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( )Vapor � liquid equilibria of binary and ternary mixtures containing nitrogen N ,2
( ) ( ) ( )oxygen O , carbon dioxide CO and ethane C H are studied by molecular simu-2 2 2 6

lation using two-center Lennard-Jones plus point quadrupole models. Pure-component
models are taken from recent work. Mixtures are described using the Lorentz-Berthelot
combining rules. Predictions of ®apor � liquid equilibria from pure-component data alone
agree well with experimental data, for example, the azeotropic beha®ior of the carbon
dioxide q ethane system is predicted correctly. Further impro®ements are achie®ed by
adjusting one parameter in the energetic term of the combining rule to binary data. For
this purpose, a simple and efficient procedure is proposed. Excellent agreement between
the molecular models and experimental data for ®apor-liquid equilibria, saturated densi-
ties, and enthalpies of ®aporization is obser®ed for the fi®e binary systems studied in the

( )present work N q O , CO q C H , O q CO , N q CO , N q C H .2 2 2 2 6 2 2 2 2 2 2 6
( )Vapor � liquid equilibria of two ternary mixtures N qO qCO , N qCO qC H2 2 2 2 2 2 6

are predicted well without any further adjustment of model parameters. Results from
molecular simulation are compared to those from the Peng-Robinson equation of state,
the PC-SAFT equation of state, and the BACKONE equation of state using the same
data to determine model parameters. The quality of correlations with system-specific
binary interaction parameters from molecular simulation and equations of state is simi-
lar, and the predicti®e power of molecular simulation is clearly superior.

Introduction
Reliable models for vapor�liquid equilibria of mixtures are

important for many engineering tasks. Conventional ap-
proaches to modeling vapor�liquid equilibria, for example,
semiempirical equations of state or lattice-based G E-models,
are well developed and hold little promise for further im-
provements. They are usually excellent correlation tools, but
often lack in predictive power. An alternative and promising
route to describe thermodynamic properties of mixtures is
molecular modeling and simulation. In the present work, the
application of molecular modeling and simulation to
vapor�liquid equilibria of binary and ternary mixtures of the

Ž . Ž .quadrupolar components nitrogen N , oxygen O , carbon2 2
Ž . Ž .dioxide CO , and ethane C H is studied. The five binary2 2 6

mixtures, N qO , CO qC H , O qCO , N qCO , N2 2 2 2 6 2 2 2 2 2

Correspondence concerning this article should be addressed to J. Vrabec.

qC H , and the two ternary systems, N qO qCO , N q2 6 2 2 2 2
CO qC H , investigated here are of interest in various in-2 2 6
dustries.

Various methods for simulating vapor�liquid equilibria
with molecular models have been developed in recent years,

Žfor example, the Gibbs Ensemble Monte Carlo Panagio-
. Žtopoulos, 1987, 1989 , the Gibbs-Duhem integration Kofke,

. Ž1993a,b , the NpTqTest Particle Method Moller and Fis-¨
.cher, 1990, 1992; Vrabec and Fischer, 1995 , the bubble point

Ž .pseudo-ensemble Ungerer et al., 1999 , the Grand Canoni-
Ž .cal Monte Carlo simulation Boda et al., 2001 , and the Grand

Ž .Equilibrium Vrabec and Hasse, 2002 . The recently pub-
lished Grand Equilibrium method for molecular simulation

Ž .of vapor�liquid equilibria Vrabec and Hasse, 2002 was ap-
plied in the present work.

For simulations, reliable molecular models for pure fluids
and mixtures are needed. A large variety of molecular mod-
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els for pure fluids are available in the literature, many of
which, however, describe vapor�liquid equilibria only quali-
tatively. Molecular models for the substances studied in the

Ž . Žpresent work have been developed by Yang et al. 2000 N ,2
. Ž . Ž .O , CO , Fischer et al. 1984 N , CO , C H , Shukla2 2 2 2 2 6

Ž . Ž . Ž . Ž .1994 CO , C H , Martin and Siepmann 1998 C H ,2 2 6 2 6
Ž . Ž . Ž .Chen and Siepmann 1999 C H , Saager and Fischer 19912 6

Ž . Ž . Ž . Ž .O , Lago et al. 1997 N , O , C H , Rivera et al. 20002 2 2 2 6
Ž . Ž . Ž . Ž .N , Moller and Fischer 1994 CO , Garzon et al. 1994¨ ´2 2
Ž . Ž . Ž . Ž .CO , Harris and Yung 1995 CO , Nath et al. 1998a2 2
Ž . Ž . Ž .C H , Errington and Panagiotopoulos 1999 C H , and2 6 2 6

Ž . Ž .Vrabec et al. 2001 N , O , CO , C H . Considerably less2 2 2 2 6
work has been devoted to molecular modeling of vapor�liquid
equilibria of mixtures. For some recent examples, see Potoff

Ž .Ž .and Siepmann 2001 N qCO ,N qCO qpropane , Rivera2 2 2 2
Ž . Ž . Ž . Žet al. 2000 N qbutane , Kronome et al. 2000 N q2 2
. Ž . Ž .C H , Nath et al. 1998b alkane mixtures , Potoff et al.2 6

Ž . Ž . Ž . Ž .1999 CO qC H , Cui et al. 1999 CO qalkane , and2 2 6 2
Ž . Ž .Liu and Beck 1998 CO qC H . Mixtures studied in the2 2 6

present work have previously been investigated by Fincham
Ž . Ž .et al. 1986 and Vrabec and Fischer 1996 , who have pre-

sented vapor�liquid equilibria from molecular simulation for
the system CO qC H . To our knowledge, vapor�liquid2 2 6
equilibria of the system O qCO and the ternary mixtures2 2
studied here have not been investigated with molecular simu-
lation in previous work.

In the present work, the two-center Lennard-Jones plus
Ž .point quadrupole 2CLJQ model is used to describe the

properties of the pure components and their mixtures. Pure
component models are taken from the recent work of our

Ž .group Stoll et al., 2001; Vrabec et al., 2001 , which was de-
voted to the development of a set of compatible molecular
models for 25 pure fluids based on the 2CLJQ model. Due to
the physical relevance of the 2CLJQ model, that recent work
has been restricted to low-molecular, symmetrical, quadrupo-
lar pure substances. Dipolar or associating fluids like
methanol or water have not been considered there, as the
2CLJQ model is not physically meaningful for such fluids.
These 2CLJQ models allow accurate simulations of
vapor�liquid equilibria and related thermodynamic proper-
ties of the modeled substances. The present work extends
that study to mixtures.

Starting from defined pure-component models, the mix-
tures are described here on the basis of the Lorentz-Berthelot
combining rules, which are known to give good results in many

Ž .cases Potoff and Siepmann, 2001 . Predictions of vapor�
liquid equilibria from pure-component data alone are stud-
ied, as well as the adjustment of one parameter in the ener-
getic term of these combining rules to binary data. For that
adjustment, a simple and efficient procedure is proposed. An

Žalternative approach followed by some authors for example,
.Potoff and Siepmann, 2001 is to determine parameters of

pure fluids by including binary data in the model develop-
ment. This route allows one to avoid the introduction of bi-
nary parameters for certain classes of mixtures, for example,
alkanes, but is not generally applicable.

Simulation results from the molecular models for mixtures
developed in this work are compared to simulation results
from other authors, to experimental vapor�liquid equilibrium
data, to results from the multiparameter equation of state
from the program package DDMIX provided by the NIST

Ž .Ely, 1989, 1990 , and to results from the Peng-Robinson
Ž .equation of state Peng and Robinson, 1976 . Additional re-

Žsults for vapor�liquid equilibria from the PC-SAFT Gross
. Žand Sadowski, 2000 and the BACKONE Muller et al., 1996;¨
.Weingerl et al., 2001 equations of state, which are based on

theoretical principles accounting for molecular interactions,
are discussed in the Appendix B. The parameter of all three
equations of state are adjusted to the same data used for the
determination of the parameters of the molecular models.

Molecular Models for Pure Substances
In the present work, quantitative effective state-indepen-

dent 2CLJQ based molecular models are used, which have
Ž .recently been developed by Vrabec et al. 2001 as a part of a

study covering 25 pure components. The 2CLJQ model is a
pairwise additive potential model consisting of two Lennard-
Jones sites a distance L apart plus a point quadrupole of
momentum Q placed in the geometric center of the molecule
along the molecular axis connecting the two Lennard-Jones
sites. The interaction energy of two molecules, i and j, is

12 62 2 � �
u r ,� ,� , L,Q s 4� yŽ . Ý Ý2C L JQ i j i j ž / ž /r rab abas1 bs1

3 Q2

q f � ,� 1Ž . Ž .i j54 � �ri j

Herein, the vector r indicates the center�center distance ofi j
the two molecules; r is one of the four LJ site�site dis-ab
tances; a counts the two sites of molecule i; b counts those
of molecule j. The LJ parameters � and � represent size

Ž .and energy, respectively. The function f � ,� depends onlyi j
on the orientations � and � of the molecules. It is given byi j

Ž .Gray and Gubbins 1984 . Cutoff corrections are described in
the Appendix A.

The four model parameters � , � , Q, and L have been
Ž .adjusted efficiently by Vrabec et al. 2001 , to experimental

pure fluid vapor�liquid equilibrium data using global correla-
tions of the critical temperature, T , the saturated liquid den-c
sity, ��, and the vapor pressure p as functions of these four�

Ž .molecular parameters Stoll et al., 2001 . The 2CLJQ model
parameters for the four pure fluids N , O , CO , and C H2 2 2 2 6
used in this work are given in Table 1.

The advantages of these quantitative molecular models are
their simplicity, which reduces simulation time considerably
compared to more sophisticated molecular models contain-
ing, for example, partial charges, and their accuracy: typical,
relative deviations between simulation and experiment are

Table 1. Effective 2CLJQ Potential Model Parameters for the
Fluids Used in This Work

˚ ˚ ˚Ž .Fluid �rA �rk rK LrA QrDAB

N 3.3211 34.897 1.0464 1.43972
O 3.1062 43.183 0.9699 0.80812
CO 2.9847 133.22 2.4176 3.79382
C H 3.4896 136.99 2.3762 0.82772 6

Ž .Source: Values taken from Vrabec et al. 2001 .
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below 1% for the saturated liquid density, ��, below 3% for
the vapor pressure, p , and below 2% for the enthalpy of�

vaporization, �h . This compares favorably, for example, to®
the Peng-Robinson equation of state, which yields typical rel-
ative deviations of about 12% for ��, 2% for p , and 1% for�

�h .®
The compatibility of these models opens the route to the

modeling of mixtures.

Molecular Models for Mixtures
Given the existing quantitative models for pure fluids,

molecular modeling of binary mixtures reduces to modeling
the interactions between unlike molecules, which requires less
effort than the modeling of like interactions in pure fluids.
For the description of the unlike Lennard-Jones interaction
in binary mixtures of 2CLJQ fluids A and B, the unlike in-
teraction parameters � and � have to be determined.AB AB
For this purpose, the broadly used Lorentz-Berthelot com-

Žbining rules are a good starting point Maitland et al., 1981;
.Allen and Tildesley, 1987

� q�A B
� s 2Ž .AB 2

� s � �� 3' Ž .AB A B

Applying � and � as given by Eqs. 2 and 3 in molecularAB AB
simulations allows the prediction of mixture properties from
pure-component data alone. Despite the simplicity of the
2CLJQ models, in many cases, predictions based on Eqs. 2
and 3 are already in reasonable agreement with experimental
data. Further improvements can be achieved by introducing
binary parameters � and � in the combining rules

� q�A B
� s� � 4Ž .AB 2

� s� � � �� 5' Ž .AB A B

Ž . Ž .Fischer et al. 1989 , and Vrabec and Fischer 1995, 1997 ,
adjusted � and � successfully to molar excess enthalpies hE

and molar excess volumes ®E. It is important to point out
Žthat in all cases investigated by these authors argonq

methane, methaneqcarbon dioxide, methaneqethane,
.ethaneqcarbon dioxide , the value of � was very close to

Ž .unity. Kronome et al. 2000 published vapor�liquid equilib-
ria of the mixture N qC H from molecular simulation with2 2 6
�s1 in their binary model that agree well with experimental

data. According to these findings, the value

�s1 6Ž .

was assumed for all binary mixtures considered here.
Numbers for � were determined in the present work by an

adjustment to experimental vapor�liquid equilibrium data of
binary mixtures. To develop an efficient method for this pur-
pose, first a case study was carried out. For several isotherms
and mixtures at given liquid-phase composition x, the sensi-
tivities of the vapor pressure, p, and of the vapor-phase com-
position, y, to variations of � around unity were investigated.
It was found in all cases that the vapor pressure p decreases
almost linearly with increasing � , whereas the vapor phase
composition y shows very little sensitivity to variations of � .
This behavior was exploited to determine the value of � . For
this purpose, at a selected vapor�liquid equilibrium state

Ž .point p, T , x, y for each binary mixture, the vapor pres-
sures for three different values of � close to unity, that is, � ,1

Ž .� , � , were calculated: p , p , p . A linear fit p � sa�� q2 3 1 2 3
b proved to be sufficient to describe the results. The value of
� is obtained from equating that fit to the experimental value
of the vapor pressure, p . This procedure is simple and effi-exp
cient and gives good results for modeling all binary mixtures
studied in the present work. Work on 40 additional binary
mixtures, which is in progress in our group, supports this
finding.

Values for � of the five binary mixtures studied here are
given in Table 2. The adjustment of � was done on the basis
of the state points given in Table 3. Criteria for choosing
these state points were preferably equimolar liquid mixture
and medium temperature.

No additional parameters are introduced in the models for
ternary mixtures, nor were any pure-substance parameters al-
tered.

Results for Binary Mixtures
Ž . Ž .Mixtures of nitrogen N , oxygen O , carbon dioxide2 2

Ž . Ž .CO , and ethane C H were studied in the present work.2 2 6

Table 2. Binary Interaction Parameters � for the Mixtures
Modeled in This Work

2CLJQ
Mixture �

N qO 1.0072 2
CO qC H 0.9542 2 6
O qCO 0.9792 2
N qCO 1.0412 2
N qC H 0.9742 2 6

Table 3. State Points Used for Adjusting the Binary Interaction Parameters � and the Binary Parameters k in the Peng-i j
Robinson, PC-SAFT, and BACKONE Equations of State

Liquid-Phase Vapor-Phase
Mixture TrK prMPa Mole Fraction Mole Fraction Reference

Ž .N qO 105 0.7432 x s0.5 y s0.7020 Knapp et al. 19822 2 N N2 2 Ž .CO qC H 263.15 2.8958 x s0.4250 y s0.5140 Knapp et al. 19822 2 6 CO CO2 2 Ž .O qCO 253.15 8.106 x s0.141 y s0.574 Fredenslund and Sather 19702 2 O O2 2 Ž .N qCO 270 9.2914 x s0.1319 y s0.4173 Knapp et al. 19822 2 N N2 2 Ž .N qC H 260 7.1059 x s0.1647 y s0.5576 Grausø et al. 19772 2 6 N N2 2
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Table 4. Binary Equation of State Parameters k for thei j
Mixtures Modeled in this Work

PC-SAFT BACKONE
Ž . Ž .Peng-Robinson cf. Appendix B cf. Appendix B

Mixture k k ki j i j i j

N qO y0.00978 y0.00160 y0.0032 2
CO qC H 0.13008 0.10289 0.09142 2 6
O qCO y0.04838 0.05929 y0.012 2
N qCO y0.01493 y0.01793 y0.042 2
N qC H 0.05233 0.04313 y0.0252 2 6

Results for five out of the six possible binary mixtures from
this set of components are discussed below. The remaining
system, O qC H , is not included in the study, as no va-2 2 6
por�liquid equilibrium data were found in the literature for
that system.

Results from molecular simulations with the models pre-
sented in this work are compared to simulation results from
other authors and to results from the Peng-Robinson equa-

Ž .tion of state Peng and Robinson, 1976 . The parameteriza-
tion of the Peng-Robinson equation of state requires the ac-
centric factor, 	, the critical temperature, T , and the criticalc
pressure, p , of the pure fluids. These data were taken fromc

Ž .Reid et al. 1987 .
In Appendix B, additional results for vapor�liquid equilib-

Žria from the PC-SAFT equation of state Gross and Sad-
. Žowski, 2000 and the BACKONE equation of state Muller et¨

.al., 1996; Weingerl et al., 2001 are discussed.
The binary parameters, k , of these three equations of statei j

were adjusted to the same experimental data used for the
development of the binary molecular models, cf. Tables 3 and
4.

Two types of calculations were carried out for both the
molecular simulation and the equations of state. One calcula-
tion was performed without using the adjusted binary inter-
action parameter � or k , that is, a prediction of the proper-i j
ties of the mixture from pure-component data alone, and the
other using the binary parameters. Because the prediction
from pure-component data alone is used only as reference, it
was not carried out for all isotherms. The vapor�liquid equi-
librium calculation was done at given temperature, T , and
liquid-phase composition, x. Data on the vapor pressure, p,
vapor-phase composition, y, saturated liquid density, ��, and
enthalpy of vaporization, �h , are reported.®

Supplementary material containing all numerical results
and further figures not presented here is available at
http:rrwww.itt.uni-stuttgart.derreview.html.

Vapor – liquid equilibria
NitrogenqOxygen. Knowledge of vapor�liquid equilibria

of this binary system is fundamental in various industrial ap-
plications such as air liquefaction and air separation. Figure
1 shows results from the present work for the vapor pressure
and the vapor-phase mole fraction for three isotherms. The
results for the 105 K isotherm show that predictions from
pure-component data alone are in very good agreement with
the experimental data for that system, both for the molecular
simulation and for the Peng-Robinson equation of state. Sim-
ulations with adjusted � excellently describe the experimen-

Figure 1. Vapor–liquid equilibria of the mixture N � O .2 2
Ž .Simulation results, this work �:� adjusted, `: � s 1 ,
ŽPeng-Robinson equation of state : k adjusted, :i j

. Ž . Ž .k s 0 , experimental data from Knapp et al. 1982 q .i j

tal data. As can be expected, the Peng-Robinson equation of
state also yields excellent results.

Carbon DioxideqEthane. This mixture is important in the
petrochemical industry. Due to its low boiling azeotrope, this
system has a more complex phase behavior than the nitrogen
q oxygen system. For this system results for vapor�liquid
equilibria from molecular simulation are available from Liu

Ž . Ž .and Beck 1998 and from Potoff et al. 1999 .
Results from Gibbs Ensemble Monte Carlo simulations of

Ž .Liu and Beck 1998 and results from the present work are
Ž .very similar. This could be expected, as Liu and Beck 1998

used 2CLJQ type pure-component models determined by
Ž . Ž .Vrabec and Fischer 1996 and Moller et al. 1992 and¨

Lorentz-Berthelot combining rules with two adjusted binary
Ž .parameters � and � taken from Vrabec and Fischer 1996 .

Therefore, a direct comparison to results from Liu and Beck
Ž .1998 is omitted here for brevity.

Ž .Potoff et al. 1999 performed Grand Canonical His-
togram-Reweighting Monte Carlo simulations with computa-
tionally expensive exponential-6-type models with fixed par-
tial charges and, in the case of ethane, intramolecular de-
grees of freedom, taken from Errington and Panagiotopoulos
Ž . Ž .1999 . The models used by Potoff et al. 1999 were obtained
from experimental pure-substance vapor�liquid equilibrium

Ž .data. Potoff et al. 1999 performed simulations with the
ŽLorentz-Berthelot and the Kong combining rules Kong,

.1973 , without adjusting binary parameters.
In Figure 2, simulation results from the present work are

compared to results from the Peng-Robinson equation of state
Ž .and to simulation data from Potoff et al. 1999 obtained with

the Kong combining rules. Figure 2 shows that even without
a binary parameter the present molecular simulations predict
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Figure 2. Vapor–liquid equilibria of the mixture CO �2
C H .2 6

Ž .Simulation results, this work �: � adjusted, `: � s1 ,
Ž . Ž .Potoff et al. 1999 ^: Kong combining rules , Peng-Robin-

Ž .son equation of state : k adjusted, : k s 0 , ex-i j i j
Ž . Ž .perimental data from Knapp et al. 1982 q .

the azeotropic behavior. This is a clear advantage of molecu-
lar simulation over the Peng-Robinson equation of state,
which predicts no azeotrope. The results of the sophisticated

Ž .model of Potoff et al. 1999 are in very good agreement with
experimental data. A somewhat better accuracy is obtained
using the model presented here with adjusted binary interac-
tion parameter � .

OxygenqCarbon Dioxide. Vapor�liquid equilibria of mix-
tures of oxygen and carbon dioxide are encountered in the
petrochemical and food processing industries. Fluid-phase
equilibria in that system only exist at temperatures and pres-
sures for which pure oxygen is supercritical. This becomes
evident from a comparison to the locations of the critical point
of pure oxygen and the triple point of pure carbon dioxide in
the pressure vs. temperature diagram. To our knowledge, no
vapor�liquid equilibrium data of this mixture from molecular
simulation have been published previously.

A typical result for a phase diagram of that mixture is shown
in Figure 3. Again, the prediction from molecular simulation
without using � is already in very good agreement with ex-
perimental data. In contrast, the prediction from the Peng-
Robinson equation of state without using k is poor for thei j
bubble line. As long as the pressure is not too close to the
critical pressure of the mixture, both methods with adjusted
binary parameter are in fair agreement with experimental
data. For this mixture, the average statistical uncertainties of
the simulation data are quite large; they are about �0.35
MPa for the pressure and about �0.02 for the vapor compo-
sition. Similar results were obtained for the 223.15 K and the

Ž .283.15 K isotherm not shown in Figure 3 .

Figure 3. Vapor–liquid equilibria of the mixture O �2
CO at 253.15 K.2

Ž .Simulation results, this work �: � adjusted, `: � s1 ,
ŽPeng-Robinson equation of state : k adjusted, :i j

.k s 0 , experimental data from Fredenslund and Satheri j
Ž . Ž .1970 q .

NitrogenqCarbon Dioxide. Vapor�liquid equilibria of this
mixture are important in natural gas processing. Similar to
the system O qCO , vapor�liquid equilibria of N qCO2 2 2 2
only exist at temperatures and pressures for which pure N is2
supercritical.

At 253.15 K vapor�liquid equilibrium data from Predictive
Configurational-Bias Histogram-Reweighting Monte Carlo

Ž .simulations are available from Potoff and Siepmann 2001 .
These authors applied newly parameterized rigid Lennard-
Jones-based molecular models with partial charges. In the
parameterization of their CO model, Potoff and Siepmann2
Ž .2001 included vapor�liquid equilibrium data of the binary
system CO qpropane, whereas their N model is parameter-2 2
ized on the basis of pure-component vapor�liquid equilib-

Ž .rium data alone. Results from Potoff and Siepmann 2001
are based on the Lorentz-Berthelot combining rules.

Figures 4 and 5 show phase diagrams of the system N q2
CO at 218.15 K and 253.15 K, where simulation results from2

Ž .the present work and from Potoff and Siepmann 2001 are
compared to experimental data and to results from the
Peng-Robinson equation of state. In this work, the binary pa-
rameters of the molecular and the Peng-Robinson equation
of state were adjusted to experimental data at 270 K, so that
the present results shown in Figures 4 and 5 represent an
extrapolation in temperature.

At 218.15 K both the present molecular simulation data
and the Peng-Robinson equation of state agree very well with
the experiment. Results of a similar quality were obtained for
232.15 K and 270 K, and are not shown here. Predictive sim-

Ž .ulations � s1 from this work at 218.15 K are, despite some
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Figure 4. Vapor–liquid equilibria of the mixture N �2
CO at 218.15 K.2

Ž .Simulation results, this work �: � adjusted, `: � s1 ,
Ž .Peng-Robinson equation of state : k adjusted , ex-i j

Ž .perimental data from Knapp et al., 1982 q .

Figure 5. Vapor–liquid equilibria of the mixture N �2
CO at 253.15 K.2

Ž . ŽPotoff and Siepmann 2001 ^: pure-component parame-
ters of CO have been adjusted to the mixture CO q2 2

.propane, Lorentz-Berthelot combining rules , Peng-Robin-
Ž .son equation of state : k adjusted , experimental datai j

Ž . Ž .from Knapp et al. 1982 q .

deviations in the pressure, generally in fair agreement with
the experimental results. The quality of these predictions is
similar to the quality of the correlation of Potoff and Siep-

Ž . Ž .mann 2001 cf. Figure 5 . Overall, this demonstrates the
higher accuracy of the present molecular model. The Peng-
Robinson equation of state with adjusted binary parameter
shows reasonable agreement with experimental data.

NitrogenqEthane. Knowledge of phase equilibria of this
mixture is needed in the petrochemical industry. Similar to
the systems discussed earlier, at temperatures and pressures
where fluid phase equilibria exist in that mixture, pure N is2
always supercritical. At 200 K and 260 K vapor�liquid equi-
libria from the extended NpTqtest particle method have

Ž .been published by Kronome et al. 2000 . These authors ap-
Ž .plied unpolar 2CLJ models from Vrabec and Fischer 1996

Ž .and Kriebel et al. 1996 , in which unlike interactions were
modeled with Lorentz-Berthelot combining rules with an ad-
justed binary interaction parameter � . This mixture model is
very similar to the present model.

Figure 6 shows a comparison of simulation results from the
Ž .present work and from Kronome et al. 2000 to experimen-

tal data at 200 K and to the Peng-Robinson equation of state.
Excellent agreement between both molecular models and ex-
periment is found. The results from the present work are
predictions in the sense that the binary parameter was ad-

Ž .justed to data at 260 K not shown here . The Peng-Robinson
equation of state shows considerable deviations on the bub-
ble line and overestimates the critical region.

Saturated liquid densities and enthalpies of ©aporization

Saturated Liquid Densities. In Figures 7 and 8 saturated
liquid densities of the binary mixtures from molecular simula-
tion are compared to data from the multiparameter equation
of state available in the program package DDMIX provided

Ž .by the NIST Ely, 1989, 1990 and to results from the Peng-
Robinson equation of state. As DDMIX has been designed
for accurate descriptions of saturated densities of mixtures,
these values are used here as reference data. It can be seen
from Figures 7 and 8 that the results from molecular simula-
tion describe the saturated liquid densities of the studied bi-
nary mixtures reliably in very good agreement with DDMIX
data. As expected, the Peng-Robinson equation of state does
not yield satisfactory results in most cases. The results for the
mixture O qCO are not shown here, as they are very simi-2 2
lar to those for the system N qCO .2 2

Enthalpies of Vaporization. Methods for predicting en-
thalpies of vaporization of mixtures are important as experi-
mental data are often scarce. In Figures 9 and 10 residual
enthalpies of vaporization from molecular simulation are, due
to a lack of experimental data, compared to data from

Ž .DDMIX Ely, 1989, 1990 and to results from the Peng-
Robinson equation of state. Residual enthalpies of vaporiza-
tion were calculated as

�r e s id�h T , p , x , y s h T , p , y yh T , yŽ . Ž . Ž .®

� i dy h T , P , x yh T , x 7Ž . Ž . Ž .
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Figure 6. Vapor–liquid equilibria of the mixture N �2
C H at 200 K.2 6

Ž .Simulation results, this work �: � adjusted , Kronome et
Ž . Žal. 2000 ^: Lorentz-Berthelot combining rules, � ad-
. Žjusted , Peng-Robinson equation of state : k ad-i j
. Ž . Ž .justed , experimental data from Grausø et al. 1977 q .

The data from DDMIX are considered here as a reason-
able estimate for values of the enthalpy of vaporization. It
can be seen that results from molecular simulation are close

Figure 7. Saturated liquid density of the mixtures N �2
( ) ( )O � and CO �C H � .2 2 2 6

Ž .Simulation results, this work �,� , Peng-Robinson equa-
Ž . Ž . Ž .tion of state , DDMIX Ely, 1990 q .

Figure 8. Saturated liquid density of the mixtures N �2
( ) ( )CO � and N �C H � .2 2 2 6

Ž .Simulation results, this work �,� , Peng-Robinson equa-
Ž . Ž . Ž .tion of state , DDMIX Ely, 1990 q .

to the data from DDMIX on all isotherms, whereas, in some
cases, the Peng-Robinson equation of state produces larger
deviations from DDMIX data. Similar results were obtained
for the other systems studied here.

Figure 9. Enthalpy of vaporization of the mixture N �2
O .2

Ž .Simulation results, this work � , Peng-Robinson equation
Ž . Ž . Ž .of state , DDMIX Ely, 1990 q .
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Figure 10. Enthalpy of vaporization of the mixture N �2
CO .2

Ž .Simulation results, this work � , Peng-Robinson equation
Ž . Ž . Ž .of state , DDMIX Ely, 1990 q .

Vapor�Liquid Equilibria of Ternary Mixtures
In the present work, pairwise additive interaction poten-

tials are used for modeling of molecular interactions, and so
no ternary interaction parameters are introduced. Therefore,
the molecular models developed using binary data can
straightforwardly be applied without any alterations to pre-
dict vapor�liquid equilibria of ternary and multicomponent
mixtures. The ternary systems N qO qCO and N qCO2 2 2 2 2
qC H were studied in the present work. Results from2 6

Figure 11. Phase diagram for the mixture N �O �CO2 2 2
at Ts232.85 K, ps12.4 MPa.

Ž .Simulation results, this work � , Peng-Robinson equation
Ž .of state : k adjusted , experimental data from Zen-i j

Ž . Ž .ner and Dana 1963 q .

Figure 12. Phase diagram for the mixture N �CO �2 2
C H at Ts220 K, ps4 MPa.2 6

Ž .Simulation results, this work � , Peng-Robinson equation
Ž .of state :k adjusted , experimental data from Browni j

Ž . Ž .et al. 1989 q .

molecular simulation are compared to experimental data and
to results from the Peng-Robinson equation of state.

NitrogenqOxygenqCarbon Dioxide. Knowledge of va-
por�liquid equilibria of this ternary mixture is needed in the
food processing and brewing industry. In Figure 11 the mole
fractions on the bubble and on the dew lines are given at
232.85 K and 12.4 MPa. Predictions from molecular simula-
tion are in excellent agreement with the experimental
vapor�liquid equilibrium data. The Peng-Robinson equation
of state yields good results for the dew line, but shows clear
deviations on the bubble line, which are due to shortcomings
of the models for the binary systems. Similar results were

Ž .obtained for 232.85 K and 5.2 MPa not shown here .
NitrogenqCarbon DioxideqEthane. Results for the N q2

CO qC H system are shown in Figure 12. This system2 2 6
shows a strong curvature of the dew line, which is predicted
quantitatively both by the molecular simulation and the
Peng-Robinson equation of state. Slight deviations in the
molecular simulation results for the dew line are due to simi-
lar deviations in the binary systems N qCO and N qC H ,2 2 2 2 6
respectively.

Conclusions
Ž .Recently, Vrabec et al. 2001 developed compatible

molecular models of the 2CLJQ type for 25 pure fluids for
accurate simulations of phase equilibria for low-molecular,
symmetrical, quadrupolar substances. Four of these models

for nitrogen, oxygen, carbon dioxide, and ethane
are ap-
plied here for studies of binary and ternary mixtures. A con-
sistent strategy was used to model all studied mixtures.

Using Lorentz-Berthelot combining rules, predictions from
molecular simulation without adjustment of binary parame-
ters already yield results that agree very well in many cases
with experimental data for the mixtures. These predictions
are more reliable than those of the Peng-Robinson equation
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of state. The examples presented in Appendix B show that
the same holds for the PC-SAFT and the BACKONE equa-
tions of state.

Compared to these predictions, further improvements of
the molecular models are achieved using a single binary in-
teraction parameter. An efficient procedure for the adjust-
ment of this binary parameter to experimental binary
vapor�liquid equilibrium data is presented. In this way, an
excellent agreement of results from molecular simulation and
experimental data is achieved, which is similar to the results
from equations of state with adjusted binary parameters.

Finally, it is shown that the binary molecular models devel-
oped here can be directly applied for the successful predic-
tions of vapor�liquid equilibria of ternary mixtures.

This work will be extended to other mixtures of the 25 pure
Ž .components modeled by Vrabec et al. 2001 .
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Notation
as interaction site index
ascoefficient in linear function
bs interaction site index
bscoefficient in linear function
fs function

G Esexcess Gibbs energy, J
hEsmolar excess enthalpy, Jrmol

�h smolar enthalpy of vaporization, kJrmolV
isparticle index
jsparticle index

k sBoltzmann constant, 1.38065�10y23 JrKB
k sbinary parameter in equation of statei j ˚Lsdistance of Lennard-Jones sites in a molecule, A
P C Ž .m ssegment number PC-SAFT parameter

pspressure, MPa
p scritical pressure, MPac
p s vapor pressure of pure substance, MPa� ˚Qsquadrupole momentum, DA
� 2 Ž .Q sreduced quadrupole momentum BACKONE parameter

˚r ssite�site distance, Aab ˚r sdistance vector of centers of mass of molecules i and j, Ai j
Ts temperature, K

T scritical temperature, Kc
Ž .T scharacteristic temperature BACKONE parameter , K0

uspair potential, J
®Esmolar excess volume, m3rkmol

xs liquid-phase composition
xs liquid-phase mole fraction
ys vapor-phase composition
ys vapor-phase mole fraction

Greek letters
Ž .�sanisotropy parameter BACKONE parameter

˚�ssize parameter, A
P C ˚Ž .� ssegment diameter PC-SAFT parameter , A

�senergy parameter, J
P C Ž .� sattraction parameter PC-SAFT parameter , J

�sdensity, kmolrm3

Ž . 3� scharacteristic density BACKONE parameter , kmolrm0
�sbinary interaction parameter
�sbinary interaction parameter
	sacentric factor
�sorientation vector

Subscripts and superscripts
As interaction between molecules A-A
Bs interaction between molecules B-B

ABs interaction between molecules A-B
2CLJQs two-center Lennard-Jones plus point quadrupole

expsexperimental
isparticle index
jsparticle index

ids ideal gas state
ressresidual property

�ssaturated property on bubble line
�ssaturated property on dew line
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Appendix A: Technical Details of Molecular
Simulations

The evaluation of the molecular interaction, cf. Eq. 1, was
truncated at the center�center cutoff radius indicated below.
Assuming no preferential orientations in the fluid beyond the
cutoff radius, the Lennard-Jones tail corrections for the in-
ternal energy, the pressure, and the chemical potential were

Ž .calculated with the method proposed by Lustig 1988 . Under
these conditions of isotropy, tail corrections related to the
quadrupolar term in Eq. 1 vanish beyond the cutoff radius.

For the adjustment of the binary interaction parameter, � ,
864 particles were used for liquid simulations and about 300
particles for vapor simulations. For these simulations, the
cutoff radius was set to 5� . Liquid simulation runs were car-

Ž .ried out with 100,000 time steps one time step f3 fs in the
NpT ensemble using rigid-body molecular dynamics with the

Ž .quaternion algorithm Allen and Tildesley, 1987 for molecu-
Žlar rotation. For barostating, Andersen’s algorithm Ander-

.sen, 1980 was applied. Thermostating in all molecular dy-
namics simulations was obtained from velocity scaling after

Ž .each integration time step Allen and Tildesley, 1987 . Al-
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though this simple and, therefore, attractive method of ther-
mostating should not be applied to calculations of properties
that are sensitive to fluctuations of the kinetic energy, cf.

Ž . Ž .Saager et al. 1991 and Frenkel and Smit 2002 , reliable
results are obtained for vapor�liquid equilibria, as has been

Ž .shown by Stoll et al. 2001 in a comparison of vapor�liquid
equilibria of pure 2CLJQ model fluids from molecular dy-
namics simulations with velocity scaling to Monte Carlo simu-
lations, where thermostating is no issue.

Vapor simulation runs were performed using the Monte
Carlo technique with 100,000 loops. Within one loop, at-
tempts to translate, rotate, insert, or delete particles were
performed at random using predefined probabilities. Particle
rotation was described with random vectors on unit spheres.
For the simulations on most of the isotherms for binary sys-
tems shown in Figures 1, 2, 3, 4, 6, the number of particles in
the liquid phase was reduced to 500, in the vapor phase the
average particle number was 200, and the cutoff radii were
4� in both phases. Ternary simulations, cf. Figures 11 and
12, were carried out with 864 particles in the liquid phase
and about 300 particles in the vapor phase, and the cutoff
radii were 5� in both phases.

Appendix B: Results from PC-SAFT and BACKONE
Equations of State

As the Peng-Robinson equation of state does not yield very
satisfactory results as a predictive tool, additional calcula-
tions were performed with more sophisticated equations of

Ž .state: the PC-SAFT Gross and Sadowski, 2000 and the
Ž .BACKONE Muller et al., 1996; Weingerl et al., 2001 equa-¨

tions of state. In contrast to the Peng-Robinson equation of
state, which is a representative of the class of empirical cubic
equations of state, the PC-SAFT and the BACKONE equa-
tions of state represent another approach for designing equa-
tions of state, as they are based on theoretical principles that
account for molecular interactions.

The PC-SAFT equation of state applies particularly well to
associating fluids or fluids with chainlike molecules, but it
does not model explicitly any polar contributions. In this work,
where nonassociating but quadrupolar components are inves-
tigated, the PC-SAFT equation of state was applied without
the term accounting for association. In contrast, the BACK-
ONE equation of state contains terms that explicitly account
for polar contributions. Both equations of state feature a sin-
gle binary interaction parameter, k , in their mixing or com-i j
bining rules.

More detailed explanations on the structure of these equa-
tions of state and on the parameters employed are skipped
here; they are available in the original papers, cf. Chapman

Ž . Ž .et al. 1988, 1990 , and Gross and Sadowski 2000 for PC-
Ž . Ž .SAFT, and Saager and Fischer 1992 , Muller et al. 1996 ,¨

Ž .and Weingerl et al. 2001 for BACKONE.
In the present work, PC-SAFT parameters for the four flu-

ids N , O , CO , C H were adjusted to the vapor-liquid2 2 2 2 6
equilibrium data, that was also used for the development of

Ž .the 2CLJQ models Vrabec et al., 2001 . The PC-SAFT pa-
rameters are given Table B1, while the BACKONE parame-

Ž .ters, cf. Table B2, are taken from Muller et al. 1996 . The¨
PC-SAFT and BACKONE parameters are named in the no-
tation list.

Table B1. Parameters for the PC-SAFT Equation of State for
the Fluids Used in This Work

PC PC PC˚ Ž .Fluid � rA � rk rK mB

N 3.2975 89.492 1.23652
O 3.1711 113.98 1.14572
CO 2.5731 152.85 2.54612
C H 3.5186 191.15 1.61052 6

Table B2. Parameters for the BACKONE Equation of State
for the Fluids Used in This Work

� 23Ž .Fluid � � r kmolrm T rK Q0 0

N 1.0471 11.133 125.74 0.4872
O 1.0244 13.629 154.58 0.02
CO 1.3919 10.549 291.28 2.1812
C H 1.2127 6.800 305.32 0.02 6

Ž . ŽSource: Values taken from Muller et al. 1996 SIMBACK1 values for O¨ 2
.and QUABACK1 values for N , CO , C H .2 2 2 6

Figure B1 compares the vapor�liquid equilibria of the bi-
nary mixture carbon dioxideqethane from the PC-SAFT and
from the BACKONE equations of state to experimental data.
It can be seen that these equations of state show the same
poor predictive qualities as the Peng-Robinson equation of

Ž .state cf. Figure 2 , as they do not predict the azeotrope. In
the case of adjusted binary parameter, k , both equations ofi j
state are in excellent agreement with experimental data.

Vapor�liquid equilibria of the binary mixture oxygenq
carbon dioxide from the PC-SAFT and from the BACKONE

Figure B1. Vapor–liquid equilibria of the mixture CO �2
C H .2 6
PC-SAFT equation of state and BACKONE equation of
state compared to experimental data from Knapp et al.
Ž .1982 .
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Figure B2. Vapor–liquid equilibria of the mixture O �2
CO at 253.15 K.2
PC-SAFT equation of state and BACKONE equation of
state compared to experimental data from Fredenslund

Ž .and Sather 1970 . Legend: cf. Figure B1.

equations of state are compared to experimental data in Fig-
ure B2. Prediction from the PC-SAFT equation of state is
poor on the bubble line, whereas the BACKONE equation of
state shows large deviations on the dew line that remain even
in the case of adjustment of the binary parameter, k . Withi j
adjusted k , the PC-SAFT equation of state yields more reli-i j
able results on the bubble line, but shows deviations to high
pressures for near-critical states, which is typical for the PC-
SAFT equation of state.

Also saturated liquid densities were calculated with the
PC-SAFT and the BACKONE equations of state for the bi-
nary systems investigated in this work. As expected, for many
cases, these equations clearly yield better agreement with
DDMIX data than the Peng-Robinson equation of state.

ŽHowever, there are some systems such as nitrogenqcarbon
.dioxide for which these equations of state also give poor re-

sults, whereas the present molecular simulations show excel-
lent agreement with the reference data.

From these findings we can conclude that the predictive
power of the present molecular models is superior to the
studied equations of state based on physical principles that
account for molecular interactions. With adjusted binary pa-
rameters, these equations of state and the present molecular
models describe the vapor�liquid equilibria with comparable
quality.
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