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WOE: AT K /R ERRA P ek R ER R A R A (PAN) AR 4 A, AR = F R A 80 (PDMS) 2 %~
BEFBN S EEAE EH(GO), B & T PAN/PDMS-GO &4~ i B (mixed—matrix membranes, MMMs ),
FIRT GO BN FAT A ARG I F MR B EFN ek aban Hmm, R AW CO R BB ERXEWHE LS
Ik, A2 (POBALTH 694E A T 5 PDMS X FE ) 69 52 42 K A B R, GO 89BN RALT VA AR 69 7K 4 Ak
fi, R EAT R EME, B KT PDMS #9350 E L BAEE GO J5,PDMS B8 ) bk fe e R ABE 13
ABrRS, £ GO 5 PDMS A EFAFagtastt; A GO HBNEWIE I, MMMs st R B 6945 EB S T
B, b BB ERE, % GO RESHH 0.07%0, £ 1.8 MPa #) T4E/E 5 T ,PAN/PDMS-GO MMMs 27 &
AW 5 B PEAk, AT R EA RSB A 3.87 kg/(m*+h), B F &k 100%, BILE £ T b4 P K F i b IEA
EDK Ty B g B R

KRR BAE B2H(CO); R AMHE (PAN) ; R = ¥ A A 8 (PDMS) 5 A A R BL(MMMs ) ; R ER/ K 234 4 &

FESZES: TQ028.8; TB324 MHERFRERD: A XERS: 1671-024X(2026)02-0024-07

PAN/PDMS-GO mixed—-matrix membrane used for acetone recovery in
soybean oil production

Meng Jiangiang"?, Yu Bo"?, Wang Chao', Zhang Chenchen'?, Liu Zhihui'?, Dong Qingshuo'*
(1. School of Material Science and Engineering, Tiangong University, Tianjin 300387, China; 2. State Key Laboratory of
Advanced Separation Membrane Materials, Tiangong University, Tianjin 300387, China)

Abstract: To recover acetone from soybean oil/acetone blend, PAN/PDMS-GO mixed—matrix membranes (MMMs) were
prepared using polyacrylonitrile (PAN) membranes as the base membranes, polydimethylsiloxane (PDMS) as the
separator layer and were doped with multilayer graphene oxide (GO). The effects of GO doping on the physic-
ochemical properties and solvent recovery performance of the composite membranes were investigated experimen-
tally. The results showed that GO doping not only reduced the water contact angle of the membranes and increased
the solubility of acetone, but also increased the crosslink density of PDMS. This is due to the presence of a large
number of hydroxyl and carboxyl groups on the surface of GO, which reacted with the silicon hydrogen bonding of
the PDMS cross—linker in the presence of a platinum (Pt) catalyst. The mechanical properties and thermal stabil-
ity of the PDMS layer were improved after GO doping, indicating that GO has excellent compatibility with PDMS.
As the GO doping increased, the permeation flux of MMMs to acetone decreased while the oil retention increased.
When the mass fraction of GO doped was 0.07%, the PAN/PDMS-GO MMMs exhibited the best separation per-
formance at an operating pressure of 1.8 MPa, with a permeation flux of 3.87 kg/(m?+h) to acetone and an oil re-
tention rate of 100% , demonstrating the potential for application in solvent recovery in industrial production of
soybean oil.
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Y1 e SR K AR TGS A AT A R 4 55
N TR , i Le s iR KR BRI, H i 2
[ ORI E S S S NI a3 S S NI R e
ik 78%, W ANE B IR . SRR
I E PR R R S, B RC R E A P B T
LB BRI, R T A PR A AR TG R i 7
FI5%ER A) A i H AT MR FH B9 ) LA S AR o 2
J EB A6 SR HRETE AR FE X ph g
RY IR A BERE, E2ABUSERHY. Bl
LA 005 AT ) R B 21 46 R A AR 51, G v P
AT EA R AR A S KSR R B LR
A, VR A 2 TR & A A R R
70%~75% TR FI A 25%~30% A3, PRI, ZEKS 1k 22 Ri
ATV R ESORAR A WA EL S,

e G0 R [PV 1 AN R 8 e 7 AN Z8 IR IR R
FOTEFERK HARERE R . S22 ML, BB R B
PRVETR IR REAEAL  Z e S e R 2N e —
Pl A BRAR R LS, AR I SERE A B (PDMS)
K EIERE A, XA PSR A 32
A R E SIS 2 KR8, PDMS A9 3SHK S
3, Hirp, 29533 PDMS 55 W LS A
(PMHS)7E Pt AEALFIVE R T A A= sk S0l s v B A
G T TR A SR S B A . R
1M, 4 PDMS JE [ PEREZ B T35 B M s £5 1 2 [A] it
THIRK AR O R0, 3l 25 A I A YIS i BEAR APk
FIECRL A 2 e R 1 B8 a5 1 1 4% O TR A 2 T SR PR
Al SR A W R IR S B 4 B PR RES, Fvi 2 AR o)
LRSS 400 CAbHLIT BB A0 K45 (CNTs ) A3
LB AT PDMS SR 5 EIURTE R IR LM (PVDF) I
M2, 145 T CNTs—PDMS/PVDF VA 525 i (mixed—
matrix membranes, MMMs), 7F 1.8 MPa TAEE T, XT
JRE BN 25% K EalAE S iR S B R N
96.91%, B 1%18 7N 4.09 kg/(m>+h), Cai ZEMLL ZMS-
5 347 RN A F] PDMS IR AE PVDF 6,
#1457 WA AN PDMS/PVDF J iZIEAE 1.7 MPa &
FI X BN 25% 1 KR/ IE C BETR A T
BN 96.1%, K 2.52 kg/(m?>h), SRB A A K
PDMS/PVDF JEEAH LL , yih# B8 PR RE I & # 1 o

RA Y5 TOHLIRL A AH 251 22 2 1 20 MMMs K
R R A G, e B R T A W LIS R AW AL
SR BRI 1S S B 1 3 A R SRR S — AR I 1) i e S
S, ZIREAT IR (GO ) TS —EgkAtrl, B
JZEIFE R 0.78 nm, A UAL 21| RS} 40 94 T, [ sk H:
A KSR RER], AR BE AR IO i F2 AN
BRILTEAN ST VERT, nT LS PMHS (1) Rk S

R R,

AT FI i £, 4 PDMS 5 PMHS 1 i &0
BN SEEL PDMS (W22 [ 4L, B A GO 1 PDMS/
IECUREI TR PMHS #% LGRS IS R 7E PAN JEE
L il PAN/PDMS-GO TR-G FE AR, #79% GO K1
L | REES PMHS Y XT PDMS 5 GO AHA
SN, MM GO 45 A AT IR B Ak 2 I L R SR
AR RIS RE Y B2

1 LIEEH

1.1 SRk 5SS

5 . PAN(M, = 150 000), [ ¥ 22 B A A
RN T BN 2E W iR 2 - Ffig (PET) Jo i A , S i Je
AN N=-Z H B (DMF) VIE 2 8¢, 348 73 B
afi, KR8 Bk 2e A BR S | 5 MR (A3 Afrati), R
AT KA 22 R B A IR A 200 2 B
PDMS (DY -V401-1000), Ll Zx K 5 1k T A BRZ A 5 4
& (PO A k7], i rp 7 240 TR}
FABR. ] PMHS, B FCA MLEE (L) A FRA A5 GO,
IR A7 BRI EHE A PR R R IG, 578 BURR I (%
BB RAF] BEFK,ERZE AH

X% : Elcometer 4340 I [ ShiR AL, 9E1H &) @& 2
Fl ; Regulus 8100 #7437 & B B 7 B 58 (SEM),
H 7 H 37 /A7 ; AVANCE AV 400MHz 59 /A4 e
WAL (NMR ), 5 A 6 5e 23 7] s NEXSA B X G260
HL T RIS (XPS) \Nicolet iS 50 Ud HL i A5 347 48
WA (FTIR ) , 32 [EFEER KR A ] DSA 100 #Y sh 4z
i £ A, 75 ] v B 40 W] 5 JBDL-2000N 7Y i
FH IR, M RS BB LA A BR A 7 5
STA449F3 RUFEE 43 B8, 75 ] i Bth /> ] 5 FE ot 4 B
DA, L= H
1.2 PAN EEHIH &

4 PAN B3R A DMF H, 78 70 °CF AL 1
6 h, SR G EERAM F#E 12 h DL, DB,
MNTTAS B BON 15% XA 8 B 3hig s
HLKS: PAN IRWREIRTETCYiAR b, BAEA R E N
25 °C, IRBEH N 2 em/s, B JTEIBE R 200 pm. VRE LT
[ PAN JBAE 25 B F K AL Ak, T 253 Pk ok L 52
EEBREER, 60 CTERT1E 2 h, 755 PAN JEE
1.3 PAN/PDMS-GO B & ERIER & &

H 15 mg [ GO 7 HIUEE 285 g IEC B, VKK I #E
FEALFE 1 h 5, A 12.5 g PDMS, 4K S 875 A0 B 1 by
T 0.425 g PR .0.125 o SRIF, 7KoK s S F R4k
LAk 10 min; BES A 2.5 ¢ PMHS, 4625453 3 min,
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RIRTA3 2] 5 A 0.10% (& 5140 GO 1Y PDMS-GO ¥R
IR RS 5 em x 5 em BORIUH L HHELE
W PAN JE [ 2 7EBE B AR - o (286 % A il 97K
PR OB E A1 PAN JEJEAE S XULAR o8 2% 2
KR4 . B2 mL PDMS-GO 478 1K IR B 55 1F
PAN JEARETE , SRIGTE 60 °C AL 30 min IEFRIEC
St , PRI TE 2 120 CHAR{E 2.5 he GO B AR L
PDMS 5 PMHS Ji 2 AT B Fr il 4 19 MMM iy
% A PAN/PDMS-X% GO, H X =0.01.0.04.0.07,
0.10, BLAM, R FIRR A BC L7 3R DU 3 C A L - il 2%
T H AR PDMS 25 R PDMS-X% GO MMMs,

R T RAE L GO et A5 kS N M T 4
RS RA WA A PER AT, B 30 mg GO Fl 15 ¢
IECBEMAEIGEA A AL EE 1 h, SR I BedR i
A 1 g PMHS, #1354 10 min; ¥ 0.01 g Pt #4672
BT 4 g IECBERE S BERE 10 min, K¢ P LTI
WIS, TEEIR T RIHEHE 10 min K
IRETRIRAE 60 °C T HE 30 min, FREFIRETFE 120 CHn
2.5 h KA 2 P 44 PMHS-GO,

1.4 WX SRLE

(1) £L4MGIE (FTIR ) 2R FHARE B AR e 21 40 3%
I FRAE A A TEFT GO Ktk 2-458

(2) #REHIR D% ('H NMR) - ¥ PMHS-GO 25T
WG, BT AT EURE , LUTAR G  (CDCL) i,
68T D YRR A s L AR 0t 3 4SO PMIHS T PMHS-GO 1
EM B TRAE, @id 'H NMR 3 SOV AT G PMHS |
TSR P i

(3) JEHLFRERE(XPS): £ PMHS-GO [Efb)5 , f#
FH X S0 L BB 1A S0 2 A i 1) fb 2 1 o0 R
Rtk

(4) W B 30 - SR Y2 3% & 5 4 4 L o Tl i
(SEM) W% MMMs Wi fTES

(5) ZEIKAE : SR 2 242 fi £ AN A FE 25 R
TEAARERES 2 WL KA

(6) KR ¥ H S A PDMS-GO IR A 3 o i
MR FRE, SR 5 40 B A N B AN 26 72 hy DA
E S 20 I A7, SR bRk FH 8 40K FL3R i A4 T
FRE, PDMS BT K BE (M) TR 50R -

My, = (Mm—Md,y)/M&yX 100% (1)
s M IS B S 6 s M, S TR

(7) Jy2tkfe . PRI B S 55
PDMS-X% GO AR AGH7 58

(8) MAevEtE: RAMESIUERIEARRT GO #
Z=it ) PDMS BIEUENE , FHRE T MAER AT,

P 10 °C/min AYFHEEEE  KAELEE N 25 CFH 2 1200 °C.

(9) B sregthneg . MHSCRE A A sEum R
RENke 0 R 9B 3 M 5 A B e RE A T T,
BHEA 25% (5T fe 73550 8 I/ R RS TR, 16 1 it
HER 800 v/min , A AU LA 2.75 x 10~ m?, MR
&R 25 °Co MHAHT , P AE R 12 h, SRJ57E
2.4 MPa FFaJE 1 h,7E 1.8 MPa F AT, (4325
PERER A A R 2 DN SEAT

_m
J= A Xt (2)
R =(1-=Cy/C;) x 100% (3)

2. ) B EE g (kg/(m?+h)) sm B IBER TR (kg);
A AR (m?) ;¢ BB BIEERT R (h) s R Rk
B R (%) 5 7E 60 C R XHRATMAB BRI RIZE K Sh,
Sy SR RN BB I BT EYR B G I Co

2 FERESH
2.1 FTIR iEES TR

i# 3t FTIR #4FE T GO FIA[E PAN/PDMS-GO &
B IR 258, i 1 s
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§ 80 o
= 6ot
%
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4000 3500 3000 2500 2000 1500 1000 500
P em™
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# PAN/PDMS-0.04% GO
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B 1 GO #1 PAN/PDMS-GO ;EAERAZH FTIR iZE

Fig.1 FTIR spectra of GO and PAN/PDMS-GO MMMs
ME 1 TR H, 5 PAN/PDMS JEAH L, PAN/
PDMS-GO JAE 3 300~3 600 em™ &b H L T8 (414, 4
GO Ly ELE  HEEE GO B A AN, i )5 &
BWER ., #ig B, GO EEE I E REMIZITE PDMS 1Y
SR S i 2 5 Oy B TER 1 oK BEEE 3
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GO 5 PDMS Z 0] [ i BT AN AR, X AT RE R T
GO BB ARE/D , KIAF FTIR AR IR FE a9k BT
F14) 1 5 DA T
2.2 'HNMR i&E 5

ASC%F PMHS 1 PMHS-GO 1Y 'H NMR 3% & #17
TXFE, LKA GO J& S 5RO, 45 R Kl 2 B
/No [#l 2t PMHS 43 FHEH I EA 2 F —Fh 2R
B LIRS 8 = 4.7; B —F R REH LAY A, fh2F
fif% 6=0.2, H 2 FEli LB 1: 3, i MestReNova
BT 2 T SO0 L A TR A3, PMHS 1 2 Fh &)
AU TR AR EE A 123,11 PMHS-GO [ 2 R %t i
AR LA 10 3.4, X R RE SR A T ROV T BHAE

—CH;
-Si-H

. PMHS L

| | J l PMHS-GO AL

74 7.2

48 4644 4240 12 10 08 0.6 04 02 0 -02
088 &

& 2 PMHS 5 PMHS-GO i) 'H NMR i [E
Fig.2 'H NMR spectra of PMHS and PMHS-GO
2.3 XPSiEE o
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Ols
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5 /10%.u.
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1 1 1
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HEEREleV
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Fig.3 XPS spectra of PMHS-GO

r & 3 AT, 7E PMHS-GO W, fik SV =2 8] S v T
LAY COSi-Si0,C BTk T2 53%M0 8 Si JCR 5, R
N Rk SR TR T 24 28% , HAR 24 16% 42 H B2 L F0
FRIE Sk S ROWIE R S105C BTRRAYM, H I IERT
EASHR ALY FE Y, GO R B REHIREE 2 5 X
N, MR E T R-AY PDMS 5 EHLER GO ZHHY
FHASPER,

2.4 SEM B4R

PAN/PDMS-GO V8 £ 55 [t J5 %) W 1 2 55 2 141 4

JIi7m o

15\ pm

(b) PAN/PDMS-G0O-0.01%

-«

*

(¢) PAN/PDMS-G0-0.04%

)

":\Qi&‘ 715 wm

(e) PAN/PDMS-GO-0.10%
4 PAN/PDMS-GO R &EHEHEE SEM B
Fig4 Cross—sectional SEM images of PAN/PDMS-GO
MMMs

11l 4 A0, BT AT RS PDMS 4355 2 LSy 7~
9 wm, H5 PAN JEAREE G 8HT . X GO B AR (s
G388 R 0.01%8 , AR RS i) 43 A LA &), R & R
R RIS MBAEHE 2 0.04%F1 0.07%HF,
WMEERN DB ARG S8 A m St m 3
0.10%HF, Wl H BUSE B B i AT 3R . X2 GO i
FETER B FEIE FRIE PRAEIEAEILIA , 3 Sl P I (A
PIAFTERE GO TEARM R IR IE e Hh A B 222,
2.5 FEKMESH

YT AR 5 PAN/PDMS—-GO TR £ 35 5t 5 25 T 42 i
%5 10 s F1 30 s I /K2, HE R anE 5 R .

&l 5 AT, Skl 10 s i, B GO B 24
HAH0, PAN/PDMS-GO JE % 7K 422 ik £ AN 102.2°38 /N 2]
90.8°, Mi#Z i 30 s I, K32l fA DA 98.3°F#(% % 83.2°,
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Fig.5 Water contact angle of PAN/PDMS-GO MMMs
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Fig.6 Swelling dergee of independently supported PDMS-GO

membranes

K 6 ATLLE B GO B AR (0 E)M
0 H4IN%E] 0.04%,BH GO MRS LT AE H A (17
HKEERA SRR, X IR T GO E MR IEFIRILTE Pt
AT AVE R 5 PMHS A7 U8 & A2 O, i 5
BRI ACHRE e . B GO Fiit /380N 0.04%
K hn] 0.10% , PDMS JEEAE FH 2R b A9 K BE 3G 3 mp
REZ T2 2A A BIG N2 54 115 PDMS 4
BB 25 BRI 2 B S HUW >, A GO T /34
0.01%3E 13 0.10% , PDMS 7E AR H B 775 K -t i A
BEH, N 11.91%38 M3 14.50% ., XAMLSE GO 228
B S ), Y TR AR R B A R AR
) GO 3B A1 N, PDMS R A5 1 1 70 1) 55 F
P, TP R A R RO, NS AR BO AR
BT, X AT BB A T4 S N AR R A P B B
27 SIFEERESHT

A GO B AR PDMS-GO TRAHE R IR 1127
PEREANE 7 B

HIE 7 AT GO BB AR s B A T KR
T, BEE GO B AEMHE N, PDMS-GO MMMs
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L — PDMS-0.01% GO
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Fig.7 Tensile fracture properties of PDMS-GO MMMs

FEE AT i FE 1 K, W A 3R K, Y GO Y i it 41
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GO AR FI R BE S 4.46 MPa, 2 PDMS JERY 3.7 1%,
BT 2R R T E AN F 2 AR —=2& GO %
AT 4 2 5 R Ik 5 ik S S g R AR 2R 38k
PDMS E4# i Si-0 HFITLAL, 1M GO RIEAFERE R
WM B REA, FEVOEAE T AVE R R IR B 33 A8 1R,
SEHR I FE 4 e 2 R B i BE (1G22, 2 GO
AR EE] 0.10% ], B A F7fnm B AW 24 R 2
JEIR B o 255 REWTTAT SEM B 5HT , iX AT & GO Y
VA SR S S5 S et i ™= A 0 g 4 r i D 24,
2.8 AREMESH

GO XF PDMS B i #gs e M A A 4 5 .
A GO 8 A=Y PDMS-GO 1E& 3 B A TGA il
2 DTG hZen& 8 i
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Fig.8 Thermal stability of PDMS-GO MMMs
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Kl 8 AT LA, PDMS B 5y g 2 BB
55 1 BB PDMS i 5 55 M BE 10 20 ik 5 56 2 B o
PDMS F 4932 PRATAER, 55 1 B BER I AR 1R IR
FEREE GO BARMIEMmREAL, XaTae2&hF GO
HIREFR BT B0 . it — DNk, 46 PDMS 55 2 By
BEPMR B RIGTRE A 645 °C, BEE GO B ARG
T, 56 2 B BEA A G IR TR 43 1 648.9.654.8
659.5.660.3 °C, Uil PDMS 4% it $ 0 it J FE Fiti 25
GO B AR Ay . P MR B2 s IR A 1A
T GO 5 PDMS Z[H b2z 3c Bk 5 FIACHK , ACHRE
JE R4 o A ek S e B P W 1S 58, BHLAR T PDMS F24%
FIREfRE>2, PDMS-GO TR A L T IE 24 R AR e
PEIFETE, IEB] GO 5 PDMS ELAA IR R 1A A
2.9 AFIEREEE

AR S 33 K PAN/PDMS—-GO IR 2 3 5 i %t
AR 25% R K2 /TN R TR A I ) 505 PR RE

THIER BA 1 RE S B W E X 50 ) [ g, A5 SR UniAT 9
F7R o

20

18 CO Bt At 4 4100

16— MR S L {os
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!

i 175
70
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Fig.9 Acetone permeate flux and oil retention of PAN/PDMS—
GO MMMs

HE 9 TLIAE N, BiE GO Fim/EUN 0.01%34
JnE] 0.07% , FEXT I Y R RN 90% 22 £ $E = &
100% , T2 175 38 12 U K T 1%, AN 6.28 kg/(m?+h) TR
) 3.87 kg/(m?+h) . XA HESZEH T GO BB AGIAT K
AL R BRACHR AL A4, 7E PDMS 1 S v [ it 72
GO R B SSHRAE I, (5325 J2 1 S K 25 BE 1S K, 45
Frp A RAREUE /N, BLAG T INER TR R R
PDMS-GO XS PSR 3 e R n , (B2 s HAT)
SRAZEN I ], X R B FORHE 335 3 (Y 52 I T
E%[l&l&?j}o

R I A A3 = I, FLARX A
639, KT HER(58), T REY s> 3h f12: Hi
31254 0.5 nm A 1.4 nm A= FEH 00, 3 AARX
SrF RS HAEEIERK, sCHE B RsEm,
BRI FBERR A D U], B AR ) ek

(=2 S B ")

FHRe HAh , ZIREMA SR ZEEE D 0.78 nm,
RTWERGr ¥ ER, H/hT =807 E
2, PRI AT RS 1) — s 18 RS 5 404 T, i 8 R 23l
AU , O R T SRS M Al ™ BR T 5C
BRI, GO MR 2 N R Z —, 44
AN 0.10% B, SEM EGFIAL AR I 34 Sz et
GO HYHIZR LG o M B3 1 i T R, DI TSR A
L2l GO FRALA A ME iy 8 18 R A%, [R5 4 —
ko F AR, s E A T NI R
FLEEA STl 4 PAN/PDMS-0.07% GO MMMs 5
SCHRH B il A ) RS RE , 25 2R U036 1 TR .
R 1 REEFIEKERERT L
Tab.1 Comparison of solvent recovery performance of

membranes

s PERETTE  BIREZ WEES BE 2%

Y% MPa % Wi SOk
PDMS-PTFMPS/
ES
PVDF 26 2.0 95 4.10%  [28]
SWNTs/PDMS 25 1.8 9691  4.09%% [10]
ZSM-5/PDMS 25 1.7 96.10  2.52%% [11]
PDMS/PVDF 25 2.0 80 20.30% [13]
221k BPAPEEK 10 1.0 94 0.04%  [7]
PAN/PDMS- ..
ek
0.07% GO 25 1.8 100 3.87% AL

VE A * BRI L/ h) 54 # BUE AN ke/(mh).

H% 1 AAL, AR SCHIE Y PAN/PDMS-0.07% GO
MMMs f1475 1% 38 555 SCHRHGE TR A L AR T, (5
Xof LA 9 1 R S P T AR, SR IR AE R T
Az st R A ) DS T LA AR A R T I 5 o

3 4 i

R34 T PAN/PDMS-GO R4 LT IR
[ GO 8 A Xt & A MW BRAL 2% Jo RN K 52 30 /79 T
TRA A B RE AR, 25 LR .

(1) GO KA K EFATRM, TS5 PDMS &
A b2 S R B AR 5 TG R AC R 1, S BB A
GO ME A B Ut FEBH T3 K Tk B R 4 5, B3
W TR

(2) GO KT KE I F A HRERIIE R T PDMS 1Y
K DA 17 43 8 2 06F PR ) A BE L 5 R T P B )
PG GO [1A)JZ [ 256 m] LIGE B0 404F 1, 41 5 5t
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