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FAL SR P e 25 AP 2 A COMPASS (Condensed-phase Optimized Molecular Potential for
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Table 1 Non-bonded interaction parameters o= O(l)=
r 3 Charge m
Material Atom Element C©2)=
/(nm)  /(kJ/mol) /(107" C) -
< - (a) CO,
o C C(2)— 0.3915  0.2856 1.2800
o 0 01— 0.3360  0.2814  —0.6400
H(1)
C C4D0O 0.3850 0.2604 0.0016
“n C41O
O O(2)H 0.3580 0.4032 —0.9120 H(1)
Methanol O(2)H
H H(1)O 0.1087 0.0336 0.6560
H HD 0.2878 0.096 6 0.0848 H()  H(1)O
C C4) 0.3850 0.2604 —0.2544 (b) Methanol
C C40O 0.3815 0.2856 0. 0864
Ethanol O O2)H 0.3580 0.4032 —0.9120
H H(DO 0.1087 0.0336 0.6560
H H(1) 0.2878 0.096 6 0.0848
C C(3a)H((D) 0.3915 0.2856 —0.2032 H(l)
C  CGoCUD  0.3915  0.2856 0.1632 (© Ethanol
C C(3a)N(3) 0.3915 0.2856 0.0160
p»-CNB O O(l)= 0.3400 0.2016 —0.2000 H(D) H(1)
N N(3) 0.3760 0.2016 0.3840 ’ \
Cl CI(D 0.4400 0.4200 —0.1632
H H(1) 0.2878 0.096 6 0.2032
C C(3a) 0.3915 0.2856 —0.2032
C C(3az) 0.3915 0.2856 0.3360
Benzonitrile C C(2t) 0.3915 0.2856 0.3488 H() H()
N N1t 0.3520 0.3570 —0.6848
H H(D 0.2878  0.0966 0.2032 @ p-CNB
2.2 HEEH H HL)
BN P R 1) N T R S0 3R 047 7458 -
JFH NVE RE#HITIAT 228801, R NpT REBIN , 5 B R g7 T\ Ndy
H Andresen $ 4l , & J12k ]l Berendsen ¥l . B [H 2 K0 1 fs, R L B

WKk 500 ps, NVE RPN BB FE KN 1ss T %

LB 12 VTR W AT A B BN 1 s X RE AT LU B0 4

WA Lennard-Jones &4, £ NVE RZERIIL R d, AR 1 {s

TRAFENIE , DU AT 30T 22 M I G it () Benzonitrile
BRI e B AR 250 S 4r F IR RAE R CO. K W, It

W CO, BYEE/R B0 B8 CO, FI B (5 2 B (95> T 8Lt

225 A~ HEE (B 2B 2r T8 25 4> CO, 4 FAR R BE R Bl

0. 1/ CO, Ik H B (3 ) I . 78 BECN 250 D TR R & P in A — 4> p-CNB (2 H ) 4

T A T B T IR E IR R 0.7 g/cm® , FAILE N R IR A 1R DL S B G BR 2 (]

MRSl . e R NpT REIHARIAT VAL, thFFE NpT RET A F B AR R WRE

FE AR FEASAE i A B 23 B AR , 2% 5 3 T R e A 00 PR BRI K B 43 T 4R VR T 0 48 I 2 43 1 O e

H(1) H(1)

K1 5T

Fig.1 Molecular structure
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KAHL. 55 nm, #H R AR ER EEETRIE, KRBV 6EEH NVE 27541, K2 M
& 3% Tan 25 AN 52569 p-CNB FIZEH B2 CO, KW P ag s J1. IR ] UG H H S0 56 15 mg
T CO, KB AR R A CO, B 2 BER R B9 S F- 1 (Vapor-Liquid Equilibria, VLE) FE 17,
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3 o E s
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Mole fraction of CO, Mole fraction of CO,
B2 AREIEET p-CNB 1 CO, KK ES B3 R[EHREE T AR CO, MKW i
Fig. 2 Pressure of p-CNB in CO, expanded solution Fig. 3 Pressure of benzonitrile in CO, expanded solution

at different temperatures
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) SIS AR ) s B AR ST T R IS T SOV B L (L e PT A TR BE A 323, 2 K Ml 333, 2 K I, CO, Rk
A 2R 1 2% B SIS T 313 14 K B A9 %% B8 . 1l (8107 00, BB 28 SR W R T S0 36 45 5, X 55 Maurer 5§
AL 2 SR ARARL o Al A8 LU PR SR TR S B e R R AR R e, AR IR R
DL 285 3 {1 O o 1) Do A1 0 TR 2 PRI Oy o 3 1) S 0L PR T e o T AR A R T s e AR AR R AR T RE A AR
p-CNB, i 2 BE g KT CO, K s 15 900 5%

KNG/ CO, / TR Fo 35 315 iy o A 0075 W 1Y) 285 B 4 SR an 81 5 i . B ARASEHBLIE g s o T <O
5 7 AR IR 4 (25 0T DL AU S S S0 (i AR B2 .

at different temperatures

0.90 0.85
o 3232K
a 3332K
o 0857 a 313.14 K o =
g g2 g
E) 2 o E)
ENU U N > 080
z E o Simulation, 303 K
8 ot ° & 9. 4 Simulation, 313 K
o ® VLE, 303 K
A VLE, 313 K
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Mole fraction of CO, Mole fraction of CO,
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Fig. 4 Density of CO;-expanded methanol Fig. 5 Density of CO,-expanded ethanol
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K6 2 CO, 2K H B | £ Mt 0 1) MR AR JiK 132

N NS 160
5 CO, BERABRIKER ., H CO, BER A EEE ) @ Methanol, 323.2 K
N N N " i . & Meth 1,333.2 K
Ol A5 7 T 3 X VA T B A B i £ 9 kT 120} o Ethanol 303 K
¢ Ethanol, 313 K

SN G ORPU R asta Y U] 7 3 QAL | i R T
M CO, [ BEIR S BOCR 0. SE I K 15 3] 100 %6 22
A RS R Peters 8 AN BE AL — 2L, 5/ °

AVI(%)
)
=)

3.3 JHRH 401 °

147 50 O PR A8 2 A 46 P F 4 T 1 NS
B SAEUE SR, [ YT LU bR 02 04 06 08
S B OB 8 o KRR T U ok o Mole fraction of €O,
Y7 5 #% (Mean Square Displacement, MSD), i Bl 6 CO, N P B £ B W 1) s Tk BB
1 i sl AL o 5 ke B ORR B B Ak = B A Fig. 6 Expansion coefficient of CO,-expanded
XK. HTAY 8BS E#REY TR AR, KA methanol and ethanol

P BOR G 138 2 B A T X .
A5 53 - Bl g 2 AT SR a2 1 A I AP 7 %« Einstein 35 Fl Green-Kunbo . A 57 2k H
Einsteini: i1 B Y #R S, WRIE =42 FH 205

Dszéﬂ F() — r(0) |7 13)

K e —r (O |2 o3 T BOL 5 608, A

NN
K or, (O RRT n #E ¢ BEZIPALE N RG5> F REL
FH Einstein J7 3819 306 B 76 323. 2 K #1 333. 2 K i} p-CNB B4 B & %50, & 7 frn ., Kvhss
DS RER LA, 2 O SRR MD F BB E. Bk T p-CNB B #UR 50, B ik 45
TR A PRI A AR [ CO, BERAECT HEEA CO, MY BAR. Mol LLE H . g Wiy
WAL CO, BE/R BB 3 i Kk, 3F H 24 CO, BEE/RE# 0.3 I, CO, 7R P P H#E
REOG IR X T REE CO, & 5 110, 1 VR A R S 2 Ji . DT ff B D p-CNB i 9 1 3R 2K
ERN Y CO, MEEIR 3 Eh 0.5 B, p-CNB MY AR HHR ™ T3 1 f5. 84 CO, K F Bk R
1, CO, M TR R p-CNB I HBREW 2. 3 £ 29 0 HEY BOR LW 1.6 5.

N N,
| r (D — () [P =SS | Gt — ) | (14)

ton=1 ¢

16 16
. - . Exp., p-CNB
a) 3232K m Exp., p-CNB b) 3332K ™ °XP-
@ O Calc., p-CNB ®) o Calc., p-CNB
12F 12+
:.\: A Calc., methanol ;\‘2
g
: sl O Calc., ethanol = 8 ;/A_—/A
= =
S r’/ S .
44 4k

A Calc., methanol
O Calc., ethanol

0.2 0.4 0.6 0.2 0.4 0.6
Mole fraction of CO, Mole fraction of CO,

Bl 7 p-CNBZE CO, B2k B FE3 W b - 8 R 4L
Fig. 7 Diffusion coefficient of p-CNB in CO,-expanded methanol
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Bl RH G R R B CO, BE /R 43 E0 R3S i 38 K, CO, M3 8 R E L IR W IE Y i R 4L
1) 345 A C Y BUR BN 2.5 %5, 2IRE N 303 K I, 28 B IS AR EE R 3 B0k 0.5 19 CO, I liKk 2%
WP RECN 2.82X10 % m?/s(BAME N 2. 961X 105 m?/s) . i A4 FV I 78 45 2 B 9% W P i 97 K
REHN 1.47X107° m* /s(BAUME N 1. 472X 10" m* /o) BRI 78 CO, WK £ s il v, 28 B Y
PHECR BT LI K —A% . iX 5 313 K B E5 R — 30, Bon 7 B2 IRV AR 119 sl ek

12 12
() 303K ® Exp., benzonitrile (b) 313K ® Exp., benzom.tn.le
10+ O Calc., benzonitrile 10+ 0 Calc., benzonitrile
2 8 2 3F
E E
L or A Calc., ethanol L o A Calc., ethanol
< o Cale, CO, =7 o Cale, CO,
S ? N
2“:‘:;./‘4:
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Mole fraction of CO, Mole fraction of CO,
K8 EHWIIETE CO, Wik ZiEth R T Y BRE
Fig. 8 Diffusion coefficient of benzonitrile in CO,-expanded ethanol
3.4 tHE

V22T Stokes-Einstein {77 Rk W] 35 7R WD A9 BOR BSOS W ARG FE AP 7E—RE R &R
1 CO, M W AR BE AT DL s By &7 i R 8O RAG 21, #2500 Wilke-Chang J7 2 VB 1E Y
Wilke-Chang 75 #2 , #8 BEAR IF Hb OCHE D™ il R BORURG B . Tan 45 A HIME IE 9 Wilke-Chang 77 2 CHK T
PR 2R RS L 1

0.5
_ )T s
7

Kof M ORI o T ik, o RERE T T FIREE, g ISR R,V RIS F I EE R IE R a b BS
. i POLYMATH 5. 1 8 5CHE p-CNB £ 3 Ml £ (323,333,343 KD N 4 B R %L, 75 3 240
ab.co T p-CNB 5 CO, BMKHBEIR R :a=8.589X10 * .6=0.771.c=0. 591, FHXF i 2 H5.68%,
TR S CO, K OBERFR :a=3.706X10 " .6=0.552.¢=0. 595,
B IR ZFF A Stokes-Einstein & R B FLAR KT B R B SR A AE—E SRR
D =9D, (16)
Ky oy Dy FED; 4350 R — o BTN WA AR R ARG BE R HOR B TR G W HOR B0 ARG R
D=xD,+x,D, a7
APz o Dy Hl D, 43510 RN CO, BEER 78O AP B R B, Wi B b i, it R % 8%
I TOE €Y
PLali AR IR B Oy 323. 2 K Al 333, 2 K AR FEAE A 2%, th (16) XA (1D Xt 5B 3 CO, IEk
F 2 ARG B G IRT 9 rhas O AR5 s . BT i 920 45 502 R B IE 1Y Wilke-Chang J5 B2 1153 ) Al
B, B9 ATRLE L CO, B2 K F B A R 00 RS B2 B0 5 18 1E 19 Wilke-Chang J7 7 09 11 5 (6 ML —
B, BVBE B BV I T C Oy JBE R 20 BI04 R, V3 WP RS B2 B B R AIG . X SV R C O, Y R JR 43 Bk
F) 0.5 BF, HAGBE R RE—£% . 1M p-CNB B8 HBUR B & — 1% . Witk CO, ik EEIR R A R T p-CNB 11
InE RN . FFRER k%58 CO, MM RS WE 10,458 5 CO, MK H R R 192501,
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0.5 1.2

s Calc,323.2K = Calc.,, 303 K
o Modified equation, o Modified equation,
7 044 323.2 K R 303 K
g A A Calc,3332K g A Calc, 313K
£ Modified equation, £ 0.8 A Modified equation,
s 03 3332K 2z 313K
Z 02f Z
5 5 04r
& o1l Z
0 0‘.2 0.‘4 0.6 0 012 I OI.4~ I 0.6
Mole fraction of CO, Mole fraction of CO,
B9 CO, Nk YR W09 BY YIRS B2 B 10 CO, Ik 2 s W 0 55 YIRS B2
Fig. 9 Shear viscosity of CO;-expanded methanol Fig. 10  Shear viscosity of CO;-expanded ethanol
4 & it
K MD #4805 2 Fl COMPASS 113, %8¢ 7 CO, MK W ELIR R A1 CO, MK 20 Bk 2 i 4 7 2
PEST, 40 CO, MK H A R 00 %5 B2 K T S BRAE . CO. K & IR 2R 1 %5 BE RO 5 S5 g Al o 42
W IR R B IRARFRBE CO. B IR 43 K000 28 A H A — 350, BVIRZ K R R C O, JBE 7K 43 5501 38 i i 184
Ko WA EBHEET CO, WK HEEA R CO. WMk L BER R Wiz PEDT . SS9 p-CNB AR H

5 7 199 ol 2 I T BT RO B SR (LAY A B s SRR CO, M EEZR 2080 0.5 I BT HUR
By — % . BB T CO, B OB B 9 HUR B O 323 K A 333 K ARG CO, I ik H
BEARZR P, CO, MY BULRBOZ M EERY 1.6 £ ;iR By 303 K A1 313 K I CO, Ik 2Bk & 1. CO, 1y
PR BOE LY AR 2.5 . il il BN CO, | BRI £ (057 1 2R 100, S K 1 P 7Rl i Jik
VMR ARG B AR B TS5 R 58 IE Y Wilke-Chang J7 #2452 (1 7153 25 R A — 3.
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Molecular Dynamics Simulation of CO,-Expanded Liquids
WANG Wei-Bin, YIN Jian-Zhong

(School of Chemical Engineering »Dalian University of Technology s
Dalian 116012 ,China)

Abstract: Thermodynamic and transport properties of CO;,-expanded methanol system and CO,-ex-
panded ethanol system,as well as the diffusivities of p-chloronitrobenzene/CQ;-expanded methanol
system and benzonitrile/CO,-expanded ethanol system were modeled with molecular dynamics simula-
tion method. The density data obtained in CO,-expanded methanol system are slightly higher than the
experimental ones,while that achieved from CO,-expanded ethanol system are very close to the exper-
imental results. Simulation results show that the volume of methanol or ethanol solutions can be ex-
panded significantly by CO,. When the mole fraction of CO, reaches 50% ,the volume swelling of the
solution is 100%. In addition, the diffusion coefficients of CO,, methanol, ethanol, p-chloronitro-
benzene and benzonitrile were simulated,in which p-chloronitrobenzene and benzonitrile are similar to
experimental data. Finally, viscosities of two expanded liquids are correlated by their diffusion coeffi-
cients,which is in agreement with the calculated results of modified Wilke-Chang equation.

Key words: CO;-expanded liquids; molecular dynamic simulation; thermodynamic equilibrium proper-

ties; transport properties



