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Abstract

The configurational-bias Monte Carlo method in the Gibbs ensemble, using the NERD, TraPPE and Spyriouni et al. 1-alkene force fields,
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as used to simulate phase equilibrium data for the ethane + propene, 1-hexene +n-octane,n-dodecane + 1-octadecene, propene + 1-bu
nd 1-butene + 1-hexene binary mixtures. The NERD force field yieldsP–x–y data that are in better agreement with measured experim
ata than those obtained from the TraPPE force field for alkane + 1-alkene and 1-alkene + 1-alkene mixtures that are comprised o
olecules. Both of these force fields yield results that agree with experimental data for binary mixtures consisting of long chain m
he Spyriouni et al. 1-alkene force field also yieldsP–x–ydata for the 1-alkene + 1-alkene mixtures that agrees well with experiment da

hen-alkane parameters from the SA1 force field yield inaccurate coexistence densities forn-alkanes shorter thann-dodecane and hence a
ot transferable to these shortern-alkanes. All force fields yieldx–y diagrams that are in very good agreement with experimental data f
ixtures studied. It was found that assuming ideal solution behaviour and linear additivity of the species molar volumes provided

easonably estimate the starting conditions for the simulations. It is also shown how the results of a Gibbs ensemble simulation an
ibbs ensemble simulation may be easily interchanged by using a simple calculation procedure without the need for a full calcu

hat the reaction Gibbs ensemble in general compromises the true molar composition predicted by a force field to achieve a shift i
iagram.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Binary vapour–liquid equilibrium (VLE) data are vital for
he design of industrial separation equipment[1]. Molecular
imulation offers a promising alternative means to obtain the
LE efficiently and cost effectively[2,3].
The development of configurational-bias Monte Carlo

ethods (CBMC)[4–8] in the Gibbs ensemble[9–11] has
ade it computationally feasible to simulate VLE for hy-
rocarbon mixtures. In addition, several transferable united-
tom force fields have emerged recently such as the TraPPE

∗ Corresponding author. Tel.: +27 31 2603128; fax: +27 31 2601118.
E-mail address:ramjuger@ukzn.ac.za (D. Ramjugernath).

[12–16], NERD [17–19], Spyriouni et al. olefin force fiel
[20] and then-alkane force field of Errington and Pan
giotopoulos[21]. These force fields have made it poss
to simulate a wide range of compounds, as well as
tures that belong to certain homologous series of ch
cals, without having to parameterize force fields for in
vidual chemical compounds. Mixtures ofn-alkanes hav
been studied using the TraPPE[22–25] and NERD force
fields [26] as well as the Buckingham exp-6 potential fo
field of Errington and Panagiotopoulos[27]. More recently
anisotropic united-atom force fields have also been
rameterized for the simulation ofn-alkanes[28], branched
alkanes[29] and 1-alkenes, 2-alkenes, isobutene and
butadiene[30]. These force fields have also been applie
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the simulation ofn-alkanes and 1-alkene mixtures in zeolites
[31,32].

1-Alkenes (�-olefins) are an important class of compounds
that find wide application in industrial processes[33,34], and
knowledge of their phase behaviour is vital for equipment
design. In spite of this, there have been only a limited number
of simulation studies of 1-alkene mixtures[19,35–37].

In this work we present results from CBMC Gibbs
ensemble simulations for threen-alkane + 1-alkene mix-
tures (ethane + propene, 1-hexene +n-octane,n-dodecane +
1-octadecene) and two 1-alkene + 1-alkene mixtures
(propene + 1-butene and 1-butene + 1-hexene). The mixtures
investigated were chosen since they are systems for which
experimental binary VLE data are available[38], and
are representative of the types of mixtures which can
be encountered in industrial separation operations such
as petroleum refining[39], sub-atmospheric fractional
distillation of petroleum[40], and in the synthetic chemical
industry[41,42]. The TraPPE, NERD and the Spyriouni et
al. �-olefin force fields were used for these simulations.

2. Force fields

The NERD, TraPPE and 1-alkene force field of Spyri-
ouni et al. (SA1) were used because these force fields have
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effects of the hydrogen atoms, such as in giving a certain vol-
ume to each site, is implicitly taken into account via the force
field parameters described below. As pointed out by Chen and
Siepmann[14], the united-atom approximation reduces CPU
calculation time by approximately one order of magnitude
without significantly lowering the accuracy of the simulated
phase equilibrium properties.

Recently developed anisotropic united-atom (AUA) force
fields have also been shown to reproduce the pure compo-
nent phase equilibrium data well[28–32]. The results for
1-alkenes have also shown that while the TraPPE-UA force
field gives slightly better liquid density results, the AUA4
force field gives superior vapour pressure predictions[32]. It
was the objective of this work, however, to use the NERD,
TraPPE and Spyriouni et al. UA force fields only to estab-
lish how these recently developed UA force fields compare in
predicting binary VLE forn-alkane + 1-alkene mixtures and
to permit a comparison of how the different parameterization
targets (vapour pressures or liquid densities and critical prop-
erties) affect theP–x–y andx–y diagrams for the mixtures.

All of the force fields studied here, use a cosine series
arising from the work of Jorgensen et al.[45] to describe
the torsional potential between four consecutive sites in the
hydrocarbon chain:

Utors = c0 + c1(1 + cosφ) + c2(1 − cos 2φ)
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hese force fields were developed using different approa
or describing the intramolecular geometries and diffe
hermophysical properties were targeted when optimi
he intermolecular potential energy parameters. The i
olecular interactions have been shown previously to
dominant role in determining the pure component p

quilibrium properties[4,43]. The SA1 force field has fixe
ond lengths and bond angles but flexible torsional an

he TraPPE force field has constant bond lengths but fle
ond angles and torsional angles; and the NERD force
as flexible bond lengths, bond angles and torsional angl
ddition, the parameterization of the Lennard–Jones sizσ)
nd energy (ε) parameters for the SA1 force field differed

hat of the NERD and TraPPE force fields. Specifically, w
tting the Lennard–Jones parameters for the SA1 force
mphasis was placed on the experimental vapour pres
hile fitting of the NERD and TraPPE force fields focused

eproducing the experimental saturated liquid densities,
cal temperatures and critical densities. It is therefore im
ant to examine whether these differences will significa
ffect the simulated phase diagrams of the mixtures stu
ere.

The selected force fields thus do not treat the carbon
ydrogen atoms explicitly, but treat theCH3, CH2 and
CH groups in the hydrocarbon chain as single sites. T
nited-atom models thus assume that explicit treatment o
ydrogen atoms, which increases the computational req
ents considerably, is not necessary. Instead the impo
,

+ c3(1 + cos 3φ) (1)

hereφ is the torsional angle andc0, c1, c2 andc3 are con
tants which, together with other parameters, are liste
able 1. The torsional angle is defined as 0.0◦ in theciscon-
ormation for all torsions. The bond angles for the TraP
nd NERD force fields are described by harmonic poten

bend= kθ(θ − θ0)2

2
(2)

here 0◦ ≤ θ ≤ 180◦ is the bond angle andθ0 andkθ are con
tants (seeTable 1). The flexible bond lengths in the NER
orce field are also described by a harmonic potential:

stretch= ks(l − l0)2

2
(3)

herel is the bond length andl0 andks are constants.
All three force fields use the Lennard–Jones 12–6 pote

o calculate non-bonded intermolecular energies:

LJ(rij) =




4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]

, rij ≤ RCUT,

0, rij ≥ RCUT

(4)

here rij is the distance between interaction sitesi and j,
CUT the cut-off radius, andσ ij andεij are the Lennard–Jon
ize and energy parameters, respectively. The paramete
nteractions between like sites are denoted asσ ii andεii and
re listed inTable 1. Parameters for interactions between
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Table 1
Force field parameters for the NERD, TraPPE and Spyriouni et al. (SA1) force fields

Non-bonded interactions
NERD

εCH3(sp3)/kB = 100.6 K (ethane), σCH3(sp3) = 3.825Å (ethane);εCH3(sp3)/kB = 100.0 K, σCH3(sp3) = 3.85Å, εCH2(sp2)/kB = 92.5 K, σCH2(sp2) =
3.72Å, εCH(sp2)/kB = 46.0 K, σCH(sp2) = 3.77Å (propene)

Molecules with more than three carbons
εCH3(sp3)/kB = 104.0 K, σCH3(sp3) = 3.91Å, εCH2(sp3)/kB = 45.8 K, σCH2(sp3) = 3.93Å, εCH2(sp2)/kB = 92.5 K, σCH2(sp2) =

3.72Å, εCH(sp2)/kB = 46.0 K, σCH(sp2) = 3.77Å

TraPPE
εCH3(sp3)/kB = 98.0 K, σCH3(sp3) = 3.75Å, εCH2(sp3)/kB = 46.0 K, σCH2(sp3) = 3.95Å, εCH2(sp2)/kB = 85.0 K, σCH2(sp2) =

3.675Å, εCH(sp2)/kB = 47.0 K,σCH(sp2) = 3.73Å

SA1
εCH3(sp3)/kB = εCH2(sp3)/kB = 47.66 K, εCH(sp2)/kB = 81.69 K, σCH3(sp3) = σCH2(sp3) = σCH(sp2) = 3.915Å, εCH2(sp2)/kB =

89.93 K,σCH2(sp2) = 3.905Å

Bond lengths
NERD
ks/kB = 96 500 K/̊A2 (C C, C C); l0 = 1.54Å (C C); l0 = 1.33Å (C C)

TraPPE
ks/kB = 0K/Å2 (C C, C C); l0 = 1.54Å (C C); l0 = 1.33Å(C C)

SA1
ks/kB = 0 K/Å2 (C C, C C); l0 = 1.53Å (C C); l0 = 1.331Å(C C)

Bond angles
NERD
kθ /kB = 96 500 K/deg2 (C C C, C C C); θ0 = 114.0◦ (C C C); θ0 = 124.0◦ (C C C)

TraPPE
kθ /kB = 62 500 K/deg2 (C C C); θ0 = 114.0◦(C C C)
kθ /kB = 70 420 K/deg2 (C C C); θ0 = 119.7◦(C C C)

SA1
kθ /kB = 0 K/deg2 (C C C, C C C); θ0 = 112.0◦ (C C C); θ0 = 124.0◦ (C C C)

Torsions
NERD
c0/kB = 0 K; c1/kB = 355.04 K;c2/kB =−68.19 K;c3/kB = 791.32 K (C C C C)
c0/kB = 47.97 K;c1/kB = 86.31 K;c2/kB =−109.71 K;c3/kB = 282.08 K (C C C C)

TraPPE
c0/kB = 0 K; c1/kB = 355.03 K;c2/kB =−68.19 K;c3/kB = 791.32 K (C C C C)
c0/kB = 688.5 K;c1/kB = 86.36 K;c2/kB =−109.77 K;c3/kB = 282.24 K (C C C C)

SA1
c0/kB = 0 K; c1/kB = 355.03 K;c2/kB =−68.19 K;c3/kB = 791.32 K (C C C C)
c0/kB = 685.96 K;c1/kB = 86.31 K;c2/kB =−109.71 K;c3/kB = 282.08 K (C C C C)

sites of different types (e.g., betweenCH3 and CH2 ) are
calculated using the Lorentz–Berthelot mixing rules:

εij = √
εiiεjj, σij = σii + σjj

2
(5)

The NERD and TraPPE force fields use the Lennard–Jones
potential expression of Eq.(4) to calculate the potential en-
ergy of non-bonded interactions within a specified cut-off ra-
dius of 13.8 and 14̊A, respectively[12,17]. For the SA1 force
field, the Lennard–Jones potential is used to calculate inter-

molecular interactions within a first cut-off radius of 1.45σ ij ,
whereas a quintic spline is used between 1.45σ ij and 2.30σ ij
[20,44]. For all force fields, analytical tail corrections are
applied to estimate the long-range interactions arising from
intermolecular separations greater thanRCUT [46].

2.1. Simulation methods

The configurational-bias Monte Carlo (CBMC) method
was used in conjunction with the Gibbs ensemble Monte
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Carlo (GEMC) technique to simulate the four pressure–
composition phase diagrams and the temperature–
composition phase diagram presented below. In the
CBMC algorithm a chain molecule is grown segment by
segment using different trial directions for each of the
segments. The selection of trial segments is biased in such a
way that chains with favourable interactions are generated.
This bias is removed exactly in the acceptance/rejection
rules. The NVT version of the Gibbs ensemble was used
to simulate the two pure component compositions of each
of the phase diagrams while the NPT version of the Gibbs
ensemble was used to simulate six intermediate compo-
sitions for each of the phase diagrams. The intermediate
compositions used were 0.1, 0.2, 0.4, 0.6, 0.8 and 0.9 mole
fraction of component 1. The total number of molecules
used for each of the phase diagrams were as follows:
800 molecules for ethane + propene; 600 molecules for
propene + 1-butene; 600 molecules for 1-butene + 1-hexene;
350 molecules for 1-hexene +n-octane; and 150 molecules
for n-dodecane + 1-octadecene.

The types of moves performed during a simulation
were: (1) volume changes; (2) molecule identity changes
using CBMC [22] and exchanges of molecules between
simulation boxes; (3) full regrowing of chains and par-
tial regrowing of chains using CBMC; (4) translation of
the centre of mass (COM); and (5) rotation around the
C
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Fig. 1. Example of aP–x–y phase diagram at constant temperature.

wheredCOM(A) is the largest distance between the bead fur-
thest from the COM of A andrCUT the cut-off radius. This
also increased computational efficiency by reducing the cal-
culation of periodic images of interactions sites for those in-
teraction sites with the same periodic image as the COM of
the molecule without compromising accuracy. Finally, the
dual-cut-off CBMC algorithm of Vlugt et al.[49] was used
for split energy moves with an inner cut-off distance of 4.5Å.
This was then corrected to the full potential with tail correc-
tions in the acceptance rule.

It is important to choose initial volumes and molecule
numbers that do not differ drastically from the eventual equi-
librium values. It was observed that choosing values for the
initial volumes or initial compositions of the two boxes that
differed considerably from the ultimate equilibrium values
considerably increased the computational time required for
reaching equilibrium.

Another difficulty concerns how one chooses the pressure
at which to run an NPT simulation for a binary mixture. The
problem associated with the selection of initial conditions
is illustrated inFig. 1. For a given overall mole fractionzi
of componenti, only an overall system pressure betweenP1
andP2 will yield a vapour phase in equilibrium with a liquid
phase. If the pressure is higher thanP2 then both simula-
tion boxes will revert to equilibrium phases of liquid density
whereas if the overall system pressure is chosen belowP
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OM. Each of the moves was selected at random[47]
nd were performed with the following fixed probab

ies:p1:p2:p3:p4:p5 = 0.006:0.328:0.222:0.222:0.222, wh
1 refers the fixed probability of attempting a move of typ

.e. a volume change[4]. The maximum volume, translatio
nd rotational displacements were chosen in such a wa
0% of each of these moves was accepted.

All the NVT GEMC Ensemble pure component sim
ations were equilibrated for at least 100,000 cycles w
he NPT GEMC mixture simulations were equilibrated fo
east 150,000 cycles (a cycle consists ofN attempted move
o the system whereN is the total number of molecules in t
imulation). Care was taken to ensure that the system
eached equilibrium before production cycles for ensem
verages were started. The standard deviations of ens
verages were estimated by dividing the production cy
f each run into five blocks and calculating the standard
iation from the averages obtained from each of these
locks.

To increase simulation efficiency, multiple trial sites w
hosen for the first segment of the chain[48]. This ranged
rom four for the ethane + propene mixture, which had
hortest chains, to 15 for then-dodecane + 1-octadecene m
ure which had the longest chains. Also, a COM-based cu
as used for the computation of intermolecular forces[12].

n this time-saving approach for the interaction between
n two different molecules A and B, the periodic image
ead on B second molecule is evaluated as the same
eriodic image of the COM of B if the distance between
OMs of A and B is less thandCOM(A) + dCOM(B) + rCUT,
1
hen both boxes will revert to equilibrium phases of vap
ensity. An overall system pressureP3 intermediate betwee
1 andP2 needs to be selected such that an overall mole

ionzi will yield a liquid mole fractionxi of componenti and a
apour mole fractionyi of componenti. Accurately selectin
his pressureP3 can be quite difficult particularly for narro
hase envelopes, for infinitely dilute regions and for com
itions near azeotropes. This difficulty remains even if
onstant total volume (i.e. the NVT) Gibbs ensemble is u
o simulate the mixture because one would then be req
o judiciously select an overall volume that would yield
verall system pressure betweenP1 andP2 at equilibrium.

A simple strategy to partially overcome this problem i
se the experimental pure component densities and th
erimental compositions as input parameters to determin
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initial volumes and initial compositions. The aim, however,
was to use the NPT simulations to predict the vapour–liquid
equilibrium curves without a priori knowledge of equilibrium
compositions. A means to reasonably estimate the equilib-
rium compositions with a minimum of information was thus
required.

Since then-alkane and 1-alkene mixtures selected are al-
most ideal, it was decided to use Raoult’s law to estimate
the initial compositions. In terms of this very simple descrip-
tion of phase behaviour, the only two inputs required are the
pure component saturated vapour pressures which yield an
estimate for the vapour and liquid compositions. With the
assumption that the molar volumes are linearly additive, it
was then possible to estimate reasonable values for the ini-
tial molecule numbers and box volumes for the simulations.
Using this approach, suitable initial conditions could be set.
The NPT GEMC simulation pressure was then adjusted so
that at least 10% of the total number of molecules was in the
vapour at equilibrium.

There are several other simulation methods that could be
employed. These include histogram reweighting techniques
[50,51], pseudo-ensembles[52–54], the reaction Gibbs en-
semble Monte Carlo[37,55] and thebubble point ensemble
(BPE)[56,57].

While histogram reweighting performs well for simula-
tions close to the critical point and for pure components, the
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in general also be a shift in the true molar composition.
A direct scaling methodology applying the Gamma/Phi ap-
proach to VLE [58] is also presented which allows one
to generate equivalent RGEMC results from conventional
GEMC data.

Since the only major problem when using the NPT Gibbs
ensemble is that the system pressure requires fine tuning be-
fore beginning a production run, the NPT version of the Gibbs
ensemble was used for the mixture simulations.

3. Results and discussion

3.1. Transferability of the SA1 force field parameters to
n-alkanes

Whereas the NERD and TraPPE force fields were used to
simulate all mixtures studied, the SA1 force field was only
used to simulate the 1-butene + 1-hexene and propene + 1-
butene mixtures. Although the SA1 force field was parameter-
ized to simulate the pure component properties of 1-alkenes
only, we attempted to simulate then-alkane mixtures using
the relevant functional group parameters from the SA1 force
field parameters. It was found, however, that the SA1 force
field is not suitable for simulating then-alkane + 1-alkene
mixtures. This is because the sp3 hybridized CH and
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ore also be quite computationally demanding since rea
bly accurate chemical potential values are required to o
atisfactory convergence.

Recently, a method for the direct calculation of bub
oints has been proposed by Ungerer et al.[56] and has
een extended to the simulation of binary alkane mixt

57]. This bubble point ensemble method has the advan
ver conventional pseudo-ensemble methods in the sen
he coexisting phases remain mechanically coupled. Sim
ions using the BPE allows for the determination of bub
oints by using a fixed liquid composition where the p
ure is no longer imposed but rather calculated as a
emble average. While this method does offer certain ad
ages over conventional Gibbs ensemble simulations, a
ccurate value for the chemical potential is still requi

n addition, the authors mentioned problems with vap
ondensation arising from larger vapour density fluctua
56].

The reaction Gibbs ensemble Monte Carlo (RGEM
as been proposed as a method to more accurately
apour–liquid phase equilibrium[37,55]. This method ha
een shown to improve the general location of simul
hase diagrams. InAppendix A it is shown that there wi
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CH3 functional group parameters in the SA1 force field
ot transferable ton-alkanes (unlike the NERD and TraP

orce fields). For example, the simulation of pure 1-hex
nd puren-octane using the SA1 sp3 hybridized CH2 and
CH3 parameters for then-alkanes incorrectly predictedn-
ctane (simulated saturated vapour pressure of 90.2 k
28.15 K) to be more volatile than 1-hexene (simulated
rated vapour pressure of 85.1 kPa at 328.15 K). No att
as made to simulate the ethane + propene mixture usin
A1 force field since it was expected that the simulated
rated vapour pressure for ethane would have been s
antly worse than for the longern-octane molecule discuss
bove.

In contrast to the poor transferability of the SA1 para
ers to then-alkane chains discussed above, preliminary
ults indicate that these parameters are transferable to th
lation of long 1-alkene molecules. A plot of the logarit
f the saturated vapour pressure as a function of inverse
erature for 1-octadecene is given inFig. 2. There is goo
greement with the available experimental data[40]. The
imulations for 1-octadecene using the NERD and Tra
orce fields are also included inFig. 2 and show similarly
ood agreement. Simulated coexistence liquid and va
ensities are shown inFig. 3 for the NERD, TraPPE an
A1 force fields. The critical temperature for 1-octadec

rom the simulations was estimated using a density sc
aw [60] while the critical density was estimated using
aw of rectilinear diameters[61]. The estimated critical de
ity for 1-octadecene of 0.227, 0.221 and 0.224 g/cm3 for
he NERD, TraPPE and SA1 force fields, respectively
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Fig. 2. Vapour pressure for 1-octadecene as predicted by the TraPPE, NERD
and SA1 force fields and the experimental 1-octadecene vapour pressure
curve[40].

compare favourably with the extrapolated critical density of
0.227 g/cm3 of Wakeham et al.[62]. However, while the es-
timated critical temperatures of 744 and 742 K for the NERD
and TraPPE force fields, respectively, are in reasonable agree-
ment with the experimental value of 748 K determined by
Nitikin and Popov using a pulse-heating technique[63], the
estimated critical temperature for 1-octadecene from the SA1
force field off 777 K is in substantial disagreement with the
experimental value. It should be noted that the SA1 force field
also does not reproduce the experimental saturated liquid and
vapour densities well for the short 1-alkenes[20], while good
agreement between the NERD and TraPPE force fields was
found for critical temperatures and critical densities of the
short 1-alkenes[15,19].

No additional parameters were required for the simula-
tion of 1-octadecene for any of these united-atom force fields
but additional intramolecular parameters are required when
extending these force fields to other homologous series for
chemicals with sp2 hybridized double bonds, e.g. the TraPPE
force field has been extended to the simulation of aromatic
compounds including benzene[15].

F ecene
f ake-
h

Fig. 4. (a) SimulatedP–x–ydiagrams for ethane (1) + propene (2) at 277.6 K
and the corresponding experimental VLE[39]. (b) Simulatedx–y diagrams
for ethane (1) + propene (2) at 277.6 K and the corresponding experimental
x–y data[39].

3.2. n-Alkane+1-alkene mixtures

TheP–x–yandx–ydiagrams for the ethane + propene mix-
ture are shown inFig. 4. It is important to note that the
connecting lines inFig. 4 are only included to show the
trends in the data. It is clear from theP–x–y diagram that
the TraPPE force field overestimates the experimental phase
envelope. This is a direct consequence of the feature that
the TraPPE force field overestimates pure component satu-
rated vapour pressures[12,15]. The reason for this is that the
TraPPE parameters were parameterized with the initial intent
of reproducing all coexistence properties but eventually the
authors settled on selecting experimental liquid coexistence
densities, critical temperatures and critical densities only as
the primary parameterization criteria[12]. In particular, the
simulated ethane saturated vapour pressure overestimates the
experimental value of 664.7 kPa by 15% and the simulated
propene saturated vapour pressure overestimates the exper-
imental value of 2410 kPa by 32%[39]. This results in a
ig. 3. Simulated pure component coexistence densities for 1-octad
rom the NERD, TraPPE and SA1 force fields and the critical data of W
am et al.[62] and Nitikin and Popov[63].
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simulated ethane + propene phase envelope that is shifted to
higher pressures.

In contrast to the TraPPE force field results, the NERD
force field yields an ethane + propene phase envelope that is
shifted to lower pressures compared to experimentally mea-
sured data. Indeed, the simulated saturated vapour pressures
of ethane and propene are lower than the corresponding ex-
perimental values by 9.2 and 2.1%, respectively. As for the
TraPPE results, this discrepancy between the simulated re-
sults and the experimental data may be because the NERD
parameters were not fitted to experimental saturated vapour
pressures, but rather the Lennard–Jones parameters were pri-
marily parameterized to reproduce experimental coexistence
liquid densities, critical temperatures and critical densities as
well as experimental second virial coefficients for short hy-
drocarbon chains (e.g. ethane, ethene, propane and propene).
Both force fields, however, yield an isotherm that has the
correct shape. This is confirmed by thex–y plot in Fig. 4b
which shows that both the TraPPE and NERD force fields
reproduce the experimentalx–y plot to within the statistical
deviation of the simulation results. Error bars are included
on theP–x–y andx–y diagrams for this mixture only, and
are omitted from the remaining phase diagrams for the sake
of clarity. The relative errors are, however, similar (less than
±0.025 mole fraction) for all of the mixtures studied.

The P–x–y and x–y diagrams for the 1-hexene +n-
o
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Fig. 5. (a) SimulatedP–x–y diagrams for 1-hexene (1) +n-octane (2) at
328.15 K and the corresponding experimental VLE[38]. (b) Simulatedx–y
diagrams for 1-hexene (1) +n-octane (2) at 328.15 K and the corresponding
experimentalx–y data[38].

far smaller for then-dodecane + 1-octadecene mixture than
for the ethane + propene and 1-hexene +n-octane mixtures.
It thus appears that the NERD and TraPPE force fields yield
the most similar results for mixtures comprised of longer
alkane and 1-alkene molecules. This is to be expected since,
once the CH3 group had been parameterized for ethane,
the CH2 groups in the TraPPE force field were parame-
terized for alln-alkanes based on a fit to the vapour–liquid
coexistence curve ofn-octane[12]. A similar procedure was
adopted for the 1-alkene sp2 hybridized groups[15]. In con-
trast to TraPPE, the NERD force field uses a larger parameter
set to describe then-alkane and 1-alkene homologous series
and thus only assumes functional group transferability for
chain lengths of four carbon units and longer[17,19]. With in-
creasing chain length, however, the number of sp3 hybridized

CH2 groups dominates the intermolecular Lennard–Jones
interactions. Since the Lennard–Jones size and energy param-
eters for the NERD and TraPPE models for this functional
group are very similar (seeTable 1), these force fields yield
ctane mixture at 328.2 K are shown inFig. 5. As for the
thane + propene mixture, the TraPPE force field over
ates the experimental phase envelope. The experim

-octane saturated vapour pressure of 8.4 kPa[38] is overes
imated in the simulations by 58% and that of 1-hexen
6.8 kPa[38] is overestimated by 43%. However, in contr

o the ethane + propene mixture, the NERD force field
verestimates the experimental phase envelope. The

atedn-octane saturated vapour pressure (obtained from
ERD force field) is overestimated in the simulations by 1
nd that of 1-hexene by 15%. Similar to the data inFig. 4b,

he simulatedx–y diagrams for the NERD and TraPPE fo
elds agree with the experimental data in spite of the de
ions in theP–x–y data.

As seen inFig. 6a, the phase envelope for the isobar
-dodecane + 1-octadecene at 760 mmHg obtained from
ERD and TraPPE force fields are shifted to lower tem
tures compared to experimental data. This observati
onsistent with the trend that both force fields overestim
he pure component saturated vapour pressures for the
-alkane and 1-alkene chains[12,15,17,19]. Indeed, the ex
erimental normal boiling points of both 1-octadecene
-dodecane of 587.3 and 488.8 K, respectively[40] are un-
erestimated in simulations by both force fields by app

mately 10 K. As in the case of the two mixtures discus
efore, both force fields yieldx–y data in good agreeme
ith experiment data (Fig. 6b).
Comparison of the simulated data inFig. 6a with those in

igs. 4a and 5areveals that the difference between theT–x–y
esults obtained from the NERD and TraPPE force field
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Fig. 6. (a) SimulatedT–x–ydiagrams forn-dodecane (1) + 1-octadecene (2)
at 760 mmHg and the corresponding experimental VLE[40]. (b) Simulated
x–y diagrams forn-dodecane (1) + 1-octadecene (2) at 760 mmHg and the
corresponding experimentalx–y data[40].

increasingly similar phase diagrams for longer alkane and
1-alkene chains.

3.3. 1-Alkene+1-alkene mixtures

It is of interest to ascertain if the SA1 force field yields
P–x–y data that is in better agreement with experiment than
the data from the NERD and TraPPE simulations, and if this
force field also yields simulatedx–yresults in good agreement
with experimentally measured data. As pointed out by Nath et
al. [19], the available binary VLE data for 1-alkene mixtures
are more limited than forn-alkanes. For this reason we were
constrained to use the almost ideal mixtures of propene + 1-
butene at 294.3 K and 1-butene + 1-hexene at 373 K.

The simulated P–x–y and x–y diagrams for the
propene + 1-butene mixture at 294.3 K are shown inFig. 7. As
for the alkane + 1-alkene mixtures discussed above, the phase
envelope obtained from the TraPPE force field is shifted to
higher pressures compared to experiment data (the exper-

Fig. 7. (a) SimulatedP–x–y diagrams for propene (1) + 1-butene (2) at
294.3 K and the corresponding experimental VLE[42]. (b) Simulatedx–y
diagrams for propene (1) + 1-butene (2) at 294.3 K and the corresponding
experimentalx–y data[42].

imental saturated vapour pressure of 1-butene of 263.4 kPa
[42] is overestimated by 44%, and that of propene of 1049 kPa
[42] is overestimated by 26%). The NERD force field yields
a phase envelope in very good agreement with experimen-
tally measured data, although it slightly underestimates the
experimental data (the simulations underestimate the exper-
imental saturated vapour pressure of 1-butene by 2% and
that of propene by 3%). The SA1 force field also yields
data in good agreement with the experimentalP–x–y data,
although the experimental saturated vapour pressure of 1-
butene is overestimated by 15% and that of propene by 3%.
This is what results in the slight overestimation of the phase
envelope shown inFig. 7a. Thus, even though the SA1 force
field is parameterized to reproduce pure component saturated
vapour pressures, it yields a 1-butene saturated vapour pres-
sure that is higher than experiment values. However, 1-butene
was the shortest 1-alkene used in the parameterization of the
SA1 Lennard–Jones terms and no distinction is made be-
tween the sp3 hybridized CH2 and CH3 functional group
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Fig. 8. (a) SimulatedP–x–y diagrams for 1-butene (1) + 1-hexene (2) at
373 K and the corresponding experimental VLE[41]. (b) Simulatedx–y
diagrams for 1-butene (1) + 1-hexene (2) at 373 K and the corresponding
experimentalx–y data[41].

parameters (seeTable 1). All three force fields reproduce the
experimentalx–y diagram, as was found for the alkane + 1-
alkene mixtures discussed earlier.

TheP–x–y andx–y diagrams for 1-butene + 1-hexene at
373 K are shown inFig. 8. Similar trends to those observed
for the propene + 1-butene mixture are seen here. The TraPPE
force field overestimates the phase envelope, with the ex-
perimental 1-butene and 1-hexene pure component saturated
vapour pressures of 1822 and 292.6 kPa being overestimated
by 19 and 29%, respectively[41]. The NERD force field un-
derestimates the 1-butene pure component saturated vapour
pressure by 9% while the 1-hexene saturated vapour pressure
is overestimated by 2%. TheP–x–y envelope obtained from
the NERD force field is thus in good agreement with experi-
ment data. The SA1 force field yieldsP–x–ydata that is in best
agreement with experimental phase equilibria. For this force
field the experimental pure component saturated vapour pres-
sures of 1-hexene and 1-butene are overestimated by only 5
and 0.5%, respectively. Once again, in spite of the deviations

Fig. 9. (a) Plot of the ratio of the excess to the real volumes for both liquid
and vapour phases for the 1-hexene +n-octane at 328.15 K. (b) Plot of the
ratio of the excess to the real volumes for both liquid and vapour phases for
the 1-butene + 1-hexene system at 373 K.

in some of theP–x–ydata, all force fields yieldx–ydiagrams
that are in good agreement with the experimental data.

It is interesting to note that the NERD force field underes-
timates the pure component vapour pressure for some mix-
tures and overestimates the pure component vapour pressure
for other mixtures. The TraPPE force field, however, con-
sistently overestimates the pure component vapour pressure.
This possibly indicates that the accuracy of the simulated
vapour pressure from the NERD force field may depend on
either the chain length or on the reduced temperature of the
simulation.

In summary, for both sets of alkane + 1-alkene and 1-
alkene + 1-alkene mixtures where both components are short
chains the NERD force field yieldsP–x–y data that are
in better agreement with experiment than the TraPPE data
(Figs. 4, 5, 7 and 8). However, as discussed with reference
to then-dodecane + 1-octadecene phase diagram shown in
Fig. 6, the TraPPE and NERD force fields yield similar data
for n-alkane + 1-alkene mixtures that contain longer chains,
and both models underestimate the experimental isotherm.
Similarl to the NERD force field, the SA1 potential also yields
P–x–y data that are in good agreement with the experimen-
tal data for 1-alkene + 1-alkene mixtures that contain short
chains. Also, in spite of deviations in some simulatedP–x–y
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data from the experimental data, all force fields yieldx–ydata
in close agreement with the experimental data for all mixtures
studied.

3.4. Ideal solution behaviour of the mixtures studied

Fig. 9 shows plots of the relative excess volumes of the
liquid and vapour phases as a function of composition for the
1-hexene +n-octane mixture at 328 K and the 1-butene + 1-
hexene mixture at 373 K. Similar results were obtained for
the other mixtures and are thus not shown here. The data
sets are obtained for overall mole fractions of component 1
of 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9 and 1.0 as one follows a
data set from left to right in the figures. The proximity of
the data about theVE/V= 0 line confirms the ideal behaviour
of the solutions studied and indicates why the method of
assuming ideal behaviour for choosing the initial conditions
for the simulations worked. The reason for the apparently
larger excess volumes of the vapour phase is attributable to the
larger deviation which one typically finds for the simulated
values for vapour densities and vapour molar volumes.

4. Conclusions

The configurational-bias Monte Carlo method in the
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of simulated compositions for mixtures of hydrocarbons is
not limited by the need for more sophisticated force fields.

A method, based on using Raoult’s law, for identifying rea-
sonable initial conditions for the NPT Gibbs ensemble sim-
ulations for approximately ideal mixtures is also presented.

Acknowledgements

The authors would like to acknowledge the use of the
BIGMAC Monte Carlo code and the computer expertise pro-
vided by Ander Ask̊asen and Daniel Johansson as well as
financial assistance from SIDA (Swedish International De-
velopment and Co-operation Agency), the NRF (National
Research Fund) and SASOL Ltd.

List of symbols
c0, c1, c2, c3 torsional constants (J)
f pure component fugacity (kPa)
kB Boltzmann’s constant (J/K)
ks bond stretching constant (J/Å2)
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Appendix A

The RGEMC is able to achieve a shift in the simulated
phase diagram by modifying the expression for the chemical
potential in the vapour phase as follows[37]:

µG
i,RGEMC = µ

G,0
i (T, P0) + µ

G,E
i,GEMC

+
{

kBT ln

(
Psat

i,exp

Psat
i,GEMC

)}
(6)

whereµG
i denotes the chemical potential of speciesi in the

vapour phase,Psat
i the pure component saturated vapour pres-

sure of speciesi, T the temperature,kB the Boltzmann’s con-
stant,µG(T, P0) the standard chemical potential in the ideal
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the Gamma/Phi formulation for VLE[58]:

yiφ̂iP = xiγifi (8)

or, equivalently,

yiΦiP = xiγiP
sat
i , Φi = φ̂ifi

Psat
i

(9)

whereyi is the mole fraction of speciesi in the vapour,xi the
mole fraction of speciesi in the liquid,P the pressure,Psat

i

the saturated pure component vapour pressure of speciesi, γ i
the activity coefficient speciesi, fi the fugacity of component
i, φ̂i the fugacity coefficient of componenti in solution in
the vapour andΦi measures deviations from ideal behaviour
in the vapour. The term on the right-hand side of Eq.(8) is
directly related to the chemical potential of the liquid phase.
The link between the chemical potentials of a GEMC simu-
lation and a RGEMC simulation may thus be written as

(xiγifi)GEMC = exp[(µL
i )GEMC]

= Psat
i,GEMC

Psat
i,exp

exp[(µL
i )RGEMC] (10)

Therefore Eq.(8) may be rewritten as follows:
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as state, subscript GEMC denotes a value from a Gibb
emble simulation, subscript RGEMC a value from a reac
ibbs ensemble simulation, subscript exp denotes the e

mental value and superscript E a residual quantity. The ter
n curly brackets may be viewed as an ‘adjustment’ to
eference chemical potential and is accounted for in th
eptance rule for a molecule transfer move in the RGEM

L→G = min

{
1,

Psat
i,exp

Psat
i,GEMC

NLVG

(NG + 1)V L

× exp

[
−�UL + �UG

kBT

]}
(7)

herePL→V is the probability of transferring a molecu
rom the liquid to the vapour phase,N the number o
olecules,V the volume, superscript G denotes the vap

uperscript L the liquid and�U the energy change in the li
id or vapour box. The only difference between Eq.(7) and

he transition probability for the transfer of a molecule fr
he liquid to the vapour in the Gibbs ensemble is the pres
f the termPsat

i,exp/P
sat
i,GEMC.

An analogous expression to Eq.(6) may also be writte
or the liquid phase to ensure equality of chemical poten
etween the two coexisting phases where the supersc
f Eq.(6) are replaced by superscript L. Unlike in the vap
hase, the adjustment to the reference chemical poten
ot accounted for in the acceptance rule of Eq.(7). To un-
erstand how this term is accounted for and how the p
iagram is shifted using RGEMC, it is convenient to cons
yiΦiP)RGEMC = (xiγiP
sat
i )GEMC

i,exp

Psat
i,GEMC

= (xiγi)GEMCPsat
i,exp (11)

ince the scaling term (Psat
i,GEMC/Psat

i,exp) represents an add
ional contribution to the reference chemical potential, b
i andγ i (which account for non-ideal vapour and liq
eviations, respectively) are not functions of this new co
ution. Thus, in general, for a givenxi a necessary conditio
or both the RGEMC and GEMC to yield similar compo
ions is that:

PRGEMC
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Psat
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here the above relation has been derived by a ratio o
11)written for both the Gibbs ensemble and for the reac
ibbs ensemble and whereP may be evaluated for a bina
ixture from:

= x1γ1P
sat
1

Φ1
+ x2γ2P

sat
2

Φ2
(13)

y using the relation that the mole fractions in the vap
ust sum to one. In general, Eq.(12) is not satisfied by th
GMEC methodology unless both of the simulated vap
ressures of the pure components exhibit the same re
eviation from the experimental saturated vapour pres
f the pure components. For all other cases, a givenxi theyi
ill not yield identicalyi for both the GEMC and RGEMC
It is possible to generate the results from RGEMC u

tandard GEMC by use of the following formulae which m
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be derived by using Eqs.(11) and (13)and by substituting
the experimental vapour pressures:

yi = xi

(
γiP

sat
i,exp

Φi

)
GEMC

1

PRGEMC
(14)

PRGEMC =
∑

i

[(
xiγi

Φi

)
GEMC

Psat
i,exp

]
(15)

where(
γi

Φi

)
GEMC

=
(

yiP

xiP
sat
i

)
GEMC

(16)

and may be evaluated from the GEMC results at the end of a
simulation.

In order to demonstrate this procedure we have plotted
the original data for the isobutene + MTBE system at 350 K

F
3
(
o

in Fig. 10 [37]. Although there are only three mixture data
points, it is seen that thex–y data calculated from Eqs.
(14)–(16)using the results from the Gibbs ensemble simula-
tions lie on the plot for thex–y data from the reaction Gibbs
ensemble simulations and that the vapour mole fractions are
shifted from the original Gibbs ensemble results.

A general improvement in the location of a phase dia-
gram predicted by simulation is, however, seen when using
RGEMC. The above discussion allows one to assess how
much the compositional data is shifted when using RGEMC.
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