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ABSTRACT: To oxidize trace concentrations of organic contami-
nants under conditions relevant to surface- and groundwater, air-
diffusion cathodes were coupled to stainless-steel cathodes that
convert atmospheric O2 into hydrogen peroxide (H2O2), which then
was activated to produce hydroxyl radicals (·OH). By separating
H2O2 generation from its activation and employing a flow-through
electrode consisting of stainless-steel fibers, the two processes could
be operated efficiently in a manner that overcame mass-transfer
limitations for O2, H2O2, and trace organic contaminants. The
flexibility resulting from separate control of the two processes made it
possible to avoid both the accumulation of excess H2O2 and the
energy losses that take place after H2O2 has been depleted. The
decrease in treatment efficacy occurring in the presence of natural
organic matter was substantially lower than that typically observed in homogeneous advanced oxidation processes. Experiments
conducted with ionized and neutral compounds indicated that electrostatic repulsion prevented negatively charged ·OH scavengers
from interfering with the oxidation of neutral contaminants. Energy consumption by the dual-cathode system was lower than values
reported for other technologies intended for small-scale drinking water treatment systems. The coordinated operation of these two
cathodes has the potential to provide a practical, inexpensive way for point-of-use drinking water treatment.
KEYWORDS: decentralized treatment, zero-chemical-input, sequential oxygen reduction, selective transformation, coulomb repulsion

■ INTRODUCTION
Advanced oxidation processes that convert H2O2 into ·OH
have emerged as one of the main treatment technologies for
removing chemical contaminants during water recycling,
groundwater remediation, drinking water treatment and
industrial wastewater treatment because the radicals can
oxidize most contaminants without producing toxic by-
products.1,2 Despite their efficacy and popularity, advanced
oxidation processes have not been used widely for small-scale
treatment of nontraditional water sources due to their high
costs and the logistical challenges associated with frequent
replenishment of chemical reagents.

As an alternative, electrodes can be used to generate H2O2
via two-electron reduction of O2. Electrodes also can convert
H2O2 into reactive oxidants (e.g., ·OH) by surface reactions
with electrochemically generated reductants (e.g., FeII, H*).3−5

Because the H2O2 generation and activation steps both occur
on cathodes, most previous efforts to create electrochemical
advanced oxidation systems use a single electrode to reduce O2
to H2O2 prior to converting it into ·OH.6−15 Despite the
simplicity and effectiveness of such composite cathodes under
laboratory conditions, their application to actual treatment
systems has been limited due to rapid consumption of

dissolved O2 which necessitates the use of pumps to introduce
air or pure oxygen into the solution.16−19 In addition,
composite electrodes usually are produced as flat sheets that
are subject to mass-transfer limitations. Air-diffusion electrodes
offer an attractive approach for overcoming O2 depletion
problems because they passively introduce O2 at the gas−water
interface. By coupling air-diffusion electrodes with high-
surface-area flow-through electrodes in a two-electrode system,
it may be possible to avoid mass-transport limitations.
Additionally, use of a dual-cathode system avoids inefficiencies
inherent in single electrode systems in which the same
potential is applied for reductive processes that have different
electrochemical potentials (Text S1). As a result of this
inefficiency, systems employing single composite electrodes
often produce excess H2O2 or apply current to solutions after
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H2O2 has been depleted.20,21 In addition to increasing energy
consumption, the mismatch between H2O2 production and use
can result in the presence of an unwanted oxidant in treated
water (i.e., H2O2) as well as the production of other unwanted
products (e.g., H2).22,23 Finally, electrochemical generation of
H2O2 increases localized solution pH values, which can
decrease the efficiency of H2O2 activation.24

Most previous attempts to employ separate electrodes for
H2O2 generation and activation were simply a combination of
processes that were not optimized to maximize efficiency and
avoid the generation of unwanted products.25−31 In general,
prior efforts only considered contaminant transformation
without measures to ensure efficient energy use or avoid
excess H2O2 production. Furthermore, the effect of other co-
occurring processes, such as the anodic decomposition of
H2O2, were neglected because the processes were studied in
batch reactors. Finally, most applications were studied under
conditions that are not relevant to drinking water (e.g., pH <
3).26,27,29−31

Recently, a low-cost, commercially available material,
stainless-steel scrubbing pads, was investigated as an electrode
for converting H2O2 to ·OH for contaminant oxidation.24,32

Notably, the stainless-steel electrode demonstrated higher
yields for converting H2O2 into ·OH (i.e., ∼70%) than those
typical of other anodes or heterogeneous catalysts. For
example, the observed efficiency for ·OH production was
over an order of magnitude higher than that reported for
heterogeneous Fenton systems.24 Although the structure of the
electrode lends itself to use as a flow-through electrode, the
system was only studied in a batch reactor configuration. In
addition, the system was operated by externally dosing H2O2,
which would not be suitable for distributed water treatment
systems where electrochemical production via oxygen reduc-
tion would be advantageous. Finally, the performance of the
electrode was not evaluated in the presence of solutes (e.g.,
·OH scavengers) that could inhibit its performance, especially
under low ionic strength conditions.

Finally, the efficiency of advanced oxidation processes is
limited by the low selectivity of ·OH, especially in the presence
of natural organic matter (NOM)�a ubiquitous component
of surface and groundwater that competes with contaminants
for ·OH.16,24,33 In an electrochemical treatment system, the
electric potential gradient can be used to separate charged
species from uncharged species. The negatively charged
cathode may be able to repel negatively charged NOM away
from its surface and prevent its reaction with ·OH produced on
the electrode surface. Despite the promise of using this
approach to increase the efficiency of contaminant trans-
formation processes, the application of electric potential
gradient for selective oxidation of uncharged contaminants
has not been realized.

To assess the potential for employing a dual-cathode system
for efficient treatment of uncharged trace organic contami-
nants, we coupled an air-diffusion electrode and a flow-through
stainless-steel electrode to produce ·OH from ambient air.
Three reactor configurations were assessed because the
interactions between electrodes could affect the H2O2
production and activation processes and may offer additional
benefits, such as disinfection by the anodically produced free
chlorine, reduced formation of disinfection products, and
control of residual H2O2.34 The system was optimized to
ensure a proper balance between H2O2 production and
activation under circumneutral pH conditions prior to

assessing its ability to transform neutral trace organic
contaminants in authentic surface waters.

■ MATERIALS AND METHODS
Materials. All experiments were performed at room

temperature (23 ± 2 °C) with chemicals of reagent grade or
higher (Sigma-Aldrich, St. Louis, MO, and Fisher Scientific,
Pittsburgh, PA). Ultrapure water from a Milli-Q system (R >
18 MΩ) was used for all experiments. The composition of an
authentic surface water sample tested in this study is provided
in Table S1.

Electrolysis. Electrolysis experiments were conducted with
a potentiostat (Gamry Instruments Inc., Warminster, PA). The
internal resistance was compensated by current interrupt
method. An Ag/AgCl electrode (3 M NaCl, BASi, West
Lafayette, IN) was used as the reference electrode and all
potentials are reported versus a standard hydrogen electrode
(SHE).

The air-diffusion electrode (4 cm × 4 cm) was fabricated
with carbon black (Cabot Black Pearls 2000, Cabot, Boston,
MA) as the catalyst following a process described previously.17

Because of the stable performance of the air-diffusion
electrode, the same electrode was used for several experiments,
encompassing a total run time of at least 90 h. The air-diffusion
electrode was placed between atmospheric air and water,
where the atmospheric O2 was passively introduced to the
catalyst (no air was pumped to the system). A platinized
titanium (Pt/Ti) electrode (dimensions: 5.1 × 7.6 cm; TWL,
United States) was used as the counter electrode for the air-
diffusion electrode. Three reactor cell configurations were used
to investigate the performance of the air-diffusion electrode
(Figure S1): an undivided cell (Veffective = 60 mL), a divided
cell (Veffective,cathode = 20 mL, Veffective,anode = 30 mL), and a
semidivided cell (Veffective = 50 mL). The interelectrode
distance for all cell configurations was around 2 cm. For the
divided cell and semidivided cell, a cation exchange membrane
(Ultrex CMI-7000, Membranes International Inc., Ringwood,
NJ) was used to separate the cathode and anode chambers.
The current−potential relationship of the air-diffusion cathode
was evaluated in an electrolyte solution (250 mM Na2SO4)
buffered with 50 mM of phosphate buffer at pH 7 using a
divided cell configuration. Because H2O2 generation by the air-
diffusion electrode is independent of solution composition,16,17

the observed results represent the performance that should be
encountered across a wide range of conditions.

A 20 g Scotch-Brite stainless-steel scrubber (catalogue
number 214C, 3 M Company, St. Paul, MN, USA; 80 cm2/g
specific surface area) rinsed thoroughly with ultrapure water
was used as the working electrode. The stainless-steel cathode
was compressed into a flow-through reactor (Schedule 40
PVC, inner diameter = 3.5 cm, V = 80 mL, Figure S2) to
ensure no hydraulic short-circuiting of water. A platinum (Pt)
mesh counter electrode was placed about 2 mm above the
stainless-steel electrode. The H2O2 consumption rate in the
stainless-steel electrode reactor was calculated based on the
concentrations of H2O2, recirculation rate (Q), and reaction
time (T):

= [ ] [ ]Q
TV

t

H O consumption rate

( H O H O )d
T

2 2

0
2 2 inf 2 2 eff (1)
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The dual-cathode treatment system was evaluated by
recirculating 200 mL of test solution between the two reactors.
To equalize the flow of water, each reactor was equipped with
a 35 mL solution reservoir. A peristaltic pump (Cole-Parmer,
Chicago, IL) coupled with Norprene Tygon A-60-G tubing
(Masterflex, Vernon Hills, IL) was used to circulate solution
through the system. Control experiments conducted under
open-circuit conditions indicated that adsorption accounted
for less than 20% of the trace organic contaminants (TrOCs)
loss over the 4 h experimental period (Figure S3). The same
electrodes were used for replicated experiments, with no
significant difference observed across replicates, indicating the
stable performance of the electrodes.

Analytical Methods. Sample aliquots (<1 mL) for H2O2
measurement were removed from the influent and the effluent
of the stainless-steel electrode. H2O2 was measured by the
titanium(IV) sulfate method35 or the peroxidase catalyzed
N,N-diethyl-p-phenylenediamine (DPD) oxidation method.36

Sample aliquots (<1 mL) for other analytes were collected
from the effluent of the stainless-steel electrode. Samples for
TrOC analysis were quenched with methanol (final concen-
tration = 10% v/v) and analyzed in multiple reaction
monitoring mode with an Agilent 1260 series HPLC system
coupled to a 6460 triple quadrupole tandem mass
spectrometer (HPLC-MS/MS) as described previously.17

Samples containing ·OH scavengers (i.e., 2-propanol and
benzoate) and their associated ·OH oxidation products (i.e.,
acetone, an acetone transformation product, and para-
hydroxybenzoate) were analyzed on an Agilent 1260 Infinity
high-performance liquid chromatography (HPLC) equipped
with diode array detector (Text S2).

Aliquots for total metals analysis were acidified immediately
after sampling and quantified on an Agilent 7700 Series
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS).
Samples for TOC analysis (20 mL) were quenched by sodium
thiosulfate (final concentration = 100 mM) and analyzed using
a Shimadzu TOC-V analyzer.37 COD was measured using a
HACH COD kit (concentration range 3 to 150 mg/L). The
interference of H2O2 on COD measurement was corrected
based on the concentration of H2O2 in each sample (Figure
S6).

■ RESULTS AND DISCUSSION
Air-Diffusion Electrode for H2O2 Production. The

current−potential relationship can be used to match the rate
of H2O2 production by the air-diffusion cathode to its rate of
activation on the stainless-steel cathode. To develop an
understanding of the process that can be used to control the
rate of H2O2 production, the air-cathode was characterized
under a range of possible operating conditions. The low onset
overpotential (i.e., 30 mV, Figure 1a inset) of the air-diffusion
electrode under neutral pH conditions was comparable to
those reported for other catalysts capable of electrochemical
H2O2 production (i.e., 10 to 150 mV).38−41 The current for O2
reduction was sensitive to the applied potential, with an
increase of a factor of 10 for every 88 mV decrease in the
applied potential (Figure S7).

H2O2 generation was assessed in two different cell
configurations (Figure S1) with a sample from an authentic
surface water (Figure 1b). As the applied potential decreased
from +0.02 to −0.10 V vs SHE, the H2O2 production rate
increased by a factor of 130 and 250 for the divided and the
undivided cell configurations, respectively. The Faraday

Figure 1. Production of H2O2 by the air-diffusion electrode. (a) Linear sweep voltammetry curves for the air-diffusion electrode and P75T carbon
fiber paper substrate in 250 mM Na2SO4 (pH buffered at 7.0 by 50 mM phosphate buffer), potential scan rate: 2 mV s−1. The inset shows the
average current density observed through multiple trials (n = 4) using 5 min chronoamperometry at the specified potentials in the presence of 10
mM H2O2. The dashed line indicates the equilibrium potential for the H2O2 generation reaction in the presence of 10 mM H2O2 at pH 7 (E =
+0.32 V). (b) H2O2 production rate and Faraday efficiency observed at different potentials using divided and undivided cell configurations.
Experiments conducted in an authentic surface water sample amended with 250 mM of Na2SO4. (c) Comparison of Faraday efficiency for H2O2
production in surface water versus Na2SO4 electrolyte. Applied potential on air-diffusion electrode = −0.10 V. (d) Schematic illustration of the
dual-cathode treatment system. Data are presented as mean values with standard deviation. All potentials are reported versus SHE.
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efficiency also increased from 21 to 87% for the divided
configuration and from 9 to 64% for the undivided
configuration. The produced H2O2 concentration is shown in
Figure S8. The observed increase in the Faraday efficiency
likely was due to an increase in the rate of the 2-electron
reduction of O2 (i.e., O2 reduction to H2O2), relative to the
rate of competing reactions (e.g., the 4-electron reduction of
O2 to H2O). Because the air-diffusion electrode exhibited
higher H2O2 production rates and higher Faraday efficiencies
when a large applied overpotential was used, H2O2 generation
likely benefited from the use of a high current density on the
relatively small air-diffusion electrode. The long-term stability
of the air-diffusion electrode was tested with an accelerated
aging test (current density = 40 mA/cm2). The electrode
exhibited stable performance over 6 cycles of operation, with a
total electrolysis time of 30 h (Figure S9).

Prevention of Unintended H2O2 Loss. In addition to
activation to form ·OH on the stainless-steel electrode, H2O2
can be lost when the water encounters the anode through two
different processes: (i) direct anodic oxidation (eq 2), and (ii)
indirect anodic reactions, such as the oxidation of H2O2 by
HOCl produced from anodic oxidation of Cl� (eqs 3 and 4).

+ ++H O 2H O 2e2 2 2 (2)

+ + ++Cl H O H HOCl 2e2 (3)

+ + + ++H O HOCl H Cl O H O2 2 2 2 (4)

Separating the cathodic chamber from the anodic chamber
by using a divided cell (no anodic flow into the cathode
chamber, Figure S1) made it possible to avoid both
decomposition pathways, resulting in a net increase of H2O2
production rate and increased the Faraday efficiency by a
factor of 2.8 and 1.7, respectively (Figure 1b).

To determine the relative importance of direct and indirect
oxidation of H2O2 on the anode, experiments were conducted
in a chloride-free solution (i.e., 250 mM of Na2SO4 electrolyte
containing less than 0.01 mM of chloride impurity) using
divided and undivided reactors (Figure 1c). The Faraday
efficiency observed in the Na2SO4 electrolyte was within 5% of
the value observed in the authentic surface water, indicating
that the presence of Cl− at concentrations typical of freshwater
(i.e., 10 mg/L = 0.28 mM) did not result in substantial loss of
H2O2. In addition, H2O2 loss through direct oxidation,
assessed by measuring H2O2 loss on the anode, was estimated
to be responsible for an approximately 20% decrease in
Faraday efficiency, which further confirmed that direct anodic
oxidation of H2O2 was responsible for most of the observed
differences in Faraday efficiency between the divided and
undivided cells (Text S3 and Figure S10).

Although the divided cell configuration minimized H2O2
loss, sending water from the air-diffusion electrode chamber
directly to the second (i.e., stainless-steel) cathode was not
conducive to contaminant oxidation because the relatively high
pH of water leaving the first cathode (Figure S11), which
decreased the efficiency of conversion of H2O2 into ·OH.24

Because anodically formed HOCl resulted in a relatively small
loss of H2O2 and acid production in the anode lowered the pH
to values that were conducive to contaminant transforma-
tion,24,42 a semidivided configuration was employed with the
air-diffusion cathode placed between the Pt/Ti anode and the
stainless-steel cathode (Figure 1d). A Pt mesh was placed
downstream of the stainless-steel electrode to serve as the
counter electrode for the stainless-steel cathode. Under the
semidivided configuration, the water sequentially flowed
through the Pt/Ti anode, air-diffusion cathode, stainless-steel
cathode, and finally the Pt counter electrode (a detailed

Figure 2. Removal of trace organic contaminants by the dual-cathode treatment system. Effect of applied potential on the air-diffusion electrode on:
(a) removal rates of TrOCs and (b) currents and H2O2 concentrations at the outlet of the stainless-steel electrode. Effect of recirculation rate on
(c) removal rates of TrOCs and H2O2 consumption rates by the stainless-steel electrode reactor. (d) Comparison of Faraday efficiency for H2O2
generation. The Faraday efficiency values used for this comparison were adapted from values measured in the absence of H2O2 activation catalysts.
References were organized by the types of catalysts used for H2O2 generation. (e) Comparison of H2O2 utilization efficiency. References were
organized by the types of catalysts used for H2O2 activation. (f) Removal pathways of carbamazepine and atrazine in the dual-cathode treatment
system. SSE represents stainless-steel electrode; ADE represents air-diffusion electrode; DET represents direct electron transfer. Experimental
conditions: 250 mM Na2SO4 buffered with 5 mM (a, b) or 1 mM (c) of PIPES buffer (pH 7), [TrOCs]0 = 20 μg/L, applied current on air-
diffusion electrode = 16 mA (c, f), applied potential on stainless-steel electrode = +0.02 V for all experiments. Recirculation rate = 35 mL/min (a,
b) or 70 mL/min (f). Details of experiment depicted in Figure f are described in the Supporting Information. Data are presented as mean values
with standard deviation. All potentials are reported versus SHE.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c05481
Environ. Sci. Technol. 2024, 58, 14042−14051

14045

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05481/suppl_file/es4c05481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05481/suppl_file/es4c05481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05481/suppl_file/es4c05481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05481/suppl_file/es4c05481_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c05481/suppl_file/es4c05481_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05481?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.4c05481?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c05481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


schematic diagram for the experimental system is shown in
Figure S12). When H2O2 generation and its activation were
optimized, the stainless-steel electrode should have consumed
all the produced H2O2, leaving no H2O2 to be oxidized by the
Pt electrode. In this configuration, the pH values varied by less
than 0.3 pH units as water passed between the different cell
compartments, with the greatest change (about 0.5 pH units)
observed in the effluent of the air-diffusion cathode when
authentic surface water underwent treatment. Pt and Pt/Ti
electrodes were used as counter electrodes in our experiments
to assess processes taking place on the stainless-steel electrodes
because of their low tendency to produce reactive species (e.g.,
·OH).43 In an actual treatment module, it might be
advantageous to replace the Pt and Pt/Ti electrodes with
low-cost carbonaceous electrodes that could contribute to
contaminant removal by direct oxidation.44,45 The use of a
shared anode that paired with both cathodes could be another
improvement that would reduce the complexity of the current
prototype.46,47

Trace Organic Contaminant Removal by a Combined
Dual-Cathode Treatment System. The performance of the
treatment train consisting of an air-diffusion electrode operated
in series with a Pt/Ti electrode followed by a stainless-steel
electrode was evaluated under various applied potentials using
carbamazepine and atrazine as representative uncharged trace
organic contaminants. When the stainless-steel electrode was
operated at +0.02 V vs SHE, the potential found to be most
efficient in conversion of H2O2 into ·OH,24,32 the rate of
removal of the contaminants increased as the potential of the
air-diffusion cathode decreased from +0.02 to −0.10 V vs SHE
(Figure 2a).

The observed increase in contaminant transformation rates
may have been due to an increase in the rate of H2O2
generation. Electron balance was conducted based on the
Faraday efficiency for H2O2 generation (moles of H2O2
produced per two moles of electrons) and the electron
utilization efficiency for H2O2 activation (62% at pH 7,
meaning that 0.62 mol of H2O2 was transformed per mole of
electrons consumed on the stainless-steel electrode).24 We
estimated that the optimal current ratio between the air-
diffusion electrode to stainless-steel electrode for ensuring
complete activation of H2O2 was 1.4, 2.1, and 5.9 for air-
diffusion electrode operated at potentials of −0.10, −0.04, and
+0.02 V vs SHE, respectively. Under these conditions, the
observed current ratio was 4.1, 1.6, and 0.9 for those three
potentials. The H2O2 produced on the air-diffusion electrode
was not entirely activated by the stainless-steel electrode when
a large overpotential was applied (i.e., [H2O2] = 13 mM in
water flowing out of the stainless-steel electrode when a
potential of −0.10 V vs SHE was used), whereas all the H2O2
was depleted when highest potential (i.e., +0.02 V vs SHE) was
applied to the air-diffusion electrode (Figure 2b). Because of
the excess production of H2O2 at −0.10 V vs SHE and the
higher H2O2 production rate at lower potentials, potentials
lower than −0.10 V vs SHE for the air-diffusion electrode were
expected to further lower the H2O2 utilization and thus were
not studied. By adjusting the potential on the two electrodes
separately (i.e., applying −0.04 V vs SHE on the air-diffusion
electrode and +0.02 V vs SHE on the stainless-steel electrode)
it was possible to balance the production of H2O2 with its
activation to achieve removal of the contaminants without
producing excess H2O2.

To assess the importance of mass transfer to contaminant
removal, experiments were conducted with a constant current
(i.e., 16 mA) on the air-diffusion electrode (current density = 1
mA/cm2, applied potential around −0.04 V vs SHE).
Increasing the recirculation rate from approximately 5 to 70
mL/min approximately tripled the rate of removal of the
contaminants with minimal impact on the H2O2 consumption
rate or the current ratio between the two electrodes (Figures
2c and S13). Therefore, we conclude that the increased rate of
contaminant removal was caused by the enhanced mass
transport of TrOCs to the electrode surface rather than more
efficient activation of H2O2. This means that the flow-through
mode overcame the mass-transport limitation of H2O2 to the
electrode surface, which was previously identified as the rate-
limiting step under batch mode operating conditions.24

Relative to composite electrodes employed for electro-
chemical advanced oxidation (Table S2), the dual-cathode
treatment system demonstrated superior performance in terms
of its ability to generate H2O2 (Figure 2d). The Faraday
efficiency reported for composite electrodes are lower than the
values reported for similar catalysts in well-controlled systems
that are designed solely for H2O2 production.48−50 The inferior
performance is likely due to slow mass transport of O2,
unfavorable applied potentials necessitated by H2O2 activation,
and the coating of the catalysts for H2O2 activation, which
decreases the performance of H2O2 production by altering the
electrode structure and affinity for O2 interaction.11,51,52

Under the optimal conditions (−0.04 V vs SHE applied to
the air-diffusion electrode and +0.02 V vs SHE applied to the
stainless-steel electrode), the H2O2 transformed on the
stainless-steel electrode was calculated to be 3.5 mM based
on the H2O2 consumption rate, which accounted for 95% of
the H2O2 produced by the air-diffusion electrode. The
utilization efficiency of the produced H2O2 by the dual-
cathode system was much higher than that observed on
composite electrodes because of the optimal coupling between
H2O2 production and activation (Figure 2e and Table S3).

The removal pathways for the two TrOCs were
deconvoluted using probe compounds as described in Text
S4 assuming that the reactive species that can oxidize
methanol, 2-propanol, and dimethyl sulfoxide can be referred
to as ·OH without differentiating between ·OH adsorbed on
the electrode surface or ·OH reacting in the solution.24,32 The
·OH pathway contributed to about 25% of the carbamazepine
removal and 70% of the atrazine removal (Figure 2f). Direct
electron transfer of carbamazepine on the Pt/Ti anodes
contributed to about 70% of its removal.

The competition between the dissolved species and
reductive species on the electrode surface (e.g., �Fe(II) or
e−) for reacting with ·OH could result in surface scavenging of
·OH, which controls the fate of ·OH and decreases the
treatment performance of cathodic activation of H2O2 under
batch-mode operation.24 At a recirculation rate of 70 mL/min,
the rate constant for reaction between ·OH and electrode
surface was estimated as 2.4 × 103 cm−2 s−1 (Text S5), which
corresponds to only about 30% of the values observed in the
batch operation mode.24 These results suggest that the
enhanced mass transport under flow-through operating
conditions decreased scavenging by the electrode surface,
likely because of elevated concentrations of solutes near the
surface that competed with the ·OH loss processes taking place
on the electrode.
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Removal of Trace Organic Contaminants from
Authentic Surface Water. The performance of the dual-
cathode treatment system under realistic operating conditions
was assessed in an authentic surface water sample containing
5.1 mg-C/L of NOM (without addition of supporting
electrolytes or buffers). Carbamazepine and atrazine were
used as representative uncharged contaminants because of
their high frequencies of detection in nontraditional water
sources.53−55 Over the course of 4 h, the dual-cathode
treatment system removed more than 90% of the carbamaze-
pine and 60% of the atrazine. In contrast, the total organic
carbon (TOC) concentration, which mainly consisted of
NOM, remained unchanged (Figure 3a). The effect of NOM
was also assessed in an electrolyte with and without 5.0 mg-C/
L of Suwannee River NOM (Figure 3b). The chemical oxygen
demand (COD) remained almost constant throughout the
treatment and the transformation rates of TrOCs decreased by
less than 25% when NOM was added. For comparison,
addition of 5.0 mg-C/L of NOM would decrease the

transformation rates of TrOCs in a homogeneous ·OH-based
advanced oxidation process by about a factor of 10, assuming
addition of NOM had no impact on the formation of ·OH
(Text S6). Furthermore, the UV−vis absorption spectrum of
the water did not change appreciably during treatment (Figure
3c).56 Therefore, we conclude that the dual-cathode treatment
system selectively oxidizes TrOCs without oxidizing NOM.
The slight decline in removal efficiency in the presence of
NOM was likely due to inhibition of contaminant trans-
formation by non-·OH pathways (e.g., direct electron transfer
on the anodes, Figure 2f). The concentrations of Fe and Cr
released during the treatment of the authentic surface water
remained below the drinking water standards throughout the
experiment (Figure S15).57,58

Electrostatic Repulsion of Negatively Charged ·OH
Scavengers. To elucidate the mechanisms of selective
oxidation of TrOCs in the presence of NOM, a negatively
charged compound (benzoate) and an uncharged compound
(2-propanol) were employed as radical scavengers. Under

Figure 3. Selective oxidation of trace organic contaminants in the presence of natural organic matter. (a) Concentrations of TrOCs and TOC
observed when authentic water was treated in the dual-cathode system, [TOC]0 = 5.1 mg-C/L. (b) Concentrations of TrOCs and COD when a
phosphate-buffered electrolyte was treated ([PO4

3−] = 2 mM, [Na2SO4] = 250 mM, pH = 7), [NOM]0 = 5.0 mg-C/L, [COD]0 = 21 mg/L. The
interference of H2O2 on COD measurement was corrected based on concentration of H2O2 in each sample. (c) UV−vis absorption spectrum of the
NOM-containing electrolyte before and after 2 h of treatment. Data are presented as mean values with standard deviation.

Figure 4. ·OH scavenged by ·OH scavengers of different charges. (a) Transformation and formation of oxidation products during treatment of 10
mM benzoate. Conditions: 250 mM Na2SO4 buffered with 1 mM of PIPES buffer (pH 7), applied current on air-diffusion electrode = 16 mA,
applied potential on stainless-steel electrode = +0.02 V vs SHE, recirculation rate = 70 mL/min. (b) Formation of acetone from oxidation of 2-
propanol by ·OH produced on the stainless-steel electrode. Experiments conducted in a divided H-type reactor to prevent oxidation of 2-propanol
on the anodes, 200 mM Na2SO4 buffered with 1 mM PIPES (pH 7), [2-propanol]0 = 100 mM, [H2O2]0 = 37 μM, applied potential on stainless-
steel electrode = +0.02 V vs SHE. (c) Schematic illustration of electrostatic repulsion of negatively charged ·OH scavengers by the electrode
surface. Data are presented as mean values with standard deviation.
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conditions used in these experiments, we predicted that
approximately 20% of either compound would be removed by
·OH produced on the stainless-steel electrode over the course
of the experiment (Text S7). However, benzoate concen-
trations remained close to their initial values throughout the
experiment and only around 10 μM of the most prominent
benzoate transformation product (para-hydroxybenzoate), an
amount corresponding to approximately 0.1% of [benzoate]0,
was detected (Figure 4a). An experiment in which trace
concentrations of carbamazepine and atrazine were oxidized in
the presence of a high concentration of benzoate (i.e., 10 mM)
indicated that benzoate did not affect the rate of trans-
formation of uncharged organic contaminants by scavenging
·OH (Figure S16). These results indicated that the negatively
charge compound (benzoate) did not interact to an
appreciable degree with ·OH produced in the dual-cathode
treatment system.

In contrast, approximately 90% of the neutral radical
scavenger (2-propanol) was transformed in an experiment
conducted under the same conditions (Figure S17). Because
some of the 2-propanol could have been oxidized by the
anodes,59 the oxidation of 2-propanol by ·OH produced on the
stainless-steel electrode was confirmed using a divided H-type
reactor in which the anodic processes were eliminated (Figure
4b). Furthermore, the observed reduction in the rate of
oxidation of atrazine in the presence of 10 and 200 mM 2-
propanol was consistent with predictions assuming 2-propanol
scavenged ·OH produced on the stainless-steel electrode
(Figure S16). Therefore, the ·OH produced from H2O2
activation on the stainless-steel electrode was scavenged by a
neutral organic compound (2-propanol) but not by a charged
compound (benzoate).

The difference between the behavior of 2-propanol and
benzoate most likely was due to electrostatic repulsion
between the negatively charged cathode surface and the
negatively charged benzoate, which resulted in locally lower
benzoate concentration near the electrode surface where the
·OH was being produced. The diffusion distance of ·OH in the
aqueous phase, estimated from the Einstein−Smoluchowski
equation, was around 8 nm (Text S8),60 which was about 3
orders of magnitude smaller than the local concentration
gradients of charged species (i.e., negatively charged species
like benzoate could be repelled by tens of micrometers from
the electrode surface).61−64 Therefore, the dual-cathode
treatment system exhibited selective oxidation of uncharged
compounds in the presence of charged compounds like NOM
due to electrostatic repulsion of negatively charged ·OH
scavengers (Figure 4c).

Application Potential and Engineering Considera-
tions. One of the main challenges in the application of
electrochemical techniques to drinking water treatment is the
low conductivity of freshwater, which results in a high ohmic
loss between the working electrodes and counter electrodes.
For the treatment of low conductivity surface water (i.e., 75
mg/L total dissolved solids, conductivity = 255 μS/cm), the
electrical energy per order values were determined as 4.2 ± 0.3
kWh/m3 for carbamazepine and 11.1 ± 1.4 kWh/m3 for
atrazine,65 with about 90% of the energy consumed by the air-
diffusion electrode (Figure 5). Assuming a person needs 10 L/
day of clean drinking water, the energy consumption would be
approximately 0.1 kWh/capita/day. This energy consumption
of the dual-cathode treatment system is comparable to that of

other distributed drinking water treatment technologies (Text
S9 and Tables S4 and S5).66−68 Because the air-diffusion
electrode consumed about 90% of the total energy, further
improvements should focus on reducing the interelectrode
distance of the air-diffusion electrode reactor by using thinner
plastic frames and gaskets.

Because the transformation of contaminants by ·OH takes
place near the surface of the stainless-steel electrodes, the
performance of the up-scaled prototypes could be simulated
using the removal rates depicted in Figure 2f with an
assumption that the transformation rate of reactions involving
·OH is proportional to the ratio of stainless-steel surface area to
the solution volume (Text S10). Operation of the stainless-
steel electrode as a single-pass flow-through reactor is expected
to significantly increase the rate of removal of contaminants
because flow-through reactors do not have large void volumes
like those employed in the laboratory-scale recirculating system
(e.g., the Erlenmeyer flasks depicted in Figure S12). In other
words, all the water in a flow-through reactor will pass through
the stainless-steel electrode, whereas less than 25% of the water
was in contact with the stainless-steel cathode in the
recirculating system used in these experiments. Further
improvements to the performance of the flow-through system
might be achieved by decreasing the porosity of the stainless-
steel electrode or increasing its specific surface area (porosity =
0.95, specific surface area = 80 cm2/g for the current stainless-
steel electrode, Figure S18). For example, we predict that 90%
removal of atrazine could be achieved with a 3 min hydraulic
residence time using a compact stainless-steel frit reactor
(volume of stainless-steel frit = 90 mL, porosity = 0.47, specific
surface area = 240 cm2/g, McMaster-Carr, Figure S19)
coupled to an air-diffusion electrode of 8.5 cm × 8.5 cm.

Environmental Implications. Electrified water treatment
provides a suitable approach to treat nontraditional waters at
remote locations because of their ability to generate chemical
reagents in situ. This approach offers major advantages over
dual-functional catalysts in which performance is limited by the
slow mass transport of O2 or contaminants and ineffective
utilization of the produced H2O2. Separating the H2O2
generation and activation steps by using two separate

Figure 5. Comparison of the energy consumption of the dual-cathode
treatment system with other technologies. The values for the dual-
cathode treatment system were calculated based on the treatment of
the authentic surface water. The energy consumption was reported for
90% reduction of contaminants (i.e., electrical energy per order)
except for atmospheric water harvesting. Data are presented as mean
values with standard deviation. Box plot represents data as median
with 25/75 percentile (box) and minimum−maximum (whiskers).
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electrodes provides greater efficiency and more easily
controlled operations. The dual-cathode treatment system
demonstrated a superior performance with respect to H2O2
production and utilization and produced H2O2-free treated
water.

In contrast to the previously developed systems that often
rely upon exotic nanomaterials as catalysts,31 the dual-cathode
treatment systems used inexpensive materials as catalysts. The
cost of an 8 cm × 8 cm air-diffusion electrode was estimated to
be less than $6 (Table S6), and the cost of a 20 g stainless-steel
electrode costs was estimated to be less than $1. These low
costs should make these systems cost-competitive for point-of-
use and point-of-entry water treatment applications.

The interference of NOM on the transformation of TrOCs
has hindered the application of ·OH-based advanced oxidation
processes due to their lack of selectivity.16 Previous efforts to
mitigate interference by NOM have attempted to employ size
exclusion to separate NOM from the target contaminants.69

However, size exclusion of NOM often requires a relatively
small pore size (e.g., <20 nm), which can be clogged by
bubbles generated from electrochemical reactions and there-
fore is difficult to use with electrochemical processes.70 In this
study, we demonstrated that NOM could be separated from
neutral contaminants by electrostatic repulsion, which
prevented the quenching of ·OH by NOM. Although
electrostatic repulsion may hinder the removal of negatively
charged contaminants, other electrochemical processes can be
integrated into the treatment system to remove those
contaminants (e.g., the user could replace the relatively inert
Pt anode with anodes that exhibit high reactivity toward
contaminant transformation).71 The selective oxidation of
contaminants highlighted a major advantage of cathodic
advanced oxidation processes over the conventional anodic
advanced oxidation processes, in which the electrostatic
attraction of NOM has often been viewed as a parasitic and
detrimental process.
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