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Fig. 3 Physical diagram of the experimental equipment (a), simulation diagram of the SL.—ESIP unit (b)

and composite membrane electrode (c)

TF(Lit /CIO AR (Q,,mol/g) 3 FR3t5E .

Qt:% % D
. Co M1 C, 433 RS UR e Rl ¢ B 2 V5 1)
BT, mol/L; V o NIER MR, Lim 584
PR A SOR AN RTE Y R R, g BA TR E
TaEE (D FRTE .

_Ctl_ CtO
J=S ey ()

Ap.J AEFEE, mol/(m” « h);Cy Fll Co 33 R
¢ BFZIFN O B 2] B WO WA B T B s mol/L; A Ry
A TSR A SO i AL, em? 5 VO BEIOAE TR
AR L, 26 B Bk 20 B8 R A GRBEME) 2
TRIE.

e

o, Pz MBS TLiT RIMg? 2 (0] 135 1540 5

+
P%V}EZ‘F =

(3

RGP s Cuzt M Cri 2350 o SR ) SO
t LiT F1 Mg™ VB mol /L, BB iE R4 T
.

_AG,
AC,

o N A B TR R B IR 7B 8 R 0
AC, WO B Bt R B f 3 N, mg/Ls AC
R R TR B R B A0 , mg /L
2 HR5k
2.1 LiMn, O, E §EMFEMLE

4y LiMn, O, 52 & J5E 35 T80 0 Wi T8 76 A []
KBTS E . nTLLE L B 4 () R
H—ZBUHE AR, 24 CB 2 A MWCNTs
A1 A HE LiMn, O, $oUkr J Bl 558 A 561G K % 2 ¢
TN =4 RN g L5 . B 4 F 4o
i PRATR 5 30t LAY P R A BN TRV B 4, A

N X100% D

[l 4 LiMn, O, A BARFRBRAGECT B R L () ~ (o JFBTTm EHRL (D ~ D]
Fig. 4 Surface SEM images [ (a)~(c) | and cross-section SEM images [ (d) ~(f) ] of LiMn, O, composite

membrane at different magnifications



‘16 - BB 2%

5 o A i 46

AR AR R , & T P T M) o i B A2 3 ik A
JE L. M4 Cd) W iE ETRT DU H S Bk Al B (CO)
B PRI R 5 P A e 0 3
Fa s XU RE L AL R A A H 2 2 B a3 5 ()
Bl 4C)F 4D JRATVE R B2 5T T 5 G IR L
PR B, PRUESE A B M el X L i ) P e BB B R
SR EBTT.

Lian()4 ’E%ﬁ%ﬁfn?ﬁ?ﬁﬁnl’ﬁ 5 E?i‘aM
Bl 5Ca) iy EDS JTE 434 K AT UL, Mn,C.O #1 F J©
RS G RFRMEIY A 5040 UE TRRE (LMO) 5
FHFI(MWCNTSs,CB) 45 7] (PVDF) £ il v 4
), T R A SR G ] 5 (b) I IT 3 A 53 At
Kl — 2090k 75 G I 25 T R B AETE . Sl 4
P FORH 53 VLB, oA J5 22 B - e B8 8

2.5 pm

2.5 pm

P T S5 FFLAE
2.2 PPy ERIRMITSTNEN

Kl 6 J/x T PPy 5 4 B A 2 1 A1 W7 1 f5O0L %
SR, DA SEM [R5 AT LA B L2 2] . J15 2% 1l —
JZE0E ) PPy 16 PEZ e 35 K 6(a) 1, & 6(b) i1 6
(o) PPy 80 H R () SRR 2540 . R ki 2
24 200~500 nm AYERIE QK FIURLRA B SXFP 45444 ]
TR . K 6D Wi o B /s ik A LIS 5 05
YR Z I S AU BB H . & 6 (el 6(H
s rAE R ] W, MWCNTs F1 CB 7E6% 1f £ 4
FIMAE T =4 F ML, Hh MWCNTs DL #rdz”
J7 2 AR SR LT 2 , CB 0 ) 11 5) S 0 A2 41 4k (B Bt
DOPBURRAZE A T T 52 B R R e HL A P S 1) S v
PERWUIRERE  BRASFEUEXT CI™ kBB 5.

2.5 ym

B 5 LiMn, O, ZA4BEE) EDS E () FMITE 4 Hr & (b

Fig. 5 EDS images (a) and elemental composition analysis diagram (b) of the LiMn, O, composite membrane

K6 PPy ZEBEARMIAECT R IR (2) ~ (o) TRl EER (D ~ D ]
Fig. 6 Surface SEM images [ (a) ~(c) ] and cross-section SEM images [ (d)~ ()] of PPy composite

membrane at different magnifications

K 7 N PPy BEAER EDS JLE A AT E
A FTE,. B 7(a) 2k N.C.O.F JtZ ) EDS
FLa il NLC.O fl F 752 & rp ¥ S B 2) 7 A

AR T AR BR U A5 0 R A BRI 73 HLE
RAss 1B 7(h) oT R AT 5 2 5 I 2 0 A
DCRC . UER 1A G P AS LR AIATAE



414

B A ] 3 LMO| | PPy SUBE £ 472 [a] 20 HL 4% B GER ) g 7K LiCl < 17 -

2.5 pm

B 7 PPy &Z4MEH EDS B (a) 1T Z 4 B (b

Fig. 7 EDS images (a) and elemental composition analysis diagram (b) of the PPy composite membrane

2.3 EHFER XRD 9 #7
K 8(a) 78 T PPy B A EA PPy i) XRD &
i, PPy fF 20 = 20°~30°4b iy e 9 [ F PPy %
SR TCE AR AL, 75 PPy B A Wi,
PPy (1) FEWEATE SR AFAE » 22 B HL 35 14 4 Jo 2R ML s o, 2
(a)

il
o
&

PPy

K PPy

30 40 50 60 70 80
20/(°)

SREE /(a.)

10 20

EEFFF, F 8(b) /R T LiMn,O, & & A
LiMn, O, ) XRD 3%, 0 LIA £, & A 5 b ke
IR DGy B 5 PR T P A R 2 L ) b A {57 R X
IEW A W R BBE, R B LiMn, O, B2 &2 A& %
i

(b)

£l
=
#
]
LiMn,0,
i ) 1 A

10 20 30 40 50 60 70 80
201(°)

Kl 8 PPy.PPy & & XRD [l () Al LiMn, O, \LiMn, O, &4 Y XRD EiE(b)
Fig. 8 XRD patterns of PPy and PPy composite membranes (a), LiMn, O, and LiMn, O, composite membranes (b)

2.4 BHFESH

Wk 9 () Pl s SR 09 0. 1 mV/s, TAER
AR R 73 0 LiMn, O, &2 5 B Al PPy &
T, S RN Ag/AgCl IR, Wil CV Il
B 88 T 5245 230 e A TR k2 0. 1 mol/L) Y
LiCl A1 MeCl, W PRSP, 72 LiCL R,
AT AT AE M LSS 3 W 4 A /3 It L O EL7EAR R Y
LB 1R AR B A S A LT A B X35 A
B 7E MgCly B fif B W B g8 B b/ id I
W, W] Mg® MELUR A E Lii, Mn, Oy f & o, Jié
BT LiMn, Oy ZA X LiT BA RIFHEREE.
K 9(h) s T 7EA R B9 Nyquis BEBTHE
LA AR X, G AR LIiCL 3 iy

Nyquist FHHTHE 24 B 548/ T 78 MgCl,
14 1 B 52 5 R A LiCL i 3 L BN 78 MeCl,
VAR R B R B s 7R AR X A IR LiCL YR rP R
RHAE MgCl, #3rh 9 BT BE U 52 5 A LiCl i
R LB/ MeCl, P s B R WS A R
LACL Y A7 B /N S 1T 207 FeL BELRIT 2 51 126 FL L
PR B A S L
2.5 PAA SENEGEFHR/KMEHIZIME

Wk 10Ca) s s PAA J&—Fiii B2 55 K /9 & 23
TREGE 1 98 Y S G #4550 PVDF - PAA
PAA & i (5T 7380 7T A e 22 52 4 Ik
2R KPR (P10 B A AR PAA TN AR s KR i
O N PG W LR L 5 354550 A PVDE



18 - WOR % 5 A 5% 16 %
@ > ha ) 80 » LiCl
N 1
— >

l\“,\ MgClz ,,I\\‘ ’,' ‘Il 60 - L] Mgclz >
= AVE .
< / vV A = -
g / \ = 40 < o ®
= s ——y N »» o’
i \\\ ,/ ! e ® .
sl ! Z 20
= ‘\ {
= VoS

v 7 \\/

v oF

-2

AL /V (vs.Ag/AgCl)

0.2 04 0.6 0.8 1.0 1.2

10 20 30 40 50 60 70
Z'1Q

K9 LiMn, O, ZARERY CV #h£k (0. 1 mol/L LiCl/MgCL #¥#ih 100 kHz~10 mHz fy it fb2# T (b)
Fig. 9 CV curves of LiMn, O, composite membrane (a) ; electrochemical impedance spectra from 100 kHz to

10 mHz in the 0. 1 mol/L LiCl/MgCl, solution (b)

& I 68.8°
! 90r -
X =
60t
23.2°
30k ===
0 I I

(¢) 0.11

0.10 }

)

2
“m
R

o

RIS

0.09 r

.

’3

./y' :
K

1l & / (mol
3

e

i

S

s

0.08

AN,

SO

0.07

PVDF  PAA),s PAAyss PAA) s PAAgss

(b) 180 a0

150f
Iy 10.°
- L2
< 1201 I 83.2°
g 90 60.2°
o i =y
#® | 1
60 I ea
[y
[
0

PVDF  PAA,,; PAAys; PAA,,; PAA,s

PVDF

K 10 PAA F&X LiMn, Oy AW (2) F1 PPy & 4 B (b) B il f 14 5200 5
AF PAA & T Li BiEdEE (M Cl BEEEd
Fig. 10 Effect of PAA content on contact angle of LiMn; O, composite membrane (a) and PPy composite membrane (b) ;

Li" permeation flux (¢) and CI~ permeation flux (d) at different PAA contents

B, LiMn, O, 52 6 B 2 17 52 30 0 7K 1 42 fioh £ 35 %)
134. 8%, BHAE /K MERELE ) PAA BY3G I, gk PG
BN E L 52 A BB T 4 2 ok £ B W RN & 23, 20,
WAL 10 (o AT LA H, LiT B0 i 2 I K
PO TE PAA R MHCH 55 Y00, e KI5 18 i A #)
0. 105 mol/(m? + h). 10(b) B/RT PPy B AR
TEANTR] PAA Z 5 T 3 fil M A8 1 ka5, 7T LL& 3
TEAHF PAA &80 F HAZfl A ¥ 1 LiMn, O, 4

JEE ) ik 2 K Ry PPy 16 PR o A B Al T LMO
WK, A3, YRGS R H A PVDE I, &2 G R
T P8 422 finh £ 3k 3] 140, 4°, 52 B85 6 165 K 1 7
PAA JFi 43800 55 %0 i, 52 45 IR 3 T 1 422 o £ 3%
Wi/ E 26,87, B 10D ExRT Cl BEEEMN
Al AT LA B 52 A IR K P B 3 ik B 18
P R PR, SR SRR AR E K
WEErh 2 R A 4 R BB N AL B s 1 1 R, 38



414

B A I 3 LMO| | PPy SURE £ 472 [a] 20 Hu 42 B GER ) g 7K v LiCl + 19 -

PES TR oA, S rh R B B A K T e EL
FLBR I BRI RS A4 » s/ D 0 A8 FH 74 A
fIRERENE. I, & 3EHE PVDF-PAA, s & 5%
SERIVE R A B S5 K MR 4557, 4l PVDF /A &
AR BKHEREEE .
2.6 ARIRBERSLZEOHXS SL-ESIP HAEHISIN

R T RIS R Y S L 42 1 B X SL - ESIP
S BRI IR BERY S, 43 56 LiMn, Oy &4 5
FLIR AT PPy 245 i F AR % AN [R) 42 11 5508 1 2
IR FLIE D HEE T Lit (W Bt Ege.
11 7R SR FH B 3% 42 0 X 7SS R A T30 32
Fr— MR 2R 22 Hz i, 7 B F bl T8 B
M3 T 4L

Bl12 g AEmg /IR L 2 A v i mi gt il 2R 1L
AR S 2 FEOE O i 0 2 A,
R TRUE JF R EE K, i 1200 fin, Bg
R FH B LR 422 B JEORMAR TP A L ) 0 o A 3 DA
700 mg/L FEH] 575. 78 mg/L, Ifii K ] 2 L4505
Li" i JE M 700 mg/L #F—2EF43)] 545. 21 mg/L,
WEL2CD Fn , B R B 2% B2 0 B

(a) 300
X A AR
240 b v ZRLERE
< 20p T ——
E 180 E
2 B, 15
2120} @ \
10
60 f 1800 2400 3000 3 600
] /s
() L
0 600 1200 180024003 0003600
1] /s
(e) 720
—a— AR
= —_— 24
= 680} L LR
&p
E
< 640}
%(
fH 600 f N
— 560 F \
\i
520 b— n L ! !
0 15 30 45 60

B8] /min

(L A o R N ) 45. 98 mg/ L, iR H 24k
HEFERY L LiT B vk BER INE) 60. 22 me/L. £5 LT
A L R IR iR ] 22 2 R Ty 5L R B B
MR FHRIUERE. X —ERIAN T H PR 2
LRAERL Y 5 3R . R AL B T e (P 1) s L A
PRI 14 3 A1 492 9 B 2 4 R 3 P 7
Ko B 22 8 FURR S 5 I P 4 o B AT B ) SL-
ESIP 2 X Li f5e R

(@) (b)

s

B 11 AR S 2R () A2 R4 (D) B HL R A A 1]
Fig. 11 Current distribution diagram of single-wire
connection (a) and multi-wire connection (b) for

membrane electrode

® ol.  *wsaEn
v ZFLER
20
- 150 * é
E * >
= x s
=100 F =
10
50k 1800 2 400 3 000 3 600
HsFA] /s
ok
0 600 1200180024003 0003600
1] /s
d 75 .
—v— PR
> —t— 28
= 60} EA S /4_____;
aﬂ e
< 45t /" i/i———’{
—
s 30
i
i
Tj 15
O [ A A A A A
0 15 30 45 60
B8] /min

P12 Mg RRRd AR v v 2k (o AL L gk BE AR A T2k (oo L JBE R A vh e T 4 (o) AT L ik B2 8 At 2k (D

Fig. 12 Current curve (a) and Li" concentration change curve (¢) during adsorption, and current curve (b) and

Li" concentration change curve (d) during desorption



.20 - BB 2%

5 o A

5 46 &

2.7 AREEEEXSEEENEN

TESEG AR A BT R T S £ 3 R Y
KSR Z —. WA A A8 1k & B 4% 5 L3 4%
A3 VTR BH 12547 R L B e ZE AR, » AT X 8
il m = R . W 13 FR, %488 T RIA
JEETATEE (1~5 mm) %F Li' 9 37 i & (0 52 0, 98 1% il
b e N =P AN O <E s S S sl A TS N
I, FL i BE R » B T A B o R R A, BB TR
R, M E N 1 mm B AR A AR
SER BB S K, T BE 5| AN Y R0 R e 2
WAC IR BT REAR T 88 F A% idid i, Rl EE oy
2 mm B, Li" fg KRB REIAE 0. 109 mol/(m? « h),
PRI fe 4 26 % 2 mm {4 SL— ESIP & %t i) it
1}

2 3 4 5
JEZ A /mm

K13 FEEMIBEXT LiT 50558 i i

Fig. 13 Effect of chamber spacing on Li" permeation flux

R, IE,

2.8 [RHIFER/KEXEFEEEERNZ N

W 14 Frss , 823 VG FCAS [F) 55 KM 0 &2 A
Myt T DURMIEHL AR 2R . Ry 38718 58 4 M5 3 7K 1 3
O (receiving liquid) » Ry 375 55 IR gi 7K T
SR O Fae 7R B2 R 35 7K T 300 1) L W
(feeding liquid) , Fyy 7R & A BE B /K 18 5] 1) Jk
W. HTEABARZEEE Ry | | Fye FREEH
JEEPRTRT 4 R SR K s R | | B 7R 52 8 IR S /K T
i [ B SORCFN B 7K T3 1] JEUBMA s R | | Fie Fm &
B NPT S A K M s R | | Fe 28 528 IR 1 7K
TET ) ) B MAC TR B S /K T ) o SRR . AR BV
W (Mg/Li B tb Ry 1 s 1) VE R FERNE, 43 51F 5%
T AN A R 22T 1 B - i S ek

B 15Ca) B 5 T X ARES M B IR R N BB
fig. 76 Ry [ |Fo AR TH K S E Tl &, H1ERE
PEAAXTRAR . 32 PR R 5 ) S A R T Y A5 e
FEAM T il A S TG 3 BHL ) AR 7R sl 37 1
T Mg™" G 43T 18] 3% 221 85 T (G i il 85
BR824 1) LMO, B2 1) 2 SO 05 80, 225 1 B 4G
HLPE R T PR B B R R o s Ve RE . M. Ry
|| Fa R TRBLH B = i 2 B O Mg 2
B K B K IS # 2 BRLAS Mg™ 85 2 4%
WO, T REAT RUHE o 8 ik e, B 15(b) B4R
TAEXSFRES AL CHATHT 267K 5 BRI KO AR R T 18
BEMERE. 7E Ry | [ Fy KRN SL-ESIP R4t &
MM P RE AR TR | | Fe kR E 138

PPy Hi/K)=

= IR DD

PPy E/K )2

<
d LvowkE
| LMO 37k )2

R, IIE,

K 14 SL-ESIP REEHH YA RE G B R R B

Fig. 14 Schematic diagram of various composite membrane systems in the SL—-ESIP system



%14 EH T S LMO| | PPy XU 2R 46 6] A5 B s 3R EER 9 1 7K A LiCl <21 -
10.0 10.0
2 o100} EaL B
) 7 1 Mg2+ LY | Mgz+
T 175 175
0075}
£ B
g 5.0 5.0 %
= L 55
£ 0050 3
1 ._
2 0.025 } 12.5 12.5
0 0

R, IITE, R IE,

R, IE, R, IE,

Kl 15 SL-ESIP RGP ARIE G IRAR T 18 78 Bl S ek

Fig. 15 Ton permeation flux and selectivity at different composite membrane systems in SL—ESIP system

A IR A D0 AT AT LGRS e R XA
TR E S IEABUZIEL . 5 O e
TR EA T B 1 IO, K 2 T 9 1o JORHAR , 2312
HHELZHETBBEERN . YIS TR T
BT oy B B B 1 E e ) — MR K M
o1 T Mg HA 8w 0 K RE - 61 7K 545 4 23 BH %
Mg*" 1938 3. K 16 & xn PPy/MWCNTs/CB/
PVDF & & i 7E pH =7 ZF T Zeta WL
—53. 63 mV, $3% M AL A2 ) 8 5 A e 1 AR X
Mg Al Li™ 7 A g Bt SR T iy T M”47 A A IE
PR » G B R IR T 22 [ 19 R I 5 | R T B
i Lit s ezl Mg* B3, i — UL £ v 7 A
MR SEE N LT 2 Eseis s 2 B o ik
R B T e

400 000 | — pH=7
2, 30000}
=
<
5 20000}
7,:}
= 10000}
0 L
100 0 100

Zeta L0V /mV

K 16 PPy/MWCNTs/CB/PVDF & &
1 pH=7 T 1Y Zeta H1{i
Fig. 16 Zeta potential of the PPy/MWCNTs/CB/PVDF
composite membrane at pH=7
2.9 SL-ESIP RGHELSE MR
Wil 17 s s Bh Ry | 1 Fye MR N G IRAR
F,Mg/LiiR &l [ Mg /Li" J5i & W B o (226

mg/L) /(195 mg/L) J{E R 5 BHE , 76 SL-ESIP %
G AT T 20 A6 IR A 34 SE vk 4 S 08 (U B
10 min/BEF 20 min) . &l 17 Ca) SE 3 s o, 48
i 20 MIEFRE . RGURBUH R AFAY LiT ek 5
PERE. JERMR R LiT B Uk B AR IR 1) 195, 221
mg/L i 2 AL E 18. 291 mg/L. 4 B % ik 5
90. 6%, Ifi 422 W Lit J & vk B 2R R
173. 321 mg/L,Li" (B iEFKIK =5 9820 . A
17T F L HEZ T Mg™ B3R K 36 %0 (JER
WD/ 117, 791 mg/ L AZOR SN 41. 834 mg/L) ,
AR Mg™ /LT 3 B RBGAE] 5.1, Xk
GERFCIIUESE THE Ry | [ Fy R T . SL-ESIP £%¢
B LiT (2 B BRI R AL B A5 3 T35t (18
HRENE, RGEAERKM ST P REE T RSN/ E
PERE . 20 IIAIR G LiT B35 RARAERFAE 980 A2 47
T THESE ESIX R 55(80%~90 %)), B fskA R}
FA R E5 AR M by e B 2 EL R W9 i 7K P R
VR = A S Al AR TR B F AR L
2.10 SL-ESIP ZZHIEIREE M

PhRy | | Fo RRERE SRR, REFHLET
SL-ESIP % % ¥ 4b P i 56 # Hb 3k W i K [ Mg* /
Lit FE e B4 (4 000 mg/L) /(200 mg/L) |t f1E
Wit DIBEEIR 5% WM 0. 1 mol/L Na, SO,
VW BIVE R FORHR R IO . R 10 IRIB B S
55, FEAERE M B 2 3 i BRI IR S 43
i) JEb RIS S A AR . GnIEl 18 iR, 38
A RAE T 2 G AR 2T 10 IRIG I SL 50
JE RTG53 WoR . B A BRAE 10 96
RSB I B il A HUA W GO /N, PPy/MWCNT's/
CB/PVDF/PAA &4 B fAFR e 1E 135° 440
LiMn, O, /MWCNTs/CB/PVDF & & i [t £ fik £



© 22 . R o 5 R 546 45

(@) (b) 240
. 200f {200 140 ~
I S | =
0 160F e = lieo W w210 0
E E E 130 E
i 120} 1120 2 180 F i
® ® = 120 ¥
E 80 180 IH  IH 150 | i
HE HE HE HE
= 40 Ja0 B & 110 =
3 £ g0t Z
& 0 10 % & 10 ﬂ

" 1 1 L " 90 L 1 " 1

0 5 10 15 20 5 10 15 20

TR TRFRYA

K17 SL-ESIP REMELHEEIR T LiT () F Mg®" (b) ¥k A bl £

Fig. 17 Concentration variation curves of Li" (a) and Mg®*" (b) in continuous permeation experiments

in the SL—ESIP system

(a) 137.9° (b) 134.8°

-&-ﬁﬁ&

JE W fil A8 4k . PPy/ MWCNTs/CB/PVDF/PAA & 4 A IG e fil f () NS5 J5 2l /1 (b)
Lanz O, /MWCNTSs/CB/PVDF & & BH1 1A He i (o FSLIR 5 i Efl /A (D

K18 fRIEE 5L

(©)

1315° @

124.2°

Fig. 18 Contact angle changes after cyclic stable experiments: initial contact angle (a) of PPy/MWCNTSs/CB/PVDF/PAA

composite membrane and after experiments (b) ; initial contact angle (¢) of LiMn, O, /MWCNTs/CB/PVDF

composite membrane and after experiments (d)

FETE 12574 AR B L 5 Bk ek . X 3R
WILL PVDF S %b 4550 (4 52 5 R i /K 1 B 8 B
e F AR eI AS R SE R

Wk 19 Ca) i TR R PR REM K b LiT 215
A ARG PR OO I S 7 2R B 3 B IR AEER
N 0. 075 mol/(m? « h), EFHMAF 21. 31,
24

=

116

456 7 8 910
(BN

510 IWAEFFEZ 0. 055 mol/(m? « h) A5 H 73. 3%

AR X AP EZIH AT LiMn, O, &2 & 5%
e TN A/ I R 7 )5 F TG V) U B A
AR VAR 3 AR A B A B B L ok L A I BTG

P EW D, NS LT B sEE TR, HE
HTORAE PR #5540 B8 R BURa @ A 18. 03, IR B H
(b)
| 33
’:T [ e ) } . ) B IR
-~
= l || PEFRRT
1 N N N
10 2I0 3'.0 4IO SIO 6.0 7I0 80
20 1(°)

K19 SL-ESIP REHELLEE 10 WA E T8 B AESEE () s LiMn, O, 23 IRAETERR AT AIIER 5 i) XRD & (b

Fig. 19 Ion permeation flux and selectivity of 10 continuous permeation experiments with the SL—ESIP system (a) ;

XRD patterns of LiMn, O, composite membrane before and after cycling (b)



414

B A I 3 LMO| | PPy SURE £ 472 [a] 20 Hu 42 B GER ) g 7K v LiCl © 23 -

SL-ESIP R4 R iFm i fa @k, B 19(b)
LiMn, O, 5 BRI RGN 5 # XRD &, &
B BRAEE AT 5 19 XRD A7 i W JL 7 — 2, R
AR AR M £ SL-ESIP i3 f p s fae . A
MAEAEFR A - LiMn, Oy 52 & [T BT S 064 16 5
ZINERTF JRE 5 1) R A A R o e i Rt AT BT RARAER . X —

BRI A S IR & A T I .

TN T AR S H A E R Li 4y Pk
FE 7E i BE R LU v W b s AS I 9 T 48 1 52 5 TS 1Y)
Li' s LT /Mg® B 28 Rm R
WHATERE . S5 FIESE, 5L F SL-ESIP R4 RIE A
EEFoEd B AR KBS,

K1 AFRLS LRI Li° 4 5 KAk ik

Table 1 Comparison of the Li" separation performance of this study with those reported in the papers

N, N Li" @& /(mol » | ; 5%
Webhkt ot WA 1 VAR mol e g 2F
m**h") SCHR
Li* 10, 1 mol/1 TeAMINHL 35 » i 4 A
PVC/c-TBP-0. 5 o ’ I T 1 T A K 0. 000 812 176 EX GEHO [40]
Mg*" :3 mol/L ~
]
Li": 500 mg/L
: e e
DAIB Mg s 10 000 me/LL AT J7 0. 6 MPa 0.7 7.43  NF(#®)  [41]
B [ Li".0.1 mol/L -
HMO- PSS- LiCF; SO, Mg 0. 1 mol/L HJE 0.2 V 0.11 5 ED [42]
. Li" ;0. 05 mol/L fHE U 5. 1 mA/
Ppy-1-1C Mg 0,05 mol/L  ent 0.011 1.71 ED [43]
it 200 me/l HLt LR 1.6 V. ik
CNTs/CS/Liy . Mn, O, i ° 8/~ sz 1.0 VAL 6 0. 032 7.8 ESIP  [44]
Mg”" . 4 000 mg/L g
VAR
LiMn, O, /MWCNTs/ Li": 200 mg/L W B L — 0. 8 'V, -
CB/PVDF/PAA Mg*": 4 000 mg/L M E 1.3V 0. 063 20.59  SL-ESIP - [39]
iR LiMn, - it . % [ k. — 0. ,
JE %} % LiMn, O, /MWC-  Li* . 200 mg/I % Bt HL FE —0. 8 V. 0,075 2131 SL-ESIP AHi5

NTs/CB/PVDF/PAA

Mg®" : 4 000 mg/L

Bibff e E 1.3 V

2.11 FEEESELET SL-ESIP & 45815 1200

& 20 #8595 T SL-ESIP 4075 A ) BE 4 o i Fb
WRAH TS EE R SEFEE. TLUE . R
BEFE L 1 ¢ 1(200 mg/L LiT & 200 mg/L
Mg* O W, LiT 5 35 i & i = a8 3 0. 095 7
mol/(m* « h) , BEREMIR ] 9. 02, Fifi %5 £ 86 Lb () 34
K LiT B35 i B W/, Mg™ 35 3% il 8 7% i 1
Ko BXIRPE hy Bifi 5 V5 W T Mg (R v B ok i v
WZH Mg* 52 i i1 P 5 60 52 A R 1w H
W Mg™ " i R H AR AR A B T LiT fiE
it (2 M™% B, SR, PR oA R
PRI 4 . B PR RV P m., TR R
100 = 1 2504 T, e BtE ik 2 36. 69, RIZ RS
RPAE7E e B AR LL 45 A A RAF B4R HEE 1 5
TR

0.12 50
Lit

010 [ 1™ 40
1o
< 0.08Ff
E 30 44
2 006 B
N 20 ¥
% 0.04
o=

0.02 } 10

ol E . i
1:1 10:1 20:1  100:1
BEFRH (B L)
& 20 ARIEIGEH e FORNED F SL-ESIP 241

B AR e
Fig. 20 Permeation flux and selection performance of
SL-ESIP systems at different Mg/Li ratios

(feeding solution)



‘o BB 2%

5 # A

55 46 %

2.12 BERESW
By LiT BRI RERE (E) 35 T 18
M, U - J;I(t)dt
3.6Ew
K E MR AL BERE. W « h/mol; Mok Li iy
SR Bt 6. 941 g/mol; U Sy 19 A ) it o ) B I
Vi IO 48 B b ¢ B 20 B HL i, A e S SE B
], s; E o Li A3 BUZ &2, mg/g; w 4 HL A P
LiMn, O, B"Jﬁgiﬁ%vé’o
A 3 s R R/ 6 BRF A 3 1 R R (W B — 0. 8 V7,

E= (6))

JBEBRE 1.3 V/—0. 8 V) 5 HL, TR HLA Lit 42 HL
AEFEN 8.2 W « h/mol. SEGHBHE(11~24
W+ h/moD ™%} [t , SL-ESIP RS fE#E AR, (B
T TR BT RE A
2.13 ZEEXEERSH

Wk 2.3 3 PR FEai B s b, SR 4L
FEMRIFE (PAA it LiT 1335 8 A7 7E 0 5
I SEHG I E L 2 SR LR 3L EAIEE S 2 mm,
PAA JF /0800 55000, Lit 15835 ik 8 i KA
0. 109 mol/(m? * h).

K2 FFHEEEARBLEIESR PAA 20 LI B5iE@ 3k

Table 2 Comparison of Li" permeation flux with different membrane spacings or PAA contents in a single-wire connection

ifﬁ;mol/(mz - h

PAA AL/ % JiE R R i
1 mm 2 mm 3 mm 4 mm 5 mm
0 0.071 1 0.073 9 0.070 6 0. 065 3 0. 060 2
25 0.074 1 0.082 3 0.074 0 0.068 9 0. 064 3
35 0.083 0 0.087 4 0.082 7 0.076 2 0.070 1
45 0.088 5 0.096 8 0.088 0 0.083 3 0.079 6
55 0.099 2 0. 102 0.099 0 0.093 8 0.087 7

%3 %S5 BNREBAER PAA A2 LiT5iEd i

Table 3 Comparison of Li" permeation flux with different membrane spacings or PAA contents in a multi-wire connection

$‘{ﬁ:m01/(m2 - h

PAA R A/ % IR e

1 mm 2 mm 3 mm 4 mm 5 mm
0 0.077 5 0.083 6 0.077 3 0.070 1 0.063 2
25 0.084 6 0.092 6 0.083 0 0.077 4 0.070 1
35 0.088 7 0.096 0 0. 088 5 0.082 2 0.075 9
45 0.094 7 0.010 0 0.093 8 0.088 1 0.081 0
55 0.101 0. 109 0. 100 0.941 0.088 7

3 it e P R OV 7 . SCRITT 4 Y SL-ESIP &%, il

AWM T LMO| | PPy SUBAK 2 , 254 s i
REEE TERFBIE R4 (SL-ESIP) I T LiCl i1
AR, 9T T PAA & &= i S 4k
P VR R R AN [R) B L RN A IS ) S /K
XFLiTBEEREMRZ . 24 PAA s /50 552
B i FH 2D D S B T il 45 T HEXS R S5 R 5 A
A, YEERE RN 2 mm, &5 N 3 S4EE
B, FEAEEVS W LiT (9238 A F) 0. 109 mol/
(m® « h), 7EBEER & LR 20 = 1 A4l i Ak
23t 10 ARG I AR E T 5250, AR A HF 0. 055 mol/
(m® « Y Li" @A 18, 03 AYBREE S 35 280, I
TV Ry | [Fy RREMENE A BAKRAE SL-ESIP &

R R 20 A R AT B S AR ) s K TR L A
RORPENE R AR5 70

SE 3k

(1] 8 B, BrALE A s T H v E Bk ) 0 ] 4 K AL
FYEREWFSELD]. M AR ELT R, 2019,

[2] HuY, Su H, Zhu T, et al. Environmentally benign
techniques of lithium extraction from salt lakes: a
review ] ]. Environ Chem Lett, 2024, 22(1); 105-120.

[3] Xu X, Chen Y, Wan P, er al. Extraction of lithium
with functionalized lithium ion-sieves[]J]. Prog Mater
Sci, 2016, 84, 276-313.

(4] H/mml, BRFEft, TRARER, 45 FRIEER 207U 8 4
BT ] kT 2ad, 2022, 73(2): 23.



414

B A I 3 LMO| | PPy SURE £ 472 [a] 20 Hu 42 B GER ) g 7K v LiCl

. 25 .

[5] XuS, Song J, Bi Q, etal. Extraction of lithium from
Chinese salt-lake brines by membranes: Design and
practice[ J ]. J Membr Sci, 2021, 635; 119441.

(6] b o, fh f&. T ¥, S5 dEE KSR
AR IR, THLER Tk, 2022, 54(10). 1-
12.

[7] Zhang L, Li L, Rui H, et al. Lithium recovery from
effluent of spent lithium battery recycling process using
solvent extraction| J]. ] Hazard Mater, 2020, 398.
122840.

[8] Xiao W, Xin C, Li S, et al. Insight into fast Li
diffusion in Li-excess spinel lithium manganese oxide
[J]. J Mater Chem, 2018, 6(21): 9893-9898.

[9] Zhang Y N, Yu D H, Jia C Y, et al. Advances and
promotion strategies of membrane-based methods for
extracting lithium from brine[ J]. Desalination, 2023,
566(15): 116891.

[10] Arrua E C, Bedogni G, Salomon C J, et al. Selective
lithium extraction employing lithium manganese oxide-
loaded polymeric membranes at natural brine pH and
room temperature | J |. Desalination, 2024, 584;
117741.

[11] GuJ, Chen L, Li X, ez al. Multifunctional AIPO,
reconstructed LiMn, O, surface for electrochemical
lithium extraction from brine[ ]J]. J Energy Chem,
2024, 89 410-421.

[12] & . fx 52, dmafl, S Wik K38 T 204
AWFFEHERLT]. A @4 TR, 2021, 11(2): 55-62.

(13] FEIE, FBANT, Xgde. B k7Y 50 i 7K A #5401
KA i (1], HER2=H, 2009, 30(2): 249-
255.

[14] AL, Z00RE, WHESE, 4. Fhl K #42 lUB R
Rt R[], el Tl 2025, 57(1) . 14-26.

(150 Ehzdofe. Ehimh o 22 $1 S0 052 RO 500 n 284 2% A7F 1) 5% i #F 5
(1. LT8R, 2024, 50(8): 148-150.

[16] Li R, Wang W, Wang Y, et al. Novel ionic liquid as
co-extractant for selective extraction of lithium ions
from salt lake brines with high Mg/Li ratio[ J ]. Sep
Purif Technol, 2021, 277, 119471.

[17] Gong L, Ouyang W, Li Z, et al. Direct numerical
simulation of continuous lithium extraction from high
Mg®" /Li" ratio brines using microfluidic channels with
ion concentration polarization[ J]. ] Membr Sci, 2018,
556 34-41.

(18] i, 4k n TRl ki /K BE4R 4 B i pF 92 [ D
P97 W EBEERE T BN, 2014,

[19] 3t #.5k 7, 5EH 45 DK 448 BT = 48 Lk

Ko EPEREE T L) ] BERLE SR, 2014, 34 (3)
79-85.

[20] E4e, £2%.2 49,55 e s R R uk i n
1AL ] IR 5 4R, 2023,43(5) : 83-88.

[21] Zhao W, Zhou M, Yan B, etal. Waste conversion and
resource recovery from wastewater by ion exchange
membranes: State-of-the-art and perspective[ J]. Ind
Eng Chem Res, 2018, 57(18): 6025-6039.

[22] Guo L, Yao Y, Xu J, et al. Strategies for lithium
extraction from salt lakes by nanofiltration and
selective-electrodialysis and analysis of differences
between the two methods [ J]. Desalination, 2024,
586 117749.

(23] E5FG. Rk AR N U8 R ) a5 B LA BE 43 13 1 RE A
FE[D]. K. KTk R, 2021.

[24] I, 5K WL, 28 350K 3. IHRMER B TR ORI
W HE LT . bk Tl R4, 2022,51(6) - 1-9.

[25] sk S, #EAEM, B ik, % Bk EARn
BFCHEIRLT]. AL255E 4R . 2023, 86(9): 1044-1052.

[26] XuW, He L, Zhao Z. Lithium extraction from high
Mg/Li brine via electrochemical intercalation/de-
intercalation system using LiMn, O, materials [ J ].
Desalination, 2021, 503 114935.

[27] Guo Z, Ji Z, Wang J, et al. Electrochemical lithium

extraction based on °

‘rocking-chair” electrode system
with high efficiency: The driving mode of constant
current-constant voltage[ J ]. Desalination, 2022, 533;
115767.

(28] FERHE. ToHL—A HLHL TG PE B 28 bt B MIL-101@
PPy MRS THE R SR bk ge a5t [ D). KR KR
TR, 2023.

[29] Ji W, Niu J, Zhang W, et al. An electroactive ion
exchange hybrid film with collaboratively-driven ability
for electrochemically-mediated selective extraction of
chloride ions[ J]. Chem Eng J, 2022, 427 130807.

[30] Wang C, Du X, Gao F, et al. Electrochemically
switched ion separation technologies: A review on
electroactive ion exchange materials and system
architectures[ J]. Chem Eng J, 2024, 490: 151708.

(31 FREMI.  FL A28 A8 i B AR o DA H 428 8 - S 8 ) W,
BT REERELC/ /% TR 2 E A B BORER
& Tl R A e ie sCE. P EBE Tk s, i
K, 2016.

[32] R JRURL. ARk ok FRL 428 B8 16 605 3 1 1 5 B o 4
JRE T orEs D] R KIFEHT R, 2018,

[33] Zhao J, Liu Z, Ji Z, et al. Selective transmembrane

transport of iodide based on electrochemically induced



© 26 - [ I I S 55 46 4
iodide-trap BiOI/MWCNTs/PVA composite membrane [40] Zhang C, Mu Y, Zhao S. et al. Lithium extraction

[34]

[35]

[36]

[37]

[38]

[J]. J Membr Sci. 2024, 705. 122866.

Gao F, Jiang M, Hao X, et al. A potential-driven
NiO/NiCo LDH film electrode for highly efficient
extraction of Br~ via electrochemical coordination and
anion exchange[ J]. Chem Eng J, 2023, 475, 146345,
WHEL, BNTT, RHRE, . REBEX RS
WA tEfep sz m L AR, 2024, 42(4):
36-41.

Romero V E C, Putrino D S, Tagliazucchi M, et al.
Sustainable electrochemical extraction of lithium from
natural brine: Part [[. flow reactor]J]. J Electrochem
Soc, 2021, 168(2). 020518.

Chen F, Huang Y, Guo L. et al. Correction: Dual-
deionization: a desalination
generator[ ] |. Energy Environ Sci, 2017, 10(10).
2081-2089.

Tk, HENL R, F R R A
FACHAARBRZANIFFEL] . AKALBIECAR, 2020, 46
(3): 96-100.

ions electrochemical

[41]

[42]

[43]

[44]

from synthetic brine with high Mg*" /Li" ratio using
the polymer inclusion membrane [ J]. Desalination,
2020, 496, 114710,

Peng H, Zhao Q. Heterogeneous membrane for
efficient separation of lithium from high magnesium/
lithium ratio brine[ J]. Adv Funct Mater, 2021, 31
(14> : 2009430.

Saif H M, Huertas R M, Pawlowski S,

Development of highly selective composite polymeric

et al.

membranes for Li™ /Mg’ separation[ ] ]. ] Membr
Sci, 2021, 620, 118891.
Pang X, Yu X, He

monovalent cation

YS

perm-selective

Preparation of
by
controlling surface hydration energy barrier[ J]. Sep
Purif Technol, 2021, 270. 118768.

Ma W, Han G, LiJ, et al. Hierarchical electroactive

et al.

membranes

ion permselective membrane with electrochemical
switched ion pump effect for continuous lithium-ion

recovery[ J]. J Membr Sci, 2024, 700, 122719.

[39] Guo H, Wang Y, Zhang X, et al. “Sandwich” [45] Wang W, Hong G, Zhang Y, et al. Designing an
LiMn,O, | | PPy dual membranes coupled with the energy-efficient multi-stage selective electrodialysis
Ship-lock electrochemically switched ion permselective process based on high-performance materials for
system for LiCl separation[ J]. J Membr Sci, 2025, lithium extraction [ J]. J Memb Sci, 2023, 675

Ship-lock LMO| | PPy dual-membrane

727:124126.

121534.

system for synchronous electrochemically

switched extraction of LiCl from salt lake brine
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Abstract;: To address the challenge of efficient lithium extraction from salt lake brines with high
magnesium-to-lithium ratios, this study constructed an asymmetrically heterostructured lithium manganate
| | polypyrrole (lithium manganate || polypyrrole, LMO| |PPy) dual-membrane system. By combining the
ship-lock electrically switched ion permselective (SL-ESIP) technology, achieving highly efficient

separation and extraction of LiCl. An asymmetric composite membrane with single-sided hydrophilic/
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its blood compatibility, phosphorylcholine polymer, poly ( MPC-co-LMA-co-TSMA) (PMLT) were
synthesized. In order to enhance the stability of grafting, the hydroxyl groups were introduced on the
surface of PMP membrane by oxidative self-polymerization of gallic acid, and the PMLT was grafted
through the chemical bond to form a stable and continuous antithrombotic coating. The results of SEM,
FTIR, XPS and water contact angles verified that the GA@PMLT coating was successfully prepared, and
the coating could exist stably in normal saline for one week. The GA@PMLT coating did not significantly
affect the gas permeability of the membrane, and improved the blood compatibility of the PMP membrane.
This study provides a new idea for the blood compatibility modification of oxygenation membrane.

Key words: PMP hollow fiber oxygenation membrane; phosphorylcholine polymer; surface modification;

blood compatibility
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could improve the ionic conductivity of the separator, enhance the compatibility of the separator/electrode
interfaces, effectively reduce the resistance during the transport of lithium ions, promote uniform
deposition of lithium ions on the lithium electrode, and inhibit the growth of lithium dendrites. As a
result, the LFP/Li battery assembled with the APNL@PP -1 separator maintained a capacity retention
rate of 80. 0% after 200 cycles at 1 C, while the NCM811/Li battery assembled with the APNL@PP-1
separator exhibited a higher capacity retention rate (94. 76%) after 50 cycles at 1 C. Both the
performances of these two battery samples demonstrating the better cycling stability of APNL@PP separa-
tors.

Key words: amphiphilic polyester nanoparticles; polymeric lithium salt; separator; lithium battery; lithi-

um dendrite
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single-sided hydrophobic properties was prepared by adjusting the polyacrylic acid (PAA) content (55%,
mass fraction), and the LiCl permeation flux was significantly enhanced by optimizing the number of
membrane-electrode wire connection (3-wire connection) and chamber spacing (2 mm). Experimental
results demonstrated that in a pure lithium solution, the Li" permeation flux reached 0. 109 mol/(m? + h).
In simulated brine with a Mg/Li mass ratio of 20 : 1, the Li" permeation flux stabilized at 0. 055 mol/(m®
« h) after 10 cycles, with a separation factor of 18. 03 for Mg®" /Li", showcasing excellent cycling
stability and selectivity. Therefore, the ship-lock LMO| | PPy dual-membrane system presents an efficient
technical solution for the continuous and synchronous extraction of LiCl.

Key words: LMO | | PPy dual-membrane system; ship-lock electrically switched ion permselective (SL-

ESIP); high magnesium-to-lithium ratio; lithium extraction; membrane separation



