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Bromate is a potential human carcinogen and is

commonly found in water and wastewater after ozonation. Normalized Activity $ 11

Electrocatalytically, Pd has shown good activity in reducing Energy Consumption $ 4.3 ﬁ

bromate to bromide; however, the energy efficiency and cost of ’

this technology in a realistic treatment system remain unknown. A o,

custom filter-press reactor with minimal mass-transfer limitations r LAl >>» BrO," .Br ...EEQ
was used to test the kinetics and energy consumption for bromate - 992 vl

reduction using Pd, Ru, or Cu on activated carbon cloth as the Bromate treatment O8M Cost g &

cathode. In phosphate-buffered nanopure water at circumneutral  gjooiocatalysis $ N O

pH, 95% of bromate was reduced to bromide (from 200 to 10 ug/ : rbon $$ (T
L) in 1 h with a normalized activity of 2136 mL min~" gps'. The $8$

total energy consumption was 0.576 kW h per gram of bromate $33 ’

removed, which is 9 to 43 times lower than that in reported

studies. In Austin tap water (TW) at pH 9.5, the normalized activity dropped to 544 mL min~' gps~', and the total energy
consumption increased to 2.198 kW h per gram of bromate removed, still an improvement over all values reported in the literature
despite the latter using synthetic waters. This superior performance is due to the design of the filter-press reactor that minimizes
mass-transfer limitations as well as solution resistance compared to reactors evaluated in the literature, such as batch and three-
dimensional electrochemical reactors. We note that any lost activity due to catalyst oxidation and poisonings in TW can be
electrochemically regenerated by briefly applying a positive and strongly negative potential. This electrocatalytic treatment has
estimated costs of $1.41 per 1000 gal (91% capital costs and 9% O&M costs) and is comparable to ion exchange, granular activated
carbon, and reverse osmosis, yet benefits from no waste stream generation, indicating that this technology is ready for evaluation at
the pilot scale.

electrocatalytic reduction, bromate, palladium, cathode regeneration, cost assessment

secondary waste streams that contain concentrated bromate

The process of ozonation to disinfect drinking and wastewater and/or salt, which limits the application of these technologies

produces bromate (BrO,”) as a byproduct,l’z which results in to locations where inexpensive waste disposal is available.®
elevated concentrations of bromate in the environment and Further, RO operates at high pressures with energy demands
drinking water. Due to human health concerns, the Interna- that are prohibitively expensive unless concomitant salt
tional Agency for Research on Cancer (IARC) classified removal is required. GAC has only moderate adsorption
bromate as a potential carcinogen, and the U.S. Environmental affinity for bromate, and the bromate-laden GAC still requires
Protection Agency regulates bromate at a maximum con- regeneration or disposal; these factors make this technology

taminant level (MCL) of 10 ug/L. Bromate treatment options
are limited, expensive, and only marginally effective.” This is a
concern because more ozone use is anticipated to remove
micropollutants from drinking water and from wastewater
being treated for potable reuse, especially in light of increasing
levels of bromide (Br~) in natural waters due to anthropogenic

inputs.4 This concern motivates the need to develop a more April 14, 2024 EﬂSE&T‘EnquEEH,nq
2023

nRev

expensive as well as unsustainable. Last, chemical reduction
(e.g., Fe) suffers from poor removal efficiency and high costs
at low but regulated bromate levels, leaving no favorable
economical options for treating this problematic pollutant.

robust and inexpensive treatment option for bromate. July 23, 2024
Conventional technologies considered for bromate treat- July 24, 2024
ment include ion exchange (IX), granular activated carbon August 5, 2024
adsorption (GAC), reverse osmosis (RO), and various
chemical reduction strategies.l’s_7 Both IX and RO create
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Catalytic and electrocatalytic treatments have emerged as
promising options for bromate treatment. Both convert
bromate to relatively harmless bromide, and there are no
problematic byproducts.”'’ However, catalytic treatment
requires the addition of hydrogen gas as the electron donor,
and there are concerns regarding the safety of handling and
storing hydrogen gas. Additional concerns include catalyst
deactivation with lack of a facile regeneration method and
associated cost uncertainties.' "> Electrocatalytic reduction
appears more promising, as an electric current and not
hydrogen gas is used to drive the bromate reduction reaction
(BRR). As with catalytic treatment, electrocatalytic deactiva-
tion is expected with prolonged treatment,"” but when similar
systems are investigated, there is promise that a temporary
strongly positive or negative potential can be applied in situ to
regain catalyst activity. '

Many electrocatalytic studies have been performed in batch
systems, where fluids are well mixed and both reaction kinetics
and Faradaic efficiency (FE) are determined.’*™"® Reaction
kinetics and FE depend on a variety of factors, most
importantly, electrode material and the aqueous chemistry of
the system. The most common cathodes are platinum group
metal (PGM) nanoparticle catalysts (e.g, Pd, Pt, and Ru)
loaded onto conductive carbon supports such as glassy carbon
and carbon fiber paper. Other metals used are bimetallic
catalysts that alloy a PGM with a nonprecious metal,'’ coinage
metal catalysts (primarily copper, Cu), or zerovalent iron
(zV1).'**%*! PGM-based cathodes generally show the highest
activity per mass of metal, while Cu often shows the most
activity per cost of metal. However, Cu is subject to significant
leaching,22 and ZVI is a reductant that depletes over time. The
effects of water chemistry are complex, and for typical drinking
water conditions the most challenging constituents are those
that promote catalyst deactivation over time, including poisons
like reduced sulfur species (e.g., $>7),”>~*° and surface foulants
like natural organic matter (NOM).* Catalyst deactivation has
also been attributed to excess metal surface oxidation that may
occur during pollutant reduction.

Very few studies have evaluated electrocatalytic bromate
reduction in continuous flow reactors that more accurately
represent electrochemical systems used in related industrial
processes such as chloralkali production. A common design for
continuous flow is the parallel-plate reactor, which is typically
limited by mass transfer of reactant(s) to the electrode surface
resulting in markedly slower reaction rates than in batch.”” An
alternative design is the parallel-plate, thin-layer (PPTL)
electrochemical flow reactor, also known as the filter press
reactor,”® which was recently shown to practically eliminate
mass-transfer limitations for aqueous nitrite reduction at the
cathode surface.'> A key concern for those in the industry is
whether the power needed for PPTL flow reactors is more
expensive compared with conventional technologies. This is
directly related to the applied potential and associated current
needed for bromate reduction.”” Power requirements have
been reported in a limited number of studies but generally
without comparison to other electrocatalytic studies and not in
terms of costs relative to conventional technologies (e.g., RO,
IX, GAC). As a result, it is not clear whether electrocatalytic
bromate treatment is ready for pilot-scale testing and
assessment.

The goal of this work is to evaluate the technical and
financial feasibility of electrocatalysis (EC) for the removal of
bromate from drinking water. We address the hypothesis that
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bromate can be treated in a PPTL flow reactor at a material
and energy cost that is small compared to the capital and
operating expenses of conventional bromate treatment
technologies. We test this hypothesis by first identifying the
applied potential and catalyst metal that maximize the bromate
reduction activity and minimize the competing hydrogen
evolution reaction (HER). Next, we use the optimal catalyst
metal and applied potential, measure bromate reduction
kinetics, FE, and overall applied potential in phosphate-
buffered nanopure water (PW) and tap water (TW), and
estimate the overall power requirements. We also evaluate
catalyst deactivation over time and test in situ regeneration of
catalyst activity using a positive and strongly negative applied
potential. The material and energy costs are then compared to
several competing technologies to assess whether electro-
chemical bromate reduction holds promise for larger scale
evaluation.

2.1. Chemical Reagents. Pd(NO;),2H,0 (~40% Pd
basis; Sigma-Aldrich), Cu(NO;),-2H,0, and Ru(NO;),-2H,0
were used to prepare catalyst precursors for Pd, Cu, and Ru
catalyst deposition onto a carbon support electrode. Pd, Cu,
and Ru were chosen because their use is widely reported in the
literature for bromate, nitrite, and nitrate reduction.'>"?>°
Activated carbon cloth (ACC) from Gun EI Chemical Industry
(Japan) served as the carbon support; published physical and
chemical properties are presented in Table S1. ACC was
chosen because when decorated with Pd, high activity for
nitrite reduction was observed."> KBrO; (99.8%, Alfa Aesar)
was the bromate source. KH,PO, (99%; Sigma-Aldrich) and
K,HPO, (98%; Sigma-Aldrich) were used to prepare 0.02 M
buffer solution, which served as both an electrolyte and buffer
solution (pH 6.5 & 0.1). TW was obtained from the University
of Texas at Austin campus and is sourced from Austin Water.
Major TW constituents are presented in Table S2. HNO;
(70%, TraceMetal grade, Fisher Scientific) was used for
digestion to separate the catalyst metals from the carbon
supports. K,SO, (99%; Sigma-Aldrich) was used as an
electrolyte to increase the ionic strength. H,SO, (95—98%;
Sigma-Aldrich) was used to adjust the pH in solutions. All
solutions were prepared in nanopure water (18.2 MQ-cm)
produced by a Barnstead Nanopure system (Thermo Fisher
Scientific).

2.2. Cathode Preparation. The ACC was cut into 2.0 X
2.5 cm? pieces (0.12 + 0.01 g). Different metal catalyst (Me)
precursor solutions, Pd(NO;),-2H,0, Ru(NO;),-2H,0, or
Cu(NO,),2H,0 solutions, were separately drop-casted onto
separate ACC pieces using incipient wetness impregna-
tion.”' 7** The method is described in Supporting Information
in detail.

2.3. Bromate Reduction Experiments. A three-electrode
PPTL flow reactor from Yan’s work was used for bromate
reduction experiments.'> A schematic is shown in Figure S1.
Three electrodes are the aforementioned Me/ACC cathode, an
IrO, anode for efficient oxygen evolution reaction,”* and a
commercial reference electrode (Ag/AgCl, CH Instruments),
herein referred as RE, for control the applied potential. Details
of the PPTL flow reactor are included in Supporting
Information.

Two 40 mL vials serve as reservoirs for the cathodic and
anodic feed solutions. The former contains bromate in either
the 0.02 M phosphate-buffered nanopure water (PW)
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Figure 1. (a) PXRD patterns of ACC, Pd/ACC, Ru/ACC, and Cu/ACC. The dashed lines represent locations of characteristic peaks of C, Pd, Ru,
and Cu. (b) Low-resolution TEM image of catalyst metal particles in unused Pd/ACC and (c) used and regenerated Pd/ACC.

(KH,PO,, K,HPO,, pH: 6.5 + 0.1), TW, or modified TW,
while the latter contains the same solutions without bromate.
During bromate reduction experiments, both reservoirs were
rapidly mixed using a magnetic stir bar and continuously
pumped in recirculation mode through their respective
chambers at 40 mL/min using a peristaltic pump (Masterflex).
This flow rate was previously shown to minimize mass-transfer
limitations relative to reaction limitations in the PPTL flow
reactor.'” A potentiostat (Gamry 1010E) was connected to the
working (i.e., cathode), counter (i.e., anode), and reference
electrodes to control the applied potential and supply current.
The applied potentials for all experiments were corrected for
the uncompensated solution resistance between the working
and reference electrodes by using the current-Interfere iR
compensation technique supported by the potentiostat. All
bromate reduction experiments were performed in triplicate.

Multistep chronoamperometry was used to determine the
applied potential that maximized BRR and minimized HER for
each working electrode, i.e., Pd/ACC, Ru/ACC, and Cu/ACC.
The potential was stepped in —0.1 V increments from 0.0 to
—0.9, —0.8, and —1.1 V/RE for Pd/ACC, Ru/ACC, and Cu/
ACC, respectively. Each cathode was tested with two sets of
multistep CA experiments. The experiment was first done with
no bromate addition in the reservoir and then an initial
bromate concentration of 1000 mg/L was added into the
cathodic reservoir. The current over time at each potential step
was recorded with the potentiostat.

The CA technique was used to test the kinetics of bromate
reduction with three different working electrodes. The initial
bromate concentration of each experiment was 200 ug/L, 1, or
12.79 mg/L. Bromate reduction was monitored for 1 h. The
lowest concentration mimics problematic bromate concen-
trations found in drinking water after ozone treatment. The
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two higher concentrations were selected to explore the impact
on FE. The applied potential was determined from multistep
CA experiments and was —0.6, —0.6, and —0.7 V/RE for Pd/
ACC, Ru/ACC, and Cu/ACC, respectively. Aqueous samples
were taken at selected time points from the cathodic reservoir
during each experiment and analyzed by ion chromatography
(IC) for Br~ and BrO;~. The pH was monitored at the
beginning and end of each experiment and was relatively
constant with the added phosphate buffer.

2.4. Analytical Methods. Aqueous samples containing
bromate and bromide were analyzed by IC (Thermo ICS-
2100) using a Dionex IonPac AS19 column and a 250 L
sample loop. The eluent was 12.5—45 mM KOH, and the flow
rate was 1 min/L. Catalyst metal loadings on ACC were
analyzed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Agilent 5800 ICP-OES coupled
with SPS 4 autosampler) after cutting each electrode into
small pieces, digesting one or more pieces in a 70% HNO;
solution for 2 days at room temperature, filtering the digest,
and then diluting the concentrated filtrate with nanopure water
35 times into 2% HNOj solution. The crystal structure of
catalyst metals on ACC was measured using powder X-ray
diffraction (PXRD, Rigaku R-axis Spider diffractometer) with a
Cu source, operated at 40 kV and 40 mA. Catalyst metal
nanoparticle sizes were determined from images obtained
using a low-resolution transmission electron microscope (FEI
Tecnai TEM) operated at 80 kV, and TEM images were
processed by Image] software. TEM samples were prepared by
grinding electrode pieces into a powder, dispersing the powder
in ethanol, and then drop-casting on a 200-mesh nickel grid.
Oxidation states of the catalyst metals were analyzed by a
KRATOS Axis Ultra DLD X-ray photoelectron spectrometer
with a monochromated Al Ka X-ray source (hy = 1486.5 eV).
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Figure 2. Current density—potential curves from multistep CA for (a) Pd/ACC, (b) Ru/ACC, and (c) Cu/ACC in the PPTL flow reactor using a
0.02 M PW alone and amended with 200 pg/L bromate, recirculated at 40 mL min~'. Optimal potentials that minimize HER and maximize BRR
are apparent for Pd/ACC, Ru/ACC, and Cu/ACC at —0.6 V/RE, —0.6 V/RE, and —0.7 V/RE, respectively.

The recorded spectra were processed by CasaXPS software to
deconvolute the peaks and determine the catalyst composi-
tions. Samples for XPS were prepared using the same
procedures as the cathode preparation by drop-casting catalysts
on ACC, dried in the oven, and then reduced by N, and H,
flows in a furnace channel.

2.5. Cost Estimation of Bromate Treatment in
Drinking Water. The cost for bromate treatment using IX,
GAC, RO, and EC was estimated for a drinking water
treatment plant processing 0.5 million gallons per day (MGD).
This was done by assuming the initial bromate concentration
to be 0.2 mg/L and treated to be ~0.01 mg/L. This also
assumed that bromate treatment occurred after all other
treatment processes. Estimated costs are normalized to 1000
gallons of treated water. Costs for IX, GAC, and RO were
estimated using the work breakdown structure-based cost
model (WBS model) from the U.S. Environmental Protection
Agency.”>™*” Costs for EC were estimated based on material
used (anode and membrane) and the catalyst metal and energy
consumption values obtained from this study. Costs for
cathode regeneration were not included because further work
is needed to determine regeneration details during long-term
bromate treatment. Catalyst metal costs were calculated from
experimentally determined bromate reduction rates, targeted
initial and final bromate concentrations, and the water
treatment plant flow rate. The WBS model includes direct
capital costs (total costs of individual items of capital
equipment), add-on costs (permits, pilot study, and land
acquisition costs), indirect capital costs, and annual operating
and maintenance (O&M) costs. Add-on costs, indirect capital
costs, and general direct costs (e.g, piping and pumping
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system costs for influent and effluent) were excluded so that
cost comparisons to EC were as fair as possible.

3.1. Pd, Ru, and Cu on ACC Are Primarily Metallic.
Loadings of Pd, Ru, and Cu on the three cathodes (i.e., Pd/
ACC, Ru/ACC, and Cu/ACC) determined from ICP-OES are
presented in Table S3 and are 0.90 + 0.00, 1.69 + 0.80, and
1.34 + 0.34 wt %, respectively. The target deposition amount
for each catalyst was 1 wt %. PXRD spectra for ACC, Pd/ACC,
Ru/ACC, and Cu/ACC are shown in Figure la. The
characteristic peaks at 30.7 and 43.7° for C(002) and
C(100), respectively, are from crystalline carbon in ACC,
and they are observed in all three cathodes. The Pd peaks
(111), (200), (220), (311), and (222), Ru peaks (100), (002),
(101), (102), and (110), and Cu peaks (111), (200), and
(220) are observed on Pd/ACC, Ru/ACC, and Cu/ACC,
respectively.>**’ Low resolution TEM images of Pd/ACC,
Ru/ACC, and Cu/ACC are shown in Figures 1b and S2a,b,
respectively. For each cathode, a small piece of ACC with at
least 30 catalyst nanoparticles was evaluated, and the obtained
particle distributions are also presented in Figures 1b and
S2a,b. The median sizes of Pd, Ru, and Cu nanoparticles are
13.7, 5.1, and 9.8 nm, respectively. Pd nanoparticles formed
larger aggregates in some locations, resulting in their larger
median size, and Ru nanoparticles were the most dispersed,
with the smallest sizes.

XPS spectra aided in the determination of the oxidation state
of the catalysts after thermal treatment. The deconvolution of
Pd 3ds/, peak at 336.6 eV results in two peaks at 336.5 and
337.5 eV (Figure S2a), indicating the presence of PdO and
PdO,, respectively.”” Ru 3d;,, peak at 285.2 eV was

https://doi.org/10.1021/acsestengg.4c00203
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Figure 3. (a) Bromate concentrations over time with Pd/ACC at —0.6 V/RE, Ru/ACC at —0.6 V/RE, and Cu/ACC at —0.7 V/RE in 0.02 M PW
and addition of 200 pg/L bromate at 40 mL min~" in the PPTL flow reactor. (b) Activity and normalized activity, (c) FE, and (d) mass normalized
energy consumption (MNEC) values for bromate reduction with Pd/ACC, Ru/ACC, and Cu/ACC in 0.02 M PW and addition of 200 ug/L

bromate at 40 mL min~! in the PPTL flow reactor.

deconvoluted to show two peaks at 281.1 and 282.0 eV (Figure
S2b) as evidence of Ru and RuO, formation, respectively, and
a small peak at 282.9 eV for RuOx.*' Two peaks found in the
XPS spectrum for copper catalysts were at 932.9 and 952.8 eV.
Deconvolution of Cu 2p;), peak leads to Cu/Cu* and Cu®*
peaks at 932.9 and 934.2 eV (Figure S2c), respectively.”
Furthermore, a peak found in the Cu LMM Auger spectrum
identified the presence of Cu’ and Cu* peaks at 916.3 and
917.9 €V, respectively (Figure $2d);** hence, Cu, Cu,0, and
CuO are the main forms in the prepared catalysts.

Overall, the results indicate that all three metals are present
as nanoparticles on the ACC electrode. Metals and their oxides
are evident in the PXRD and XPS spectrum, indicating the
incipient wetness impregnation method reduces catalyst metals
to both their zerovalent and oxidized state. We note that metal
oxides are likely formed upon Me exposure to air during
sample preparation and that these oxides are likely reduced to
Me when subject to a strong reducing current just prior to
bromate reduction in the PPTL flow reactor.

3.2. Optimal Potentials for Bromate Reduction with
Minimal Hydrogen Evolution Are Determined. Multistep
CA experimental results for Pd/ACC, Ru/ACC, and Cu/ACC
are presented in Figure 2. For Pd/ACC (Figure 2a) without
added BrO;~, the current density is close to zero from 0.0 to
—0.6 V/RE and markedly increases (i.e., becomes more
negative) below —0.6 V/RE, indicating the onset of HER. With
added bromate, the current density gradually increases
between 0.0 and —0.6 V/RE and then markedly increases
below —0.6 V/RE with HER. The gradual increase of current
density between 0.0 and —0.6 V/RE indicates bromate
reduction occurring within this applied potential range without

HER. For Ru/ACC (Figure 2b), very similar results were
obtained compared to those for Pd/ACC, except that current
density started to increase with added bromate at a higher
applied potential range (0.0 ~ —0.4 V/RE), which resulted
from BRR, and the current density without and with added
bromate converges at the lowest applied potential (—0.8 V/
RE), indicating that HER is dominating over BRR at this
potential. For Cu/ACC (Figure 2c) without added bromate,
the current density does not start to slightly increase as a result
of HER until below —0.7 V/RE and then only markedly
increases below —0.9 V/RE. The results indicate that more
current is generated with added bromate at potentials above
those that promote HER compared to both Pd/ACC and Ru/
ACC.

PGMs are known as excellent hydrogenation catalysts and
promotors of HER,** and this is supported by the multistep
CA results that show HER onset at less negative applied
potentials for Pd/ACC and Ru/ACC (ie, —0.6 V/RE)
compared to Cu/ACC. Conversely, Cu is known as a relatively
poor hydrogenation catalyst,** and HER is only observed at
more negatively applied potentials (<—0.9 V/RE). The
superior performance of Cu/ACC in promoting bromate
reduction at potentials above the onset of HER is consistent
with earlier studies,'” showing this catalyst can direct more
current toward BRR compared to HER at appropriate applied
potentials. It should be noted that the current does not show
much variation from —0.7 to —0.9 V/RE on Cu/ACC because
the reaction rate remains constant in this potential range. Since
BRR was the dominant reaction in the experiment, it is inferred
that a bromate transfer flux from the bulk solution to the
surface of the electrode in the reactor was not increased as the
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Figure 4. Comparison of (a) normalized activity and (b) MNEC values for bromate reduction with previous studies and this work done in PW and

I'W on electrocatalytic bromate reduction.

potential increased. This suggests that there is a bromate mass-
transfer limitation in the reaction environment. Overall, the
results indicate that to maximize BRR and minimize HER the
optimal applied potentials are —0.6, —0.6, and —0.7 V/RE for
Pd/ACC, Ru/ACC, and Cu/ACC, respectively.

3.3. Electrocatalytic Bromate Reduction Kinetics Are
Faster Than Any Reported Values. Electrocatalytic
bromate reduction kinetics were measured at the aforemen-
tioned optimal potentials (Section 3.2) in the PPTL flow
reactor. Concentrations of bromate versus time are shown in
Figure 3a. The initial bromate concentration of 200 pg/L was
electrocatalytically reduced to below the MCL (i.e.,, 10 pug/L)
in 1 h with each of the three electrodes, i.e., Pd/ACC, Ru/
ACC, and Cu/ACC, indicating all three have similarly high
bromate reduction activities. Bromate removal tests with and
without catalysts loaded onto ACC were performed for
comparison (Figure S3). Although 53% of bromate removal
was observed without Pd loading, only 26% of bromate was
reduced to bromide and 27% of Br species were adsorbed to
the cathode in a 1 h experiment. A drop in mass balance of Br
species was observed during electrocatalytic bromate reduction
with Pd/ACC at —0.6 V/RE in the first 20 min, likely due to
bromate adsorption and/or the formation/adsorption of
intermediates, as shown in Figure S3b. Bromate reduction
intermediates BrO,, HBrO,, and HBrO were reported in Qu’s
work during electrocatalytic bromate reduction;* these would
be reduced to Br,, and immediately reduced to Br™ at —0.6 V/
RE (E° for Br, = 1.09 V/NHE"). Hence all of the reduced
bromate formed the final product, Br™.

Pseudo-first-order rate constants without and with normal-
ization to the metal loading were determined from
concentration decay profiles and are shown in Figure 3b, and
listed in Table S4. They are 0.0554 + 0.0036, 0.0875 + 0.0098,
and 0.0903 =+ 0.0094 min~' for Pd/ACC, Ru/ACC, and Cu/
ACC, respectively, without normalization, and 2136 + 139,
1530 + 222, and 2097 + 136 mL min™" gMe_l, respectively,
with normalization. Without normalization to metal loading,
Pd/ACC has the lowest activity, and Ru/ACC and Cu/ACC
have similar activity. However, with normalization, this trend
shifts. Ru/ACC has the lowest normalized activity, and the
normalized activities for Pd/ACC and Cu/ACC are similar. In
prior work, Pd is the most common electrocatalyst,'”***” and
direct comparisons of bromate reduction activity among all
three metals are not available. In one study, however, Ru and
Cu on a carbon nanotube support in a double-chamber

2191

electrochemical PTFE reactor were directly compared, and
extents of bromate reduction were within 7% of each other
after 2 h of reaction.'” Although PGMs generally exhibit higher
normalized activities for oxyanion reduction than other metals
due to atomic hydrogen assisting indirect electron transfer,
Cu/ACC has comparable activity for bromate reduction to
Pd/ACC. Two possible reasons are that Cu nanoparticle sizes
are smaller than Pd*® and that a more negative potential was
applied to Cu/ACC than Pd/ACC. Discerning the exact
reasons requires further study.

Normalized bromate reduction activities in PW for Pd/ACC
from this work are compared to literature values in Figure 4a
and Table SS; values in this work are 6 to 71 times greater than
literature values. A primary reason for this marked improve-
ment in normalized activity is the practical elimination of the
mass-transfer limitations in the PPTL flow reactor. We
conducted electrochemical experiments in a PPTL flow reactor
to study its limiting current and evaluate the mass-transfer rate.
The mass-transfer coefficient was found to be 4.66 X 107> m
s7! and used to determine the second Damkdohler number,
which describes the ratio of reaction rate to mass-transfer rate.
A small second Damkohler number (0.02) indicates that mass
transfer was faster than the reaction for bromate reduction in
the PPTL flow reactor. This is supported by modeling results
in Yan’s work, which determined that the dimensionless mass-
transfer coeflicient, Nu, is greater than the dimensionless
reaction rate constant, K, for nitrite reaction in the PPTL flow
reactor by a factor of 3.5, suggesting the overall reaction rate
with Pd/ACC in the PPTL flow reactor is reaction and not
mass-transfer limited."® To further investigate the influence of
reactor design and mass-transfer resistance on the activity, we
also evaluated the limiting current and mass-transfer coeflicient
in the H-cell and determined that the mass-transfer coefficient
is 2.6 times greater in the PPTL flow reactor than in the H-cell.
This indicates that the continuous flow mode PPTL flow
reactor used in this study provided faster mass transfer and
improved normalized activity compared to batch reactors, in
which most previous works were done.*” In support of this
assertion, a thin-film reactor was found to have higher reaction
rates than a batch reactor for glycerol conversion.™

We note that the high surface area of the supporting
electrode and small Pd particle sizes can improve electro-
catalytic activity; however, the electrode surface area and
catalyst particle sizes are similar to those of other studies (see
Table S5), and no clear trend in bromate reduction activity

https://doi.org/10.1021/acsestengg.4c00203
ACS EST Engg. 2024, 4, 2186—-2197


https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00203/suppl_file/ee4c00203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00203/suppl_file/ee4c00203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00203/suppl_file/ee4c00203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00203/suppl_file/ee4c00203_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestengg.4c00203/suppl_file/ee4c00203_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00203?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestengg.4c00203?fig=fig4&ref=pdf
pubs.acs.org/estengg?ref=pdf
https://doi.org/10.1021/acsestengg.4c00203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

normalized by these values is apparent. Alternatively, our
approach to use phosphate buffer as an electrolyte could
enhance bromate reduction activity compared to other studies.
BRR is more active at lower pH, and phosphate buffer
maintains a solution pH near neutral because of its close pK,,

(i.e,, 7.2). By contrast, sodium sulfate was used to control the
ionic strength in most other studies (Table S5); it provided
practically no buffering capacity, allowing the pH to increase
during reactions.

3.4. FE of Bromate Reduction. FE values for Pd/ACC,
Ru/ACC, and Cu/ACC in PW are shown in Figure 3c and
listed in Table S4. The FEs for all three catalysts when treating
200 ug/L bromate are very small, between 0.46 and 0.52%.
The lowest FE is with Cu/ACC (0.46%), indicating only
0.46% of electrons were transferred to BRR while the rest
contributed to other reactions, which may include hydrogen
adsorption reactions, metal oxide reduction reactions, oxygen
reduction reactions, and water electrolysis. We note that FEs
are much lower than those reported for other pollutants like
nitrate and nitrite. For example, the FE in the same reactor
with nitrite was 51%."> However, the initial nitrite concen-
tration was 100,000 ug/L, and the higher starting concen-
tration likely explains the difference. To explore this effect, CA
experiments were also performed using only Pd/ACC with
bromate concentrations at 1000 and 12,790 ug/L, and results
are listed in Table S6. As expected, FEs increase from 0.47 to
2.3 and to 21% with initial concentrations of 200, 1000, and
12,790 pg/L, respectively. This effect is well established and is
due to the greater reactant concentration gradient and mass
flux to the cathode surface at greater concentration, providing
more reactant to accept electrons compared to competing
reactions.”’

3.5. Energy Consumption of Bromate Reduction.
While poor FE is a concern, the primary indicator of
electrocatalytic energy efficiency is the total energy consumed
by reducing bromate from the initial concentration to 10 pg/L
per gram of reduced bromate, referred to as MNEC; the results
are shown in Figure 3d for treating 200 pg/L bromate and
listed in Table S4 for all initial bromate concentrations. MNEC
values for 200 pg/L initial bromate with Pd/ACC, Ru/ACC,
and Cu/ACC cathodes are 0.576 + 0.061, 0.505 + 0.016, and
0.740 + 0.029 kW h g™, respectively. Interestingly, Cu/ACC
with the highest normalized activity does not have the lowest
MNEC because the total applied potential for Cu/ACC was
higher than those for Ru/ACC and Pd/ACC. MNEC results
for treating different initial bromate concentrations with Pd/
ACC are also listed in Table S6. Not surprisingly, the lowest
MNEC for bromate reduction, 0.013 kW h g_l, coincides with
the greatest initial bromate concentration (i.e.,, 12,790 ug/L),
and these values increase with decreasing initial bromate
concentration.

MNEC values for electrocatalytic bromate treatment in this
study are compared to those reported in the literature in Figure
4b, with actual values listed in Table S5. MNEC values range
from S.1 to 24.93 kW h g™!, and values when using PW in this
study are 9—43 times lower than the reported values in the
literature. We attribute this difference to both avoiding high
energy consumption for HER by potential control and the
thin-film design of the PPTL flow reactor that minimizes
ohmic resistance in the reaction chamber, thus significantly
reducing energy consumption for BRR. Additionally, the
higher normalized activity of bromate reduction in our work
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compared to other studies also contributes to low energy
consumption demand. This result is important because energy
consumption is one of the key metrics that determines the
technology’s feasibility.

3.6. Long-Term Reactor Performance. Long-term
reactor performance was assessed by performing five bromate
reduction experiments in series using the same PPTL flow
reactor and Pd/ACC electrode with the cathodic feed solution
containing fresh bromate at 200 ug/L replaced before each
cycle. The Pd/ACC electrode was chosen for long-term
performance assessment because in single-cycle tests, Cu/ACC
showed much greater leaching (42.378 ug/L for Cu versus
0.354 pug/L for Pd) and because normalized bromate reduction
rates for Pd/ACC are 40% greater than for Ru/ACC. As
expected based on results in other studies,'>> the normalized
reduction rate constant decreases with each cycle, decreasing
the most between cycles 1 and 2 and then more gradually
between cycles 2 and §, as shown in Figure S. Reasons for Pd
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Figure S. Normalized activities for 6 cycles of electrocatalytic bromate
reduction at —0.6 V/RE in 0.02 M PW with 200 yg/L initial bromate
at 40 mL min~" in the PPTL flow reactor.

catalyst deactivation have been speculated in prior work and
include catalyst leaching, surface blocking with adsorbed
species (e.g, NOM), surface poisoning with covalently
bound reduced sulfur species, nanogarticle aggregation, and
surface oxidation to form Pd oxides.”””* Very little Pd leached
after the first cycle (<0.00134% of initial Pd), indicating this is
not the main reason. Surface blocking and poisoning are
unlikely because PW was used. In a prior study with multiple
treatment cycles and catalyst deactivation, Pd nanoparticle
aggregation was not observed using TEM, and PdO species
formation was not evident from XPS spectra;52 the latter could
have been due to poor sensitivity from dilute Pd atoms on the
catalyst support. In a related study using Cu/ACC for nitrate
reduction, XPS was used to show that more CuO species were
present after five sequential reduction cycles that showed
deactivation.”® Hence, the formation of more Pd oxide species
with deactivation is a possibility.

Pd/ACC regeneration was performed after the fifth bromate
reduction cycle by applying a more negative reduction
potential (~—1.2 V/RE) for 1 h, followed by a single-cycle
bromate reduction experiment. Surprisingly, the recovered
normalized bromate reduction activity is greater than the
original normalized bromate reduction activity in the first
cycle. This suggests that some surface oxidation was present
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before the first reduction cycle, and this increased during
treatment cycles; this was reversed when a more negative
potential was applied for regeneration. To investigate the
reason for greater activity on regenerated versus freshly
prepared Pd/ACC, TEM images for fresh and regenerated
samples were compared and used to examine changes in the
particle size and morphology. Results are presented in Figure
1b,c, along with Pd size distributions. No significant changes in
particle size or morphology are apparent compared with freshly
made Pd/ACC (Figure 1b). Round and rod-shaped Pd
nanoparticles were observed in both samples. Anecdotally,
individual Pd particles appear more congregated and in larger
groupings in fresh Pd/ACC, versus more dispersed in
regenerated Pd/ACC. It is possible this gave rise to more
accessible Pd surface area in regenerated Pd/ACC, but it was
not possible to meaningfully quantify this effect with the
number of TEM images acquired. We note that other
regeneration strategies might be needed for other fouling
mechanisms. For example, both a strongly oxidative and a
strongly reductive cycle might be needed to reverse catalyst
poisoning with reduced sulfur species,” and treatment with a
base might be required to remove NOM.® Regardless, the
results show that catalyst longevity can be maintained after
deactivation in PW by applying only a strongly negative
potential for regeneration.

3.7. Electrocatalytic Treatment for Bromate Reduc-
tion in TW. Actual, adjusted, and synthetic tap waters were
used in place of PW to determine whether normalized bromate
reduction activity, FE, and MNEC with Pd/ACC are
promising in more complex water matrices that we might
expect in drinking water treatment plants. TW was collected
immediately before each reduction experiment to ensure that
no chemical or biological reactions occurred with TW storage
that could change water quality. Water was collected after the
tap was flushed for several minutes to avoid stagnant pipe
water. Two modified tap water (MTW) were used. The first,
MTW], is TW with K,SO, added to increase the ionic
strength by 0.002 M; this was done to evaluate the effects of
solution resistance on energy consumption. The second,
MTW?2, is TW treated with 0.5 M H,SO, so the pH matched
that for PW since pH affects surface charge and possibly
bromate adsorption to reactive sites. Two additional synthetic
tap waters (SW) with the same ionic strength and pH as the
TW were prepared. The first, SWI, was prepared with
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phosphate salt (K,HPO,), and the second, SW2, was prepared
with carbonate salt (NaHCO;), followed by pH adjustment
with KOH and NaOH since the carbonate buffer in TW can
impact reduction differently than a phosphate buffer. The
concentrations of phosphate and carbonate in SW1 and SW2
were 0.0023 and 0.0052 M, respectively, and were calculated to
match the ionic strength of TW at a pH equal to 9.5.

Normalized bromate reduction activity is shown in Figure
6a, and FE and MNEC results for the different water sources
are presented in Table S4. The normalized bromate reduction
activities with TW, MTW1, MTW2, SW1, and SW2 are 544 +
229, 295 + 20, 560 =+ 186, 267 + 35, and 337 £ 66 mL min~'
gpd_l, respectively. These are 25, 14, 26, 13, and 16% of that
for PW. Interestingly, FE and MNEC values for these water
sources qualitatively scale with normalized bromate reduction
activities, such that FEs for TW, MTWI1, MTW2, SW1, and
SW2 are 38, 26, 60, 22, and 30% of that for PW, respectively,
and MNEC values are 381, 437, 203, 522, and 389% of that for
PW, respectively.

Comparing TW to PW, TW had a lower normalized
bromate reduction activity than PW. Previous studies have
shown that pH, ionic conductivity, electrolytes, buffer capacity,
and catalyst poisoning compounds have a significant impact on
the electrocatalytic activity.”*™>* The normalized activity for
MTW1 (added IS) was lower than that for TW. It is possible
that the complexity of the TW matrix had side reactions with
the addition of electrolytes, forming complexes and precip-
itants that interrupted and hindered BRR (e.g, CaSO,,
Ca(OH),). The normalized activity for MTW2 (lower pH)
was only slightly greater than TW. Although the addition of
chemicals in TW affected BRR negatively, the benefit from a
lower pH solution are expected to enhance activity since BRR
is a pH-dependent reaction and is promoted by lower pH.> It
should be noted that solution buffer capacity was lowered
when the pH of TW was adjusted because the original TW pH
of 9.5 is near the carbonate system pK, (10.33); this also could
have affected bromate reduction activity. To explore this effect,
results from SW1 (phosphate buffer) and SW2 (carbonate
buffer) at the pH of TW were compared. At pH 9.5, SW1 has
little buffer capacity since the closest pK,, for the phosphate
system is 12.32, while SW2 is well buffered near the carbonate
system pK, ; as expected, the normalized activity with SW1 is
lower than that with SW2. Overall, the results suggest that both
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buffer capacity and pH play important roles in the kinetics of
BRR. Given that the buffer in TW is a carbonate system, one
applicable strategy from the results to enhance the activity for
BRR is to lower the pH below 6.33, the pK, value for the

carbonate system, so that buffer capacity can be increased and
the pH is decreased.

The normalized bromate reduction activity and MNEC
values for bromate in TW with Pd/ACC are compared with
the literature values in Figure 4. Despite poorer bromate
reduction performance in TW compared to PW, the
normalized bromate reduction activity and MNEC values for
bromate in TW are better than those for all literature studies to
date, where literature studies were mostly performed in
synthetic waters. This highlights the superior performance of
PPTL flow reactor compared to other reactor designs in the
literature and the importance of overcoming mass-transfer
limitations.

Long-term reduction performance was also studied in TW to
investigate the viability of cathode regeneration with a negative
applied potential; normalized activities for six cycles are shown
in Figure 6b. Similar to long-term reduction performance in
PW, activity dropped after the first cycle and gradually
decreased with additional cycles. The negative potential
regeneration process after the fifth cycle exhibited only a
slight increase of normalized activity on the cathode for
bromate reduction, which could potentially be caused by
possible poisoning compounds (CO, S$*7, etc.) for Pd in TW.
McPherson’s work indicated that cyclic voltammetry was able
to oxidize contaminants that occupied Pd active sites and
release the catalysts poisoning compounds.”” By applying an
oxidative potential first, followed by a reductive potential on
the cathode after cycle 6, much of the original normalized
activity for BRR was recovered (in cycle 7), indicating a
promising strategy for in situ regeneration of the electrode in
drinking water treatment. Although activity can be regenerated,
a more frequent regeneration of the cathode and longer term,
continuous flow tests are necessary for treating TW since
poisoning compounds could deactivate the catalyst drastically.
On the other hand, several studies focused on the modification
of catalysts to enhance stability over long-term operation, and
this could be a promising strategy to treat real water
matrices.’’ "%

An interesting observation is that the range of normalized
bromate reduction activities for TW is 234 to 800 mL min™"
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gpa ', much greater than the relative range for any synthetic
TW. We note that TW collected on different days for replicate
tests had consistent conductivity and pH, but it is possible that
concentrations of minor species varied and affected normalized
bromate reduction activity (e.g., residual chlorine, nitrite). This
remains an important topic for future study.

3.8. Cost Assessment of Bromate Reduction in
Various Technologies. Capital and O&M costs of bromate
treatment with IX, GAC, and RO, as well as material
(membrane and anode), Pd metal, and energy costs of
bromate treatment with EC, all per 1000 gallons of treated
drinking water, are presented in Figure 7 for a 0.5 MGD
drinking water plant. Capital and O&M costs for IX, GAC, and
RO were determined using the WBS model, and input
parameters are provided in Texts S1—S3. Key assumptions for
IX are strong base polystyrenic macroporous resins with empty
bed contact time (EBCT) of 12 min, and the constants for the
Freundlich isotherm model are from Xu’s work.”* Langmuir
adsorption model fitting parameters for bromate on activated
carbon in Yan’s work and an EBCT of 8 min were used as key
assumptions for GAC.*® A low pressure RO membrane with a
rejection rate of 85% is the main assumption for RO.
Equations for calculating catalyst and energy costs for EC
are described in Text S4. Key assumptions are that bromate
reduction activities in PW and TW are used for determining
treatment time to reduce bromate from 200 to 10 ug/L and
that 11.7% of Pd is lost per year and requires replacement. The
latter assumption is determined by estimation based on the
aforementioned Pd leaching test (Section 3.6) and accounted
for the expense of capital cost to maintain the same Pd
loadings annually. This assumption requires further validation
via long-term reactor operation tests. Note that material, Pd
metal, and energy costs are surrogates for capital and O&M
costs, respectively, because these are expected to dominate
these categories“ and because other capital and O&M costs
are not available for this emerging technology.

Capital costs for IX, GAC, and RO, EC are $0.20, 0.09, 0.41,
and 1.29/1000 gallon of treated water, respectively. RO
requires antiscalant pretreatment, and the membrane itself has
a much higher capital cost than IX and GAC. GAC has the
lowest capital cost due to the ease of manufacturing these
adsorbents. EC has the highest capital cost. Among the
materials in capital cost, catalysts contribute the least ($0.13/
1000 gallon of treated water) and Nafion membrane the most
($0.94/1000 gallon of treated water). The Nafion membrane
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cost can be reduced to below half of the market price based on
the TNO’s electrochemical model and was calculated by
assuming that the membrane price is proportional to its
thickness.”” We note that EC costs have a higher uncertainty;
they may be overestimated because they are based on a small-
scale reactor with retail material prices or they may be
underestimated because only main capital costs are considered.

The O&M costs for IX, GAC, and RO, EC are $0.21, 1.67,
0.51, and 0.04/1000 gallon of treated water, respectively. GAC,
surprisingly, has the highest O&M cost due to the relatively
low capacity of GAC to adsorb bromate, which leads to a
recurrent need for GAC replacement and disposal of the waste.
IX O&M costs are lower because this material has a higher
adsorption capacity for bromate and requires less frequent
resin regeneration. RO O&M costs are higher due to chemical
treatments needed to address membrane fouling and the
energy used for high-pressure pumps. For EC treatment, the
only O&M cost considered is the power supplied for reactor
operation. Pd replacement costs could have been put in this
category but are considered in capital costs. The low O&M
cost indicates that energy demands for achieving high bromate
removal in the EC reactor are practically negligible. This is
highlighted by comparing the energy cost for EC in PW and
TW (Figure 7); the O&M costs for the latter are three times
the former but still only a small fraction of the total costs. Also,
unlike IX, GAC, and RO, regeneration or disposal of a waste
stream is not necessary. Further, the cathode can be
regenerated in situ, so treatment can continue almost
uninterrupted at a water treatment plant. While these results
show the technical advantages and low to comparable costs of
EC treatment, a pilot study is needed to determine how
technical performance and cost scale and to evaluate EC
performance over many continuous weeks to months of
operation.

Results from this study reveal improvements in normalized
activity (6—71 times higher than other studies) and total
energy consumption per gram of bromate removed (9—43
times lower than other studies) for electrocatalytic reduction of
bromate compared to literature values. A Pd-based cathode has
the highest normalized activity (2136 mL min™' gpy ")
compared to Cu- and Ru-based cathodes, with very little
leaching (ca. 0.000014 mg of Pd leaching in 1 h during the
treatment process) and low MNEC (0.576 kW h g™') in a
custom-designed PPTL flow reactor. Although normalized
bromate reduction activity decreases with repeated treatment
cycles, the Pd-based cathode is also robust to in situ
regeneration, which regains much of the original normalized
activity. The capital and O&M costs for treating 1000 gallons
of TW using the Pd-based PPTL flow reactor are $1.29 and
$0.12, respectively. The O&M cost, which represents
electricity input, is only a small fraction of the total, resulting
in only a small change in the total costs when treating an ideal
solution or Austin TW.

Comparing costs with other technologies for bromate
treatment, EC has the highest capital but lowest O&M costs,
with total costs that are lower than GAC and higher than RO
and IX. High costs for GAC are due to poor bromate
adsorption leading to frequent GAC replacement and waste
disposal. High costs for RO are due to pumping energy
demands and chemical treatment to address fouling. High
costs for EC are due to the Nafion membrane and the IrO,-
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based anode, and future research could address replacing these
expensive materials. IX, GAC, and RO all produce waste
streams; we currently assume that these waste streams can be
disposed of at some average price, but these costs vary widely
by region and can drive costs upward. Also, if treatment of
these waste streams is required, costs for these technologies
can increase further. In contrast, EC treatment produces no
waste stream and can reduce bromate from any relevant
concentration to below the MCL. In summary, EC treatment
for bromate appears very promising and is ready for pilot scale
assessment of scale up and long-term reactor operation.
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