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Abstract

A modification of the Adachi-Sugie-Lu (ALS) (1983) equation of state for better
simultaneous representation of vapor-liquid equilibria, saturated liquid and vapor
volumes, and vaporization enthalpies was presented. The Wong-Sandler mixing rule
(1992) was exteﬁéed for a general cubic equation of state, and its application was further
extended to electrolyte solutions.

A critical review of equations of state was made in order to identify important
consideration in equation of state design. Mixing rules were briefly reviewed for the
purpose of selecting a suitable mixing rule for the modified ALS equation. The models
fo.rr_’ electrolyte solutions were briefly reviewed for selecting a suitable model for
calculating thermodynamic properties of electrolyte solutions by using the modified ALS
equation. Monte Carlo computer simulation methods were reviewed as well since they
were used in this work for the determination of equation parameters for ionic species.

The modification of the ALS equation was based on an analysis of the Clapeyron
equation, which describes the relationship between the vaporization volume change AV,
and enthalpy change AH,,,. A new characteristic parameter, T,(AZ=0.5), was introduced
for improving the performance of the equation on the simultaneous representation of
volumetric and energy properties. Analysis of pure component data for 86 polar and
non-polar fluids shows that a balanced and better representation of saturated vapor and
liquid volumes is achieved.

A new exponential form for o(T) was proposed. The first derivative of this new a(T)

ii



function is zero at the critical point, making the extension of « to the super-critical
region easier and in & smooth manner.

An extended Wong-Sandler mixing rule was proposed for its application to the
modified ALS equation, which can represent most of cubic equations of state, The
extended Wong-Sandler mixing rule with the modified ALS equation was evaluated using
vapor-liquid equilibrium, volumetric and excess enthalpy data. Comparisons of several
cubic equations of state with several mixing rules were made. This work gives better
results for the simultaneous representation of vapor-liquid equilibrium and volumetric
properties. For the simultaneous representation of VLE and excess enthalpy data, the
results from this work are comparable with those obtained by using the PRSV equation
(Stryjek and Vera, 1986) with the original Wang-Sandler mixing rule and beiter than
those obtained by using other equations and mixing rules.

The application of the extended Wong-Sandler mixing rule was further extended to
electrolyte solutions by combining an activity coefficient model proposed by Chen et al
(1982, 1986). The results obtained from the new approach for the calculated osmotic
coefficients of aqueous electrolyte solutions are comparable with the original Chen’s
model (1986) but better than those reported by Zuo and Guo (1991), who obtained the
values by means of a different cubic equation of state. The new approach was also
applied to represent VLE values of ethanol-water-salt systems. The results show that the

extension work is successful.
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Chapter 1

Introduction

The calculation and prediction of thermodynamic properties of pure substances and their
mixtures are frequently required in the chemical process design and simulation. Equations
of state (EOS) are effective tools for this purpose. The equations of state considered in

this work are of the form

P = f(V, T, composition) (1.1

where P is pressure, V is molar volume, and T is temperature.
Since van der Waals (VDW) (1873) proposed his famous equation over a hundred

years ago, numerous equations have been proposed. The most popular equations in use



today are the van der Waals type cubic equations, which have the form of

V-b g(V)

p-RT __a 1.2)

where R is the universal gas constant, a and b are the equation parameters, and g(V) is
a guadratic function of volume.

All of this kind of cubic equations can be expressed by

V3+{V240V+E=0 1.3)

where ¢, 8 and £ are functions of temperature, pressure and compositions. Engineers
prefer to use this kind of equations because the roots Eqn. (1.3) for both liquid and vapor
phases can be obtainéd analytically.

There are three kinds of properties that are often calculated by using equations of
state:
(1). Vapor-liquid equilibrium (VLE) behavior, such as boiling point temperature, vapor
pressure, and saturated liquid and vapor phase concentrations at equilibrium for mixtures.
(2). Volumetric properties, which include liquid and vapor volumes.
(3). Energy properties, such as enthalpy and entropies.

In spite of the fact that cubic equations have been widely used to calculate the above

three kinds of properties in the design, simulation, analysis and optimization of chemical



processes, further development is still needed.

For the VLE calculation for pure components (vapor pressure calculation), the
current popular equations, such as the Redlich-Kwong equation modified by Soave (SRK)
(1972), the Peng-Robinson equation (PR) (Peng and Robinson, 1976), the PR equation
modified by Stryjek and Vera (PRSV) (1986) and the Patel-Teja (PT) (Patel and Teja,
1982) equation, can be used with satisfactory accuracy. However, for the calculation of
volumefﬁc and energy properties, additional modification is still required.

For the calculation of thermodynamic properties of mixtures, mixing rules are
essential. In general, the parameters in mixing rules (binary interaction coefficients) are
obtained by fitting VLE data. These parameters are not necessarily suitable for the
calculation of volumetric and energy properties of mixtures, and also different mixing
rules may yield different results for simultaneous representations of all of these
properties. The selection and development of suitable mixing rules are very important for
mixture property calculations. The recently proposed mixing rules (e.g. Huron and Vidal,
1979; Heidemann and Kokal, 1990; Michelsen, 1990; Wong and Sandler, 1992), which
coupled cubic equations and excess Gibbs energy (G®) models, have stronger theoretical
bases and have the capability to represent VLE data as accurately as G" models. Among
them, the Wong-Sandler mixing rule has been proved to be capable for simultaneously

representing the VLE and excess enthalpy (HE) data (Wang et al., 1993). However, the



original Wong-Sandier mixing rule is limited to two-parameter cubic equations and
predicts unreliable excess volumes (Satyro and Sim, 1994). Since :he two-parameter
cubic equations are not good enough for the simultaneous representation of the three
kinds of properties mentioned above, there is a need to have a mixing rule for the multi-
parameter cubic equations of state that can be used to represent VLE and excess
properties simultaneously.

Electrolyte solutions are important in chemical processes involving chemical
absorption, azeotropic distillation and industrial waste treatment., The relative importance
of the studies of electrolyte solutions is increasing because treatment of industrial waste
is becoming more and more important for the purpose of saving the environment. The
design and simulation of these processes require thermodynamic properties for electrolyte
solutions. Although activity coefficient and solubility models are available for electrolyte
solutions, they can be used only to calculate some specific properties. From the
thermodynamic point of view, EOS is a more effective tool than other models for the
representation and prediction of thermodynamic properties of solutions. Several equations
have been proposed for electrolyte solutions in recent years, but generally are in

complicated forms.



Objectives and Scope of the Research Work

The above analysis shows the need for further development of EOS from an engineering

point of view. To meet these needs, the following objectives were made in this work

(1). To modify a suitably selected equation of state to improve its performance in the
simultaneous rep.resentalion of vapor-liquid equilibrium behavior, volumetric
properties and energy properties for pure substances.

(2). To select or modify a mixing rule suitable for the modified equation,

(3). To apply this modified equation to electrolyte solutions,

In order to meet the first objective, a number of EOS have been considered. The
Adachi-Lu-Sugie (ALS) (Adachi et al., 1983) equation was selected and modified to
improve its performance in the representation of thermodynamic properties of pure
substances. A comparison of the results obtained from this work with those from several
other equations was made to evaluate the new approach.

To meet the second objective, the Wong-Sandler mixing rule was extended for
application to the modified ALS equation, which is referred to as the extended Wong-

Sandler mixing rule in this work. The extended Wong-Sandler mixing rule can be used



not only with the modified ALS eguation but also with other van der Waals type cubic
equations with two to four parameters. The generalized expressions for the calculation
of fugacity coefficients and enthalpy departures were also derived, which would be
beneficial for practical uses of this extended Wong-Sandler mixing rule with other
equations. |

To meet the third objective, namely, to apply the modified equation to electrolyte
solutions, values of the co-volume parameter b, in the modified ALS equation for ionic
species were determined by using molecular simulation results. For this purpose, the hard
core Lennard-Jones fluid was selected to be simulated in both single-phase and two-phase
VLE regions by using Monte Carlo simulation methods. Subsequently, the application
of the extended Wong-Sandler mixing rule was further extended to electrolyte solutions.
Osmotic coefficients for a number of electrolytes in aqueous solutions were represented
to evaluate the new approach.

The effect of salts on phase equilibrium has been utilized in many separation
processes in chemical industry. Because of the existence of an azeotropic point in the
phase equilibrium of the ethanol-water system, the salting-out effect has often been used
for producing high purity ethanol. In this wc;rki""tﬁ;e modified equation was applied to

represent the vapor liquid equilibria of such systems.



Chapter 2

Literature Review

In order to select a suitable equation to be modified for better representation of
thermodynamic properties of pure substances, a brief review of equations of state for
non-electrolyte solutions was carried out and is presented in this chapter.

Some available mixing rules were reviewed for the purpose of selecting a suitable
mixing rule for the modified equation.

For the purpose of applying the modified equation to electrolyte solutions, a review
of the theories and methodologies for estimating thermodynamic properties of electrolyte
solutions is also included in this chapter.

To determine the equation parameters for ionic species, more simulation data for the



hard core Lennard-Jones fluid are needed. Therefore, Monte Carlo simulation methods

and iheir previous applications were also briefly reviewed.

2.1 Equations of State for Non-electrolyte Solutions

Equations of state may be divided into two groups: empirical and semi-empirical, and
theoretical. True theoretical equations are very rare. Usually, equations derived from
molecular thermodynamics are considered theoretical but the parameters are frequently

obtained by fitting with the experimental or simulation data.

2.1.1 Empirical and Semi-empirical Equations of State

The most popular empirical equations are of the cubic form in terms of volume. The
oldest, simplest and best known cubic equation is the van der Waals equation (VDW)

(van der Waals, 1873):
P=—. - 2.1)

This equation contains only two parameters, the cohesion parameter a and the
co-volume parameter b, which were treated originally as constants. Nearly all of the

current popular cubic equations are extensions of the VDW equation. The SRK (Soave,



1972) and the PR (Peng and Robinson, 1976) equations also contain two parameters, but
the parameter a was treated as temperature dependent. The parameters of both equations
were generalized in terms of the critical temperature T., the critical pressure P, and the
acentric factor w of pure substances. The critical compressibility factor Z, predicted by
these equations is constant for all pure components. By means of these equations, vapor
pressures and saturated vapor volumes of pure non-polar substances could be reasonably
predicted, but the absolute average percentage deviation (AAPD) of the predicted
saturated liquid volumes could be up to 20 - 30%, especially for polar fluids (Margerum,
1989).

Many efforts have been further made for improving the performance of cubic
equations. For improving the representation of vapor pressures for polar substances,
component dependent constants were introduced to the parameter a without changing
equation forms, such as the PR equation modified by Stryjek and Vera (1982) and the
SRK equation modified by Mathias (1983). By introducing these component dependent
constants, the accuracy of calculated vapor pressures for polar substances are much
improved. However, the improvement of the calculation of volumetric properties was not
considered in their work. It has been demonstrated by Adachi and Lu (1984) that the
complexity of EOS form contributes little towards the representation of VLE values. For

example, the modified van der Waals (MVDW) (Adachi and Lu, 1984) equation, with
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its parameter a considered temperature dependent and determined from vapour pressures,
is capable of achieving practically the same satisfactory VLE results for pure substances
as those obtained from the SRK equation, the PR equation and the four-parameter
equation proposed by Adachi et al. (1983). Furthermore, the MVDW, the Clausius
(1880) and the Martin (1979) equations can yield identical VLE values for mixtures at
the same specified temperature and pressure.

However, for the volumetric property representations, improvements have been
generally made by increasing the number of parameters in EOS.

A third parameter was introduced by several researchers. In order to introduce a
substance dependent critical compressibility factor, Schmidt-Wenzel (1980) proposed a

general van der Waals type equation (SW) in the following form

p-RT _ a 2.2)
V-b v2.ubV+wb?

Most van der Waals type cubic equations can be obtained by specifying u and w. For

examples, for the SRK equation

u=l, and w=0 2.3

and for the Peng-Robinson equation

10




u=2, and w=-1 2.4

All of the parameters of the SW equation are generalized and the representations of
liquid volumes for pure non-polar substances are improved by the modification, but the
deviations of the calculated liquid volumes for polar fluids are still high (Margerum,
1989). The Patel-Teja (PT) (1982) equation containing two substance-dependent constants
was proposed especially for polar substances. The representation of saturated liquid
volumes for polar fluids at reduced temperatures (T,) lower than 0.8 has been improved.
A volume-translation technique has been adopted to improve the volumetric calculation
while leaving the predicted VLE conditions unchanged. Such a translation technique has
been applied to the SRK equation by Peneloux (1982), and to the PR equation by Yu and
Lu (TPR) (1986). Better agreement between the calculated saturated liquid volumes and
experimental data has been obtained but with some loss of accuray in the calculated
saturated vapor volumes.

Adachi et al. (1983) proposed another general van der Waals type cubic equation

RT a

EZORTEN S

(2.5)

where
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22
2R Te Q=0 « 2.6)
Pc a ac

where « is a temperature function.
Different EOS may be obtained by specifying b, and b;. A comparison of Eqns. (2.2)

and (2.5) yields the following relationships between the parameters

b,=b(-u-yu 2-4w)/2

b,=b(~u+yu?-4w)/2 2.7
u ==(by+b3)/b,

W =b;by/b;

All the parameters of the ALS equation are generalized. The overall deviations of the
calculated values of P, Vi* and V{* for 19 normal fluids are smaller than those
obtained from the SRK, the PR, the HK (Harmens and Knapp, 1980), and the ICL
(Ishikawa et al., 1980) equations. However, the overall AAPD for the calculated Vi is
still large (4.26%). Sugie et al. (1989) adopted the form of the ALS equation and
proposed an analytical method to calculate the parameter o from vapor pressures of pure
fluids, and the other parameters were determined by fitting saturated liquid volumes at
two temperatures. The results obtained for the representation of saturated liquid volumes

are improved (AAPD=1.86%) for the 16 normal fluids tested, but the deviations for the
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representation of saturated vapor volumes are equal to or higher than those obtained from
the SRK and the PR equations (Sugie et al., 1989).

There are also five parameter cubic equations proposed in the literature for improving
the accuracies of the calculated volumetric properties ( Kumar and Starling, 1982; Adachi
et al., 1986). The representations of volumetric properties are much improved; however,
these equations have not been used for the VLE calculations for mixtures.

Much less information is available in the literature for the prediction of energy
properties. The PT equation (Patel and Teja, 1982) yields an AAPD of about 2% in the
predicted enthalpy departures of saturated liquids for eight non-polar substances. No
results have been reported by these authors for polar fluids. Trebble and Bishnoi (1986)
found that the enthalpy and heat capacity predictions produced by the PR equation were
quite accurate and always physically meaningful and also found that for some equations,
in which the parameter b was treated as temperature dependent, negative heat capacities
were predicted. However, no comparison was made in their work.

In summary, the current popular cubic equations can be used to represent VLE
behavior with satisfactory accuracies, but for the calculation of volumetric and energy

properties, improvements are still needed.
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2 1.2 Theoretical Equations of State

Theoretical equations can be developed based on molecular thermodynamics. The
perturbation theory has been widely used for the development of theoretical equations.
A good introduction to the theory has been given by Prausnitz et al. (1986). Generally,

a theoretical equation based on the perturbation theory can be expressed by
P=) P, (2.8)
i

in which, each term P; represents a contribution from a particular source. The basic or
reference term usually represents the repulsive effects of the molecular core and other
terms represent perturbations. The repulsion term introduced by van der Waals in 1873

is of the form

RT
rep = -ﬂ (2 .9)

Although this term is considered inaccurate from a theoretical point of view (Kim et al,
1986), it has been widely used in the empirical cubic equations. The expression of
Carnahan and Starling (1969), Eqn. (2.10), yields accurate representation of the pressure

of a hard sphere fluid
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=RT[1+y+y3~y3

e (2.10)
PV oy

where y=b/4V. This expression has been widely used in the development of theoretical
equations.
To apply the perturbation theory to cubic equations, a simplified repulsion term was

proposed by Lin et at. (1983)

_RT(1+0.77b/V)

(2.11)
o V-0.42b

This term is in good agreement with the Carnahan-Starling expression when y<0.45.
The perturbation terms in theoretical equations can be developed based on model
fluids. A perturbation term to represent the square well fluid (SW) (Alder et al., 1972)
was developed by Lee et al. (LLS) (1985) from the generalized van der Waals partition
function with the coordination number model. Sowers and Sandler (SS) (1991a) extended
the LLS square well term to the hard core Lennard-Jones fluid (HCLI) (Stell and Weis,
1980) by adding two correction terms. In their work, another perturbation term for
representing the square-well fluid was also proposed. The two equations proposed by
Sowers and Sandler were further extended to the Lennard-Jones fluid (LJ) by treating the

hard core diameter as temperature dependent (Sowers and Sandler, 1991b). A pseudo

15



potential function, the so-called square well linear extension potential function (SWLE),
was proposed by Shen and Lu (1993a). Based on this pseudo potential function, an
equation was proposed and applied to represent the SW fluid, the HCLJ fluid (Shen and
Lu, 1993a) and several soft core fluids (Shen and Lu, 1993b).

Some equations derived from molecular theories can be used to represent
thermodynamic properties of real fluids, such as the PHCT equation (Beret and
Prausnitz, 1975), which was developed based on the perturbed hard-chain theory; and
the CCOR equation (Lin et al., 1983) equation, which was developed based on a chain
of rotators model and simplified to a cubic equation.

Most of the theoretical equations are more complex in their expressions than those
of the empirical cubic equations, thus presenting a barrier to their acceptance in practical
applications. However, research is ongoing and appears t0 bear some promise for the

future.

2.2 Mixing Rules

Mixing rules are required for the calculation of thermodynamic properties of mixtures
by using equations of state. Some of the frequently used mixing rules and the most

recently proposed mixing rules, which coupled cubic equations and GP models, were
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briefly reviewed.

2.2.1 The Conventional Mixing Rules

The mixing rules of the van der Waals one-fluid model are referred to in this work as

the conventional mixing rules

a=z E XX, 2.12)
i

b=y ¥ xxp; 2.13)
L

Generally, a geometric mean is used to calculate ay, and an arithmetic mean to calculate

bi':

)

a;=(aa)"” 2.14)
bijz(bi+bj)/2 (2.15)
where a;, b; and a;, b; are the parameters for pure components, i and j, respectively.

The conventional mixing rules can be improved considerably by adding a binary
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interaction coefficient to the mixing rule of parameter a

a;=(aa) ' "(1-ky) 2.16)

where k; (=kp is the binary interaction coefficient between components i and j. k; is
determined normally by fitting binary vapor liquid equilibrium data, and is usually found
to be weakly dependent on temperature.

The conventional mixing rules work quite well for non-polar or slightly polar fluids.
However, they often fail badly for highly asymmetric mixtures (i.e., mixtures of
dissimilar molecules, such as polar + non-polar mixtures) (Adachi and Sugie, 1986).
Therefore, many attempts have been made to improve them. Most of the modifications

have been done on the mixing rule of parameter a.

2.2.2 The Adachi-Sugie Mixing Rule (Adachi and Sugie, 1985,1986)

Adachi and Sugie proposed their Redlich-Kister (1948) type mixing rule in 1985. The

mixing rule was further simplified (Adachi and Sugie, 1986) to
a;=(a2) (1 -k -1,(x,%)] 217

where k; (= kp) and 1 (= -I;) are the binary interaction coefficients.

This mixing rule was successfully used for some non-polar and polar systems (Adachi

18



and Sugie, 1985, 1986).

2.2.3 The S-G-R Mixing Rule (Schwartzentruber et al., 1987)

Schwartzentruber et al. proposed a mixing rule for a;; to overcome the false liquid phase
splitting problem which often happens in the VLE calculation of alcohol-hydrocarbon

mixtures. This mixing rule has three binary interaction coefficients.

m.X.-m.x. .
a.=(aa)"1-k 1.1 IJ(x.x) (2.18)
v P imxomx '
I R T
Where k‘J = kji’ ]l] = "]ji, and n]ij = l-mj;.
This mixing rule for a; improves significantly the description of some highly
asymmetric mixtures and also prevents false liquid-phase splitting for such systems

(Schwartzentruber et al,, 1987; Margerum and Lu, 1990).

2.2.4 The Mixing Rules Coupling Cubic EOS and Excess Gibbs
Energy, G&, Models

Huron and Vidal (1979) first coupled cubic EOS with a G* model. They matched G"

values predicted by activity models with those predicted by a cubic equation. Although
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the resulting mixing rule cannot take advantage of the correlated interaction parameters
for activity coefficient models in the DECHEMA chemistry data series, their method
provides a very flexible framework for the correlation of VLE and LLE data. By forcing
a match of the predicted G* values from the activity model with those predicted by a
cubic equation at zero pressure, Heidemann and Kokal (1990) made the use of previously
correlated parameters possible, but the resulting mixing rule is in an implicit form for
the calculation of the parameter a for mixtures. Based on the Heidemann and Kokal
mixing rule, Michelsen (1990) developed an explicit expression for the parameter a for
mixtures by using a linear approximation. As indicated by Wong and Sandler (1992),
the mixing rules based on Huron and Vidal’s work do not sétis‘y the requirement that the
second virial coefficient be a gquadratic function of composition, and therefore are
inconsistent with statistical mechanic theory.

Wong and Sandler proposed their mixing rule in 1992 and considered it as a
theoretically correct mixing rule. This mixing rule is based on two conditions:
(1). The excess Helmholtz free energy, AE, at infinite high pressure was assumed equal

to the excess Gibbs free energy at low pressures.

G E(T, x, P = low)=A E(T, x, P = low)=A E(T, x, P = =) 2.19)

This assumption makes the excess Gibbs free energy models or the activity coefficient
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models applicable to equations of state. A® is a weak function of pressure, 30 that the
mixing rule can be used at high pressures.

(2). The composition dependence of the second virial coefficient is quadratic.
Bm(T) =Z Z xiijij(T) (2'20)
i

This condition satisfies the theoretical requirement.
To satisfy these two conditions, the following mixing rule was proposed by Wong
and Sandler (1992)
*° "RT

= i 2.21)
A (x) T

m

bRT

and

(2.22)

where
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ai a.
a _[bi‘ﬁ]*(bs'R—}] o (2.23)
o) A

The value of the quantity C depends on the equation of state used. For the Peng-

Robinson equation (Wong and Sandler, 1992),

C=in(2'?-1)/2"* (2.24)

This mixing rule can be used together with different activity coefficient models. In

their paper (Wong et al., 1992), two activity coefficient models were considered

(1). NRTL model (Renon and Prausnitz, 1968):

E Ex.r.ig.i
%%E X T (2.25)

j X g

Zk: kgl».l

where
gij=e:xp(-aij'rij , (aij=a:ji) (2.26)
(2). Van Laar model (1929). For binary systems:
GE _ 2a,%,%,4,q, 2.27)

RT  x,9,%0,
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Five mixtures representing five general classes of mixtures were selected by Wong
et al. (1992) for testing their mixing rule. They reported the following two observations:
(1). The results obtained directly from the activity coefficient model and those obtained
from the EOS, which incorporates with the same activity coefficient model and its
parameters, are comparable. In both cases, the deviations from the experimental data are
quite small.

(2). The value of k;, the binary interaction coefficient of the second virial coefficient, is
approximately a constant for each binary mixture, and is reasonably independent of both
temperature and the activity coefficient model used.

The Wong-Sandler mixing rule has been tested by several authors. By comparing the
results obtained from different mixing rules with different equations, Wang et al. (1993)
obtained the following conclusions:

(1). Mixing rules have a stronger effect on simultaneous representation of VLE and H"
values than EOS themselves.

(2). A better representation of vapor pressure at a given temperature by means of EOS
can not guarantee a better fitting of HE, because the variation of the equation parameters
wifh temperature contributes a more important factor in the calculation of H®.

(3). The Wong-Sandler mixing rule could be used for simultaneous representation of

VLE and HE even for systems containing strong polar components.
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Recently, Satyro and Sim (1994) studied 15 binary systems by using the Wong-
Sandler mixing rule, and the results indicate that the Wong-Sandler mixing rule produces

unreliable excess volumes.

2.3 Electrolyte Solutions

In addition to theoretical studies, numerous efforts have been made on the development

of new approaches for representing and/or predicting properties of electrolyte solutions.

2.3.1 Theoretical Development

Aqueous solutions of electrolytes are of particular importance in chemical industries. Any
discussion of physical property correlations for these solutions must begin with an
examination of the pioneering work of Debye and Hiickel (DH) (1923). Their work laid
the foundation for all subsequent theoretical developments. The DH theory provides the
limiting law at infinite dilution. In this theory, the ions are point charges and the solvent
molecules are replaced by a dielectric continuum with the permittivity of water, eyo. FOr
charged hard spheres, the potential function between ion 1 and ion 2 is given by the

Coulomb interaction subject to the hard core repulsion:
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o0 rsc
2

u(r) = 4%®” (2.28)
€u,07
where o is the diameter of ions, z; (j=1,2) is the valence of the charged ion j, and e is
the charge of an electron. In the DH theory, ¢ is taken to be zero.

Many Debye and Hiickel type electrostatic excess Gibbs energy expressions have
been proposed‘in the literature to represent the long-range contribution. The most widely
applied model was that proposed by Pitzer (1973, 1977). Based on the DH theory,
Pitzer recovered a similar result to that of Debye and Hiickel with higher order terms and
extended it to electrolyte solutions of higher concentrations. Pitzer’s equation isa "virial"
development of excess Gibbs free energy, GE, in terms of molalities of ions. It has been
applied successfully to represent activity coefficients and osmotic coefficients within
experimental errors from dilute solutions to solutions with a molality up to 6M for both
aqueous single strong electrolyte systems (Pitzer and Mayorga, 1973) and aqueous mixed
strong electrolyte systems (Pitzer and Kim, 1974).

Chen and coworkers extended the Pitzer model to molecular solutes in water (Chen
et al., 1979). To obtain an extended form of the Pitzer equation, which can be applied
for electrolyte systems with molecular solutes, the coefficients in the basic Pitzer

equation for molecule-ion and molecule-molecule interactions were considered in their
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work. An electrolyte local composition model was developed (Chen et al., 1982) for the
excess Gibbs free energy by combining with the nonrandom two-liquid (NRTL) model.
In this excess Gibbs free energy model, two contributions were summed up: one resulting
from the long range electrostatic forces between ions and the other from the short range
forces between all the species. The Pitzer-Debye-Hiickel formula was also normalized
to mole fractions in their work (Chen et al., 1982). This electrolyte NRTL model was
further extended to mixed electrolyte solutions (Chen et al., 1986).

Excellent correlations and predictions have been achieved by using the principle of
the mean spherical approximation model (MSA) (Planche and Renon, 1981; Ball et al.,
1985). Because of their complex forms and volume dependence, these approaches are not

adopted in this work.

2.3.2 Equations of State

Historically, phase equilibrium behaviors of mixtures containing electrolytes have been
described by activity coefficient models. However, recent investigations have shown that
such mixtures can also be adequately described by equations of state, which can provide
a unified description of thermodynamic properties (e.g. enthalpy, entropy and density)
as well as phase equilibrium. :

One of the first attempts to develop an equation of state for electrolyte solutions was
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that of Planche and Renon (1981). The resulting Helmholtz free energy A contains four

terms

A=AHS, A SR AION A INT (2.29)

Because the internal term ADT is only temperature dependent, three terms are left out

after partial differentiation at constant temperature:

Pz_(%] _p HS,p SR ION (2.30)
)

The Percus-Yevick expression (1958) was used for the hard-sphere term A%, The
short range term A®* was used for the interactions between all types of compounds. The
ionic term AN was derived from the mean spherica! approximation (MSA) with a non-
primitive model. Subsequently, the model was modified by Ball et al. (1985) and applied
to a large number of strong electrolyte solutions. Recently, Fiirst and Renon (1993)
proposed a new equation containing a nonelectrolyte part and an jonic part. The
nonelectrolyte part was taken from the equation of state of Schwartzentruber et al.
(1989). The ionic part consisted of a MSA term to account for interactions between ions
and a short-range term for interactions between molecules and .ions.

The above equations are of more complicated forms than cubic equations, thus

limited their practical applications. Two cubic equations were found in the literature for
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electrolyte solutions. One was proposed by Zuo and Guo in 1991:

Ing,=InepF S +hicst (2.31)

The Patel and Teja (PT) (1982) equation was adopted for the EOS part, and the Li and
Pitzer model (1986) was used for the electrolyte (ELE) part. Conventional mixing rules
were used for the nonelectrolyte part. Hence, there is only one binary interaction
coefficient for each electrolyte. The expression of the parameter a adopted in their work

was proposed by Hu et al. (1984, 1985)

a=2.57012meN o’ (2.32)

where e is the ionic energy parameter and f is an empirical constant. Value of f was
empirically set to be 6 by Zuo and Guo. Another expression proposed by Hu et al.

(1984) is given by

a=(eK)e°N,{0.48(aey/KT) [exp(0.98ae/KT) -1]+0.18} bar/molK (2.33)

where & is a density dependent parameter. For keeping the equation in a cubic form,
Eqn. (2.33) is not considered in this work. Osmotic coefficients for 27 electrolytes were
represented by Zuo and Guo (1991) with an average absolute percentage deviation

(AAPD) of 3.53%. This deviation is higher than those obtained by the activity coefficient
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model proposed by Chen et al. The root mean square deviation (RMSD) reported by
Chen et al. (1986) is around 2% for these electrolyte solutions.

The other equation of state proposed by Aasberg-Petersen et al. (1991) is identical
to Eqn. (2.31). The ALS (Adachi et al., 1983) equation was adopted for the EOS part
and an expression based on the Debye-Hiickel activity coefficient expression developed
by Macedo et al. (1990) was used for the electrolyte part. Because a volume dependent
mixing rule was used in their work, this equation became non-cubic for electrolyte
solutions.

Both equations were proposed only for the representation of vapor-liquid equilibrium
of electrolyte solutions and were aiming at expressing the influence of electrolytes on the
fugacity of molecular compounds. Long range interactions were not considered in the

volumetric property calculations.

2.4 Computer Simulation of Fluid Properties

Computer simulated properties of a model fluid are useful for the evaluation and
development of theoretical models. Monte Carlo method is an effective computer
simulation technique, which can be used to simulate the properties of model fluids at both

single phase region (Metropolis et al, 1953) and two phase VLE region (Panagiotopoulos
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et al., 1987, 1988).

The canonical (NVT) ensemble Monte Carlo technique was introduced by Metropolis
et al. (1953). When a model of fluid is given in the form of particles obeying classical
statistical mechanics and interacting with a pairwise-additive potential, the technique
permits the calculation of pressures and energies over a wide range of densities and
temperatures. This technique has been used in the computer simulations of
thermodynamic properties for a number of model fluids, such as the square-well fluid
(Alder et al., 1972), the hard-core Lennard-Jones fluid (Sowers et al,, 1991a), and the
Lennard-Jones fluid (Nicolas et al., 1979; Sowers and Sandler, 1991b). This technique
has also been used to simulate the properties of real fluids, such as water (Jorgensen,
1981).

Extensions of Metropolis’s technique to the constant pressure (NPT) ensemble
(Wood, 1968; McDonald, 1972) and the grand canonical (uVT) ensemble (Adams, 1976,
1979) have significantly broadened the scope of the basic methodology. The uVT
ensemble allows the specification of chemical potential and thus can be used to study the
phase coexistence properties of fluids. Gibbs ensemble Monte Carlo simulation was
introduced by Panagiotopoulos (1987). This technique was specifically developed to
facilitate the calculation of coexistence phase properties of fluids. The simulation is

performed in both the liquid and the vapor phases and is a combinat