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EXCESS THERMODYNAMIC PROPERTIES OF
CO, + C,H, MIXTURES FROM MD SIMULATIONS

ANPING LIU
Department of Chemistry, University of Cincinnati, Ohio 45221, USA
( Received October 1995, accepted November 1995)

This paper reports excess Gibbs free energy, excess enthalpy, and excess volume from isothermal-isobaric
molecular dynamics simulations of carbon dioxide + ethane mixtures at T= 230 K, 260 K, P=15.5 MPa,
and x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9. The overall agreement of our calculations with
experiments is excellent. The excess Gibbs free energies were calculated by two different methods. They
showed that the energy difference method for swapping particles of CO, into particles of C,H, yields
more reliable values.

KEY WORDS: Excess properties, carbon dioxide, ethane, mixtures.

1 INTRODUCTION

Carbon dioxide and ethane are two of the most important components in many
industries, e.g., liquefaction of natural gas or extraction of oil, etc. Since it is of
fundamental industrial interest to understand their thermodynamic properties, many
experimental and theoretical works have been done for pure fluids and mixtures of
these two components. With the rapid development of computer technology, com-
puter simulations have become more and more important and widely used in the
study of fluids. Because of the relatively simple shapes of CO, and C,H, accurate
intermolecular potentials and the combining rules for both molecules and their
mixtures can be well-established [1-5]. Since carbon dioxide has a strong quadru-
pole moment whereas ethane has only a relatively weak one, carbon dioxide can be
modeled by an effective pair potential of two-center Lennard-Jones plus point quad-
rupole moment and ethane by the same type of model without quadrupole moment.
In comparison with data of excess enthalpy and excess molar volumes, less data of
excess Gibbs free energy are reported for these mixtures from simulations. In this
paper we report some simulation results of excess Gibbs free energy besides excess
enthalpy and excess molar volume at two different temperatures, at which simula-
tions were already done for excess enthalpy and excess volume [5]. The aims are to
complete the set of data and test different methods for calculation of excess Gibbs
free energy. Fincham et al. [3] successfully calculated the chemical potentials of
these mixtures using the Widom test particle method [6] and the ‘f-g’ method [7,8]
at T=269.25 K. Therefore, we also use two methods for computing chemical poten-
tials in this paper: Widom’s test particle [6] and the energy difference method
[9-11], in which test particles are randomly inserted to obtain absolute values of the
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residual chemical potentials or real particles are fictively swapped into particles of
another component to obtain the chemical potential differences of the mixtures. In
general, the energy difference method is more accurate and consumes much less
computer time than other methods. From our results it can be seen that the differ-
ence method yields better results than Widom’s method, and swapping particles of
CO, into C,H, produces more reliable values. In comparison with experimental
data the effective potential functions and combining rules used for the mixtures are
accurate and produce results within experimental uncertainties.

2 COMPUTATIONAL METHOD

We can directly evaluate excess properties of v* and h* from the definitions

0F = U — X405 — XgU5 (1)
WF=U°, —x,US—xgUj+ Pof (2)

where ° indicates the pure component and the superscript ¢ the configurational inter-
nal energy. The mixture and each pure component are at the same temperature and
pressure. To obtain excess property g*, we apply the Widom test particle [6] and the
difference method [9-117. According to Widom's test particle method, the residual
chemical potentials of a mixture in the NpT ensemble can be obtained

#i*/kT= —In{Vexp(—By;)>/N; 3)

where i, denotes the potential energy of the test particle of species i, N; the number
of particles of species i, V the instantaneous volume, and the brackets ensemble
averaging in the isobaric-isothermal ensemble. = 1/kT. This method is easily im-
plemented and yields reliable results for up to medium density fluids, but failed in
dense systems because of the difficulty of insertion of test particles [12]. Instead of
sampling the potential energy changes resulting from particle insertion, the energy
difference method samples the potential energy changes associated with the virtual
transformation of a real particle of one species into another species. For a two-
component mixture of species A and B, this method directly provides values of the
differences between the two residual chemical potentials of A and B. For swapping
A into B, we have the following equation

Apga/kT= —Inexp(— PAUg ) >y, n,-1 @)
Analogously for swapping B into 4, we have
Aplp/kT= —In{exp(— AU g} >y, 1 v, &)

where the brackets refer to a (N—1) phase space sampling in a NpT-ensemble with N
particles. In general, excess Gibbs free energy of a non ideal mixture can well be
presented by the Redlich-Kister equation with three parameters

g% /RT=x,xz[A+ B(x,— xp)+ C{x, — x)] (6)



19:18 14 January 2011

Downl oaded At:

CO, + C,H, MIXTURES 77

The residual chemical potential differences are related to the Redlich-Kister equa-
tion as follows [13]

A(xy—xp)+B(1 —6x,x5) + C(xp—x,)(8x x5 — 1)+ ﬁ(.“g - ﬂg)res =BAug; (1)

In (7) there are four unknown parameters, A, B, C, and the difference of the pure
residual chemical potentials f(u®B — u®A)". If we have sufficient data of BA i, the
four unknown parameters can be determined through mean square regression, thus,
excess Gibbs free energy at any concentration can be calculated.

3 THE SIMULATION

Molecular dynamics simulations were performed for CO, + C,H, mixtures in the
NpT-ensemble at two different temperatures. For the solution of the translational
equations of motion a fifth order Gear predictor-corrector algorithm was used.
Periodic boundary conditions and a neighborhood list, which was updated at every
10 time steps, were applied. The temperature was kept constant by momentum
scaling. The pressure was controlled by using the Andersen’s method [14], with the
value of the volume inertial parameter M =10"*. A number of 256 particles were
used with a cut-off radius r, =2.50,, + L_,, for real particles and r, = 4.0¢,,+
L ... for test particles, where L___is the longest elongation of the two components.
The starting configuration was the standard fcc lattice sites. At the beginning of the
simulation the system was allowed to equilibrate for a period of 3000 time steps.
Production runs were 30,000—50,000 time steps. The time step was At* = 0.0015. All
units were reduced with respect to the parameters of component A. At every 10 time
steps 500 test particles of each component were randomly inserted and each real
particle was fictively switched to the other type of particie by turns at the same time.
The simulations reported here were performed on a Cyber 205 at Ruhr-University
Bochum, Germany. Table 1 shows the parameters of the intermolecular potentials
and the combining rules based on Lorentz-Berthelot rules used in the simulations.
The parameters of the intermolecular potentials of pure CO, and C,H, were
determined through fitting two vapor pressures and one saturation density by
Fischer etal. [1], and values of hf and v* at T=2481K, P=3 MPa, and
x,=0.5078 from [15] were used to fit the adjustable parameters { and 5 by Moller
[4]. Table 2 shows the simulation results at T=230 K, 260 K, and P=15.5 MPa.
Our simulation data are in excellent agreement with the simulation data from
Moller [4], within 0.3% in density and 0.4% in internal energy for equimolar

Table1 Parameters of intermolecular potential functions and combining rules of the
components.

Component Model L¥* (s/k)/K a//f o* { ]

CO,[4]  2CLIQ 0699 125317 30354 30255 0946  1.005
CH 1] 2CLI 067 13981 3.512
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Table2 NpT-MD simulation results for density, internal energy, chemical potentials, and difference in chemical
potentials of CO, + C,H, mixtures at T=230 K, 260 K, and P = 15.5 MPa, with parameters in Table 1.

X4 p* U* wh u: Au;A Au:B
(3) (3) (4) (5)

T=230K
0.0000  0.2837 4-0.0003 —12.01 +0.01 —3.784+0.17
0.1016  0.2909 4+ 0.0005 —11.67+0.03 —233+005 —354+0.10 —0.90 + 0.06 1.14 £ 0.05
0.1992  0.2995 4+ 0.0003 —11404£001 —264+003 —382+0.15 —0.87+0.07 1.0340.07
03008  0.3101 +0.0006 —1129+£002 —2784+0.04 —3.8540.17 —0.56 +0.07 1.04 + 0.08
0.3984  0.3209 + 0.0011 —11.194+0.05 —294+0.05 —3.7140.12 —-041+0.09 0.67 + 0.10
0.5000  0.3328 4 0.0008 —1112+£003 —3.1540.05 —3.5740.08 —0.2240.05 0.63 +0.05
0.6016  0.3482 +0.0012 —11.21+0.06 —338+0.10 —307+0.17 0.01+0.11 021 +0.10
0.6992  0.3665+0.0002 —1147+001 -—341+006 —339+006 0.28 + 0.05 0.19 £0.05
0.8008  0.3881 4 0.0009 —11.81+£0.02 —353+0.15 —344+029 0.56 £ 0.06 0.07 +0.08
0.8984  0.413240.0009 —1234+004 —347+0.06 —2.76 +0.09 0.96 + 0.04 —0.32+0.05
1.0000  0.4430 + 0.0004 -1295+0.01 —3.68+0.08

T=260 K
0.0000 0.2636 + 0.0002 —10.96 + 0.02 —297+0.05
0.1016  0.2697 + 0.0005 — 1061 £0.02 —1.8340.05 —2944+0.07 —0914+0.02 1.21+0.02
0.1992  0.2760 + 00005 —10314£002 —198+004 —295+008 ~0.72+0.03 1.06 + 0.02
0.3008  0.2831 +0.0015 —1007+0.04 —2.19+003 —-295+0.07 —0.56 +0.02 0.8240.03
03984  0.2931 +0.0008 —996+0.04 —228+0.03 —293+0.06 —0.43+0.03 0.67 +0.04
0.5000  0.3031+40.0012 —988+004 —246+0.05 —29440.06 —0.28+0.02 0.59 +0.03
0.6016  0.3166 +0.0008 —994+4+0.03 —2.59+0.04 - 2.79 +0.02 —0.10+0.02 0.434+0.03
0.6992  0.3317 4+ 0.0004 —10.08+0.01 —2.68+0.03 —2.76 +0.04 0.08 +0.05 0.27+0.05
0.8008  0.3518 4+ 0.0005 —1036+002 —-2744+0.10 —2.594+0.03 0.26 +0.04 —0.0140.05
0.8984  0.3724 +0.0022 —-10.754009 —3.02+0.14 —-2.59+0.10 0.51 +0.06 —0.354+0.07
1.0000  0.4029 + 0.0004 — 11394001 —3.12+008

mixtures. Moller compared his data, gathered from a wide range of temperatures,
pressures, and densities, with experimental data and concluded that the uncertainties
of his h* and ¥ are within experimental errors, which are 2% and 4% for h and v®
[15], respectively.

Figure 1 and Figure 2 show the excess properties of hf and v* calculated from
data in Table 2 in comparison with experimental data [15,16,17] and simulation
data from Moller [4]. In consideration of the uncertainty of experiment and press-
ure correction the agreement is very good. The g* results from fitting the data of
chemical potential differences in Table 2 are summarized in Table 3 and are plotted
in Figure 3 and Figure 4 for 230 K and 260 K, respectively. From Figure 3 we can
see that the results from (3) and (4) are identical and in excellent agreement with the
experimental data. As a comparison, g*(x = 0.5) from (3), (4), (5), and experiment are
579 J/mol, 554 J/mol, 430 J/mol(P = 15.5 MPa), and 539 J/mol(P=0) at T=230 K,
respectively. In contrast to Figure 3 the results in Figure 4 show that (3) produced a
less satisfactory prediction of g, whereas, (4) still gave a very good prediction. Tt
seems that there are some numerical problems in the calculations using the Widom
test particle method. Generally speaking, the uncertainty of Widom’s method in
calculation of g is twice as large as in the difference method. It is interesting that
swapping a C,H into a CO, never yielded good results. This is a consequence of
the fact that a CO, particle is “thinner” than a C,H, particle. We know that
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Figure 1 Excess enthalpies versus x, for mixtures of CO, 4+ C,Hg. The solid and dot dashed curves are
from this work at T=230 K, 260 K, and P = 15.5 MPa, respectively. The squares and triangles are from
Moller [4] at the same temperatures and pressures as above. The circles are from Wallis et al. [16] at
T=230 K and P=0. The crosses are from Guedes ef al. [17] at T=230 K and P=0. The points are
from Wormald et al. [15] at T=272.1 K and P=11 MPa.

30
vE(cm3/mol) i
s
oe
254 x .
°
- x x o
x x
2.04 o
. s P .
x a *
1.5 o, [}
a .
]
[
x 0 n ¢
1.04
x
4 .
os{ * %
0.0 T T T T
0.0 0.2 0.4 0.8 0.8 1.0
xA

Figure 2 Excess molar volume versus x, for mixtures of CO, + C,H,. The unfilled squares and circles
are from this work at T=230 K, 260 K, and P = 15.5 MPa, respectively. The filled squares and diamonds
are from Moller [4] at the same temperatures and pressures as above. The unfilled diamonds are from
Wallis et al. [16] at T=241.5 K and P=0. The crosses are from Wormald et al. [15] at T=1248.1 K and
P=10.9 MPa.

removal of a particle from a system does not sample the configurations correctly
[18]. It seems that the quadrupole moment of CO, does not have much influence on
this behavior. It would be very interesting to apply the difference method to mix-
tures which have two components, one larger in one dimension but smaller in
another dimension than the other, e.g. CO,(3CLJQ) + C,H, mixtures. In this case,
we could expect that transforming particles from both directions would yield the
same results.
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Table 3 Parameters of (6) and differences of pure residual chemical potentials determined by curve
smoothing for CO, + C,H, mixtures at T=230 K, 260 K, and P=15.5 MPa.

T=230K T=260K
(3) (4) (5) (3) (4) (5)
A 1.21180 1.15831 0.90040 0.94667 0.86206 0.91494
B 0.05486 0.23690 0.12129 0.11104 0.07557 0.13893
C —0.31365 0.07993 —0.07477 0.04762 0.09579 0.28051
ﬁ(ug - y‘j)"" —0.38612 —0.10262 —0.50361 —0.39600 —0.23314 —0.505%96
gE(J/mol) 600
500 4
400 4
300 4
200 4
100
o T T T Y
0.0 0.2 0.4 0.6 0.B 1.0
xA

Figure 3 Excess Gibbs free energy versus x, for mixtures of CO, + C,H, at T=230 K. The squares,
circles, and triangles are from equations (3), (4), and (5) at P = 15.5 MPa, respectively. The points are from
Wallis et al. [16] at P=0.
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Figure4 Excess Gibbs free energy versus x, for mixtures of CO, + C,H, at T=260 K. The squares,
circles, and triangles are from equations (3), (4), and (5) at P= 15.5 M Pa, respectively. The points are from
Wallis et al. [16]at P=0.
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4 CONCLUSIONS

In this paper we have reported excess thermodynamic properties of g, hE, and v* for
CO, + C,Hy mixtures at two temperatures. The overall agreement of our calcula-
tions with experiments is excellent. We used two methods to calculate the excess
Gibbs free energies, i.e., the Widom test particle method and the energy difference
method. The results showed that swapping a smaller particle into a larger one yields
more reliable values. It is obvious that the energy difference method deserves more
thorough studies because of its many potential advantages over existing techniques.
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