AL B2
2024 4F 4 A

BB % 5 # A
MEMBRANE SCIENCE AND TECHNOLOGY

g T HIEE R AR R BIE NS
L/ AALRRIF ST

LT, Hes,. £ B, T %, Bkde, F R, HBRE, R P
LR TR M 540 T 208, dbst 102488)

WE: A RAER CBRIRF  ABMEAN T LT ESAFEA BRI . AXARR
R UK (PVDFE) % 5URE A R B — W R At B2 (PDMS) A & & E AR . h & hiE A T AR
A LB /CO, 4 & % PDMS/PVDF 4. i@ 2rs) 38 X & ATH a4 & F 25 F
3t PDMS/PVDF 8 & B 4T T 2GR AR, KK T IR 18] 2k AR A b4 T B R E (3
Mg E ki3 AR E 2 PDMS/PVDF 84 K54 4 & Mk od %em. 4 R &9 . &£ PVDF A&
LR A B EL 10.5 pm BF B3R PDMS 4 5 &, # U IR AT A] AR K L B ag ik 0 AR AR
W 5B Tt B s BR SRAT IR ) 3 e, 09 5B M Fe sk A 3 I B s BB SR AT LB IR T & L Y
HE Ak B 2RI E e A AR BT SRR A Y T ek
BRREOIE I, B S EN At BRI 56 T . £dbAHRE 35 C it #HE A 0. 15 MPa
(RJE)  LEERAMNAR S 2 0. 1% 8F, BT 4] PDMS/PVDF £ A B2 69 LB 4 ik M 5 i 33 052. 2
Barrer, B /CO, M A 17. 1. sbsb, EiE 5:nK 60 h ¥, 6 LSBT, £ 4
Y OB R BRI T @A B AR,

KEER: AASE; ROFTEARRIR; 6K ABAEA; LEEK

FESES: TQ028; 0634, 4+1 ICHERFREFRG: A XEHS: 1007-8924(2024)02-0029-08
doi: 10. 16159/]. cnki. issn1007-8924. 2024. 02. 004

Vol. 44 No. 2
Apr. 2024

BEE FE 2 AR A JRE L X RE TR A 75 5K SRS . A
AT RRA AR S o5 1 BE TR T 3 B AR 0
SR A A B A DKV 2 ™ R ) B T A
G Y PR BARR  HE  —AARRR (CO.D HEK
A 82000 Rl F AR Sk T A AR R
AT D o A A7 RER B4 430 76 JE . SRR Z A
— Bl AT PR T R AR AR P OGP IR
55 40 2 EZ A XAFE) TR AL A

Wk B 2023-12-07; &SRR H . 2024-01-22

W e e il AR S B AR P R R R SR A
A SR LR S R A LIRS R
TGP ANRE BRI B I R b I
TR UK VRIS RORS T AT O3 AR
PRI » R — b R 28 AR A 837 B 23 S BRI A
Yy TR 4 Je B AT T B AN AL

RIBIE (VM — o R > B HOR , B
P AR B O AR REAE L JC TS YL S5O0 0, TE AT LI )

FETH . BEE AP RRE (2021 YFC2101203) 5 K A ARI2EIL 4T A (21736001, 22008008 5 b BT 245

AR S BhitH B B

H—AEE T AT (1999 I AU & N LW AE L RN AR B S AL 5E. « Gl IR, E-mail.

zhaozp@ bit. edu. cn
SIHASC: AT e &
44(2):29—36.

{845, R R AR AR 1B B

S/ AR ). R S HOR . 2024,

Citation: Shi XY, Xie W W, Mao H,et al. Study on vapor permeation separation of ethanol/carbon dioxide by polydime-

thylsiloxane membrane[ ] |. Membrane Science and Technology(Chinese) ,2024,44(2) ;29— 36.



.30 - BB 2%

5 # A

8 A4

JI K A K i B I vk BE A BIL A A 4 R T
277, Belaissaoui ZEB I T —F0 VP =S
BRI T T INVAE S B4 & A LR
HEHI(VOCs) . 7 VOCs W B BARIT L 27 ik
. RRA D OEERR S &5 (R 5 h
0. 1%~2.500) RSB RRLR OB s 2088
A, AT LAKWR 3G 0 £ 2 I OR0%. Zhao S5 4 Bl
MAEBERASY (ALP) 5% — W XA 5k
(Polydimethylsiloxane, PDMS) iR , i £ i %f 2. B
HABSRFE I RA ZETE, T CO, 3B
BEZEIR AR AT B PR BRI & T PDMS & & i, {H
#/ T EEERR e A T2 S i &
1) VP J55 B A R ] AL AL 38 T 25 4R TR B AL
WA B AR ELAT B B R N B e o,
BRI K5 VP BRI B A=) O B A 7 o A b
SRS R A R R S A S O 1)

R Rk AR e B A DL R AF
B R K AR e T HLRRL S 1
[RIsF B F A AE Si—O— Si g, 350fdi o [H A0 BAE
1% 55, fifi 15 PDMS i B A 8 & Sk B 5
PEABIFGE LA SE R B R S 19 fF PDMS 1 7 5
PVDF ZALE K b #1457 iE T AR/
CO, 43 #5125 PDMS/PVDF &4 B, #8598 1T A
il FEE S5 A2 B AE 45 44 %5 PDMS/PVDF & 4 %53 2
PERERYSZ IR R B 53 B HOR B T4 W) & et e T 8
AR T HOR SCHE.

1 S5

1.1 SLIS##
B HERESE RS, Z6E S 50 000 mPa « s, AR

KR TSR
BRI B A

I
SRS :

FSaW ]

RT3 IE Pk A3l , 3 RTRL T 3550 BRA 7 5
HEBR VY 2,18 ( Tetraeth oxysilane, ik TEOS) , 4ii &
=99.99%, g AR A BR A R — A kR
fiz — T #45 (Dibutyltin dilaurate, faj ik DBTDL) , £ii
FE=95%, i 2 sa kA Ak B A BR 2wl s oK 2
(L7 T T | T 1 1 A IR/ B = A /-2 5%
=99. 9% , BevEEL L MR BR A R 5 U Sl
=99. 999 %0 , B VGBS SRR A FRA 7] s BRI &
I (PVDF) JE[E R b U B Tk 28 Je vETh e 5 s 1
P = i, FLAR K/ (0. 2020, 03) pm,

1.2 PDMS E&EHIHI&

FIRFAET AR P A — & B (1) PDMS
FIE BE e, 76 % IR 5t £ 30 min J5 i A 52 BX 5
TEOS it ft %] DBTDL, H+# PDMS : TEOS :
DBTDL st 15 0.1 = 0. 05, # & )5 4
PR BIE PVDE FERRESRTE E A ) T #6175
. 5 e 1 B2 A5 B T B8 XL AR A v 5 A s B
J.

1.3 LIGEESNE

FRRBE LR E RN BEEWME 1 PR, VOCs
FIRKR A48, B15 SPG - ATOL, J5 JH B % i 4 55 &
A A BRA A 5 0B U i A 4 L LS DO7 -7, db e
LRI E A R A A L(GO) , S
GC-7900, IR IERLAAUAA PR H.

1.4 BEMEREMER A%

RV H CO, SRR BRI, Horp CO,
MR et ER TR o A g A T 2 B R
KB R, AR R B ORER R CO,
RA IRARIEABMG 77517 1 h AR
A% VA o R 00 2 RS0 3 5 AR 3 A ) 4K
i S

K1 ZRRBELRREERER

Fig. 1 Schematic diagram of vapor permeation experimental installation



523

AHT T R T R AU IR B B 8 L R AR5 .31 -

PEFEATRE. X F OEZEIR/CO, IR R, ZRRB
B TERE BB T (A7 Barrer) FIESME o K
IR, A AL (1D ~(3) .

_ Qyil
Api=pixi— P2 (2)

AL/ T e
2

A Q ABBMAL BRI, m®/s5 v RoR <
M TEBZEM I BE IR 0880 Ap: AR @ Ao FE R
AR 2% . emHg; L B4y B 2R B cm; A A 3L
TR, e 52 SIS TA] s s5 SR 0 2H 437 HE M 1) B
IRGYE 1 5 po EEEMIN 5250 % 1 77 » cmHg.
1.5 RIEFE
15,1 ZIAMRIoGis

I H A B A v B AR 2T Ah (FTIRD
SEREAY (5 IRAfinity — 1S) , Yl 5 BERE 5 21 4Pl
W , LA B FIR 2 IS 3R 1T A fb 2 2L k. 4 v )
PEE A 4 000 ~ 400 em ™', I 32 W, 4 B K

4 em L,

1.5.2 X Gt

FIHEE Bruker A RIAY X GF 2477 8L (5.
D8 Advance) , % 5 47 9 i A . 04 458 vl
JE .40 KV, 3% : 40 mA,A=0. 154 18 nm, Cu- Ka
BRI AR BEYE A 5°~A45° A 5°/min.
1.5.3 41 B ids

R 7 B 685 (SEM, 1% [ (1) ZEISS,
SUPRATM 55 {48 , X #E S #E 47 3R 181 L W7 187 T 35
S0, FH T W TR 30 53 B B A &, T IR M AE MR AL
30 s FEAT W, IRCHT A SRR A B SRS A0 AL
(HZ JEOL,JFC-1600) H, ZE46 %} JE /1 5 Pa Tl
S 70 s.

2 HR 54tk

2.1 FERILISMRYIE

[ 2 3 PVDF 35 PDMS/PVDF & & B
FTIR . £ PVDF ) FTIR & d, 1 176
em AR IR T F— C—F Mg diRsh, 4R
M Z N I35 A 78 PDMS/PVDF & A Ry FT-
IR & P2 2], X 5B PDMS 7 58 258 &8 55
T PVDF ALJE. 5k, 7 PDMS/PVDF & & JE (1)
FTIR i%& .1 257 cm ' F12 963 em ' 42k iy IR Wi i
G3 IR T — CHy X FR 25 1 4% 20 FA X PR A 4 4

1, PDMS 4% | Si—O—Si A0 FR 1 45 9% 50
WIXF R T 1076 cm "1 1 007 e "AbRYIE(E. IR
ZERFW] A PVDF B E il % 1 PDMS 45
==

PDMS/PVDF & A i
——

1
2963

1
1007

BEE /(au.)

PVDF JLfi5

]
1176
3 SIOO 3 OIOO 2 5b0 2 dOO 1 51()0 1 OIOO
VL fom™!

&l 2 PDMS/PVDF & & 5 .PVDF B[ 14 2L S MR 5]
Fig. 2 FTIR spectra of PDMS/PVDF composite
membrane and PVDF substrate membrane

2.2 [EH X SHEATSHEE

PVDF JEf5i 5 PDMS/PVDF 4 4 i f XRD 3%
K iEl 3 frzs. m LU . PVDF 278 20 O
18.4°,20.1°,22. 9°F1 26. 8°4bA 4 MFFAEIE, X 5
SCHRPRFF— 2. 5 PVDF BB XRD % 6 1L
KIL, PDMS/PVDF & & A% KAE 20 7 11. 8° 48
AT LIS B 1 455 H 58 09 17 00 ki — b
Y HIAE A Y PDMS 7385 J2 5 2 i) 45 2 PVDF
FEJE L

PDMS/PVDF & 4
MWMM!*W\ \

m

L L 1 1 L L

10 15 20 25 30 35 40
20/(°)

MR /(a.u.)

K13 PDMS/PVDF &4 i . PVDF A1
X FEAT S E
Fig. 3 XRD spectra of PDMS/PVDF composite
membrane and PVDF substrate membrane
2.3 [EHRR
PVDF /i, PDMS/PVDF & 4 i) 2 i K Wy



- 82 - BB ¥

5 o A

44

i SEM EHR il 4 fios. I 4 Ca) ha] DL 2],
PVDF L5114 HA K& 51 224071 IE
A(b) Al LI . PDMS/PVDF &2 & i 4 2% 1 55k
O BT AT, HoR WMER R EE. PDMS/PVDF &

| o

AR W SEM EHR N 4 (o) f7r . fE PDMS
BT 5 PVDF 3G Z B T W 9 SRR 73
JRJRERE J(10. 51 pm. [Al#f, PDMS 78 PVDF 3
JEEFLE N T S B T XA ) T A

K4 PVDF LR () . PDMS/PVDF & & i3 i (b) \PDMS/PVDF & 4 KT (o) i) SEM [£#{%
Fig. 4 SEM image of (a) PVDF substrate surface, (b) PDMS/PVDF composite membrane surface and
(¢) PDMS/PVDF composite membrane cross section

2.4 RAZER B EXRS BRI
5T A BERT A % PDMS/PVDF & 4 i 43
BIPERERY R, Hrh AEIRIRL Iy 120 °C , JASZIR I
153504 3.6.9.12,15 h. ek E A 35 °C bkt
JE 14 0. 05 MPa(GRHo) (#ERHE &S L7
UL 0. 12004644 F . xF PDMS/PVDF & £ it
AT, S5 5N 5 R, F A S ERES TR A 3 h 3
E 15 h, B &M 12 217. 5 Barrer 40
#] 13 131. 9 Barrer, Ifif ZF&#/CO, MM 6. 8 FEE]
T 5. 5. 3K g2 i T ARSI A i) AR SR ) S UK R
1o o JE SR T K PERG 5 LSRG R AR N DT
B B R R BN R A Y A R AR /N K 1Y
BBV BHATAE T T 23 15 )2 J5E B U/ N X R 7 4
BT A% R AR TS A, K 3 A
14 000 8.0

—— ZEBiEN 175
—— 2 [CO, BEFEE
13 000 | 17.0%

+ 12000 - 16.0

\

—

BB 3N [Barrer
o
LB 1CO, R

15.5

- 5.0
14 16

11 000 - 5 L -
2 4 6 8 10 12

ISR E] /h

5 HASZERE X PDMS/PVDFE &4 5453 554 58 5% 1w
(35 °C,0. 1% L /CO, . K JE 0. 05 MPa)
Fig. 5 Effect of thermal crosslinking time on the separation
performance of PDMS/PVDF composite membrane (Feed
system: 35 °C, 0.1% ethanol/ CO, mixture, 0. 05 MPa )

FIFAER A CO. 2 FRIWI . B CO. W5F3h 1%
HAR/NT IR Sy i AL B sgm B R 3k
[F) 1 FH 5 S5 BB A /N B N AR Ak, 275 28 AR 1Y
Sy B TERR  BERE SRR R [R] 3 h ) PDMS/PVDF &
BT 5 SR T
2.5 BERUE A ES BRI RN

6 H A [ 8L 1 % PDMS/PVDF & 4 %
o3 B PERE A SZ I, b #ERHE B Ry 35 °C | LEEZEIR
TRBUNECH 0. 100, BB MO RE 5 FE. 4 7E R 2%
M 0. 02 MPa 84 i %] 0. 15 MPa i}, PDMS/PVDF
BEWER CWE/CO, BEFEMEM 4.5 Bz 17. 1, 7]
B} 2,95 B Ml 8 765. 1 Barrer ¥4 /%] 33 052. 2
Barrer. 3X f& f1 i 5 5 I 1 22 (0 340 45 4153 1) 4%
JEAESh Rt AT (A5 4% 2 oy TR SN 1 75 B 1

35000 2
30 000 120
118
= H
£ 250001 16
& 14 )
2 20000¢ 1S
ii‘é 15000} 10 g
oy I8 N
N 10000 &A — BB 16
F —— 2T /CO, M 14
5000 :

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
#ERUE ST /MPa

B 6 HERLE X PDMS/PVDF & & 1543 51 BE A 52 1
(35 °C,0. 1% ZHE/CO,)
Fig. 6 Effect of feed pressure on the separation
performance of PDMS/PVDF composite membrane
(Feed system: 35 °C, 0.1% ethanol/ CO; mixture)



523

AHT T R T R AU IR B B 8 L R AR5 .33 -

K. W6, T PDMS/PVDF &4 BERA AL
M BB ) 22 B ISR AT R F R B AL S5
Hi15 BB EMEIGIE & T CO, BiE VRS IR ,
T BT 1/ CO, PRSI,
2.6 HBZERRREXMIESBEENZM
PDMS/PVDF & & JEAE A 7] £ B kR ik 2R
B> s PERE 45 & 7 B, Hodh gk R R E N
35 °C \ERLE 1% 0. 05 MPaCEH) . BT O 12
25 VA R4 B 0. 104 B8 m 1] 1. 5%, PDMS/
PVDF & &R L/ CO, WP O BEB B
SPGB AR B, 24 2 B2 VAR B BCR
0. 6 %0}, PDMS/PVDF & & i1 £ BE B S A &
i /CO, BE$E: M Bemr» 70 3k 26 863. 3 Barrer I
15. 0. 4 Z 78RR AR B0 B AR 9 1Rl (0. 106 ~
0. 6 %0 Iif , 4wy dE b S, e £ I 28 VR MR B 4 ol HL A 5
W) 53 25 T4 > T B L B0 T I A% T e 3 44
I AR TR S BER VAR D T CO, 7 15 )
()73 FE ZE MG B s AR T35 L AR X £ I8
RIBIEMEYS CBE/ CO, BRI B W . 1Y
AR RAR BB T 0. 6 201 L AR Ny ml B
AR S I ¥ B TR R T, Y < BRI AR
AR C BB B YEREAR, 0 CO, MB BT EEA
ANAZ. R , B2 VA B 38 n AR B P 5 ik
IR A T3 T X G BE/CO, SEEEPER
TRE.

28 000 22
26000 - N 20
24000 18
£ 22000} 16 %
3]
£ 20000} N 14 ¥
‘ﬁ [ i\i d'
& 18000 \4 {12 ©
£ 16000 /}/ — |0 E
B 14000f 5 SNy N
N ¥ LEEB B 18
12000 - —— L ICO, HEFETE 16
000
0 0.4 0.8 12 1.6
LBEHERHATR Y5 1 %

B 7 HEECEH X PDMS/PVDF & & 164 B PEfg
A2 (35 °C , K 0. 05 MPa)

Fig. 7 Effect of feed ethanol concentration on the
separation performance of PDMS/PVDF composite
membrane (Feed system: 35 ‘C, 0.05 MPa )

2.7 HRLREXIES B EEER R0
& 8 Stk X PDMS/PVDF & & 7 5

PERERYSZNE , A gERH I 417 0. 05 MPa(F k) . 4
FEZE IR AR B 0 B 0. 1%, Bl % IR T &5 . PDMS/
PVDF &G R0 B8 3% g/ CO, 3 EEPES
FREARR. RSN 25 “CHE I 45 “CHt, Z B2
24 895. 1 Barrer BALE| 9 001. 1 Barrer, Ifij Z, &/
CO, ZERPEM 13. 7 FEARE] 5. 0. LBEsrF1E B K
FisF o B8 I A FH Ay B 20 R o 17 2 o o e 3 e i
P PR A e R HERHR BRI R T Ly AERE |
(R R s B BB B R R X T ik
1R B CO, W B ik A2 37 FRXT HB 38 PR 5 M 5 /) o 3 i
15 CO, & 15 M B IR B T s BT B, i 2 e/
CO, BEPEPEZ T AR,

28 000
26 000+ . 114
24 000} — LRRBIETE

5 —— LFECO, BEFEE {12

£ 22000f 3

& 20000} o

18000} !

%16 000} i3 &

£ 8 S

@ 14.000f o

N 12000f §§\ 6

[ i
10 000 — 5
8 000

25 30 35 40 45
HEERREE /°C
8 HEEHR X PDMS/PVDF & 4 I3 5Pk R it 5
(0. 1% Z.1/CO, , 3% 0. 05 MPa)

Fig. 8 Effect of feed temperature on the separation
performance of PDMS/PVDF composite membrane
(Feed system: 0. 1% ethanol/CO, mixture, 0. 05 MPa)

2.8 MASKEMERESBMEENZIT
TEZIRB B B R b BB M | A S A
VER WA SRR 2 355 3 5 M A T 22 52 .
A TR DU SR 8 38 0 PR 4 s A 2R B2
35 °C, LEEZEVRAR B B0 0. 126, 1 REE 97 0. 05
MPa(FH) &4 T 858 TR HA R & X PDMS/
PVDF & & B s e RE 2, 45 5 e 9 pios. 4
Tem AT, ] PDMS/PVDE & 4 i) . 1595 55
P4 12 217. 5 Barrer, ZiE/CO, #4844 K 6. 8. 24
SIARFAR)G  CEEBEEM CBE/CO, EHENEY
EIETHE G TR X2 A5 ARE S
T A A A AE BN A o3 R 22, S R AT T A
0.09 mL/sHfN%E| 0. 11 mL/s i, ZFE7E 155 %M
N BE/CO, T8 B W T . 33X 2 R R W4 =0T
BB CREREE AT T RRE 3G N T £ BETE B AN
(53 FE 22, i 15 £ B 25 VR A 15 33 1 3 nt , DA



-3 WOR

5 # A

8 A4

SECEB BT, W CO, 1o IR TN,
i1 CO, BB MEAZACAR /N TS Bk #5159 .
MR E AT 0. 11 mL/s B, B FIRE S &
TR BN L e JE AT T 2od FE R RE L (75 L1
ZRYI5 5 308 1) 0 R PR T A I 0 O s 2 ) 4
1 AT S 5 3 5 P 11 K.

2
26000
120
24000 - s
& 20000 / "
Z 22000} 116 %
S {14 ¥
£ 18000 =
%&\3 16 000 | 1128
N
7R i i i@-h
it 14 000 . 10
BB EM N
N L M 8
120001 =4— 4 . 7 /co, dHrtk
10000 | 16
0 008 010 012 0.14
WRHA PR/ (mL-s™)
&9 WA N PDMS/PVDF &4 1455 25 R i 5 1w

(35 °C,0. 120 LT /CO, , e 0. 05 MPa)

Fig. 9 Effect of sweep gas flow rate on the separation
performance of PDMS/PVDF composite membrane
(Feed system: 35 °C, 0.1% ethanol/ CO, mixture,

0. 05 MPa )
2.9 ERHKHIREMS
FEEF 53 B R PR VP L Tl iy T g i)
B, TEUERHERE 35 C, #ERHE Jy 0. 05 MPa (5
Fo) R SR ZETRAR TR M B 0. 10 5/ R BT
PDMS/PVDF & & Rt £ B/ CO, By 4 i £ e P
ZERANE 10 iR, &t 60 h S, PDMS/PVDF

F* 1

EAANER) BB B LB/ CO, BRI AH XS
fe s HICH R T # . 2 W1 BT il I H AT R (4
YRR EME.

30 000 40
- LB BN
g 20 000 - -A ZJE?E" /CO, ii*%‘lﬁz 130
3 l
2 Lin
e ___ -e
B 10000] Se T -201%
Q)
9 iz
ok 110 N
N SREEEREERLCEEEPCEE
—10 000 ' L | | L L L 0
0 10 20 30 40 50 60
fFfE] /h

K10 #RAEmTE XS PDMS/PVDF &4 553 8 PERE RY 5200
(35 °C,0. 1% W /CO, . ) 0. 05 MPa)

Fig. 10 Effect of operating time on the separation

performance of PDMS/PVDF composite membrane

(Feed system: 35 ‘C, 0.1% ethanol/CO, mixture,

0. 05 MPa )

2.10 TEREHENT L

# 1 kP T 2R B/ CO, 7B
RGBS AT Pl PDMS/PVDF & 43 Y
PERELLEL. & 1 al 0, AR 0T 5E BT i) PDMS/PVDF
S A FERE 2T e ARG S v 00 s 25 /N
THOLT P B —E 3 i R iR L R
3 RN S5 AT DL 2 S TR o B PR RE. 1
HIABFFE I il PDMS/PVDE &2 4 A kR L
B/ CO, 3 18 75 T EAT BT 5

RE R ABERES B LEE/CO, 4k A8 HEExt b

Table 1 Comparison with literature data for VP performance of PDMS/PVDF membranes prepared

in this study in separating ethanol/CO, system

JEEA PERMATR MY % IR/ C RPN R R/ kPa ZEEB BN/ Barrer  ZEE/CO, B8 SClk
PDMS/PTFE 0.2 30 100 21 500 7.5 [4]
ALP-1/PDMS MMM 0.2 30 100 30 074 15.8 [4]
ALP-2/PDMS MMM 0.2 30 100 29 800 10.2 [4]
ALP-3/PDMS MMM 0.2 30 100 22 000 9.0 (4]
ALP-4/PDMS MMM 0.2 30 100 22 500 8.3 (4]
PDMS/PVDF 0.1 30 50 16 302 9.0 AT AE
PDMS/PVDF 0.6 35 50 26 863 15.0 AT A
PDMS/PVDF 0.1 25 50 24 895 13.7 A TAE
PDMS/PVDF 0.1 35 150 33 052 17.1 AT AR




523

AHT T R T R AU IR B B 8 L R AR5 © 35

3 i

T 1) A= ) & B O T e A A B DA S B g FH ok 3
], il 2515 8] 7 & %1 PDMS/PVDF & & i, 5 X H
THEIKRBE B CO, H 11 LEE. X PDMS/PVDF
A BRIP4 BT . b R 254G 2 T S U T T S b A 7
THEAE, 728:%5 T PDMS/PVDF & A A Hk i
] K #AE S5 ¢4 % PDMS/PVDF 8 4 43 55 Pk RE 1Y
SR, 25 SRR, Bl PSS I A ] Y B G, 2B
BEPESIET 5 1 LW/ CO, PR S REAR; B
FHIERLE 13N, L BB B YE M L E/CO, dE#E 1
By Bl i BV B N, BRI E RS
fi/CO, BEFEE I 2 BT 5 5 BEICE 3 B &
RHEFERN, L BB B M O BE/CO, HEHEE R
K X F o3 B AR MR B 78 1R S CO, 1RG0 A
T A I A S 2 (o T 2B 9 38 8 T A 2 B/ CO,
VEREMETE A B R R SRR B B 2
fig/CO, WPt REAC. EERHERJE 35 CL dE R E T
0.15 MPa (K JE), L BEZ IR 8k 0. 120 1,
PDMS/PVDF & & B £ B8 8 P i ik 33 052.
2 Barrer, Z 5 /CO, £ 0 17. 1. IL4h, PDMS/
PVDF & & B A B K i aoe te. 25 Lk, ir
il & 1) PDMS/PVDF [ K il 12X 45 2R 0] 4y 787508 15
T3 B AR AE A ) T T A Ak R AT e 1 o 2
(RIS HE T A AR S

S 30k

[1] Xu G Y, Schwarz P, Yang H L. Adjusting energy con-
sumption structure to achieve China’s CQO, emissions
peak[ J]. Renew Sus Energy Rev, 2020, 122; 109737.

[2] Zabed H, Sahu ] N, Suely A, et al. Bioethanol produc-
tion from renewable sources: Current perspectives and
technological progress [J]. Renew Sus Energy Rev,
2017, 71. 475—501.

[3] WuDB, Wang YW, Dai Y H, et al. Current status and
future prospective of bio-ethanol industry in Chinal J].
Renew Sus Energy Rev, 2021, 145; 111079.

[4] Zhao S, Gao Y. Mao G, et al. Synthesis of azo-linked
porous polymers as fillers to enhance the performance of
mixed-matrix membranes for the separation of bioetha-
nol fermentation tail gas[J]. Chem Eng J, 2023, 456
141141.

[5] Hegely L, Lang P. Reduction of the energy demand of a

second-generation bioethanol plant by heat integration

and vapour recompression between different columns
[J]. Energy, 2020, 208. 118443,

[6] Vane L M. Review: Membrane materials for the remov-
al of water from industrial solvents by pervaporation and
vapor permeation [ ] ]. J Chem Technol Biotechnol,
2019, 94(2): 343—365.

[7] ChenZ, Qin PY, Chen C X. Research, application sit-
uation and development of pervaporation and vapor per-
meation technology[ J . Membr Sci Technol, 2003, 23
(4): 103—1009.

[8] Belaissaoui B, Le Moullec Y, Favre E. Energy efficien-
cy of a hybrid membrane/condensation process for VOC
(Volatile Organic Compounds) recovery from air: A ge-
neric approach[ J]. Energy, 2016, 95: 291—302.

[9] Vane L M, Alvarez F R. Effect of membrane and
process characteristics on cost and energy usage for sep-
arating alcohol-water mixtures using a hybrid vapor
stripping-vapor permeation process[ J]. ] Chem Technol
Biotechnol, 2015, 90(8): 1380—1390.

[10] E#35. & fH. #Hixh, % ZIF-L/PDMSiRA %

R AR SB BA G R s AL B P ROR BRI SELT .
M T 224, 2021, 72(10); 5226—5236.

[11] Z=itiR, Ztrh. ZBIRBIEHARTEM B S BB 77 R Y
B ARFFEE LT ] AL TR, 2020, 39(5): 1620 —
1631.

[12] 3k O, 4felg, BRE. R P EARSB BRI
gyt L] U4 T, 2020, 49(5): 1001—
1004.

L13] B . BRJRAE, SRECSC, 5. ROWERE SRS
BIRAHAR TR TS LT ] AL TR AL R, 2009,
37(9) . 1—4.

[14] Qian K, Bruggen B, Dewil R, et al. Hybrid operation
of the bio-ethanol fermentation[ J]. Sep Purif Technol,
2015, 149. 322—330.

[15] Zhang F, Zhang W, Yu Y, et al. Sol-gel preparation
of PAA-g-PVDF/TiO, nanocomposite hollow fiber
membranes with extremely high water flux and im-
proved antifouling property[J]. J Membr Sci, 2013,
432 25—32.

[16] Cai D, Neyer A, Kuckuk R, ez al/. Raman, mid-infra-
red, near-infrared and ultraviolet-visible spectroscopy
of PDMS silicone rubber for characterization of poly-
mer optical waveguide materials [ J]. J Molecular
Struct, 2010, 976(1/2/3) . 274—281.

[17] Mao H, Zhen H, Ahmad A, et al. In situ fabrication
of MOF nanoparticles in PDMS membrane via interfa-

cial synthesis for enhanced ethanol permselective per-



. 36 - BOR 5 B A o 44 2

vaporation J ]. J Membr Sci, 2019, 573: 344—358. performance in vapor permeation of VOC/N, mixtures

[18] EZ A, BN B35 A gE f n 4 5 Itk vk fE via modified constant volume/variable pressure method
RO R MBTFD]. bat. Lt TR¥. 2023, [J]. Sep Purif Technol, 2018, 200. 273—283.

[19] Ma Y N, He X Y, Tang S H, et al. Enhanced 2-D [23] Zong C, Yang X, Chen D, et al. Rational tuning of
MOFs nanosheets/PIM — PMDA - OH mixed matrix the viscosity of membrane solution for the preparation
membrane for efficient CO, separation[ ]J]. ] Environ of sub-micron thick PDMS composite membrane for
Chem Eng, 2022, 10(2);: 107274. pervaporation of ethanol-water solution[ J]. Sep Purif

[20] FEfFT. £ A, RS Wtk PDMS/PVDF & Technol, 2021, 255; 117729.

GRS E RS B LR KIREWIT] R E 55 [24] Yang WP, SuX., Zheng T C. etal. Fabricating a ZIF
A, 2011, 31(6): 1—5. - 8@ Polydimethylsiloxane (PDMS) /PVDF mixed ma-

[21] Gan G, Fan S, Li X, et al. Adsorption and membrane trix composite membrane for separation of ethanol
separation for removal and recovery of volatile organic from aqueous solution via vapor permeation [ J .
compounds| J . J Environ Sci, 2023, 123(1): 96—115. Zeitschrift Fur Anorganische Und Allgemeine Chem,

[22] Yang W, Zhou H, Zong C, et al. Study on membrane 2022, 648(7) . €202100379.

Study on vapor permeation separation of ethanol/carbon
dioxide by polydimethylsiloxane membrane

SHI Xinyu, XIE Wenwen, MAO Heng , WANG Tuao ,

CHEN Xinru, QI Hao, HU Xiaoxue, ZHAQO Zhiping
(School of chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing 102488, China)

Abstract; During the production of bioethanol, the generation and emission of fermentation exhaust gas
have a significant impact on ecological environment. In this study, the PDMS/PVDF composite
membranes suitable for the vapor permeation (VP) separation of ethanol from CO, were prepared by
casting the polydimethylsiloxane (PDMS) separation layer upon the polyvinylidene fluoride (PVDF)
porous substrate. The microstructures of PDMS/PVDF composite membranes were systematically
characterized by FTIR, XRD, and SEM. The effects of thermal crosslinking time, feed pressure, ethanol
concentration, feed temperature, and sweep gas flow rate on the separation performance of the PDMS/
PVDEF composite membranes were explored. The results showed that the dense and homogeneous PDMS
separation layer about 10. 5 ym was successfully prepared. Longer thermal crosslinking time led to lower
selectivity and higher ethanol permeability. The higher feed pressure resulted in higher ethanol
permeability and membrane selectivity. As the feed ethanol concentration increased, the ethanol
permeability and selectivity first increased and then decreased. Higher feed temperature resulted in lower
ethanol permeability and selectivity. Higher sweep gas flow rate led to a trend of first increased and then
decreased of ethanol permeability and selectivity. The as-prepared PDMS/PVDF composite membrane
achieved an ethanol permeability of 33 052. 2 Barrer and the selectivity of 17. 1 in separating 0. 1% ethanol/
CO, system under 0. 15 MPa (gauge pressure) at 35 °C, and remained a stable separation performance after
60 hours of testing. Therefore, the PDMS/PVDEF composite membrane exhibits great application potential
in the treatment of exhaust gas from bioethanol fermentation.

Key words: vapor permeation; PDMS; composite membrane; fermentation exhaust gas; ethanol recovery



