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By the introduction of redox couples to flow capacitive deionization, the continuous desalination
processis achieved with a high salt removal rate and low energy consumption.

NagFe(CN)g] = Na'+Nas[Fe(CN)gl+e
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Abstract: Flow-electrode capacitive deionization (FCDI) isv@ew sustainable desalination
technology where continuous desalination can béeaell by the electrodialysis coupling
method. However, its development is hindered owdigh energy consumption and low
salt removal rate. Herein, by combining ferri-/teryanide redox couple with flow activated
carbon (AC)/carbon black (CB) slurry, continuousamation process is achieved with a
high salt removal rate of 1.3ig cm? s* and low energy consumption of 102.68 kJ that

the current density 2.38 mA ¢m(50 mA current for a 21 cfractive area). The operating

voltage plateau can be reduced to 0.69 V when 20 WEC/CB (mass ratio of 9:1) is mixed
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with 20 mM/20 mM ferri-/ferrocyanide as the floweetrodes, compared with more than 3 V
for only carbon flow or redox medium alone. Thelushces of carbon content and current
densities are further investigated to so that tedopmances can be controlled. This work
enables the development of energy-saving desalmaftstems by coupling FCDI with redox

desalination technique.

Keywords. Electrochemical desalination, Flow-electrode c#ipae deionization, activated

carbon/carbon black, redox desalination
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1. Introduction

With the increase in population, the scarcity ekfr water is becoming a serious problem([1].
Ocean is a huge water source and it is therefopenative to obtain freshwater from the sea
by some effective desalination methods. Reverseosisimand distillation are the matured
desalination technology. However, the desalinatignipment system is very complicated and
expensive. Capacitive deionization (CDI) is a wdli@v desalination technology without the
high pressure applied[2-5]. Its advantages inclidé energy-efficiency, cost-effectiveness,
and eco-friendliness[6, 7]. When an electricaldfied applied between the carbon electrodes,
the ions in the salt feed are adsorbed to purigwthter. Traditional CDI utilizes static carbon
material as electrodes with only limited salt remlogapacity of less than 20 mg',gand
regeneration has to be carried out after salt @lisor saturation [8, 9]. Therefore, flow-
electrode capacitive deionization (FCDI) has be#roduced and rapidly developed recently
[8, 10-13]. Compared with the traditional CDI teology, the electro-active flow with
suspended carbon-based materials such as actieatbdn, carbon nanotubes, or other
conductive agents in slurry form as flow electrodekances the electrochemical salt removal
capacity in FCDI [14-17]. Specifically, the suspeddcarbon black (CB) or activated carbon
(AC) slurry is allowed to flow in the two electroddreams, and the salt stream passed
through the middle compartment. This flow carbactbde-based CDI exhibits an unlimited
salt removal capacity. Other host materials like thdox couples can be introduced into the
carbon flow electrode to enhance the charge trahgmowell as conductivity. Ma et. al.
demonstrated the mixture for organic-based redoxpleointo 1 wt% activated carbon
electrode in an aqueous medium which enhances @i Besalination performance [18].
The aqueous hydroquinone/benzoquinone was chosttie asdox species for desalination at
the constant voltage mode. However, hydroquinongeazoquinone is dangerously toxic for

human. During the re-circulating redox reactioreitiderivatives such as halobenoquinones
3
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may be generated in the stream chlorination. Thialisalt feed with 2000 ppm was desalted
to 1000 ppm at the constant voltage of 1.2 V. Tyreegyistic effect between the carbon and
redox couple played a key role to enhance the iesi@n performance further. The removal
rate and energy consumption are two key parameteitse FCDI. In order to achieve low
energy consumption and high removal rate, we p@posombine ferri-/ferrocyanide redox
couple with AC/CB slurry as FCDI electrodes. Théae couple can enhance the charge
transfer between the flowing electrodes and curcehéctor. A low voltage plateau of 0.69 V
can be obtained in the combination of redox couples slurry-type electrode which flow
through the positive and negative stream by rasatmon process. As a results, a salt removal
rate of 1.31ug cm? s* and energy consumption of 102.68 kJ Thoan be obtained at the
current density 2.38 mA ¢m(50 mA current and 21 ciractive area) with the mixture of 10
wt% AC/CB (mass ratio of 9:1) and 20 mM/20 mM féfdarrocyanide as flow electrodes
during the continuous desalination process, whegegtateau of the operating voltage can be
maintained at 0.69 V, compared with more than 3it wnly carbon flow or redox medium
alone. The enhanced performance of the FCDI istduke synergetic effect of carbon flow
electrode and redox couple. We also found thatcthent of carbon electrodes greatly
affects the removal rate and energy consumptiors Wrk highlights a route towards fast
desalination with the reduced energy consumptiantive combination of redox couples and

carbon slurry, even under high current conditions.

2. Experimental section:

2.1 Materialsand cell design
The activated carbon (specific surface area: 130%.§", particle size: ~19m) was ordered

from Yihuan Carbon Co., Ltd., Fuzhou, China, andoa black (specific surface area: 190.2
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m? g*, particle size: 12im) from Alfa Aesar. KFe(CN) (99%) was purchased from Energy
Chemical, and gFe(CN) (=99.5%) from Macklin. NaCl (99.5%) was brought frédarich.

The cell of redox flow FCDWas fabricated according to the following architeetas shown

in Figure 1la and Figure S1: graphite paper (JINGNBOTE TAN, Beijing, 0.2 mm thickness)
as current collector | redox couples/carbon floancher || desalinated stream || brine stream ||
redox couples/carbon flow chamber | graphite papdéhe current collector. The symbols of |
and || detonate the compartment separation and raembrespectively. The carbon flow
chambers were made of acrylic plates (130 mm xmB80x 2 mm) with a snake flow path (7
cm length, 2 mm width and 2 mm depth). Each caftem chamber has 15 flow paths. The
active area is 21 chin totally. Two pieces of cation exchange membré@EM, Tokuyama,
Japan) are placed between the salt stream and oedban flow chamber at both sides. One
piece of anion exchange membrane (AEM, Tokuyamgan)ais located between brine and
desalination stream.

2.2 Electrochemical measurement and desalination tests

The electrochemical properties of redox couples mvaasured with a three-electrode cell by
cyclic voltammetry (CV) using an electrochemicalrisgiation (CHI760E, CH Instruments,
Ins, USA) in 0.5 M NaCl electrolyte containing 20Mi20 mM of KsFe(CN) and
K4Fe(CN). The working electrode was a glassy carbon eldetwith an exposed area with a
diameter of 3 mm, polished by the suspendegAin deionized water. Pt grid and standard
Ag/AgCIl are used as the counter and referenceretist respectively. The applied scan rate

was controlled at 5 mV-5with the working window range from -0.1 to 0.5 ¥.\Ag/AgCl.

The flow electrode material contains water withvitt0% AC/CB (mass ratio of 9:1) carbon
slurry and 20 mM/20 mM of e(CN)} and KiFe(CN). 9000 ppm of NaCl was added to the

above solution to enhance the conductivity, andtdie volume of solution is 160 ml. The
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whole mixture is allowed to stir for two days pritr the experiment. The desalination and
concentrate chambers (streams A and B) contairsahee concentration of NaCl with 9000
ppm in 80 mL initially. The desalination current sv@rovided by the battery analyzer
(Neware, Shenzhen, China) with a current of 10 3&mA, 50 mA, 70 mA or 90 mA at
ambient temperature. The system was also testédfiaiv electrode with amount of different
carbon slurry (i.e. 0, 1.11, 3.33, 5.56, 7.78 a@idM % AC/CB with mass ratio of 9:1). All
the water flow was pumped at the rate of 8.1 mI'mBefore desalination, the solutions were
kept under the flow condition for two hours withauty applied current. The variation of salt
concentrations in streams A and B were recordeddogluctivity meters (EPU357, EDAQ,

Australia).
2.3 Calculation Procedures

The salt removal rate (ASRR, ug cm2s™), which describes the desalination rate, can be

calculated by the equation 1 [19, 20].

&)
ASRR=-BL 1)

ell

WhereAc/At is the salt concentration change per secampih $%), V is the volume of the

salt stream (80 mL) andc is the cross-sectional area of the cell (2£)dmthis device.

Chargeefficiency (A, %) is defined as the percentage ratio of salbred to the applied

electrons, which can be determined by the followorghula:

_ ASRRXF
60x103xixM

2)(

Wherei is the current density (in mA ¢f3) and M is the molar mass of NaCl (58.44 g ol

F is Faraday constant.
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Energy consumption (E., kJ molé®) can be calculated as follows:

7 = 3. 6AL 3)

{(co ) V}

10° x o

WhereAE is the total energy consumption (Wh) during chreggg and ¢ are the initial and

final NaCl concentrations in ppm, respectively.

3. Results and discussion

3.1 The combination desalination mechanism of redox couples and carbon slurry

The schematic representation of the FCDI devigh@svn in Figure 1a. All the compartments
are made of acrylic plates. The two end plates &ithm thickness are fastened with screws
to compactly support the device to avoid the leakalhe thicknesses of the other flow
ccompartments are 2 mm. The flow slurry electraatesre-circulated using peristaltic pumps.
The flow electrode and the salt feed are reciredlandependently. A proposed combination
mechanism is schematically demonstrated in Figbrd for flow electrode with carbon only,

redox couples only and their synergetic combination

Figure 1b shows the desalination mechanism withhaambsorption. In the anode carbon
stream, the negative charged carbon releases e@noal¢o the current collector and a sodium
ion to the neighbor salt stream through CEM, inalihthe sodium ion are obtained from the
cathode stream. This process is exactly the sarmethe conventional FCDI or CDI. For the

case with only redox couple material in the floveattode, as displayed in Figure 1c, the
desalination mechanism is based on the couplingrelgsis owing to the redox reaction of
redox couples. On the surface of the anode curceliector, the oxidation reaction of

ferrocyanide occurs with the release of an electoathe outer circuit while the sodium ion is



152 transported to the neighbor salt stream througlCta®. At the cathode stream, ferricyanide
153 is reduced to ferrocyanide with the acceptance rofelectron from the outer circuit and

154 sodium ion moves to cathode from the neighborsiedam.

155 With the combination of redox couples and carborten in Figure 1d, the release of
156 electron and sodium ion will be greatly enhancedngwo the large active area from the
157 carbon and more reactive sites from the redox esuph the surface of carbon material,
158 especially with a high concentration of carbonrsiluburing the charge process, the slurry in
159 anode chamber is oxidized with the release of mlecind sodium ion as shown in equation

160 4-5.
Negative carbon (Na*) — Carbon + Na* + e~ 4)
Na,Fe(CN)g » NasFe(CN)g + Na* + e~ (5)

161 At the cathode side, the mixture electrode wasaeduy electrons from the outer circuit and

162 sodium ion is accepted via CEM as shown in equdi@n
Carbon + Na* + e~ - Negative carbon (Na%) (6)
Nas;Fe(CN)g + Na™ + e - NayFe(CN), (7

163 The ion movement in salt stream can be presentéullass:

N CEM o (8)
Na*(Stream A) — Positive stream

~ AEM (9)
Cl”(Stream B) — Stream B

CEM
Na*(Negative stream) — Stream B (10)

164 The three-electrode CV of ferricyanide/ferrocyangldisplayed in Figure S2. The electrolyte

165 was prepared with 20 mM/20 mM of ferri-/ferrocyamidith the addition of NaCl. A pair of
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redox peaks are observed, corresponding to thér@betransfer owing to the reduction and
oxidation reaction. The reduction peak at 0.2 \tesponds to [Fe(CH)* to [Fe(CN)]* and

the peak at 0.26 V was assigned to oxidation r@aciihe redox potential interval of 60 mV
indicates the excellent redox behavior, which Wil beneficial to lower down the energy

consumption during electrochemical desalinatior?3].-

(b)

Desalt

Con
Wav

() (d)

Nay[Fe(CN);) Na'+Nay[Fe(CN)sJ+e |

NayFa(CNY]

Con
HEL
Desalt

Na++Nag[Fe(CN)6]+e$

i

& & .I.'\"‘:"‘Na‘.r-d-a'- -
i e varsons 5 8
i € &% NagfFe(CN)] + Na* aFe =
G | e — P?—  al
§e+Nas[Fe(CN)s]+Na NalfeloNM 8 g. Na'_ Sy .ﬁ

Figure 1. (a) Schematic representations of the R The proposed mechanism of FCDI
with carbon material (b), the redox couple fererbcyanide (c), and the synergetic

combination of carbon and redox couples.

3.2 The enhanced desalination performance with redox couple and carbon slurry

To investigate the enhancement of desalinatioropednce by combining redox couples and
carbon slurry, we performed the comparison ded#bnaests using theedox couples or
carbon slurry, separately. The results are dematestiin Figure 2. The same current density

of 2.38 mA cm? is applied. The 9 wt% AC and 1 wt% CB are dispelise20 mM/20 mM

9
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ferri-/ferrocyanide as the flow electrode materiabr AC/CB or redox couples alone, the
operating voltage of more than 3 V can be obsereavever, the operating voltage is lower
down to 0.69 V with the combination of carbon sjuand redox couple, corresponding to the
lowest energy consumption among the tested sampkeshown in Figure 2b, the energy
consumption for the system with carbon slurry aosecouple is 410.26 kJ mbbr 356.18 kJ
mol ™ individually. However, the energy consumption drap 102.68 kJ mdifor the system
with a mixture of carbon slurry and redox couplaisTis attributed to the more reactive sites
of redox couple on the surface of carbon slurrye Tdleased electron from ferrocyanide at the
anode can be easily transferred to the outer tir@and accepted by the reduction of
ferricyanide at cathode chamber owing to the lagieve surface area of the used AC/CB. To
compare the electrochemical properties of carbomyslredox couples, or their combination,
we supplemented the tests of linear sweep voltamniesV). As shown in Figure S3, only
ohmic behavior is observed in the carbon flow etst. In the redox flow streams, the
limiting current can be observed from the redoxctiea of ferro/ferricyanide species.
However, the limiting current is enhanced with teembination of carbon slurry and redox
flow electrode compared with bare redox couplesawvbon slurry only. This may be due to
the more reaction sites of redox couples in théasarof carbon material. Thus, the LSV
electrochemical tests indicate the mixed signifeeaaf carbon slurry and redox couples in the
flow electrode chambers. Figure S4 shows the elelsémical impedance spectroscopy (EIS)
of the flow electrodes of carbon slurry, redox desp or their combination. The surface
resistance (Rs) between the electrode and eletratyonly redox couples is up to 113.7
ohms owing to the limited contact area on the serfaf graphite paper. In the carbon slurry,
the Rs value drops to 57.1 ohms. However, withcthrabination of carbon slurry and redox
couples, the Rs value is down to 48.4 ohms, ingigahe improved charge transfer kinetics.
The EIS results are consistent with the LSV dat&igure S3. In the current tests, the salt

10
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removal rate in the redox couples or the mixtureedbx couple and carbon slurry is slightly
higher than the one in carbon even at the samerdudensity. This may be due to the high
charge efficiency in redox couples owing to thecefiive electron and ion transfer. In the
long-term tests of the current system as showngarg S5, the batch cycling experiment was
carried out by topping up the salt feed without teplacement of electrode materials and
membranes. At the current density of 2.38 mA 8000 ppm feed salt was desalted to
approximate 650 ppm level during the four cyclebe Tong-term tests demonstrate the
excellent stability of the current desalinationteys, which will be applicable for multi-cycle
desalination.

The comparison of energy consumption and salt rammte were tabulated in Table S1,
together with results obtained from the literaturBse current study displays one of the best
performances with a high salt removal rate andwadaergy consumption compare to other
works. This high performance may be due to the awpd charge transfer kinetics and the

reduced interface resistance of the flow electtodeccelerate the transfer of ion and electron

in FCDI.
2k — .
(@ —— Carbon 3 (b)t_ 480+ 1.8 o~
5.0 —— Redox o ~
N ~ = b=
camnrres S o E Sl 3
> 25( - 112 8
= c o Py
2 l1ekg B g
[ L e
g 00F | £ E240 =
° S 7] o
& e 5 N\ {06 8
L B 8k o) o L NN
25 e 8 > 120 N\ g
>0, 100 200 300 400 ° w0 : .
Carbon Redox  Carbon+Redox

Time (min)
Figure 2. (a) The curves of charge voltage and the correipg variation of salt
concentration in carbon slurry, redox couples, #uedr mixture; (b) the corresponding energy

consumption and salt removal rate. The currentitler&s38 mA cnt.
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3.3 Theinfluence of desalination performance from carbon content

As discussed above, the carbon content in flowtelde can greatly affect the operating
voltage plateau. To investigate the influence ofboa content, the comparisons were
conducted with the various amount of AC/CB suclba%.11, 3.33, 5.56, 7.78 and 10 wt %.
The ratio of AC:CB = 9:1 is kept in all the testamples with the addition of the 20 mM/20
mM ferri-/ferrocyanide. The current density is 2138 cri”. When the carbon mass fraction
is larger than 10 %, the flow ability of the electe material is restricted, thus the maximum
carbon concentration is fixed at 10 % in this stuklgure 3a shows the voltage change during
desalination at various carbon content. The detaleltage and concentration change in
diluted and concentrated streams are displayedigaré S6. With the increase of carbon
content in electrode streams, the voltage decliwkgh further confirmed the explanation, i.e.
more reactive sites or contact opportunity betwesglox couples and carbon surface. At the
last stage, the voltage rises quite fast owindhéion depletion in the diluted channel. In all
the experiments, the voltage was cut off at a marinvalue of 5 V. The corresponding
energy consumption and salt removal rate are disglan Figure 3b. When a carbon content
of 10 wt % is applied, the energy consumption idoas as 102.68 kJ mdland the salt
removal is 1.31ug cm? s*. With the increase of carbon content, the saltoweh rate
increases firstly and then decreases. Among thedesmples, the best removal rate can be
obtained at 5.56 % carbon content as shown in &igbr The key point of FCDI device is the
smooth flow carbon slurry between the positive amebative electrodes. When we
disassembled the device after desalination congpletsome minor carbon slurry still
precipitates inside the path, which will cause pl¢ential variation. In the future study, we

will further optimize the design of snake path amake the carbon slurry flow smoothly.

12
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250 Time (min) Carbon content (wt%)

251 Figure 3. (a) The voltage curves with different carbon coh{@n 1.11, 3.33, 5.56, 7.78 and
252 10 wt %) and the corresponding variation of saltcastation; (b) the corresponding energy
253  consumption and the salt removal rate. The cudensity: 2.38 mA cffi

254

255 3.4 Desalination performance at various current densities

256 Further exploration was conducted on the influeoceurrent densities on the desalination
257 process, as shown in Figure 4. The mixture of 1% wiC/CB (mass ratio of 9:1) and 20
258 mM/20 mM ferri-/ferrocyanide was used as the fldac&odes. The current densities of 0.47,
259 1.42, 2.38, 3.33 and 4.28 mAchwere applied. Figure 4(a) demonstrates the variatof
260 voltage and salt content at current densities ffbd¥ to 4.28 mA cnf. With the rise of
261 current density, the voltage plateau increasedsggaged in Figure 4b and Figure S7 due to
262 the polarization. The salt removal rate dependshenapplied current density in Figure 4c.
263 The high current will drive the fast ion separatimovement in both salt feeds. The removal
264 rates in diluted channel is approximately equahtocapture rate in the concentrated reservoir.
265 The energy consumption can be calculated from thasored the potential, current density,
266 and removal rate. The energy consumption risesugtbdwith current density as shown in
267 Figure 4d. The major reason is the increase inabipgy voltage with applied current. As

268 shown in Figure 4d, in the 10 wt % carbon electspdee energy consumption is 52.22, 98.07,

13
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135.39, 160.21 kJ midlat the corresponding current densities of 1.428,23333 and 4.28

mAcm 2 respectively.

A comparison of literature on FCDI energy consuonui and removal rates is shown in
Table S1 and Figure S8. For FCDI with 10 wt% DAR@@ Noriactivated charcoal, the
energy consumption is 162.61 kJ mhalt a current of 1.818 mA ¢h{20]. Reducing the
current to 0.909 mA cihcan lower the energy consumption down to 35.7enkU*. On the
other work, the energy consumption of 126.4 kJ fnzn be achieved using 13 wt % YP-50F
activated carbon at the current of 3.0 mA<im FCDI [24].In the current work, the energy
consumption can be as low as 102.68 kJ'mdth 20 mM/20 mM ferri-/ferrocyanide and 10
wt% AC/CB (mass ratio of 9:1) at a current density2.38 mA cm? as shown in Figure 2.
The synergetic effect from the combination of redmxple and carbon slurry enables low
energy consumption and fast ion removal rate, agear in LSV (Figure S3) and EIS (Figure
S4). The results in this work demonstrate a feasitéthod to reduce the energy consumption
by the introduction of redox species. Currently are looking for other redox couples or

carbon material with the better desalination penfamce to replace the current ones.
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Potential (V)
Concentration (ppm)
Operating potential (V)

1 L 0 0
0 130 260 390 047 142 238 333 428
Time (min) Current density (mA cm?)
(c) _3 (d) <180
B Stream A

[ stream B

-
N
o

(o2}
o

Salt removal rate (ug cm? s™)
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0
047 142 238 333 428 047 142 238 333 428
Current density (mA cm?) Current density (mA cm?)

Figure 4. (a) Desalination performance, (b) operating voltagg, ASRR of brine and
desalinated streams and (d) energy consumptiora@us current densities for 10 wt%

carbon content.

Conclusion

In summary, the combination of ferri-/ferrocyanidedox couple and AC/CB slurry was
demonstrated as FCDI electrode to achieve a lowggremnsumption and high removal rate.
The salt removal rate of 1.3ig cm” s* can be obtained with 10 wt% carbon slurry and 20
mM/20 mM of ferri-/ferrocyanide while the energynsmmption is only 102.68 kJ niolThe
desalination performance of the electrode with coatiion of redox couple and carbon slurry
iIs much better than that of the individual compdsealone. The excellent desalination

performance is due to the synergetic effect frommdbmbination of redox couple and carbon
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slurry, which enables fast electron transfer amdnmvement as proved by LSV and EIS. In
addition, the desalination performance is affeddgdcarbon content and current densities.
Increasing the concentration of carbon slurry enbarsalt removal. The new system with the
combination of redox couple and carbon slurry pres# in this work will propel the

development of energy-saving FCDI system that chredresh water shortage.
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