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Abstract—In part [ of the present article [Yoo et al, 1995], new rigorous and simplified [attice-fluid equations
of state (EOS) were derived and their characteristic features of the molecular thermodynamic foundation were discuss-
ed by applying to pure fluids. In this part II, both EOSs were extended to various phase equilibrium properties
of mixtures. Comparison of the models with experimental mixture data ranges from density, to equilibria of vapor-
liquid, vapor-solid and liquid-liquid phases for nonpolar/nonpolar, nonpolar/polar, polar/polar mixtures. Both models
were also applied to supercritical fluid phase equilibria and activities of solvents in polymer solutions. With two temper-
ature dependent parameters for pure compounds and one temperature-independen: binary interaction energy parame-
ter for a binary mixtures, results obtained to date illustrated that both EOSs are quantitatively applicable to versatile
phase equilibria of mixtures over a wide range of temperatures, pressures and compositions.
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UNIFIED EQUATION OF STATE BASED ON THE LATTICE FLUID THEORY

tures

INTRODUCTION

In part I, we briefly reviewed the existing thermodynamic mod-
els stemmed from the lattice fluid theories and also cited exten-
sively the related literatures in this fields [Yoo et al,, 1995]. We
also presented a general derivation of a new formulation and its
simplified version for Helmholtz free energy, EOS, chemical po-
tential, and derived properties for pure fluids and fluid mixtures
from a nonrandom lattice fluid theory. The rigorous but explicit
formulation of the configurational Helmholtz free energy was de-
rived based on an expansion of the full Guggenheim combinatory
[Guggenheim, 1952] of nonrandom lattice fluid theory around
the reference athermal solution. From which various equaticns
relevant to phase equilibria such as EOS and chemical potential
were obtained. The self-consistency of the rigorous EOS and its
capacity to phase equilibria were fully demonstrated in part I
and in articles appeared elsewhere by the present authors [You
et al, 1993, 1994a, b, c; Shin et al, 1994a, b; 1995a, b; Yoo et
al., 1994, 1995]. However, we had a notion that the expression
of the rigorous EOS is somewhat complicated for easy engineering
practice. Thus, we placed our efforts to make the rigorous EOS
less complicated while preserving inherent nature of the original
derivation and comparable accuracy. As a result, we formulated
very recently a simplified version for easy and versatile engineer-
ing purposes. Thus, in part II, major attention is placed to the
extension of the simplified EOS for phase equilibrium calculation
of mixtures.

In part II, we presented our efforts of application of both ECSs
to complex mixtures, and discuss the consequences of application
of the models to the calculation of vapor-liquid, liquid-liquid with
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UCST, activities of polymer solutions, vapor-solid phase equilibria
of mixtures containing complex and/or macromolecular species
up to high pressure.

THE MODEL EOS AND THERMODYNAMIC
PROPERTIES

1. Rigorous Formulations of Helmholtz Free Energy, EOS
and Chemical Potential
1-1. Helmholtz Free Energy

As discussed in part I [Yoo et al, 1995], in a three dimensional
lattice of coordination number z and of unit cell volume, Vy, the
rigorous expression of Helmholtz free energy is derived by uti-
lizing the series expansion to the full Guggenheim combinatory
of the gonrandom lattice model and it is written,

BA“=EN/In p,+ Noln(1—p)— %qun[1+<—;ul— 1>p]
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where B=1/kT; N,, the overall number of vacant sites; N, the
number of sites occupied by component i and
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X; is the mole fraction of species i. The lattice interaction energy
€; is the absolute value of the interaction energy between a seg-
ment of species i and that of species j, which is assumed as fol-
lows,

&= (gig)" (1—Ay) 12)

where the A; is the binary interaction parameter. g; between
holes and molecular species is set to zero. Thus, from Eq. (1)
all other configurational thermodynamic functions relevant to
phase equilibrium calculation can be formulated.
1-2. EOS and Chemical Potential

Since the system volume V is represented by Eq. (7), the pres-
sure explicit rigorous EOS is obtained from A° [Eq. (1)],
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Summations are over all molecular species unless otherwise spec-
ified.
The chemical potential for mixture is also written as
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1-3. Activity and Activity Coefficient

If necessary, the difference of chemical potential of component
i in the mixture and the chemical potential of pure component
i at the same temperature and pressure, Au/RT can readily be
derived. Then, the activity coefficient can be obtained by the ex-
pression

Ap _ Tl pun

RT —  RT =Ina=In(x ) (18)

The Flory-Huggins y; interaction parameter {Yoo et al, 1995]
may be directly obtained by the equation

= ot [1-7] 040 a9

One of the advantages inherent to the lattice fluid theory is that
the Guggenheim combinatory can readily be extended to r-mers
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and thus the EOS proposed here can be applied to polymer solu-
tions. Comparison of the present EOS to experimental data for
polymer solutions are discussed in part II of the present article.
1-4. Molar Configurational Internal Energy

It also can be obtained from Eq. (1),
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where primed quantities denote derivatives with respect to InT

and N is the total number of molecules. In particular, e{i*j)
is given by
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where the characteristic volume V;* is defined as,
Vi‘ = r.-N,,VH (23)

Equations for other thermodynamic properties may be obtained
from Helmholtz free energy.
1-4. Excess Functions of Mixing

Since the reduced volume pure component i is denoted by V;
(=V:*/p)), the excess volume of mixing VF can be expressed in
terms of mole fraction x; as,

VE=ryVuV — x:t;VaVi — x5,V V; 24)

With the ideal volume V, of the mixture given by assuming the
additivity of the pure component volumes, Eq. (24) is written as,

VE \'
= - 25)
v, Tev, ¢
where ¢; is the segment fraction of component i as given by
Eq. (9).
The excess heat or the excess enthalpy of mixing, HF is,
HE= U+ PV mistie ~ ZXUs + PV purms (26)

where U and U; are molar internal energies of a mixture and
a pure liquid of component i, respectively. Here, we omit the
resultant expressions derived by the EOS presented.
2. Simplified Versions of Helmholtz Free Energy, EOS and
Chemical Potential
2-1. Helmholtz Free Energy

As discussed in part I [Yoo et al, 1995], the final expression
of the simplified Helmhoitz free energy is given as the sum of
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three contribution; ‘athermal’, ‘ideal solution’, and “excess’ so-
lution terms,

BA‘= BAM + BAYS + BAE) @27
where
BAW=ZNin p,+ Nom(l—p)—éN,,ln[H (Crl—: - 1);;] 28)
— BAUS= %1, OEN e ©9)
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2-2. EOS and Chemical Potential

The simplified EOS can be obtained from Eq. (27). The appa-
rent form is identical to the case of rigorous EOS [Eq. (13)].
However, gy is differently given by
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Also, the chemical potential for simplified case is obtained from
Eq. (27) as,
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These general equations for multicomponent mixtures easily re-
duce to their pure forms since all gy become g, and t; become
1 for pure fluids {Yoo et al, 1995]. Since other thermodynamic
functions such as excess properties and activities of solvent in
polymer solutions can be derived in a same manner as the case
of the rigorous EOS and we omit them here for the simplified
EOS case.

MOLECULAR PARAMETERS

In part I of this article and in references published by the au-
thors [You et al, 1994a; Shin, 1995b], we presented values of
V:* and ¢; about 200 pure components for both EOSs as functions
of temperature and discussed the results. Thus we omit the pure
molecular parameter tables in part II. As far as we could, the
various types of pure fluids such as nonpolar, weak polar, strong
polar components, supercritical substances, low vapor pressure
compounds and common polymers were included for the determi-
nation of pure parameters. z=10 and Vy=9.75 cm®/mol were
found to be satisfactory values. Therefore, for their binary mixture
we need to determine A; from various phase equilibria data of
mixtures.

We randomly selected various representative mixtures, espe-
cially, mixtures in which one or both components are complex
and/or of polar nature and calculated various possible types of
phase equilibrium behaviors. Then, using the pure molecular pa-
rameters, the binary interaction parameters, A; were fitted to

mixture data. The values of A;, and their consequences are pre-
sented in the next application sections for both EOSs.

PHASE EQUILIBRIUM COMPUTATIONS OF MIXTURES

Practical methods used to calculate phase equilibria can be rough-
ly divided into two groups [ Yoo et al., 1995]; the so-called gamma-
phi and EOS methods. The first group employs separate methods
for the calculation of liquid phase activity coefficients (y) and va-
por phase fugacity coefficients (¢). Moreover, it requires separate
techniques to calculate the pure component properties that are
relevant to phase equilibrium computations. On the other hand,
the EOS method uses a homogeneous model for all fluid phases
and is equally applicable to pure component and mixture proper-
ties. Modeling of both models (i.e., y-models and EOS) is now
an active area on research and equally important, however, more
emphasis on EOS than y-models being placed mainly due to the
homogeneous nature inherent in EOSs [Flory, 1942; Huggins,
1942]. To arrive at practical solutions by a new EOS to real phase
equilibrium problems, it is almost always necessary to develop
relatively large and complex computer programs. To elaborate
such programs, the knowledge of both thermodynamic back-
ground and models of equilibria is essential.

No matter what type of an excellent EOS is on hand, the specif-
ic computation technique for solving specific phase equilibrium
problem is equivalently important and cumbersome process in
modeling a new thermodynamic model for engineering practice
in mind. It is the authors’ intention to provide here a comprehen-
sive background for phase equilibrium computations using the
new EOSs (they are somewhat more complicated than the cases
of cubic EOSs). Thus, we present in this section on the algorithmic
aspects for various types of phase equilibrium calculations of mix-
tures based on both EOSs presented here. The algorithms and
related computer program can be obtained from the authors upon
request.

1. Vapor-Liquid Equilibria

Isothermal vapor-liquid equilibrium properties can be calculated

by imposing the following conditions,

pV=P¢ (35)
(T, P, {yh=pX(T, P, {xh (36)

where {y} and {x} denote sets of mole fractions of all components
in vapor and liquid phases, respectively. Assuming an initial set
of the partition coefficient {K}, we can calculate {y} and {x} at
constant temperature and pressure, from which densities of liquid
and vapor phases are calculated by Eq. (13) for the rigorous case
and by Eq. (31) for simplified case. Then we calculate p/ and
w" by Eq. (15) for rigorous case and by Eq. (33) for the simplified
case. If chemical potentials of both phases are sufficiently close,
the calculation is terminated. Otherwise we modify {K} using the
relation for each component,

y o ¥
Kinew=Kiota BXp[(-ELﬁ“')]

(37)
and the calculation is repeated until the convergence is obtained.
Ay i1s determined in this calculation such that the deviation of
calculated values from experimental data be minimum. A; values
with fitting errors for binary vapor-liquid systems for both EOSs
are summarized in the next section.

2. Liquid-Liquid Equilibria

Korean J. Ch. E.(Vol. 12, No. 3)
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The calculation of liquid-liquid equilibria can readily be carried
out with the phase equilibrium criterion,

pH (T, P, XD=ut"(T, P, X)) (38)

where superscripts L' and L” represent the coexisting liquid
phases. At the upper critical solution temperatures (UCST) of
partially miscible mixtures compositions of coexisting phases be-
come identical. The UCST behavior is one of the interesting char-
acteristics of binary liquid mixtures and is a good candidate for
testing the theoretical consistency of the present model.
3. Solid-Vapor Equilibria

In the solid-vapor equilibrium calculation, solid phase is as-
sumed pure. The equilibrium condition then becomes,

w¥(T, P, {yD=15,,.(T, P) (39

The chemical potential in the solid phase causes difficulty in prac-
tice since it cannot be evaluated using Egs. (15) or (33). If both
sides of Eq. (39) are subtracted by the chemical potential of a
pure supercooled liquid, we have

BT, P, {yD=Apipun(T, P)+1ibn(T, P) 40)

3 S
AbipndT, PY=1pn(T, P)= (T, PY=RT I 55 )
— Z sal.S(P — Pisat.ﬁ) In (P,‘”"SQJ,'”" V)
—RT In (Po",..) (41)

1,pure

where V5 is the molar volume of a solid at its vapor pressure,
PS5, The fugacity equation for a pure component is needed for
the evaluation of Eq. (40) and was derived as given in part L.

For high molecular weight species of which the vapor pressure
is not well known and negligible, we use the following relation
instead of Eq. (40)

Apipen(T, P)=Apipun(T, P*)+PA V/ 42

where AV is the molar volume change on fusion and Ap;pu. (T,
P/} is evaluated along the path (saturated solid—>triple point
—saturated liquid) as presented by Prausnitz et al. [1986]. The
result is,

TAG

T T
R saty — — —
Alipirn(T, P2*) .A_I_‘F(T/)(l T, )+jT1AQ,dT T 2T dT

(43)

where AH is the molar heat of fusion and AC, is C,*-C,'. Triple
point properties may be replaced by properties at normal melting
points. Bondi [1967] provides group contribution methods for
estimating AV, AH and AC,.

With Ap,,..(T, P) obtained using Egs. (41) or (42), Eq. (40)
is now readily solved by iteration to give the composition and
the density of the vapor phase.

4. Multiphase Behavior and Critical Loci
Three phase equilibria are determined by the relation,

pe=pl = 4

where a, b and ¢ denote different phases. Solution of this equation
is obtained by simultaneous solution of the two independent rela-
tions. The evaluation of chemical potential for each phase is discu-
ssed previously. Various types of multiphase equilibrium behav-
iors can be calculated using this relation. They include liquid-lig-
uid-vapor (LLV) equilibria and solid-liquid-vapor (SLV) equilib-
ria. A three phase equilibrium locus ends at a critical end point
where it is intersected by a mixture critical locus. The well-known
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mixture critical conditions are also expressed in terms of Hel-
mholtz free energy [Rowlinson and Swinton, 1982].

(5 )+ (G0 @

(%>"»7‘+3< 33 )V.TQ—( af;y >1Q2+( gi_’g )uQB:O (6)

where

@=( 5/ @

and quantities underlined denote molar properties.

Since the degree of freedom for a three-phase binary mixture
is one, the coexisting phase equilibria is expressed by a locus.
With one variable fixed one can readily calculate three-phase
equilibria. To calculate LLV equilibria for fixed pressure, for
example, the total number of variables to be calculated becomes
seven (ie., T, x/% X x, X, y1, y2) and there are seven corre-
sponding relations (i.e., 4 phase equilibrium criteria and 3 mass
balance constraints).

In the calculation of SLV equilibria the solid phase is assumed
pure. Again we have one degree of freedom. If pressure is fixed,
for example, we have five unknowns (i.e, T, X1, Xz, y1, ¥2) and
five relations (i.e. 3 equilibrium relations and 2 mass balance rela-
tions). In both cases a critical locus can be calculated using Egs.
(45) and (46). The intersection of the multiphase equilibrium locus
with the critical locus determines the critical end point.

5. Activities of Solvents in Polymer Solutions

For polymeric species, vapor pressure is frequently not well
known and is usually negligible. The activities of solvents can
be determined from the simplified equation of vapor-liquid equi-
libria of solvents as,

1 (T, P)=p&(T, P, x) for solvents 48)

where the right hand side of Eq. (48) can be calculated by Eq.
(18).

COMPARISON OF THE MODELS TO EXPERIMENTAL
MIXTURE DATA

1. Rigorous EOS Case
1-1. Phase Equilibria of Complex Mixtures

To evaluate the utility of the new rigorous EOS, we tested
the model on various types of phase equilibria of mixtures. So
far we randomly selected 26 representative binary mixtures where-
in one or both components were of complex and or of polar nature
and calculated various possible types of phase equilibrium beha-
viors such as VLE, LLE, VSE and excess enthalpy. The best fits
of binary interaction energy parameter, A; for 26 tested systems
and 12 polymer systems are reported elsewhere [You et al., 1993,
1994a]. As far as concern the case of rigorous EOS, much of
the fitting results already appeared elsewhere [You et al, 1994b,
c]. Thus we intend to illustrate here only a few graphical compa-
risons.

The azeotropic T-{x} equilibria for chloroform(1)-diisopropyl
ether(2) [Chevalier, 1969] in Fig. 1 show the agreement is quite
good with A= —.0490. When compared with the calculated re-
sults by the well known y-model UNIQUAC [Abrams and Praus-
nitz, 1975] which used two binary parameters, the present results
are seen to be similar. High pressure VSE of ethane(1)-naphtha-
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Fig. 1. Isobaric vapor-liquid azeotropic T-x equilibria by the rigorous
EOS for chloroform(1)-diisopropyl ether(2Z) system at 0.328
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Fig. 2. Isothermal vapor-solid P-y equilibria by the rigorous EOS for
methane(1)-naphthalene(2) system at 308.15, 318.15 and 328.
15 K.

lene(2) with A;,=.0140 [Smitt and Reid, 1986] is shown in Fig.
2. The present EOS quantitatively describes the high pressure
P-{y} equilibria over a wide range of pressure and temperature.
The calculated heats of mixing for the system which show nega-
tive deviation are compared with data for chloroform(1)-acetic acid
(2) [Abramov et al,, 1991] and methanol(1)-formic acid(2) system
[Zhao et al, 1991] in Fig. 3. For the former system agreements
are excellent, while the latter system shows some deviations. The
error for the calculations lies within an average value of 8%.
In Fig. 4, the calculated SLV phase diagram for CO,-naphtha-
lene is compared with experimental data [McHugh, 1981; Mc-
Hugh and Yogan, 1984; Lemert and Johnston, 1989]. It is seen

800
Data of Abramov et al.[1991]
@ chloroform - acetic acid
700 - Data of Zhao et al.[1991]
®  methanol - formic acid
— Present rigorous EOS
600 -
500
°
E
S 400 |-
w e
x
300 -
200
100
0 1 1 1 1
0.0 2 4 B .8 1.0

Fig, 3. Isothermal excess enthalpy HE-x for chloroform(1)-acetic acid
(2)[A12= —.0604] and methanol(1)-formic acid(2)[A;;= .05
42] systems at 298.15 K by the rigorous EOS.

500 —SLV locus
O Data of Cheong et al.[1969]
0O Data of McHugh[1981}
& Data of McHugh and Yogan[1984]
400 -—— Present rigorous EOS
(r,=0.019) a
s PR-EOS :
kS | UCEP
2 300 "g™" hata of Lemert and
g Johnston[1989)
2 ® Present rigorous EOS
£ jol  4=0019
A PR-EOS
100
0 L | 1 1 1
280 300 320 340

Temperature, K

Fig. 4. P-T projection of three phase SLV and UCEP for COy(1)-na-
phthalene(2) system by the rigorous EQS.

that SLV locus is quantitatively calculated. The agreement is some
what better than that of the Peng-Robinson EOS [Peng and Ro-
binson, 1976]. But errors in the critical end point are large. As
discussed in detail elsewhere by the present authors [You et
al.,, 1993, 1994c], the model fits erroneously the critical solution
temperatures of binary solutions.
1-2. Activities of Solvents in Polymer Solutions

Since the range of mixtures which this EOS would be applicable
is very wide, the EOS is extended to the calculation of activities
in polymer solutions. The best fitted A, for 16 binary systems
are summarized in Table 1. We arbitrarily chose 4 other well-
known EOSs (new Flory [Flory, 1970], Kumar et al. [1978], Pa-
nayiotou and Vera [1982], Sanchez-Lacombe [1978], and Random

Korean J. Ch. E.(Vol. 12, No. 3)
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Table 1. Binary interaction energy parameters between solvents and
polymers for the rigorous EOS

System T range (K} A; AAD [%]* References
Polystyrene

-Cyclohexane 307-317 .0256 439 47

-Benzene 288-333 .0105 168 48

-m Xylene 29315 —.0015 1328 57

-Chloroform 298-323 0029 515 58

-Carbon tetrachlodide 293.15 0102 091 57

-n Propyl acetate 298-343 .0166 144 58

-n Butyl acetate 293.15 0188 168 57
Polyisobutylene

-n Hexane 298-338 .0011  2.83 46

-Cyclohexane 298-338 0119 219 32, 46, 58

-Benzene 298-338 .0321 308 32, 58

-Ethyl benzene 338.15 0134 701 32
Polyvinylacetate

-Benzene 303.15 0140 489 59

-Vinyl acetate 303.15 .0063 303 59
Polydimethylsiloxane

-n Heptane 298-313 .0119 172 27
Polypropylene oxide

-Chloroform® 27868  —.1429 830 54

-Carbon tetrachloride® 27868 —.1251 4.53 54

a: AAD% = Z[ puti — Popi )/ Pespi/(number of data point) X100

b: binary parameters determined by experimental heat of mixing
data and

1.2
— - - ~ ~
10 === _ _ \
T g\
!{\
o 81
| =4
[
N
5
o \
s 6 \Y
= \y
= 1
g ® Data of Eichinger and Flory[1968] 1},
4r —-—- New-Flory Theory[1976] 1\
— —- Sanchez-Lacombe Model[1978] \§
~~—- Random Model[1981] \
2+ - Panayioutou-Vera Model[1982] \\'
—— Present rigorous EOS()Lij =0.0321) \
0.0 1 1 1 1
0.0 2 4 .6 .8 1.0

Volume fraction of Polyisobutylene

Fig. 5. Calculated activities by several theories for benzene(1)-polyiso-
butylene(2) system at 298.15 K.

model [Okada and Nose, 198la, b]) for the comparison. In Fig.
5, the calculated activities of benzene in polyisobutylene with A;,
=.0321 is compared with experiment [Eichinger and Flory, 1968 ]
and other models. As discussed in part I of the present article,
the present EOS is the most recent and rigorous one and at the
same time less adaptable for empirical fitting to experiment. More-
over, most of the other models contain more parameters except
the Sanchez-Lacombe which use temperature independent pure
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® 66.6 KPa B 101.3 KPa
—— Present simplified EOS(J\‘i =-0.1493)
UNIQUAC(ai‘IR = 16.82,128.08)

370

360

Temperature, K

350

340 ' L !
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Mole fraction of Ethanol

Fig. 6. Calculated T-x equilibria by the simplified EOS for ethanol(1)-
water(2) system at 66.6 and 101.3 KPa.

molecular parameters. Thus one would expect that the fitted re-
sults by the Sanchez-Lacombe would be worse than others. As
one can see in Fig. 5, the Flory's model with 3-pure and 2-mixing
parameters is the best one than others, however, we believe that
the present EOS is reasonably comparable with others despite
the most rigorous nature of the present model. We omit further
discussion here. Instead, we recommend to further interested
readers an article presented elsewhere by the present authors
[Yoo et al, 1994].
2. Simplified EOS Case
2-1. Low Vapor Pressure VLE

For 32 arbitrarily chosen binary VLE systems, the A; and fitted
errors are summarized in references 9 and 10. All experimental
data are from the DECHEMA Chemical Data Series [Gmehling
et al,, 1980]. For each type of systems as defined by DIPPR [Gess
et al, 1991]. The VLE systems tested here are classified as Non-
polar(NP)/NP, NP/Weak Polar(WP), NP/Strong polar(SP), WP/WP
and WP/SP nonpolar(NP) and they are fitted by the present sim-
plified EOS. As an example, caiculated T-{x}-{y} of ethanol(1)-wa-
ter(2) mixture with A= —0.149 is shown in Fig. 6 at 66.6 and
101.3 kPa. While the UNIQUAC [Abrams and Prausnitz, 1975]
uses two mixing parameters, the simplified EOS requires only
one A, when the pure parameters, g; and V,* are available as
presented in part I. We omit further graphical illustration to save
pages, however, the simplified EOS fits surprisingly well the ex-
periments with single temperature independent Ay's regardless
of the different complexities of the candidate mixtures.
2-2. High Pressure VLE

High pressure VLE and bubble point P-T calculations require
an initial estimate of pressure for the conditions above the critical
point since in this region an additional flash calculation is neces-
sary. Other procedures are basically identical to the case of low
pressure VLE. For 23 randomly chosen systems [3 supercritical
solvents (CO,, ethane, and ethylene) and 23 solutes such as al-
kanes, alkenes, aromatics and alcohols], high pressure VLE com-
putations are carried out and their A; with fitting errors are sum-
marized in references 9 and 10. In all correlations, we used single
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Fig. 7. Isothermal P-x-y equilibria by several models for CO,(1)-me-
thanol(2) system at 290.0 K.
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Fig. 8. Isothermal supercritical P-y equilibria for naphthalene(1)-
ethane(2) system at 318.15 K.

temperature independent, A; for each system. We found that the
simplified EOS again correlates data extremely well to such high
pressure systems where existing y-models (i.e., UNIQUAC) fre-
quently fail without adopting so-called ‘g*-EOS mixing rules’ as
discussed in part I. As a graphical illustration, calculated CO,(1)-
methanol(2) P-{y} results with A;;=—0.1403 are compared with
experimental data [Hong and Kobayashi, 1988] at 290.0 K in Fig.
7. We conclude that the calculated resuits by the simplified EQS
are better than those by other EOSs (P-R EOS [Peng and Robin-
son, 1976], Kumar et al. [1987], random EOS [Okada and Nose,
1981a, b]. Although we do not claim yet the generality of our
conclusions, the practical usefulness of the simplified EOS is evi-
dent upon the authors’ judgement.

2-3. Solid-Vapor Equilibria

102 &

109 |

104

i i Data of Dobbs et al.[1986]
10°E e PureCO,

: . m CO,*3.5mol% Pentane
---------- Pure present simplified EOS
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£ = 1 L 1
0 10 20 30 40 -

Pressure, MPa

Fig. 9. Calculated ternary supercritical P-y equilibria by the simplified
EOS for phenanthrene-pentane(1)-COx(2) system at 318.15 K.

Table 2. Binary interaction energy parameters between solvents and
polymers for the simplified EOS

System T range [K] A; AAD [%]Reference
Polyisobutylene
-Benzene 283.15-353.15 —.0322 347 46, 32
-Butane 298.15-319.65 —.0330 180 32
-Cyclohexane 298.15-338.15 —.0146 171 46, 32
-Isobutane 298.15-319.65 —.0346 181 47
-Neopentane 298.15-319.65 —.0339 157 47
-Pentane 298.15-308.15 —.0245 442 47
Polystyrene
-Acetone 298.15-323.15 —.0467 4.88 37
-Benzene 288.15-333.15 —.0151 865 47
-Cyclohexane 303.15-338.15 —.0260 049 46, 49
-Chloroform 298.15-323.15 —.0086 355 37
-Ethylbenzene 283.15-303.15 —.0126 008 50
-2 Butanone 298.15-343.15 —.0315 277 51, 52
-Propylacetate 298.15-343.15 —.0216 128 37
-Toluene 298.15-353.15 —.0011 115 46, 49, 52
Polyvinylacetate
-Acetone 303.15 —.0191 508 39
-Benzene 303.15 —.0136 572 53
-Vinylacetate 303.15 —.0081 334 53
Polypropylene oxide
-Benzene 318.15-347.85 —.0035 101 38, 39
-Chloroform 278.68 .1069 1558 54
-Carbontetrachloride 278.68 0028 070 54

In references 9 and 10, the fitted A; and their respective errors
are summarized for 15 candidate SVE mixtures. As discussed
in part I, in the previous section and elsewhere by the present
authors [You et al, 1993, 1994c], a caution must be placed on
the calculation of vapor pressure and densities at subcooled state
for pure solutes before mixing [ie., Eq. (41)-(43)].

In general, PR-EOS fits experiment better than the present
EOS. It probably due to the better agreement of the PR-EOS
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Fig. 10. Calculated activities of solvents by the simplified EOS (A2
=—0.146) and by others for cyclohexane(1)-polyisobutylene
© (2) system at 298.15 K.

in the near critical region than ours as shown in Fig. 8. However,
at very high pressure, the results by the simplified EOS are quan-
titatively comparable or sometimes better than the PR-EOS and
the other EOSs in the same genre. Also, as shown in Fig. 9, exper-
imental data on the effect of cosolvent penthane (3.5 mol %) to
the supercritical solubility of phenanthrene(l) in COx(2) [Hong
and Kobayashi, 1988] are fitted by the simplified EOS and we
found that the present model correlate quantitatively well even
the ternary systems. Again we omit further graphical demonstra-
tions here.

2-4. VLE of Polymer Solutions

For 20 arbitrarily chosen organic solvent-common polymer sol-
ute systems, regressed A; with fitting errors are summarized in
reference 10 and in Table 2. For every tested systems, the densi-
ties of coexisting phases are calculated by pure state simplified
EOS [Eq. (31)]. Except for the system of polypropylene oxide(1)-
chloroform(2), the absolute average errors are within 5% for all
the systems.

As an example, the calculated solubilities of cyclohexane(l) in
polyisobutylene(2) solution at 298.15 K [Eichinger and Flory,
1968; Bawn and Wajid, 1956] are shown in Fig. 10. When com-
pared with the values calculated by other models in the same
genre [Flory, 1970; Kumar et al, 1987; Panayiotou and Vera,
1982; Okada and Nose, 1982a, b; Sanchez and Lacombe, 1978]
and by the PR-EOS [Peng and Robinson, 1976], the simplified
EOS can be a practical tool for phase equilibrium calculations
of macromolecular solutions. Finally, to speculate a possibility of
extending the simplified EOS as a group contribution form in
the future, we presented a comparison of results by the simplified
EOS with existing group contribution methods in Fig. 11 for ex-
perimental benzene-polypropylene solution data [Chang and Bon-
ner, 1975; Booth and Devoy, 1971]. The group contribution mo-
dels compared here are the UNIFAC-FV [Oishi and Prausnitz,
19781, Flory-HA [Holten-Anderson et al,, 19871, and GCLF [High
and Danner, 1990]. Since there exists a polarity difference, the
results by the group contribution methods are not so satisfactory

July, 1995

Fig. 11. Activities of solvent by the simplified EOS (A,;=—0.0035)
and by group contribution models for benzene(1)-polypropy-
lene oxide(2) system.
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Fig. 12. Calculated LLE for cyclohexane(1)-water(2) solution by the
simplified EOS.

but the simplified EOS is seen to be quite quantitative. The exten-
sion work of the simplified EQS as a group contribution EQS
is now in progress by the present authors and it will appear in
this journal soon.
2-5. Liquid-Liquid Equilibria ‘
As discussed previously in this article and in part I, the EOS
method uses a single homogeneous model for all fluid phase equi-
librium calculations and is equally applicable to pure components
and mixture properties. However, almost all of existing EOSs are
frequently inferior to solution models and sometimes inapplicable
to LLE calculations. The reason is obviously the difficulty of mod-
eling properties at condensed state by the volumetric EOSs. Thus,
application of the simplified EOS to LLE calculation is clearly
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a crucial test for the usefulness of the present model. It is, also,
a situation that most of other EOSs in the same genre [Kumar
et al, 1987; Panayiotou and Vera, 1982; Okada and Nose, 1982a,
b; Sanchez and Lacombe, 1978] were not yet tried exclusively
on the LLE problem.

Currently, we are placing our efforts on the extension of the
simplified EOS with temperature-dependent binary energy pa-
rameters to the LLE of complex mixtures. Here we present some
limited results obtained to date. To correlate LLE, we first make
A, as a simple function of temperature based on authors’ empiri-
cism as,

A= A0+ AT+ A 2T 49)

One of illustrations of LLE for cyclohexanol(1)-water(2) solution(2)
[Sorenson and Arlt, 1980] and in Fig. 12. We intendedly illustrate
in the figure for one of the systems could fit relatively well to
date with Eq. (49), however as expected, we are experiencing
some uncertain errors for other systems. We feel a need of fur-
ther refinement and accordingly such work is in progress by the
present authors.

CONCLUSION

We discussed very briefly in part II the results obtained to
date for modeling various phase equilibria of complex mixtures
utilizing the new EOSs recently formulated by the present au-
thors. We found that both the rigorous EOS and the simplified
EOS correlate various phase equilibria properties of mixtures sur-
prisingly well. Further refinements such as application to LLE
and the group contribution application are in progress by the pre-
sent authors’ laboratories.

We sincerely welcome any criticism and encouragement by the
interested readers. The necessary computer programs for phase
equilibrium calculations with the EOSs can be obtained from the
authors upon request.
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NOMENCLATURE

A : configurational Helmholtz free energy
A*®  :random contribution to A
A : ‘ideal solution’ contribution to A

A®  : ‘excess’ contribution to A°

N, : Avogadro’s number

N; : number of molecular species i

N;  :number of i-j segment contacts for the nonrandom distri-
bution

No : number of vacant sites or holes

N, : defined by N,=No+ZNr;

N, : defined by N,=No+ZNg

P : pressure [bar]

Qi : surface area parameter

qu  :mole fraction average of g

I; : segment number

™ : mole fraction average of r;

R : universal gas constant [J mol 'K™!]

T : temperature [K]

U : configurational internal energy

\ : molar volume [cm®mol ']

V*  :characteristic volume of component i [cm®mol™!]
Vg :volume of a unit cell [cm®]

X; : (liquid) mole fraction of component i

V. : vapor mole fraction of component i

z : lattice coordination number

Greek Letters

B : reciprocal temperature [ 1/kT]

Ty : nonrandomness factor defined by Eq. (26)

€, : interaction energy for i-j segment contacts (J)
[0 : fugacity coefficient for component i

p : total segment fraction

pi : segment fraction of component i

W : chemical potential for component i

A : binary interaction parameter for i-j contacts

0 : total surface area fraction

6 : surface area fraction of component i

[ : surface area fraction of component i on the hole free ba-
sis

Superscripts
L : liquid phase
sat  :saturation state

S : solid phase
\% : vapor phase
! : derivative with respect to In T

REFERENCES

Abramov, E. V., Mirazayan, A. S. and Fedorava, V.1, “DECHEMA
Chemical Data Series”, ed. by Gmehling, J. and Holderbaum,
T., Vol. III. Part 4, 2305, 2327, 1991.

Abrams, D.S. and Prausnitz, J. M., “Statistical Thermodynamics
of Liquid Mixtures; A New Expression for the Excess Gibbs
Energy of Partly or Completely Miscible Systems”, AICAE ],
21, 116 (1975).

Bawn, C.E.H. and Wajid, M. A,, “High Polymer Solutions. Part
7-The Vapor Pressure of Solutions of Polystyrene Solutions
in Acetone, Chloroform, and Propyl Acetate”, Trans. Faraday
Soc., 52, 1658 (1956).

Bondi, A., “Physical Properties of Molecular Crystals, Liquids,
and Glasses”, Wiley, New York, 1968.

Booth, G. and Devoy, C.].,, “Thermodynamics of Mixtures of Poly
(ethylene Oxide) and Benzene”, Polymer J. 12, 309 (1971).
Bawn, C.E. H,, Freeman, R. F. J. and Kamaliddin, A. R., “High Pol-
ymer Solutions. Part 1. Vapor Pressure of Polystyrene Solu-

tions”, Trans. Faraday Soc., 46, 677 (1950).

Bawn, C.E. H. and Patel, “High Polymer Solutions. Part 8-The
Vapor Pressure of Solutions of Polyisobutylene in Toluene and
Cyclohexane”, Trans, Faraday Soc., 52, 1664 (1956).

Chang, Y. H. and Bonner, D. C., “Sorption of Solutes by Poly(ethy-
lene Oxide). II. Benzene at Finite Concentrations”, J. Appl. Po-
lym. Sci, 19, 2457 (1975).

Cheong, P. L., Zhang, D., Ohgaki, K. and Lu, B. C. Y., “High Pres-
sure Equilibria for Binary Systems Involving a Solid Phase”,
Fluid Phase Equil, 29, 555 (1986).

Chevalier, J. L., “Binary Chloroform-Aliphatic Ether Systems. III.
Liquid Vapor Equilibrium”, /. Chem. Physicochim. Biol., 66, 1457

Korean J. Ch. E.(Vol. 12, No. 3)



208 K.-P.Yoo et al.

(1969).

Dobbs, J. M., Wong, ]. and Johnston, K. P., “Nonpolar Cosolvents
for Solubility Enhancement in Supercritical Fluid Carbon Dio-
xide”, ] Chem. Eng. Data, 31, 303 (1986).

Eichinger, B.E. and Flory, P.]., “Thermodynamics of Polymer
Solutions. Part I. Natural Rubber and Benzene”, Trans. Faraday
Soc, 64, 2053 (1968).

Flory, P.J., “Thermodynamics of High Polymer Solutions”, /.
Chem. Phys., 10, 51 (1942).

Flory, P.]J., “Thermodynamics of Polymer Solutions”, Disc. Fara-
day Soc., 49, 7(1970).

Flory, P.J. and Hoecker, H, “Thermodynamics of Polystyrene
Solutions. Part 1. Polystyrene and Methyl Ethyl Ketone”, Trans.
Faraday Soc., 67, 2258 (1971).

Gess, M. A, Danner, R.P. and Nagvekar, M., “Thermodynamic
Analysis of VLE: Recommended Models and a Standard Data-
base”, The Penn. State University Press, 1991.

Gmehling, J., Onken, U. and Arlt, W.,, “Vapor Liquid Equilibrium
Data Collection”, DECHEMA Chemistry Data Series, Vol. I(part
1-7), 1980.

High, M. S. and Danner, R. P., “Application of the Group Contri-
bution Lattice Fluid Equation of State to Polymer Solutions”,
AIChE ], 36, 1625 (1990).

Holten-Anderson, J., Rasmussen, P. and Fredenslund, A., “Phase
Equilibria of Polymer Solution by Group Contribution. 1. Vapor
Liquid Equilibria”, Ind. Eng. Chem. Res., 26, 1382 (1987).

Hong, J. H. and Kobayashi. R., “Vapor Liquid Equilibrium Studies
for the Carbon Dioxide-Methanol System”, Fluid Phase Equil.,
41, 269 (1988).

Hoecker, H. and Flory, P.]J., “Thermodynamics of Polystyrene
Solutions. Part 2. Polystyrene and Ethylbenzene”, Trans. Fara-
day Soc., 67, 2270 (1971).

Huggins, M. L,, “Thermodynamic Properties of Solutions of Long-
Chain-Compounds”, /. Phys. Chem., 46, 51 (1942).

Kalra, H., “Equilibrium-Phase Properties of Carbon dioxide-n-Hep-
tane System”, J. Chem. Eng. Data, 23, 317 (1978).

Kershaw, R. W. and Malcolm, G.N., “Thermodynamics of Solu-
tions of Polypropylene Oxide in Chloroform and in Carbon Te-
trachloride”, Trans Fadaday Soc., 64, 323 (1968).

Kumar, S.K,, Suter, U. W. and Reid, R.C., “A Statistical Mecha-
nics-based Lattice Model Equation of State”, Ind. Eng. Chem.
Res.,, 26, 2532 (1987).

Lemert, R. M. and Johnston, K. P,, “Solid-Liquid-Gas Equilibrium
in Multicomponent Supercritical Fluid Systems”, Fluid Phase
Equil, 59, 31(1989).

Malanowski, S. and Anderko, A, “Modelling Phase Equilibria.
Thermodynamic Background and Practical Tools”, John-Wiley
& Sons, Inc, New York, 1992.

Masuoka, H., Murashige, N. and Yorizane, M., “Solubilities of Low
Vapor Pressure Solids in Supercritical Carbon Dioxide”, Fluid
Phase Equil, 18, 155 (1984).

Masuoka, H. and Yorizane, M., “Solubilities of Naphthalene and
Biphenyl in Supercritical Carbon Dioxide”, | Chem. Eng. Jpn.,
15, 5(1982).

McHugh, M., “An Experimental Investigation of the High Pres-
sure Fluid Phase Equilibrium of Highly Asymmetric Binary
Mixtures”, Ph.D Diss., Univ. of Delaware, Newark, DE, 1981.

McHugh, M. A. and Yogan, T.].,, “A Study of Three Phase Solid-
Liquid-Gas Equilibria for Three Carbon Dioxide-Solid Hydro-
carbon Systems, Two Ethane-Hydrocarbon Solid Systems and
Two Ethylene Hydrogen Solid Systems”, /. Chem. Eng. Data,

July, 1995

29, 112 (1984).

Nakajima, A., Yamakawa, H. and Sakurada, I, “Vapor Pressure
of Polymer Solutions. I. Apparatus for Measurement and Some
Results on Poly(vinyl Acetate) Solutions”, /. Poly. Sci., 35, 489
(1959).

Noda, 1., Higo, Y., Ueno, N. and Fujimoto, T., “Semidilute Region
for Linear Polymers in Good Solvents”, Macromolecules, 17,
1055 (1984).

Oishi, T. and Prausnitz, J. M., “Estimation of Solvent Activities
in Polymer Solutions Using a Group Contribution Methods”,
Ind. Eng. Chem. Res, 17, 333 (1978).

Okada, M. and Nose, T., “Quasichemical Treatment of the Hole
Theory for r-mers. 1. Pure Liquids”, Polymer ], 13, 399 (1981a).

Okada, M. and Nose, T., “Quasichemical Treatment of the Hole
Theory for r-mers. II. Mixtures”, Polymer f, 13, 591 (1981b).

Panayiotou, C. and Vera, J. H, “Statistical Thermodynamics of
r-mer Fluids and Their Mixtures”, Polymer ], 14, 681 (1982).

Peng, D. Y. and Robinson, D.R., “A New Two-Constant Equation
of State”, Ind. Eng. Chem. Fudam., 15, 59 (1976).

Prager, S.E., Bagley, E. and Long, F. A, “Equilibrium Sorption
Data for Polyisobutylene-Hydrocarbon System”, J Am. Chem.
Soc., 75, 2742 (1953).

Prausnitz, J. M., Lichtenthaler, R. N. and de Azevedo, E. G., “Mo-
lecular Thermodynamics of Fluid Phase Equilibria”, 2nd. ed.,
Prentice Hall Inc, Englewood Cliffs, NJ., 1986.

Rowlinson, J. S. and Swinton, F. L., “Liquid and Liquid Mixtures”,
3rd ed., Butterworth and Co. Ltd., 1959.

Sanchez, I.C. and Lacombe, R.H,, “Statistical Thermodynamics
of Polymer Solutions”, Macromol, 11, 1145 (1978).

Schmitt, W. J. and Reid, R. C., “Solubility of Monofunctional Organ-
ic Solids in Chemically Diverse Supercritical Fluids”, J. Chem.
Eng. Data, 31, 204 (1986).

Scholte, T.G., “Determination of Thermodynamic Parameters of
Polymer-Solvent Systems from Sedimentation-Diffusion Equi-
librium in the Ultracentrifuge”, /. Polym. Sci. Part A-2, 8, 841
(1970a).

Scholte, T.G., “Determination of Thermodynamic Parameters of
Polymer-Solvent Systems by Light Scattering”, European Poly-
mer J, 6, 1063 (1970b).

Shin, M. S., You, S. S., Lee, C.S., Gmehling, J. and Yoo, K.P., “A
New Simplified Lattice Equation of State for Phase Equilibria
of Complex Mixtures”, Proc. 2nd Beijing Int. Symp. on Thermo.
in Chem. Eng. and Ind,, Vol. 1, 650, May 24-27, (1994a).

Shin, M. S., Yoo, K.P., Kim, H.Y. and Lee, C.S., “Supercritical
Fluid-Phase Equilibria of Complex Systems Using a New Equa-
tion of State Based On the Nonrandom Lattice Hole Theory”,
Proc. 3rd Int. Symp. on Supercritical Fluids, Vol. 1, 137, Strass-
bourg, France, Oct. 17, (1994b).

Shin, M. S., You, S.S., Yoo, K. P. and Lee, C.S., “A New Nonran-
dom lattice Fiuid Model and Its Simplification by Two-Liquid
Theory for Phase Equilibria of Complex Mixtures”, Int. J. Ther-
mophystics, 16(3), 723 (1995a).

Shin, M. S, Yoo, S.J., You, S.S. Yoo, K.P. and Lee, C.S., “A
New Equation of State Based on Nonrandom Two-Fluid Theory
for Complex Mixtures”, Fluid Phase Equil, in press, (1995b).

Sorenson, J. M. and Arlt, W., “Liquid-Liquid Equilibrium Data Col-
lection”, DECHEMA Chemistry Data Series, Vol. V, Part 1,
Frankfurt/Main, Germany, 1980.

Yoo, K. P, You, S. S. and Lee, C. S., “A New Approximate Nonran-
dom lattice Fluid Model for Fluid Phase Equilibria of Polymer
Solutions”, Proc. 2nd Beijing Int. Symp. on Thermo. in Chem.



Unified Lattice EOS for Complex Mixtures. II. Phase Equilibria 299

Eng. and Ind, Vol. 1, 651, May 24-27, (1994).

Yoo, K. P. Kim, H. Y. and Lee, C.S., “Unified Equation of State
Based on The Lattice Fluid Theory for Phase Equilibria of Com-
plex Mixtures. Part I. Molecular Thermodynamic Framework”,
KJChE, in Press (1995).

You, S.S., Yoo, K. P. and Lee, C.S., “Modelling of Supercritical-
Fluid Phase Equilibria Using a New Nonrandom Lattice-Fluid
Theory”, J. Supercritical Fluids, 6, 69 (1993).

You, S.S., Yoo, K. P. and Lee, C. S, “An Approximate Nonrandom
Lattice Theory of Fluids. General Derivation and Application
to Pure Fluids”, Fluid Phase Equil, 93, 193 (1994a).

You, S.S., Yoo, K. P. and Lee, C.S. “An Approximate Nonrandom
Lattice Theory of Fluids. Mixtures”, Fluid Phase Equil, 93, 215
(1994b).

You, S. S, Yoo, S.]., Yoo, K. P. and Lee, C. S, “Muitiphase Behav-
ior and Critical Loci in Binary Mixtures Using a New Equation
of State Based on the Nonrandom Lattice-Fluid Theory”, J Su-
percritical Fluids, 7(4), 251 (1994c).

Zhao, J., Bao, J. and Huy, Y., “DECHEMA Chemical Data Series”,
ed. by Gmehling, J. and Holderbaum, T., Vol. IIL. Part 4, 2351,
2352, 2368, 1991.

Korean J. Ch. E.(Vol. 12, Ne. 3)



