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KOH(,q) 30%

- Na* impurity: 1,000
~ 2,000 mg/L as
NaOH

KC',:aq] 30%

- 300,000 mg/L KCI

- ~4 M KCl

- Nat impurity: 1,000 ~
2,000 mg/L as NaCl

Figure 1. Schematic representation of electrolysis of 300 g/L of KCl

solution for manufacture of KOH in UNID company
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2.3 249 vlgd (Desalination Battery) 2 €d

°F 3.5M I g wo L9 daE w9t ] AT Vle=
2a WMEE A= 2 A5S &85 29 viEE A Aol uckH AT

T8 ARAE DS AR wite] SRe mEXNE &go] R
UFEE A deA Agstrlels A @A &k olE Hekstr] @)
T AAAIE A=l HlE AiH o fFo] 2 wWiEY A=
FFoZ AR g s AsjAeld g@ds starat shlvh ol
AAE 8 &F wWEHzE A5 NagwuMnO: & $F0%, ol
AAE S E & dA=0] 507 AREH AT

g4 wiEE AlAES 34 WES7] (Batch process)ellA %13

$om Figure 2 oA X ufe} o] 4 GAZ FA o] gt} WA

e
43 FAE F2H SFo] 5o A BAHH Na' o]} CI°

11



o A

25% AAS 50% AAE =

Astego] A%

X2 SYHFE

AfelMs FHa A Al £500 gA/em®7F AEEHUL DA 4

= 3t} Table

1 oA yebd nkel o] sljgre] 7Hg o] EAlgE Na' o]2o] b

of el ]l wol AAEGTt AT AIHES FEE At W

25%9F 50%2 ¢ AA EZE GASHA = Xl ol& sk a8

25%° A AA HEL W 47%, 50%9 2 AA HEEL u 57%9
& He agE oozl
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Concentrated
Solution

Step 4

Sea Water

a

Step 1

Desalination

O=Na'
@-cr

O = Other lons

Step 3

NMO A
©0
O®
O
Sea Water Step 2
Desalinated
Water

Figure 2. Schematic of operation of desalination battery system

(Pasta et al., 2012)
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ion
sea water (mg/L)
25% removal
(mg/L)
Hcas
50% removal
(mg/L)

Heso

Na*

11250
9840

47%
7860

57%

K-l-
450
430

<1%
390

<1%

1400
1130

Cal-i-

450
280

3%
180

3%

18500
14470

87%
11430

76%

control

Table 1. ICP—MS analysis of cations and anion in the discharging

solution and representation of coulombic efficiency (Pasta et al,

2012)
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2.4 Nao..MnOz A9 7+ 9 54

Nap44MnOs A=+ EZL 1971 d Parant et al.o] & H ¥ ict.

A GEAS AT 9 Nad H&S 0.2 ~ 1.0 7kA] ghks)

NaogsMnOgz A FH FF25 Zh=d o]& =22 AFEFS 9 Jahn—
teller distortion ©] dojdctty B v} glom Eu 8 Alo]F o]rfd

A= &5o] 50% ol #astea A4 Fx27F YA amorphous

AE7 Btk dE R (Caballero et al., 2002). wabA Na &gko]

ki

S5E AR FxY Aol "ojAa £EAdo]l X 7] ulTe
orthorhombic crystal structure APEAEA FRIjER) AF %) 9

Nao.MnOs & AFE-3F Na #lE]8] A7t o] Fo &t

Z AEEHE NagauMnO, =2l 14k Hk-g
AR 2 Fx W SAe B AFe o] dFo] ze A4 72Ut
Adgskm Na® o]9 Aol HAgst A7|E zZtethe Held AT
7} 7F Qlt} (Sauvage et al., 2007). ©] Ao d+= 14 HHe-2] =S
#HAgtel 7= 14 g5 T3 €AY NapasMnOz 3-%T 2] Mn:O3

ToEe WAS L, 1 A3 HCI= o] &3 Ao AaAds sl

Nao4sMnOs  HA=9  FZ+=  orthorhombic crystal  structure
AP A (BHidm%R) A Fx) 8k 98 A Qlth Figure 3 oA Hol+=
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olo

Hke} o] NaguMnO: =59 A4 Fxele Al M9 Na® o] ub

]

AlelE7k itk S A make] Pxeli Nal 3 Na2 AblE7 9

MA 2e FRel Nad Abl=7k gtk Ao g @ wf Na® o] e

=

olF ¢ 5 wet FHIva dex Qlrh. kA, Figure 4 ¢ PITT
(Potentiostatic Intermittent Titration Technique) 2 =3 A=+2] Na*

o]& ARl BA SHE o 5 Urk s YA web wshehi

)=

NaMnOz ¢] Na Hl&S ¥ W A5 0.44 oA A& Na A= 7|+

)
o
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&
(T
oo
ol
o,
N,
e

APO]EE F Nal ¥ Na2 Alo]|Ex 7198 oz N
Na3 AFo]Ex Hl7Fdz o7 nkg-3lo] Na Hl &S AR 0.22<x<0.66
Abolof| A wks-& 4 gty A9ty wEbd  NagasMnO, A4S

22 0.44 o dlE3stE Na vl S 5 0.22 739 Algst

[-421
|
4
o
£
>
Od

16



Figure 3. Orthorhombic Structure of Nap44sMnOs (Sauvage et a/, 2007)
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dQ (mA.h)

2 25 3

35

Potential (V vs. Na'/Na)

Figure 4. PITT curve of Nag4sMnOo

corresponding capacity curve (red solid line) (Sauvage et al, 2007)
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Al 37 A7 I

3.1 A= A=

3.1.1 Nag.44MnOz Powder

Naog4sMnOs (NMO) A=+ EZ-S 1 AANES (solid—state reaction) =
Z3 TdAAFAT.  (Lee et al.,, 2014) NaxCOs3(Aldrich) £+
Mn203(Aldrich) & Na/Mn & H]E& 0484:12 A& F &

w27 (ball miller) 2 23] LANTE AFAE Sv)sitt, AFAE

*ColA 5AIZF 7HEEth 7tE " AFAE Az B By B
71 271 900 °C oA 12A17F 7Fgstt. T e JtdSs AR &

o
4dE NMO

rlr
o

ol
o\
=i
Ry
=2
e
9
R
™
o
2
=
~
i
off
ol
i)
v
N
=l

60 ° CollAl 12A)1%F AzxH}.
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3.1.2 Nap.44MnO2 Electrode

NMO HFe =7 o4z w2S ARgs AZsAT NagaaMnOs
gE4-& carbon black (Timcal) 3 HF9IH (polytetrafluoroethylene,

PTFE) (Sigma Aldrich) ¢} 34 86:7:7¢ A=u|&E Attt o 7]

o gke (Aldrich) ¢F 1 mlE FH7FE e H=5S 58 7)o Yo
60 ° Colld 300 pgm FAZR HAIFS A X3t o] & AFS A
QB Yol oF 80 ° ColAl 12 A AFEAA ey =&

EN
(i

SEARIY. A7) ske Agel] ARGyl flE Ay 2EolM A

A=S 35 cm x 25 cm 3719 0.25 um FA EEFES 9
A H A S o] gsto] F2ekgltt
AZE NaguuMnO, A= oJu] Na' o] ¥&stal Sl dHoln=z

Scanning electron microscopy (SEM, FESEM, JEOL )¢} X-ray
diffraction (XRD, D8 Discover) & AF&3to] A xd d=9 EAS <o}

LR

20



10.0kv X1t WD 9.0mm 1um

Figure 5. Scanning electron microscopy (SEM) image of Nag44MnO»

electrode
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(2130)

Intensity / a.u
g :

20 / degree

Figure 6. X—ray diffraction (XRD) pattern of Nao.44MnO> electrode
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3.1.3 Silver Electrode

HeEld Na* AAZ 9% @9 wEE AxEeld NMO Aol A
Aoz & AL Agdar. rhbE A% 284 Ag

microparticle (5—8 pgm, Aldrich), carbon black (Timcal) Z18]3

Akele] (PTFE)E 8:1:1 A= Ao oa&S Hrbs| w=eiv

&

T 29 4F7IE ol gske] oF 200 pm FAR Az EEhE w9l

35cmx 2.5 cm A7|E 2 A AAZE 2SS T

=& NMO A== 9y Ag microparticle® WHE9S

£

Cl-
o]2& xghsta QA Gtk wEkA NMO d=3 2 4 AdHE
ot 771 feiA 3-d 5 AlAECA & davhe mE S8 AgClE
Eel £ Feoh ok & A= FH A NMO Ae A9
AodsoE SUSE AMESAa 7% ATFoZE Ag/AgCl (KCI

sat’ d)& AF&3stth 3— A+ A/ AES 0.5 M NaCl €44 10 mA
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3.2 A7) g Ao 4

3.2.1 €€ ¥igg A9 4

g wjElg] A|AEL 382 (batch process) WFS7|olA F=WhA
Hguict AS vy 2AEHSdY. WA Fd Al 0.1 M CaClg
gollo ] HAFS FAH3 H 4 M FHEL KCl g0 tha] 2o

A= AHEsEe 7 d=2 47|+ 3.5 cmx 2.5 cmE

-

T NMO d=0] 300 pm, A28 AAS] =H .3

X

2]

rir

el & A= FAE 200 pm, 183 =3
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(+) electrode (—) electrode

Nag 44sMnO, €<¥ ' Ag

Magnetic stirrer

Figure 7. Batch—type electrochemical cell comprised of Nag44MnO2

electrode as positive, Ag electrode as negative
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Spacer
NMO

Figure 8. Coin cell configuration for cyclic voltammetry, spacer: mdi

filter paper
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3.3 A48 =Y

3.3.1 BrFdt ol &AM NaoasMnO, =2 A4 43

A Aol WA o]le FmulE ¥

Fol 74 goled FEE w4

Fooh =9 d Al dF+E £4.375 mA

O
of

(0.5 mA/cm®)gom wjgg Ale]Ze] (WBCS3000, Wona tech),

g9 3 ol IEvtE Y (DX-120, DIONEX) & A3} th.

ARA 2o wEe AxE 29 F oA o] #RAGARTHORE
NMO AFe Aegs Lolugrh zmel I3 3, a¥w

AFo]AE 93] 1 M NaCl, KCI, CaCls, MgCly A3|d 3 —0.6 ~ 1.0

—

V (vs. Ag/AgCD WA FAF £5 1 mV/sZ A3, 244
o] Lo 3k NMO =9 Hk$-& xAsH7] 98 3 71| o] &wt Q&=
A A AMLeY 1 A AL/AF7] (PARSTAT 2273, Princeton
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Figure 9. Schematic of selective removal of Na® ion from industrial

low—grade KCI solution (300 g/L)

30



3.3.3 AAF Alo]Z AF

el wlEg AAEY £3AS (cyclability) ZAFE 98 FAHF
AtelE AEE At wFAGAF AP v R FZA A
A3t AdolE I F 77.875 mA (8.9 mA/ecm?) 9 wWE
Lol 1003 F-¢dS HAsilrh o o A Hel= 0 ~ 1.0
v o wlgg Alo]EEE (WSBC3000, Wona tech) Ea] A]A~E Q]

A%AQ Fud e e

-

31



=y

Al 477 A7 23 9 1

4.1 Nag.4aMnOs; AZ2] Natel o

o] &R A9 Na* F& W3}

ot

4.1.1 ©}°

Figure 9 (a)2} (b)+ Nap.44sMnOq

A5 Na® Aol Eef

s

ol

o]t}

LiCl

.z:l

Nao.44MnOs # =]

L —
T

1550l W g ol A

PN
= T 92

Figure 10 (a)°lA

K*, Mg,

Na® o]&o] Q¥ 1 s&7F F

o] 9] 9

A4, webd Na'

ojny
To
il

e

X
T

W% NapuMnOs; A=E& Na'© o] o

foiz
=

A

=
T

o]29]

e 2] Alag el Gl 3lo] A

Al o Bl
L = =

3

X1 e
Y

d

g o)A

_]

gl
=0

H

7HA

sk KCI

g ol

#

ofiy

=N =
==

fMoA Na®

KCl

e

B

o171 f1gkolth. 24 wiE g A

2T = =
T = 3z

=9

WA B ol

32



Al

A

Nao44sMnOy d=r0]

Fa

3
it

Figure 10 (b) oA

w2bA NagssMnOs A=o] Na' o] 2%

PN
T

sk
=

H19) A

E =
—=

o Wk Aol

—_L
=

33



(a)

35

30 A

Concentration (mM)

(b)

12

10 A

Concentration (mM)

25 A

20 A1

15 A

10 -

e ‘ ® ®
[} ' ®
L
[
.
® Na'
® K
& Mg2
® Ca’
T T T T
Ini 1 2 3
Cycle
® Na’ L)
® K
P Mgz’
® ca”
[ ]
[ ]
L
Y L ]
® 4 H
[ ] [ ]
T T T T
Ini 1 2 3
Cycle

Figure 10. (a) Selective Na* capturing in 30mM NaCl, KCl, MgCls,

CaCls followed by (b) selective Na* releasing in 0.1 M LiCl solution
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Figure 12. Concentration ratio of K™ and Na* for 3 cycles under (a)

0.6 mA/cm? and (b) 0.2 mA/cm?
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Figure 13. Concentration ratio of Na* for 3 cycles under 0.6 and 0.2

mA/cm? operations
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Initial 21.78 4118.3
1 21.24 4099.3
nd 17.07 4073.9
3rd 14.74 3994.6
Na* (mM) K" (mM)
Initial 18.59 4174.5
1 14.50 4204.7
ond 10.62 4152.8
3rd 7.56 4074.5

Table 2. Concentration of Na® and K* at initial stage and after

discharging step of each cycle
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Figure 14. The battery cell voltage (V) vs. charge (Q) of each
charging/discharging steps in each cycle at current density of (a) 0.2

mA/cm? and (b) 0.6 mA/cm?
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Figure 15. Charging and discharging capacity of desalination battery

system for 20 cycles in 4 M industrial KCI solution
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Figure 16. Schematic of continuous process of desalination battery

for selective extraction of Na* from industrial KCI solution
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Abstract

Potassium hydroxide, mass produced via electrolysis of KCI solution,
has been one of the most basic inorganic chemicals widely used in
various fields including manufacture of potassium chemicals,
medicines, and electronic devices and materials. Especially for
medicine and electronics use, impurities in KOH is required to be
very low because trace amount of impurities such as Na™ can effect

performance of electronic devices and components. Such demand led

to production of ‘electronics grade’ (EG) KOH which contains less

impurities than general KOH, and EG KOH 1is purified by
crystallization. However, crystallization requires Na® concentration
to be under 200 mg/kg while general KOH contains < 324 mM.
Therefore, it is inevitable to reduce the concentration of Na® prior to
crystallization. In this research, desalination battery, comprised of
Nao.44MnO2 and Ag electrodes, is tested for its selectivity towards
Na" and employed in KCI solution prior to electrolysis for selective
extraction of Na* impurities. Also, it is expected that enhancement of
the performance of desalination battery could enable production of
EG KOH after electrolysis without additional treatment. First,

selectivity  of  Nap44sMnO, electrode is investigated by
56



charging/discharging steps in solution of 30 mM of Na®, K, Mg?",
Ca®* each, and Na™ is selectively de/inserted. Such selectivity is also
indirectly studied by cyclic voltammetry. After the selectivity of
Nao.14MnOz3 electrode is confirmed, the desalination battery system is
employed in industrial KCl (low grade) solution provided by UNID

company, and selective decrease in Na® concentration is observed.

Key words: desalination battery, selective Na®™ extraction,

Nag.44aMnOo», high—purity potassium hydroxide

Student number: 2014—20577
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