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Abstract:

Design of industrial equipment requires phase equilibrium data to
correlate liquid vapor phases with accurate precision. Fugacity
coefficients and activity coefficient are factors used in petrochemical
industries to minimize the deviations from ideal behavior in a mixture of
chemical substances. In an ideal mixture, the microscopic interactions
between each pair of chemical species are the same and, are correlated
thermodynamically through complex relations associated with entropy
and Gibbs free energy correlations. As a result, properties of the mixtures
can be expressed directly in terms of simple concentrations or partial
pressures of the substances present e.g. Raoult's law. Deviations from
ideality are accommodated by modifying the concentration by an activity
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coefficient. This review paper present a comparison between leading
methods dealing with estimation of activity coefficients in literature.
Deviation varies from different structure to another based on molecular
structure of the compounds and molecular constituents. Liquid vapor
phase equilibria calculations are essential requirements in industrial
design. The calculations of activity coefficient and fugacity coefficient
play an important role in thermodynamic calculations.

Introduction:

The liquid phase activity coefficient, y;, is a function of pressure,
temperature and liquid composition. At conditions remote from the
critical conditions it is virtually independent of pressure and, in the range
of temperature normally encountered in distillation, can be taken as
independent of temperature.

Correlations for liquid phase activity coefficients:

Several equations have been developed to represent the dependence of

activity coefficients on liquid composition.***

1. Margules activity equation:

The Margules activity model is a simple thermodynamic model for the
excess Gibbs free energy of a liquid mixture introduced in 1895 by Max
Margules.

In chemical engineering the Margules Gibbs free energy model for
liquid mixtures is better known as the Margules activity or activity
coefficient model.

Margules expressed the excess Gibbs free energy of a binary liquid
mixture as a power series of the mole fractions xi:

% = X1 Xo(An Xy + A Xa) + X3 X3 (Bu Xy + B Xa)+. ..+ X7 XJ (Mar X1 + M2 X)

A, B are constants, which are derived from regressing experimental

phase equilibria data.
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e One-parameter margules equation :
The simplest expression for Gibbs excess energy function:
E
G _
RT -
Parameter A is a constant which is not associated with the other uses
of the variable (equation of state parameters, Helmholtz energy, Antoine

coefficients).

Derive the expressions for the activity coefficients from this

expression.
E
7 Il
=4 nj—l
RT “n
1 [0G*® 1
o 1, 7, 1y
RT\ on; |rp " nont n 7
2 2
Iny,= Ax, Iny,=A4x]

e Two-parameters margules equation:

Iny,= -"5[5‘1:_ 2(Ay—Ap)xy

In }’2:-"i[-’121 +2(A4—Ay) 1’1:

2. Van Laar’s Equation:

Originally the van Laar(1910) development was based on the van der
Waals EOS but since the fit of activity coefficient data with van der
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Waals parameters is poor, the van Laar equation now is regarded as a
purely empirical one.
Expressions for the activity coefficients,

4 ' 4
Iny, = — Iny, = s
[. A,x 1 : Ay x5
[1+— J 1+ ——
Ay, Apx

The point of van Laar theory is to use experimental data for mixtures
to estimate the values of A, and A,;. These equations can be rearranged
to obtain A, and A,; from y, and y, given any one VLE point.

[ X, Iny, T [ x, Iny, T

A, = ]11,"1“1"' 107, J 4, = hl}’g[1+m

3. Regular Solution (RS) Model :

This activity coefficient model is derived for solutions that show
moderate deviations from ideal solution behavior, and for which VF and
S are both zero. The model was proposed by Scatchard and Hildebrand
(J. H. Hildebrand & R. L Scott. The Solubility of Non-electrolytes,
Dover, 1964) and constitutes one of few models that are derived from
theory. Known as the Regular Solution Model, the molar excess Gibbs
free energy function is given by:

G¥ [ RT = (il + 2 ) 2D, (6~ &, )
2
Iny = E’rl‘:pg {51_ '53}
Iny, =V,®} (6 - 5 )

xXiVi
Vin

where, @; = volume fraction = ; Vi = molar volume of pure

i" species, and V,,, = ¥; x;V;
Further: &; = solubility parameter for i" species, which is given by:
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5 _ JwT)  JaE - RT)
o7 v,

_—

Where AUivap, AH;’ap are molar internal energy, and enthalpy

of vaporization of i species at the temperature of interest.
The above relations may be extended to multi-component

mixtures for which:

5= @4
7
®. - xj.}‘;.

(where, j R runs over all the species) .
4. Free volume and Flory-Huggins Theory:

The volume occupied by one molecule is not accessible to the other
molecules. When we mix two components, each component’s entropy

increases according to how much more space it has:

ASi=NikIln(Vy, 'Vy)

Where Vj, = the free volume of the mixture.
Vi = the free volume in the ith pure component.
It is customary to assume that the fraction of free volume in any
component is th e same.
Vs, = Nivivf

Where vi = volume of the i species.

vf = universal fraction of free volume.

51 Copyright © GJT Al e s Ada gdae wolall (5 g8a



Ol Al g o glall Mal) agaall [ 45850 oy 6 Al
Gharyan Journal of Technology, High Institute of Science & Technology Gharian
Issue (3), May- 2018 - sibe ¢llil) asal)

The entropy may be taken as that of a perfect gas composed of the

same number of molecules confined to a volume equal to the free

volume.

AS V V

—= =% In( /f"‘ )+ x, In( L )

Nk Ifz f

AS ny, + 1,7, ny, + 1,7,

—=x In(1—22)+x, (1 —22)=—3x, In®,

Nk v, 1,7,

AS* |
i =) x,In®, +) x;Inx, =) x,In(d, / x,)

For a binary solution,

AGE HE ASE D, D, (5,-5,)

AT TN e R L P o M

1 2

(v +x,v,)

)

Yy inls &
Iny, =In(®, /x)+(1-D, /x,) +R—1T(l‘)5(ol -4,)

Iny, = In(d; /x,)+ (1=, /x,) +-20}(8, - &)’

5. Wilson equation:

The equation developed by Wilson (1964) is convenient to use in

process design:

n n xA;
11'1}-";- = 1.0 —In [Z{_Kjﬂkj]l] — Z —k

R
J’=|. i=1 {-Y‘rf‘r‘rj
j=1

Where vy = activity coefficient for component k,
Aij, Aji = Wilson coefficients (A values) for the binary pair i, j,

n = number of components.
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The Wilson equation is for systems that are severely non-ideal; but,
like other equations, it cannot be used to represent systems that form two
phases in the concentration range of interest.

A significant advantage of the Wilson equation is that it can be used to
calculate the equilibrium compositions for multicomponent systems using
only the Wilson coefficients obtained for the binary pairs that comprise
the multicomponent mixture. The Wilson coefficients for several hundred
binary systems are given in the DECHEMA vapor-liquid data collection,
DECHEMA (1977), and by Hirata (1975). Hirata gives methods for
calculating the Wilson coefficients from vapor liquid equilibrium
experimental data.

6. Non-random two liquid equation (NRTL) equation:

The NRTL equation developed by Renon and Prausnitz overcomes the
disadvantage of the Wilson equation in that it is applicable to immiscible
systems. It can be used to predict phase compositions for vapor-liquid
and liquid-liquid systems.

X1 X2 RT X+ Ggl X+ 2 Glg

2 G oy Gy Ty
Iny,=x3| T2 | = o +- 2
| X+ Gy (x3+x,G5)
2 Gy \” Gy Ty
Iny,=x7| Ta| — — +- —
|,y Gy (x1+x2G )
Gpo—=expl—oT;) Gy —expl—oaT5,)
- by, - by
2= pr TnT R

a, by, and b,; are parameters specific to a particular pair of species,

and are independent of composition and temperature.
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7. Universal quasi-chemical (UNIQUAC) equation:

The UNIQUAC equation developed by Abrams and Prausnitz (1975)
is usually preferred to the NRTL equation in the computer aided design
of separation processes. It is suitable for miscible and immiscible
systems, and so can be used for vapor-liquid and liquid-liquid systems.
As with the Wilson and NRTL equations, the equilibrium compositions
for a multicomponent mixture can be predicted from experimental data
for the binary pairs that comprise the mixture. Also, in the absence of
experimental data for the binary pairs, the coefficients for use in the
UNIQUAC equation can be predicted by a group contribution method:
UNIFAC.

The best source of data for the UNIQUAC constants for binary pairs is
the ECHEMA vapor-liguid and liquid-liquid data collection, DECHEMA
(1977).

For multicomponent solution:

E

;‘;}_ =>. xn (P /x,)—5 > g;x;In ['GI)J,-J'QJ-,'.I—Z gj.xj]n[' > (:?r.Tr.J,.)
COMB

Iny,=Iny, +1In yi_tE'E

Iny ™ =In(®, /x,)+(1—B,/x,)—5q,[In(d,/6,)+(1—B, /6,)]
hl)fEEE:q 1—In(>. QT—Tﬁ
k k (_;‘ i r.lr) T Z (']I-TU-

UNIQUAC equation requires two adjustable parameters characterized

from experimental data for each binary system.

54 Copyright © GJT Al e s Ada gdae wolall (5 g8a



Ol Al g o glall Mal) agaall [ 45850 oy 6 Al
Gharyan Journal of Technology, High Institute of Science & Technology Gharian
Issue (3), May- 2018 - sibe ¢llil) asal)

&, &, &, B,
x = R — Y —5 - - =
In 3 ]11[1_1}"—':1 3_1.1-' —{11[]11[91}"—[1 91]]

e, o T12
&, + 6,71, - &, T, +6,

—l—ql[ 1—In(&,+8, 715, ) —

Iny,—=In(—22)4(1 2y —SqL[In(—2)+(1 'I'?a]
1) 2= 1.3_21 . ;- 5q-|1n 931 8,

(= e e,

+g,| 1l—In(8,7,+8,5)— = — =

- - - &, +60,71, G, T,+6,
Where:
5 = X o — X;4d;
’ _ Ny T ! Z Nl i
’T.J':; Vi R q;= Z vi' O,
-

Ry parameter => group volume.
Qx parameter => group surface area.

Molecule size (rj) and molecule shape (g;)) may be calculated by
multiplying the group parameters by the number of times each group
appears in the molecule, and summing all the groups in the molecule.

vi'? is the number of groups of the k type in the j molecule.
8. Modified separation of cohesive energy density
model(MOSCED):

It is Thermodynamic model for the estimation of limiting activity

coefficients (also known as activity coefficient at infinite dilution).

n [ ap s BECE - | @I-aD)ET-D)]
/ ) 1 + dyn
RT l U I3 e
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aa = 0.953 — 0.002314 ((77) + o1 87 )

. sqa ki \ 08 ) 92 -\ 0.8 203K 0.4
o -o(%)" 7 ()" ()

Yy = POL + 0.002629aT a7

£ = 0.68 (POL — 1) + [3.4 ~24 exp(—0.0UQGST(u,ﬁ, )”‘)} s
POL = g} [1.15 — 1.15 exp(-0.002337(r7)" ) | +1
Where :
\Y Molar liquid volume
A Dispersion parameter
q Induction parameter
T Polarity parameter
a Hydrogen-bond acidity parameter
B Hydrogen-bond basicity parameter
tand ¢ Asymmetry factors
d; Combinatorial term (modified Flory-Huggins(
Index 1 Solvent
Index 2 Solute

The activity coefficient of the solute and solvent can be extended to
other concentrations by applying the principle of the Margules
equation. This gives:

Iny, = (In93° + 2(Iny{® ~ In~5°) &;) B3

Iny; = (In9° + 2(Iny° — Iny¥) &) &3

where

TV
P,
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9. Debye—Huckel equation:

The Debye—Hiickel limiting law enables one to determine the activity

coefficient of an ion in a dilute solution of known ionic strength.

2.2 2 3 arl/2
ZqK zZq Ny

In {,-}? } _

z; is the charge number of ion species i

q is the elementary charge

K is the inverse of the Debye screening length,
g, is the relative permittivity of the solvent

€ is the permittivity of free space

kg is Boltzmann's constant

T is the temperature of the solution

Ny is Avogadro's number

I is the ionic strength of the solution,

A is a constant that depends on temperature.

Extensions of the theory ;
Extended Debye—Hiickel equation is given by:

Alzyz_ |VI

—logy () = —
10 1+ Ba+v'1

T
8me,eokpT dn(e,eokpT)3/ "-,l“l 9

= —AP.'.’E \K'T

The Debye-Hiickel equation cannot be used in the solutions of

surfactants where the presence of micelles

electrochemical properties of the system.

influences on the

¢ Relation between the model parameters and infinite dilute

activity coefficients :

A common feature of all the models are that the parameters are
basically related to the infinite dilute activity coefficients for each
binary.® Table (1) shows the relation between the model parameters and

infinite dilute activity coefficients.
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Table (1) shows the relation between the model parameters and

infinite dilute activity coefficients.

Relation between the model parameters and infinite dilute
Model L -
activity coefficients
Two-suffix o o
Margules Iny’=lny" =4
Three- - .
suffix lnp =4y lnyy =4y
Margules '
Van Laar Inp =4y Inyy =4,
Wilson Inpf=1-Ay-Indh, Inpy=1-A,-Inh,,
In 3" =Ty +7; expl-an,)
NRTL -

e Comparison of Equations.

The merits of the individual activity-coefficient correlation
methods have been cited locally, and a comparison of a sort is in
table (2) . Those conclusions may be summarized.

Table (2) Frequencies of best fits of fine activity coefficient
correlations of the DECHEMA vapor-liquid equilibrium data

collection
Number of
Part of Collection Data Margules van Laar Wilson NRTL UNIQUAC
1 Aqueous organics 504 0.143 0.071 0.240 0.403* 0143
2A  Alcohols 574 0.166 0.085 0.395¢ 0.223 0.131
2B Alcohols and phenols 480 0213 0.119 0.342° 0.225 0.102
3/4 Alcohols, ketones, ethers 4%0 0.280* 0.167 0.243 0.155 0.155
6A C4-Cg hydrocarbons 587 0.172 0.133 0.365* 0.232 0.099
6B C;-C,g hydrocarbons 435 0.225 0.170 0.260* 0.209 0.136
7 Aromatics 493 0.260* 0.187 0.225 0.160 0.172
Total of 7 parts 3563 0.206 0.131 0.300* 0.230 0.133

*Identifies the most frequent best fit in each category.
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1.

The Margules, van Laar, and related algebraic forms have the merit of
mathematical simplicity, ease of evaluation of the parameters from
activity-coefficient data, and often adequate representation of even
fairly non-ideal binary mixtures, including partially miscible liquid
systems. They are not applicable to multicomponent systems without
ternary or higher interaction parameters.

. The Wilson equation represents vapor-liquid equilibria of binary and

multicomponent mixtures very well with only binary parameters.
Because of its greater simplicity it may be preferable to the NRTL and
UNIQUAC equations for this purpose. Although it is not directly
applicable to liquid-liquid equilibria.

. The NRTL equation represents vapor-liquid and liquid-liquid

equilibria of binary and multicomponent systems quite well, and is
often superior to the others for aqueous systems. It is simpler in form
than the UNIQUAC method but has the disadvantage of involving
three parameters for each pair of constituents. The third parameter a;,
often can be estimated from the chemical natures of the components,
and a strong claim has been made for a universal value o, = -1. The
value a;, = 0.2 has been adopted for all mixtures in the DECHEMA
LLE Data Collection.

. Although it employs only two parameters per pair of components, the

UNIQUAC equation is algebraically the most complex one. It utilizes
knowledge of molecular surfaces and volumes of the pure
components, which can be estimated from structural contributions,
and for this reason the method may be particularly applicable to
mixtures of widely different molecular sizes. It is applicable to vapor-
liquid arid liquid-liquid equilibria of multicomponent mixtures with
binary parameters and pure component data only.
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Application of Activity Coefficient Models;
= Activity coefficients are used in phase equilibria calculation for
modeling equilibrium properties.“” As shown in the following table.

P = . p sat
}iP R Pi

System Type Models

Species similar in size and shape One-constant Margules

Two-constant Margules, Van Laar,

Moderately non-ideal mixtures Regular Solution

Strongly non-ideal mixtures (for

example Alcohols Wilson, NRTL, UNIQUAC
+Hydrocarbons)
Solutions with miscibility gap NRTL, UNIQUAC

= Calculation of solubility :

Experimental determination of solubility is time consuming and
costly, therefore it is effective to use activity coefficient models to predict
solubility
In Equilibrium:

solid sollite _sat | sar
e = =X 14

o

Solubility can be calculated as follow

a solid

e

" s activity of solid which is function of physical properties of
solid like melting temperature, heat of fusion and heat capacity y is
activity coefficient.

X =
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