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o o ¥ 5 9 polydopamine (PDA) §3 X4 7H4, TH& W& SiO, %+ graphene oxideE &3+ 774
NAE Foam Eeute] A3 S M8kt B8 Sol2wgvte] WS polyethyleneimine, PDA, poly(vinylidene fluo-
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Abstract: This study presents the improved recovery efficiency of rare metal ions through the modified separation mem-
brane wettability and hydrogen ion permeation in the anion exchange membrane (AEM) under the recovery process of com-
bined electrodialysis and solvent extraction. Specifically, the wettability of the separator was enhanced by hydrophilic mod-
ification on one separator surface through polydopamine (PDA) and lipophilic modification on the other surface through
SiO, or graphene oxide (GO). In addition, the modified surface of AEM with polyethyleneimine (PEI), PDA, poly(vinyl-
idene fluoride) (PVDF), etc. reduces the water uptake and modify the pore structure for proton ions generation. The sup-
pressed transport resulted in the reduced hydrogen ion permeation. In the characterization, the surface morphology, chemical
properties and composition of membrane or AEM were analyzed with Scanning Electron Microscopy (SEM) and Fourier
Transform-Infrared Spectroscopy (FT-IR). Based on the analyses, improved extraction and stripping and hydrogen ion trans-
port inhibition were demonstrated for the copper ion recovery system.

Keywords: rare metal recovery, membrane, surface modification, electrodialysis, solvent extraction
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BTH1-4]. SEuvete] A, e a54d &
¢ =3(95% o), ol WE F5Ad £
2 A FE53ke 9ge] HA o AAI Qo #
w& 3E 53 4714 a5AY gRUE st

fEHQ 54 IgT|eEs EulFZ(solvent
extraction)®} 7] FX(electrodialysis)©]  TH15,16].
BiFEE ME 4olA e F Y 3FEo] EX
Aol AEA e e T80 o8] dgF o
2 galH EEEe s o), ol T B2
F2o| o|FA L JUu15]. 1Y SHjFE
A0 3l A, T FEA ARES
71, AAA Z&ol A FTH17,18]. A71FAL
H o] AA7A QYEe FFHOE 7} o]& o]
3ol 2n % (cation exchange membrane, CEM)
=°]x %"} (anion exchange membrane, AEM))2.
Lttty A7 FAL a&H oy, A7l ol
ol BT AgsEE EX F&olol gk A
A 3= 9 357t oga, F
=(concentration polarization)ol| 2|3+ E-&A 317} W
A3+ 19,20].

olfg wAEE W] i, SuiFEH HF
e 8 2% IF IARNFH/LMFE §8F
Aol At ATH21-26]. A7 FA/EwFE §FEH
2 5ol 23HAEM) E A ABHRI(liquid mem-
brane) & ©]-&3H A7|FA O EA FEUFEH(feed &
Hyoll FHrH w&olo] oS A ¥ F=
A7} E£3E liquid membranes FH3l, © 7 (strip) &
Ho g FFHE FAE X33 B §HTAHL 7E
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liquid membranes T¥3ste &9 A
X711, liquid membrane W 412} 2
s G gAT F Uk =3, FEAE F
w&olo] g HeAd Zejvt 7hssl, olol tE w

Il A

& AR olojxn27].
ATl A= liquid membrane®] polyethylene (PE)
I ol wEhte] 9 NS Tl a0l

i=}
22 NSLA B WA Lele wAe ¥

M
4 & orfe
=

2] =39 (polydopamine, PDA)F T2 Y A7} ¢
ZHnano silica particle, NSP) % 12j¥ ZAlo]=
(graphene oxide, GO) T2.2[28] YA XFA,

o

21 M= 3 Alek

H,S0, (99%, DUKSAN), H;PO4 (85%, DAEJUNG),
KMnO; (99.3%, DAEJUNG), <1 DAEJUNG), H,0,
(30%, SAMCHUN)E A}&-3ll graphene oxide (GO)E
43 3FHTE Methanol (99.8%, DAEJUNG), tris buffer
(99.8%, HANLAB), dopamine hydrochloride (98%,
Sigma-Aldrich)E A3l PDAE &4, polyethylene
(PE) M4 B9t I8 233154, Tetrahydrofuran
(THF, 99.5%, SAMCHUN), SiO, (99.8%, Sigma-Aldrich),
SYLGARD 184 (A/B, DOW CORNING)Z AM&-3f &H
NEE PE Zel9S S8R, ol AEM)
< N-methyl-2-pyrrolidone (NMP, 99.5%, DAEJUNG),
PANI (emeraldine base, Alfa Aesar), PVDF (M.W.
534,000, Sigma-Aldrich), PEI (99%, Alfa Aesar)E A}
&3 A B skt

22 =22|%/AEMe| JHE % g
221, 22/ate| J4A
= A7} YAKnano silica particle, NSP)<]
2o 2H )

THFO NSPZ | wt% TEE A7} & 2239 Ag
£ 53] EAAHTE o] £ PDMS elastomer
(SYLGARD 184 A)E 9ol S, 1413 <t uvta
z259 A APt v Ak 4 FH &
Ao 7A3A(SYLGARD 184 B)S PDMS thHl 10
wt% FEE H7F 9 ate] Alzsdoh ol £
(polyethylene, PE)S] %W 71dS 93l U= A7}
U7AE 23 FHSIATE o] F 60°C 2204 1247
=0l A EE 5o HZH o2 NSPE ¥ FEE 2

2ehE Alztskaith
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- Graphene oxide (GO)Y &4 2 #&9 &4 N4:

graphene oxide (GO)= Hummer’s method& ©]-83l,
oS3 zro] FAHATH29-31]. HH,S04)F Q4+
(H;PO,) EF-2(9:1 viv) 400 mL7} S0lgle Zeha
3] & 3 g FPIHE ZEXKMnO,s) 18 g= A7t
3, 89 25F 50°CE fFASHHEA whh 4kt 5
(graphite oxide)& AZ3At}. o], 45} FA §A4&
Ao g Y7k 3 dFo] Bl viAd &1 ¥, H4kst
TAH0,)E &H49] Ao Yrobd wj742] A2 wykst
SO ERE 43 SHS e

5

=
2 ZdHd & 78%03'—01]/‘1 2407t Bt A=x3) Abst
o o

AZtE GO E4tHo| PDMSE Y1 FE3] nHES,
AAE Y3 F7F2 wikE] GO/PDMS ZHE £9&
A zsAdch A zE GO/PDMS ZH Y-S PE E|gto
23 FHE Q EoA 1243t 5t A2 IA-E(60°C)
st} HFHoE GO EH MNAH Eeue Asdh

- polydopamine (PDA)S| #&|% &H 7J4:

SHFFY WEES 111 FTEE g S tris
buffer(10 mM)E 92 & SH49] pHE 852 T
°]%, PDAQ2 g/L) A7AE &l 71 5 51 wuta]
8§48 FHsth PDAY B IZHE 93, &

He FEute 94 9 ZW TS JY F, 60°C 7
FoBA Azxs), HEZoE ppDA ¥ HEE Ee
oS A=k

222 SO|2WEEHAEM)S| 7HZE 2 T

- PEI-PDA 7|4t AEM 714:

Z55l Tris buffers 10 mM 552 9
2 ARESlY S 9] pHE 852 H AT

o PEI (0.1 g/L)2} PDA (2 g/L)E Y FE3)
o] PEI-PDA FH £9& A|Z3t} PEI-PDA =
Hof Fo]& Iﬂ_ﬂ”‘(AEM)O ol wukstm, 447
o+ A3} FEZ AEM ERil
HAZ

rlo

lo
£ offf oo O 12 dot
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=
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—D‘ —,—AOE
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- PEI-PDA/PVDF 7|4} AEM 7] 4:
NMP9| PVDFE 5 wt% 2 goj& H, 23] 35
TE 4AZT 59t wikste] I8 898 A 2J A%

mugel A 32 B A6 3, 2022

FElo] AEMS 1A% H, 99 I8 &4& Agatd]
150 RPM2.Z 10%, 1,000 RPMS.Z 120% B9 ~¥H
T8-S &gt 60°C FF2Eo0A 1247 &< 1
gt} ©]% PVDF7} Z®¥ AEMO| PEI-PDAE
3}

“

o PNP
B

&

- PANI-PVDF 7|4t AEM A2}

PVDF 6.3036 g& NMP 41 mLo| &3]3 & 243t
59F wHk3ITE PANI 1.5759 g2 NMP 10 mLol| £-3f
ia _t;; 308 59 —m]-tsh:]. PANI _Q_oﬂ S PVDF _Q_oﬂoﬂ
AHs AHrpsk 5, wwk ¥ 2359 A2 & 2F A
oA 1241t F9F WAt 4 &HE A xgT) o
¥, 800 pm FAZ 3 &A= 7|23k, 80°CA
2417 59 Ax3 AEMES AZL gAdgi)

ol

23 2% B4
24 A AEEe 15 x 15 (mm?) 72 A=Y
=, B4 A M) 24U 344 Fs]

$3ll Field Emission Scanning Electron Microscope
(FE-SEM, HITACH, S-4800)2 Abgs] 43191
FT-IR (FT-IR spectrometer, JASCO, FT/IR-4600)< A}
ol HE=e gty 25 Felsiith

A AL 579 FHoE FAE lor ;HOH@ feed
£ liquid membrane, strip &0] Z} FYo EA)gk
o 2+ A3 & (Anode 73] (anolyte)¥} Cathode 73l
Z(catholyte))> AEMS 53 EZ]5o] i, feed &
A liquid membrane, strip €42 T34 PE E2]9&
ol 7, EeHe] Aok vEA B olvA &
SHo|a g AR HjgoZ B, AlA, ouA] A%
T ThFe Foboll A #Als W QlTH32,33]. Z47]E/H
Aol o Bolle T8 A% &FvlE AFe] da, A
YA(DC, Fug, M)E A7FE g3t 1714 :rLEEﬂ 2
ot A7 F4e A
B¢ AYstH o, 1A THHSE feed 4"10“4 strip
|9E 1 mLY F=3) 55 s 245
Anode 73| (anolyte), cathode 7132 (catholyte),
feed €9, strip N3} liquid membrane?] 142 o}z
Table 13} 2Tt
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Table 1. Composition of Each Solution in The Electrodialysis Cell

Solution

Composition

Anolyte
Feed solution
Strip solution, catholyte

Liquid membrane

0.1 M Na,SO4 in 1 mM H,SO4 aqueous solution
0.1 M CuSO; in 1 mM H,SO4 aqueous solution

2 M H,SO, aqueous solution
1 M LIX 84-1 in octanone

()

© : Metal cation

Electrolyte AEM Feed

Strip AEM Electrolyte

solution membrane solution

Scheme 1. Schematic illustration of electrodialysis/solvent extraction cell.

Anode 73] &(anolyte)> 1 mM 3HHH,S0,) 8
o 0.1 M I EFNaS0,)S 7kl Alskd L
cathode Z13]&(catholyte)d} strip &4 27 2 M Q‘
AHH,S04) 8-S 71ubs) A28 feed &4
mM F4HH,S04) &l 0.1 Me| H4F :rLE](CuSO4)
£ H7F AASEY A, liquid membranes octanone ]|
1 M9] LIX 84-15 Hof A=x3Ach =% IS Al
Zroll whet feed &N strip YL FE3 F UV-vis
334G EA(UV-vis spectrometer, JASCO, V-730)5 At

, 7% 899 FAEE A F=2-84 2&S
RIS TH34]. F40l A% anolyteoll A FF40]
5ol & pH W3lE St gl o1& 2Ish
kol W} anolytes FE3% 5 pH I 51E AR-g-3tod
ol AAlTE st

o

o

|
Al
anolyte®] pHE A3l T4

izt

a

b=

3. 21

1. WA= 2ajgto| o 2A

MAHE E29HPE separator)?] T F42 SEM &
3 B39 thFig. 1). Fig. 1(a)= T 2l(pristine) &
gt digk AR Z(SEM) ©HIAIZ 2F 100~200
nm F7]19] 7]Fo] e EH F4S AT 5 A
Fig. 1(b)= PDA7} Z®E He| HAAWA onx=

{a) Pristine PE (b) PDA@PE

%

(d) GO@PE

(c) NSP@PE

Fig. 1. SEM images of (a) Non-treated membrane (PE);
treated membranes (b) PDA@PE, (c) NSP@PE, (d) GO@PE.

o?(.,

PDA FHo| EZue 7|E 72E AT A= 3
AL 3e1stgom, PDAYF ZHE EE)9t9] water
contact angle®] F-*2] &g]qtol nla] Taste] 44
Z7He Ik TE Fig. 1(c)= NSP7} ZEE w9
SEM ©Ju|x]Z PDMS HIIH o] ¢F 100 nm 7]
NSP7} &35 A &3 g £4be g1t Fig
1(d)y= GO7} 8" Hel SEM o] A2 GO7} PDMS
Holt ol S A Y 18 BA-S olsqith IH
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(a) Pristine AEM

(c) PANI-PVDF AEM

32. W= AEMe| M 2
NEE AEMO TW 43 94 BX
SEM-EDS &3l 33t thFig. 2). Fig. 2(a)=
AEM9| oJH|A|Z Z7]9] FH P4 w11
7S #F1HAY} =3k SEM-EDSE %3) &<13
3}, 28] AEMO| C, CIZ o] Fo]A glomr o)== Zt
JE2F W di(backbone)9} ZHE7lolA fEg Ho]
[35]. Fig. 2(b)= PEI-PDA AEM®| SEM-EDS ©]¥]
E PEI-PDAY] w3t FHo] FR1Ela, iAo
A YElE O PDASF PEIS] -OHZ](0O)olA #-2)3H
Zlo|t}. Fig. 2(c)= PANI-PVDFZ €43 AEMY

=
=

B oMo
N0 N ot oo

SEM ©oJu|A 2 oy #do] gl 51 A4S F
&l PANI-PVDF AEM©] AFH o=z AXESS &
o1gk 4= Qlt}, w3 ¥ Yo i3 AREAHS 13
3 AIHSEM-EDS), PVDFS] A &9l F7} A& &

o135ttt Fig. 2(d)= PEI-PDA/ PVDF AEMS] SEM
oA R gy FW FER(7IEF Z7): ca. 190 nm)7}
RIS AT SEM-EDS ¥a&E4 A3}, 713 FEoA
+ Y4 mappinge] TEHA gkow, 7|E AEM2
C, Cl Y4 9ol 124 E2H 0 949 EA47F &<l
HA3 o]& PDAY IHS T3l FHid HoE 3
HH36].

wugel A 32 @ A6 &, 2022

{b) PEI-PDA AEM

M

3. =2|2fe| ety Fx 24

] i EH FEHE FUsh] 98 FT-IR
< B3l 354 B4 7Yt th(Fig. 3). Fig. 304 Y
Ehd E2]uke] X144 (hydrophilic) 2.2 7] & H ™-L(H),
Z1-5-4(lipophilic) 2.2 7]&H H-(L)Z Ve Fig.
3(a)= GO/PDAZ 7HdH £899 FT-IR &4 A#=Z
2124 Woll 0-H (3300~2500 cm™), C-N (1460 cm™)
9327k veht &2t 99 433 PDA IEo] &
1=, 24 EH PDMS?| E4 =91 Si-CH3
(1260 cm™), Si-O (1020 cm™) ¥ =2} GO2 &4 3=
%l C-OH (1410 cm-1)E #&3S T3 GO@PDMS]
&2 FH”o] A= Fig. 3(b)= NSP/PDA PE
29 FT-IR B3 38t #4 A3z 359 39
o O-H (3300-2500 cm™), C-N (1460 cm™) ¥ =7}
el Bl o] PDACE 384 FEEHJSS 3
olstyiom, 244 Wol Si-OH (880 cm™), Si-CH;
(1260 cm™), Si-O (1020 cm™) ¥ 22| &A1& B¢l
o3 NSP@PDMS®| #&]2t #H F'o] gRl= it

Hr
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— Pristine PE
— GOIPDA PE (H)
— GOIPDA PE (L)

Transmittance (a.u.) &

c UH w
(Go) [POMS)

[F’DMS?

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Fig. 3. FT-IR spectra of (a) GO/PDA PE, (b) NSP/PDA PE.

£ Grotthuss mechanism, vehicle mechanism®] 2J3] ©]
FolA =, ol& Fholo] & A9 4 At
FAY 5 BEsY & 24 71 o] 53 1A
WK(Grotthuss mechanism)[38], §~4&¢]-20] F8 5o &
B2k9} H;0', Hs0,", HoO, 9} 2 FAA ZE2H
53 4 A'd-& ¥ A(Vehicle mechanism)3d}7] &l
UERFTH39].

ojy gt Fhol2o Fijol| o3t o]2wd & FUt
£ 93 AEM< MAsHL, MAE AEMY 313k
Z5 FT-IRS AR83l #4185t thFig. 4). PEI-PDA
AEM2 -OH (3367 cm'), C=O (1640 cm™), C-N
(1461 cm™), C-O (1178 cm™)olA peak”} YERY} PEI
o} PDA7} AEM ZEHol| I8 2 IS 8213}
4t} =3k PEI-PDA/PVDFO.Z 7jEH AEMS 37}
Zog PVDFY &4 379 C-F (1178 ecm™), C-H
(1404 cm™y7} YelY PVDF7L A Qlo] & FEFH<
So] #2152tk PANI-PVDF 7|d¥ AEMS C=C
(1480 cm™), C-N (1560 cm™) 9= #ZFE 53,
PANI®] AZA AEM %W FE/NEL 991
C-F (1178 cm'), C-H (1404 cmHhe #=AE F3)
PVDFE 3 2 W IHEHATC] AU

/‘]7]' 4 Ei feed & i &= Qe =
s B3l 55 729 455 w4 2 s thFig
5). Fig. 5(a)= N&% PE #&|9ol WE feed 849

(b)

3

L

3 tl-’%:l (lfli’:)
c

1] —— S
E Y B
£

w

c

8

=

— Pristine PE
— NSPIPDA PE (H)
— NSPIPDA PE (L)

4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenubmer (cm™)

Pristine AEM
PEI-PDA AEM
PEI-PDA/PVDF AEM
PANI-PVDF AEM

-OH 1
(FDA) (PDA) |

N c0
(FEL FDA) (pE1, PDA)

OH c=0
(PDA) (PDA),-
N4

|PEI PDAJ unDF]

CF
{PVDF)

Transmittance (a.u.)

any {PVDF) .
e
(PVDF)

Ll T T Ll L Ll L]
4000 3500 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 4. FT-IR spectra: pristine, PEI-PDA, PEI-PDA/PVDF,
PANI-PVDF AEM.

FEE ¥WsE U AeE, & AH FGAR
GO/PDA PE ##]7K(11.4%), NSP/PDA PE ¥&|q}
(10.89%), FA2] PE £&]9(6.65%) o2 =& F&
=7} BZEJTE Fig. 5(b)= /129 PE &2 F579)
0E strip 899 FHER FZ2 T IAHARIGARDO]
773 S ], NSP/PDA PE £2]94(0.01897), GO/PDA
PE £8740.01251), F*] PE #]9}(0.00955) <2
2 stripping =7} l"—ﬂ] YUEGTE o] & 7]HteZ Hlw
3 Ayl HEAQ F& - €7 88 NSP/PDA PE &
2] Adso] 7H E—-;—% AL Gt
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(b) 0:020

a
( } 144 =—e=—Pristine PE
- —+—GO/PDA PE
é 12 4 NSPIPDA PE
@
@ 104
o
g s
=
E
e
©
£ 4
%
w o, ]
0 Feed solution
0 1 2 3
Time (h)

—a— Pristine PE

0.0181 . GoIPDA PE
—0.016- NSPIPDA PE
=

1§ 0.014+
& 0.012
 0.010
2
S 0.008-
B 0.006
20
< 0.004 4
0.002 4
0.000 4

Strip solution
1 2 2 3
Time (h)

Fig. 5. (a) Extraction degree, (b) stripping degree of pristine, GO/PDA, NSP/PDA PE membrane.

0.020
(a) 8o —=—Pristine AEM (b) 0.018 ~—=— Pristine AEM
—+— PEI-PDA AEM 1% ——PEI-PDA AEM
8 7{ —~—PEI-PDA/PVDF AEM —0.016] —+—PEI-PDA/PVDF AEM
— { —+— PANI-PVDF AEM 3 ~—PANI-PVDF AEM
@64 8.0.0144
g
o] § 0.0124
5 & 0.010
c 4 o
=] S 0.0084
O 31 7]
g 2 0.006]
£,] <
= < 0.0044
11 0.002
0 Feed solution 0.000

0.35
(c) —a—Pristine AEM
0304 —=—PEI-PDA AEM
—s—PEI-PDAPVDF AEM
—=—PANI-PVDF AEM

Strip solution

0 1 2 3 1
Time (h)

Time (h)

3 4

Time (h)

Fig. 6. (a) Extraction degree, (b) stripping degree, (c) pH change of anolyte of modified AEM.

36. AEMS| M5 =4

NA"E AEME A&3] A7|54& st 14
7t ZFAO R feed £HF strip £H9 48 =4 F
4] anolyte®] pH W3S UEFHTHFig. 6). Fig. 6(a)
= NA" AEMo| WE feed Y9 FE2= WHIE
PEI-PDA AEM (5.90%)& A€l PEI-PDA/PVDF
AEM (7.17%), PANI-PVDF AEM (8.01%)& F#&]
AEM (6.65%)ETt F2=7F &4 YERHTE Fig. 6(b)
= /MEE AEMO W& strip £ FE2T WIE F
% 3A%te] Z#sE W PEI-PDA/PVDF  AEM
(0.0169), PANI-PVDF AEM (0.01308), PEI-PDA
AEM (0.01273), F#2] AEM (0.00955) <=2
A7t YEpsth

AEMOI A& grotthuss mechanism¥} vehicle mecha-
nismo| &J3) 4 o]20] EFHFHH, o= AEMS] &
A FE FFe oste] dojdth wEA A
PVDF IHS B3l T8 FTE =°17H40], acid
dopped PANI®] 7|8 Z7] 2HE B T4 ol &

A

U2 AUGORH Sk ol Fot A B

mugel A 32 B A6 3, 2022

& 4= QItH41]. PEI-PDAT 2 18 FEL 33}
AT A7 S =T} Fol AEMO] QEL BA
T UTH42.43]. Fig. 6(c)= 7HE% AEMe] T anolyte

9 pH HslZ FF 24I%to] A4S @ PEI-PDA/
PVDF AEM9] 7% anolyte®] pH H3l= 03022 7}

2 A yehgoy strip A% =3 AY =4 US
ﬂolo}%‘t} PANI-PVDF AEM< 2HAIZ %2 strip

A3t QA Z 22 anolyted] pH W3S 7HAlE AL
3-%%6}%14 71& FX8 AEMOE2 24 FE8 13
g 749 anolyte®] pH W37} 0.0322 IA| gon),
stip® 2 dojuA] got W 54 35 Aol v
< gRlEtGtt olE 7o R 457‘49_i %%-%’7%
&9 F40]2 AAlTe] 8 PANI-PVDF AEM
9] 3¢ Aol M Ee Ao RIS

i
NI
ha

=2
—
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