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Fig. 1 MD simulation system of pure ethane
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Table 1 Pore size of graphene pore with H-passivated

Pore 5/,10"°m 1/10"°m d/,10""m
p2 1.88 3.48 2.68
p3 3.96 3.96 3.96
p4 3.45 5.42 4.44
p5 3.76 5.92 4.84
p6 5.47 5.47 5.47
p7 5.96 5.96 5.96
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Fig. 4 (a)Numbers of gas molecules pass through the graphene
membranes with different pore sizes; (b) Time-dependent
number of pure acetylene molecules pass through the
graphene membranes with different pore sizes
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Fig. 6 (a)Number of ethylene-acetylene mixed gas molecules
passing through the graphene membranes with different
pore sizes; (b) Separation selectivity of graphene
membranes with different pore size for acetylene/ethylene
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Fig. 8 Average number of gas molecules pass through the
graphene membranes with different numbers of carboxyl
groups

N TR, RIEEXT LRy il i 2 AL A7 5505 5
MR, et T AR AR FEB M 5 19 2 fL A 220
i 308 o 2 2 S R S 1 B 531 R I 1] R A Y 5
£, K 9 R, X T p6 AUL, BEE R R A H
ARSI, o £k B0 AR A8/, /I 2 30 o A i
BEAR s £y 138 2 T AR B M ) po L Y i AR
I, 5 BRI A A BRIA B . X T p7 AL, Befy
BB M1 p7 FLAT— AR BB i 1 p7 AL (p7-
1COOH) ZH 73 il 1 fL I 3 22 A, AR PRIk 1
A7, RIS A — A R L X T £ pRad i 22 LA S 05 i
{14 38 B A AR KR 5 10 S R AR A 1) pT7 AL (p7-
2COO0H), & il b 1) 3 4 I b [ 1K, i 22 B 2 6 ]
A REIR BN A o 77 A X — IR LA AT BE 2 5 po-
p7 FLEYFLER (FLAE K 5.47 x107° m~5.96 x107'" m) &



ZIET, 55 RS AL BRI A X C IR UMY B HERE RN 431 3l J1 24 05T 7

R, BB M — R, AU Tl it e 5
B REVIUR AR WA AR . A, R LB PR
SLAB A, 25 T AL B 3 S5 O SR i i
B, MR 15 AL R [ g A s Y A AR
o BEE R B3, FLAR 28], FL A R
B, X 2 AR TR I

¢ . 16 .

o p6-1COOH
20+ a— p6-2COOH

Average numbers

0 500 1000

t/ps
(a)
30 -
25 P S—
w
5 20
e
g
2
S 15F
an
5]
Zlop
[ ] p7
5L o— p7-1COOH
A— p7-2COOH
0 200 400 600 800 1 000

t/ps
(b)
B9 RIEVE B IR BB IS 1 2 1L A 28 0 B o 21 4 45
LT BRI (R A2 AR 26 (a) p6s (b) p7
Fig. 9 Time-dependent number of pure acetylene molecules
passing through the graphene membranes modified with
different numbers of carboxyl groups: (a) p6; (b) p7
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Table 3 Separation selectivity of graphene membranes with

different  numbers of  carboxyl groups  for
acetylene/ethylene
Average numbers
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p7-2COOH 0.33 4.67 14.00

LA R R Z AL A BRI 1 43 B ROR N 4 B 1
PEPE, TSR JE 18 i Y p6-2COOH L Al p7-2COOH
LA REA AR LM 73, 7E 1000 ps BFHI A, &
o Fil it p7-2COOH 7 8 H ik FL A4 3 & = T p6-
2COOH fL, Bl p7-2COOH 1A B I 43 B BUCR . 45
G ALY 3 B RCR AN 7 B EE, p7-2COOH £LXT
CGSRY T B BE RIS 2 S AR 37 1 4R
AT 85 A% ] p7-2COOH 1L By 22 L A7 28 45 i
X g LR A SR 53 B P RB AT o

3 4 1

AR o T8 a7 U T Lt L
LRI TAEA RIS B 2 22 FL AT s B )
R, R T ALAR L FLIAR | 18 i 5 DA R L2 22 AL
ARG C, AR EIERERI IR, BLLLAE SRR,
(1) HLJZ 22 LA 8800 JI A S0 e LA P 3 K 34
e S AL N TR T3y AR, S
WO TS BB SRR TS T3 e iR
I, AT I AR LR ORI R, L0/ ke &
B/ IR 22 o A1 SRR IEALARTE 4.39x107—



8 AR B TR A o2 R CH SR B 22 O

549 %5

4.84 107" m B, FLXT 208 0 8RR M R4y, H &0
i R A R . () FLIB R RIS B 1 e A
SLNR, A B0 LR e 3T [RE , AR MRm oK, 40
R . AR N 5.01 100 m, K42 11.64 10" m
(ARG [ FL AT A R AT 9 53 BS 20/ e TR AR iy
Lo (B)RILEMi A B IR L FRAR = R 7 1Y
Iy BRSO, BT LIS R S S Bk R . AL
28 5.96 x107"° m H 4y 3 A R JE A8 1 1) A0 58 04 oS
XiF A% B AR BRI RE B Ay, HL PRl R B . A
EERRW, PR ZALA RBIEEATVE R b L
PRy B, ELAT 44y B R BE, A 0T RE B AR
K= AR C, J MR B IR i 3, W9 45 SR Sy 51
bR C, I MRS B R T S L PR IS e 5

S E 3Rk

[1] RENT, PATEL M, BLOK K. Olefins from conventional
and heavy feedstocks: Energy use in steam cracking and al-
ternative processes[J]. Energy, 2006, 31(4): 425-451.

[2] HOSSEINPOUR S, FATEMI S, MORTAZAVI Y, et al.
Performance of CaX zeolite for separation of C,Hg, C,Hy,
and CH, by adsorption process; capacity, selectivity, and
dynamic adsorption measurements[J]. Separation Science
and Technology, 2010, 46(2): 349-355.

[3] XU H, CAI JF, XIANG SC, ef al. A cationic microporous
metal-organic framework for highly selective separation of
small hydrocarbons at room temperature[J]. Journal of Ma-
terials Chemistry A, 2013, 1(34): 9916-9921.

[4] LIANG WW, WU Y, XIAO HY, et al. Ethane-selective
carbon composites CPDA@A-ACs with high uptake and its
enhanced ethane/ethylene adsorption selectivity[J]. AIChE
Journal, 2018, 64(9): 3390-3399.

[5] AMGHIZAR I, VANDEWALLE L A, VAN GEEM K M,
et al. New trends in olefin production[J].
2017, 3(2): 171-178.

[6] ZEWENE, ZRARM. M0 B H AR R [0]. Ak T, 2007,
36(12): 1287-1294.

[7] WEIR,CHIHY, LI X, ef al. Aqueously cathodic depos-
ition of ZIF-8 membranes for superior propylene/propane
separation[J]. Advanced Functional Materials, 2020, 30(7):
1907089.

[8] MA C, WANG XJ, WANG X, et al. Novel glucose-based

adsorbents (Glc-As) with preferential adsorption of ethane

Engineering,

over ethylene and high capacity[J]. Chemical Engineering
Science, 2017, 172: 612-621.

(91 Bhbkam, BGR, RS, Hom) T3R80 5 SLNGR
He A Y 22 B 0], A v R CAOThon D), 2015, 31(6):
1317-1324.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

KOROS W J, ZHANG C. Materials for next-generation
molecularly selective synthetic membranes[J]. Nature Ma-
terials, 2017, 16(3): 289-297.

DOU HZ, XU M, JIANG B, et al. Bioinspired graphene ox-
ide membranes with dual transport mechanisms for precise
molecular separation[J]. Advanced Functional Materials,
2019, 29(50): 1905229.

JIMENEZ-SOLOMON M F, SONG Q, JELFS K E, et al.
Polymer nanofilms with enhanced microporosity by interfa-
cial polymerization[J]. Nature Materials, 2016, 15(7): 760-
767.

HASHIMOTO A, SUENAGA K, GLOTER A, et al. Direct
evidence for atomic defects in graphene layers[J]. Nature,
2004, 430(7002): 870-873.

NOVOSELOV K S, GEIM A K, MOROZOV S V, et al.
Electric field effect in atomically thin carbon films[J]. Sci-
ence, 2004, 306(5696): 666-669.

GEIM A K, NOVOSELOV K S. The rise of graphene[J].
Nature Materials, 2007, 6(3): 183-191.

SKEER, BRI, ST B TS AR DU R K
FREA G RUZ AT SRR A0 LA [T, AR AR B TR A7
R (HRPBIERR), 2021, 47(1): 123-128.

WEI SX, ZHOU SN, WU ZH, et al. Mechanistic insights
into porous graphene membranes for helium separation and
hydrogen purification[J]. Applied Surface Science, 2018,
441: 631-638.

ANTOLINI E. Graphene as a new carbon support for low-
temperature fuel cell catalysts[J]. Applied Catalysis B:En-
vironmental, 2012, 123: 52-68.

YING YP, LIU DH, MA IM, et al. A GO-assisted method
for the preparation of ultrathin covalent organic framework
membranes for gas separation[J]. Journal of Materials
Chemistry A, 2016, 4(35): 13444-13449.

HUANG L, ZHANG M, LI C, et al. Graphene-based mem-
branes for molecular separation[J].
Chemistry Letters, 2015, 6(14): 2806-2815.

LIZ,LIU YQ, ZHAO Y, et al. Selective separation of met-

Journal of Physical

al ions via monolayer nanoporous graphene with carboxyl
groups[J]. Analytical Chemistry, 2016, 88(20): 10002-
10010.

YAN YG, LI W, KRAL P. Enantioselective molecular
transport in multilayer graphene nanopores[J]. Nano Let-
ters, 2017, 17(11): 6742-6746.

AT, B PRI . A BB 1 o B SR BN B B
D] AR TR 224 (F R BHF ), 2018, 44(5): 644-
649.

KOENIG S P, WANG L, PELLEGRINO J, et al. Selective
molecular sieving through porous graphene[J]. Nature Nan-
otechnology, 2012, 7(11): 728-732.

JIANG D, COOPER V R, DAI S. Porous graphene as the



BT, 55 BUR AL BRI A X C IR UMY B HERE R 431 3l J1 24 5T 9

[26]

[27]

[28]

[29]

[30]

[31]

ultimate membrane for gas separation[J]. Nano Letters,
2009, 9(12): 4019-4024.

DU HL, L1 JY, ZHANG J, et al. Separation of hydrogen
and nitrogen gases with porous graphene membrane[J].
Journal of Physical Chemistry C, 2011, 115(47): 23261-
23266.

TIMEEE, UL, L3 5F. 9k 2L A B0 4 &
N/CH, W% 3z B35 00 T3 12U, A2 4Rk
(AN, 2018, 34(6): 1247-1254.

INRE, ki, NG, . ZLA BHEIESE MRS B3
HLER[)]. fL 12540, 2014, 65(8): 3026-3031.

WEN B Y, SUN C Z, BAI B F. Molecular dynamics simu-
lation of the separation of CH,/CO, by nanoporous
graphene[J]. Acta Physico-Chimica Sinica, 2015, 31(2):
261-267.

XUTS B W AL e 4 M2 SRR e W 50 [D]. R KRR
2#,2010.

L. 4 AR A EE S D] R IR
R, 2021.

[32]

[33]

[34]

[35]

[36]

TAO YH, XUE QZ, LIU ZL, et al. Tunable hydrogen sep-
aration in porous graphene membrane: First-principle and
molecular dynamic simulation[J]. ACS Applied Materials
& Interfaces, 2014, 6(11): 8048-8058.

AGUADO S, BERGERET G, DANIEL C, et al. Absolute
molecular sieve separation of ethylene/ethane mixtures with
silver zeolite A[J]. Journal of the American Chemical Soci-
ety, 2012, 134(36): 14635-14641.

PISARENKO E V, PONOMARYOV A B, ILINOVA A A,
et al. modeling the process of purifying ethylene from acet-
ylene hydrocarbons over palladium nanocatalysts[J]. Theor-
etical Foundations of Chemical Engineering, 2020, 54(3):
446-455.

XU, walh. 5§ RoF 50 00 T R g (0],
AT, 1996, 12(3): 38-43.

LI D, HU W, ZHANG J Q, et al. Separation of hydrogen
gas from coal gas by graphene nanopores[J]. Journal of
Physical Chemistry C, 2015, 119(45): 25559-25565.

Influence of Single-Layer Porous Graphene Membrane Structure

on C, Hydrocarbons Separation Performance: A Molecular

Dynamics Study

XI Jingyu', HUANG Kai?, LIAN Cheng'?, LIU Honglai'?
(1. School of Chemical Engineering; 2. School of Chemistry and Molecular Engineering, East China University of
Science and Technology, Shanghai 200237, China)

Abstract: C, hydrocarbons are important intermediates in petrochemical industry. Cryogenic rectification is

broadly used to separate mixed C, hydrocarbon gas to obtain pure C, products, while this process consumes a lot of

energy. Employing membrane separation technology to separate mixed gases can effectively reduce costs and energy

consumption. Single-layer porous graphene membranes have great potential for mixed C, hydrocarbons gas separation

because of superior separation performance, however, related studies are

simulations were applied to study the effect on the efficiency and selectivity of C, hydrocarbons gas separation by

scarce.

single-layer porous graphene membranes with different pore sizes, pore shapes, and modified functional groups. The

results show that the single-layer porous graphene membranes with pore sizes of 4.39x107'°-4.84 x10™"°m exhibit great

ethane retention and high ethylene passability. Circular pores show high gases passability and oval pores display high

gases selectivity. Oval pores with short diameter of 5.10 x10™'° m and a long diameter of 11.64 x10™'° m are able to

effectively pass ethylene molecules and retain ethane molecules. A pore size of 5.96 x107'° m with two carboxyl groups

can retain ethylene and pass acetylene. The simulation results provide theoretical insights on design of the single-layer

porous graphene membranes to separate C, hydrocarbons gases efficiently and selectively.

separation; adsorption

Key words: single-layer porous graphene membranes; C, hydrocarbons gases; molecular dynamics simulation;

Herein, molecular dynamics



