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2 o B AFdAE T A2 "ol FAC A&sty] & 2E9F AHE ZElste] £E3} Poly(VDF-co-hexa-
fluoropropylene) copolymers (PVDF-co-HFP)S 34 3 F] A8 o) 9|3 ol wuto] A 2E Ut £Z3 PVDF (SPVDF)
£ Fourier-transform infrared (FT-IR), 'H Nuclear magnetic resonance ('H NMR)E %3] T2%2L 391, X-ray
Photoelectron Spectroscopy (XPS)E &3l 38tzAd] tat B2 E4& aith o A5 & 9 o|2us&F 7]
A-S ZA39 3. 60°Col A TATE £E3H5 SPVDF WE# 0] o] W E-&&F 0.89 meq/g, T 21.5%, A7|4E 3.70 Q
cem’Z 7HE AT 5 ol AA AL o 244 o] MH(MCDDLE A(0.9~1.5 V), F4(10~40 mL/min)<
W2 SPVDFE B9 SA4S E<lste MCDI 3740 A87bs o7 Hristdith. MCDI 534 A 23 Ao 29714
&2 62.5%°1 %t

Abstract: In this study, partially fluorinated cation exchange membranes were prepared by direct sulfonation of
Poly(VDF-co-hexafluoropropylene) copolymers (PVDF-co-HFP) followed by a casting method for application in the Membrane ca-
pacitive deionization (MCDI). The structure of sulfonated PVDF-co-HFP (SPVDF) was confirmed by Fourier-transform infrared
(FT-IR) and 'H Nuclear magnetic resonance ('H NMR) analysis. For quantitative analysis of the chemical composition, the X-ray
Photoelectron Spectroscopy (XPS) was used. The membrane properties such as water uptake, ion exchange capacity and electrical
resistance were measured. It was suggested that the optimum direct sulfonation condition of PVDF-co-HFP ion exchange mem-
branes was 60°C and 7 hours for temperature and duration of sulfonation, respectively. The water uptake of the SPVDF ion ex-
change membrane was 21.5%. The ion exchange capacity and electrical resistance were 0.89 meq/g and 3.70 Q - cm’, respectively.
It was investigated that if it is feasible to apply these membranes in MCDI at various cell potentials (0.9~1.5 V) and initial flow
rates (10~40 mL/min). In the MCDI process, the maximum salt removal rate was 62.5% in repeated absorption-desorption cycles.
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S WA HElA FE AVNART 5 oJLHER
o} o] 2ME s AU, A F=e oy e
o that AdAHH 44 EAS A o] 2udtto] 8
oo, webA o] LusuEAE BAASEH F
7 Casting8tA Y Spraying W02 o] A S 2zt
T 5 g#2ad5E Axste 7lese] dFHL U
MCDI &8AA 7]1E &3 = Fol2 a7l
Neosepta AMX (Astom Co., Japan)9} 9Fo]&u}dl
CMX (Astom Co., Japan)g &3t AF7F o] F017

3 loy A3t g2 avtolr] e sAH S F
7HAA AA4E7t olgl 2R CDl 349 AAES =
d F e 7Y ol2uEE AT F e ol
w#e A z7F 8T T5-8].

FAYE dEstes 2HE 1A 2ARe FE
PVDF (Polyvinylidene fluoride), PTFE (Polytetrafluoro-
ethylene) 5& FA 02 3 B4A 184 2471 F2
AHEE T Atk a4 PVDFE £ VIAA A=
(mechanical properties)®} 12| 3}3tEZ o Ok A &4
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Table 1. Direct Sulfonation Conditions of PVDF-co-HFP
by CSA

PVDF-co-HFP CSA Temp. Time

(2) mL) (O (b

3.0

5.0

SPVDF-1 20.0 50.0 45 7.0
9.0

11

3.0

5.0

SPVDF-2 20.0 50.0 60 7.0
9.0

11

0.5

1.0

1.5

2.0

SPVDEF-3 20.0 50.0 80

I d3 EAS Ztu glom, & =3 A3/ (Aging
resistnace) 573°] lolAl bt FofollA Bol &&
He B ASR dHA ok 28y PVDFE #5718
AT YllA Zha A gkof o] 259 AEA whg
o o F8&4L Foste Aol fﬂ‘?} A ATk
[10,11]. o]& 7WAdst7] 918t PVD Jﬂoﬂ iy 157]%*
E=Hsk7] gk thefst PVDF 44
TH12-14].

Das[14]8] o4 PVDF X+ Poly(VDF-co-hexa-
fluoropropylene) copolymers (PVDF-co-HFP)dl &3}
AQl Chlorosulfonic acid (CSA)E A}&3le] PVDF &+
ﬂ]o]] Z_]'Fl(j %L—‘EAL7]§ E0]6L0§M1 -é;—& O],Q_/\']E]J/H
< 7HE e Az £ESAE 228 9y
3t &Z3EE F43Y Direct methanol fuel cell
(DMFC)& & A %39t} Farrokhzad[15]= A% &
Z3} §-3A1Z1 PVDFS PVDFE £393te 2he Az
= @7]15@1( lectrodialysis) -89-S #| %39t}

2 AFNAE Das[14] 59 ¥l o} MCDI &4

o 7—‘3.%0}7] el 259 AzEE 2EEld #EIEE
Z4d % £#3} Poly(VDF-co-hexafluoropropylene) co-
polymers (PVDF-co-HFP) o] 3uhs sty %
3918 &9ith. £33 PVDF (]38t SPVDF2}F AgH<]
T2 o) 2AA EXNS B -4 "ol H]'HJ(MCDI)O
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2.1, A2k 9 =

AgdM= FA AAAZ  Poly(VDF-co-hexa-
fluoropropylene) copolymers (PVDF-co-HFP, Solef®
21216)5 T3t AHESIA A, EESIAE KANTOAR]
Chlorosulfonic acid (CSA; 98%)E A3t Samchun
ALl 1,2-Dichloroethane (DCE; 99%)%} SamchunA}2)]
Methanol> £E314H3- $x2] w2 A&ttt &
= SamchunAte] 1-Methyl-2-pyrrolidone (NMP; 99.5
%)M S ARE-sE T

2.2. PVDF £E3jgte

PVDF-co-HFP F3¢] «Z71E #4317 S8
Table 1] YERd ZAHZ PVDF-co-HFP powder®
Az 255 sty A sEINES AAEA
o}, ¥k$o] 945 5™ DCE, Methanol, D.I WaterZ
A AFsta BEZ AL tg 60°C 229 Hof 24
ANt B AxAA AH eESE BEEAS Fol

FAAE AzsAH

2.3. gol2umaet M=

Folzuguts Azl Hs) F43F SPVDFE
NMPOl 15 wt% &7} HE% 80°C stoll M &A%
th Az §9L Doctor bladeE ©]&3te] F7(100
um)E Z4d3}3 Auto film applicator P100 (Lab Q,
Korea)2 ©] €3] 10 mm/se] £ =2 Glass plate 9ol
Hz="stin. &

2.4, FxEHl
S Z3HSS B3 PVDF 4o €47 §AS &
2l8}7] 9J8ke] FTIR spectrum® 'H NMRS £413}53t}.
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FTIR spectrum 22 Shimatzu FTIR spectrometerE

o] .83t KBR ol 2] 4000-700 cm’ ol A]
Scan number 20, Resolution 4 cm'® ZA3t4th 'H
NMR< JoelAHe] JINM-AL400 NMR spectrometer (600
MHz)E ©]83}9°H, Deuterated dimethyl sulfoxide
(Ds-DMSO)E &S A&std ZAsAT 7IE=2
2 Tetra methyl silane (TMS)E AH&-3l%1Th.

%S 3 cm x 3
A & B9 g2 AR FAE AL,
60°Coll A 24413 A zste] 2 AATE 2he] F7

Wateruptake (%) L <100 @)
VVdry
A7l W= AxE oo FA, w,,e dx A %
o] Aot}
2.6. olensez £
SPVDF %kOl%ﬂﬁ&‘%@l ol L EFE S5
skl B& 1 M HCl &9 JAANA B571E H

#A Na' formili 7<] s & =xEy

A7} & 0.1 M NaOHZ HA3s}o] &

21 @) st o] wdgFe kY.
Vvworr < Crwonr

IEC(meq/g) = ‘TX 100 2)
ry

o] FA, Vyore &E"

A7l w,,e dxd
= AR%H NaOHY F=olth

NaOH®| 3, Cy, oy



2.7. MIIME 54

Az SPVDF ¥olendtute] M71A S 43}
913k HIOKIAMS] LCR meter (Model 3522-50)% ©]
23t 15 cm x 1.5 cmZ A3 22 0.5 M NaCl
SHo 24X 7+ HAA )L 2-compartment celldl] 1H
& 0.5 M NaCl 894& AdajH o2 3] S cellol
Aty A 3o AVIAE Fe AT T A 3)d

dgiste] e el A% e e,
ER(Q « em?)=(R,—R,) « A 3)

ANH RS ool AR Fo| AAAY B mE
sto] A257] Aol A7AY g, A% %o FLAA

ojth.

2.8. XPS &4

SPVDF ol stete] sistzAls g<laty] sl
X-ray photoelectron spectroscopys =4t HTh. AHE-gH
XPS+ Thermo ScientificA+2] MultiLab 2000 A|&©] T,
Source typee Al Ka (1486.6 €V), Spot size= 650
pum, Analyser modet= CAE, pass energy 100.0 eV,
Energy step size 1.000 eVo]t}.

2l < 271548 As A
of Agsda, x71ste A Nylon spacer, 2
Barrier, %oleustut, &= o= “_rL’H iRl
5% Z(Peristaltic pump
NaCl&--& Aol FF3t5th &=l 24 ﬁ%ﬂr
AFE 923 s50de dud=sd 7IEdsE
‘3}93\@ Potentiostat (WEIS 500, WonA Tech Corp.)
0}04 A=l AT AAE FFIA FEY
st GHAE Urtstd = WIE
= ZY7F 120, 18022 r&% A5 o),
NaCl¢] TDS (Total dissolved solids) con-
ductivity meter (iISTEK, EC-470L)Z o] &3}ofsle] =
AR 1 AHE 1% HH 22 Midi Logger GL220
(GraphTech)S ©]83t¥th do{%l Salt removal rate
(%)= 2 (6)°ll ofal Al4kst ST
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Fig. 2. FTIR spectra of PVDF-co-HFP and SPVDF.

Saltremoval rate (%) =

3.1. AH=Eslst PVDF-co-HFP Fx&0l

SPVDF o] 2uetete] =E3} whg-of i
9J3ke] FTIRZ 'H NMR 2FEHS 81¢l =t
Figs. 2, 39l YEhY Utk Fig. 2& At 2525 23}
of &¥Z3}5 SPVDF WHEH<IY FTIR Spectra® Fig. 2
oA B nle} 7o) 3450 cm H2ol A -SO:H71¢) OH
E439 =27 Yeda, 1395 em”' B2 1180 cm’ F2
oA S=09] A 2 v A= F 54927} Yehd
© 2108 Hol PVDF Ao £Z477F EHUSE
G o]59 EATaE BHATL 2 257} 37}
ol wheh 93 intensity”’t 7ok A OE Kol &ES)
B0l Azt 254 HEgite 23s g0
o 28y £33 d2Er) 80°ColME 2318 -OH
EA9 371 YA ke oled 992 Fig. 39 S.
Das[14]9} S. Neelakandan[15] 72 oA HE= npe}
Zo] PVDFel =419 €E4A77F A2 Ztadkes 4
09;] E.k]j,]f]_7]_ }@MQ;] OJ-_‘:_ 7-] oz /\].qugigcq
kA 2 A7 PVDF €23 HHE2 5= 80°C olst
2 Agste Zo] gt J&D}ﬂ?ir/‘r.

Fig. 4= SPVDFY £Z3T & AFHoZ I3l
98kl 243 'H NMR spectra® Fig. 401]*1 BE bl
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Fig. 3. A scheme of the formation of sulfone cross-hnks[12].
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Fig. 4. IHNMR spectra of SPVDF.

2ol & =2.8-3.0 ppm°lA PVDFS| CH, ¥ =7} YehY
1(4a), PVDF A4 UEh}A] $d SPVDF9 SOsH
E4 Chemical shift7}b ¢ = 6.2 ppmolA Uehta
ols 54 427} SE3} WL Tt sl w6
= 7.0 ppm Z2Z blue shiftsl= A O 2 Hol &£¥E3| 1l
= &<l ’5‘}"“} ik 80°Col| A ££313 SPVDFY &
A chemical shifte ~HEJA | YehA] ods Aoz
o} Fig. 394 gRlgk ute} Zo] &E4717189 7t
Aol o) Fa7t AEEHE ZoE AdHY B AT
o] A= H. Farrokhzad[15] Aol Bag wpe} 2ol
PVDF7} &3} §h3o] g w} €&V &
ste ghho] HFHE $49 6 = 62 ppmolA 5 =7
ppmC.Z o] 5 (Blue shift) Sttt Aot & YA3h= A
OF Hol B AFox FAT PVDFY &E3} ¥Hgo]
AP UG AFRFH AT

lo

3.2. XPS =M
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I
—[—C—CF CFa—cC
ZH Ty
P 0—s5—0 CFs

80000

70000+ Eis

¥ 5 8

60000

Iiteas i Gar)
&

g 8 4

50000~

40000~

Counts/s

30000+
460 °C,11h

20000~

10000+

T T T T
1000 800 600 400 200 0
Binding Energy (eV)

Fig. 5. XPS survey scan and S 2p of SPVDF with differ-
ent sulfonation time.

S s =Y L 2371 Fig. 59 YEbY 3l Fig.
5 £Z3E & XPS ~2HEY O Fig 594 Be
Hho} o] £E3S A7l 2HEY BT 169.0 eV 5
24 S 2p HA7F YEhE RS AT £ ATh
TAE £E3 HIAAE W 257} 45°CA A 60°CE
Z7Vste] wet S 2p 9= Intensity’} 718k A S
BT Table 2& SPVDFY sulfur %S Uehd A
O 2 Table 204 H& uko} o] 60°C, 7At &3}
H-S-A1Z1 SPVDF o] 2n 3 WHF el Sulfur &l
847%= 7M EA YERRT 28y 60°ColA 77
o]% &£E3} W$A7l SPVDF WEH Y sulfur 3
2 Sulfur 30| 0.69% H FolA&= Z 02 Hol g
A Adwgk vpel o] &E3) ghgAZte] gkl whe)

Al

Y €& 4RV tadkss oA I FE
7h WolAl s Ao E AIRHUCH ol HhEATt] F
7Vete] wel S 2p I A Intensity?] F7FEo] Wlsl=

A3k AR A%e ugn



Table 2. Elemental Atomic Percentages of SPVDF

43} Poly(vinylidene fluroide)(PVDF) %o]&x

gepe) 4 8 54 411

Batch No. Conditions Carbon (%) Oxygen (%) Sulfur (%)
SPVDF-1 45°C 7 hr 12.95 4.36
60°C 7 hr 28.22 8.47
SPVDEF-2
60°C 11 hr 23.47 7.78

0.9

—=— SPVDF-1
—e— SPVDF-2

0.8

0.7
0.6+

0.5

0] ===

IEC(meq/g)

0.3

0.2

0.1+

Sulfonation time(hr)

Fig. 6. Ion exchange capacity of the samples.

3.3. O|Zu 3L rE

xﬂ %3 SPVDF Oko]%ﬂ- nho] ol e ELTFS =7
9 o

g.
£3} Al{koﬂ w}% OI%E%L% ol Wals Jehd 19
2 Fig. 6914 HE Hie} o] £ES2E7} 60°C7HA
St wel &EsE Alzko] TAA o] n T
< F7h8lt fAaste 43S EYTh Fig 69 80°Ce
A 308 B EESES AR W Ho o] 2nEF
o] 0.65 meq/gOl I EESAZE] FIME we) o] &
wWeHgeFo] 7hadhe A BTk 45°CoA 9Nt B
Qb &&3}3t SPVDF WEHIY H¢ A o] 2udg
F2 0.70 meq/gol 2™ 60°CoH| A 7TAIZE &ESHESA|
Zl SPVDF #WEHIS 7 Ao o] 2u-&Fo] 0.89
meq/goIATh wWeEld olE AfZEE B AFA
60°Col A 7A7t &€Z3H-3AI1Z1 SPVDF #WE gl
o ZHA B wf £AT oz JhEsitt
3 AE S

7914 B vk} 2ol TAIZREA] A
SPVDFY| 488 Z7lsit gashe
o W32 %7} 45°Co A 60°CE 713t whe} S8
< 9 =4 Yehde A BYT. 60°ColAH TAIZE

40 ]|~ SPVDF-1
7| —*—SPVDF-2 et
18 -
16 e
o
3 1
2 124
8
S 104
Q
6
] \’\
N
24
o Stonation tme(hr) =
0 T T T T
2 4 6 8 10 12

Sulfonation time(hr)

Fig. 7. Water uptake of the samples.

“E313 SPVDF WEHRIY AS Hd F5&o
21.5%% S80] 25% CMX 483 93} n] %51
UE}E Aog Kol B oA d43 SPVDF |
B2yl 34 A& Al X¢AA A (Demension stabil-
ity)ol &&= g %o Wy 5 IZY A7 §ls
A Z ARHIT

3_4' XI_-|7|7H EA-I ‘='A-I
Fig 82 SPVDF ©o]2n ¥ #E#9 #7138 EA
= gAst7] ﬁo}@l 243 A71ASE el 232

F1g 8ol A 1 7d,

9 X*ﬂ?ﬂf%% P%%_E?Jr HEgA ko] F7hekel uret

SolA = AFgS BPoH 45°Col|A £E3}¢ SPVDF

olgwgutel F Ha AZAFL 407 Q- om’E

60°Col A 7AI17t ££33F SPVDF o] 2ugute] H4

ANAY 370 Q - em’2eh 9 B4 YEhyih. o

A A71A 0] 45°Col A 60°C, TA7IA Lx9F Azt

o] Z74gtol whel Yropx = olfe o] o2 uBEF

oA Awgh vpe} Zo] o]2wd WMHEH HAY

< 599 ol2ud #F7Y FaroleEe AT

BAE 7HA L 9o} WA 227} 718t

719 B9 7ol FUtet HVIAYE GopA =

2 ARHAY. =3 B AT A FAg SPVDF ©]
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40
| [~=—SPVDF-1 "
35| | —*— SPVDF-2 o

30

254

Electrical resistance( Qim’)

20

10 15 20
Sulfonation time(hr)

Electrical resistance(Q&im?)

Sulfonation time(hr)

Fig. 8. Electrical resistance of the samples.

W 3k x471 Ago]l CMX 383 2o A7|A 3 Bt
1.00 Q «cm® 9FF A4 YEhGE AL o] 2udhg39)
Zpo] 9l wko] FA ztolof ofgh ﬁsi A7) A ggko]
CMX &3} 93t & Ao|7h §le SR Kol & A
o4 60°C, 7A17t ¥4 SPVDF S
HAo zolgte As A & W AT F AT

]

3.5. 2ol MCDI 338 M8AIY

Fig. 9% SPVDF Ho] 494d tsA HA=2 4
of G Unit cel)oll HAS A7IE %Zd*—l
(Capacitive deionization desalination)’3
JERN AT, Fig. 9914 HE uje} ol
98 15 VE A7sEA oleg g;w;a % o
(Inverse potential) -1.5 V& 7}3}¢] o] 2
5ot B9 gH4H §& 13 EF(Total dissolved sol-
ids, TDS)®] 55 UEhd Ao= AZte] m& &4
°%¢ 55 WBERE ol &9 FA3} Y] spg o

A3 o] LWL & 4 Uitk B 4 (ol s

04 Ae 4 AALEL SPVDF-12 23.2%, SPVDF-2
< 62.5%, SPVDF-32 13.9%% o]2ndgo] F7}

o oo

Y
fr do & ot g ok

ol wel 27kl 4TS BYE ok W54 B
717} B YRR ol eERE folshi oM, FUR
GE7h 27k Hol dAARE) PHATL AR

o

43t SPVDF EtolA &
A8l 1.5 v A9E 180%
AE 120% < A7Fst &2 (Adsorption period)¥ &
2}717H(Desorption period) 3+l Wl E4=(Effluent flow)
of JAH FE(C/Co)E Fig. 109 HER AT Fig.
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o - g

500

400

300

SPVDF-3,

200 JSPVOF-1|

SPVDF-2

//

Effluent concentration(mg/L)

100

0 200 400 600 800 1000 1200 1400
Time(sec)
Fig. 9. Desalination performance of SPVDF based MCDI
process at an initial concentration of 250 mg/L, 10 mL/min
with applied voltage of 1.5 V.

25

Adsorption Desorption

N

20

& SPVDF-3 o
SPVDF-1 gﬁ\

0.5+
SPVDF-2

0.0

0 50 100 150 200 250 300
Time (sec)

Fig. 10. Relative concentration of the effluent during ad-
sorption and desorption period for SPVDF based MCDI
process at an initial concentration of 250 mg/L, 10 mL/min
with applied voltage of 1.5 V.

10914 BE ube} o),
AFo2RE 239 &
AT T AT ol gF4
Al ZF(Regeneration time)< Z7}A7] 1L,
W37 T o g AHREHUT

Fig. 112 A AYE -09, -1.2, -1.5 VE H3}A7]H
A ERAYEES AARE & Z2ETZEH Hﬂ%ﬁz
(Effluent flow)e] A&l F=(C/CH)E 1L =
A 2 Zo|t}. Fig. 11914 HE HEe} o] HA 97}
2852 Ay AUEEE 15, 17, 212 Z7heHs
AEgs BA. o8 dde dHAvt s E A
SAWAAN A7)Z A7I7d Stete] g3 ete o]
S g BH7AHY dgo] F74d7] wZolgtal A



AR eSS o FEE 43} Poly(vinylidene fluroide)(PVDF) %ol-2ndtete] ¢4 9 £4 413
2.2
2.2+ ; —=—10mL/min
—o0—-09V —o— 20mL/min
—o—-12V —s— 30mL/min
——-15V —— 40mL/min

0 20 40 60 80 1(‘)0 150 1;10
Time(sec)

Fig. 11. Relative concentration of the effluent during de-

sorption period for SPVDF-2 MCDI process at an initial

concentration of 250 mg/L, 10 mL/min with a variety of

reverse voltage.

94
Fig. 12+ 271%%< 10, 20, 30, 40 mL/min®.2
R A R I e P Bl s I

SHA 7] H A
= (Effluent flow)] A FE(C/CoHE YHEMH
Aoltt. Fig. 12014 K& uie} o] 27|f&o] 71
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Fig. 12. Relative concentration of the effluent during de-
sorption period for SPVDF-2 MCDI process at an initial
concentration of 250 mg/L, -1.5 V with different feed rate.
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