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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Zinc|ferricyanide desalination battery 
provides energy storage for 
desalination. 

• Desalination battery yielded a 30.3% 
salt removal during a 12-hr discharge. 

• 74.2% of energy consumed was recov
ered by desalination/discharging 
process.  
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A B S T R A C T   

This paper presents the performance of a dual-purpose Zinc|ferricyanide desalination battery for simultaneous 
desalination and energy storage operations. The zinc|ferricyanide battery consists of an anode chamber with a 
zinc electrode immersed in ZnCl2(aq) electrolyte, a cathode chamber with a graphite electrode and electrolyte 
solution of K3[Fe(CN)6](aq) and K4[Fe(CN)6](aq), as well as a middle chamber with saline water to be desali
nated. These chambers are separated by anionic and cationic exchange membranes, respectively. A series of 
experiments were conducted to study the impact of charging and discharging cycles on desalination-salination 
rates, power storage, and discharge rates at different charging capacities. The electrochemical cell was also 
characterized in terms of power density and desalination performance under various conditions. Results from this 
study confirm that the electrochemical battery desalination method has the potential to store energy and the 
charging-discharging cycles of the battery can provide a mechanism for desalination, which is achieved free of 
energy consumption. A desalination rate of 30.3% can be achieved during a 12-hr discharge period, which 
decreased the salinity levels from 41.2 g/L to 28.7 g/L. This result indicates that the process is also suitable for 
pre-desalination or pretreatment of high saline waters, which is a major challenge for current membrane 
processes.   

1. Introduction 

Desalination of saline waters is considered as an energy-demanding 

process regardless of the technology employed (thermal, membrane, 
or hybrid technology) [1–3]. The quest for energy-efficient desalination 
processes is an ongoing endeavor. Predominant desalination 
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technologies based on thermal and membrane processes are usually 
faced with energy-, cost-, and process-specific challenges especially 
when it comes to their applications in high saline water treatment [3,4]. 
Membrane desalination by reverse osmosis with nanofiltration pre
treatment is not a favored approach when the source water total dis
solved solids (TDS) concentration is much higher than seawater 
concentration, i.e., over 35,000 mg/L due to high operating pressures 
and corresponding electrical energy requirements [2,5]. To address this 
issue, bioelectrochemical, chemical, and electrochemical energy-based 
desalination processes are increasingly being considered in recent 
years due to their potential for providing energy- and resource-efficient 
treatment of saline and wastewaters either in individual or integrated 
configurations [6–10]. Recent reports and studies have focused on the 
need for developing novel membranes to address the energy efficiency, 
flux, biofouling, and environmental performance of membrane desali
nation processes through various innovative approaches [11–18]. These 
include functionalized woven glass fiber membranes [12], sepiolite 
based nanocomposite membranes [13], innovative bioelectrochemical 
processes using both anionic and cationic membranes [14,15], incor
poration of Ag and Cu nanoparticles or nanorods [16], positively 
charged nanofiltration membranes [17], and carbon electrodes for 
enhancing capacitive deionization process [18]. These studies make 
important contributions to the field, however, energy efficiency and 
energy recovery with storage should be given a priority to render 
desalination processes more attractive as 25–40% of water costs are 
associated with energy costs in desalination processes [19,20]. 

In general, desalination processes are supported by electricity 
generated from conventional energy sources although renewable energy 
penetration is advancing more rapidly in this field [2,21,22]. An energy 
storage unit may be required for desalination applications due to the 
large energy demands in the process as well as to store excess energy 
generated by variant or fluctuating renewable energy generation 
[23–25]. Electricity and storage costs have also been identified as 
contributing factors to the product water costs [20,21]. The develop
ment of electrochemical batteries can be a solution to both store and 
supply energy when needed, with potential cost savings of off-site en
ergy generation, and its transportation through grid infrastructure 
[26–29]. This concept also allows desalination to be carried out spon
taneously due to the electrochemical and ionic imbalance caused by 
charging and discharging cycles which is called electrochemical desa
lination [30]. Many combinations and configurations of electrochemical 
cells and desalination configurations can be envisioned [31]. These 
configurations can be developed by considering different electrode 
materials, different electrolytes, and different separation and flow con
figurations. Some of these technologies include capacitive deionization, 
desalination batteries, and electrodialysis [32–34]. Intercalating elec
trode materials have also been evaluated to increase salt adsorption 
capacities [35]. These processes can also be integrated with non- 
electrochemical processes such as adsorption or oxidation process 
[36,37] and pressure retarded osmosis [34] to improve desalination 
capacities, specific ion removal or recovery [38], and specific energy 
consumption including possible membrane-free desalination [39]. 
While these processes improved the salt removal efficiency to more than 
80%, experimental studies focusing on high salinity waters are still 
scarce. 

In this research, we study the potential of an electrochemical battery 
for facilitating desalination function during charging and discharging 
modes, based on an innovative salt separation and energy generation 
principle reported recently [30]. This method has promising potential 
and scope for developing an energy-efficient high saline water electro
chemical desalination process. Briefly, a zinc chloride and ferricyanide 
electrochemical desalination battery (EDB) was evaluated. The corre
sponding oxidation and reduction reactions resulting in the electron 
flow from anode to the cathode along with their electromotive voltages 
are shown below. By exploiting the inherent operation principles, a flow 
battery type configuration can be established between the two redox- 

active materials. 

Anode 

Zn(s) + 2Cl−(aq) ↔ ZnCl2 (aq) + 2e− Eo = − 0.76 V vs SHE   

Cathode 

2K3
[
Fe(CN)6

]

(aq) + 2Na+
(aq) + 2e− ↔ 2K3Na

[
Fe(CN)6

]

(aq) Eo

= + 0.49 V vs SHE   

Overall 

Zn(s) +2K3
[
Fe(CN)6

]

(aq) +2 NaCl↔ZnCl2 (aq) +2K3Na
[
Fe(CN)6

]

(aq) Eo

= +1.25 V   

This configuration enables both high-efficiency electrical storage and 
discharge capacity. When the battery goes through charge and dis
charges modes, there is a corresponding release and transfer of salt ions 
through the ion exchange membranes separated by a saline water 
chamber, thus enabling desalination and salination cycles, respectively 
as shown in Fig. 1. In this study, the desalination performance of an 
electrochemical battery is evaluated at different charging and dis
charging cycles. The effect of charge capacity on desalination perfor
mance is evaluated. Power density profiles, discharge capacity, and 
coulombic efficiency were also analyzed. Results reported from this 
study provide an improved understanding of the process as the experi
mental studies are performed at much higher anode, cathode, and 
desalination volumes. In addition, detailed energy efficiency and 
salinity removal analyses presented in this manuscript contribute to 
further development of this novel process. 

2. Materials and methods 

2.1. Electrochemical desalination battery (EDB) construction 

The EBD consisted of three chambers (anode, middle desalination, 
and cathode), separated by using anionic (AEM) and cationic (CEM) 
exchange membranes. Anode and desalination compartments were 
separated by an anion exchange membrane (AMI7001, Membranes In
ternational) while cathode and desalination compartments were sepa
rated by a cation exchange membrane (CMI7000, Membranes 
International). To keep the membranes hydrated and expanded, each 
membrane was pre-conditioned by immersing them in an 85.6 mM NaCl 
solution at 40 ◦C for a day and washed with distilled water before their 
use. The three-compartment EDB was fabricated using Plexiglas (7.2 cm 
diameter) material with an anode compartment volume (Van) of 30 mL, 
a cathode compartment volume (Vca) of 30 mL, and a desalination 
compartment volume (Vds) of 20 mL. Smooth texture solid zinc sheet 
(with dimensions of 32.3 mm × 22.7 mm × 1 mm for length, width, and 
thickness, respectively) and graphite electrode (with dimensions of 32.4 
mm × 23.2 mm × 2.5 mm for length, width, and thickness, respectively) 
were used as anode and cathode electrodes, respectively. A titanium 
wire was used for conducting electricity from the electrodes and for 
forming a circuit between the electrodes as shown in Fig. S1. 

2.2. Catholyte and anolyte solution 

The EDB was assembled using the electrolyte solutions and saline 
water listed in Table 1. 30 mL of ZnCl2 solution (0.2765 M) was 
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introduced to the cathode chamber with a graphite electrode. The 
mixture of 30 ml of 0.3046 M K4Fe(CN)6 

.3H2O and 0.3018 M K3Fe(CN)6 
mixture was introduced to the anode chamber with a zinc electrode. The 
middle chamber of the EDB was fed with 20 mL of 41.2 g/L NaCl so
lution. It may be possible to use sodium ferricyanide and its oxidation 
state as catholyte. A comparison was made between the solubilities of 
potassium ferrocyanide and its oxidized state with sodium ferricyanide 
and its oxidation state. The solubility of Na4[Fe(CN)6] is only 0.56 M in 
water when compared with the water solubility of K4[Fe(CN)6] which is 
0.76 M. This presents limited capacity scenario for sodium ferrocyanide 
and its oxidized state when compared with potassium ferrocyanide and 
its oxidized state. Limited solubility means that high concentrations of 
catholyte will not be possible, therefore limiting the battery capacity in 
redox flow batteries [40]. Moreover, it has been reported that sodium 
ferricyanide cannot work as cathode material while Na4Fe(CN)6/NaCl 
solid solution shows potential for its use [41]. However, it needs to be 
synthesized through ethanol extraction method at room temperature. 
This method is not as simple as preparing potassium ferricyanide 
solution. 

2.3. EDB operation and experimental procedure 

The three-chambered EDB was fed with anolyte, catholyte, and sa
line water in the anode, cathode and desalination chambers, respec
tively. After the introduction of the solutions in respective chambers, the 
anode and cathode terminals of EDB were connected to the Gamry 
1010e potentiostat to perform the charging operation. The EDB was 
charged for 1 h by applying a constant current of 15 mA (galvanostatic 
method), desired current density of 2 mA/cm2 (electrode area 7.5 cm2). 
The voltage-current density profile during the 1-hr charging operation of 
EDB is shown in Fig. S2. After charging it for 1 h, the saline water from 
the middle chamber was removed. TDS measurement was performed, 
and replaced the middle chamber with a new batch of saline water. The 
discharging operation of the cell was performed by dropping the voltage 

across the load resistor of resistance 68 Ω and the voltage drop across the 
load resistor was recorded by using a Fluke (287 true Rms) voltmeter at 
every 5-minute interval. The discharge operation was terminated at a 
point where the observed voltage is close to zero. However, the cell 
voltage drop is never truly zero. Therefore, the general rule of thumb 
followed was that it would be considered zero at a voltage drop of 0.01 V 
or lower. After the completion of the discharge cycle, the saline water 
from the middle chamber was removed, TDS was measured and replaced 
with a new batch of saline water before making it ready for the next 
charge cycle and the cycle was repeated. The TDS measurement was 
performed using an EXTECH EC170 salinity meter. Negative numbers 
regarding TDS values indicate a decrease and positive numbers indicate 
an increase in salinity. Unless otherwise noted, all salinity readings were 
taken from a dilution of 2 mL salt solution to 8 mL water. The TDS 
reading is multiplied by a factor of 5 and the resulting value was re
ported as the salinity of the sample. 

2.4. Calculations 

Ohm’s law (Eq. (1)) was used to calculate the discharge current. 

V = I×R (1)  

where I is discharge current. 
Discharge current density (CD) (A/cm2) was calculated using Eq. (2): 

CD =
I
A

(2)  

where A = electrode area = 7.5 cm2 

Power density (PD) (W/cm2) was calculated using Eq. (3): 

PD = CD × V (3) 

Salt removal was calculated using Eq. (4): 

%salt removal =
Initial TDS − Final TDS

Initial TDS
× 100% (4) 

Discharge and Charge capacities were calculated by Eqs. (5) and (6): 

Discharge capacity
ʀ
Ah

/
cm2) = CD × Td (5)  

where Td = discharge cycle time in hours 

Charge capacity
ʀ
Ah

/
cm2) = charge current density×Tc (6)  

Fig. 1. Electrochemical battery for desalination and salination cycles: (A) charging mode with salination; and (B) discharging mode with desalination.  

Table 1 
Solute in 100.0 mL of solution.  

Solution Actual mass Calculated concentration Initial pH 

Saltwater 4.12 g NaCl 41.2 g/L  7.2 
Catholyte 9.9375 g K3Fe(CN)6 

12.8654 g K4Fe(CN)6 ⋅ 3H2O 
0.3018 M 
0.3046 M  

6.6 

Anolyte 1.0033 g ZnCl2 0.2765 M  5.7  
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Tc = charge cycle time, in hours 
Columbic efficiency (CE) was calculated using Eq. (7): 

Columbic efficiency (CE) =
discharge capacity

charge capacity
(7)  

3. Results and discussion 

The design and experimental results of electrochemical zinc|ferri
cyanide desalination battery (EDB) are presented in this section. 

3.1. Power density profile during charging and discharging 

This EDB configuration enables electrical energy storage along with 
the separation of salts from saline water. It is operated between charge 
and discharge half-cycles of the EDB battery. The discharge-half cycle 
initiates the removal of NaCl from the middle desalination chamber in 
which the zinc anode is oxidized to Zn2+ ions (in anode chamber) and 
draws the Cl− from the desalination chamber to the anode chamber 
through the anion exchange membrane (AEM). At the same time, 
ferricyanide is reduced to ferrocyanide in the cathode chamber allowing 
Na+ to migrate towards the cathode chamber through the cation ex
change membrane (CEM). The charging and discharging current density 
profiles of the EDB are presented in Fig. 2. The EDB was charged for 1 h 
by applying a constant current of 15 mA (galvanostatic method) at a 
desired current density of 2 mA/cm2 (electrode area 7.5 cm2) and was 
discharged by connecting a resistor of resistance 68 Ω until the voltage 
across it reached below 0.01 V. The average discharging cycle period for 
each cycle was recorded as 1.5 ± 0.15 h (Fig. 3). The average maximum 
power density generated by the EDB during the discharge process at 68 
Ω of load resistor was 1.41 ± 0.06 mW/cm2, which is about 50% lower 
than that of the applied power density during the charging process. 

The rise and fall of salinity of the saline water in the desalination 
chamber were observed during the charging and discharging process, 
respectively. During 1 h of charging operation, the average salinity of 
the desalination chamber was increased from 41.2 g/L to 42.78 ± 0.1 g/ 
L (an increase of 3.8%) while during discharging operation the average 
salinity of the desalination chamber decreased from 41.2 g/L to 38.85 ±
0.7 g/L, which is about 6.5% reduction in salinity (Fig. 2B). The higher 
desalination rate than that of the salination rate was as expected because 
of the longer discharge cycle than that of the charge cycle. Furthermore, 
to analyze the effect of charging time in the performance of EDB, the 

Fig. 2. (A) Current density vs time for the number of charging and discharging cycles of a cell and (B) salinity profiles in the desalination chamber during charging 
and discharging periods of the EDB with a load resistor of 68 Ω. 

Fig. 3. The current density applied to EDB during the charging process and 
current density produced by EBD during the discharging process with time. 
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charging time of EDB was increased to 4 and 8 h. The results show that 
an increase in charging time increased the salinity of the saline water in 
the desalination chamber. When EDB was charged for 4 h, the salinity of 
the desalination chamber was increased to 16.5%, and charging EDB for 
8 h increased the salinity of the desalination chamber to 27.1% (Fig. 4). 
Moreover, the discharging cycle period (at a load of 68 Ω) and desali
nation rate of EDB were found to be influenced by the charging period. 
The EDB was charged for 4 h and was discharged through a 68 Ω 
resistor. The discharge cycle has lasted for 11 h and the salinity of the 
desalination chamber decreased from 41.2 g/L to 30.8 g/L (25.2% 
decrease) (Fig. 4). Similarly, the EDB was charged for 8 h and discharged 
through a 68 Ω resistor but the discharge cycle has only lasted about 12 
h with a decrease in salinity of the desalination chamber from 41.2 g/L 
to 28.7 g/L (30.3% salinity removal) (Fig. 4). The salination and desa
lination rates increased with the charging periods in different electro
chemical desalination cell experiments. An increase in the charging time 
from 6 h to 9 h increased the desalination rate from 40% to 60% in a 
zinc|ferricyanide hybrid flow battery [30]. However, the experimental 
setup in their study was 5–10 times smaller than the present study. 
Results from this experiment confirm that the desalination rate may be 
affected by variations in electrochemical cell configuration, reactor di
mensions, and other mass transfer related limitations. 

3.2. Polarization and charging/discharging capacity for each cycle 

The electrochemical behavior of the EDB was studied by analyzing 
polarization curves and power density profiles (Fig. 5A). The polariza
tion test was conducted by using a constant resistance discharge method 
where different resistors (10 Ω to 20,000 Ω) were applied to the EBD and 
by measuring the resulting voltages and current values. The power 
density profile was calculated using a polarization curve. This test was 
performed during the 4th discharging cycle. The results showed that the 
maximum power density of 1.23 mW/cm2 was produced at an external 
resistance of 50 Ω, which implies that the maximum power point has 
occurred at a load resistor of 50 Ω. Fig. 5B shows the performance of the 
EDB reporting the charging and discharging capacity over 6 cycles of 
operation. The charging capacity of the EBD was analyzed based on 1 h 
of charging period and the discharging capacity of the EBD was calcu
lated based on the same discharging period (1 h). Results showed that 
during the charging (salination) and discharging (desalination) process, 
the EDB maintained relatively stable cyclic performance with minor 
fluctuations in discharging capacity over six cycles of operation. The 
first cycle discharge capacity of EDB was 1.65 mAh/cm2 (at a load 
resistor of resistance 68 Ω) and charge capacity was 2.00 mAhcm− 2, 
which indicated a coulombic efficiency of 80%. The discharge capacity 
during the second cycle of operation was 1.64 mAh/cm2 (decreased by 

0.6% than that of the first cycle), while during the sixth cycle of oper
ation, the discharge capacity of the EBD increased and was higher (1.69 
mAh/cm2) than that of all the previous cycles, which indicated that the 
coulombic efficiency of 84.5% was achieved in the sixth cycle of oper
ation. The minor fluctuation in the discharge capacity of EBD in each 
cycle test is due to our experimental procedure, which involves 

Fig. 4. Variation of salinity and discharge time with different charging periods at a discharge load resistor of 68 Ω.  

Fig. 5. (A) Polarization curve; and (B) charge-discharge capacity and 
coulombic efficiency of the EDB for different cycles. Six charging and dis
charging cycles were operated. 
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manually changing the saline water in the desalination chamber. The 
experiment was performed at room temperature but any fluctuations in 
temperature can change the conductivity of the saline water in the 
desalination chamber, consequently, the ohmic resistance of the EBD is 
changed producing minor fluctuation in discharge capacity. This result 
is consistent with what has been reported in a previous study in which 
fluctuation in cell capacity was observed due to experimental proced
ures [39]. 

3.3. Effect of saline water volume and charging-discharging time on the 
performance of EDB 

Fig. 6A shows the relationship between the current density produced 
by the EDB at the different volumes of saline water in the desalination 
chamber. A linear relationship between the current density and saline 
water volume was observed when saline water volume was varied be
tween 5 and 20 mL. The maximum current density produced by the EDB 
during the discharge cycle (discharge was done after charging it for 2 h) 
at solution saline water volume of 20 ml was 1.56 mA/cm2. However 
when the volume of saline water was decreased to 10 ml, then the 
maximum current density produced by the EDB was decreased to 0.6 
mA/cm2 (62% reduction) and a further decrease in salt volume to 5 mL, 
decreased the maximum current density to 0.35 mA/cm2, which is about 
80% reduction in current density when compared with that produced by 
the EDB at saline water volume of 20 ml. The current density in the EDB 
is driven by the ionic transfer caused by the electron-release, transfer, 
and electron-acceptance process, which also depends on the volumetric 
ratio (volume of anode/cathode) and the volume of saline water in the 
desalination chamber [7]. For a fixed volume desalination chamber, a 
decrease in the volume of saline water will reduce the liquid-membrane 
contact cross-sectional area which in turn decreases the rate of ionic flux 
transport between membranes and anode/cathode chambers and finally 
resulting in lower current density production. Furthermore, the salina
tion rate of EDB was analyzed by varying the charging period and it was 
found that the salination rate of EDB during the charging cycle is 

dependent upon the charge cycle time. Fig. 6B shows the relationship 
between the salination rate at different periods of the charging step. The 
salination rate (%) varied following a linear trend with the increase in 
charging time (hours). About 3.85% of salination rate was observed at 
charging time of 1 h and when the charging time was increased to 2 h, 
the salination rate was increased to 7.22%, and increasing charging time 
to 8 h increased the salination rate to 27.1% (Fig. 6B). Increasing the 
charging time increases the net electrical energy supplied to the EDB, 
which drives more Na+ and Cl− ions into the middle desalination 
chamber, thereby producing concentrated brine and thus increase the 
salination rate. On the other hand, the desalination rate of EDB varied 
with charging time (Fig. 6C) and a linear relationship was obtained 
between the desalination rate and the discharge time for discharge times 
between 1.7 h to 13.4 h (Fig. 6C). The higher was the discharge time, the 
higher was the desalination rate. For instance, at a discharge time of 1.7 
h, the obtained desalination rate was about 5.2%. However, when 
discharge time was increased to 13.4 h, the desalination rate also 
increased to 30.3% (Fig. 6C). It should be noted that the discharge time 
of EDB also dependent on the duration of charging time (Fig. 4). 
Therefore, to maximize the desalination rate of the EDB, it is necessary 
to optimize both charging and discharging cycles/times of the EDB. It is 
also possible that osmotic effect can cause movement of solvent into the 
desalination chamber thereby decreasing salinity in the middle cham
ber. Table 2 shows the data for charge and discharge cycles at different 
desalination chamber volumes with respect to the discharge times. It can 
be noted that the volume difference before and after (i.e., charging and 
discharging cycles) the cycles is very small (0.1–0.5 mL or 0.5% to 5%). 
However, higher discharge time has shown a significant effect of up to 
10% salination and desalination, probably due to osmotic effect. In 
addition, the electrical energy produced by the cell during different 
discharge cycles at an external resistor of 68 Ω was calculated. Similar to 
other performance factors, a linear relationship was observed between 
the discharge period and the energy production rate of the cell. The 
energy produced by the EDB at 2 h of discharge period was 2.3 mWhr/ 
cm2. When the discharge period was increased to 13.4 h, the energy 

Fig. 6. (A) Correlation between the volume of saline water and the amount of current density produced by EDB; (B) A correlation between salination rate and charge 
time; (C) A correlation between desalination rate and discharge time; and (D) A correlation between energy generated by EDB and discharge time. 
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production rate was increased to 10.5 mWhr/cm2 (Fig. 6D). 

3.4. Desalination performance 

To demonstrate the feasibility of the EDB, desalination performance 
was examined with saline water (0.7 M NaCl; 41.2 g/L) in the desali
nation chamber. The desalination performance of the EDB was exam
ined with three different charge capacities (2 mAh/cm2, 8 mAh/cm2, 

and 16 mAh/cm2). At a charge capacity of 2 mAh/cm2, 7% desalination 
was observed, however after increasing the charge capacity to 8 mAh 
cm− 2, the desalination rate was increased to 25.2%. Further increase in 
the charge capacity up to 16 mAh/cm2, the desalination rate increased 
to 30.3% (Fig. 7A). Higher charge capacity with fixed charging current 
density implies a longer charging period and higher desalination rate. It 
should be noted that the desalination performance depends on the ratio 

of the charge rate, electrolyte to saline water ratio, and the concentra
tion of electrolytes, which need further consideration through detailed 
studies. Furthermore, to determine the kinetics of salt removal during 
the discharging cycle, the concentration of saline water in the desali
nation chamber was analyzed at each hour of the discharge cycle. 
(Fig. 7B) shows the discharge voltage profile (at an external resistor of 
68 Ω) of the EDB and the concentration of the saline water in the 
desalination chamber at each hour of the discharge cycle. The results 
showed that the discharge cycle has lasted for about 6.6 h and the 
salinity (TDS) decreased linearly with discharge time (Fig. 7B). 

3.5. Energy balance 

The energy balance of the electrochemical cell was calculated for 
different charging and discharging cycles. Energy production during 
discharging and energy consumption during the charging process of the 
EDB were considered. During the charging process, four charge cycles 
with 1, 2, 4, and 8 h of charging periods were performed and complete 
discharge through an external resistor of resistance 68 Ω was performed 
after each charge cycle. Fig. 8 shows the trends of energy production and 
consumption by the EDB at different charge periods of 1, 2, 4, and 8 h. 
The results showed that both energy consumption and production by the 
EDB increased with charge time (Fig. 8). The energy consumed by the 
EDB was 2.8 mAh/cm2, 5.6 mAh/cm2, 11.2 mAh/cm2, and 22.4 mAh/ 
cm2 during charging period of 1 h, 2 h, 4 h, and 8 h, respectively, and the 
corresponding energy production rates were 2.08 mAh/cm2, 2.3 mAh/ 
cm2, 8.34 mAh/cm2, and 10.5 mAh/cm2, respectively. In each charge 
and discharge cycle, the energy consumption was found to be higher 
than that of energy production. However, in actual desalination appli
cations, energy consumption is the capital index and large quantities of 
energy are consumed in desalination processes [20,42]. For instance, 
2–10 Wh/L of energy is needed for desalination of saline waters using 
reverse osmosis [2,20,43] and about 3.5 Wh/L of energy is required for 
the desalination of seawater using ion concentration polarization desa
lination [32]. In this study, energy is recovered simultaneously with 
desalination capability, therefore, the energy required for the desali
nation process should also be considered and added up to the energy 
recovery portion so that the actual and overall energy balance would be 
more appealing. Regardless, the function of charging/discharging in the 
EDB can provide for storage and recovery of excess energy produced in 
renewable energy-based desalination processes. This is an added con
venience and efficiency in terms of enhanced energy production and 
affordable desalination. 

3.6. Comparison with other electrochemical desalination configurations 

A comparison of the present study with other studies has been pre
sented in Table 3. The energy efficiency of this system is in agreement 
with Nam et al. [39] and is higher than those previously reported 
desalination battery studies as presented in Table 2. The desalination 
performance in this study was lower than that of previously reported 
coin type desalination battery [42]. However, the desalination perfor
mance was observed to be greater than that of the redox flow electrodes 
desalination battery [43]. It should be noted that the desalination per
formance depends on several factors: the ratio of the charge rate, 

Table 2 
Volumetric difference potentially caused by osmotic difference in three different charge-discharge cycles.  

Half cycle Run time (hr) Initial conc. (g/L) Final conc. (g/L) % change conc. Initial Vol (mL) Final Vol (mL) Desal rate (g/L/h) 

Charge 1  2.01  39.6  41.2  4.0  20.0  20.3  0.80 
Discharge 1  3.99  39.6  36.6  − 7.6  20.0  19.9  − 0.75 
Charge 2  2.00  39.6  42.9  8.3  10.0  10.2  1.65 
Discharge 2  9.82  39.6  33.2  − 16.2  10.0  9.5  − 0.65 
Charge 3  2.00  39.6  46.3  16.9  5.00  5.35  3.35 
Discharge 3  22.35  39.6  27.7  − 30.1  5.00  4.28  − 0.53  

Fig. 7. (A) Desalination/salination rates during charging and discharging pe
riods of the EDB at different charge capacities; (B) Discharge voltage profile and 
salt concentrations at each hour of the discharge cycle. 
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electrolyte to saline water ratio, and the concentration of electrolytes, 
which needs further consideration through detailed studies. 

4. Conclusions 

This study demonstrated that an electrochemical battery can be 
purposely utilized to store electrical energy while simultaneously 
providing desalination capability by exploiting the charging and dis
charging processes in the electrochemical cell. While the results ob
tained from this study are quite encouraging, more detailed 
investigations should be carried out to study the impact of other elec
trode and electrolyte combinations for possible improvement in desali
nation performance. This study showed that the process is suitable for 
the partial desalination of high saline water. However, it is possible that 
this method can be conveniently applied to achieve complete desalina
tion of brackish water sources such as groundwater with significant 
concentrations of total dissolved solids. The storage capacity of the 

battery is an additional feature that opens up many opportunities for 
better energy management of grid-independent renewable energy 
infrastructure suitable for desalination applications. 
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Table 3 
Comparison of the performance of this study with other studies.  

Type Anolyte Catholyte Anode 
electrode 

Cathode 
electrode 

Energy 
efficiency (%) 

CE (%) Desalination 
(%) 

Reference 

Desalination battery NaTi2(PO4)3 

- Ag 
NaCl NacCl NaTi2(PO4)3 Ag 71.9 99 n/r [42] 

Organic flow desalination 
battery 

FMN-Naa TEMPOb Graphite 
paper 

Graphite 
paper 

25 80 n/r [46] 

Desalination battery Cu3[Fe 
(CN)6]2 as Na-storage 

NaCl NaCl Cu3[Fe 
(CN)6]2 

Bi foam 75.6 97–99.9 n/r [39] 

Coin type Seawater Seawater Carbon Carbon 63 n/r 77 [44] 
Metal-air desalination battery Simulated 

seawater 
Simulated seawater Al Carbon n/r n/r 37.8 [47] 

Redox flow electrodes 
desalination battery 

VCl3 + VCl2 NaI Graphite 
paper 

Graphite 
paper 

50 n/r ~1% [45] 

Silver/silver chloride 
desalination battery         

K3Fe(CN)6 + K4Fe(CN)6⋅3H2O 
desalination battery 

ZnCl2 K3Fe(CN)6 + K4Fe 
(CN)6⋅3H2O 

Zn Carbon 74.2 84.5 30.3 This 
Study 

n/r: not reported. 
a Riboflavin-5′-phosphate sodium salt dehydrate. 
b 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl. 
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