J. Phys. Chem. B000,104,9239-9248 9239
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Monte Carlo simulation and theory are used to calculate excess thermodynamic properties of binary mixtures
of Lennard-Jones chains. Chainlike molecules are formed by Lennard-Jones spherical sites that are tangentially
bonded. This molecular model accounts explictly for the most important microscopic features of real chainlike
molecules, such azalkanes: repulsive and attractive forces between chemical groups and the connectivity
of segments to make up the chain. A version of the statistical associating fluid theory, the sdoditted

SAFT equation of state, is used to check the theory’s ability to predict this kind of property. Predictions from
the theory are directly compared to NPT Monte Carlo simulation results obtained in the present work. The
influence of segment size, dispersive energy, and chain length on excess properties is studied using simulation
and theory, and results are analyzed and discussed. The equation of state is then used to predict the general
trends of some excess thermodynamic properties ofrr@dlkane binary mixtures, such as excess volumes

and heats. In particular, the temperature and chain-length dependence of these properties is studied. The
Soft-SAFT theory is found to be able to correctly describe the most important features of excess thermodynamic
properties ofn-alkane models.

1. Introduction Recently, precise values for all the principal excess functions
The knowledge of thermodynamic properties and phase have beeg published fon-hexane+ n-decane, andt n-
undecané?13

equilibria of fluid systems, such as hydrocarbons and, in . )
particular,n-alkanes, is central to chemical process design in  EXPerimental data often are not available at all thermody-
the traditional chemical and oil industries. Applications include N@mic conditions of temperature and composition, and for all
supercritical fluid extraction, chromatography, surfactancy, and mem,befs of a given chemlca_l famlly, such mlkanes. In .

development of separation and extraction processe3he addltlgn, such Qata may be dlﬁlcul'g an'd expensive to qbtam
extent to which real liquid mixtures deviate from ideality is best €XPerimentally in some cases. In this situation, an equation of
expressed through the use of thermodynamic excess propertiesState or any other theoretical approach is highly desirable.

such as excess volumes, heats, and Gibbs free energies, at vapor Correlations and macroscopic equations traditionally used in
pressures of less than a few barSowadays, and from an the chemical industry do not correctly predict the thermody-

experimental point of view, scientists tabulate the results of their N@mic behavior of complex fluid mif}lljges. Simple correlations,
measurements on the thermodynamic properties of nonidealSUch as the RedliehKister equatiort*° have parameters with

mixtures in this form. Such data are used extensively in a wide "0 Physical meaning; more sophisticated theories, such as
variety of scientific and technical fields, including chemistry, UNIQUAC,NRTL,!”or DISQUAC!"**have little predictive
spectroscopy, and chemical engineering. The optimum operationPOWer at thermodynamic conditions far away from those at
working conditions and design of chemical reactors, distillation Which the parameters are fitted. In essence, this inability to
columns, and other separation devices critically depend on thePredict is due to the fact that the microscopic features of real
accuracy for predicting this kind of experimental information. SYStems are not explicitly accounted for. In addition, these later
From a theoretical point of view, the excess thermodynamic theories cannot descrllbe excess thermodynamic functions based
functions are also valuable information because classical equa-On Volumetric properties, such as the excess volume, because

tions of state and other advanced modeling techniques, such adheY are based on the assumption of a rigid lattice model.
those based on statistical mechanics, lead naturally to the Molecular-based theories constitute alternative methods that

prediction of theoretical values of excess properties. correctly describe the thermodynamics and phase behavior of
Much experimental work about excess thermodynamic prop- COMplex systems. They are based on knowledge of the
erties of binary mixtures af-alkanes is found in the literature. intermolecular interaction forces between the molecules that
These kinds of systems were extensively studied between 195¢f0rm the system. These forces depend on molecular parameters
and 1970 because of the industrial importance of such mixtures; With physical meaning, such as molecular sizes and dispersive
the studies also were inspired by a desire to test the empirical €N€rgies. Because they are microscopic, the forces do not depend
principle of congruence put forward by Bronsted and Koefoed 0N thermodynamic conditions, such as pressure, temperature,
in 194645 The most accurate results are those of McGlashan @1d composition. This leads to theories with high predictive

and co-worker%® and measurements from other researchefs, ~ POWer far away from conditions at which the molecular
parameters are correlated.
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groups: molecular simulations and analytical theotés. alkylpolyoxyethylene$344 it is not adequate for systems in
Molecular simulations can be used to determine whether a givenwhich the dispersive interactions play a dominant role, such as
intermolecular potential is suitable for describing different alkanes.

systems, as well as to test the accuracy of a théetin this Recently, Gil-Villegas et a5 and Galindo et ai® have
later use, molecular simulations constitute a valuable tool proposed a new version of SAFT, called SAFVR, to deal
because they allow testing of the approximations made to obtainwith systems that have attractive potentials of variable range.
analytical molecular-based equations of staf@ Unfortunately, This new approach can accurately predict the phase equilibria
little work has been done in calculating excess functions for behavior of chain molecules formed by tangent segments with
Lennard-Jones chainlike binary mixtures using molecular attractive interactions (modeled as square-well potentials), such
simulation. By the 1970s, McDon&fP*and Singer and Singér asn-alkanes, perfluoroalkanes, and their mixtut&4? hydrogen

had performed a detailed study to understand the effect thatfluoride + water2° refrigerant system%, hydrogen chloride-
molecular parameters, such as segment size and dispersiva-alkanes? reacting systems (formaldehyde water)®3 and
energy, of binary mixtures of Lennard-Jones spheres had onelectrolyte solution8? The advantage of SAFTVR is the wide

the principal excess functions. These later authors have showrnrange of potentials that could be treated through it, such as
that the Lorentz Berthelot combining rules can predict negative Lennard-Joné8 and Yukaw&® systems.

values of all three major excess functiong,(HE, GF) for Other versions of SAFT, specific to systems with intermo-
particular values of the molecular parameters. In gen&fails lecular Lennard-Jones interactions, have been introduced and
more positive when the dispersive energy ratiglei1 is developed by several authors. Chapman and co-workers were
decreased; for molecules with equal dispersive energies; the first to extend the SAFT approach to deal with associating

€22, GE becomes more negative with decreasing values of the Lennard-Jones sphePéand associating Lennard-Jones dinférs.
012011 ratio*?> These authors found a similar behavior for the Johnson and Gubbifshave used the SAFT equation to study
excess molar enthalpy and excess molar volé#teMore pure diatomic Lennard-Jones molecules. Chapman and co-
recently, Fotouh and Shukf£”have performed NPT molecular ~ worker$%61 have also extended the SAFT theory accounting
dynamic simulations to obtain all three major excess thermo- for both pure and binary mixtures of Lennard-Jones chains.
dynamic properties of binary and ternary mixtures of Lennard- Johnson et &2 have proposed a new version of the SAFT
Jones spheres. They have also considered two-center Lennardequation for pure Lennard-Jones chains, using accurate simula-
Jones molecules and point quadrupolar interactions, and haveion data for the pair radial distribution function. All the
studied the effect of the molecular elongation and quadrupole predictions presented in these later w8fk&” have been tested
on excess properties. These authors have compared theiggainst computer simulation. Kraska and GubBifishave
simulation data with the van der Waals one-fluid theory and a extended the SAFT approach for Lennard-Jones systems includ-
new statistical mechanics perturbation theory developed bying a specific Helmholtz free energy due to electrostatic
Fotouh and Shukl& The authors found that both theories yield ~contributions. These authors have applied the resulting equation
a reasonable description of simulation data, although the to describe pure and binary mixtures of remélkanes and
perturbation theory seems to be superior to the traditional van 1-alkanols, finding an excellent agreement with experimental
der Waals theory. data. A more recent version of SAFT, the so-calbadt-SAFT

The statistical associating fluid theory (SAPSY is a equation of state, specific to Lennard-Jones chalr}s, has been
molecular-based equation of state, originally developed from applied by Blas and Vega, and extended to deal with mixtures
Wertheim’s first-order perturbation theory for associating of bOth homonuclear and heteronu_clear Lennard-J_ones (ﬂ_‘?‘al_ns.
fluids31—3¢ by Jackson et aP’ Chapman et af® and Wer- This theory has proved to be highly accurate in predicting
thein?>38in the late 1980s. SAFT is specifically designed to thermodynamic properties and phase quUIIIbI'Ia behavior of both
deal with chainlike molecules, such as hydrocarbons, and mod_el and real hydrocarbon MixtUrEs In partl(_:l_JIar, this
associating substances, such as water and alcohols. The SAFersion of SAFT can predict the anomalous l.OW critical pressure

. . ... of methane with th@-alkane homologous seri€&the transition

approach has since been used to predict the phase eqwhbne}romt e 1to tvpe V phase behavior in the methana-alkane
behavior of a wide variety of pure components and their yp ypEV P

mixtures, and nowadays is considered one of the most owerfulbinary mixtures;” and the tricritical behavior of methane
S y . > MOStp pseudoalkane binary mixturé&®The advantage @oft-SAFT
predictive tools for the study of fluid phase equilibria.

_ i versus other simplified versions of SAFT, such as SAHB

The SAFT approach was first proposed and defined by or SAFT-VR, is thatSoft-SAFT incorporates in the same term,
Chapman et &% It means, in general, to combine a chain  namely, the Lennard-Jones contribution, both the attractive and
reference contribution with an associating perturbation term for dispersive forces between the segments that form the chain,
the description of real fluids. SAFT was first applied as an instead of considering additional perturbation theories over the
equation of state for real fluids by Huang and Rad®s?.  hard-sphere fluid to account for the attractive interactions.

Subsequently, many \(ariations have been made on.the original Although the SAFT approach has been widely used to predict
approach. Here we will summarize only the most widely used ¢ hhase equilibria of many different model and real systems,
versions in the literature that correctly describe the thermody- (here js Jittle work about the ability of SAFT in predicting other
namics and phase equilibria behavior of real systems. properties, such as excess thermodynamic functions. Recently,
The simplest version of SAFT, SAFHS, developed by  Filipe et al’®"*have determined the thermodynamics of liquid
Jackson et a7 and Chapman et al® models the chains as hard-  mixtures of xenon with alkanes from an experimental point of
sphere segments tangentially bonded with attractive interactionsview. These authors have obtained the total vapor pressure for
described at the mean-field level of the van der Waals theory. liquid mixtures of xenon+ ethane,+ propane,+ n-butane,
Although this equation has been successfully applied for and+ isobutane at different temperatures and in the whole range
predicting the phase equilibria behavior of systems in which of concentrations. Additionally, they have calculated all three
one or two components are strongly associated, such as alkanenajor excess propertie&/, HE, GF). The results have been
+ water?! refrigerant+ hydrogen fluoride’? and water+ interpreted using the SAFIVR equation of staté>46 This
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theory can correctly predict the excess thermodynamic properties
of these kinds of mixtures. MacDowell et @lhave recently
calculated the excess properties of binary mixturesalkanes
using a modified perturbation theory, based on the Wertheim’s
first-order perturbation theory. Using a reasonable set of
parameters, they are able to yield a qualitative correct description
of the main trends of excess volumes and excess Gibbs energies Y
of n-alkane mixtures.
The aim of the present work is to calculate excess thermo-
dynamic properties of binary mixtures of Lennard-Jones chains
using Monte Carlo simulation and ttf&ft-SAFT molecular-
based equation of state. The theortical results obtained from
the theory are compared &xactmolecular simulation data. o ()
This allows us to check the accuracy of the equation of state Figure 1. Schematic two-dimensional view of a homonuclear Lennard-
for predicting excess functions. In particular, we have investi- Jones chain with four segments, diametesind dispersive energy.

gated the influence of segment size, dispersive energy, and chain . . . )
length on excess properties, such as the excess volumeConnectivity—to represent topological constraints and internal
configurational internal energy, and heat. flexibility, the excluded volume effects, and the attractions

. i —41,66,67
Once the theory has proved to describe the excess thermoPetween different beads. _
Care must be taken when using the tangephere model

dynamic behavior of model systems correctly, the equation can .
be used with confidence to predict some general trends of @1d the SAFT approach to represent realkanes. As is well-

experimental excess functions afalkane mixtures of low  Known from simulation studie, the ratio of the critical
molecular weight. In particular, excess volumes and heats temperatures between the tangent Lennard-Jones spheres formed

increase very rapidly with the difference in chain length of both PY €ight segments and the Lennard-Jones spheres is close to 2,
componenté These magnitudes are negative and approximately Whereas the ratio of-octane to methane is close to 3. The
quadratic. They also increase in magnitude as the temperaturd’Umber of spheres, or chain length, should not be identified
increased.Another interesting trend found in the experiments With the number of carbon atoms of reaialkanes when the
using these kinds of mixtures is the behavior of the excess heat@ngent-sphere model is used within the SAFT approach. In

HE, with the temperature and chain length of one of the this case, the chain length parameter is usually adjusted to give
cor,nponents: this property is positive and quadratic at low the best representation of the experimental data. This fact makes

temperatures and becomes negative at high temperatures. 1{1€SOft-SAFT equation, like other versions, a highly accurate

crosses the axislE = 0 as a sigmoid curve, which h&t < 0 theory for predicting the phase behavior of pure and binary
for mixtures weak, andHE > 0 for those strong in the longer mixtures of hydrocarbons, including the most important features
component. The femperature at whickE(x;, = 0.5) = 0 of the critical properties of the-alkane homologous series (see
increases with the difference between the chain lengths of the Blas and Vege®). _ o

mixture 47375 Because the SAFT equation of state approach is widely used

To our knowledge, this is the first systematic comparison in the literature, we will explair_l here only the r_nost im_portant
between excess thermodynamic properties of Lennard- Jonedeatures of th&Soft-SAFT equation of state for binary mixtures

chainlike molecules obtained using the SAFT equation of state ©f Lennard-Jones chains. , _
and molecular simulation. The Soft-SAFT theory, like other versions of SAFT, is

o written in terms of the Helmholtz free energy, which can be
gxpressed as a sum of different microscopic effects: the
Lennard-Jones termdY, for the attractive and repulsive forces
between the segments that form the molecules, and the chain
contribution, Achain - accounting for the connectivity of the
chains®® The residual Helmholtz free energy of an n-component
mixture of Lennard-Jones chains may by written as

The rest of the paper is organized as follows: in section
we present the most relevant features of the Lennard-Jones chai
model and theSoft-SAFT equation of state. Molecular simula-
tion details are described in section 3, followed by results and
discussion in section 4. Finally, conclusions are presented in
section 5.

2. Molecular Model and Equation of State ideal LI chain
A A A A

Homonuclear chain molecules of componeate modeled Nk T N ko T N keT + NksT (2)
asm Lennard-Jones segments of equal diameteand the same ¢ ¢ ¢ ¢

dispersive energyii, bonded tangentially to form the chains, \yhereN, is the number of chain molecules in the systégis

as shown in Figure 1. Intermolecular and intramolecular Boltzmanns constant, arflis the temperature. Each individual
interactions between segments of different chains and the same:ontribution to the Helmholtz free energy of the system is

chain are taken into account through the Lennard-Jones potentiakxplained separately here.

model Ideal Term. The ideal Helmholtz free energy of an ideal
mixture of chains can be written as follows:
O-i]_ 12 O-i]_ 6
P(r) = 4 (T) - (T) (1) el n 5
A = NG TS % In(x0A3)] — 1) ©)

whereg;; ande;; are the segment size and the dispersive energy '

between segmenisandj, respectively. wherep: = NV is the chain density; is the molar fraction of
This model, previously used in the literature to accurately component, V is the volume, and\ is the thermal de Broglie

represent hydrocarbon molecules, accounts for the most impor-wavelength. The segment densjyjs easily related to the chain

tant attribute of chain molecular architectuihat is, the bead  density through
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n n

p=1[) mx]p.=

mp; (4)

wherem is the chain length of specigsandp; is the monomeric
density of species
Lennard-Jones Reference Term.The reference term ac-

counts for both the repulsive and the attractive interactions of

the segments forming the chaimd-’ is the Helmholtz free

energy of a mixture of spherical Lennard-Jones sites. In this
work we use the Lennard-Jones equation of state proposed by

Johnson et af? although any other choice would be equally
appropriate€®7°This equation is an extended Beneditebb—
Rubin equation of state that was fitted to simulation data for

Blas

results are from extensive computer simulations fitted to an
empirical function of the reduced temperature and density.
Details of the simulations are reported elsewléré.

For the crossed interactions, the LorefBerthelot combining
rules are useé?

o = o T 0 ®)
ij 2
€jj = (Eiiejj)llz )

3. Monte Carlo Simulation Details
We have used the isothermasobaric (NPT) ensemble

pure Lennard-Jones fluids over a broad range of temperaturesMonte Carlo simulation technigé&?*to study binary mixtures

and densities. Details of the simulations are reported elsewhere.

Chain Term. The contribution to the chain formation is
accounted for irAchan This term was independently introduced
by Wertheim3® and by Jackson et &.and Chapman et &f.
from the first-order perturbation theory for associating spherical
molecules’134 For mixtures of Lennard-Jones chains with bond
lengths equal t@j;, the diameter of the Lennard-Jones segments
in specied, the final expression takes the form

A= NksT 3 x(1 — m) Iny)(o;)

®)

where y()(0;) is the contact value of the cavity correlation
function for spherical segments of species the Lennard-
Jones reference fluig")(o;) is easily related to the pair radial
distribution function of the Lennard-Jones flu i,ij)(aii).
Extension to Mixtures. Because the Helmholtz free energy

of Lennard-Jones chains described in the previous section. In
particular, we have obtained the influence of several parameters,
such as the segment size, dispersive energy, and chain length,
on the excess volum&F, configurational internal energyF,

and enthalpy or heafE. These excess properties are calculated
in the usual way.

All the simulations have been performed with different
molecules of each type (except pure systems) and chain length,
althoughN, the number of the total segments present in the
system, was kept approximately constant and around 700
segments. At the start of the simulations, molecules are placed
at random positions inside the simulation box and with random
internal configurationg?8?

The temperature, pressure, and number of molecules are
specified a priori, allowing the volume, as well as the energy
and the chemical potential to fluctuate. Attempts to reptate a
molecule in a random manner and attempts to change the volume
of the box are made to reach the internal and the mechanical

is calculated by adding different terms, in mixtures studies each gqjlibrium, respectivel§i: The use of the reptation algorithm
of them should be expressed in terms of compositions. In the jhstead of other, more sophisticated simulation methods, such

Soft-SAFT version, only the reference term needs to be
extended to mixture®. The ideal and chain contributions are
valid for multicomponent systems; thus, they are readily
applicable to mixtures. We use the van der Waals one-fluid
theory (vdW-1f) to describe tha-! term of the mixturé? In

this theory, the residual Helmholtz free energy of the mixture

is approximated by the residual Helmholtz free energy of a pure

hypothetical fluid, with parameters, anden,, calculated from

L 2,2 N5

m

(6)
Zmexin
1=1)=

n

3 i;mmxixjéijg3ij

mo

m

€ )

Zimmm

as the configurational bias Monte Carlo, is justified for systems
in which short lengths and low densities are u¥ed*

We have used periodic boundary conditions and the minimum
image convention. The calculation of the configurational energy
is performed in the usual way, truncating the Lennard-Jones
interactions at half the box size and adding the standard long-
range corrections. The simulations are organized by cycles. Each
cycle constists o attempts to displace molecules and a volume
change?®81 An equilibrium period of at least 2 10* cycles is
used. The equilibrium period is increased for the case of high
densities. The total simulation length is around dgtles. Errors
are estimated by dividing the simulation in blocks of &fcles,

SO as to obtain statistically independent block sequences, and

calculating the standard errors of the méa#.These conditions
allow us to obtain results comparable with those corresponding

to similar systems previously studi&d®586

4. Results

We have performed NPT Monte Carlo simulationsrat=
keT/e1n = 3.5 andP* = Po®i/e;; = 1. Note that we have
reduced the pressure and temperature with respect to the
molecular parameters of component 1. These thermodynamic

where the mixing rules for a Lennard-Jones mixture have beenstates correspond to supercritical conditions for both compo-

expressed as functions of the molar fractions.
The chain termAchain depends explicitly on composition,

nents. Because the theory has proven to be highly accurate at
different working conditions, we expect that the conclusions

and no changes are needed for mixtures. To obtain the pairobtained here will be applicable to other thermodynamic states.
correlation function of a mixture of Lennard-Jones spheres, the At present, we are studying the behavior of these kinds of

same mixing rules (vdW-1¥§ as in previous work§-68 have
been used. Results from Johnson ealre used for the pair

mixtures in liquid states for both components, where most

experimental excess property data are obtained. This research

radial distribution function of the Lennard-Jones fluid. These will be the subject of a future work.
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TABLE 1. NPT Ensemble Monte Carlo Simulation Results TABLE 3: NPT Ensemble Monte Carlo Simulation Results
for Binary Mixtures of Lennard-Jones Dimers and Chains, for Binary Mixtures of Lennard-Jones Chains, at T* = 3.5
at T* = 3.5 andP* = 1, with Equal Segment Sizes and and P* = 1, with Four Segments, Equal Dispersive Energies,
Dispersive Energies, and Different Chain Length3 and Different Segment Sizes
m X1 P: —Ui 02011 X1 PZ —Uz
3 0.0 0.159(2) 7.128(9) 0.8571 0.0 0.176(3) 8.8(2)
3 0.2 0.167(2) 6.5(1) 0.8571 0.2 0.165(3) 9.2(2)
3 0.4 0.175(2) 5.93(7) 0.8571 0.4 0.154(3) 9.4(2)
3 0.6 0.183(2) 5.31(6) 0.8571 0.6 0.145(2) 9.7(2)
3 0.8 0.192(2) 4.71(6) 0.8571 0.8 0.136(2) 9.9(2)
3 1.0 0.202(2) 4.13(4) 0.8571 1.0 0.129(2) 10.2(2)
4 0.0 0.129(2) 10.2(2) 0.75 0.0 0.221(4) 7.4(1)
4 0.2 0.139(2) 8.9(2) 0.75 0.2 0.197(4) 8.3(2)
4 0.4 0.152(2) 7.75(7) 0.75 0.4 0.174(3) 8.8(2)
4 0.6 0.166(2) 6.56(8) 0.75 0.6 0.156(2) 9.4(2)
4 0.8 0.183(2) 5.34(8) 0.75 0.8 0.142(2) 9.8(1)
4 1.0 0.202(2) 4.13(4) 0.75 1.0 0.129(2) 10.2(2)
5 0.0 0.108(2) 13.3(2) 0.6667 0.0 0.259(7) 6.2(2)
5 0.2 0.119(2) 11.5(2) 0.6667 0.2 0.224(6) 7.5(2)
5 0.4 0.134(2) 9.6(2) 0.6667 0.4 0.192(4) 8.5(2)
5 0.6 0.152(2) 7.8(1) 0.6667 0.6 0.165(2) 9.1(1)
5 0.8 0.174(2) 5.94(8) 0.6667 0.8 0.145(2) 9.7(2)
5 1.0 0.202(2) 4.13(4) 0.6667 1.0 0.129(2) 10.2(2)

am, = 2 andm is the chain length of the second component. ) . .
length on the excess volume, configurational internal energy,

TABLE 2: NPT Ensemble Monte Carlo Simulation Results and enthalpy. Figure 2 shows the excess volume of three
for Binary Mixtures of Lennard-Jones Chains, at T* = 3.5 Lennard-Jones binary mixtures&t = 3.5 andP* = 1, versus
2D . ; ,
and P* = 1, with Four Segments, Equal Segment Sizes, and the molecular composition of component 1. The first component
Different Dispersive Energies . . .
of the mixture is a Lennard-Jones dimer and the second a

€zden X1 Pe —Ug Lennard-Jones chain made uprof spherical segments. Solid
0.6667 0.0 0.114(1) 5.37(7) lines represent the predictions from tBeft-SAFT equation
0.6667 0.2 0.116(1) 6.17(9) of state, and symbols are the NPT Monte Carlo simulation
0.6667 0.4 0.119(1) 7.06(8) results obtained for the same systems. As can be observed, the
8:222; 8:2 81%%3 82% excess volumes of t.he systems studied are negative and
0.6667 1.0 0.129(2) 10.2(2) approxw_n_ately_ guadratic. This property, when p!o'_[ted versus the
0.5 0.0 0.1071(9) 3.43(5) composition, is often asymmetric, with the minimum shifted
0.5 0.2 0.110(1) 4.43(6) toward the more volatile component. The excess volume
0.5 04 0.114(1) 5.62(6) increases in magnitude as the chain length of the second
8:2 8:2 8:%3% g:zgg compqnent incre{;\ses, as experiments inditdtee Soft—SAET

05 10 0.129(2) 10.2(2) predictions obtained are alsq able to corrgctly describe the
0.3333 0.0 0.1025(8) 1.75(2) general trends observed experimentally for this kind of systems.
0.3333 0.2 0.1060(9) 2.9(4) An excellent agreement between theory and molecular simula-
0.3333 0.4 0.110(1) 4.23(6) tion data is obtained in all cases and in the whole range of
ggggg g-g 8&5?2()9) ?'2?1()6) concentrations. Although the statistical errors of pure and binary
0.3333 10 0:129(2) 10‘_2(2) mixture properties, such as density, configurational internal

energy, and enthalpy, are around 1% of the average values (see
Tables 1-3), relative statistical errors of excess properties are

We have obfained the reduced molecular densiy= large because excess properties are obtained by subtracting

pc0®11, Wherep, is the molecular density, and the configurational

i . U _ _ quantities of the same order of magnitude.
internal energyl; = 17— Excess thermodynamic properties  \ye have also obtained the excess configurational internal

presented in this work ‘are expressed in segment units andenergy of these mixtures, and results are shown in Figure 3.
calculated in the usual way from results obtained from molecular The solid lines are the predictions obtained fr&oft-SAFT,
simulation. Results obtained from molecular simulations are and the different symbols correspond to NPT Monte Carlo
shown in Tables +3. Standard deviations in the tables are simulation results. The excess internal energy is also a negative
determined as described by Allen and Tildesigwe have also and quadratic function of the molecular composition. As in
applied theSoft-SAFT equation of state to verify the accuracy Figure 2, this excess property increases as the chain length of
of this version of SAFT for predicting excess thermodynamic the second component is increased. Agreement between mo-
properties. In particular, we have studied the effect of the lecular simulations and theoretical predictions is excellent in
segment size and dispersive energy ratinglo11 and exilers, all cases.
respectively, as well as the effect of chain length on excess e have obtained the excess enthalpy or heat as a function
volume, enthalpy, and internal energy. Once the theory dem- of the molecular composition of component 1, using standard
onstrated its abl'lty to describe the excess functions of Lennal’d'thermodynamic re|ati0nships and previous results. Figure 4
Jones chains binary mixtures, we used it to predict excessshows the comparison between simulation data, represented by
properties of several chainlike mixtures at different conditions the symbols, and theoretical predictions froBoft-SAFT,
of temperature and composition. described by the solid lines. Both results predict a negative
Effect of Molecular Parameters on Excess Thermody- excess heat, and its magnitude increases with the chain length
namic Properties. First we studied the influence of the chain of the second component, as is observed experimentally for real
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0.1 T T T T 0.2

-0.3 A . . . -0.6 — . . L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X, X
Figure 2. Excess volumes per segment,Tdt= 3.5 andP* = 1, of Figure 4. Excess heats per segment of the three Lennard-Jones binary

three Lennard-Jones binary mixtures as functions of the molecular mixtures presented in the previous figure. Legends are the same as in
concentration of component 1. The first component is a dimer and the Figure 2.

second is a Lennard-Jones chain withsegments. Solid lines are the

predictions from theSoft-SAFT equation of state, and symbols 0.10 T
correspond to NPT Monte Carlo simulations for different chain
lengths: m, = 3 (circles), 4 (squares), and 5 (diamonds).

0.1 T T T

~0.10 . \ \ \
0.0 0.2 0.4 0.6 0.8 1.0

X

1

Figure 5. Excess volumes per segment,Tat= 3.5 andP* = 1, of
-0.3 o : . . three Lennard-Jones binary mixtures. Both components have the same
0.0 0.2 0.4 0.6 08 1.0 chain length i, = m, = 4) and segment sizer{1 = 022). Solid lines
* represent the predictions obtained from 8wft-SAFT approach, and
Figure 3. Excess configurational internal energies per segment of the Symbols are the NPT simulations for different dispersive energy
same three mixtures presented in Figure 2. Legends are the same as ifAtios: €221 = 0.6667 (circles), 0.5 (squares), and 0.3333 (diamonds).
the previous figure.

€xle11 = 0.6667 (circles), 0.5 (squares), and 0.3333 (diamonds).

short molecular chainsAgreement between theoretical results Both approaches show that the excess volumes are positive and
and NPT Monte Carlo simulation data is excellent in the whole nearly quadratic. This magnitude increases when the dispersive
range of concentrations. energy ratio is decreased, as with previous molecular simulation

The apparent singular behavior of the excess thermodynamicresults for spherical Lennard-Jones mixtures (see ref 25). The
functions of short Lennard-Jones binary mixtures with different Soft-SAFT equation of state correctly describes the molecular
chain lengths presented here is a direct consequence of the liquicsimulation data for mixtures with dispersive energy ratios close
structure and packing arrangements in the mixture. This to unity, but only in a qualitative way for highly asymmetric
argument has recently been confirmed by measurements of thesystems.
crossed second virial coefficients for the xerpbrethane binary Figure 6 shows the excess heat behavior, as a functigp of
mixture88 Xenon, in contrast to the anomalous behavior of of the previous systems. Predictions from Swt-SAFT theory
methane, can be treated as the first member ofntiatkane (solid lines) and NPT Monte Carlo simulation results (symbols)
series’71 give a positive and approximately quadratic excess heat in the

The behavior of two excess properties, namely the excesswhole range of compositions. Agreement between theoretical
volume and heat, for different dispersive energy ratios is and molecular simulation data is excellent in all cases, although
investigated for mixtures of chain molecules of length 4. Figure the differences between both results increase when the dispersive
5 shows the excess volume, as a function of the molecular energy ratio is lowered. Singer and sirijenave previously
composition of component 1, a* = 3.5 andP* = 1, of obtained this result using Monte Carlo simulation for binary
Lennard-Jones binary mixtures with different dispersive energy mixtures of Lennard-Jones spheres. These authors have shown
ratios, exoe11, and equal segment sizes. The solid lines are the that the major excess thermodynamic properties become more
predictions obtained from th®oft-SAFT equation of state, and  positive with increasing values of the dispersive energy ratio,
the symbols correspond to different dispersive energy ratios, €112, Our calculations confirm that these results are also valid
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Figure 6. Excess heats per segment of the same three systemsFigure 8. Excess heats per segment of the systems presented in the
presented in the previous figure. Legends are the same as in Figure 5previous figure. Legends are the same as in Figure 7.

0.05 ' ' ' ; 1 that the temperature and chain length of one of the components
has on excess volumes and heats.
To capture the molecular characteristics of redallkanes,
we have used the Lennard-Jones model and a set of transferable
parameters fom-alkanes obtained in a previous wéfkio
calculate the segment size and the dispersive energy of each
component. This approach ensures that the molecular parameter
ratios E22/o11 andezier1) selected here are approximately those
corresponding to the interaction forces between mealkanes.
We have fixed the number of beads per chain, and using the
transferable parameters of Blas and Vega, we have calculated
the segment size and dispersive energy ratios according to
relationships 2+23 in ref 66. We have studied excess volumes
010 . , . - and heats at different temperatures, and the reduced pressure,
0.0 0.2 0.4 0.6 0.8 1.0 P*, has been fixed equal to 0.002. These conditions are below
X the critical temperatures and pressures of the pure components.
Figure 7. Excess volumes per segment,Tat= 3.5 andP* = 1, of In fact, the working conditions studied here correspond to single-
three Lennard-Jones chain binary mixtures. Each component has thephase liquid states for the mixtures considered, mimicking the
same chain lengtit, = m, = 4) and dispersive energy; = e;; = 1. experimental thermodynamic coordinates at which excess
Solid lines are the predictions from ti&oft-SAFT approach, and properties are obtained.

symbols represent the simulation results obtained in this work for " .
different segment size ratiosis/o1;, = 0.8571 (circles), 0.75 (squares), Figure 9a,b shows the excess volumes and heats, respectively,

and 0.6667 (diamonds). of a binary mixture of Lennard-Jones chains, with chain lengths
my = 3 andm, = 8, at different temperatures aft = 0.002,
for short asymmetric Lennard-Jones chains. predicted by theSoft-SAFT equation. The values ofi{y/o11

Finally, we have also considered the dependence of the excess™ 1-0088 andezJe1; = 1.1198) are obtained from the transfer-
volume and heat on the segment size ratio of the mixtr able parameters as explained above. As can be seen, the excess

o11. Figure 7 shows the excess volume behavior of binary volumes are negative and approximately quadratic in the whole

mixures of Lennatd-Jones chains made up by four segments, 09 O/ SORRESORs 10 SRSIECRE TER IR
with the same dispersive energy and different segment size u y 9

temperature is increased. This behavior corresponds to that

ratios. The excess enthalpies of these systems have also beegbserved in reah-alkane binary mixtures.

studied, and the results are presented in Figure 8. In both cases, We have also considered the effect of temperature on the

molecular simulation data (symbols) and theoretical results (solid ; . P .

. . . xcess heat of the mixture. Figure 9b shdifs as a function

lines) show that these two excess properties are negative and P

aporoximatelv quadratic in the whole ranae of compositions of x;, at the same pressure and temperatures studied in Figure

App t g? both its i 9 lent i p” " 9a. As can be observed at low temperatut€s> 0. When the
greement between bolth resulls 1S excellent in a Cases'temperature is increased, the excess heat becomes negative. At

showing the predicting power of thBoft-SAFT theoretical  j,iermediate temperaturedE(x,) behaves as a sigmoid curve,
approach. with HE > 0 for mixtures rich in the more volatile chain and
Effect of Temperature on Excess Functions of Lennard- HE < 0 for those rich in the less volatile compound. These

Jones Chain Mixtures. Once the theory proved that it can results show that thEoft-SAFT equation of state adequately
correctly describe excess thermodynamic properties of Lennard-predicts the general trends of raahlkane binary mixtures.
Jones chain binary mixtures, we applied tSeft-SAFT We have also investigated the behavior of the excess heat, at
equation of state to predict some general trends of the excessseveral temperatures and the same pres$ire=(0.002), of
volumes and heats of modelalkanes of low and intermediate  mixtures in which the second component has different chain
molecular weight. In particular, we have studied the influence lengths, keeping constamt; = 3. Figure 10a,b shows this
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Figure 9. Excess volumes (a) and heats (b) of a binary mixture of Figure 10. Excess heats of binary mixtures of Lennard-Jones chains

Lennard-Jones withm, = 3 andm, = 8, atP* = 0.002 and different  \jth different chain lengths @@* = 0.002 and several temperatures.

temperatures; from bottom to tomr =1.12, 1.10, 1.08, 1.06, 1.04, (a)rnl = 3 andm, = 10, from bottom to top’ at* =1.14,1.12,1.108,

1.02, and 1.0. The segment size{o11) and dispersive energy/ 1.10, 1.08, 1.06, and 1.0; (b) and = 3 andm, = 12, from bottom to

€w) ratios are chosen as indicated in the text. top, atT* = 1.15, 1.134, 1.125, 1.11, 1.09, and 1.07. The segment size
and dispersive energy ratios are obtained as in the previous figure.

property, as a function of composition, for binary mixtures with

mp = 10 andm, = 12, respectively. These results indicate that parameters on the excess functions of these systems has been
the effect onHE(x;) curves, due to the increase in chain length discussed in detail. The results obtained from molecular
of one of the components, is to shift the excess heats curvessimulations have been used to check the accuracy dbaffie

toward higher temperatures, as experiments inditakais SAFT equation of state in predicting these kinds of thermody-

confirms the behavior of the temperature at wHittfx; = 0.5) namic properties.

= 0 with the chain length of one of the mixture components.  We have studied the influence of segment size, dispersive
To highlight the predictions obtained from tiSoft-SAFT energy, and chain length on some excess functions of Lennard-

theory, we have calculated the temperatures at wHit;) = Jones chains. Molecular simulations and theoretical results show
0 as functions of the molecular composition of component 1, thatexcess volumes, configurational internal energies, and heats
at P* = 0.002. Figure 11 shows the predictions fr@@oft- are negative, in the whole range of compositions, for chain
SAFT for three different binary mixtures of Lennard-Jones Mixtures with the same segment size and dispersive energy but
chains. As can be seen, the temperature at WHI’%ﬂX]_) =0 different chain Iengths. The magnitude of the excess functions
increases when the chain length increases, keeping constant  increases with the differences in the chain length of the
the composition of the mixture; for a given mixture, this components. We have also observed that these properties are
temperature behaves as a decreasing function of compositiorPositive when the dispersive energy is varied and negative when
of the more volatile compound. These results show Suit- the segment size ratio is lower than unity, keeping constant the
SAFT can qualitatively predict the behavior of excess thermo- rest of the molecular parameters in each case. Results from both

dynamic properties observed experimentally for realkane ~ Simulation and theory show that the magnitude of the excess
binary mixturesh73-75 properties increases with the asymmetry of the mixture. Agree-

ment between the molecular simulation results and the theoreti-
cal predictions is excellent, although some deviations between
the two are observed when the system is very asymmetric. NPT

We have performed NPT Monte Carlo molecular simulations Monte Carlo simulation results obtained in this work are
to obtain excess thermodynamic properties of binary mixtures consistent with previous molecular simulation predictions for
of Lennard-Jones chains. The influence of several molecular binary mixtures of Lennard-Jones spheres.

Conclusions
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