EEESE N N
2025 4F 12

BOoR w5 O R
MEMBRANE SCIENCE AND TECHNOLOGY

Vol. 45 No. 6
Dec. 2025

TR LAy 2N BRI 1) R B 4 25 P e

i

EE PR A S I S

CEMRE fmfe T 240, # N 213164)

BE: MAELLRRE RO BREEK, S48 LR R PG5S BET K E, NIE
PEARIEILIZ Th o Ae i HHEF AL AR E D BN TR 2, R b B 424 B T 09
o Bk FRTBEAK, KRR R @R R R M AT BA AE AT AR & 5 A 6
4, 35 4h 8 (PET/PIP-PA 5 PIP/PEI-PA), 4R AW . RA WA &M TH FIR 424 5
2P AE, B AR A AT i 2T MeCl, 948 354t 96. 0%, & LiT /Mg*" ik 4 1 (PEI/PIP -
PA: 59. 7;PIP/PEI-PA: 41. 1) 8 %4k F ¢ & 45 PIP-PA J£(9. 2), ¥ ,PIP/PEI-PA it &
BRI LiT S, St ERIEIT PRFAE I, 2RNET LA, B S44
Yb 3 B R AEBUR (Mg?t /LiT RS 63) F89 Mg /LiT RSB E% % 0. 28, RILE R

FORBEN, KFTRATFT RS S B BRI T HEH,
K RASBRAIE; 4280 B; IR B XaRkse

hESEE. TQO2S. 8 XEkbRER: A

NXEHS. 1007-8924(2025)06-0013-14

doi: 10. 16159/j. cnki. issn1007-8924. 2025. 06. 002

Bt B R AR IR B A Y DR e i 5 4 Blox i B U
TR H s R 8006 iy 41 B LA A
TR K A SRS 1 7K 3k B A B e S IR
AR T 0.5 /1) VBRAE L i (il 85 T 40) B RR AT
1 TR T W B S M O R A AR AR (O
B4 0. 43 nm A1 0. 38 nm) , 3 = 84043 1 T Wfe R
PRERE o AR E i L AR 5 3 R g HE T KO8
A LA B RSP AR AR 25 AN R 9 B 5 B0 2 &
R LRI P KSR I A RGR G 2 Y BRI F
S B v R AL s e M ) A U M A B L Y O
B

SR e W 52 45 M0 o 7K AU SR 5 A LA
SERARTE K — A HLF T R AR B G OB I 2 H
AT JBEER K K AR S e ) IZ I AN L R A

Wk H . 2025-09-19; B Rlfd®) H . 2025-11-08

28 5 8 2R3 L 6 14 A M T DAL AR B 7 T SR
FE A A ORI 1T 67 R ISR — o BH B
i SOT ) B A7 85 i 0B R H A FH S 5 (A
Mg* ) I P s R s . S EOL B &b B A
FOARBEREPE 1 . B THBE B TR R PR R
JHIER BH S Mg B 3 W IR PP S A T 2 B 1 B
P SO TR ) SR Bk M % P )2 AT 3R T A B
T A B T R TET L L DT S8 o e e
FRAMHIBE B T 2 . SR eSS 1F P R e 2K
B BRSO R o X BB T B 7 A W
SR AR TR A e

AT AR FRELAR XK L AT 7 B4R 5 F AT A D8
R PR HE A 52 B g 1 B R )[R I REAS DR B i
P 32 B0 732 G . i, Peng 55 3 33 312 B

BRTH : FEARPIEREG I H (22508021 5 YLIRA HARFH - EEG BT I H (BK20240973)
S—EERA: 5F 18995 o ZRAER B PEIT L T, NGRS A B TS, < SBIRAE S L E-mail: 2jwyz@

cczu. edu. cn

FUHAASC: 5% 18 0500 b

B RS TR R R RE I R [T ). BERME 5 HR ,2025,45(6) 1 13-25,44.

Citation: Qi T, Wei X N, Zhong J. Study on the Lit /Mg?" separation performance of mix-charged nanofiltration mem-
branes[ ] |. Membrane Science and Technology(Chinese) ,2025,45(6) :13-25,44.



Cld BB 2%

5 # A

45 %

PR SR T L SR Ay R A S A SRR 5 AR TR
JZ LA PR [T X A B B S 5 B0 1 o O A Bl Ay
i R K RS E . Qi AN A
Tob g B PRAR L4 I 3 A0~ i DA 119 22 5 ol 9
L JE A G R R A L R TR S R T A DR L A
PRofr s g 1 A B 8 ()BT R O %o S B Y
1B R KA S ) 7K 8 L v S B 0 B IR A i
THERL TEEMRAE.

SUE RGP RE T P L UR — €
PEE H H TR 2 46 b T 5 Th )T o B B T Y
IR i 5C TH F A 24 ] A X 48 B 2 5 6 1
(el P FHAIL R v AN A Aty GG ik = 36 AN [ L iy 44 R
PRBERS T2 AR R AT O B R G AR AT . PR FL A
23 6] 3 AT S oy B PR RE Z R A B OE &R  JE iE—
AR R TERE L EE 7> B A B IR R B . BE T A
WFFE L HUIR 5 5% 0 S e A S 7K RH B, 5 1
= P Sl PO B 1 SR A B R L M i B
N [ LA 225 ] 3 AT PR T P A 20008 5 R GO 5 0
P U SRR 5 o BV RE B 7R f 7 B A 0 A
XPREEE T BIAT A S ML ATL A O PPAl A A 40 g B
LG ER 0 b A Ak B RS E S BT D

1.1 ZEBHR5EE

RN (PSD g M, bRk BH AR (b5 A R
3l ToK IR (PIP) 3R 26 W[ PET, 70 000 Da,
5090 (i 80 1A 28 = H Bt (TMO) , Bl iz T
WFAFRA A (P ED ; B2 B (PEG, 43 15 200,
400,600,800 Da) . Bi 2 £ (Na, SO, » 99 %0) i I 1%
(MgSO, ., 99%) | 44 4k 8 (MgCl,, 99%) . 4 1k &
(NaCl,99 %) FI58 AL A1 (LiCl, 99 %) , [ 24 4k 273k 571
O A BRA 5 1IE S e M+ e L il iR 40 (SDS) ,
v AR A R B 5 526 I 25 B K
S WK Rl & .
1.2 BEBEHNEERNFSESRE

SR FH 5 18 2R G 10k T % B F fr TR r iy SR I
YRR, BARDBRINE

B F 7 B ) ) < B TR Y PST R IR AR IR %
FIKMFERH 2 min, KM R 0. 5% (i 55340 PEI
VW BN B 0. 1% (B 4340 SDS 1 0. 3% (i
5380 PIP W B e i AR R R BRI R 11 2 A 1
KAWL . A 0. 1% (Fi 4380 TMC /9 1E & b
VT ROV 30 s S8 AL B A, V45 R

Ji » LATE C e e 25 B3 xS AAR  Bi Je B I A4 A i
F 60 C FHALHR 5 min DIIGSRAZEE , 2415 PEI
-PA a8 PIP-PA B i 44 I

R A fr B Y ) & DLOBT A% B el A
(PEI-PAZL PIP-PA) 3L, FEH R AT R 5
RA . BRIEBIZ A T — KA AR 2 min
(PEI-PA 532 A PIP/SDS 7KAH, PIP-PA JL ki
A PEL KAHD, KRR 2 RKME, HiKE
0. 126 (B 43 %0 TMC 1E C BN 30 s, Z81E
OB eI T 60 CHULHE 5 min J5 , 538 HA JEXT
FRE TS5 PEI/PIP-PA fil PIP/PEI-PA R4
B il A R s AN 1 Fs . I il g
FBIEET 4 CRET KT, DIHLE LR 1E 5 1 fg
NS
1.3 WA EREGNIERR

el ISRk 4 Sz S AR B P A8 R 21 ARl 3% (ATR -
FTIR, Thermo Scientific Nicolet 1S20,ZEE) 5 X &k
SeHL FhEE (XPS, Thermo Scientific K— Alpha, 2 )
XAk 2 A NI T RAE . SR & e T B4
55 (FESEM, ZEISS Sigma 300, 7 [&]) M. £ & 1) 3 T
TE 3 B W T SO 4548 . R+ 77 B il (AFM,
Bruker Dimension Icon, £ 5] ) FE1F 40 & B& 1% 22 4L
RERE . SRR A I (CA,OCA 25, Dataphysicals,
D X R A R B K PE AT RAE . [ SurPASS
T2 74 (SurPASS 3, Anton Paar, B 3 f]) 7F
0. 001 mol/L KCI 7K I % AR I Y Zeta H
. T H S (DDS-307 A, F#f, H ED i
LR B TR 3 3 L B B A B TR R
4L (ICP - OES, Avio 550 MAX, PerkinElmer, &
D R A R0 B T . A B LR 2
FHX (TOC, Shimadu TOC- L, H %) I 52 5k} Fl
BERTH PEG WHE,

SR FHAZ I 2 1 ) () A i aot U e 5 R AR R B ALY
B HERE. BSCTE 0. 6 MPa T X494 g B E 4T 71
IERELIW G S R X R (RN
0. 5 MPaXf 448 A5 i) 43 B3 1 BELEA T 2

YR e M5 TR A T

=% a5

Kb AIERE B EE R, L/ (m® « h);V BB
BB L A RBETH AL, m* 50 Ry i ad — i R
(RB 3 W T s ZE R B TE] b

YRUERE B BRI R AX T .



Ff BESE R A AT AN IR ) BB Sy B PR REDT Y © 15 -

PIP-PA

PEI/PIP-PA Ji

PIP/PEI-PA fi&

BT R H A 0 S 0 ] o R

Fig. 1 The preparation steps for the mix—charged nanofiltration membranes
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Fig. 2 The chemical composition characterization of the prepared nanofiltration membranes: ATR-FTIR (a) and XPS(b)
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Fig. 5 AFM images of the surface of the nanofiltration membranes: PEI-PA (a),
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Fig. 7 The pore size characterization of the prepared nanofiltration membranes: rejection curves (a)

and pore size distribution (b)
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Fig. 9 The separation performance of the prepared nanofiltration membranes: pure water permeance (a)

and rejections for different single salt (b)
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Fig. 10 The separation performance of the prepared nanofiltration membranes: rejections for Li

and Mg?" (a) and Li" /Mg®" selectivity (b)
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Fig. 11 The separation mechanism of mix-charged nanofiltration membranes: PEI/PIP—PA membrane (a)

and PIP/PEI-PA membrane (b)
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Table 2 Nanofiltration membrane performance for Li" /Mg?*" separation
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PEI@g-C;N;-PA 1E HLfif 20 97.7 18.2 [33]
PIP@CE-PA Lo 30 50 30 [34]
PEI@15C5@GO-PA iR 20 40 16.6 [35]
DA-PA/PVAm iR 50 154 30 [36]
PIP@NH,-B15C5-PA L 100 82.6 32.2 [37]
CNC-COOH/PEI-PA R4 s 30 41,7 12.2 [38]
PIP-PA/TMA RA e far 20 50 33.4 [39]
PIP@PEI-PA TR A HL T 20 160 24 [19]
PIP/PEI-PA A HL A 20 61.2 41.1 AT AR
PEL/PIP-PA R4 20 58.9 59.7 AT AE
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Fig. 12 The permeation flux and MgCl, rejection of PIP/PEI-PA nanofiltration membranes vary with

different operating parameters: transmembrane pressure (a) and operating time (b)

AL EMg*

(a) 100 (b) 50
Pl 40t J\
sl
§ 50 o
M o25t R 0r i
88 e \
# o = 20t
s
25 ¢
10f
50} %, %
0
20:1 40:1 60:1 20:1 40:1 60:1
Mg*/Li* fis kb Mg /Li* JFHE H

E 13 R[] Mg*™ /Li™ B b NI 4 B PERE . LiT A0 Mg™ B 3R () A LiT /Mg™ i (b)
Fig. 13 The separation performance of the prepared nanofiltration membranes under different Mg?™ /Li" mass ratios:

rejections for Li" and Mg?" (a) and Li" /Mg*" selectivity (b)
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Fig. 14 Schematic illustration of the two—stage NF process for the treatment of simulated salt—lake brine
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Fig. 15 The changes of ion contents of Mg?" and Li" during two-stage NF process:

concentration of Mg?" and Li" (a) and Mg®" /Li" mass ratio (b)
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Abstract; With the rapid growth of lithium-based energy demand, the efficient separation of lithium and
magnesium in salt lake brines with high Mg®" /Li" ratios has attracted significant attention. Nanofiltration
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Preparation of PEG-modified vermiculite membrane for CO, separation

ZHOU Hui, L1 Hongying ., LI Yifan
(School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, China)

Abstract: Lamellar membranes have attracted much attention due to their unique interlaminar channels and
mass transfer properties. In this study, vermiculite (Vr) was used as the main material, and its
interlaminar channels and CO, separation performance were controlled by intercalation or grafting
polyethylene glycol (PEG). The vermiculite membranes with covalently grafted PEG were found to show
better permeability and mechanical stability than those with physcially intercalated PEG. The optimal
membrane exhibited a CO, permeation flux of 1 489 GPU and a CO, /N, selectivity of 23. 6 at 25 °C,0. 2
MPa under dry conditions.
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membranes, leveraging size exclusion and Donnan exclusion effects, have emerged as a promising approach
for Li' /Mg*" separation. However, conventional single-charged nanofiltration membranes generally
exhibit low selectivity for Li" /Mg®" separation. In this study, mix-charged nanofiltration membranes with
asymmetric charge distribution (PEI/PIP-PA and PIP/PEI-PA) were successfully constructed via
sequential interfacial polymerization. The results demonstrated that the mix-charged structure
synergistically enhanced Li" /Mg®" separation performance. Both mix-charged membranes achieved MgCl,
rejection exceeding 96. 0%, with Li" /Mg®" selectivity values of 59. 7 for PEI/PIP-PA and 41. 1 for PIP/
PEI-PA, significantly superior to that of the single-charged PIP-PA membrane (9. 2). Notably, the PIP/
PEI-PA membrane exhibited excellent Li" permeability and maintained stable performance during long-
term operation. Through a two-stage nanofiltration process, the Mg®" /Li" mass ratio in the simulated
high Mg”" /Li" ratio brine (Mg?" /LLi" mass ratio 63) was significantly reduced to 0. 28, demonstrating
strong application potential. This study provides a new strategy for developing high-performance
nanofiltration membranes for Li™/Mg®*" separation.

Key words: mix-charged membrane; Li~/Mg”*" separation; nanofiltration membrane; polyamide; interfa-

cial polymerization



