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concentrations using capacitive deionization (CDI) (Anderson et al. 2010).
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Figure 2.6. The principle of a desalination battery (Pasta et al. 2012b).
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Table 2.1. lon concentration and Coulombic efficiencies for 25% and 50%

removal of NaCl (Pasta el al. 2012Db).

lon Na* K* Mg?* Ca? Cl SO4*
Sea water
11250 450 1400 450 18500 2750
(mg/L)
25% removal
9840 430 1130 280 14470 2750
(mg/L)
nNc, 25 47% <1% 9% 3% 87% control
50% removal
7860 390 860 180 11430 2750
(mg/L)
1Nc, 50 57% <1% 9% 3% 76% control
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Figure 2.7. Electrochemical stability range of water and redox potential for

electrode materials in Na ion batteries (Kim et al. 2014b).
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Waesatination = Wc/karge - Wdisc/éarge (2. 16)

Figure 2.7. (a) = Hl
Ehfar glom, of7]

Az =4 o Heolrk Aok
W =§ AVdq (2.17)

Figure 2.7. (b)) © NaMnsOp A= Ag A55 o] &3to] A a5
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Figure 2.8. (a) Typical cycle of battery cell potential (V) vs. charge (Q). (b)

Potential vs. charge plot from desalination test (actual seawater for 25% removal

of NaCl) (Pasta et al. 2012b).
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Sodium Manganese Oxide

+ + + oo F T

9900-]

o
e,e "

Anion Exchange Membrane

Porous Carbon Electrode
+ + + + + + +

O Na* O Cl

Figure 3.1. Schematic diagram of desalination via HCDI. The HCDI system
consists of an NMO (Nao44MnO>) electrode, anion exchange membrane, and
porous carbon electrode. When a cell voltage is applied between the NMO and
carbon electrodes, sodium ions are held by the chemical reaction in the NMO
electrode, whereas chloride ions are held in the electric double layers formed at

the surface of the porous carbon electrode.
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3.2. 243 =Y
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= ATl A ARRE AU ES (NMO, NaguMnOy) & 1173 w3
" (solid-state reaction) & ©]&3to] #Alzxskqlth. k&I (Mn0s)
EAMFEF (NaxCOs) 2 % HE 0484 : 1 (NaCOs : Mn;Os) 9 H] &=
Aol &= H, olF &Fviv 871 ol 7t ®elA 5000C 9 &7 *
AoA 5AIZHEE 7HEE Foh A" 4AE B de (ball-milling
machine) & ©]-§-sto] tA] 2 4lof & F, o]F 900°C o +7] %3]
A 12A17REE s o HFEA R Y AU ER dA
of thall XA 314 #247] (X-ray powder diffraction, D8 Discover, USA),
AR A (field-emission scanning microscope, JEOL, Japane) = &3
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Hoh gAY AU ESR == @48 = (MSP-20, Kansai Coke
and Chemicals, Japan) ¥ =FAZ o]g¥ 7L 2 (Super P, Timcal

graphite  and  carbon,  Switzerland), ®}QIG 2  o]€®  PTFE

(polytetrafluoroethylene, Sigma Aldrich, USA)E ol gte 7|RF S-Mef 7} 86:

7:7 9 A% v 4lo] Foh AxE Ll Feje] YolT 2 sjet
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Mlo
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2 pm, Hengiu technology Co., China) ¢} 7}&=&2 (Super P), PTEF & 7:
2:1 8 AFHRE Alo] Fo] olE & 7IVIE ol&ste F7 100 ~
120 ¢pm o] AE P A=Fo=2 Azt 72t Azxd A2 AF

Qe do] 60°C o 1243F FF Azt Aol deol Sl §E

AAS 3k
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323 A2 A7 EA =4 BA

AzE 2t A=) dlsl] potentiostat (PARSTAT 2273, Princeton Applied
Research, USA) ¢} #ullEjg] =2=77] (battery cycler, WBCS300, WonA
tech Co., Korea) & ©|&3to] 3 Ht-AFH (CV, cyclic voltammetry)

9} HHF S (galvanostatic charging/discharging) = E3f #7]3}3)
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%
alt
2
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guto gz = AESZ A v (cellulose nitrate membrane, Advanced
Microdevice, India) 5=+ F2]AF 2 (glass fiber membrane, Watman, USA)
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R =
|

5 Conductivity meter

|

Effluent

A

Influent Peristaltic pump

Figure 3.2. Schematic diagram of HCDI (NMO/AC) module for the desalination

performance test (1: graphite sheet current collector, 2: NMO electrode, 3: nylon

spacer, 4: anion exchange membrane, and 5: activated carbon electrode).
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Figure 3.3. Representative deionization performance of the HCDI system. (a) The
conductivity changes of the effluent during 3 cycles. The operation was carried
out in 10 mM NaCl (1.2 V for 15 min during the ion-capturing step, and -1.2 V

for 15 min during the ion-releasing step). (b) Current and voltage profiles during

operation.
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Figure 3.4. Deionization capacity and accumulated deionization rate of HCDI

during the third ion capturing step, represented as the mass of deionized ionic

charge (mg) per total mass of NMO and activated carbon electrodes (g).
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Figure 3.7. (a) Deionization capacity of HCDI at different voltage operations in
10 mM NacCl solution (0.8 to 1.2 V for 15 min during the ion capturing step, and
-0.8 Vto-1.2 V for 15 min during the ion releasing step). (b) Deionization capacity

and maximum deionization rate at different voltage operations.
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and -1.2 V for 15 min during the ion-releasing step).
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Table 3.1. Cation concentration and removal efficiency for initial and deionized

water (batch mode operation at 1.2 V for 15 min).

Cation Na* K*

Mg2+

Ca2+

Initial
concentration 97.85 0.18

(mM)

Treated water

concentration 48.38 0.14

(mM)

Removal
50.56 21.05
(%)

0.46

0.15

66.93

0.72

0.52

27.21
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Figure 3.9. Cyclic voltammetry (2 mV/s) for the: (a) NMO (Nao.44MnO-) electrode

and (b) activated carbon electrode (MSP-20) in 1 M NacCl.
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(a)

PDF 27-0750
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Figure 3.10. (a) XRD pattern of synthesized Nap.44MnO, with reference to JCPDS

(PDF 27-0750) data. (b) SEM image of Nag.4sMnOs..

64
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Figure 3.11. (a) Charge/discharge data (i = 0.5 mA/cm?) and (b) specific capacity
at different current densities of NMO/AC (MSP-20) and the symmetric activated

carbon (MSP-20) system in 1 M NaCl.
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Figure 3. 12.
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Figure 3.12. Cell charge and discharge capacity retention of an NMO/AC system
as a function of the cycle number (10 mA/cm? galvanostatic cycling with a

potential window of 0.0 V to 0.8 V).
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HCDI
(Hybrid Capacitive Deionization)

Porous Carbon Electrode

© © 00 0 0 ©

Figure 3.13. lllustration of desalination via Silver/Activated carbon hybrid

capacitive deionization (HCDI) system.
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Figure 3.14. Desalination performance of Ag/AC HCDI system. (a) The
conductivity changes of deionized water by applying a constant current operation.

(b) Voltage and current profiles during the operation.
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Figure 3.15. (a) Conductivity profiles at the various constant current operation of
HCDI with the cell voltage range between -0.6 and 1.2 V. ([NaCl]o = 10 mM. flow

rate: 2 mL/min). (b) CDI Ragone plot of HCDI system.
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Figure 3.16. Comparison of desalination performance in the membrane capacitive
deionization (MCDI) and hybrid capacitive deionization (HCDI) with a cell
voltage range between -0.6 and 1.2 V ([NaCl]o = 10 mM, flow rate: 2 mL/min):
(a) conductivity; (b) voltage profile during the constant current operation (current
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Figure 3.18. Galvanostatic charge/discharge curves in voltage range between 0
and 0.8 V for symmetric activated carbon electrode cell (black line) and

silver/activated carbon cell (two electrode system, current density: 1.25 mA/cm?).
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Figure 3.19. (a) The voltage profiles of the AC/AC full cell. (b) Potential changes
of each electrode in the three-electrode configuration during the galvanostatic

charge/discharge.
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Figure 3.20. (a) The voltage profiles of the Ag/AC full cell. (b) Potential changes
of each electrode in the three-electrode configuration during the galvanostatic

charge/discharge.
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Figure 3.21. lllustration of the potential changes of each electrode during
galvanostatic charging step: (a) symmetric activated carbon system; (b) battery

electrode/activated carbon system.
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B} FAdo] Wojxt} (Cho etal. 2015, Elimelech and Phillip 2011, Kim et
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Figure 4.1. The principle of a rocking chair desalination battery. In the charging

step, the cations in the negative compartment solution are captured by chemical

reaction with the negative electrode, whereas cations intercalated into the positive

electrode are released into the positive compartment solution. Anions in the

negative compartment solution pass through the anion exchange membrane by

diffusion. After exchange treated water to source water, the solutions are diluted

and concentrated by the reverse movement of ions during the discharging step.
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& n] 7 (field-emission scanning microscope, JEOL JSM 6700 F, Japan)

3} XA 314 (X-ray Diffraction, D8 Discover, USA) = &3l 2T 54
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4.23. ©9 A4ds 4

o2

AA2+E 2okl NaNiHCF (2.0 cm X 2.0cm, 2% 90 = 5mg) A=+
SO %, NaFeHCF (20cm x2.0cm, 2286 * 4mg) 52 550%

o] &5t HHAZE Elebg (74 0.2 mm, Sigma Aldrich, USA)
< ol&sts o, o7le AE YFH S d5S w4 HRJE (carbon paint,
DAG-T-502, TED PELLA, USA) & c°]g&3to] o Foth E5949
e g g9 F 7HA Zerel EF A= (NaNiHCF, NaFeHCF) ¥}
Sol2wske (AMX. ASTOM Co., Japan), 121l A ¥ o]4 (polyamide
woven spacer, 2.0 cm X 2.0 cm, +7: 0.6 mm) & FA o] it} L&

SolewstutS Afo] & ok gl (03mL) I = £ (03mL) 0 &

u

Ure] glom, wesl deE THe PTFE ROz TAst 3

S 3087 Q7bEl F9low, EEAY wiEE g9 AT AlAEHS
05 M 9] NaCl & 2 mA o FAFE Q17lste] 1083F = x4

(precharging) AlA 3l Th.

7] QEll, FHE FxoA FE35 AA sl (Eastsea, Sockcho, Gangwon

Province, Korea) & 5= o] &3ttt uiHz Ao dd2 Jd/F F



WA (105 mAIcm?) oA 1AIE (P AAE 40%) = 402 (9
AAE 25%) &< A7bste] APty FF5E&NH S8R A
T el 3gE w vA] sjirE wAlste] FAT & Al AHA
o] 9] Hu) AA &F& AHRY] H&, 47/ FHHE (£0.5 mAlcm?)
I A9 WS 005V~085V Ato] Ao AFRE 05MNaCl & ]
g3ato] SHSUTE T - A o] F wiglel o]0 FEE 7t §oA
100 pLE F=, ©lE& 1008 3]Aeto] o] AZmEIHI  (ion
chromatography, ICS-1100 and DX-120, DIONEX, USA) & o|&3lo] =743}

ATt

= AFeME B9 des A¥R7] S8 oluA &M (energy

o

consumption), ©]<& AA& (ion removal efficiency), 12|31 ZF =&
(Coulombic efficiency)S AlAtalgith. oA sv|Ee wigy 34%5

o] §3t] B AAEAS Wl F - WA TAFAA o)gH oA AL



Fol thea 2 AS ol g3l A

5% % 100 (4.2)

Ci

lon removal (%) =

it
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29
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FF 882 35 AF Uy o]0 AAE %E HH F= XE=Z
ey e Ao g AArE 9t
1.(%) = M x 100 (4. 3)

o717 z & o]&9 714, F = dlddlo] A (96485 C/mol), S& F

I FAA 2E F AekF (C) & HEhdh
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g BALe wjElg <3 =% 7] (WBCS3000, WonA Tech, Korea) = o] &

bl Z7gsretet,

ol

97



| Aion exchange membrane ‘
Mesh spacer

NaFeHCF electrode

NaNiHCF electrode

PTFE plate

S
S
L

Silicon rubber Silicon rubber

Figure 4.2. lllustration of rocking chair desalination battery.
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B ZAA o] g9 oy Au]:= Figure 4.3 (b) 914 A3 (C) o

Hl Ak (V) W3l 22 4 (4.1) & T3 7+ & At (Kimetal.

2015b, La Mantia et al. 2011, Pastaetal. 2012b). AIAFE o %] A B2 0.6
mL HE] & 725 m] 2, °olF 1m® HgFoE I A 2¥jEHE oY
A= 0.34 kWhim® = S = lch 7Agt FAelA] Wdos A Al
Elt Qb 7338} (voltage drop) + A=, o] w syl g0l g F o
2 Yehuy ol A=) Md, A3 14 9 Aol A2 o] 2uwgk

mo] AlE S om UE 4 98 Hog oA At}
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Figure 4.3. (a) The voltage profile with time during the charging/discharge steps

of a rocking chair desalination battery and (b) a voltage vs. charge plot during the

desalination cycle in actual seawater (current density: 0.5 mA/cm?).
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Table. 4.1. & 349} WElE 2HTAHL o] gat] AH Folo] T

AR oz WS & &7 wEoR® o7 Atk (Trécoli et al. 2015).
AL YHFoAA FHAHOE AAE Na o2 40% o,
azel Ay RopE o, Sl 71E 40%2] 9 AlA Al AREE oY
A= 0.34 KWh/m? o] ith o]2fdt oUX] 2H|&g2 [A7]F4E 0] 835
o] H]S=3k HX (600 mM NaCl) oA 40% A2 A AAE g Zn]
i

(F 6.4 kWhim?) ol B3] 5% HL9] ouixwto gy eedd = 9

= Aoty AlakE @ ag oA Fol e Solg AAT A
velhd 22 288 AArst Ay ZH7 83.5%9) 83.1% % UEFWLTH o]

T oAdukE el F44 g9 AelM dEhve 2% 28 (40%) o Hld

flo
+

2)o] ™ (Zhao et al. 2013b), tht}9] AF7F A3} o] 231 wk-S-

of o] &% &5 HERdTh
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Table 4.1. The various ion concentrations and ion removal efficiencies for

seawater and dilute solutions.

Na* K* Mg®®  Ca®*  CI” S04~

Seawater A77.5 10.8 58.9 11.1 5121 315
(mM)
Dilute

solution 291.5 04;9 56.7 94;8 31f'8 27.8

: + - + - - +

(charging, +8.6 04 +1.2 0.3 13.9 +£0.9
mM)
Dilute

. 283.1 1.3 10.2 310.1

.Solutlor.l 4 4 i615 T N 38.2

(discharging, 15.5 0.6 +1.8 0.3 156 12
mM)

Ion removal

(average, 190.2 9.7 2.7 1.2 199.7 3.5
mM)

fon removal 39.9 90.1 4.5 105  39.0 11.0

(average, %)
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tin] Aot ZHEZE YEhY, Table 4.2. &= AN 72 o] & &
T8} o] AAES Bl Frh 2 4L 53 9 25%E AANGS
] o] AB]= 014 kWh/m® o] glom, o=  dAF-ellA e
H 528k A8 (25%) olAC] ol AH] (0.29 kWh/m3) o H]3] Zxt
olat®E v Holdk &&S Ho] T (Pasta et al. 2012b). °]& 7]<&
e & Fgo] WA Alest o] o] AAHY Y, EEA

g MEd 29 a2 PAgET ofyet T

o2,
2

M= 2ol

104



(@) a

0.5 -

0.4 4

0.3 -

Voltage (V)

0.2 4

0.1 4

0.0 - T T T T
0 1000 2000 3000 4000

Time (s)

OF

0.5 1
0.4 | Area: 299 mJ

0.3

Voltage (V)

0.2

0.1 -

0.0

o 1 2 3 4 s
Chare (Q)
Figure 4.4. (a) The voltage profiles and (b) cell voltage vs. charge plot during the

desalination cycle in actual seawater at with a 25% removal of salt (current density:

0.5 mA/cm?)
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Table 4.2. The ion concentration of actual seawater and dilute solution (25%

removal).

Na*

K+

Mg?*

Ca*

Cr SOs*

Seawater
(mM)

Dilute
solution
(charging,
mM)

Dilute
solution
(dischargi
ng, mM)

lon
removal
(average,
mM)

lon
removal
(average,

%)

4775

358.7+1
8.4

360.0£2.

118.2

24.8

10.8

1.7+0

3.240

8.4

77.3

58.9

56.7+
15

56.1+
2.3

25

4.3

11.1

10.6+
0.1

10.5%
0.2

0.6

54

512.1 315

391.0+2 28.1%
7.1 0.5

390.2+4. 29.5+

121.6 2.8

23.8 8.7
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Figure 4.5. The voltage vs. time plot of the rocking chair desalination battery

within a voltage range of 0.05 to 0.85 V in a 0.5 M NaCl aqueous solution.
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Table 4.3. The ion concentration of source water and dilute solution (desalination

capacity test in 0.5 M NaCl solution).

Na* cl
Seawater 500.0 500.0
(mM)
Dilute solution 209.6+4.4 197.9+2.0
(charging, mM)
Dilute solution 198.3+3.3 198.2+4.7
(discharging, mM)
lon removal 296.1 302.0
(average, mM)
59.2 60.4

lon removal
(average, %)
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4.3.2. Azxd ZHANGEF 59 54
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Figure 4.6. The SEM images of (a) NaNiHCF particles and (b) NaFeHCF particles.
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Figure 4.7. The XRD patterns of NaNiHCF, NaFeHCF with reference to JCPDS
no. 73-0687 (FeFe(CN)g) data.
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Figure 4.8. The cyclic voltammetry curves of NaNiHCF and NaFeHCF electrodes

in 1 M of NaCl and an actual seawater electrolyte (scan rate: 2 mV/s).
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Abstract

Development of high performance
electrochemical desalination technologies

using battery materials

Seoul National University
School of Chemical and Biological Engineering
The Graduates School

Lee, Jachan

Increasing fresh water consumption is an important issue due to the rapid
population growth in the world, and it has led to a development of
desalination technology to avoid fresh water shortage in the near future.

Nowadays, the desalination technology based on thermal and membrane



process are widely used for converting salt water into fresh water.
However, those conventional technologies require high energy and
operation cost, and it is necessary to develop an alternative desalination
process that is economic and efficient. Recently, capacitive based
electrochemical desalination technology is considered as the promising
desalination processes because of its efficient energy consumption, high
volume reduction, and no additional treatment. In this study, I found
battery materials which can be used for desalination process and
proposed a novel capacitive based desalination technology. Firstly,
hybrid capacitive deionization (HCDI) was developed by combining
capacitive deionization with battery system using sodium manganese
oxide (Nao.4sMnO.) or silver electrode. Secondary, a rocking chair
desalination system was proposed using Prussian blue electrodes. The
desalination performance was evaluated by various factors (salt removal
capacity, coulombic efficiency, etc.), and compared to a typical
capacitive based desalination technologies. The principle of deionized
water were analyzed by the physical and electrochemical characteristics
of electrode materials. The performance of electrochemical desalination
technologies showed in this study exhibited large ion removal capacity

and were available to operate at various conditions. Furthermore, the



energy efficiency of these system is high because of the energy recovery
during discharging step, indicating that the technologies could be a
promising desalination system for salt water with optimization and

enhancement of the stability of battery materials.

Keywords: electrochemical desalination, capacitive deionization, hybrid
capacitive deionization, desalination battery, deionization capacity,

energy efficiency, sodium manganese oxide, silver, Prussian blue
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