPs, plasma appears to be
less susceptible to inhibition by constituents in complex wastewaters that scavenge reactive species.*** For
example, organic compound degradation by plasma was observed to be less sensitive to the inclusion of co-
occurring constituents in complex mixtures (i.e., reverse osmosis brine,* urine**) compared to "OH-based

AOPs. Secondly, because reactive species are concentrated at or above the plasma-water interface,® salting-

out effects in brines can improve the degradation efficiency of some contaminants (i.e., surfactants).*> For
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example, the degradation of perfluorooctanoic acid (PFOA), which is known to occur at or above the
plasma-water interface,”® was accelerated upon the addition of salts,* consistent with salts causing PFOA
to more favorably partition to the water surface.***® Thirdly, increased conductivity at elevated salt
concentrations affects plasma properties such as plasma volume and the contact area between plasma and
water.* These changes can increase the production of reactive species (e.g., "OH),*® though notably the
opposite trend has been observed in other reactors.***’ Depending on the impact of conductivity on reactive

51,52 or

species production in the specific reactor, the addition of salts has been reported to either accelerate
decelerate®**>* the degradation of organic compounds during plasma treatment.

Beyond these contributions, halides present in brines may specifically enable new pathways due to
their potential to form halogen oxidants during plasma treatment. For example, studies have invoked
halogen oxidants, including HOCI and halogen radicals (i.e., CI, Cl,"™, CIOH"), to explain compound
degradation during plasma treatment of solutions containing chloride (CI").*****® HOCI has been measured
to occur in Cl-containing solutions treated by plasma.’’’ The specific mechanisms proposed to be
responsible for halogen oxidant formation depend on the plasma reactor setup. The inclusion of oxygen
(i.e., at 0.1-1%) in the feed gas of some plasma systems enabled the generation of OCI", the conjugate base

of HOC], via the reaction between O and CI™(eq 1).>’*° In other plasma systems, an alternative mechanism

involving the reaction between ‘OH and C1” (eq 2) to form CI" (eq 3) and CL,"™ (eq 4-5) has been proposed

45,54-56 54,56

in multiple studies, which may either react with organic compounds themselves ™" or recombine to

form HOCI (eq 6-8)°*%* that drives compound degradation (Table S1).4%

0+ Cl- — 0CI™ (1)
ClI™+°0OH «— CIOH"~ kyr=43x10°M~1s7! k,, =61x10°s7 K, =

0.70 M~1(2)
CIOH*~ + H* — CI* + H,0 ks =2.1x101°M~1s71 3)
Cl* + CI- —> Cly~ k, =8.8x 107 M~1s! 4)
CIOH*” +ClI"— Cl;” + OH™ kg = 1.0 x 10* M~ 1571 5)
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ClI* + CI* — Cl, ke =8.8x 107 M~1s71 (6)
Cl5~ + Cl5” —> Cl, + 2C1™ k, =9.0x 108 M~1s71 @)
Cl, + H,0—> HOCI+ H* + CI= kg =22M"1s71 ®)

These studies characterizing halogen oxidants in plasma-treated water have only investigated the

45,54-59

impact of CI', which cannot account for the unique roles of other chemical species occurring in brines.

In particular, brines, like natural waters,* also contain some bromide (Br") typically present at 0.1-1 mol

— 41,64,65
I,

percent of C which is particularly relevant for mechanisms involving halogen radicals.®® Whereas

HOCI formation from O can proceed in Cl -only systems,””

the presence of Br™ (even a trace contaminant
in CI” reagent)®”%® is known to dominate the oxidation of halides by "OH, leading to Br-containing halogen
radicals (eq 9-13) and their recombination products (e.g., hypobromous acid, HOBr, eq 14-16, Table S1).%
Specifically, Cl itself is ineffective in scavenging "OH to produce halogen radicals due to the fast reverse
reaction of the intermediate CIOH "™ to regenerate the initial reactants (eq 2),*® whereas BrOH™™ generated in
the presence of Br (eq 9) predominantly reacts further to produce halogen radicals (eq 10-13, e.g., >99.99%
of CIOH™ regenerates the reactants®®’' compared to 14% of BrOH™,”>7* Text S1).°° Therefore, the
previously proposed mechanism involving halogen radical formation in Cl -only systems treated by

4334736 has been typically considered negligible in other contexts (e.g., conventional AOPs).%

plasma
Beyond the effect of Br-, other brine constituents (i.e., carbonates, organic matter) may also impact the

formation and reactions of halogen oxidants during plasma treatment depending on the specific reactive

species involved.®+¢7:68.75
Br~+°'OH «— BrOH"~ kos=11x10""M s ke, =3.3%x 10757, Ky =

330 M~1(9)
BrOH'~ + H* — Br* + H,0 kyo = 4.4 x 1010 M~1s™1 (10)
Br* + Br~ — Brj~ ki, =12x101°M 1571 (11)
BrOH'~ 4+ Br~ —— Brj™ 4+ OH™ ky, = 1.9 x 108 M~1s™1 (12)
BrOH'~ 4 CI~ — CIBr"™ 4+ OH™ k3 = 1.9 x 108 M~1s~1 (13)
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Br® + Br* — Br, ks =12x108M 1571 (14)
Br;~ + Br;~ — Br, + 2Br~ kis =3.0x10°M~1s71 (15)
Br, + H,0 —> HOBr + H* + Br™ k; =97 M~ 1s71 (16)
In this study, we evaluated the role of the halogen oxidants during plasma treatment of halide-
containing waters to incorporate consideration of Br  and other constituents (i.e., carbonates, organic matter)
occurring in brines alongside CI". We specifically focused on the formation of halogen oxidants mediated
by halogen radicals (eq 2-16) rather than O (eq 1) because we anticipated the inclusion of Br would play a
key role in this mechanism. To this end, we measured the degradation of probe compounds to provide
insight into the formation of halogen oxidants in solutions of different chemistries, as well as to evaluate
whether halogen radicals reacted with these compounds directly or recombined to form hypohalous acids
(Table S1)°627376%0 that drove the reaction instead. We complemented our experiments with
characterization of reactive species in plasma over solutions with and without halides. We applied our
mechanistic insight to evaluate organic compound degradation in the presence of brine constituents,
including known competitors for radicals (i.e., carbonates, organic matter).®*%"%® Overall, our work enables
the formation mechanism and reactions of halogen oxidants to be accurately understood in the presence of
key additional constituents beyond CI” during plasma treatment of contaminated brines.

Materials and Methods

Reagents. All chemicals used in this work are listed in Supporting Information, Table S2. All
experimental solutions were prepared in Milli-Q water. Stock solutions of HOCI and HOBr (~ 1.5-1.6 mM)
were prepared from sodium hypochlorite (5-6%) directly or by reacting with a stoichiometric amount of
Br~ and standardized spectrophotometrically at 292 nm®' or 329 nm,* respectively.

Plasma Reactor Setup. The plasma reactor consisted of a flask with two electrodes and a high-
voltage power supply, as detailed in Text S2 and Figure S1. To control headspace pressure and gas
composition, the flask was connected to a gas port equipped with a vacuum pump and a gas inlet. An ice

bath (4 °C) and a vapor condenser were used to minimize water loss during plasma treatment, which was
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confirmed to be negligible (Figure S2). Exposure to plasma was found to promote internal mixing (Figure
S3), such that mechanical mixing (e.g., a stir bar) was not required. We omitted components required for
stirring to avoid additional complexities in the reactor design. Salts found to be deposited on the electrode
after plasma treatment of halide-containing solutions were analyzed for composition using a scanning
electron microscope (Thermo Fisher Scientific).

We used 99.999% argon (Linde Gas & Equipment Inc.) as the feed gas in our system. Argon was
selected to achieve a high plasma density (i.e., relative to helium)® and avoid the formation of reactive
nitrogen species (as opposed to nitrogen gas or air).'* The absence of oxygen in the feed gas is consistent
with feed gas compositions previously shown to lead to negligible hypohalous acid formation mediated by
O (eq 1),” consistent with our goal to investigate pathways mediated by halogen radicals (eq 2-16). While
O-mediated hypohalous acid formation is negligible without oxygen in the feed gas (i.e., <2 ppm,, Table
S2), some O may be generated due to the presence of lower amounts of oxygen from other sources (e.g.,
ambient air, residual air, oxygen impurity in feed gas).** Trace oxygen may also scavenge electrons,® but
this effect is not expected to be relevant to the processes studied herein.

Treatment of Solutions by Plasma. To investigate the mechanism of how halides contributed to
organic compound degradation, two probe compounds (i.e., benzoate and para-hydroxybenzoate) were
used during plasma treatment. Solutions (50 mL) were prepared with 10 mM phosphate buffer (pH 7), 50
UM of each probe compound, and halides at indicated concentrations. In experiments containing both Br~
and CI, Br was added at 1 mol percent of CI", corresponding to molar ratios reported in brines (i.e., 0.1-

) 35,39,41,42,64,

1 mol percent, Table S3 6386-111 When isolating the effect of CI™ alone, different experiments

were performed with both lower purity (i.e., =99.0%, 0.004 mol percent Br, Text S3,°”!'? Figure S4) and

higher purity (99.999%) CI reagents as indicated in corresponding figures. When Br~ was added, the lower
purity CI” was used because the trace Br in the CI™ reagent is negligible relative to the added Br.

Perchlorate (C104") was used as a control for ionic strength. Because conductivity affects reactive species

44,49,50

production during plasma exposure, we confirmed that halide- and ClO4 -containing solutions at the
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same ionic strength had comparable solution conductivity (Figure SS). Consequently, controls for ionic
strength using ClO4 also served to control solution conductivity. Isopropanol (50 mM) was added in
specific experiments as a scavenger for radicals.

Prior to all experiments, the system was held at a low pressure (i.e., 25 Torr) for 5 min to degas
solutions. Then, the flask headspace was purged three times before filling with argon at 100 Torr. This
subatmospheric pressure was selected to achieve greater radical density during plasma treatment.''* We
confirmed that the degradation of probe compounds at 100 Torr was faster than at atmospheric pressure
(i.e., 760 Torr) in both halide- and ClO4 -containing solutions and that the effect of halides was consistent
at both pressures (Figure S6). After exposure to plasma at indicated times, aliquots (each 0.5 mL) were
collected by a syringe through a septum. Then, each aliquot was transferred to a 2 mL amber vial, quenched
by 5 pL 0.1 M ascorbic acid, and analyzed for probe compound concentrations. Concentrations of
hypohalous acids were measured by sampling 2 mL aliquots either at the end of the experiment (if a single
concentration was determined) or at multiple time points in experiments separate from probe compound
measurements. All sampling removed <24% of overall solution volume over the experiment duration.

Additional experiments were performed by further modifying the solution composition. In addition
to the probe compounds used above, four organic contaminants (i.e., salicylate, acetaminophen,
sulfamethoxazole, anthranilate) were selected based on their different reactivities toward halogen oxidants
(Table S4).6%7"1141197 jke Cl” and Br", additional constituents (i.e., sulfate, SO4>"; nitrate, NO;~; carbonates;
organic matter) were added at brine-relevant concentrations (Table 83).3°3%41:426463867111 gome of these
constituents have known reactivities with the reactive species of interest (Table S5).'26473:120-128 A]] galts
used in this study contained sodium as the cation. While calcium and magnesium were present in some
brines (Table $3),>>3%#14264658¢711 thege cations were excluded from the present study to avoid
precipitation of solids with some anions (i.e., SO4*, carbonates).'” 3! When included, carbonates were
introduced to the solution using a syringe after the headspace was filled with argon to prevent loss of
carbonates as carbon dioxide during degassing. The ionic strength of all solutions was adjusted to a constant

value (2.0 M) using ClOy4 .
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Analysis of Dissolved Species. The summed concentrations of hypohalous acids (i.e., HOCI,
HOBr) were measured by the N,N-diethyl-phenylenediamine (DPD) colorimetric method"*? using a
UV—vis spectrophotometer (Varian Cary) or Nanodrop (Thermo Fisher Scientific). The total concentrations
of hypohalous acids were calculated by standard curves for HOCl or HOBr, which were found to be
identical (Figure S7). The concentrations of organic compounds were quantified on an Agilent 1260
Infinity II High Pressure Liquid Chromatography — UV as described in Text S4. The retention times, UV
wavelengths, and the limits of detection (LOD) of organic compounds were reported in Table S6.

Analysis of Species in Plasma by Optical Emission Spectroscopy (OES). To investigate reactive
species present in plasma over solutions of different chemistries, analysis using two different OES
spectrometers was carried out using a glass vessel with optical windows (quartz) as a custom feature made
in Department of Chemistry at Washington University in St. Louis (modified from the aforementioned
reactor design as shown in Figure S1). Firstly, a low-resolution OES spectrometer (Ocean Optics HR4000
CG-UV-NIR) was used to obtain broadband OES spectra (i.e., 200-1100 nm) to identify species with strong
emission intensities in plasma. Secondly, a high-resolution OES spectrometer (Princeton Instrument
SpectraPro HRS-750) was used over narrow ranges of wavelengths to observe species with weak emission
intensities. The identification of species by each OES spectrometer was achieved by comparing
wavelengths to those reported previously (Table S7).'**'°® While OES provides information about the
presence of observable species, it does not directly provide information about species concentrations in
plasma.

Statistical Analysis. All experiments were conducted in duplicate. Errors in concentrations
represent the range of measurements from duplicate experiments, while errors in degradation rate constants
and rates represent the standard errors of the slopes obtained from linear regression. The significance of

differences was evaluated using GraphPad Prism with a confidence level set to be <0.05.

Results and Discussion

10
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Effects of Halides on Probe Compound Degradation. We first evaluated whether halogen
oxidants were generated during plasma treatment of solutions containing mixed halides (i.e., 1 M CI” along
with 10 mM Br"). In addition to the chlorine-relevant species (i.e., CI', Cl,™, HOCI) invoked in prior
studies,*>*>% Br™ is also expected to enable the formation of bromine-relevant radicals (i.e., Br’, Bry"),
mixed halogen radicals (i.e., CIBr™), and HOBr.® To this end, we compared the degradation rates of two
probe compounds, benzoate and para-hydroxybenzoate, selected due to their reported bimolecular rate
constants with both chlorine and bromine species (Table S4).°%"7!'4 117 In the absence of halides, both probe
compounds are expected to degrade at similar rates due to their similar rate constants for reactions with

common species generated by plasma (e.g., ‘OH, e;q, H', Table S4)."*"14 In contrast, if halogen oxidants

are formed in the presence of halides, para-hydroxybenzoate is expected to degrade more quickly than

benzoate, corresponding to its substantially higher bimolecular rate constants with both halogen radicals''>~

7 and hypohalous acids.®*!!*
In the absence of halides, benzoate and para-hydroxybenzoate degraded at similar rates in a
solution with 1 M ClO4 added to increase ionic strength (Figure 1a). Consistent with the reported kinetics

of other organic compounds treated by plasma,”!3!326-3044

the degradation of both compounds followed
pseudo-first-order kinetics, resulting in rate constants of 0.0121+0.0007 min™' and 0.0108+0.0006 min™' for
the degradation of benzoate and para-hydroxybenzoate, respectively (Figure 1a). To determine the effect
of ionic strength in our reactor, we measured probe compound degradation in solutions without ClO4,
finding that each rate constant increased by 40-50% (i.e., to 0.017+0.001 min™' for benzoate and
0.016+0.001 min™' for para-hydroxybenzoate (Figure S8). This result suggests that ionic strength and
conductivity in our reactor slightly suppresses probe compound degradation, but that reactive species with
comparable reactivities towards both compounds (i.e., ‘OH, Table S4)"*"'** dominate the reaction
regardless of ionic strength.

Consistent with our hypothesis, the addition of halides (i.e., | M CI', 10 mM Br’) marginally

affected benzoate degradation (Figure 1b), but accelerated para-hydroxybenzoate degradation (Figure 1c).

However, before proceeding with quantitative analysis of these effects, we were first required to address

11
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our observation that the kinetics of para-hydroxybenzoate degradation in the presence of halides appeared
to deviate from pseudo-first-order (Figure 1c). Additional residual analysis supported our observation that,
unlike the probe compound degradation in the presence of ClO4 , para-hydroxybenzoate degradation in the
presence of halides more closely followed zero-order kinetics (Figure S9). Because benzoate was degraded
by <20% over the same time frame in the presence of halides, analysis of the reaction order was not
attempted. To facilitate comparisons among probe compound degradation in different chemistries that alter
reaction order, we opted to report observed zero-order degradation rates of each compound during the first
30 min of exposure to plasma (Figure 1b,c). Using this approach, we determined that the degradation rate
of benzoate was not significantly impacted by replacing ClO4 with halides, while the degradation rate of
para-hydroxybenzoate was selectively increased 3-fold.

In addition to affecting our quantitative analysis, the degradation of para-hydroxybenzoate by
observed zero-order kinetics also enabled us to evaluate the potential for each class of halogen oxidants
(i.e., halogen radicals or hypohalous acids) to contribute directly (i.e., as opposed to acting as intermediates)
to the accelerated rate in the presence of halides. If halogen radicals directly reacted with para-
hydroxybenzoate, we expected that the reaction would follow pseudo-first-order kinetics, consistent with
organic compound degradation in UV/oxidant AOP treatment of halide-containing waters.’”**!*? Therefore,
we instead hypothesized that hypohalous acids, which form from the recombination of radical species,*
react with para-hydroxybenzoate. Our hypothesis was based on the observation that the overall
concentration of hypohalous acids — both in the absence and presence of probe compounds — increased as
the solution exposure to plasma increased (Figure 1d), which might allow the reaction rate to be maintained
even as para-hydroxybenzoate concentration diminished.

To determine if the increasing amount of hypohalous acids was quantitatively consistent with the
observed zero-order kinetics of para-hydroxybenzoate, we analyzed the instantaneous rate of para-
hydroxybenzoate loss at each time point using the equation:

—d[C]/dt = k¢ noci[HOCI][C] + k¢ 1o [HOBr][C] (17)

12
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where [C] represents the measured concentration of para-hydroxybenzoate (Figure 1c in the presence of
halides); t represents the duration of exposure to plasma; k¢ poc) and kcyopr represent the apparent
bimolecular rate constant between para-hydroxybenzoate and each hypohalous acid (either found in or
estimated from literature, Text S5, Table S4);''* and [HOCI] and [HOBTr] represent the concentrations of
HOCI and HOBr. Reactions involving the conjugate bases of HOCI and HOBr were assumed to be
negligible due to both their lower concentrations at the experimental pH and their slower reactivities toward
substituted aromatics.’”'*

To further simplify this equation, we defined the term fygc; as the fraction of hypohalous acid
present as HOCI (i.e., fyoc = [HOCI]/[HOX]ot, Where [HOX],, is the total concentration of hypohalous
acids). Then, [HOCI] and [HOBr] in eq 17 were substituted with fyoc; [HOX]or and (1 — fyoc) [HOX] ot
respectively, to generate:

—d[C]/dt = [kcnoafnoc + kcnoBr (1 — froc) ] [HOX] ot [C] (18)

Due to the constant pH and near-constant concentrations of CI™ and Br, fygc; is expected to be
approximately constant during the experiment.”” Consequently, para-hydroxybenzoate is calculated to
degrade upon reactions with hypohalous acids following observed zero-order kinetics (i.e., d[C]/dt is
constant), if the multiplication product of the concentrations of para-hydroxybenzoate and total hypohalous
acids (i.e., [HOX]0t[C]) is near-constant. When we calculated this term using experimental concentrations
of para-hydroxybenzoate (Figure 1¢, condition: with halides) and hypohalous acids (Figure 1d, condition:
with probe compounds), we found that the value of [HOX];[C] did not vary during the experimental period
(i.e., slope of 0+2 pM%*min, Figure S10), consistent with the observed zero-order kinetics of para-
hydroxybenzoate degradation.

In addition to confirming that measured hypohalous acid concentrations were consistent with the
observed reaction order, we also evaluated if the amount of hypohalous acids measured in our system could
feasibly account for the observed rate of para-hydroxybenzoate degradation using bimolecular rate

constants available or estimated from literature.””''* Assuming all hypohalous acid was present as HOCI

13
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(i.e., fuocy = 1), the calculated para-hydroxybenzoate degradation rate (i.e., 0.22+0.09 uM/min, Figure
S11) is lower than but within the same order of magnitude as the measured rate (i.e., 1.36+0.07 uM/min,
Figure 1c¢). Conversely, if HOBr is assumed to be exclusively present (i.e., foc =0), the calculated rate
(i-e., 900+400 pM/min, Figure S11) is >2 orders of magnitude higher than the measured rate. Because
HOBEr has been modeled to occur at higher concentrations than HOCI in seawater containing 0.0015 mol-
Br/mol-CI,'** HOBr is expected to also dominate in our system, which has both higher halide
concentrations and Br/CIl™ ratio. Consequently, our measured [HOX], if present primarily as HOBEr,
overpredicts the observed degradation rate of para-hydroxybenzoate, possibly due to an overestimation of
the bimolecular rate constant between para-hydroxybenzoate and HOBr (Table S4). Recently, reactions
with organic compounds involving previously overlooked species (e.g., Br.O, Br,) have been found to
contribute to rate constants for reactions attributed to HOBr being overestimated by similar orders of
magnitude.'*>!*® While re-evaluation of this bimolecular rate constant is beyond the scope of this work, our
analysis with currently available values suggests that hypohalous acids are present at sufficient
concentrations, if not in excess, to account for the observed rate of para-hydroxybenzoate degradation.
While our results are consistent with hypohalous acids acting as the primary species directly
reacting with para-hydroxybenzoate to accelerate its degradation in the presence of halides, we still
hypothesized that radicals (i.e., ‘OH, halogen radicals) act as intermediates that go on to form hypohalous
acids via recombination reactions.®® To test this hypothesis, we repeated our experiments in solutions
including 50 mM isopropanol, a known scavenger of both ‘OH (i.e., kisopropanol-on = 1.9 X
10°M~'s™™)" and halogen radicals (i.e., Kisopropanolcly = 1.2 X 10> M~ ™1 1% koo omanonpre =
6.6 X 106 M~1s~1).7 In addition, isopropanol is not expected to quench hypohalous acids directly due to
slow reported rate constants (e.g., Kisopropanol,HoBr < 3:9 X 10+ M~1s71),'” which we confirmed by
demonstrating that isopropanol did not impact para-hydroxybenzoate degradation by hypohalous acids

added directly as HOCI to halide-containing solutions (Figure S12). The addition of isopropanol to halide-

containing solutions decreased the degradation rate of para-hydroxybenzoate to 0.20+0.02 uM/min, which

14
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was 6-fold lower than the rate measured in halide-containing solutions without isopropanol (Figure 1c¢).
Consistent with our proposed pathway of hypohalous acid formation from radical recombination, we
determined that the addition of isopropanol reduced the concentration of hypohalous acids after plasma
treatment to below their LOD (Figure S13).

The above evidence supports our expectation that our plasma system generates hypohalous acids
through a radical-mediated pathway (i.e., recombination of halogen radicals formed from halide oxidation
by ‘OH) in solutions containing Cl”and Br™ together. This pathway has been invoked previously to explain
results obtained during plasma treatment of solutions containing CI™ as the sole halide,*~*>¢ which
contradicts prior work that suggests Cl™ oxidation by ‘OH is negligible.®® This discrepancy was possibly
due to a trace amount of Br impurity occurring in the C1™ reagent, which has previously been implicated in
halogen radical formation.®”*® We found that the inclusion of 1 M CI added as a low purity reagent (i.e.,

=99.0% with 0.004 mol percent Br) increased the degradation rate of para-hydroxybenzoate by 22+9%

relative to the ionic strength control (p=0.02, Figures 1e). In contrast, the inclusion of 1 M Cl added as a
high purity reagent (i.e., 99.999%) did not increase the rate relative to the control (Figure 1e). Similarly,
hypohalous acid concentrations after treatment for 30 min were measurable in solutions prepared with low
purity CI” (i.e., 4.2+0.8 uM), but below the LOD (i.e., 0.8 uM) in solutions prepared with either Cl1O4™ or
high purity CI” (Figure 1e). These results suggest that plasma treatment of solutions containing CI” as the
sole halide is unlikely to generate hypohalous acids via a radical-mediated pathway, as well as indicate that
a trace amount of Br™ impurity, which varies in magnitude among Cl™ reagents, may contribute to some
effects previously attributed to Cl™ alone during plasma treatment.

While the effect of 1 mM CI™ as the sole halide was negligible in our system, the inclusion of 10
mM Br™ (along with 1 M ClO4 to control the ionic strength) affected both compound degradation and
hypohalous acid formation to similar extents with or without 1 M CI” present (Figure 1e). The degradation
rate of para-hydroxybenzoate in the Br-only solution was 81+£7% of the rate when Br™ and CI” were present

together, and the concentration of hypohalous acid was indistinguishable between the two solutions after
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30 min of exposure to plasma. In "OH-initiated pathways, lower concentrations of Br™ alone (i.e., 0.001-0.1

mM) have been previously reported to negligibly affect downstream reactions,' #4514

whereas higher
concentrations of Br~ alone (i.e., 1 mM) accelerated organic compound degradation.'* Consistent with
these findings, the elevated Br~ concentration used in our study (10 mM, corresponding to 1 mol percent
CI") appears to be sufficient to account for the halide-dependent reactions in our plasma system regardless
of the presence of CI".

Though the amount of Br™ relative to Cl is relatively consistent in brines (i.e., 0.1-1 mol percent
Br, Table S3), the absolute concentrations of halides vary substantially (e.g., 0.007-2 M CI', Table
§3).3339:41:42.646386711 Therefore, we expanded our experiments to evaluate the effect of halides at different
concentrations, but at a constant ratio of Br to CI™ (i.e., 0.1-2 M CI  with 1 mol percent of Br). The inclusion
of halides at concentrations higher than 0.5 M CI” and 5 mM Br™ increased the degradation rate of para-
hydroxybenzoate by 2- to 4-fold relative to ClO4 at the same ionic strength and conductivity (Figure 1f).
We also observed hypohalous acid formation across all tested halide concentrations (Figure 1f). Both the
acceleration of para-hydroxybenzoate degradation and hypohalous acid formation increased to lesser
degrees upon increasing addition of halides at high concentrations, possibly due to other limitations (e.g.,
"OH generation by plasma).

Effects of Halides on Reactive Species in Plasma. We next investigated reactive species in plasma
using low- (Figure S14) or high-resolution OES (Figures 2,S15). Consistent with our proposed mechanism
to generate halogen oxidants from halide oxidation by "OH (eq 2-16), we detected the presence of ‘OH in
plasma by both the low-resolution and high-resolution OES above all solutions regardless of the presence
of halides or ionic strength (Figures S14,15, Table S7). Although our feed gas did not include oxygen in
amounts required to generate hypohalous acids from O (eq 1),>> O was also detected by high-resolution
OES (Figure 2k, Table S7), though not by low-resolution OES (Figure S14). The presence of O in plasma
has been previously observed even when oxygen was not added in the feed gas.*

The collected OES spectra also afforded us the opportunity to determine if halogen species (i.e.,

CI', Br’, as well as molecular halogens, i.e., Cl,, Brz) could be detected in the plasma phase during treatment
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of halide-containing solutions. In addition to their possible generation at the interface of the plasma and
liquid in our reactor,® we also noticed evidence that halide-containing aerosols — which may allow

heterogeneous oxidation of halides by "OH at their interface'** "'

— were generated in our system during
plasma treatment. Specifically, we noted salt deposition on the electrode after plasma treatment, which we
determined to be primarily composed of sodium chloride (Figures S16,17) likely transferred to the
electrode by aerosols generated during plasma exposure.® Using low-resolution OES, we also observed a
large sodium (Na) peak above solutions containing either halides (i.e., 1 M CI', 10 mM Br) or 1 M ClOy,
suggesting that salts in solutions may generate plasma species (Figure S14). However, no halogen species
were detected in the plasma regardless of the presence of halides (Figure 2, Table S7), suggesting either
that these species were present below their LOD (which could not be quantified for OES) or that halogen
oxidants were primarily confined to the liquid phase of the reactor.

Effects of Brine Constituents on Organic Contaminant Degradation. We expanded our
experiments to include four organic contaminants selected due to their reported bimolecular rate constants
toward hypohalous acids, which span orders of magnitude (Table S4).°>77!1*11 In the ionic strength control,
all contaminants degraded at rates comparable to the probe compounds (Figure 3a), in agreement with their

similar bimolecular rate constants toward species generated by plasma in the absence of halides (e.g., ‘OH,

€aq> Table S4).°731371% The addition of halides selectively accelerated the degradation of two

contaminants (i.e., sulfamethoxazole, anthranilate) to extents similar to or greater than para-
hydroxybenzoate (Figure 3a); like para-hydroxybenzoate, the accelerated degradation of these
contaminants (e.g., anthranilate) also followed zero-order kinetics (Figure S18). The acceleration of
degradation rates of the compounds upon halide addition correlated with their reactivity towards
hypohalous acids, which occurred at measurable concentrations (i.e., 35+5 uM after 30 min of exposure to
plasma, Figure S19). Specifically, the bimolecular rate constants for the reactions of five of the six

compounds with HOCI (available for all compounds, Table S4,5%'!4

which typically trend with rate
constants with HOBr)”’ correlate with greater degradation rates (Figure 3a). The bimolecular rate constants

involving HOBr, which have only been reported for three of these compounds (Table S4),”'"” may explain
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the one exception: acetaminophen, which did not undergo faster degradation upon halide addition despite

62114 reacts more slowly with

reacting with HOCI with a rate constant comparable to para-hydroxybenzoate,
HOBr (Table S4).”"'"?

We next evaluated the impact of additional constituents reported to occur in brines (Table
§3)*33941:426465.86-111 oy the degradation of these compounds in the presence of halides, beginning with two

species — SO4*” and NO;™ — not expected to affect our proposed pathway. Neither SO4* nor NO; scavenges

"OH (Table S5);'**'* though NO;™ reacts with e;q (Table S5),'*° e, is not invoked in the radical-mediated

generation of hypohalous acids. Consistent with our expectation, both degradation rates of organic
compounds (Figure 3a) and hypohalous acid concentrations (Figure S19) were comparable in the presence
of these anions at their median concentrations reported in brines (i.e., 0.25 M SO4*", 0.08 M NO;", Table
$3) 353941.4264,65.86-111

Among the four contaminants, we selected one exhibiting accelerated degradation in the presence
of halides and one not (sulfamethoxazole and acetaminophen, respectively) for additional experiments
involving brine constituents expected to impact our pathway, beginning with carbonates. Carbonates (i.e.,
bicarbonate, HCOs~; carbonate, CO32’) react with both "OH and halogen radicals to produce carbonate
radicals (COs™, Table 85).'2120121.124 CO;~ reacts rapidly with both contaminants (i.e.,

— 9 —1.—1 — 8 —1.—-1y 157
kacetaminophen,COé‘ =19x%x10°M s+, ksulfamethoxazole,cog_ =44 Xx10°M™"s7). However, the

scavenging of halogen radicals by carbonates® is expected to reduce the formation of hypohalous acids,
which thereby suppresses resultant contaminant degradation. In the presence of halides without carbonates,
the degradation rates of both acetaminophen and sulfamethoxazole were 2-fold higher when isolated as a
pair of compounds (Figure 3b) than when present with the four other compounds (Figure 3a); this increase
is attributable to the reduced competition for reactive species that also lead to 1.5-fold higher hypohalous
acid concentration (i.e., 51£2 after 30 min, Figure S20). While the addition of carbonates did not alter the
degradation rate of acetaminophen, the degradation rate of sulfamethoxazole was reduced by 6-fold when

carbonates were added at 0.16 M (Figure 3b). The addition of carbonates also reduced the formation of
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hypohalous acids; their measured concentration decreased to 1.5+0.5 uM after solution exposure to plasma
for 30 min in the presence of 0.16 M carbonates (Figure S20).

Organic matter is another brine constituent expected to inhibit our proposed pathway due to its
known reactions with both radicals (e.g., ‘OH, Table S5)**'*> and hypohalous acids (Table S5).” The
addition of organic matter (i.e., Aldrich humic acid, AHA; Suwannee River natural organic matter, SRNOM)
to halide-containing solutions did not impact the degradation of acetaminophen, but decreased the
degradation rate of sulfamethoxazole (Figure 3c). Relative to UV/oxidant AOPs, a higher concentration of
organic matter was required to suppress contaminant degradation to a comparable extent during plasma
treatment. For example, while the addition of organic matter at 100 mg-C/L only decreased the degradation
rate of sulfamethoxazole by 19-40% during plasma treatment (Figure 3c¢), the addition of organic matter at
a lower concentration (i.e., 36 mg-C/L) to saline waters decreased pharmaceutical degradation by 60-90%
during treatment by UV/oxidant AOPs.**

Environmental Implications. In this work, we demonstrated that Br~, despite only occurring in
low amounts relative to CI” in brines, plays a crucial role during plasma treatment of halide-containing
solutions. Our finding is consistent with prior work demonstrating that the generation of halogen radicals
via halide oxidation by “OH requires Bt~ to be present along with CI” (Table S1).°® The dependency of
halogen radical formation on the presence of Br may be harnessed in future applications to distinguish
hypohalous acid formation via halogen radicals from their formation mediated by O, which was reported

),>7% in plasma reactors wherein both pathways are feasible. In these applications,

to require only CI™(eq 1
the potential for trace Br™ occurring in Cl™ reagents to enable halogen radical formation must be considered,
as previously demonstrated for UV/oxidant AOPs.®”*® Furthermore, the unique role of Br~ must be
accounted for when translating prior studies on plasma treatment in Cl-only solutions***° to more
complex chemistries occurring in brines, as well as other halide-containing solutions (i.e., blood serum)'*®

exposed to plasma.'*’

Whereas the degradation of organic compounds in halide-containing solutions during UV/oxidant

67,68,142

AOP treatment is typically attributable to their reactions with halogen radicals, the plasma system is
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unique because organic compounds are primarily degraded due to reactions with hypohalous acids, which
are generated by the recombination of halogen radicals.®® A possible cause for this difference is that the
generation of radical species during plasma treatment primarily occurs at the plasma-water interface,®
potentially leading to localized regions of high radical concentrations that accelerates the recombination
reactions. Beyond determining the kinetics of compound degradation, the formation of hypohalous acids

160-163

during plasma treatment is relevant if applications of plasma for disinfection are expanded to systems

wherein halides are present. In addition, the formation of hypohalous acids potentially leads to the

164,165

generation of halogenated byproducts, though these byproducts may also undergo dehalogenation by

reductive species®' >

generated by plasma.

By elucidating the distinct roles of both radicals and hypohalous acids in organic contaminant
degradation during plasma treatment of halide-containing waters, our work also informs more accurate
consideration of the impact of other brine constituents on these reactions. Only constituents with known
reactions with radicals and/or hypohalous acids (i.e., carbonates, organic matter, as opposed to SO4*~ and
NO3") suppressed contaminant degradation. The ability of carbonates to prevent hypohalous acid formation
by scavenging halogen radicals®® appeared to dominate over the potential for CO;™ to itself contribute to

contaminant degradation,'*”'%

resulting in slower degradation rates. Hypohalous acids formed during
plasma treatment may also be less susceptible to scavenging by organic matter than radicals (Table
$5),°712 contributing to smaller reductions in contaminant degradation than reported in UV/oxidant
AOPs.*”

Our results also impact approaches that enable plasma systems to be compared to other
technologies for brine treatment. A typical basis for comparison is energy consumption, which has been
quantified as the electrical energy required per order of magnitude compound degradation (Ero) using
pseudo-first-order rate constants.'®” In the presence of ClO4, we calculated the Ero of probe compounds
based on their pseudo-first-order degradation rate constants (Figure 1a). Using the total power output (i.e.,
15 W) and the solution volume (i.e., 0.05 L), the Ego for probe compounds ranged from 950-1,070 kWh/m?

per order, which was within the same order of magnitude as previously reported Ego for pharmaceutical
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degradation during plasma treatment (i.e., 10°-10* kWh/m?).** However, our results demonstrate that this
approach is unsuitable as a basis to compare plasma technologies — both among different plasma reactors
and to other treatment technologies, e.g., UV/oxidant AOPs — for brine treatment due to the impact of
halides on reaction order. Instead, energy cost calculations for brine treatment by plasma must account for
complexities arising from the non-steady-state concentrations of hypohalous acids generated during plasma
exposure.
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Figure 1. Degradation of probe compounds (i.e., benzoate, para-hydroxybenzoate) and formation of
hypohalous acids during plasma treatment of solutions with varying chemical constituents (all containing
10 mM phosphate buffer, pH 7). (a) Degradation of benzoate and para-hydroxybenzoate (each initially
present at 50 uM) in the presence of 1 M ClO4. (b-¢) Degradation of (b) benzoate and (¢) para-
hydroxybenzoate in the presence of salts and/or isopropanol. (d) Formation of hypohalous acids in the
presence of 1 M CI” and 10 mM Br. (e) Degradation rates of probe compounds and hypohalous acid
concentrations (plotted on the right y-axis) in solutions with different halide combinations after plasma
treatment for 30 min. For corresponding conditions, results in (e) are from the same experiments used to
obtain results presented in (b-¢), while results presented in (d) were collected independently to reduce the
volume of solution removed during the experiments. The measured concentrations of hypohalous acids at
30 min under the same condition (with probe compounds and halides) in (d) and (e) had no significant
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difference (p=0.10). (f) Degradation rates of probe compounds and hypohalous acid concentrations (plotted
on the right y-axis) over 30 min in the presence of ClO4 or halides (i.e., CI", purity: 99.0%, with 1 mol
percent added Br); results collected with 1 M salt are reproduced from (b-¢) for probe compound
degradation rates and (e) for hypohalous acid concentration. White squares (in e) and circles (in f) represent
measurements below the LOD ([HOX]ic = 0.8 pM). Errors on concentrations represent the range of
measurements from duplicate experiments, while errors on degradation rates represent the standard errors

of the slopes obtained from linear regression.
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Figure 2. High-resolution OES spectra at selected wavelengths from 278 to 732 nm in plasma over either
MilliQ water or solutions containing salts. Solutions containing salts also contained 10 mM phosphate

buffer (pH 7) and 50 uM each benzoate and para-hydroxybenzoate. The black solid lines indicate
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wavelengths where oxygen, nitrogen, and argon species were identified. The orange and red dashed lines

indicate wavelengths where halogen radicals and molecular halogens were previously reported (Table

S7)'%:13 but not identified in this study.
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Figure 3. Degradation rates of selected compounds during plasma treatment of solutions with additional
brine constituents. All solutions contained 10 mM phosphate buffer (pH 7) and had ionic strength adjusted
to 2.0 M by CIO4. (a) Degradation rates of benzoate, salicylate, acetaminophen, para-hydroxybenzoate,
sulfamethoxazole, and anthranilate (each initially present at 50 pM) in the presence of salts. The
concentrations of CI, Br, SO4*, and NO;~, when present, were 1 M, 10 mM, 0.25 M, and 0.08 M,
respectively. (b-¢) Degradation rates of acetaminophen and sulfamethoxazole (each initially present at 50
uM) in the presence of (b) carbonates or (¢) organic matter (i.e., Aldrich humic acid, AHA; Suwannee
River natural organic matter, SRNOM). All solutions in (b-¢) initially contained CI-, Br-, SO4*", and NO3~
at concentrations used in (a). The data in (b) and (c) for the degradation rates of acetaminophen and
sulfamethoxazole in the absence of competitors were obtained from the same experiments. Errors on

degradation rates represent the standard errors of the slopes obtained from linear regression.
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