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The excess thermodynamic behaviour of self-associating binary mixtures of chainlike
molecules is studied using a modified statistical associating fluid theory, the so-called
Soft-SAFT equation of state. The chainlike molecules are described as Lennard-Jones
spherical segments tangentially bonded together. The associating Lennard-Jones chains
are modelled considering additional embedded off-centre square-well bonding sites. This
model, which accounts for explicitly the most important microscopic features of real non-
associating and associating chainlike molecules, such as repulsive and attractive forces
between chemical groups, the connectivity of the segments to form the chains and the
specific interactions (association), is also solved using the Monte Carlo molecular simu-
lation technique. Comparison between theoretical predictions and simulation results for
selected mixtures are made in order to assess the adequacy of the theory in predicting
excess properties. Agreement between simulation and Soft-SAFT predictions indicates
that the theory is able to provide a good description of the major excess properties.
The theory is also used to study the effect of the molecular parameters on the excess
properties of self-associating binary mixtures, with particular emphasis on the effect of
association (including the bonding energy and number of associating sites) and chain
length. The thermodynamic behaviour of these systems is governed by a delicate inter-
play between two important effects: the bond breaking of the structure formed by the
associating molecules and the interstitial accommodation of the non-associating chains
within the branched multimeric structure of the associating fluid. The theory is able to
explain qualitatively the most salient features of the excess properties in real systems,
including positive, negative and sigmoidal shape behaviour. After an in depth analysis of
the effect of the association and chain length, we apply the Soft-SAFT theory by making
some quantitative comparisons with experimental excess volumes for n-alkane + 1-alcohol

binary mixtures.



1 Introduction

The accurate knowledge of the thermodynamic and phase behaviour of complex fluid sys-
tems, such as chainlike and associating substances and their mixtures, is central to the
chemical process design in the traditional chemical and oil industries, including supercrit-
ical extraction, surfactancy and development of separation and extraction processes.!™
A great advance in the field of the equations of state has been made in last years, moti-
vated partially by the industrial interest, and also by the rapid development of modern
molecular theories. These approaches provide a realistic description of the free energy
of the system, as they are able to make quantitative predictions for the phase behaviour
of complex systems (see the book of Sengers et al.* for a recent review). Most of the
thermodynamic studies undertaken during last years concentrate in obtaining the phase
equilibria, including the high-pressure phase behaviour and the critical properties, of sys-
tems of industrial interest. However, descriptions of the excess thermodynamic properties
of these mixtures, such as excess volume, VZ, heat, H” and Gibbs free energy, G¥, are
less common. In this work we examine the excess properties of self-associating binary
mixtures of chainlike systems, in which only one of the components can associate. The
excess functions constitute the usual way to express the extent to which real liquid mix-
tures deviate from ideality.” These properties are used extensively in a wide variety of
scientific and technical fields, including chemistry, spectroscopy and chemical engineering.
From a theoretical point of view, the excess functions are also a valuable information since
equations of state, particularly those based in statistical mechanics, lead naturally to the
prediction of excess properties. Since they are more sensitive than phase equilibria to
the molecular details, the prediction of the excess properties provides an excellent way to
check if theoretical approaches are suitable for describing accurately the behaviour of a
given system.

The simplest homologous series of real self-associating binary mixtures of chainlike flu-

ids is the n-alkane + 1-alcohol series. Since we concentrate in modelling the excess proper-



ties of mixtures having the same molecular features (chainlike shape and self-association),
it is important to review the most relevant experimental studies that have been undertaken
for these systems. The excess properties, an in particular the excess volume of n-alkane
+ 1-alcohol binary mixtures, have been studied many times.5'* However, none of these
investigations has been sufficiently systematic and extensive. For instance, Stavely and
Spice® have obtained the excess volume of the n-heptane + 1-alcohol series, from ethanol
up to 1-decanol at 293.15K and for mole fractions of 1-alcohol from 0.0005 to 0.035;
Brown et al.? have also studied a large series of mixtures (n-hexane + 1-alcohol binary
mixtures, from ethanol up to l-octanol), but their measurements concentrated only in
equimolar compositions. Stokes and co-workers'* have also studied a number of mix-
tures containing primary, secondary and tertiary alcohols with a great variety of second
compounds, with n-alkanes among them. Christensen et al.!> studied the excess heat of
n-decane + 1-hexanol, although they did not performed a systematic investigation of this
property. Similarly, other authors have obtained the excess volume of several binary mix-
tures n-alkane + 1-alcohol,'¢™2% although none of them have performed a systematic study
of the behaviour with the composition and molecular weight of both components. The
first systematic investigation of the excess volume and heat of the n-alkane + 1-alcohol
homologous series have been undertaken by Benson and co-workers.?' 26 This group has
measured the excess volume of a great number of such mixtures: n-heptane + methanol,?!
+ethanol, 2 + propanol,?:? + 1-butanol,?? + 1-pentanol,?>? + 1-hexanol,?>»?° 4

1-octanol,?? + 1-decanol,?? and + 1-dodecanol;?® 1-hexanol + n-pentane,?® + n-hexane,?

3 3

+ n-heptane,?>?> + n-octane,?® and + n-decane;?® and 1-decanol + n-pentane,* + n-
hexane,?* + n-heptane,?? + n-octane,?*+ n-decane,?! and + n-hexadecane.?! They have
also measured the excess heat of n-decane +, n-octane +, n-heptane +, n-hexane 4, and
n-pentane + 1-decanol binary mixtures.?” Their experimental results show that the ex-
cess volume exhibits positive and negative values, and sigmoidal shape (positive values for

mole fraction of n-alkane close to 1 and negative values for mixtures rich in 1-alcohols)



depending on the molecular weight of the components. Essentially, the excess volume
is positive when the chain length of the n-alkane is longer than that corresponding to
the 1-alcohol, negative in the opposite situation, and exhibits a sigmoidal shape when
both components have approximately the same number of carbon atoms. This behaviour
has been explained by Benson and co-workers?® in terms of a macroscopic model that
accounts for the most salient effects that occur in the system: bond breaking of the struc-
ture formed by the 1-alcohol molecules and interstitial accommodation of the n-alkane
molecules within the branched multimeric structure of the 1-alcohol fluid. In 1990s, other
research groups have undertaken a systematic investigation of the excess volume and heat
of such mixtures. Heintz and co-workers have measured both excess properties for mix-
tures of n-octane, n-decane and n-dodecane with 1-propanol, 1-butanol, 1-pentanol and
1-hexanol,? and n-hexane + methanol, + ethanol and 1-hexanol, n-decane + 1-butanol
and n-hexadecane + ethanol.>® They have also used the extended real associated solution
(ERAS) model®"3% to describe the excess behaviour of these systems. More recently, two
different groups have re-examined the excess properties of the n-alkane + 1-alcohol binary
mixtures.®® In some of these works the ERAS model has also been used to model the
excess properties of such systems. For a recent review on this subject see the work of
Pifieiro et al.3*

To predict the thermodynamic properties of self-associating binary mixtures of Lennard-
Jones chains, two important features must be incorporated at an early stage, namely, the
extensive association in pure associating molecules and mixtures with molecular chains,
and the non-spherical (chain-like) nature of both components. These two molecular char-
acteristics cause anisotropies in the molecular interactions, and are responsible for large
non-idealities in the mixtures. Simple correlation equations, such as this proposed by
Redlich and Kister,?> contain a number of adjustable parameters with no physical mean-

ing. There exist several well established equations, such as UNIQUAC,?%37 NRTL?*"38 or

DISQUAC,* for describing excess properties of multicomponent fluid mixtures. These



equations are based on the quasi-chemical approach introduced by Guggenheim,*® which
postulates that nonidealities in fluids could be assigned to the existence of nonrandom
mixing at the molecular level. Such theories, although can account for accurately the
excess properties of a great number of fluid mixtures at thermodynamic conditions well
below their critical points, are not of practical use over the whole fluid range or for very
large molecules. This is especially true for complex fluid mixtures, which usually have
specific interactions that have not been accounted for explicitly in its original formula-
tion. In addition, excess properties based on volumetric magnitudes, such as the excess
volume, can not be described by these models since they are based on the assumption of
a grid lattice model. In these cases, a suitable equation of state must be used in order
to calculate volumetric properties. There exist other type of non-molecular based models
that successfully avoid this limitation. This is the case of the extended real associated
solution (ERAS) model introduced by Funke et al.31:32 This theory, which combines the
extended version of the Kretschner-Wiebe associated solution model with the equation

of state of Flory,*!

is able to predict simultaneously volumetric and non-volumetric ex-
cess properties, such as excess heat H, volume VF and Gibbs free energy G¥ of self-
and cross-associating binary mixtures. A similar approach has been also proposed by
Treszczanowicz and Benson?” for describing binary mixtures containing molecules that
can associate. This model combines the Flory-Huggins athermal mixture theory,*! which
accounts for the dispersive interactions, with the athermal associated mixture model of
the Mecke-Kempter type, accounting for the association. This approach is able to de-
scribe correctly the excess volume of n-alkane 4+ 1-alcohol binary mixtures with different
molecular weights. Both models, the ERAS and that proposed by Treszczanowicz and
Benson, suffer from the same inherent defects. They use the equation of state of Flory,
that contains the parameter k5. There is no unambiguous relationship with a truly

molecular parameter, which means that is usually treated as an empirical adjustable pa-

rameter. Another inconvenient of these approaches, common to models based on the



chemical theory for association, is that a description of each type of equilibrium process
must be specified a priori, together with the temperature and density dependence of the
corresponding equilibrium constants.

Recently, molecular-based approaches have been introduced as alternative methods
that describe correctly the thermodynamics and phase behaviour of complex systems.
They are based on a knowledge of the intermolecular interaction forces between the
molecules that form the system. The interactions are defined in terms of molecular pa-
rameters with physical meaning, which are state-independent. This leads to theories with
wide predictive capabilities, especially far away from thermodynamic conditions at which
the molecular parameters are correlated.

Molecular methods can be classified in two different types: molecular simulations and
analytical theories.*>*3 Molecular simulations can be used to check if a given intermolec-
ular potential is suitable for describing different systems, as well as to test the accuracy
of a theory.***® In this later use, molecular simulations constitute a valuable tool because
allow to test the approximations made to obtain analytical molecular-based equations of
state.*»%5 This also includes the calculation of excess thermodynamic properties. How-
ever, some excess properties obtained using molecular simulation may not be reliable be-
cause the thermodynamic properties of each component, as well as those corresponding to
the mixtures, are determined separately. Therefore, it may occur a cancellation or magni-
fication of errors. Special care should be taken for the calculation of the excess free energy.
As it is well known, the free energy is probably the most difficult magnitude to calculate

46,47

from molecular simulation. One of the most reliable routes to evaluate the free energy

is based on the coupling parameter charging approach introduced by Kirkwood.*® Mec-

d*®5% and Singer and Singer®® were the first to use the coupling parameter method

Donal
in context of Monte Carlo simulation, although the original version required the values
of the free energies of the pure components. The method has been improved and used

in late 1980s and the 90s by several authors.’> Nowadays, this method constitutes a



highly accurate molecular simulation procedure in obtaining the excess free energies of a
great variety of systems. Unfortunately, little work has been done in calculating excess
functions for Lennard-Jones chainlike binary mixtures using molecular simulation. Mc-
Donald**?° and Singer and Singer®" have performed a detailed study to understand the
effect of molecular parameters, such as the segment size and dispersive energy, of binary
mixtures of Lennard-Jones spheres on the principal excess functions. These later authors
have shown that the Lorentz-Berthelot combining rules can predict negative values of all

51 More recently, Fotouh and Shukla®®3* have performed

three major excess functions.
isothermal-isobaric or NpT molecular dynamic simulations to obtain all three major ex-
cess thermodynamic properties of binary and ternary mixtures of Lennard-Jones spheres.
They have also considered two-center Lennard-Jones molecules and point quadrupolar
interactions, and studied the effect of the molecular elongation and quadrupole on excess
properties. These authors have compared their simulation data with the van der Waals
one-fluid theory and a new statistical mechanics perturbation theory developed by Fotouh
and Shukla,? founding that both theories yield a reasonable description of the simulation
data, although the perturbation theory seems to be superior than the traditional van der
Waals theory. In a previous work,”® we have performed NpT Monte Carlo simulations
and applied the Soft-SAFT theory to calculate the excess volume and heat of binary
mixtures of Lennard-Jones chains. The effect of the molecular parameters (the segment
size and dispersive energy ratios, and the chain length) on the excess functions have also
been studied. On the other hand, analytical theories have extensively been developed and
used to predict the thermodynamic and phase behaviour of complex systems. A number
of molecular-based theories account for explicitly the non-spherical shape of molecules.
Beret and Prausnitz®” developed the perturbed hard chain theory (PHCT) in order to
include molecular motions due to rotational and vibrational degrees of freedom of the
chain. The original PHCT, however, contains a rather cumbersome representation of the

attractive interactions derived from a perturbation expansion for square-well molecules.



Later, Kim et al.®® introduced the simpler attractive term of Lee et al.>® in the develop-
ment of the simplified perturbed hard chain theory (SPHCT). The theory incorporates
non-sphericity using Prigogine’s concept of 3¢ equivalent translational degrees of freedom
for the chain. Unfortunately, there is no unambiguous relationship between the parameter
c and the actual molecular shape, which means that it is usually treated as an empirical
adjustable parameter. The PHCT and SPHCT were extended to describe anisotropic
multipolar interactions, as in the perturbed anisotropic chain theory (PACT).%° There
have been several attempts to include the effect of association. Most of them are based
on the premise that the associations can be treated as chemical reactions. This approach,
which was introduced originally by Dolezalek,%! has been extensively used in a variety of
ways. Heidemann and Prausnitz®? have combined the chemical approach with an equa-
tion of state for non-associating substances. This approach was followed by Ikonomou
and Donohue® with the perturbed anisotropic chain theory (PACT) equation of state,
which has been used as the physical part to obtain the associating PACT (APACT). The
APACT approach, and others based on the chemical theory of association, suffer from
the same defects than the chemical association models, being the most important of them
the strongly dependence with the number and type of reactions considered.

The statistical associating fluid theory (SAFT)%% is also a molecular-based equation
of state, originally developed from Wertheim’s first-order thermodynamic perturbation
theory for associating® and chain fluids.®”" The SAFT approach has since been used
to predict the phase behaviour of a wide variety of pure components and their mixtures,
and nowadays is considered as one of the most powerful predictive tools for the study
of fluid phase equilibria. Many modifications following the general framework have also
been presented. In general, it combines a chain reference contribution with an associating
perturbation term for the description of complex chain and associating fluids. A variation
of the original SAFT was first applied by Huang and Radosz™> " to successfully correlate

the phase behaviour of a large number of pure fluids and mixtures. After this, there have



been many variations on the original approach. For a detail description of the different
versions of SAFT existing in the literature, we strongly recommend the excellent reviews
of Miiller and Gubbins.”™ ™ Here we only summary the most commonly used versions of
the approach, with special emphasis on those related with Lennard-Jones systems, and
some recent new developments.

The simplest version of SAFT, SAFT-HS, developed by Jackson et al.%” and Chap-

man et al.,%

models the chains as hard-sphere segments tangentially bonded with attrac-
tive dispersion interactions described at the mean-field level of van der Waals. Recently,
SAFT-HS has been extended to deal with branched chain fluids (SAFT-B) using first- and
second-order thermodynamic perturbation theory of Wertheim.™ Although the SAFT-HS
theory has been successfully applied for predicting the phase behaviour of systems in which
one or two components are strongly associated,”® ™ it is not adequate for systems where
the dispersive interactions play a dominant role, such as alkanes. Gil-Villegas et al.3% and
Galindo et al.®' have proposed the SAFT-VR equation of state to deal with systems with
attractive potentials of variable range. This new approach is able to accurately predict the
phase equilibria of a number of fluids and mixtures modelled as chain molecules formed by

82-87 and it has been extended to study electrolyte®®89 and

tangent square-well segments,
polymer fluids.?® The advantage of SAFT-VR is the wide range of potentials that could
be treated through it, such as Lennard-Jones®' and Yukawa®® systems. More recently,
Sadowski and co-workers®®?* have developed the so-called Perturbed-Chain SAFT by ap-
plying the perturbation theory of Barker and Henderson with a hard-chain reference fluid,
instead of the usual monomer reference system. The theory, which is in good agreement
with simulation data of square-well chains,?® is found to give an accurate description of
the phase equilibria of a wide number of real substances and their mixtures.**

Other versions of SAFT, specific for systems with intermolecular Lennard-Jones in-

teractions (including non-associating and associating chains), have been introduced and

developed by a number of authors.?>1% A more recent version of SAFT, the so-called

10



Soft-SAFT equation of state, specific for Lennard-Jones chains, has been applied by Blas
and Vega, and extended to deal with mixtures of both, homonuclear and heteronuclear

107

Lennard-Jones chains.”™" This theory, which has proved to be highly accurate in predicting

the thermodynamic properties and phase behaviour of both, model and real hydrocarbons

107110 a5 been extended to account for the formation of mixtures of Lennard-

mixtures,
Jones chains using a dimer reference fluid (Soft-SAFT-D).!'! Pamies and Vega''? have
also proposed a new set of transferable parameters for the Soft-SAFT version to predict
the phase equilibria of the n-alkanes and their mixtures.

The Soft-SAFT theory represents the implementation of the SAFT approach for
Lennard-Jones molecules using the Johnson et al.’s Helmholtz free energy for the reference
fluid,''3 the Johnson et al.’s correlation for the pair radial distribution function,'® and the
Miiller and Gubbins’ correlation for the association volume.'®! It is possible to implement
SAFT for Lennard-Jones molecules using different parametrizations or theories for the
distribution function. For instance, the SAFT-VR approach, which represents a general
theory for attractive potentials of variable range, can be used to describe Lennard-Jones
molecules using different reference, chain and association contributions. Tang et al.,''* in
a recent paper, have proposed a new version of the SAFT approach for Lennard-Jones
molecules based on the analytical solution of the Ornstein-Zernike equation from Tang
and Lu,'"® leading to the availability of analytical expressions for both, the Helmholtz free
energy and the radial distribution function (as a function of the intermolecular distance,
and not only valid for the contact length) of the spherical Lennard-Jones fluids.

More recently, there have been new applications and developments related to the
formalism of Wertheim. McCabe et al.''6 have applied the SAFT-VR approach to study
the fluid phase behaviour of binary mixtures of xenon and the lighter perfluoro-n-alkanes.
Agreement between theoretical predictions and experimental data is excellent in all cases.
This work provides another example of the alkane-like behaviour of xenon. Benzaghou et

al.'*" have used the original SAFT to obtained new molecular parameters to describe the
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n-alkane series. These authors have also extended the approach to describe moderately
branched alkanes, alkenes and ring compounds. The SAFT results show an acceptable
accuracy when they are compared with experimental data. New theoretical developments
of the Wertheim’s approach have been recently presented. Vega and MacDowell''® have
extended the Wertheim’s theory to deal with hard-sphere chain molecules in the solid
phase, and a study of the vapour-liquid interface and surface tension of associating and
chain fluids determined using a local density functional theory that reduces to the SAFT-
HS Helmholtz free energy in the bulk limit (SAFT-DFT).'2%2! More recently, and as
the generalisation of the work of Vega and MacDowell,!'® Vega and co-workers''® have
extended the approach of Wertheim to deal with Lennard-Jones freely-jointed chains in
the solid, liquid and gas phases, for chainlike molecules formed by 2, 4 and 8 Lennard-
Jones segments.

Although the SAFT approach has been widely used to predict the phase equilibria
of many different model and real systems, there is little work about the ability of SAFT
in predicting other properties, such as excess thermodynamic functions. Recently, Filipe
et al.'?*12 have determined the vapour pressure and all three major excess properties
(VE HP G") of liquid mixtures of xenon with several alkanes from an experimental point
of view. The results have been interpreted using the SAFT-VR equation of state.8%:3!
This theory is able to correctly predict the excess thermodynamic properties of this kind
of mixtures. MacDowell et al.'>* have recently calculated the excess properties of binary
mixtures of n-alkanes using a modified perturbation theory, based on Wertheim’s first-
order thermodynamic 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 free energies of n-alkane mixtures.

It becomes clear from the ensuing discussion that it is now possible to use the SAFT
approach for describing the excess thermodynamic properties of self-associating binary

mixtures of chainlike molecules. The goals of this work are threefold. First, to use the
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Soft-SAFT theory to predict the excess behaviour of some self-associating binary mixtures
of Lennard-Jones chains and compare the theoretical calculations with new molecular
simulation results presented here. This allows to check the accuracy of the equation of
state in predicting excess functions. Second, and once the theory has proved to describe
correctly the excess properties obtained from simulation, use the theory to study the effect
of different molecular parameters, such as the association (bonding energy and number
of associating sites) and chain length. Third, to highlight the strengths of the Soft-SAFT
approach by making some quantitative comparisons with experimental excess volumes for
n-alkane + 1-alcohol binary mixtures. In a previous paper,’® we have studied the excess
properties, V¥ and H¥, of non-associating binary mixtures of Lennard-Jones chains. Now
we extend the previous work by considering self-associating binary mixtures of Lennard-
Jones chains using the Soft-SAFT theory. The effect of the association and the chain
length of such fluids is also considered.

To our knowledge, this is the first systematic comparison between the predictions of
the excess thermodynamic properties of self-associating binary mixtures of Lennard-Jones
chains from the SAFT equation of state and molecular simulation.

The rest of the paper is organized as follows: in section 2 we present the most relevant
features of the Lennard-Jones chain model and the Soft-SAFT theory, molecular simula-
tion details are described in section 3, followed by results and discussion in next section.

Finally, conclusions are presented in section 5.

2 Molecular model and theory

We consider in this work self-associating binary mixtures of homonuclear Lennard-Jones
chains. This means that association is possible only between molecules of one of the com-
ponents, in this case component 2. Both non-associating and associating chains of com-

ponent ¢ are modelled as m; Lennard-Jones segments of equal diameter o;;, and dispersive
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energy €;, bonded tangentially to form the chains, as shown in figure 1. Intermolecular
and intramolecular interactions between the segments are taken into account through the

Lennard-Jones potential model

o= [(2)" - (22 0

where 0;; and ¢;; are the segment size and the dispersive energy between segments 7 and
j, respectively. Care must be taken by calling o as the diameter of the segment size since,
strictly speaking, the Lennard-Jones potential model represents a point core described by
a potential energy given by equation (1). The segment size, o, only defines the positive
part of the potential, and not its repulsive contribution.

The associating molecules (component 2) are described considering additional embed-
ded off-centre spherical bonding sites, which are modelled as square-well sites of diameter
Ufgm = 0.2092 and placed at a distance bf{g’m = 0.4095 from the center of the Lennard-
Jones core, to be tangential to the Lennard-Jones sphere (see figure 1) . The association

potential between two given associating sites A and B located in two molecules of type 2

is written as

HB . HB
—€AB 22 if rap < OAB,22

(2)

HB _
AB,22 (ras) =
0 otherwise

where €] 5722 is the depth of the energy well and r 45 is the AB site-site distance. Obviously,
the molecules are considered bonded when 745 is smaller than o[£,

This model, previously used in the literature to represent accurately hydrocarbon
molecules, accounts for the most important attributes of the chain molecular architecture,
that is, the bead connectivity, to represent topological constraints and internal flexibility,
the excluded volume effects, the attractions between different beads, and the specific
71,72,80, 108,109

interactions (hydrogen bonding).

Since the SAFT approach has widely been used in the literature we will explain here
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only the most important features of the Soft-SAFT theory. Although in this work we
concentrate only on self-associating mixtures, we summarise the general equations of the
theory, valid for both non-associating and associating mixtures of Lennard-Jones chains.
For further details, we recommend the reviews of Miiller and Gubbins.” "

The Soft-SAFT theory, as other versions of SAFT, is written in terms of the Helmholtz
free energy, that can be expressed as a sum of different microscopic effects: the Lennard-
Jones term, AL for the attractive and repulsive forces between the segments that form
the molecules, the chain contribution, A" accounting for the connectivity of the chains,
and the association contribution A%%°¢, for the specific interactions.'” The residual
Helmholtz free energy of a n-component mixture of associating Lennard-Jones chains
may by written as

A Aideal ALJ Achain Jassoc

_ = 3
N.kgT  N.kgT  NkgT N N.kgT * N kT 3)

where N, is the number of chain molecules in the system, kg is the Boltzmann constant,
and T is the temperature. Each individual contribution to the Helmholtz free energy of

the system is explained separately here.

Ideal term

The ideal Helmholtz free energy of an ideal mixture of chains can be written in the

following way*?

Atdeal — N T {i [2iIn(zipeA3)| — 1} (4)

i=1
where p. = N./V is the chain density, z; is the molar fraction of component i, A; its
thermal de Broglie wavelength, and V' the volume. The segment density, p, is easily

related to the chain density through
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p= [Z mﬂz] Pe =Y m;p; (5)
1=1 =1

with p; the monomeric density of species .

Lennard-Jones reference term

The reference term accounts for both the repulsive and attractive interactions of the seg-
ments forming the chains. A/ is the Helmholtz free energy of a mixture of spherical
Lennard-Jones molecules. In this work we use the Lennard-Jones equation of state pro-
posed by Johnson et al.''® This equation is an extended Benedict-Webb-Rubin equation
of state that was fitted to simulation data for pure Lennard-Jones fluids over a broad
range of temperatures and densities. Details of the simulations are reported elsewhere.!!?
It is also possible to use an alternative Helmholtz free energy in the reference contribu-

tion, such as that proposed by Tang and Lu,''® which is based on the solution of the

Ornstein-Zernike equation, and provides an analytical equation for this term.

Chain term

The Helmholtz free energy due to the formation of binary mixtures of Lennard-Jones
chains, A°"%" with bond lengths equal to oy, and 09y, the diameters of the Lennard-

Jones segments of species 1 and 2, respectively, is written as®® 107

Achain — chBTzwl(l — mi) In inZfJ(O-ii) (6)

i=1

where y7(0;;) is the contact value of the cavity correlation function for spherical segments
of species 7 in the Lennard-Jones reference fluid. y%”/(0;;) is easily related to the pair radial
distribution function of the Lennard-Jones fluid, g%/ (0;;). The radial distribution function
used here is given by the Johnson et al.’s correlation,'?’ although the distribution function

115

proposed by Tang and Lu''® can also be appropriate (see also the recent work of Tang et
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al.t1).

Association term

Finally, A**%°¢ is the Helmholtz free energy contribution due to the association. This term

is expressed as a sum over all the association sites and components of the mixture®

N X X(i) 1 )

A% = NkpTY z | 3 (X — 24 ) 4 —p(r®) (7)

—~ : 2 2
i= AT (@)

where n(I'®) is the total number of associating sites of molecules i. Xg), the fraction of

molecules i not bonded at site A, may be written as a mass-action equation® 7

i 1
x{ = — — (8)
L+ a0 > XA
Jj=1 Berr()

All the non-zero site-site interactions should be defined a priori in order to solve eq.
(8). A(ﬁg involves an weighted integral over all the orientations and an integration over

all separations of molecules 1 and 2, defined as® 7

Al = [ g 12747 (12)a012) (9)

where g7 is the pair radial distribution function of the reference fluid, f{}* = exp(ef§,;/ksT)—
1 is the Mayer function of the association potential, and d(12) denotes an unweighted av-
erage over all orientations and an integration over all separations between molecules 1
and 2.

The integration of eq. (9) is not straightforward, since the pair radial distribution
function is not readily available. We have replaced the pair radial distribution function
of the Lennard-Jones chain fluid by the pair radial distribution function of the Lennard-
Jones segment fluid, evaluated at the same temperature and segment density. The choice

of this approximation and its validity has been discussed previously.?%:19 107 In order to
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accurately calculate the integral (9), the expression from Miiller and Gubbins!®! for the
particular position of the association site inside the Lennard-Jones sphere has been used
(see figure 1). As in the case of the chain contribution, the analytical radial distribution

115

function proposed by Tang and Lu''® for the Lennard-Jones spherical fluid can also be

used in equation (9).

Extension to mixtures

Since the Helmholtz free energy is calculated by adding different contributions, each of
them should be expressed in terms of compositions for mixtures studies. In the Soft-
SAFT version, only the reference term needs to be extended to mixtures.'®” The ideal
and chain contributions are valid for multicomponent systems; thus, are readily applicable
to mixtures. We use the van der Waals one-fluid theory (vdW-1f) to describe the ALY
term of the mixture.*? 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 o, and ¢,,, calculated from

n n
Z Z mimsz‘.’ﬁjO'?j
1 i—1
T = 5w (10)
Z Z mimjximj
i=1j=1
n o n
Z mimjxixjeijaf’j
3 =1

(11)

_ =l4=1
€m0, = n o n
> D mim,ai;
i=1j=1
where the mixing rules for a Lennard-Jones mixture have been expressed as functions of
the chain molar fractions.

The chain and association terms, A**" and A%*°¢, depend explicitly on composition,
and no changes are needed for mixtures. To obtain the pair correlation function of a

mixture of Lennard-Jones spheres, the same mixing rules (vdW-1f)*? have been used, as
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in previous works.?% 197110 Results from Johnson et al.'®® and Miiller and Gubbins!'®' are
used for the pair radial distribution function of the Lennard-Jones fluid from extensive
computer simulations fitted to an empirical function of the reduced temperature and
100,113

density. Details of the simulations are reported elsewhere.

For the crossed interactions, the Lorentz-Berthelot combining rules are used?*?

O —+ 0
O'ij = Tﬂ (12)
eij = (eiiesy) ' (13)

In a mixture all parameters are reduced relative to one of the components, component
1 in our case, so that the reduced dimensionless magnitudes are defined in the following
way: temperature, T* = kgT /€1y, pressure, p* = po3, /ey, molecular density, pi = p.o3,,
internal configurational energy, U = U/N_ ey, enthalpy, HY = H/N.e1, excess volume
per segment, VZ* = V¥ /No3, | excess internal energy per segment, U* = U¥ /No3,, and

excess heat per segment, H** = HE /No?,.

3 Monte Carlo simulation details

We have used the isothermal-isobaric (NpT) ensemble Monte Carlo simulation tech-
nique’®*” to study self-associating binary mixtures of Lennard-Jones chains, in which
the component 1 is a non-associating molecule and component 2 is an associating chain
with one square-well bonding site, as described in the previous section. In particular, we
have obtained the influence of the chain length of the associating substance (component
2) on the excess volume, VE, configurational internal energy, UF, and enthalpy or heat,
HP. 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, although N, the total number of segments, is kept ap-
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proximately 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 con-
figurations.46:17

The temperature, pressure and number of molecules are specified a priori, allowing
the volume to fluctuate, as well as the energy and the chemical potential. 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 mechanical equilibrium, respectively.*” The use of the
reptation algorithm, instead other more sophisticated simulation methods, such as the
configurational bias Monte Carlo, is justified for systems in which short lengths and low
densities are considered.*?- 1257127

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 consists in /N attempts
to displace molecules and a volume change.*®*" An equilibrium period of at least 5.10%
cycles is used. The equilibrium period is increased for high densities. The total simulation
length has been between 2.10% and 5.10° cycles, depending on the system studied . Errors
are estimated by dividing the simulation in blocks of 10® cycles, so as to obtain statistically
independent block sequences, and calculating the standard errors of the mean.%4" These
conditions allow to obtain results comparable with those corresponding to similar systems

previously studied.!0>107

4 Results

We apply the Soft-SAFT equation of state outlined in section 2 to study some excess
thermodynamic properties of self-associating binary mixtures of Lennard-Jones fluids. In

order to assess the accuracy of the theory, first we compare the theoretical predictions
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from the equation of state versus molecular simulation results performed in this work for
selected self-associating binary mixtures. After this, and once the theory has proved to
predict correctly the excess thermodynamic behaviour, we use the equation to calculate
the excess functions of self-associating spherical molecules with one and two associating
sites, and investigate the effect of association. We also discuss the effect of the chain
length of both components (non-associating and associating) on the excess properties.
Predictions corresponding to the excess volume of n-alkane + 1-alcohol binary mixtures

are also compared with experimental data.

4.1 Comparison with molecular simulation

We have performed NpT Monte Carlo simulations at 7* = 3.5 and p* = 1.0. These ther-
modynamic conditions correspond to supercritical states for all the substances considered
here. Because the theory is able to describe accurately the thermodynamic behaviour over
a wide range of working conditions, we expect that the conclusions obtained in this section
will be applicable to other thermodynamic states, such as those where most experimental
excess properties are measured. We have obtained the reduced molecular density, p}, and
the configurational internal energy, U, of several self-associating binary mixtures. In this
section we concentrate in mixtures for which the first component (a non-associating chain
molecule) is formed by three Lennard-Jones segments (m; = 3) and the second compo-
nent (associating fluid with one square-well bonding site A) has four, five and six segments
(me = 4, 5, and 6). The bonding energy of the second component is kept constant and
equal to 65532 = 30€y2. The rest of molecular parameters, segment size and dispersive
energy, are chosen to be equal between unlike components.

The excess thermodynamic properties presented in this work are expressed in segment
units and calculated in the usual way from simulation data. Results obtained from molec-

ular simulation are shown in table 1. Standard deviations are determined as described by

Allan and Tildesley.?® The relative statistical errors of excess properties are large because
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these functions are obtained by subtracting quantities of the same order of magnitude.
This feature, which has been observed in a previous work,’® is enlarged in the present
study since we deal now with associating systems, where fluctuations are larger. Due to
that we do not show bar errors in figures corresponding to excess properties. However,
standard deviations obtained from simulation fall within the usual order of magnitude.

To illustrate the last point, we consider first the influence of the chain length of the
self-associating substance (component 2) on the density of the mixture. Figure 2 shows
the molecular density of three self-associating mixtures at 7% = 3.5 and p* = 1.0 versus
the molecular composition of component 1. As can be observed, the density of the mixture
increases as the composition of the non-associating component is increased. At fixed molar
composition, the density decreases as the chain length of the self-associating substance is
increased. Agreement between molecular simulation data and theoretical predictions is
excellent in all the mixtures considered here and in the whole range of compositions. The
statistical error of the density of pure substances and binary mixtures are around 1% of
the average values, as can been seen in figure 2 and table 1. We have also checked this
point for the rest of mixture properties.

The excess functions of the mixtures have been obtained from the theory and molec-
ular simulation using the standard thermodynamic relationships. Figure 3 shows the
excess volume of the three self-associating binary mixtures at the same thermodynamic
conditions. This property is negative and approximately quadratic in all cases. As can be
seen, the excess volume is asymmetric, with the minimum shifted toward the more volatile
component, and it increases in absolute value as the difference in chain length increases.
The Soft-SAFT equation of state provides a good description of the excess volume in all
cases and in the whole range of concentrations. Since in this section we are interesting
mainly in the adequacy of the theory in predicting this kind of properties, we postpone
the origin of the physical behaviour exhibited by these systems to section 4.3, where we

discuss widely this point.
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We have also obtained the excess configurational internal energy of these mixtures,
and results are shown in figure 4. This excess function exhibits different behaviours
depending on the chain length of the second component: for mixtures with an associating
chain formed by four segments, U¥ is positive in the whole range of concentrations; when
the chain length of the second component is increased, the excess configurational internal
energy behaves as a sigmoidal curve, being positive for mixtures rich in the non-associating
component and negative for those rich in the associating substance; finally, when the chain
length is increased further (my = 6), the excess energy becomes negative at all the mixture
concentrations. As can be seen, the theory is able to describe accurately the simulation
data in all cases.

Finally, we have calculated the excess heat from the excess volume and configurational
internal energy using the standard thermodynamic relationships. Figure 5 shows the
comparison between simulation data and theoretical predictions. As can be seen, the
excess heat behaves qualitatively in the same way as the excess configurational internal
energy when the composition and the chain length of the second component are varied.
In summary, the Soft-SAFT equation of state is able to describe correctly the excess
properties of self-associating binary mixtures of Lennard-Jones chains, finding a good

agreement with molecular simulation data.

4.2 Study of the effect of association on excess properties

In this section we first consider the effect of association, i. e., the association energy and
the number of bonding sites. In order to study only the effect of association on excess
properties, we have considered binary mixtures in which both components are spherical
(m1 = my = 1), with the same molecular volume (01, = 09) and dispersive energy
(€11 = €92), thus eliminating the dependence of the excess functions with the segment size
and dispersive energy ratios, as well as with the molecular size.

Figure 6 shows the excess volume and heat of self-associating binary mixtures of
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Lennard-Jones spheres, in which the second component has only one bonding site for
different values of the association energy. Only AA bonding is allowed so that only
dimerization is possible. As can be seen, the excess volume is approximately zero but
still positive, in the whole range of concentrations for the smallest associating energy
62}332 = 5. When the bonding energy is increased (62}3}2 = 10), an increasing of the
excess volume is observed for all compositions of the mixture. As the association well
depth of the sites is further increased, e 532 = 15, the excess volume exhibits a sigmoidal
shape, being positive for mixtures rich in the non-associating substance (component 1),
and negative for those rich in the associating component. Finally, for higher values of
the association energy, ef{f}’b = 20 and 25, the excess volume becomes negative for all
compositions. It is difficult to understand the excess volume and its behaviour in terms of
the molecular properties since contributions to V' due to the dispersive (van der Waals
type) and specific (association) interactions are of the same order of magnitude, varying
with the composition of the mixture as well.21:2® However, and from a very simplified
point of view, one can says that a positive excess volume implies an expansion of the
volume mixture (with respect to that of the pure components) due to unfavourable or
repulsive interactions; a negative V¥ corresponds to a contraction of the mixture volume
due to attractive or favourable interactions. Under this perspective, the excess volume of
self-associating binary mixtures is governed by two different mechanisms: (1) a bonding
or association contribution, that produces a positive excess volume due essentially to the
bond breaking of the structure formed by the associating molecules; and (2) a packing
contribution which produces a negative contribution to the excess volume due to the inter-
sticial accommodation of the non-associating chains within the branched structure formed
by the component 2. This later contribution also exists in mixtures of non-associating
Lennard-Jones chains of different chain lengths. This system exhibits more negative excess
volumes as the difference in chain length between both components increases.?!:28:%6

For low values of the association energy (efl 532 = 5 and 10) the excess volume is pos-
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itive in the whole range of compositions due to the site-site association breaking which
dominates over the packing effect. Essentially, to accommodate a non-associating molecule
in the mixture is necessary to break a certain number of bonds. As the bonding energy is
increased, the number of associated molecules increases and the packing contribution bal-
ances the bonding contribution. This means that although the non-associating molecules
continuously break the bonds formed in the system, a great number of molecules of compo-
nent 1 are able to accommodate within the intersticial structure formed by the component
2. For association values sufficiently high, €{¥5, = 20 and 25, the packing contribution
dominates the behaviour of the excess volume for all compositions (V¥ > 0). For inter-
mediate values, egf’*é? = 15, the sigmoid shape of the excess volume curves results from
a shifting imbalance between relatively large positive and negative contributions. As can
be seen, for mixtures rich in the associating component the excess volume is dominated
by the packing contribution, while for mixtures rich in the non-associating component the
excess volume becomes positive, indicating that the bonding contribution due to the bond
breaking dominates over the packing contribution. We have also obtained the excess heat
for the same system and thermodynamic conditions. As can be seen in figure 6b, a similar
behaviour for this property is found when the association energy is varied, from €{ 7%, = 5
to 62}4332 = 25. Mixtures with low bonding energies exhibit positive excess heats. As the
association strength is increased, H” shows sigmoidal behaviour (!}, = 20), and neg-
ative values for the largest bonding energy considered (€] 532 = 25).

We next proceed to investigate the excess properties of self-associating mixtures of
spherical fluids with two anisotropic bonding sites (see figure 1). In this case the bonding
sites, denoted by A and B, are only allowed to form AB bonds (no AA or BB association
is considered). We have chosen the same thermodynamic conditions and bonding energy
values for these systems. As can be seen in figure 7a, the excess volume exhibits a similar

behaviour than that observed for mixtures in which the associating component has only

one bonding site: for low association energy values the excess volume is positive, and
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for high values the excess function is negative in the whole range of concentrations. For
intermediate values of ef{£%,, the excess volume exhibits a sigmoidal shape when is plotted
versus the composition of the mixture, indicating a balance between the bonding and
packing contributions, which depend on the concentration of the mixture. An important
difference between the behaviour exhibited by this system and those corresponding to
mixtures with only one bonding site can be observed: for systems with two bonding
sites A and B, the magnitude of the excess volume is larger than the corresponding
one to associating systems with one bonding site. This is due to a higher degree of
association and the possibility of forming aggregates in the second system. A similar
behaviour is also observed for the excess heat, as can be seen in figure 7b: positive values
for low bonding energies, sigmoidal shape for intermediate values, and negative for high
association energies.

In summary, the main effect of molecular association on the excess properties of self-
associating Lennard-Jones spherical fluids is to increase the excess volume and heat for
low values of the association energy. For intermediate values of the bonding strength,
the excess properties exhibit a sigmoidal shape. Finally, for strong association energies,
the excess properties are negative for all compositions. The effect of including additional
bonding sites in the associating component (two instead of one) is to increase the absolute
values of the excess properties, although the same qualitative behaviour is observed in

both cases.

4.3 Effect of the chain length on excess properties

We consider now self-associating binary mixtures of Lennard-Jones chains, in which the
second component (associating substance) has two A and B bonding sites. As in the
previous section, only AB association is allowed. We first analyze the effect of the chain
length of the associating substance on the excess properties. To do that, we consider

self-associating binary mixtures in which the first component is a Lennard-Jones dimer
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and the second one is an associating chain formed by one, two, three and four spherical
Lennard-Jones segments. The segment size and dispersive energy of the Lennard-Jones
spheres of both components are equal (07; = 099 and €17 = €93). The association energy is
kept constant and equal to € 532 = 15, and the other geometrical parameters that charac-
terise the square-well bonding sites are the same than those used in the previous sections
(see figure 1). We have chosen this value for e/ 532 since corresponds to a bonding energy
similar to that found for real 1-alcohols.!?® Figure 8 shows the excess volume and heat of
such mixtures. As can be seen in figure 8a, the excess volume has different signs as the
chain length of the second component is increased: for mixtures with mo = 1 the excess
volume is positive in the whole range of concentrations. As the chain length is increased
(mg = 2 and 3), the excess volume becomes sigmoidal, being positive for mixtures rich in
the non-associating component and negative for those rich in the component 2 (see also
the inset of figure 8a). Finally, for mixtures with associating chains formed by 4 segments
(mg = 4), the excess volume becomes negative in the whole range of concentrations. A
similar behaviour is also observed for the excess heat (see figure 8b), although with a
slight difference, the range of chain length values of the associating component at which
the excess function changes its sign: H” is positive for mixtures with m; = 1 and 2, and
exhibits a sigmoidal shape when ms = 3 and 4. This behaviour, which is also observed

212 can be explained in terms of the molecu-

in n-alkane + 1-alcohol binary mixtures,
lar parameters of the theory and taking into account the two main effects that govern
the mixture properties of these systems, i. e., the bonding and packing contributions
(see previous section). When the chain length of the associating component is shorter
than that corresponding to the non-associating substance, it exists a disruption of the
associating multimers through the breaking of associating bonds, due essentially to the
impossibility for interstitial accommodation of the non-associating molecules. However,

as the chain length of the associating molecules is increased, the capability for interstitial

accommodation increases. On the other hand, as the difference in chain length between
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both components is increased, the negative (packing) contribution to the excess properties
becomes more important. This effect, related with the interstitial accommodation, is also
observed in binary mixtures of non-associating Lennard-Jones chains.’® The same effects
account for the decrease of the positive lobe of the V¥ curves in figure 8 with increasing
the chain length of the associating molecule, and its disappearance for sufficiently large
molecules.

We now analyze the effect of the chain length of the non-associating component. We
consider self-associating binary mixtures in which the second component is an associating
Lennard-Jones dimer and the first one is a non-associating molecule formed by one, two,
three and four Lennard-Jones spherical segments. The segment size and dispersive energy
of the segments are chosen to be equal. The association energy is also kept constant and
with the same value, ef{g”gg = 15. Figure 9a shows the excess volume for different chain
lengths of the non-associating molecule. For mixtures with m; = 1 the excess volume is
negative in the whole range of compositions. As the chain length is increased, m; = 2,
the excess volume behaves as a sigmoid curve, being positive for mixtures rich in the non-
associating component, and negative at high molar fractions of the associating component.
Finally, for mixtures with longer associating molecules, m; = 3 and 4, the excess volume
is positive at all concentrations. Figure 9b shows the analogous curves corresponding to
the excess heat of this kind of systems, which exhibit the same qualitatively behaviour:
for mixtures with m; = 1 the excess heat has a sigmoid shape, while for longer chains,
my = 2,3 and 4, the excess enthalpy is positive in the whole range of compositions. As
in the previous set of systems, the behaviour observed in figure 9 can be explained as
the resultant of the contributions from two opposing effects, namely, the bonding and
packing contributions. We have also investigated the excess properties of self-associating
Lennard-Jones chains formed by different chain lengths. Figure 10 shows a table where the
signs of the excess volume and heat for mixtures of non-associating + associating chains

formed by one, two, three and four segments are presented. As can be seen, when the chain
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length of the associating molecule is larger than that corresponding to the non-associating
substance, the excess properties are negative since the packing contribution dominates
over the bonding contribution. Contrary, excess properties are positive for mixtures in
which the associating molecule is shorter than the non-associating component. For similar
chain lengths, a strong competition effect between the bonding and packing contributions
exists. Since this effect results from a shifting imbalance between relatively large positive
and negative contributions which are sensitive to the lengths of the components and
composition, a sigmoidal shape is observed for both excess properties. These results are
able to explain qualitatively the experimental excess properties of n-alkane + 1-alcohol
homologous series.?!™2

In order to corroborate the existence of two oppositive contributions (bonding and
packing), we analyze in deep detail the effect of the association energy on the excess
properties, and particulary on the excess volume, for self-associating binary mixtures of
Lennard-Jones chains with different chain lengths. The segment size and dispersive energy
ratios are keep constants and equal to one. We consider initially a binary mixture of non-
associating Lennard-Jones chains with different chain lengths, in particular, molecules
formed by two and three segments, and study the effect of including two bonding sites
for varying degrees of association. When €] 532 is equal to zero, the excess volume of the
mixture is negative at all proportions.® Since the segments forming both components
have the same segment size and dispersive energy, the only reason for which the mixture
exhibits negative VE is due to the interstitial accommodation of the molecules and changes
of the free volume.?® Figure 11a shows the excess volume of the mixture when two bonding
sites, for different association energies, are incorporated to the longest molecule, my; = 3.
We have also plotted the fraction of the associating molecules that exist in the mixture
as monomers (figure 11b). As can be seen, for the lowest bonding energy, €475, = 5,
the excess volume does not change substantially, although its value is slightly higher.

For effBr, = 10 an increasing of the excess volume is observed, especially for mixtures
k)
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rich in the non-associating component. This is consistent with the rapid increasing of
monomers in the mixture for molar compositions higher than 0.8 shown in figure 11b. As
the association energy is further increased, €/f 57*22 = 15 and 20, the excess volume becomes
negative at all concentrations (except for the case 65{532 = 15 and molar concentrations
between 0.94 and 1, where the excess volume is positive), which is consistent with the
existence a great degree of association in the mixture (see figure 11b) over practically
the whole range of concentrations. Since there is not bond breaking in the system, the
non-associating molecules are easily accommodated in the interstitial positions within the
branched structure of the associating molecule multimers.

We have also considered the opposite procedure, this is, to include two bonding sites
for different association energy values in the shortest molecule formed by two Lennard-
Jones spheres. Figure 12 shows the excess volume (12a) and the fraction of monomers
corresponding to the associating substance (12b). As can be seen in figure 12a, the effect
of increasing the association energy of the shortest component is to increase monotoni-
cally the excess volume, which becomes positive for e 532 values between 8 and 9. This
behaviour is consistent with the fraction of monomer curves shown in figure 12b. The
main differences between this behaviour and that shown in figure 11b are mainly two:
first, the degree of association in the current system is much lower than the corresponding
one shown in figure 11; second, the slope of the curve for the fraction of monomers is much
sharper, without the plateau for molar fractions between 0 and 0.8. This shows clearly
that in the current case does not exist a competition effect between the bond breaking
and the interstitial accommodation, since the non-associating component is longer than
the associating chainlike fluid.

In summary, the excess behaviour of self-associating binary mixtures of Lennard-Jones
chains is governed by a delicate interplay between the bond breaking and the interstitial

accommodation of the non-associating chains within the branched multimeric structure of

the associating fluid. This produces positive, negative and sigmoidal behaviour depending

30



on the chain length and composition of the mixture.

4.4 Preliminary comparison with experiment

The models and theory described in the previous sections have widely been used to ex-
amine the phase equilibria of a great number of real systems, including n-alkanes and
l-alcohols (see the detailed reviews by Miiller and Gubbins™ ™). As mentioned in the
introduction, the excess volume of n-alkane 4+ 1-alcohol binary mixtures exhibit a rich

21 28 when

behaviour which critically depends on the relative chain lengths of components:
the n-alkane is much longer than the 1-alcohol, the mixture exhibits positive excess
volumes; contrary, when the molecular weight of the 1-alcohol is higher than the cor-
responding to the m-alkane, the excess volume is negative; for n-alkane and 1-alcohol
molecules formed by a similar number of carbon atoms, the excess volume exhibits sig-
moidal behaviour, being positive for mixtures rich in n-alkane and negative for those rich
in 1-alcohol.?!™28

We use the Soft-SAFT equation of state to examine the excess properties (particu-
larly the excess volume) of two binary mixtures: n-heptane(1) + 1-propanol(2) and n-
pentane(1) + 1-propanol(2). As in previous works,'% the n-alkane molecules are modelled
as m Lennard-Jones spherical sites, with diameter o and dispersive energy e, tangentially
bonded to form the chain. The non-spherical (chain-like) shape of 1-propanol is accounted
for using the same model. Additionally, we place two square-well off-centre associating
sites to model the hydrogen bonding interactions between 1-propanol molecules. The two
hydrogen sites account for the two electron lone pairs and the hydrogen atom of the OH
group.'®® The values of the molecular parameters are presented in table 2. This set of
parameters were obtained by fitting them to the experimental saturated liquid density
and by equating the chemical potential in both phases.'%®

The calculation of the mixture thermodynamic properties also requires the determi-

nation of a number of cross or unlike parameters. The segment size and dispersive energy
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between unlike components, 012 and €12, are expressed using the generalised Lorentz-
Berthelot combining rules

- nm (14)

€12 = f\/611€22 (15)

where 1 and ¢ are two adjustable parameters that describe the departure of the system
from the Lorentz and Berthelot combining rules, respectively. These two unlike adjustable
parameters are determined by fitting to the experimental excess volume at dilute concen-
trations of the n-alkane (see table 3).

A preliminary comparison of the Soft-SAFT predictions with the experimental values
of the excess volume of n-heptane(l) + and n-pentane(1) + l-propanol(2) is shown in
figure 13. The excess volume is positive for the first mixture since the bonding contribu-
tion dominates over the packing effect. The n-heptane molecules disrupt the hydrogen
bonds between 1-propanol species, and they are not able to accommodate within the
branched network of the 1-propanol molecules due essentially to steric effects. However,
as the chain length of the n-alkane is decreased (n-pentane), the packing contribution
compensates the bonding effect. This is only true for compositions below x; < 0.5. For
x1 > 0.5, a large proportion of n-pentane molecules can not be accommodated within
the intersticial positions of the 1-propanol branched network, resulting a positive excess
volume of the system. As can be seen, the agreement between theoretical predictions and
experimental data for both binary mixtures is excellent in the whole range of composi-
tions, especially for the case of the n-heptane(1) + 1-propanol(2) system. It is important
to note that the molecular parameters of pure components have been obtained correlat-
ing the vapour-liquid phase behaviour of n-heptane, n-pentane and 1-propanol, and only

experimental excess volume data corresponding to xz; < 0.1 has been used to correlate
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the unlike molecular parameters. It is very pleasing to see that the SAFT approach is
able to reproduce the change in shape of the excess volume of n-alkane + 1-alcohol binary
mixtures. A more systematic investigation of the excess properties of n-alkane + 1-alcohol

binary mixtures will be undertaken in a future work.

5 Conclusions

The Soft-SAFT theory has been used to obtain the excess thermodynamic properties of
self-associating binary mixtures of Lennard-Jones chains. To check the adequacy of the
theory in predicting the excess behaviour of the molecular model, we have performed
NpT Monte Carlo simulations of selected systems and obtained the excess volume, in-
ternal configuration energy and heat. In particular, we have considered binary systems
in which the chain length of the associating component is varied. Agreement between
theoretical predictions and simulation data is excellent in all cases and in the whole range
of compositions.

We apply the theory to study the effect of several molecular parameters on the excess
properties of such systems. In this paper we have focused on the effect of association and
chain length on the excess volume and heat. The main effect of association is found to
be strongly dependent on the bonding energy of the self-associating spherical compounds.
For low values of the bonding energy, the excess properties are positive in the whole range
of concentrations; at intermediate values of the bonding strength, the excess functions
exhibit a sigmoidal shape, being positive for mixtures rich in the non-associating compo-
nent and negative for those rich in the associating molecule; finally, for high association
energies, the excess properties are negative at all compositions. The effect of including ad-
ditional bonding sites, which has also been investigated, is to increase the absolute values
of the excess properties, although the same qualitative behaviour is obtained. The effect

of the chain length on the excess properties, which causes strong deviations from ideality,
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has also been considered including in the Helmoholtz free energy of the system the contri-
bution due to the chain formation. An increase in the chain length of the non-associating
component produces an increase of the excess volume and heat functions, being both
properties positive in the whole range of compositions. Contrarily, an increase of the
chain length of the associating compound produces a decreasing of the excess properties,
being both of them negative at all compositions. However, when the chain length of both
components is similar, the excess properties exhibit a sigmoidal shape. The behaviour
observed can be explained in terms of two opposite contributions to the total excess func-
tions: an bonding positive contribution due to the bond breaking and a packgin negative
contribution due to the accommodation of the non-associating molecules within the inter-
stitial branched multimeric structure of the associating fluid. Since both contributions are
critically sensitive to the lengths of the components and composition, positive, negative
and sigmoidal shape excess properties are observed.

Finally, a preliminary comparison with experiment is presented. The Soft-SAFT the-
ory is used to predict the excess volume of n-pentane +, and n-heptane + 1-propanol
binary mixtures. The theoretical predictions provide a good description of the experimen-
tal data, indicating that the SAFT approach contains the essential physics to describe
the most salient features of the excess properties of self-associating binary mixtures of
non-spherical molecules. In a future work we plan to use the SAFT theory to investigate
the excess volumes and heats of n-alkane + 1-alcohol binary mixtures. Comparison with

experimental data will also be considered.
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Table 1. NPT ensemble Monte Carlo simulation results for self-associating binary mix-
tures of Lennard-Jones chains at 7 = 3.5 an P* = 1. p} is the mixture density, U} the
configurational internal energy and X 4 the fraction of monomers. The diameter and dis-
persive energy of both components are the same. The first component is a Lennard-Jones

trimer and the second one has my segments.

me I 0 -U; X
4 0.0 0.1296(2) 12.6(9) 0.81(4)
4 0.2 0.1352(2) 11.3(3) 0.84(3)
4 0.4 0.1405(3) 9.9(3) 0.87(3)
4 0.6 0.1467(3) 8.9(2) 0.91(4)
4 0.8 0.1153(2) 7.9(2) 0.95(5)
4 1.0 0.2159(7) 7.14(3) 1.0
5 0.0 0.110(3) 15.6(6) 0.83(3)
5 0.2 0.117(2) 13.7(5) 0.84(4)
5 04 0.125(2) 11.9(4) 0.88(4)
5 0.6 0.135(2) 10.1(2) 0.91(4)
5 0.8 0.146(2) 8.5(2) 0.95(5)
5 1.0 0.1588(7) 7.14(4) 1.0
6 0.0 0.094(2) 18.5(6) 0.83(4)
6 0.2 0.102(2) 15.9(4) 0.87(4)
6 04 0.112(2) 13.6(4) 0.88(3)
6 0.6 0.125(2) 11.3(3) 0.91(4)
6 0.8 0.139(1) 9.1(1) 0.94(5)
6 1.0 0.1588(7) 7.14(4) 1.0
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Table 2. Optimised parameters for the models of n-pentane, n-heptane and 1-propanol

taken from Blas and Vega.'®

Substance o/A  (¢/kg)/K m  ("P/kp)/K KH"B/o?
n-pentane 3.778  232.973  2.699 - -
n-heptane 3.697  240.125  3.726 - -
1-propanol 3.683  247.833  2.160 3355.03 46.2413

Table 3. Optimised unlike binary parameters for the mixture models of n-pentane(1) +
1-propanol(2) and n-heptane(1) + 1-propanol(2). £ and 7 are determined by fiiting to
the experimental excess volume at dilute concentrations of the n-alkane (see the text for

further details).

Mixture & 7

n-pentane(1) + 1-propanol(2) 1.008081860 1.00480039
n-heptane(1) + 1-propanol(2) 0.973343039 1.00467009
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List of figures

Figure 1. Models for: (a) a spherical associating molecule with one bonding site; (b)
a spherical associating molecule with two bonding sites; (c¢) a non-associating chainlike
molecule; and (d) an associating chainlike molecule with two bonding sites. A number
of off-centre square-well bonding sites are placed on Lennard-Jones spheres of diameter
o and dispersive energy €. The sites are placed at a distance b#? = 0.40 and have a
range o7 = 0.20. The two different types of sites are depicted as white and gray; only
white-gray bonding is allowed. The white and gray sites interact with an associating

energy e/? when the site-site distance is less than o5,

Figure 2. Mixture density versus composition of non-associating(1) + associating(2)
binary mixtures of Lennard-Jones chains at T* = 3.5 and p* = 1.0. The diameter and
dispersive energy of both components are the same. The chain length of component 1 is
my = 3 and m, = 4 (circles), 5 (squares) and 6 (diamonds). In all cases ef{¥%5, = 30es,.

The curves represent the predictions from the Soft-SAFT theory and symbols correspond

to the simulation data.

Figure 3. Excess volume per segment of non-associating(1l) + associating(2) binary
mixtures of Lennard-Jones chains at T* = 3.5 and p* = 1.0. The diameter and dispersive
energy of both components are the same. The chain length of component 1 is m; = 3 and
my = 4 (circles), 5 (squares) and 6 (diamonds). In all cases €/{}'5, = 30e5;. The curves

correspond to the Soft-SAFT predictions and symbols represent the simulation data.

Figure 4. Excess configurational internal energy per segment of non-associating(1) +
associating(2) binary mixtures of Lennard-Jones chains at 7% = 3.5 and p* = 1.0. The

curves and symbols represent the same values as in figure 3.

Figure 5. Excess heat per segment of non-associating(1) + associating(2) binary mix-
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tures of Lennard-Jones chains at 7* = 3.5 and p* = 1.0. The curves and symbols represent

the same values as in figure 3.

Figure 6. Excess volume (a) and heat (b) per segment of non-associating(1) + associat-
ing(2) binary mixtures of Lennard-Jones spheres with one bonding site for different values
of the association energy: €f{F%, = 5 (continuous curve), 10 (dotted curve), 15 (dashed
curve), 20 (long-dashed curve) and 25 (dot-dashed curve). The diameter and dispersive

energy of both components are the same. In all cases 7% = 1.0 and p* = 0.03.

Figure 7. Excess volume (a) and heat (b) per segment of non-associating(1) + associ-
ating(2) binary mixtures of Lennard-Jones spheres with two bonding sites for different
values of the association energy: €75, = 5 (continuous curve), 10 (dotted curve), 15
(dashed curve), 20 (long-dashed curve) and 25 (dot-dashed curve). The diameter and

dispersive energy of both components are the same. In all cases 7* = 1.0 and p* = 0.03.

Figure 8. Excess volume (a) and heat (b) per segment of non-associating(1) + asso-
ciating(2) binary mixtures of Lennard-Jones chains with two bonding sites for different
values of the chain length of the second component: my = 1 (continuous curve), 2 (dotted
curve), 3 (dashed curve) and 4 (long-dashed curve). The diameter and dispersive energy
of the segments of both components are the same. The chain length of component 1 is
my = 2. In all cases T* = 1.0, p* = 0.03, and €/{5%, = 15. The insets also show the excess

volume (a) and heat (b) for dilute concentrations of the associating component.

Figure 9. Excess volume (a) and heat (b) per segment of non-associating(1) + associ-
ating(2) binary mixtures of Lennard-Jones chains with two associating sites for different
values of the chain length of the first component: m; = 1 (continuous curve), 2 (dotted
curve), 3 (dashed curve) and 4 (long-dashed curve). The diameter and dispersive energy
of the segments of both components are the same. The chain length of component 2 is

mg = 2. In all cases T* = 1.0, p* = 0.03, and egg”gg = 15. The insets also show the excess
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volume (a) and heat (b) for dilute concentrations of the associating component.

Figure 10. Summary of the predictions of the excess volume and heat from the Soft-
SAFT theory for self-associating binary mixtures of Lennard-Jones chains with two bond-
ing sites for m; = 1,2,3 and 4, and my = 1,2,3 and 4. The + means that the excess
property is positive in the whole range of concentrations, — that is negative at all com-
positions and S that the excess function exhibits a sigmoidal behaviour. In all cases

011 = 0992, €11 — €99, T = 35, p* = 1.0 and 625:52 = 15.

Figure 11. Excess volume per segment (a) and fraction of monomers (b) of non-
associating(l) + associating(2) binary mixtures of Lennard-Jones dimers (m; = 2) and
trimers (me = 3) with two bonding sites for different values of the association energy:
il 55, = 0 (continuous curve), 5 (dotted curve), 10 (dashed curve), 15 (long-dashed curve)
and 20 (dot-dashed curve). The diameter and dispersive energy of the segments of both

components are the same. In all cases 7% = 1.0 and p* = 0.03. The inset of (a) represents

the excess volume for dilute concentrations of the associating component.

Figure 12. Excess volume per segment (a) and fraction of monomers (b) of non-
associating(l) + associating(2) binary mixtures of Lennard-Jones trimers (m; = 3) and
dimers (my = 2) with two bonding sites for different values of the association energy:
€l h5 = 0 (continuous curve), 5 (dotted curve), 7 (dashed curve), 8 (long-dashed curve)
and 9 (dot-dashed curve). The diameter and dispersive energy of the segments of both

components are the same. In all cases T* = 1.0 and p* = 0.03. The inset of (a) represents

the excess volume for dilute concentrations of the associating component.

Figure 13. Excess volume of n-alkane + 1-alcohol binary mixtures at T = 298.15K
and p = 0.101325MPa. The symbols represent the experimental data taken from the
literature for n-heptane(1) + 1-propanol(2)?' (circles) and n-pentane(1) + 1-propanol(2)33

(squares), and continuous curves correspond to the Soft-SAFT predictions with the set
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of parameters taken from Blas and Vega!®® (see table 2) and unlike mixture parameters

shown in table 3.
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