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The ability of electrochemical cells with carbon-based anodes and cathodes to reduce hexavalent
chromium (Cr(v1)) to trivalent chromium (Cr(in)) was investigated over a range of applied potentials and feed
pH values. These cells reduced >99% of the 200 ppm Cr(v) present with a residence time below one
minute when applying at least 0.75 V to solutions with a pH below 2.5. Loss of reduction at higher pH
values is associated with the predicted formation of solid chromium compounds on the cathode surface
due to local pH shifts during operation. A long-term breakthrough study was performed comparing the all-
carbon cell to one with a mixed-metal oxide (MMO) anode. Near total reduction of Cr(v) to Cr(i) was
maintained by the carbon cell for 4 hours of operation at 1.5 V before higher effluent Cr(vi) concentrations
were seen. While the MMO cell did not suffer a reduction in performance, cost savings with carbon
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electrodes versus MMO could be quite substantial. Postmortem analysis of the carbon anodes shows
increased resistivity, which correlates to the loss of reductive capacity. Based on these results, commercial
DOI: 10.1039/d5ew00828;] projections were possible, which show that this type of electrochemical cell may be an environmentally
and economically sound alternative to sulfite addition when managing process streams containing

rsc.li/es-water hexavalent chromium.

Water impact

Hexavalent chromium (Cr(vi)) is a waterborne toxin with severe impacts to both human life and the environment at large. The treatment approach
presented in this work nearly completely reduces the pollutant to the less toxic trivalent chromium (Cr(in)) using only low voltage electricity. The proposed
treatment approach also works to reduce water pollution and water use by obviating the need to manufacture and deploy chemical additives for Cr(vi)
treatment. By making it simpler and cheaper to treat for Cr(vi), this work seeks to empower both municipalities and generators with additional tools for
mitigating the effects of this toxin.

Introduction has been fully reduced. In addition, process upsets can lead
to inadequate addition of SMBS, resulting in waste treatment
needing to be repeated and halting production processes.
Chemical storage and the associated dust from SMBS must
also be tracked and controlled to avoid equipment downtime
and safety incidents. Most important, transport of SMBS to
waste processing facilities involves shipping/receiving
logistics, and possible supply disruptions, leading to
vulnerabilities at the site. Alternative treatment methods exist
such as chemical coagulation, but they often suffer from
similar complications to SMBS.” The possibility of using non-
chemical methods of reduction (electrochemical processes)
are therefore being sought where electricity is the input

The harmful effects of hexavalent chromium (Cr(vi)) have
been extensively studied, which has led to a sharp curtailing
of its use in recent decades.'™ However, in certain industries,
such as steel manufacturing and electropolishing, Cr(vi) is
still quite pervasive due to its favorable properties and
preferred processing methods.> Therefore, treatment and
removal of Cr(vi) from various wastewater effluents remains a
necessity. Federal, state, and local municipalities typically set
industrial discharge requirements for total chromium to <3
ppm and hexavalent chromium to <1 ppm to achieve low
levels of chromium in drinking water supplies.*

In many commercial applications, Cr(vi) is chemically
reduced in wastewater streams through the use of sodium
metabisulfite (SMBS), or similar analogs.>® While effective,
the process can be poorly controlled, relying on oxidation-
reduction potential (ORP) probes to determine when Cr(vi)
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versus a chemical needing transport to the site.
Electrochemical methods offer distinct advantages over
conventional chemical technologies for the reaction and
abatement of concentrated metals in waste streams.®'° For
metals such as Cr(vi), electrochemical cells can be built that
target the reduction of this compound to Cr(ur) (eqn (1)). The
redox potential at 1.35 V vs. NHE gives a high degree of

This journal is © The Royal Society of Chemistry 2026
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selectivity over other common metal contaminates such as
iron and copper, commonly found in metal fabricating
processes or electropolishing, which are far less noble, with
redox potentials at 0.78 and 0.34 V vs. NHE, respectively.
Additionally, any excess reaction of non-chrome species
would galvanically react with untreated hexavalent chromium
to indirectly give the desired reduced species. After reduction
to trivalent chromium, which is a much more benign Cr
species capable of being easily precipitated out of solution
and recycled or transported to a waste site.

HCrO; + 7H" + 3e” — Cr*" + 4H,0; E°=1.35vs. NHE (1)

Beyond the selectivity offered by electrochemical processes,
real-time feedback of the metals removal process is available
through current generated on the electrode surfaces,
resulting in potential systems-wide automation to better
handle process disruptions and maintain discharge
compliance. Finally, since these processes are run on
electricity, supply chain difficulties are often lessened as
system reliability can more directly follow electrical grid
reliability.

In the construction of an electrochemical process for Cr(vi)
reduction to Cr(m), a few key factors must be taken into
account. First, effective reduction of Cr(vi) to single digit
parts per million levels, or lower, must be achieved to reach
most discharge compliance limits. Second, the process must
be reliable, maintaining these effluent concentrations for
days, weeks, months, and possibly years. Ultimately, the cost
must be competitive with existing processes. While chemical
addition of SMBS may have notable deficiencies, limited
budgets are typically afforded to wastewater treatment
processes, so materials must be chosen accordingly.

Electrochemical processes have been used in the past to
accomplish reduction of Cr(v) to Cr(m)."*™® Rodriguez-
Valadez et al. examined the use of reticulated vitreous carbon
electrodes in a parallel plate reactor to reduce Cr(vi),
examining the impact of reduction potential, pH, and flow
rate, among other factors, on the reduction kinetics and
efficiencies.’* Separate anolyte and catholyte chambers were
used in this reactor design. Roberts et al. evaluated the use of
a porous carbon felt cathode in the reduction process in a
flow-through electrochemical cell. The current density and
pH were evaluated in this study on the reduction kinetics."®
Stern et al. investigated the use of glassy carbon electrodes
for the detection of Cr(vi) in a variety of water conditions."®
Su et al. investigated redox-active electrodes for the removal
and reduction of Cr(vi) to Cr(m)."” While all of these systems
demonstrated the capability for electrochemical Cr(vi)
reduction and contributed to the experimental design
landscape, reaction times could be long, nearly 60 min for
full reduction of 100 ppm Cr(vi) in a 100 ml feed in the case
of Rodriguez-Valadez et al. and even longer in the case of
Roberts et al. Therefore, an electrochemical cell with near
complete water recovery and high processing rate could
advance these separations.
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In this manuscript, a new electrochemical cell will be
reviewed (Fig. 1), highlighting the capability for fast,
continuous, and stable Cr(vi) reduction. Flow is directed
through a porous graphitic carbon cathode while a dense
activated carbon film or a mixed metal oxide (MMO) anode is
used. At the cathode, Cr(vi), in the form of chromate, will be
reduced to Cr(u) and water, while the anode will balance the
reaction through either a combination of capacitive charging
and carbon oxidation with the activated carbon film or water
oxidation to oxygen gas using the more traditional MMO
electrode. While the use of an activated carbon film anode
has been shown before in capacitive deionization (CDI) and
electrodialysis reversal (EDR), the combination of faradaic
Cr(vi) reduction and capacitive charge storage with carbon
electrodes is new in this work.'®'® The effect of the anode
electrode material will be evaluated both for performance as
well as for cost. Projections towards future performance and
lifetime gains will be evaluated.

Materials and methods
Chemical, cell, and analytical components

Deionized water was purchased from Superior Chemicals Inc.
Chromium (vi) oxide was purchased from Sigma-Aldrich. 98
wt.% sulfuric acid was purchased from Superior Chemicals
Inc. All reagents were used as purchased with no additional
purification. Microporous capacitive activated carbon film
anodes were obtained from LiCAP Technologies Inc. Activated
carbon films had an areal density of approximately 32 mg cm™
and specific surface areas of approximately 1100 m> g
Cathodes were cut from graphitic carbon felt from SGL Carbon
with uncompressed thicknesses of approximately 2.5 mm and
specific surface areas of <5 m* g™'. Grade 2 titanium current
collectors were obtained from Augur Metal Products Inc. For
experiments utilizing MMO anodes, titanium current
collectors were coated by Optimum Anode Technologies with
an iridium oxide coating. Characterizations for the electrode
materials, including density, thickness, and other physical
properties can be found in the supplemental information. A
polyethylene-based separator was implemented between each
anode and cathode pair for the separation experiments.

Cr(vi) concentrations were measured using a Hach DR
3900 colorimeter with Hach TNT 854 Cr(vi)/total chromium
tests. Potential was applied to the cell by a GW Instek GPS-
4303 laboratory DC power supply. Potential and current
profiles of the electrochemical cell were recorded via a
Graphtec 220 digital recorder. A Cole-Parmer Master Flex L/S
peristaltic pump equipped with a 316 stainless steel rotor
and platinized silicone pump tubing was used for fluid

pumping.

Electrochemical characterization

Electrochemical activity for each electrode type was
characterized in a sulfuric acid solution pH adjusted to 1.5.
Carbon electrode characterizations were further carried out
in 200 ppm Cr(vi) solution, made using chromium(vi) oxide.

Environ. Sci.: Water Res. Technol., 2026, 12, M6-1125 | 1117


https://doi.org/10.1039/d5ew00828j

Published on 09 2026. Downloaded on 14.05.2026 18:08:43.

Paper

Capacitve Charging and
C+ H,0 & C—0+2H' + 2e”

T
T
NN

View Article Online

Environmental Science: Water Research & Technology

Fig. 1 Schematic of electrochemical Cr(vi) reduction cells using carbon anodes (top) and MMO anodes (bottom).

Measurements were made using a 3-electrode configuration
with the activated carbon film, graphitic carbon felt, or MMO
serving as the working electrode, platinized titanium as the
counter electrode, and Ag/AgCl as the reference electrode. An
exposed surface of approximately 1 cm? was used for the
characterization studies with electrical contact being made
using a titanium current collector or graphite block. For the
anodic reaction, linear sweep voltammograms (LSV) were
carried out at a rate of 10 mV s up to 1.6 V vs. Ag/AgCl. The
onset potential for Cr(vi) reduction was identified using the
same setup utilizing graphitic carbon felt as the working
electrode. For the cathodic reaction, LSVs were carried out at
a scan rate of 10 mV s~ from 0.8 to —0.4 V vs. Ag/AgCl.

Cell assembly

The electrochemical cells employed in this study consist of a
high-density polyethylene (HDPE) base plate, a silicone
rubber gasket, 3 pairs of cathodes and anodes electrically
isolated by a polyethylene-based separator, and a second
silicone rubber gasket. Electrical connections to the current
collectors are made with threaded titanium rods. Small
gasketed washers were used to prevent leaks. Standoffs of
sufficient total length to nearly cover the exposed rods are
implemented, and nuts are tightened on the threaded ends
of the rods so that the cell is compressed. The stack-cap
assembly is then attached to a cell body and a bottom cap
(with a central threaded port) using a pair of O-rings and
worm-drive clamps. Finally, acid-resistant, female push-to-
connect fittings are screwed into the top and bottom caps.
The result is a water-tight assembly where all components
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exposed to the process water are resistant to corrosion, and
potential may be applied by simply attaching leads to the
exposed rods on the top of the cell. A picture of the
electrochemical cell used in these studies is found in the
supplemental information in Fig. S23.

Feed preparation

All feed solutions used in this study contained 200 ppm
Cr(v1). For each separation, a desired amount of solution was
chosen, and that volume of water was measured and poured
into a 1-gallon HDPE container. This water was then acidified
to the desired pH by the addition of 18 M sulfuric acid,
added dropwise by a transfer pipette. Once the target pH was
reached, the required mass of CrO; was added to a tared
weigh boat on an analytical balance and stirred into the
container of acidified water. A nearly instant color change
from colorless to orange was observed, as was the total
dissolution of the solid CrO;.

Cr(vi) removal at varied pH/potential

The ability of cells with carbon-based anodes to reduce
hexavalent chromium was investigated by two sets of
experiments. The experimental set up is outlined in Fig. 2.
Firstly, separation performance was measured at a constant
feed pH of 1.0 at various applied potentials ranging from 0.5
V to 1.5 V. Secondly, a potential of 1.5 V was applied for the
treatment of various feed streams with pH values ranging
from 1 to 4. For both sets of experiments, a flow rate of 12
mL min™ was chosen, resulting in a residence time of 55
seconds. Water was pumped into the bottom of the cell body

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Experimental setup of the electrochemical reduction cell.

and exited from the top, demonstrating reduction of Cr(vi) in
a single pass through a cell containing just one inlet and one
outlet. For each experiment, a completely new cell was
assembled to ensure that there were no aging effects or
residual chromium species present at the start of an
experiment. One set of anode/cathode rods were used to
attach leads for directly reading the applied potential.
Another set of rods were used to deliver power to the cell.
These leads were routed through a digital potential logger,
allowing the current profile to be recorded.

At the start of an experiment, the pump is switched on.
Once water begins to flow out of the cell into the effluent
collection container, data collection for the current is started,
and the power supply is switched on and set to the
appropriate potential. After 15 minutes of operation, current
logging is stopped, and a sample is taken directly from the
outlet of the cell and analyzed for Cr(vi) content with
colorimetry tests.

The charge efficiency was also calculated for each
separation using eqn (2) shown below.

A[Cr(vi)] xV X FXn

Charge Efficiency = ch‘# (2)

where A[Cr(vi)] is the concentration change from influent to
effluent in g L™, V is the volume in L of solution treated (flow
rate over time), MW, is the molecular weight of Cr in g
mol™", F is Faraday's constant (96485 C mol™), n is the
number of electrons to reduce Cr(vi) (3), and Q is the charged
passed during treatment in C.

Long-term Cr(vi) removal

Long-term Cr(vi) reduction performance of the carbon-based
anodes was compared to that of MMO-based anodes by
continuously feeding both types of cells a 200 ppm Cr(vi)
stream at pH 1.5 to reduce and regularly sampling the
effluent until a “breakthrough” of Cr(vi) is detected. In the
interest of possibly capturing an early breakthrough, liquid
sampling is spaced closely at the beginning of the
experiments but becomes less frequent with time.

Results and discussion

The activated carbon film and graphitic carbon felt as well as
MMO electrode materials were first evaluated for their

This journal is © The Royal Society of Chemistry 2026
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activity in pH 1.5 sulfuric acid electrolyte. In the case of the
graphitic carbon felt and activated carbon film, 200 ppm
Cr(vi) was also added to the solution using chromium(vi)
oxide. For the given process stream, the redox potential to
achieve 200 ppm Cr(vi) reduction to 0.2 ppm is 1.29 V vs.
NHE at pH 0 (eqn (3)), forming Cr(m) in the process.

6+

Cr
E =1.3540.0197 log

powcas -0.137 pH (3)

The reactions at the anode will vary based on the electrode
used in the study. The reaction at the activated carbon film
anode could take place as either capacitive adsorption over a
range of operating potentials or through carbon oxidation

(eqn (4)).*°
C+2H,0 — CO, + 4H' +4e’; E°=0.207 Vvs. NHE (4)

This equation represents carbon oxidation to carbon dioxide,
but other surface carbon oxides and hydroxides can form,
which have been noted in capacitive deionization
literature.>*>* Potential steps were used during separation
studies to first define proper operating conditions for the all-
carbon cell. For experiments utilizing the MMO anode, the
reaction will be water oxidation to oxygen gas (eqn (5)).

2H,0 «— O, +4e +4H'; E°=1.23 Vvs. NHE (5)

The onset potential is seen in the linear sweep
voltammogram (LSV) for each electrode, which can be seen
in Fig. 3. For the graphitic carbon felt, current onset is
observed at 0.8 V vs. NHE with a maximum at 0.6 V vs. NHE.
While far more cathodic than the theoretical potential,
reduction still takes place at a much more positive potential
than hydrogen evolution at pH 1.5 (-0.09 V vs. NHE). To
confirm that the reduction peak seen in this LSV is due to
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Potential vs. NHE / V

Fig. 3 LSV at 10 mV st in 200 ppm Cr(v)) in pH 1.5 sulfuric acid for
MMO (black line), activated carbon film (red dash), and graphitic
carbon felt (blue dot). Cr(v) was not present for water oxidation
studies using the MMO electrode.
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Cr(vi) reduction and not a redox active surface group, LSVs
were conducted with and without 200 ppm Cr(vi) being
present (Fig. S1). No reduction peak is seen without the
presence of Cr(vi). For the activated carbon film anode, the
onset potential was generally observed at 0.8 V vs. NHE.
When paired with the onset potential for Cr(vi) reduction, the
reaction is near spontaneous, although approximately 0.5 V
of overpotential would be needed to reach the maximum
reaction rates. For the MMO electrode, the onset potential is
seen at 1.5 V. While the MMO is an excellent oxidation
catalyst, the 4-electron oxygen evolution reaction coupled
with the higher thermodynamic potential will require a
higher overall potential compared to the activated carbon
film anode. It should be noted that while higher current
density may be available with the LiCAP carbon film anode at
lower voltages, accessible charge will be finite once capacitive
sites are filled and easily accessible surface groups are
oxidized. All potentials are referenced to reversible hydrogen
electrode [Vamr; Viuge = Vagiagel + 0.197 V + 0.059 pH].

Beyond characterizations through LSVs, a Pourbaix
diagram was also constructed using equilibrium equations
for chromium and water at potentials ranging from 0.2-1.4
V and pH ranging from 0-7. Shown in Fig. 4 are the
resulting equilibrium states (black lines) for 200 ppm
chromium in a chromium-water system using equations
provided in the Atlas of Electrochemical Equilibria in
Aqueous Solutions.>® Oxygen evolution (red dashed line) is
shown as well. While industrial streams can be more
complex than the Pourbaix diagram being shown here, it is
a useful thermodynamic guide when assessing these
systems. Voltages higher than the oxygen evolution potential
will be needed to drive reactions at an MMO anode, which
is a pH-dependent reaction. Voltages below the Cr(vi) line
will be needed to drive reactions at the graphitic carbon felt
cathode to form Cr(m), also a pH-dependent reaction. At low
enough pH values, less than 1, these reactions would
appear to be spontaneous. However, due to the

1.4 —————T

Potential vs. NHE / V

Fig. 4 Pourbaix diagram generated from equations in Atlas of
Electrochemical Equilibria in Aqueous Solutions for 200 ppm Cr.%°
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overpotentials needed at both electrode surfaces, as
mentioned above for the LSVs, cell voltages of >0.5 V are
needed in reality. Similar Pourbaix diagrams have been
developed by others in evaluating electrochemical Cr(vi)
reduction processes.'”” Importantly in this diagram is the
presence of Cr(OH)z, which can form at pH values as low as
4.7. Given that this species can result in solids precipitating
at the cathode surface, its avoidance is critical to developing
a stable Cr(vi) reduction process. Therefore, the first
separations evaluated the impact of applied potential and
operating pH on Cr(vi) reduction.

Effect of applied potential on reduction of Cr(vi)

A series of experiments were conducted using
electrochemical cells with carbon-based anodes to reduce
hexavalent chromium in a pH 1 feed containing 200 ppm
Cr(vi). A flow rate of 12 ml min™" was used as a benchmark
for all separation studies as it allowed for a residence time of
<1 min. Additional residence time could be used to ensure
Cr(vi) reduction, but it would have less commercial relevance
as system sizes to treat defined flow rates and concentrations
would grow with higher residence times. An acidic feed was
chosen to prevent the formation of insoluble reduction
products inside the cell and maximize removal efficiency.
While hexavalent chromium readily dissolves in water over a
wide pH range, Cr(n) and Cr(m) salts can form insoluble
deposits at less acidic pH values, potentially blocking flow
and access to reaction sites on the cathode. As can be seen in
Fig. 5, increased potential decreases the concentration of
Cr(vi) in the effluent with 98% conversion achieved at 0.5 V
and a maximum conversion of 99.97% achieved by 1.25 V.
The 98.1% reduction of Cr(vi) seen at 0.5 V is a testament to
the relative thermodynamic ease of this reaction. Further
reductions in this work were carried out at 1.5 V as maximum
conversion efficiency (0.07 ppm effluent) was achieved at that
operating condition with no loss of charge efficiency.

40 b -
35 -
30 1 i
25 i
20 | i
15] ]

1.0 - -

Effluent [Cr(VI)] / mg L’

05| 4
0.0 " u u
" 1 " 1 1 1 1 1 " 1 "
0.4 0.6 0.8 1.0 12 14 16

Applied Potential / V

Fig. 5 Effluent Cr(vi) concentration vs. applied potential at feed pH 1
for 200 ppm Cr(v)) feed solution at a flow rate of 12 ml min™™.
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Effect of solution pH on reduction of Cr(vi)

Based on eqn (1), the rate of Cr(vi) reduction is dependent on
system pH, and acidic environments would increase the
conversion rates. Industrial streams will often have variation
in their waste stream compositions. To determine the
robustness of this separation technique, performance was
compared at varying pH values while maintaining a given
Cr(vi) influent concentration and a 1.5 V applied potential.

For 200 ppm Cr(vi) feeds, over 99.9% of the Cr(vi) is reduced
when operating at a pH of 1, 1.5, or 2 (Fig. 6). However, upon
increasing the feed pH to 2.5, only 86.5% of the Cr(vi) is
reduced. This trend continues with increasing feed pH, with
nearly half of the Cr(vi) remaining at a pH of 4. This is
supported by the current transient, where the total charge
passed over the duration of the experiment with the pH 1 feed
was 165 C compared to 74 C at pH 4 (Fig. S2). Additionally,
current measurements taken at the 10 minute mark decrease
with increasing pH, starting at pH 2.5 (Fig. S3-57).

Another explanation of this loss of separation is due to the
accumulation of solids on the graphitic carbon felt cathode,
which is supported by the appearance of the cathodes after
the cells were disassembled post-separation. Images of the
cathodes (Fig. S8-S12) show that at feed pH values of 2.5, 3,
and 4 there are discolorations visible that appear to mirror
the areas in most intimate contact with the current collectors.
While a Pourbaix diagram would imply that there should be
no issue reducing Cr(vi) from a feed stream with a pH of 3, in
practice the local pH shift upwards at the cathode could be
far more extreme resulting in the precipitation of chromium
species. These results imply that the deposits are
accumulating first in the areas of lowest electrical resistance.
No such discolorations are seen with the cathodes used in the
PH 1.5 experiment, and only slight discolorations are present
with the pH 2 experiment. It should also be noted that while
these experiments show the impact of feed pH on the depth
of Cr(vi) reduction for a 200 ppm Cr(vi) influent, higher
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Fig. 6 Effluent Cr(vi) concentration vs. feed pH at 1.5 V of applied
potential for 200 ppm Cr(vi) feed solution at a flow rate of 12 ml min2.
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influent concentrations would have an even larger impact on
the local pH change at the cathode due to the added proton
consumption during the reduction process (eqn (1)), further
limiting Cr(vi) reduction. Taking these results together with
the results of the variable potential experiments, an
electrochemical system for the reduction of 200 ppm Cr(vi)
would preferably be operated at a potential of 1.5 V and at a
feed pH of no more than 2.0.

Long term Cr(vi) removal studies

The prior studies were conducted on electrochemical cells
that operated for less than 30 minutes before being switched
off and deconstructed. For lifetime tests, the cell was
operated with a 200 ppm Cr(vi) feed at 1.5 V continually until
breakthrough of untreated Cr(vi) occurred. The lengthier
cycles used in this portion of the study exceeded the typical
charging time periods used in CDI studies meaning that
Cr(vi) reduction would transition from being balanced by
capacitive charge storage and would instead be balanced by
carbon oxidation. The feed was adjusted to pH 1.5, since
there was no discoloration or solid accumulation previously
seen on the electrode surface with this pH. Any decrease in
performance could then be attributed to a loss of activity of
the carbon as opposed to material coverage. It is typical for
carbon electrodes to be attrited in use, both by chemical
(carbon oxidation) and mechanical (delamination and
friability) wear. To determine if performance decreases were
a result of a change to the anode or cathode, the experiment
was repeated with MMO-coated titanium anodes due to their
exceptional stability in aggressive media and a functional
lifetime measured in years.*®

As can be seen in Fig. 7, the all-carbon cell maintained
an effluent Cr(vi) concentration of <0.1 ppm until 4 hours
had elapsed, at which point the effluent contained 2.2 ppm
Cr(vi). Additional samples taken at 5 and 6 hours show a
consistent effluent concentration of approximately 15 ppm
Cr(vi). The companion cell made with an MMO-based anode
was the more consistent and effective of the pair,
maintaining reduction of Cr(vi) down to the effective LOD
of the testing method for all 6 hours of testing (Fig. 8). Over
the course of 6 hours of operation, each of these
experiments processed a total of over 4.3 L of feed solution.
Pictures of the product effluents can be found in Fig. S13
and S14. The degradation in performance seen with the all-
carbon cell can be attributed to the filling of capacitive
adsorption sites and oxidation of the anode steadily
increasing electrode resistance. Oxidation is a common
occurrence for carbon electrodes and supports, and if more
capacitive sites were available, longer run times and more
limited oxidation may be possible.””*® However, given the
cost differential between the two anode materials (e.g. ~$10
per m> vs. ~$3000 per m?), if their lifetime can be extended
and their mode of failure can be better anticipated, they
may become a promising material choice for this and other
electrochemical-based removal processes.
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Another observation born out in both the long-term tests
and the varied pH/potential studies is the high charge
efficiency of the reductions. In all of the studies, current data
was collected and used to calculate the charge passed over
the course of an experiment. These values were then
compared to the theoretical minimum charge required to
perform the reduction based on measurements of remaining
[Cr(v1)]. In nearly all cases, the values exceed 100% efficiency
and were never less than 91%, which has been seen
previously in other all-carbon electrochemical separation
systems in capacitive deionization.”>*° During the long-term
experiments, the charge passed was found for each period
between samples in order to track efficiency changes. While
there is variability in charge efficiency, it is consistently high,
even when the carbon-based cell begins to allow unconverted
Cr(vi) in the effluent. Some of this can be explained by the
near-spontaneous character of the reduction reaction in the
presence of the carbon anodes, as a control experiment at pH
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1.5 with no applied potential did show a 4% reduction in
Cr(v1) concentration. Additional spontaneous reduction under
applied potential could also be due to further infiltration of
the carbon film anodes by Cr(vi) where locally acidic
conditions would be present and oxidation of additional
carbon by Cr(vi) could take place. What is clearly
demonstrated, however, is the overwhelming majority of the
current input to the cell is used to drive the reduction of
hexavalent chromium.

After these experiments were completed, the carbon cell
was disassembled, and the individual anodes were tested to
determine their resistivity. It was hypothesized that if
oxidation or other electrochemically-based damage had
occurred to the anodes, that their resistivity would be higher
than an unused piece of the same material. Two pieces of
each carbon anode from the long-term reduction experiment
and samples from an unused carbon anode were cut into
rectangles. Due to the small size of the anodes, only 2 pieces
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could be produced from each electrode. The leads of a
multimeter were placed in the center of a strip of anode 3.5
cm from one another, and the resistance value was read from
the multimeter. Based on the cross-sectional area of the
pieces and the 3.5 cm path length, resistivity values were
calculated for each piece. A complete table of values is given
in Table S2. Resistance measurements showed that there was
a marked increase in resistivity for all 3 anodes compared to
an unused specimen: up to 2980 Q cm in the cell versus
26.92 Q cm in fresh material. Additionally, the “bottom” two
electrodes in the cell were substantially more resistive than
the “top” electrode, with resistivities of 929.2 QO cm at the
bottom, 2980 Q cm in the center, and 36.72 QO cm at the top.
Increased resistivity is consistent with oxidation of the
carbon and with the loss of chromium reduction seen in the
long-term experiment.>**”*" The uneven oxidation across the
cell “height” could be a result of inconsistent flow through
the cell caused by slight differences in compression and
cell assembly. Cyclic voltammograms were also carried out
at 10 mV s ' in 0.1 M H,SO, to determine changes in the
capacitance of the electrodes. Dramatic loss of area in these
curves was seen for the LiCAP carbon film anodes after the
long-term separation, correlating with the increases in
resistance that were measured (Fig. S25). While these
measurements were undertaken on a single cell after a long-
term test and were not the focus of this work, identifying the
underlying causes of these differences in electrode utilization
is an area of interest for future studies.

While the present study has focused on Cr(vi), there exist
many metals that need to be separated from industrial waste
streams such as Ag, Cu, and Ni, among many others. The
ability to remove these metals using an electrically-driven
process would be advantageous. Similar concepts to those
shown in this work could be used for these other metals with
plating occurring on a carbon cathode and discharge
occurring capacitively at the anode and faradaic at the
cathode. The ease of the process combined with the
possibility of metal recovery would be useful.

Commercial system sizing estimates

Multiple factors need to be taken into account when
determining the commercial viability for an electrochemical
water  treatment process. Before addressing  cost
implications, the ability for the system to reasonably meet
the removal goals at an industrial site needs to be
addressed. Waste byproduct from industrial processes such
as electropolishing or metal finishing applications can
generate hundreds of milligrams per liter of hexavalent
chromium that must be removed from the wastewater prior
to discharge to the local municipality. Flow rates can span a
wide range, but 5-50 gallons per minute can be considered
as practical wastewater flow rates. Using the charge
efficiencies generated in the small-scale separation studies,
which were at or above 100%, projections can be made for
the current needed to fit flow rates for more practical
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industrial systems. Using 1-5 gallons per minute as example
flow rates for an individual electrochemical cell, the current
required can be plotted as a function of the influent Cr(vi)
concentration (Fig. 9). At 5 gallons per minute and an
influent [Cr(vi)] of 200 ppm, just over 350 A is required for
full reduction to Cr(m) to take place. Assuming one
electrochemical cell could handle that amperage, only 10
electrochemical cells would be required to handle a full 50
gallons per minute. In future work, the lifetime of the
electrode materials and materials of construction will be
taken into account. Direct cost comparisons will also be
carried out to incumbent SMBS chemical reduction
processes.

Conclusions

This work demonstrates that proper cell design can overcome
mass transport limitations and allow a heterogeneous
reaction to process hexavalent chromium water down to ppb
levels in a representative commercial waste stream. With a
residence time of <60 seconds, this process is in line with
existing commercial solutions for wastewater processing.
Further implantation will require a demonstration of
economic viability when implemented at scale.

Due to the low potential requirement (<1.5 V) and high
charge efficiency, the power requirement would be low for
such a system, only 450 W for a 300 A system. With electricity
being the only feedstock required to carry out the reaction,
the operational expenses will otherwise be minimal. To
displace the incumbent process, sulfite reduction via SMBS,
the capital costs will likely need to be brought down to a low
enough value to result in a <3 year return on investment
(ROI) with a <1 year ROI being particularly desirable. Lower
cost carbon electrodes could enable this quicker ROI, but
future work will need to extend the lifetime of these carbon
anodes by either optimizing cycling time, increasing carbon
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loading, or decreasing the rate of carbon oxidation while
maximizing the capacitive capability of the carbon.
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