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ABSTRACT: New electrochemical technologies that use capacitive or battery electrodes
are being developed to minimize energy requirements for desalinating brackish waters.
When a pair of electrodes is charged in capacitive deionization (CDI) systems, cations bind
to the cathode and anions bind to the anode, but high applied voltages (>1.2 V) result in
parasitic reactions and irreversible electrode oxidation. In the battery electrode
deionization (BDI) system developed here, two identical copper hexacyanoferrate
(CuHCF) battery electrodes were used that release and bind cations, with anion
separation occurring via an anion exchange membrane. The system used an applied voltage
of 0.6 V, which avoided parasitic reactions, achieved high electrode desalination capacities
(up to 100 mg-NaCl/g-electrode, 50 mM NaCl influent), and consumed less energy than
CDI. Simultaneous production of desalinated and concentrated solutions in two channels
avoided a two-cycle approach needed for CDI. Stacking additional membranes between
CuHCF electrodes (up to three anion and two cation exchange membranes) reduced
energy consumption to only 0.02 kWh/m3 (approximately an order of magnitude lower
than values reported for CDI), for an influent desalination similar to CDI (25 mM decreased to 17 mM). These results show that
BDI could be effective as a very low energy method for brackish water desalination.

■ INTRODUCTION

Conventional desalination technologies can produce freshwater
from seawater and brackish water using heat (e.g., thermal
distillation) or an applied pressure (e.g., membrane-based
reverse osmosis),1 but each faces challenges. Thermal
distillation processes are simple and effective for seawater
desalination, but they require high amounts of energy per
volume of freshwater produced (5−60 kWh/m3).2,3 Reverse
osmosis forces water molecules through a semipermeable
membrane1 and has lower energy demands that range from
0.5−2.5 kWh/m3 for brackish water (<10 g/L) to 3−4 kWh/
m3 for seawater (∼35 g/L).4−6 The main challenge with reverse
osmosis is that the flow of water through semipermeable
membranes leads to rapid fouling, which decreases performance
due to the need for frequent membrane cleaning.7,8

Electrochemical techniques offer an alternative means to
desalinate water. Several electrochemical approaches have been
proposed, including electrodialysis (ED),9 capacitive deion-
ization (CDI),10 shock electrodialysis,11 and ion concentration
polarization.12 Among these, ED is the most common, where
desalination occurs within a large stack of alternating cation and
anion exchange membranes. In ED, ion transport into the
electrode channels is achieved either by sacrificial reactions
(such as water splitting and hydrogen gas production) or
facilitated using soluble redox couples (e.g., hexacyanoferrate),
and thus, the electrodes in ED are not used for desalination.
CDI is a relatively newer desalination approach based on ion
separation using electrodes, rather than in a stack of
membranes as in ED. A typical CDI cell consists of two
capacitive (i.e., nonfaradaic) electrodes, such as activated

carbon, that remove salt ions via electrostatic interactions
when a current is applied to the cell in the first cycle and release
salt ions in a second cycle (release of brine) by alternating the
direction of the applied current. The use of inexpensive
electrodes, no membranes, and low energy requirements (<0.5
kWh/m3 for <2 g/L)5 could make CDI more competitive than
RO or ED for desalination of brackish water. CDI systems have
been modified to improve performance by covering electrodes
with IEMs or ion exchange polymers (MCDI).13−15 Energy
recovery in the second cycle has been proposed to reduce
energy requirements,16,17 although this is technically challeng-
ing due to the high internal resistance. Two-cycle operation of
the feedwater can be avoided by using flow electrodes, although
this increases energy requirements for pumping.18−23 Practical
applications of CDI systems have been limited by low salt
adsorption capacities at an applied voltage of 1.2 V and parasitic
reactions. CDI performance can be improved by using a larger
voltage window, but this accelerates parasitic reactions that
damage electrodes and reduce energy efficiency through carbon
electrode oxidation, H2O2 generation, and hydrogen gas
production.10,22,24−31

Battery (i.e., faradaic) electrodes can provide higher
capacities for desalination than capacitive electrodes due their
abilities to store salt ions within their crystal structures,32−36

and they can theoretically reduce energy consumption and
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avoid parasitic reactions through the use of a smaller voltage
window. Numerous battery electrode materials that interact
with Na+, including sodium manganese oxide, sodium iron
pyrophosphate, and Prussian blue analogues,32−37 have yielded
higher desalination capacities than CDI. In contrast, there is a
lack of battery electrodes that interact with Cl−. Ag has been
used for Cl− removal,32,35 which is not practical due to its high
cost. Recently, the use of two channels separated by a
membrane was shown to desalinate water as well as produce
electricity from salinity gradients without the need for an
electrode that interacts with Cl−,37−42 suggesting that a two-
channel system could be a viable means for desalination that
overcomes the intermittent desalination and the need for an
asymmetric electrode pair.
Here, we developed an improved approach for water

desalination that increases desalination capacity compared to
CDI by using two identical battery electrodes that interact only
with Na+, with the channels separated by at least one anion
exchange membrane, referred to as battery electrode deion-
ization (BDI). The use of two identical battery electrodes
(copper hexacyanoferrate, CuHCF) in separated channels,
versus two different battery electrodes in a single chan-
nel,32,35,43 enabled simultaneous and continuous production of
desalinated and concentrated solutions. Adding additional
membranes improved performance based on both accomplish-
ing ion removal with the electrodes (similar to CDI) and with
the membranes (similar to ED). The feasibility of this approach
was investigated using BDIs with single and multiple
membranes and by testing the system with different influent
salt concentrations to achieve salt removals similar to those
previously evaluated for CDI and MCDI systems (typically less
than 100 mM influent).44,45

■ MATERIALS AND METHODS

Electrode Preparation. CuHCF was prepared by a
coprecipitation method as previously reported.39,46 Briefly,
100 mL of 0.1 M Cu(NO3)2 (Sigma-Aldrich) and 100 mL of
0.05 M K3[Fe(CN)6] (J.T.Baker) were added dropwise to 50
mL of deionized water under vigorous stirring at room
temperature. Resulting precipitates were washed and collected
using a centrifuge, followed by overnight drying in a vacuum
oven at 70 °C. CuHCF electrodes were prepared by mixing
CuHCF powder (86 wt %), carbon black (7 wt %, Vulcan

XC72R, Cabot), and polyvinyledenefluoride (7 wt %, kynar
HSV 900, Arkema Inc.) in 1-methyl-2-pyrrolidinone (Sigma-
Aldrich). The mixture was loaded onto carbon cloth
(1071HCB, AvCarb Material Solutions) by drop-casting using
a pipet, and then, the solvent was removed by drying at 70 °C.
Before performing desalination experiments, 0.35 V was applied
to one CuHCF electrode (Na+ intercalation) and 1 V was
applied to the other CuHCF electrode (Na+ deintercalation) in
a 3-electrode electrochemical cell with an Ag/AgCl reference
electrode (3 M NaCl).

Cell Construction. Desalination experiments were per-
formed in a custom-built flow cell (Figure 1a). Gaskets
provided circular water flow channels (area = 7.07 cm2) with a
fabric spacer (Sefar Nitex 03−160/53, thickness = 100 μm).
Each channel was separated by an anion exchange (AEM,
Selemion AMV, Asahi Glass, Japan) or cation exchange
membrane (CEM, Selemion CMV), and CuHCF electrodes
were placed at each end of the channel with graphite foil as a
current collector. The single-stacked cell consisted of two
channels separated by an AEM, and the number of channels
doubled (i.e., double-stacked cell) or tripled (i.e., triple-stacked
cell) by adding an alternative arrays of AEMs and CEMs
(Figure S1).

Desalination Experiments. To evaluate desalination
performance, each channel was fed by a 50 mM NaCl solution
(except as noted) at a flow rate of 0.5 mL/min while applying
constant current to the cell using a potentiostat (VMP3, Bio-
Logic). Several current densities between 1 and 10 mA (1.4 and
14.1 A/m2) were used in the cell voltage range between −0.6 to
+0.6 V, depending on the number of stacks. The current was
reversed when the cell voltage reached −0.6 V or +0.6 V. Cyclic
operation produced desalinated and concentrated solutions at
the alternating outlets for each cycle (Figure 1b). The effluent
conductivity was recorded using two flow-through conductivity
meter electrodes (ET908, eDAQ, Australia) located at each cell
outlet. The effluents were not recycled.

Data Analysis. Conductivity data were converted to
concentrations by assuming that the concentration was linearly
proportional to the conductivity. The amount of ions (i.e., Na+

and Cl−) separated was calculated by integrating the difference
between influent and effluent concentrations over the course of
charge and discharge and multiplying it by the flow rate.
Dividing the mass of ions separated by the total mass of both

Figure 1. (a) Photo of experimental setup, showing a side view of BDI cell, inlet/outlet tubing, and conductivity meters. (b) Schematic diagram of
single-stacked BDI cell with directions of Na+ and Cl− in each cycle. Release/uptake of Na+ by copper hexacyanoferrate (CuHCF) electrodes (solid
arrows) drove the transport of ions through the AEM (dashed arrows), allowing for desalination and concentration. (c) Representative effluent
concentration and cell voltage profiles in a single-stacked BDI cell (influent: 50 mM NaCl; flow rate: 0.5 mL/min; current density: ± 7 mA or 9.9 A/
m2).
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electrodes yielded the desalination capacity in a single cell
(mgNaCl/gelectrode), analogous to “salt adsorption capacity”. We
did not use that term here because salt was removed/released
via redox reactions involving electrodes and ion transport
through IEMs and not by adsorption. Average values of the
desalination capacities (triplicate experiments) were derived
from both effluents and their desalinated and concentrated
solutions. The energy consumed in an experiment was
normalized to the amount of desalinated water (kWh/m3,
Figure S2), where the volume of desalinated and concentrated
solutions were the same (i.e., 50% water recovery).

■ RESULTS AND DISCUSSION

Desalination Performance. To demonstrate the feasibility
of the BDI, we examined the desalination performance of a BDI
cell containing two identical CuHCF electrodes and an AEM
fed with synthetic brackish water (50 mM NaCl; 2.9 g/L).
When a constant current of 7 mA (9.9 A/m2) was applied to
the cell, the influent water was desalinated by 14% (to 43 mM)
(Figure 1c). During the desalination process, the CuHCF
cathode was reduced with Na+ uptake from the solution in
catholyte channel, and the CuHCF anode was oxidized with
Na+ release to the solution in anolyte channel according to the
following half reaction:39,42,46

+ +

=

+ −

+ −

NaCu[Fe (CN) ] xNa xe

Na Cu[Fe (CN) ] [Fe (CN) ]

III
6

1 x
II

6 x
III

6 1 x (1)

CuHCF can also interact with other cations, including Li+,
K+, NH4

+, Ca2+, and Mg2+,47,48 and therefore, other cations in
water would also be removed in this system. Reactions
occurring at CuHCF electrodes resulted in Cl− ion transport
from catholyte to anolyte channels through the AEM. Thus,
desalinated solution was produced in a catholyte channel, and
concentrated solution was produced in anolyte channel. Over
the course of charging or discharging, the cell voltage gradually
changed between −0.3 and 0.3 , and then sharply approached
the voltage limit (±0.6 V). The sharp increase or decrease in
the cell voltage indicated that the capacity of each CuHCF
electrode was fully utilized near this voltage limit, so that no
additional Na+ uptake or release could have occurred (Figure
S3).

Effect of Adding an Alternative Array of IEMs. To
increase the extent of desalination using the voltage range as
before (±0.6 V) while maintaining the current, we added
different numbers of IEMs between the electrodes to form a
hybrid system based on both electrode and membrane ion
separation (Figure 2a). At a fixed flow rate of 0.5 mL/min and
constant current of 4 mA (5.7 A/m2), the concentration
difference between influent and effluent increased from ∼4 mM
in a single-stacked cell to ∼8 mM in a double-stacked cell and
∼12 mM in a triple-stacked cell (Figure 2b). The different
effluent concentrations resulted from the retention time per
channel for the same current transferred between the
electrodes. If the same flow rate per channel is used, the
same effluent concentration with a larger volume could be
produced as the number of stacks is increased, as long as the

Figure 2. (a) Schematic describing a BDI cell how AEMs and CEMs were stacked between CuHCF cathode and anode. (b) The effect of stacking
IEMs on the effluent concentration at a fixed flow rate of 0.5 mL/min and current density of 5.7 A/m2 (influent: 50 mM NaCl). Duration of a cycle
was 500 s. (c) Initial desalination capacity as functions of the number of stacks and current density in 50 mM NaCl. Error bars show the range based
on triplicate experiments. (d) Effluent concentration as a function of energy consumption for different numbers of IEM stacks in the BDI (influent:
25 mM NaCl). The use of a higher current density produced a lower effluent concentration; thus, more energy was consumed based on the volume
of desalinated water (50% water recovery). Increasing the number of stacks reduced energy consumption, which approached closer to the theoretical
minimum (dashed line). Error bars show the range based on duplicate experiments.

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.7b00392
Environ. Sci. Technol. Lett. 2017, 4, 444−449

446

http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00392/suppl_file/ez7b00392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00392/suppl_file/ez7b00392_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.7b00392/suppl_file/ez7b00392_si_001.pdf
http://dx.doi.org/10.1021/acs.estlett.7b00392


cell voltage is sufficient to drive current with the increased
resistances of more membranes and cells.
The increase in ion separation by adding a small stack of

IEMs also magnified desalination capacity based on the mass of
two CuHCF electrodes in a single cell. The initial desalination
capacity achieved in the triple-stacked cell with 50 mM NaCl
was nearly 100 mg/g at the lowest current density of 2.8 A/m2

(Figure 2c), which was the highest value reported using
capacitive or battery electrodes. Applying a higher current
density produced a lower effluent concentration (Figure S4),
but it resulted a decrease in desalination capacity. Increasing the
desalination capacity would be possible by improving charge
utilization of CuHCF electrodes because the charge utilization
in the current system was only ∼60% of the full capacity of
CuHCF electrodes, which was 89 C/g in a full cell (based on a
half-cell measurement in 1 M NaCl, Figure S5), equivalent to
162 mg/g in a triple-stacked BDI cell. Among the full capacity,
only ∼70 C/g was applied to the BDI cell at a low current
density (2 mA or 2.8 A/m2) due in part to the decreased salt
concentration (0.05 M NaCl, Figure S5) and increased cell
resistance. Additional loss occurred when the charge was used
for separating ions, resulting in a charge efficiency of ∼80%.
Energy Consumption. To examine the amount of energy

consumed relative to a previous study, which reported
desalination of brackish water to freshwater levels in MCDI,5

we used an influent salt concentration of 25 mM (1.5 g/L) and
desalinated the water to that of freshwater (17 mM, 1 g/L).
The energy consumption per volume of water treated was
significantly reduced as the number of IEMs was increased from
a one (single-stacked cell) to five (triple-stacked cell) (Figure
2d). The energy consumption of the triple-stacked cell of 0.02
kWh/m3 (0.01 kWh/kg-NaCl) was nearly 10 times lower than
the energy reported for CDI with IEMs for the same influent
and effluent concentrations (∼0.2 kWh/m3).5 Energy recovery
in BDI is theoretically possible based on capturing energy at the
beginning of the cycle when the flows are switched, similar to
that proposed for the second cycle in CDI,5,17 but it does not
seem to be worthwhile for the current BDI system (Figure S6).
Desalination of a higher influent salt concentration (>25

mM) to that of freshwater (17 mM, 1 g/L) could be achieved
by technological advancements, especially by using a larger BDI
cell because the net applicable current is limited by the area. To
demonstrate how a BDI cell could increase the extent of
desalination, we connected two double-stacked BDI cells in
series, providing more surface area for desalination. This
enabled desalination of 34 mM (2 g/L) to 17 mM (1 g/L) with
energy consumption of 0.07 kWh/m3 (0.07 kWh/kg-salt,
Figure S7). In addition, desalination of 50 mM (2.9 g/L) below
17 mM (1 g/L) was achieved by recycling a small volume of
(∼1 mL) solutions, which consumed 0.16 kWh/m3 (0.34 kWh/
kg). The energy consumption in these experiments was less
than previous results using MCDI (Figure S8),5 supporting that
low energy desalination would be possible using BDI over a
wider concentration range. Further investigations are needed to
determine the net energy consumption when scaled up, which
may require additional energy input to operate the system.
The energy reduction can be evaluated based on the factor of

1/n, where n is the number of stacks (e.g., n = 2 for the double-
stacked cell with 1 CEM and 2 AEMs), as the current needed to
achieve a freshwater effluent concentration was 1/n of the
current used for a single-stacked cell. Although stacking
additional IEMs could further reduce the energy consumption
approaching closer to the theoretical minimum (∼0.003 kWh/

m3, dashed line in Figure 2d, also see Supporting Information),
other factors must be considered such as the cost of the
additional IEMs relative to performance due to increased cell
resistance. For example, the use of a triple-stacked cell reduced
the energy consumption by 1/3, but it required 5 times more
IEMs than a single-stacked cell. The use of more IEMs also
increased ohmic resistances due to the additional membranes
and flow channels, resulting in a decrease in the highest
applicable current density (Figure S4).

Outlook. The use of battery electrodes combined with a
small number of IEMs in a BDI cell achieved a 10-fold
reduction in the energy consumption compared to the lowest
value reported to date for brackish water desalination under
similar feed and product conditions. The cell voltage (0.6 V)
was lower than that used in a CDI system (1.2 V), and the cell
architecture enabled continuous operation as opposed to the
two-cycle, single-channel cell CDI and desalination battery
systems. The battery electrodes had a high capacity for salt and
did not suffer from parasitic reactions within the voltage
window used here. There are challenges that remain for further
development of this BDI system. For example, a 50-cycle test
using the CuHCF electrodes resulted in a 30% decrease in
applied charge to the cell (Figure S9a), which suggested the
occurrence of an irreversible electrode reaction. This
deterioration was unexpected because CuHCF electrodes
have shown good cycling performance in battery applications
(83% retention after 40,000 cycles in 1 M KNO3).

46 However,
reduced performance was obtained with a sodium-based
electrolyte (77% retention after 500 cycles).48 Since Prussian
blue analogues are less susceptible to dissolution only under
mild acidic conditions,49 it was possible that the CuHCF
electrodes could have dissolved at pH 7 used here. However, a
50-cycle test at pH 4 and 20-cycle test at pH 2 showed a similar
reduction in performance, and therefore, the pH was not a
factor (Figure S9a). One solution to improve the cycle stability
was adjusting the voltage range from ±0.6 to ±0.3 V, as this
produced only a 14% reduction after 50 cycles (Figure S9b,
S9c, S9d). One explanation for the decrease would be that the
dissolution of CuHCF occurred by applying potential to the
electrode, which is supported by the constant charge efficiency
over the cycles (∼80%) and yellow stain observed on AEM
after the cycling test. Although low concentrations of copper
(<1.3 mg/L, drinking water standard) and ferricyanide (an
approved food additive) ions in drinking water are safe for
human consumption,50 the decrease in performance due to
damage or loss of electrode materials clearly warrants further
investigation.
The most economical BDI configuration will depend on the

cost of the materials, particularly the IEMs. Based on the results
obtained here, using a double-stacked cell (1 CEM and 2
AEMs) provided a good balance between desalination perform-
ance and the need to minimize the number of IEMs due to
their high cost. The main advantage of the BDI compared to
MCDI or ED is that desalination occurs in both the electrode
and membrane channels. CDI has much lower performance
than all three of these other systems. To achieve the same
performance using MCDI as a double-stacked BDI containing
three IEMs, for example, four MCDI systems would be needed,
which would require a total of eight IEMs (four CEMs and four
AEMs). ED with the same number of IEMs as a double-stacked
BDI would only utilize two channels each for desalination and
concentration because the other two electrode channels use
rinsewater or redox active compounds, and thus, ED would
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require two additional IEMs to achieve the same performance
as a double-stacked BDI. To demonstrate this comparison with
ED, the energy consumption of a minimal ED cell, analogous to
a double-stacked BDI, was examined by flowing a representa-
tive redox couple (10 mM K3[Fe(CN)6] and 10 mM
K4[Fe(CN)6] in 50 mM NaCl) to two end channels (Figure
S10). Under the same experimental conditions (50 mM
influent; 0.5 mL/min; 5.7 A/m2), the energy used by an ED
cell (0.020 kWh/m3) was comparable to that of the double-
stack BDI (0.016 kWh/m3). However, the decrease in
concentration of the desalinated solution in ED was only half
of that achieved using BDI. In addition, less energy was
consumed using BDI for producing freshwater (0.02−0.16
kWh/m3, influent: 1.5−2.9 g/L) than reported for ED (0.4−2.5
kWh/m3, influent: 1−2.5 g/L),2,51−53 although reducing the
concentration in the produced water to a similar range as ED
(<0.5 g/L) would increase the energy consumption in the BDI
system. While the performance of BDI is better than these
other electrochemical systems, additional technological ad-
vancements could further improve performance, for example,
by improving charge utilization and cycle performance for
desalination by using more efficient and stable battery
electrodes or by other advances that improve cell design
through reduced internal resistances.
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