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Abstract: In this study, we have developed cation-exchange membranes (CEMs) which can efficiently separate
heavy-metal ions among the cations contained in a water system. Sulfonated polyetheretherketone (SPEEK) was used as a
base polymer and a powdered chelating resin with strong binding ability to heavy-metal ions was added into it. In order to
optimize the performance of the CEM, the content of chelating resin powder and the ion exchange capacity of SPEEK have
been controlled. As a result, it was confirmed that the removal efficiency of heavy metal ion was improved by more than
20% by applying the CEM to membrane capacitive deionization (MCDI).

Keywords: Cation-exchange membranes, heavy-metal ions, sulfonated polyetheretherketone, chelating resin, mem-
brane capacitive deionization

.M B AE o, A7KE Ao} Wi HakE 7Rl ool A
SxHel A7oleEe FAEHEA FFo] o] Foiith

AD B R2Z 2 54 odd gg ZA7t "z} At 1 F A5 FH &l A ol=H qH= s
H1 glom o] sdaly] YA A AAH T B d ASo] d7lolEsel FH4E oleEs BHIA 55
(desalination) 7]%¢] 7futo] el =T Yk AE wiEst Ase ARAIT2-7). °lAH| CDl &
JFNME F734 % (capacitive deionization, CDI) A o] v st sEHEEe Hrt glo] A=
AL A oux AR B4 sEE I BAS w1 = AR 5 7] Wl $H= ek A 2
Atk CDI= tha4e] ©a=E o83l o A A =] WA ob A HsHAQ] FHoIH
92 olylete] 99140 o] &L Ao YA Mo T T [3-10]. &3 = £3f whgo] dojubA] S Hlals vk
NA AARE 71E0lt1-5]. &, Aol 29E okt A VAL 10~15 Vel AAS 7] wiEel] 54

f Corresponding author(e-mail: solar@smu.ac.kr, http://orcid.org/0000-0002-5210-785X)

129



130 Do-Hyeong Kim * Young-Eun Choi * Jin-Soo Park + Moon-Sung Kang

o] FAAANAY A £RFE 7|E] €F 3=
< W e e 7H A ok

27] CDI 34L& A=) BHaS AUd QA o
29 FRAEFS 7M7) A7 TA Aol Ui A
7} F2 F3YHAT11]. &, carbon powder, carbon cloth,
carbon felt, carbon nanotube % carbon aerogel 53 %
o wEHde] Ya A/ AEAl 5% T wa
47418 CDI 349 AF02 A§PoRH A3 §
2 s FATI7 A% A7F AFE AT 11-13].
AT B4 AR AFEE e 71F &l e ol
o] WA F2E Fof bulk &Nl S o] 250
&0 aE g vk =T
25 bulk gQog

oot Ol ool
ooft

= 4%401 °‘21E}[13] uheA
'H 7189 g 53 ol 2a
oS Agsh —} =714 ©-%(membrane capacitive
deionization, MCDI) &7g°] 71&= Stk MCDI 342

B4 Ao o]2AdE g AL e ol2udts

Ao 2N Yo o]2Eo] HdegHow #ef FF
22 Aox o]o] R A=ow A FFH
WAk wEel 71&9] CDI 34 tivl 24 &
g9 58S DAY 5 YT14-18],
2] o]2Eo] E3tEo] = dFellA 5Hol
Ao gdsh= CDI FA Uid A7t 3
W 9tk &, B4 o] YA og Ze
A o]t CDI A4 AFgo AN 3
25 ARHoFE AAL & AoH18-25]. °l& 9
54 o] gt e Fgo] wom 74 A3
°] S FAo 7hAo] A #gk o] 2w ghete] ko] g
THoh

B2 AFdMe A ol F 53 FE5 ol
FAstE7) £ ol wSS hEatla =3k ol
283 MCDI 349 249 Aol thaix A7stith
2 AxE AT 71A 1EAEE W 38 2 E8F
=7} $-4=3F sulfonated polyetheretherketone (SPEEK)
= AHgBtom old T oo AgHo] A3t A
#o]® A (chelating resin, CR)E WA £Z3}3l 2
7vatdth. ZHol8 TR+ vyt ol Aoy A
Fe 4G 7 e FAEN ISl ol wdhr
2] ¢} H]ﬂﬁ}ﬁg | FE&ol2d e oyt Yol
A =& e AFEe 7KL e Aot &

)

ox M i oy
o
ook rlr 4

gl

tlo rob il o ki

Ja e

mlo_&‘&

:.;’loﬁ,m‘l‘l‘l.ll‘}o
1o A

il

Wugel A 27 4@ A2 5, 2017

Fig. 1. Picture of the prepared CR-SPEEK composite cati-
on-exchange membrane.
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Fig. 2. Experimental setup for capacitive deionization tests.
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Fig. 3. Physical and electrochemical characteristics of
membranes : the changes in (a) IEC and water content; (b)
MER and conductivity by varying the CR contents.
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membranes : the changes in (a) IEC and water content; (b)
MER and conductivity by varying the sulfonation time.

(5 Wt%)-SPEEK ®H2.g¢le &¥3}
48 oYy Agvt Fshe
AFE Yepslen Aol 2.67-(@ 15 h) 3718

: S7HETE Tt ol o
7k olfre olendr]e IR o
& 7141 Q1go] AAA HE& ou|gt
=3 5 h o)} WA 7 Fig. 6(a)dll YEF
W ouke} o] gHgo] oF 35% oo F7ISHA H
Aot =, 5‘1}4 A A (free volume) E717F 0]
~7}/\]74 AR 7129 ol8L oFs}

_,d
ot olo
>
)
o
oﬁ
o & 2
mr‘

ft}o}ozl % o} PEEK®| A «E3}
WS AlIZE Bld 2edA F 15A1F AR FEE
th wEbA 15AIRE B9 &8 veS ARl 9F 25
wt% SPEEK ©] Q-] g9l Zgole] 25 1y

1-0

Myl A 27 A A2 3, 2017

3.0

Selectivity coefficient (KZZ) =2.808
25 ~

15F e
1.0} s

05 ) /"

[Fe*J/[Na'] in membrane phase

0.0 I 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

[Fe**V[Na'] in solution phase
(@

3.0
3 ././I\
A

€ 25k -\
2
S .\.
e
2
S 20}
>
=
=
- | |
[3] e
8 1.5
[}
]

1.0 ] ] ] 'l b ]

[} 5 10 15 20 25
Sulfonation time (hr)
(b)

Fig. 7. (a) Adsorption equilibrium of CR-SPEEK compo-
site membrane (5 wt% CR+SPEEK (15 hr)) in mixed sol-
utions of different ion concentration ratios and (b) changes
in ion selectivity coefficients by varying the sulfonation

3.3. CDI d=47}

Fig. 89l& AAY 204 NaCl¥ FeCLE £33t
FUFE 7ML CDI ASHZE & A3E JYeRS]
oh ARl e 899 AVAERe] WEteRY o]
o] T2 W o] 7 H O T US| o]2x AL 5
At & AEDsA 47 ol ARrETY
3¢} spectrophotometerS ©]-83] Na™ % Fe'* o] &<

=

A

ZHE] Na" & Fe* Oli AA &g
T 29 283 A4 At Fig. 99 Hlal =8
ot I A, g ASN AMEE o) 1o O]%ﬂ%‘l}%



Development and Application of Cation-exchange Membranes Including Chelating Resin for ~ 135

2000
1800 |-

—— Bare/bare
—— AMX/CMX

1600 p —— AMX/SPEEK-15 hr
AMX/5 wt% CR 11+SPEEK-15 hr

1400 |-
1200
1000
800
600
400 |
200 =4

Conductivity (uS cm™)

0

1800 2100 2400 2700 3000 3300 3600
Time (sec)

Fig. 8. Variations in solution conductivity during constant

voltage operation.

>,
oo
&
ol
o
offt
olrt
o
o
lo
i)
o
oX,
of
[o
i
fuj
=
3
ui
o 8 n o

o K
o ot -

Ko
2 OI%M%QE A48 A4 Wt F24
Fe''o] AA &&e) A FEE AT + AN

2 dFolxes Egstery Aol ¢
8 TEAQ PEEKE 7|4 EA=E o]&3}
3}

R AL I 2 ¢ 3
133 E

=

%

% x‘% Z Yol —er% 0] Q-1
S =M A7|A AHglo] gow FAld
| AAZAT} $-70 Fol 2 nBe
Matsluzl stk =3 Aoy 4|9 sk A o]
exm wEgxe] o]2udtgFo Aojg: T HF
o] M7igtetd B4 B & oAU S THAE 4
o] w3t Ax 2HE& =&stuA sy 1 2
3 Ao’ A9 HA FFE 5 wt%hZE A=A
I o)} S T S drgol Fhsk 1A
2 EA0] AstEal sl B AW M= Qlal
ol2HG Ago| Frtshe AHE QJB‘PR?\EP SPEEK
ol wEl XY AH$ ¢F 2 eq./g (sulfonation
time = 15 h)9] o] 2n38FS x% 7A4°1 o} &l
of tigh Aeld #HeA vtEAgEE g1 + AN
o A7) HH 204 Azd Ao’ FA7F A%
¥ SPEEK o] w3#HCR-SPEEK)S 74 &4

=)

Na ion removal effciency

90 . -
Fe ion removal effciency
I Total salt removal effciency

Salt removal efficiency (%)

Bare AMX AMX AMX
Bare CMX SPEEK-15 hr 5 wt% CR +
SPEEK-15 hr

Fig. 9. Comparison of salt removal efficiencies in various
cell configurations.

340 Agsla T3 ol U AA 58S 9
sttt 1 A3, SPEEK %ol w34 A3s MCDI
o] g &&o] ©@Ah AFT A wjET (CDI) ZA
FEEES I 7 Ao 53] Aoy FAE
R-SPEEK %ol w#uhg oj2AeFos
43 A 7t S35 ol FY AA 58S 2
A FENE F A5S AT

et

N
N
o
@)

zt Al
BRETAL AdI

=]
A E JZ}%T" A2 A A 7 /\P%‘(10047796)
FYHAFUT

Reference

1. H. Li and L. Zou, “lon-exchange membrane ca-
pacitive deionization: A new strategy for brackish
water desalination”, Desalination, 275, 62 (2011).

2. Y. Zhao, Y. Wang, R. Wang, Y. Wu, S. Xu, and
J. Wang, “Performance comparison and energy
consumption analysis of capacitive deionization
processes”, Desalination, 324, 127 (2013).

3. C. Huyskens, J. Helsen, and A. B. de Haan,
“Capacitive deionization for water treatment:
Screening of key performance parameters and com-
parison of performance for different ions”,
Desalination, 328, 8 (2013).

Membr. J. Vol. 27, No. 2, 2017



136

4.

10.

11.

12.

13.

14.

Do-Hyeong Kim * Young-Eun Choi * Jin-Soo Park + Moon-Sung Kang

Y. A. C. Jande and W. S. Kim, “Desalination us-
ing capacitive deionization at constant current”,
Desalination, 329, 29 (2013).

. R. Zhao, O. Satpradit, H. H. M. Rijnaarts, P. M.

Biesheuvel, and A. V. Wal, “Optimization of salt
adsorption rate in membrane -capacitive deion-
ization”, Water Res., 47, 1941 (2013).

. P. M. Biesheuvel, R. Zhao, S. Porada, and A. V.

Wal, “Theory of membrane capacitive deionization
including the effect of the electrode pore space”, J.
Colloid Interface Sci., 360, 239 (2011).

. Y.-J. Kim, J.-H. Kim, and J.-H. Choi, “Selective

removal of nitrate ions by controlling the applied
current in membrane capacitive deionization

(MCDI)”, J. Membr. Sci., 429, 52 (2013).

. S. Porada, M. Bryjak, A. V. Wal, and P. M.

Biesheuvel, “Effect of electrode thickness variation
on operation of capacitive deionization”, Electrochim.
Acta, 75, 148 (2012).

. H. Li, L. Zou, L. Pan, and Z. Sun, “Using gra-

phene nano-flakes as electrodes to remove ferric
ions by capacitive deionization”, Sep. Purif- Technol.,
75, 8 (2010).

T. J. Welgemoed and C. F. Schutte, “Capacitive
Deionization Technology: An alternative desalina-
tion solution”, Desalination, 183, 327 (2005).
C.-H. Hou and C.-Y. Hyang, “A comparative
study of electro sorption selectivity of ions by acti-
vated carbon electrodes in capacitive deionization”,
Desalination, 314, 124 (2013).

W. K. Son, T. I. Kim, H. J. Han, and K. S. Kang,
“The study of capacitive deionization technology
by the analysis of patents and papers”, Korean
Chem. Eng. Res., 49, 697 (2011).

K.-S. Shin, T.-W. Yi, J.-H. Cha, Y.-D. Lim, S.-K.
Park, K.-S. Kang, and E.-Y. Song, “The removal
characteristics of dissolved solid in wastewater dur-
ing a capacitive deionization process”, J. Korean
Soc. Water Wastewater, 28, 151 (2014).

Y.-J. Kim and J.-H. Choi, “Desalination of brack-
ish water by capacitive deionization system com-

bined with ion-exchange membrane”, Appl. Chem.

Myl A 27 A A2 3, 2017

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Eng., 21, 87 (2010).
J.-H. Cha, K.-S. Shin, J.-C. Lee, S.-K. Park, N.-S.
Park, and E.-Y. Song, “Feasibility study on double
path capacitive deionization process for advanced
wastewater treatment”, J. Kor. Soc. Environ. Eng.,
36, 295 (2014).

D.-J. Lee, M.-S. Kang, S.-H. Lee, and J.-S. Park,
“Application of capacitive deionization for de-
salination of mining water”, Membr. J., 17, 37
(2014).

J.-H. Choi, H.-J. Lee, and S.-M. Moon, “Effects of
Electrolytes on the transport phenomena in a cati-
on-exchange membrane”, J. Colloid Interface Sci.,
238, 188 (2001).

C. O. Park and J. W. Rhim, “Performance of ca-
pacitive deionization process using polyvinylidene
fluoride heterogeneous ion exchange membranes”,
Membr. J., 27, 84 (2017).

Y.-J. Kim and J.-H. Choi, “Enhanced desalination
efficiency in capacitive deionization with an
ion-selective membrane”, Sep. Purif. Technol., 71,
70 (2010).

Y.-J. Kim and J.-H. Choi, “Improvement of de-
salination efficiency in capacitive deionization us-
ing a carbon electrode coated with an ion-ex-
change polymer”, Water Res., 44, 990 (2010).
Y.-J. Kim and J.-H. Choi, “Selective removal of
nitrate ion using a novel composite carbon elec-
trode in capacitive deionization”, Water Res., 46,
6033 (2012).

P. Liang, L. Yuan, X. Yang, S. Zhou, and X.
Huang, “Coupling ion-exchangers with inexpensive
activated carbon fiber electrodes to enhance the
performance of capacitive deionization cells for do-
mestic wastewater desalination”, Water Res., 47,
2523 (2013).

E. Guler, W. V. Baak, M. Saakes,

Nijmeijer, “Monovalent-ion-selective

and K.
membranes
for reverse electrodialysis”, J. Membr. Sci., 455,
254 (2014).

G. M. Geise, D. R. Paul, and B. D. Freeman,

“Fundamental water and salt transport properties of



25.

Development and Application of Cation-exchange Membranes Including Chelating Resin for ~ 137

polymeric materials”, Prog. Polym. Sci., 39, 1
(2014).

J.-H. Choi and C.-M. Park, “Fabrication and elec-
trochemical characterization of ion-selective com-
posite carbon electrode coated with sulfonated
poly(ether ether ketone)”, Appl. Chem. Eng., 24,
247 (2013).

26. D.-H. Kim and M.-S. Kang, “Improvement of ca-

27.

pacitive deionization performance by coating qua-
ternized poly(phenylene oxide)”, Membr. J., 24,

332 (2014).
D.-H. Kim, J.-S. Park, and M.-S. Kang,
“Controlling water splitting characteristics of

anion-exchange membranes by coating imidazolium
polymer”, Membr. J., 25, 152 (2015).

Membr. J. Vol. 27, No. 2, 2017



