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ABSTRACT
How to effectively reduce the consumption of electrical energy is a key topic in many
studies of electrochemical desalination. In this work, we use the temperature difference
to drive a continuous process of dialysis desalination. The system consists of a
thermoelectric unit and a desalination unit connected in series. The thermoelectric unit
includes a thermoelectric generator (TEG), a heater as heat source and an air-cooled
heat sink to generate electricity and for the desalination unit. The desalination unit
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contains two platinum-coated hydrophobic carbon cloths as current collectors, a
mixture of [Fe(CN)6]3-/4- as anolyte and catholyte, concentrated and diluted salt streams
with two cationic and one anionic exchange membranes separated configuration
(CEM|AEM|CEM). During the charging process driven by temperature difference,
chloride and sodium ions in the diluted salt stream move to the concentrated salt stream
and cathodic reservoir, respectively. The results show that the concentration of brine
drops significantly from 5,000 ppm to 344.3 ppm as the current decreases to 0.06 mA
from the initial 1.30 mA when the temperature difference is maintained at 65 K.
Concurrently, the average salt removal rate is up to 8.8 μg cm-2 min-1 and average heat
consumption is 284.3 MJ mole-1. Moreover, the influences from the temperature
difference, salt feeds content and electrolyte concentration are also investigated in detail.
This research has the potential application for the freshwater obtainment via the
utilization of waste heat, and will be significant in places with the shortage of the
electrical energy such as ships, islands and oceans with the temperature differences.
Keywords: Redox flow desalination; electrochemical desalination; water treatment;
energy consumption; thermo drive
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1．INTRODUCTION
The continuous growth of population and the rapid development of society have
aggravated the pollution of global water resources,[1, 2] resulting in a shortage of fresh
water resources in many regions.[3-5] To solve this problem, desalination is considered
as one of the most effective ways to provide fresh water.[6] As a mature seawater
desalination process, electrodialysis has been applied in large industrial production of
portable water from brackish water sources for more than half a century with simple
process and convenient operation.[7, 8] However, conventional electrodialysis
desalination technology consumes much electrical energy. In order to reduce the energy
consumption, many methods have been explored, such as the synthesis of less
resistance and highly selective ion exchange membrane[9, 10] and the investigation of
membrane-free[11] or low-voltage electrode material[12-15] and the choice of redox
electrolyte[16, 17]. In particular, the electrodialysis desalination system using a redox
mediator has received growing attention as an emerging desalination technology. For
instance, Chen et al. proposed a continuous electrodialysis desalination technology
based on metal-free organic redox electrolyte in 2019[18], and subsequently presented
the use of riboflavin-5′-phosphate sodium salt[19] and methyl viologen[20] to achieve
redox flow continuous desalination with less environmental pollution and low energy
consumption, respectively. Choi et al. use the oxidation and reduction of the same redox
couple with the fast redox kinetics as the anode and cathode reactions of an
electrodialysis (ED) cell[21], which reduces the thermodynamic equilibrium cell
potential and the kinetic overpotentials required for cell operation. Further, some
studies have coupled electrodialysis desalination with reverse electrodialysis which
collects the salinity gradient power to provide the driving force for electrodialysis
desalination, thereby achieving energy self-sufficiency throughout the process.[22-24]
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Similarly, if we convert other usable and readily available or waste energy sources into
electrical energy and supply it to the redox flow desalination unit, this will reduce
supplied energy during the process of electrodialysis desalination.
Thermo-driven electrochemistry is a scalable technology that makes use of the
temperature difference between hot and cold sides of a thermoelectric generator (TEG)
to generate electricity. It is widely applied to energy production, electrical catalysis and
other fields due to the direct conversion of waste heat into useful electricity.[25-30]
However, thermal power generation has not been applied in the redox flow desalination
yet.
Herein, we propose a method for continuous dialysis desalination based on the
temperature difference as driving force, which provides power for desalination reaction
by thermoelectric conversion through thermoelectric materials. Our model system is
composed of two parts in series: the thermoelectric unit functioning as a power supply
and the desalination unit with ions movement. The main component of the
thermoelectric unit is a TEG device that converts the thermal energy into the electrical
energy. The heater and air-cooled heat sink are respectively placed on the hot and cold
sides of TEG to simulate the formation of temperature difference. When the heater and
air-cooled heat sink are working, the carriers near the hot side of TEG have higher
kinetic energy than those near the cold side, and the number of carriers that are
thermally excited to enter the conduction band or valence band near the hot side is also
greater than that near the cold side, so that the carriers migrate from hot side to cold
side inside the TEG. Thereby, a self-built electric field is formed inside the TEG to
hinder this migration, and the Seebeck potential is generated. The electromotive force
generated by TEG will provide electricity for desalination unit attributed to the series
connection of TEG and desalination unit. Under the action of this driving force, the
desalination unit involving a recirculated redox electrolyte of [Fe(CN)6]3-/4-, diluted and
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concentrated salt streams with three membranes is equivalent to an electrolytic cell
denoted as “(Anode)[Fe(CN)6]3-/4- | CEM | Concentrated Stream | AEM | Diluted Stream
| CEM | [Fe(CN)6]3-/4-(Cathode)”. The [Fe(CN)6]4- ions in the anodic reservoir are
oxidized by releasing electrons which are captured by the [Fe(CN)6]3- ions in the
cathodic reservoir through the external circuit, resulting in the reduction of [Fe(CN)6]3ions at cathode. To compensate the electrostatic balance, the chloride and sodium ions
in diluted salt stream move to the concentrated salt stream through the middle AEM
and to the cathodic reservoir via CEM on the cathode side, respectively, which
decreases the salt concentration of the diluted stream. The average desalination rate,
heat consumption, thermoelectric conversion efficiency, electricity utilization
efficiency, and thermoelectric utilization efficiency were investigated. In addition, the
temperature difference determines the electromotive force of TEG, various initial salt
concentration and electrolyte concentration will directly influence the resistance of the
desalination unit. The current desalination system can also be combined with other
waste heat emission processes such as exhaust heat of factories/engines, or utilize the
temperature differences of interior and exterior ships, islands or oceans to solve the
energy consumption problem in electrochemical desalination application.

2. MATERIALS AND METHODS
2.1 Materials, electrode fabrication, and solution preparation
The Bi2Te3 based thermoelectric generator (TEG, TEC1-0706) with a size of
40 𝑚𝑚 × 40 𝑚𝑚 × 3.9 𝑚𝑚 was ordered from Tianjin Haote Technology Co. Ltd,
which is made of 7 pairs of series connected p-n thermocouple with a cross-sectional
area of 1.4 × 1.4 𝑚𝑚2 and a height of 1.6 𝑚𝑚 (𝐴𝑝𝑛 = 𝐴𝑃 = 𝐴𝑛 = 1.4 × 1.4 𝑚𝑚2,
𝐿𝑝𝑛 = 𝐿𝑝 = 𝐿𝑛 = 1.6 𝑚𝑚). Both materials of p-type and n-type are Bi2Te3. The heater
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(LC-DMS-H), the copper heat sink, thermal grease (GD66), and air-cooled equipment
(WY-F4) were the commonly used. Potassium ferricyanide (99 %), potassium
ferrocyanide (99.5 %) and sodium chloride (99.5 %) were from Sigma-Aldrich and used
without further purification. Pt/C catalyst (20/80, Vulcan XC-72) was from Beijing
nano-catalyst Technology Co. Ltd. The ion exchange membranes (AEM/CEM,
standard grade) were from Tokuyama, Japan. The current collectors were made of two
hydrophobic carbon cloths (W1S1009, Tai Wan) coated with an N-methyl-2pyrrolidone (NMP) slurry containing Pt/C and polyvinylidene fluoride (PVDF) at the
mass ratio of 85 to 15 together with graphite papers. The carbon cloths were dried in a
vacuum oven at 60℃ for one day before use. [Fe(CN)6]3-/4- solution was prepared by
adding 2 mmol [Fe(CN)6]3-, 2 mmol [Fe(CN)6]4- and 0.5 g NaCl into 100 mL deionized
water to prepare 20 mM/20 mM electrolyte. A total of 5 mL [Fe(CN)6]3-/4- solution was
used as the anolyte and catholyte. 0.5 g NaCl was dissolved into 100 mL deionized
water to prepare 5000 ppm salt feed. Two 3 mL of NaCl solution were used as the test
feeds. Before the desalination tests, all solvents were purged with pure N2 to remove
dissolved air.

2.2 Experimental setup
As displayed in Figure S1 in the Supporting Information, the desalination system
driven by temperature difference consists of a thermoelectric unit and a desalination
unit connected in series. The thermoelectric unit includes a TEG, a heater as heat source,
an air-cooled heat sink to produce temperature difference. The hot side of TEG is put
on the center of the heater with thermal grease, while an air-cooled heat sink is placed
on the cold side with thermal grease. The desalination unit is composed of two
platinum-coated hydrophobic carbon cloths as current collectors, a mixture of
[Fe(CN)6]3-/4- as anolyte and catholyte, concentrated and diluted salt streams with three
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membranes. The AEM is located between salt stream 1 and 2, while two CEMs are
placed between the salt streams and anodic/cathodic reservoir, as the schematic diagram
shown in Figure 2a. The 20 mM/20 mM [Fe(CN)6]3-/4- electrolyte in 5 mL solution
flows with 17.28 mL min-1 in the anodic and cathodic chambers connected to each other
using a soft tube, then circles back to the container. The salt feeds of the two channels
(5000 ppm each with 3 mL NaCl solution) are separately circulated. The [Fe(CN)6]3-/4electrolyte and two salt streams are driven using peristaltic pumps. Each compartment
chamber of electrolyte or salt feeds has a cuboid dimension with 0.3 𝑐𝑚 height and
1.5 × 1.5 𝑐𝑚2 cross-sectional area i.e. the active area during desalination. Except for
the two outermost sheets, which are acrylic plates, the other sheets are made of silica
rubber material.

2.3 Desalination tests driven by temperature difference
Since the desalination process is driven by the temperature difference, various
desalination effects can be achieved by adjusting the temperature difference between
the hot and cold sides of TEG. The greater the temperature difference, the higher the
Seebeck potential of TEG. For the same series circuit, the generated current which
influences the rate of electron transfer in the desalination unit becomes larger, so that
the desalination performance is affected. Due to the recirculation of [Fe(CN)6]3-/4- redox
electrolyte in the cathodic and anodic reservoirs, the sodium ions moving to the
cathodic reservoir will flow to the anodic reservoir and be transferred to the
concentrated salt stream through CEM of the anode side, lead to an increased salinity
in the concentrated stream. The salt of the diluted stream is gradually transferred to the
concentrated stream in whole desalination process driven by temperature difference.
The conductivities of salt feeds in stream 1 and 2 were separately recorded in real time
by two conductivity meters (eDAQ, EPU357). According to the salt concentration
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corresponding to each conductivity, the conversion relationship between the
conductivity and concentration of salt stream is obtained in the range of conductivity
before and after desalination, following by substituting the conductivity into the
conversion formula to obtain the corresponding salt concentration. The current and
voltage of desalination unit were monitored by an electrochemical workstation
(CHI760E, CH Instruments, Ins, USA) and a battery analyzer (Neware, BTS-4000)
respectively. The three streams were recirculated separately with three single-channel
peristaltic pumps (NKCP-S04B, B9M0815658). The compositional change of
electrolyte containing [Fe(CN)6]3-/[Fe(CN)6]4- during cell operation was determined by
detecting the absorption spectra of electrolyte before and after desalination with an
ultraviolet-visible spectrophotometer (SHIMADZU, UV-2600).
For continuous desalination test, the temperature difference between two sides of TEG
was set to 65 K of which the hot and cold side temperatures were 363 K and 298 K,
respectively. The initial salt concentration was 5000 ppm and the temperature are
maintained until the salt concentration in stream 2 was minimized with the limited salt
content. The electrolyte concentration was 20 mM. In the performance tests of
temperature change, the temperature differences were controlled at 20 K, 35 K, 50 K
and 65 K, respectively (hot side temperatures were separately 318 K, 333 K, 348 K,
363 K and cold side in each test was kept around 298 K). To further study the influence
of concentration in salt feeds and [Fe(CN)6]3-/4- electrolyte, the initial concentrations of
feeds and electrolyte were adjusted to 1000 ppm, 3000 ppm, 5000 ppm, 7000 ppm, and
5 mM, 10 mM, 20 mM, 40 mM, respectively.

2.4 Performance parameters of thermo driving desalination
In order to understand the related parameters more clearly, Figure 1 presents an energy
flow sketch during the redox flow desalination based on the temperature difference as
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driving force.

Figure 1. The energy flow sketch during the desalination driven by temperature
difference.

Parameters
𝑐0

initial concentration of salt stream (ppm)

Κ

thermal conductance (W K-1)

𝑐𝑡

final concentration of salt stream (ppm)

R

electrical resistance (Ω)

𝑉

volume of salt stream (mL)

A

cross-sectional area (m2)

𝑆

active area (cm2)

L

height (m)

𝑡

desalination time (s)

N

number of p-n couples in TEG

𝑇𝐻

hot side temperature (K)

ΔT

temperature difference (K)

𝑇𝐶

cold side temperature (K)

I

current (A)

𝑇

mean temperature (K)

U

voltage of desalination unit (V)

𝑧𝑇

average ZT value

MNaCl

molar mass of NaCl (58.44 g mol-1)

𝑄𝐻

input heat to hot side (W)

𝑄𝐶

removal heat from cold side (W)

𝑃𝑜𝑢𝑡

output electrical power (W)

p

p-type

𝛼

seebeck coefficient (V K-1)

n

n-type

𝜌

electrical resistivity (Ω m)

pn

p-n couple

𝜆

thermal conductivity (W m-1 K-1)

g

thermoelectric generator

Subscript

The salt removal rate (𝝂, μg cm-2 min-1) describes the average amount of salt removal
per unit time during the entire desalination process, which can be expressed by the
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following equation:[31, 32]
𝜈=

(𝑐0 ― 𝑐𝑡) × 𝑉

(1)

𝑆 × (𝑡 60)

Thermoelectric conversion efficiency (𝜼𝟏, %) is defined as follows:[33, 34]
𝜂1 =

𝑇𝐻 ― 𝑇𝐶 1 + 𝑧𝑇 ― 1
𝑇𝐻

(2)

𝑇𝐶

1 + 𝑧𝑇 + 𝑇
𝛼2𝑝𝑛

𝐻

×𝑇

𝑧𝑇 = 𝜌𝑝𝑛 × 𝜆𝑝𝑛

(3)

𝛼𝑝𝑛 = 𝛼𝑃 ― 𝛼𝑛

(4)

𝜌𝑝𝑛 = 𝜌𝑃 + 𝜌𝑛

(5)

𝜆𝑝𝑛 = 𝜆𝑃 + 𝜆𝑛

(6)

𝑇=

𝑇𝐻 + 𝑇𝐶

(7)

2

Since the temperature difference ranging from 20 K to 65 K is small, temperature
dependence of 𝛼, 𝜌 and 𝜆 are assumed to be linear for the tested temperature
interval.[35] In this case, the values of these quantities are taken at mean temperature.

Electricity utilization efficiency (𝜼𝟐, %) refers to the percentage of electrical energy
from TEG used for desalination, which can be obtained by following formulas:[36]
1

(8)

𝑄𝐶 = 𝛼𝑔𝐼𝑇𝐶 + Κ𝑔(𝑇𝐻 ― 𝑇𝐶) + 2𝐼2𝑅𝑔

1

(9)

𝛼𝑔 = 𝑁𝛼𝑝𝑛

(10)

𝑄𝐻 = 𝛼𝑔𝐼𝑇𝐻 + Κ𝑔(𝑇𝐻 ― 𝑇𝐶) ― 2𝐼2𝑅𝑔

Κ𝑔 = 𝑁Κ𝑝𝑛 = 𝑁(Κ𝑝 + Κ𝑛) = 𝑁

(

𝑅𝑔 = 𝑁𝑅𝑝𝑛 = 𝑁(𝑅𝑝 + 𝑅𝑛) = 𝑁

𝜆𝑝𝐴𝑝

(

𝐿𝑝
𝜌𝑝𝐿𝑝
𝐴𝑝

+
+

𝑃𝑜𝑢𝑡 = 𝑄𝐻 ― 𝑄𝐶
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𝜆𝑛𝐴𝑛

𝑁(𝜆𝑝 + 𝜆𝑛)𝐴𝑝𝑛

𝐿𝑛

)=

𝐿𝑝𝑛

𝜌𝑛𝐿𝑛

𝑁(𝜌𝑝 + 𝜌𝑛)𝐿𝑝𝑛

𝐴𝑛

)=

𝐴𝑝𝑛

(11)
(12)
(13)

𝑡

𝜂2 =

∫0𝑈𝐼𝑑𝑡
𝑡

∫0𝑃𝑜𝑢𝑡𝑑𝑡

× 100%

(14)

The physical parameters 𝛼, 𝜌, 𝜆 of p-type and n-type element under various test
temperatures are displayed in Table S1 in the Supporting Information.[37]

Thermoelectric utilization efficiency (𝜼, %) is the product of thermoelectric
conversion efficiency and electricity utilization efficiency:
𝜂 = 𝜂1 × 𝜂2

(15)

Heat consumption (EH, MJ mol-1) is an essential performance indicator to calculate
the thermal energy requirement for removing one mole of NaCl during the desalination
test, which can be obtained by the following equation:
𝑡

𝐸𝐻 =

∫0𝑄𝐻𝑑𝑡 × 𝑀𝑁𝑎𝐶𝑙
(𝑐0 ― 𝑐𝑡) × 𝑉

(16)

3. RESULTS AND DISCUSSION
3.1 The continuous desalination performance
Figure 2a shows the mechanism of redox flow desalination battery based on the
temperature difference as driving force, and the device photo and detailed components
are displayed in Figure S1 in the Supporting Information. The TEG consists of 7 pairs
of series connected p-n thermocouple. When the heater and air-cooling are started, a
temperature difference is formed between the hot and cold sides of TEG, generating an
electromotive force to power the desalination unit. The [Fe(CN)6]4- ions are oxidized at
anode by releasing electrons according to the equation (17), meanwhile, the released
electrons are captured by the [Fe(CN)6]3- ions in the cathodic reservoir through the
external circuit, resulting in the reduction of [Fe(CN)6]3- ions following the equation
(18). With the help of ion exchange membranes, sodium ions in stream 2 are captured
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by cathodic reservoir through the CEM at cathode side, and transported to anodic
reservoir due to the connection of cathodic and anodic reservoirs, then released into
stream 1 through the CEM at anode side, in order to maintain the ionic neutrality in
both salt streams and the electrolyte. Simultaneously, chloride ions in stream 2 will be
transported to stream 1 via the middle AEM. As a result, the salt in stream 1 is
concentrated while the concentration of stream 2 decreases, as observed in Figure 2b
which illustrates the variation in voltage and concentration of salt streams during the
desalination process when a temperature difference of 65 K between the hot and cold
sides of TEG is applied. The concentration in stream 2 decreased from the initial 5000
ppm to the final 344.3 ppm (93.1 % salt removal efficiency), yielding an average salt
removal rate of 8.8 μg∙cm-2∙min-1. Combining with the current change from the initial
1.30 mA to the final 0.06 mA as the black curve shown in Figure 2c, the thermoelectric
utilization efficiency (𝜂) can be calculated to be 3.0 % with a thermoelectric conversion
efficiency (𝜂1) of 3.5 % and a electricity utilization efficiency (𝜂2) of 85.4 %. It can be
observed from the slope of the concentration curves in Figure 2b and Figure S2 that
the instantaneous salt removal rate is decreasing with the progress of desalination,
because the reduced salt concentration in the diluted chamber increases the
resistance.[38-41] The red curve in Figure 2c demonstrates a rising instant heat
consumption due to a decreasing instantaneous rate of salt removal. The average heat
consumption of whole desalination process is 284.3 MJ∙mol-1, which is equivalent to
completely burning 13.5 kg of waste from forestry such as sawdust and leaves to
remove 1 mole of NaCl in saline water, given that the calorific value of wood is about
21 MJ∙kg-1.[42]
Anode：

[Fe(CN)6]4- → [Fe(CN)6]3- + e-

(17)

Cathode：

[Fe(CN)6]3- + e- → [Fe(CN)6]4-

(18)
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Figure 2. (a) The schematic diagram of the desalination system driven by temperature
difference. (b) The variation in voltage and concentration of salt streams, (c) electrical
current and instant heat consumption during the desalination process with the
temperature difference of 65 K applied.

3.2 Impact of temperature difference on the desalination performance
The operation of desalination unit is driven by the temperature difference of
thermoelectric unit. Thus, the temperature difference will have the great impact on the
desalination performance. Herein, various temperature differences such as 20 K, 35 K,
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50 K, and 65 K were tested. The changes of voltage and concentration of salt stream 2
are shown in Figure 3a. There is no obvious fluctuation in the voltage in each test,
confirming that the system is very stable and durable at a constant temperature
difference. But the voltage platform rises with the increase of temperature difference,
which is consistent with the open-circuit voltage formula,[43] 𝑉𝑜𝑐 = 𝛼 × 𝛥𝑇. The
overall salt concentration of stream 2 keeps decreasing owing to the capture of both
chloride ions and sodium ions by stream 1 reservoir and cathodic reservoir, respectively.
During the identical period, the higher the temperature difference, the greater is the
change in salt concentration, indicating a faster salt removal rate, as demonstrated in
Figure 3c. The detailed comparison between concentration variation of two salt streams
are displayed in Figure S3a and Table S2 in the Supporting Information. The rate of
salt concentration increase in stream 1 is experimentally close to the corresponding salt
decline in stream 2.[44] It can be observed from Figure 3b that the original current of
large temperature difference is higher on account of the higher voltage platform.
Among the tested samples, the initial current is the maximum up to 1.3 mA with the
temperature difference of 65 K while it is 0.64 mA at 20 K temperature difference. The
total thermoelectric utilization efficiency (𝜂) is obtained by multiplying the related
efficiencies of thermoelectric conversion efficiency (𝜂1) and electricity utilization
efficiency (𝜂2) in Figure S3, which reveals a growing trend in thermoelectric
conversion efficiency[45] and electricity utilization efficiency. By reason of the high
electromotive force at large temperature difference, Figure 3d exhibits a rising heat
consumption as the temperature difference increases. The corresponding thermoelectric
utilization efficiency is higher when consuming more heat under the condition of only
changing the temperature difference.
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Figure 3. Changes of voltage and concentration in the diluted salt stream (a), and the
corresponding current (b), the salt removal rate (c), and the heat consumption (d) under
the various temperature differences.

3.3 The effect from the initial concentration of salt feeds
Since the concentration of salt feeds will affect the resistance and performance of the
desalination device[46-50], it is necessary to investigate the influence from the initial
concentration of salt feeds. For different initial concentration of salt feeds, the same
concentration of NaCl is used as the conductive additive in electrolyte stream. Figure
4a depicts the changes of voltage and concentration of the diluted salt stream under the
various initial salt feeds concentrations. During the tests, the temperature difference is
equal to 65 K. As the initial concentration of salt feeds increases, the total resistance of
the desalination device becomes smaller, while the electromotive force at the same
temperature difference is maintained constant, thus the partial voltage inside the
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desalination unit drops. It can also be seen from Figure 4a that the mean slope of the
concentration curve in diluted stream rises with the increasing initial concentration of
salt feeds, indicating a faster average salt removal rate as shown in Figure 4c. The data
in Table S3 and Figure S4a further proves that the salt growth rate in stream 1 roughly
aligns with the salt removal rate in stream 2. Of the four tested samples, the initial
current at a salt concentration of 7000 ppm is the largest in light of its lowest resistance,
as observed in Figure 4b. The final current of all samples has dropped to approximate
zero, and the eventual concentration of salt in stream 2 is around 340 ppm, which
reaches the freshwater standard of 500 ppm. Figure 4d exhibits the variety in heat
consumption per mole of salt removal in the initial salt feeds concentration range of the
tested samples. As for the related efficiencies (𝜂, 𝜂1,𝜂2), it can be noticed from Figure
S4b-c that the thermoelectric utilization efficiency tends to decline slightly with the
increase of initial salt concentration because the low partial voltage on the device at
high salt concentration makes the drop of electricity utilization efficiency while the
thermoelectric conversion efficiency remains unchanged at the same temperature
difference. In addition, the desalination test of high-concentration salt feed with 14000
ppm was carried out. The variation in voltage, concentration of diluted stream, and
electrical current are demonstrated in Figure S5. It took 1935 minutes to reduce the salt
feed concentration from 14000 ppm to 500 ppm, resulting in an average salt removal
rate of 9.3 μg∙cm-2∙min-1. Based on the change curve of voltage and current, the
thermoelectric utilization efficiency and average heat consumption can be obtained,
which are 2.81 % and 268.0 MJ∙mol-1 respectively. Hence, the redox flow desalination
system based on the temperature difference is also suitable for the application in high
salt feed concentration.
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Figure 4. Changes of voltage and concentration of the diluted salt stream (a), and the
corresponding current (b), the average salt removal rate (c), and the heat consumption
(d) under different initial salt feeds concentrations.

3.4 The influence of electrolyte concentration
In order to study the influence of electrolyte concentration on the desalination behaviors,
four sets of different electrolyte concentration tests were performed, i.e. 5 mM, 10 mM,
20 mM, and 40 mM, respectively, as demonstrated in Figure 5. The concentrated
electrolyte can result in a slightly low voltage plateau and high initial current in
desalination unit because of the low resistance[51, 52]. It can be seen in Figure 5a that
the higher the electrolyte concentration is, the shorter the desalination time will be, thus
causing a quicker average salt removal rate, which is consistent with the results in
Figure 5c. In addition to the variety in the concentration of salt stream 2, the
corresponding change of salt stream 1 is also shown in Figure S6a. Moreover, Table
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S4 lists the average salt growth/removal rates in stream 1/2 at different electrolyte
concentrations. In the tested samples, the least thermal energy is consumed when 40
mM/40 mM [Fe(CN)6]3-/4- electrolyte applied, as demonstrated in Figure 5d,
corresponding to the greatest removal rate. Furthermore, Figure S6b-c in the
Supporting Information presents the related efficiencies (𝜂, 𝜂1,𝜂2). Except the same
thermoelectric conversion efficiency, both electricity utilization efficiency and
thermoelectric utilization efficiency get improved with the decrease of electrolyte
concentration. Taking into account the desalination performances under different
electrolyte concentrations, the [Fe(CN)6]3-/4- solution of 20 mM/20 mM was selected as
the redox electrolyte for the experiments in this work.
Therefore, under the condition of same temperature difference with different
concentration of salt feeds or electrolyte, the current loaded into the desalination unit
gets changed, causing a change in salt removal rate. As for the choice of redox couples,
both metal salt electrolytes such as Zn/ZnCl2 and non-metal organic electrolytes such
as TEMPO/TEMPO+ can be used in this thermo driving desalination system in principle,
because they can all transfer electrons under the power drive. However, due to the
excellent property of the rapid rate of electron transfer, ferri-/ferrocyanide redox couple
can lead to a very low overpotential and require ultra-low energy consumption.[16]
Hence, [Fe(CN)6]3-/4- is selected as the redox mediator in our study.
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Figure 5. Changes of voltage and concentration of the diluted salt stream (a), and the
corresponding current (b), average salt removal rate (c), and the heat consumption (d)
under different electrolyte concentrations.

3.5 Cyclic desalination test
The cyclability is an important indicator to evaluate this system. To confirm the
repeatability of the desalination process, four cyclic salt removal tests were conducted
at the lab scale tests by replacing the salt feeds only and keeping the electrolyte
unchanged. Figure 6a-b shows the change curves of voltage, salt streams concentration
and electrical current during the four cycles, respectively. The salt concentration in
diluted stream of each cycle is reduced from 5000 ppm to a freshwater baseline of 500
ppm. There are only negligible fluctuations in the corresponding curves during cycling,
which proves the cyclability and stability of the system at the lab scale tests. Besides,
the data of related desalination and thermoelectricity performance are summarized in
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Figure S7. In order to further determine the compositional change of the electrolyte
after cycling, the electrolytes before and after four cycles were detected by an
ultraviolet-visible spectrophotometer and the absorption spectra are displayed in
Figure S8. The position and intensity of the peak are basically remained, indicating no
change in composition. Moreover, there are two limitations in the redox flow
desalination on account of the use of redox electrolyte. One is the environmental
contamination of some redox electrolytes[53]. The other is the limited lifetime of ion
exchange membranes caused by the long-term contact with redox couples, resulting in
a need to replace the membranes regularly[53]. These problems may be further
improved by the development of membrane technology and the use of green electrolyte.

Figure 6. The variation of voltage, concentration of salt streams (a) during the four
cycles, and the corresponding current change (b) under a temperature difference of 65
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K.

4. CONCLUSIONS
In this work, a novel desalination system driven by temperature difference is put
forward which uses the temperature difference to drive the redox flow desalination
process. It is divided into two parts connected in series, one is a thermoelectric unit for
power supply, and the other is a desalination unit for redox reactions. Under a certain
temperature difference, the thermoelectric unit generates electromotive force and
supplies it to the desalination unit of which the redox couples undergo the oxidation
and reduction reactions with the movement of electrons, so that the ions in salt streams
are transferred through the ion exchange membranes to achieve the coupling
desalination. When a temperature difference of 65 K applied, the desalination system
based on the temperature difference as the driving force can continuously process 5000
ppm salt stream to 344.3 ppm with a heat consumption of 284.3 MJ mol-1, which
reaches a salt removal efficiency of 93.1 % and an average salt removal rate of 8.8 μg
cm-2 min-1. Further, the efficiency performance related to this system has also been
discussed in detail. Since the electrical driving force for desalination unit is generated
by temperature difference, we consider to obtain various desalination performance by
adjusting the temperature difference. In addition, the initial salt concentration and
electrolyte concentration have a certain influence on the resistance of desalination unit
and in turn affect the salt removal process. Therefore, the desired desalination effect
can be achieved by changing the concentration of salt feeds and electrolyte.
This novel desalination system driven by temperature difference provides a new energy
supply method for the electrochemical desalination with superior desalination
performance. Owing to various sources of thermal energy, such as solar heat,
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geothermal heat, waste heat, and combustion heat etc., the thermo driving desalination
system can be practically used in many ways. For example, freshwater can be obtained
to survive on natural scenes such as ships, islands, or ocean with temperature difference.
The freshwater resources can also be produced in rural areas where electricity and water
are lacking, and the waste heat from agriculture, forestry, or industry can be collected
to provide a driving force for desalination process. It is believed that this method will
be widely applied in the future desalination field with the development of efficient
thermoelectric conversion materials.
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Highlights:

The redox flow desalination is driven by the thermoelectric power instead of off-theshelf electricity.
The diluted water of 344.3 ppm can be obtained from initial 5000 ppm at 65 C
temperature difference.
The salt removal efficiency is up to 93.1 %.
The desalination performance can be controllable by adjusting the temperature
differences.
Simple to assemble and operate the system outdoors.

28 / 28

