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Abstract

A great number of chemical engineering applications involve processes such as distillation, absorption,
liquid-liquid extraction, etc. For the design of the necessary equipment to carry out these operations, it is
important to have equilibrium data which is not always available. Therefore predictive models can be very

useful and are necessary.

Various models exist but the most accurate ones are those which take into account the nature and the
size of the molecule. Consequently, this present work is an attempt to establish an eventual relationship between
the thermodynamic models and the molecular structure, for chosen binary systems such as Hydrocarbons,

Hydroxylic, Aromatic, etc.

Known systems have been considered to validate the approach and examine any relationship between

the molecular structure and the calculated property.
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l. Introduction

The calculation of the equilibrium between the
phases of systems of many components is based on
the J W Gibbs concept of a same chemical potential
for each component in each phase, at the prevailing
temperature and pressure. The equilibrium
conditions between two phases is then the
isofugacity criteria which is written as follows [1]:
O=Fi@ (i=12,...,n) 1)
with f; denoting the fugacity of component i.
For a vapour-liquid equilibrium, the fugacities in
each phase can be calculated from the following
equations:
- For the fugacity in vapor phase:

_ fiV(T!P’yi)
¢ (T.P.yi) Py,
Where vy; is the molar fraction of component i in
vapor phase, P the pressure and ¢ the fugacity
coefficient of component | defined as:
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Vi is partial molar volume.

- For the fugacity in liquid phase:
p —L

f(T.PX)=i(Tx ) exp| 2-dP @)
0

fi- is the fugacity of component i in the liquid
mixture at the pressure P;
fit" is the fugacity of component i in the liquid

mixture, brought back to null pressure;

—L

Vi is molar volume partial in the liquid mixture of
component i.

Hence:

. VP

fi L(Tl vai ): fi L (TlXi )eXp IRT (3)
The activity coefficient is independent of the
pressure and is defined as follows:

L*
7i(T.% ):LT*X')
X - Fi2(T)
fi-* is as defined above and the selected standard
state for this fugacity of reference is the pure liquid i
at the temperature T, under null pressure. The
coefficients of activity are then defined according to
the symmetrical convention, expressed by the
following condition for each component i in the

(4)

mixture: ¥; — 1lwhen Xj — 1.
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The use of the symmetrical convention is
justified here by the fact that in the considered
mixtures, the components are often at a temperature
lower than their critical temperature [1].

OL S
W =R M) (T.R%): exp[ A ] (6)

RT

PS indicates the saturated vapour pressure of the
pure substance | at the temperature T;
@ is the coefficient of fugacity of the vapour

saturated with component i given by the following
expression :

Bs-Bi.
Ings =" @)

The coefficient B j of a pure substance i is given by:

= Rlg ) f(TRi,wu ) Avec Tgi=
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In the case of a mixture, the critical parameters
necessary for the calculation of the coefficient Bj,
are given by the following mixing rules:

Teij :(TCi Tej )0.5 Wi =4 ;a)j

Pei=4-Tc {I%_l'_cvcwpc_l’_cqu /(v1’3+v1’3)3 )

]

1. Activity coefficient models
Various models for the calculations of the activity
coefficients are proposed in the literature. Each one
depends on the manner, the expression for the excess
free energy, GF, is chosen. The coefficient of activity
is then obtained, on a molar basis, as follows:
E
RTIny, =9 (10)
oX
- van Laar model
The excess free energy according to this
model is given by the following expression:

— AZ'AQl'Xl .XZ (11)
RT  AyXi+Ar X,
Where A1z, Az the parameters of van Laar which are

function of the temperature. The activity coefficients
are as follows [2]:

A,

Iny, =—2*— (12)
+ Aiz'xl
Azl'x
|n}/2 :_#1_2 (13)
+ A21'X
Aiz'xl

- Margules model
The excess free energy is expressed as
follows:
GE

R-T
After differentiation, the activity coefficients are
given expressed as follows [2]:

Iny, =B-x3

—=B-X X, (14)

Iny,=B-xZ

The parameter B is calculated by means of infinite
dilution activity coefficient as Iny3=Iny%=B
The excess free energy for the Margules equation

with three suffixes (third order) is given as follows:
E

ﬁle'XZ'[Azfxl +A5L2‘X2:| (15)

Similarly, after differentiation, the activity
coefficients for binary systems are:

Iny, =x3 [A12 +2:% '(A21_A12 )] (16)

Iny, =X12'[A21+2'X2~(A12—A21)] (17
Parameters A 12 and A 2; are calculated by means of
infinite dilution activity coefficients as Iny?=A,

and Inyy=A,,

- Wilson model
The excess free energy according to this
model is expressed as follows:

[ZAU X } (18)
=1

RT B i=1

_Vj . (A=) | . .
Aij—vj \.X{ RT 17] (19)

Iny, :1—In{ZN:xj-Ai11 ZN: <A (20)
1= K= Zx Ay

Ajj is the Wilson interaction parameter.

With
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For a binary mixture the excess free energy is then

given by [3]:

R'T'_ —Xq - In(xl+x2 Alz)—x2 In(x2+xl A21) (21)

The coefficients of activity will be in this case:

Iny, = —In(x1 + X, 'A12)+ X, -

( Ay Ay j (22)
X +X; 'Alz X, +X 'A21

Iny, = —In(x2 + X, -/\21)+x1 .

( Ay Ay j (23)
X1+X2'A12 X2+X1'A21

Wilson parameters Ajjcan be calculated, still, by
means of infinite dilution activity coefficients:

|n}/l°° :—|nA12 +1—A21 |n]/§° :_|nA21+1_A12

NRTL model (Non Random Two Liquids)
The excess free energy for this model is given as

follows [1]:
le GJITJI
gE RT- ZX W (24)

k

Where Gji=eX;{—aji-%J and Tji:%

iji'Gji'Xi y
Iny, =- 5 +Z
szi'Xk J

k
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k

(25)
Z:Xk Ty -G
e
2.Gy %
%
Ny =751 +71,€XP(=012°715) (26)
INys=11,+7,1€XP(=0t51°751) (27)

UNIQUAC (Universal Quasi-chemical Activity
Coefficient) model

The excess free energy for this model is given by the
following expression:

O,
ﬁ_Zx Inx—+— Zq,x In——

| > (28)
Zqi X ln(zj:@)irjij

The coefficient of activity is made of two terms as
[4]:
In]/i :|n7/i°+|n7iR (29)

The first term is the combinatory and the second is
the residual one and are given as follows:

_1n Qi A |.
InyP=In"t+5-q; In- ot Zx,,

O
InyR=q; {1-In » O;-7; > 11| (31)
7= EZ : J] ZZ@)MJ

k

With

=20 —a (5 -1) )

Where r; and ¢; are the van der Waals molecular
volume and surface parameters, respectively,

z is the coordination number set equal to 10 . The
surface and volume fraction are given as:

@ =N (33)

Zq,

(34)

_ X
O =N
DR

i

And the energy parameter is given by:

Uji —Uii
Tii ZEX%—JR—.TJ (35)

UNIFAC (UNIQUAC Functional Activity
Coefficient) model

Similarly to the UNIQUAC, the UNIFAC is also
made of two terms, combinatorial and residual
expressed as follows [5]:

In]/i :In}/ic'l‘In]/iR (36)

d;
InyC=In Di |z , :!, LS 37
Vi " q ZJJ @37)
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with & =2 —q; }-(r -1);  z=10;

QX | @, =X

O =<=——1
qu-xj
i
i ZZVS)'Rk Qi ZZVS) Q
K

Vi _ Ak

Re= 15.17 17 Qk‘2.5><109

And

Iny#=>"vi{(InT, ~InT) (38)
k

With

In, Q.- 1—In(2®m j z%‘*fy ;

ZVm -Xj

_ Qn-Xm ]
®m_2qn-xn ' Xn D vl
n jon

In order to show the influence and
importance of the nature and also the size of the
molecules, present in the system, on the phase
equilibrium calculations, different binary systems,
frequently met, involving Hydroxylic, Aromatic,
Acidic compounds, etc., are considered. A priori the
choice of the systems has been made on the basis of
the molecular weight, the number of carbon atoms,
etc., to distinguish between light and heavy
compounds. In the present work, it is assumed that
the components having at least three carbon atoms,
are regarded as light components while those having
more than three carbon atoms are regarded as heavy.

The considered systems are mixtures where
the first component is a light alcohol and the second
one can be of similar or different nature such as a
light or heavy alcohol, aromatic, an ester, an organic
acid, etc.

1. Light alcohols- light alcohols binary
systems

Six systems have been considered in this category.

As an illustration, the results for the system

Methanol-Ethanol are shown and compared with the
experimental values [6] as follows:

10
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Figure 1 Methanol —Ethanol system
Table 1 shows the comparison of the deviations
obtained for each model, for the same system
Methanol — ethanol as follows:
Table 1 Comparison of the models for the system
Methanol-Ethanol

System Thermodynamic | Deviation from

model experimental
values
Margules 1.00310 2
Van Laar 1.244 10
Methanol- | Wilson 1.058 10 2
ethanol NRTL 1.060 10 2
UNIQUAC 9.807 10 3

On the six cases tested for this type of systems, the
UNIQUAC model has given the most precise results.

V. Light Alcohol - Organic acid binary
systems Four systems have been tested for this
class and the results obtained by means of the
UNIQUAC and the NRTL models, have shown
the least and close deviations from the
experimental data [6]
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Figure 2 Methanol — Acetic acid system

Table 2 Models comparisons for Methanol-Acetic

acid
System Thermodynamic | Deviation from
model the experimental
values
MARGULES 5.08110
VAN LAAR 6.086 10 2
Methanol — acid | WILSON 5.099 10 2
acetic NRTL 3.79910 2
UNIQUAC 3.801 10 2
V. Light Alcohols —Amines binary systems

Sixteen systems of this class have been tested
and the results are shown for the mixture
Methanol- Butylamine as follows [6]:

10k
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Figure 3 System Methanol Butylamine

Table 3 Models comparisons for Methanol-

cases, followed by the UNIQUAC and Margules
models in three cases, each, and only one case for the
Wilson model. Thus on this basis, the NRTL model
seems to be the most adequate for mixtures of light

alcohols -amines.

VI. Light alcohols -Esters binary systems

For this category, two possible cases have been
considered, according to the nature of the mixture
and whether azeotrope formation may occur or not.
For the first case, i.e. with the presence of an
azeotropy, for seven out of eight cases tested, the
model of Wilson has given the best results. Whereas,
with the absence of any azeotropy, the NRTL model
has given the most precise results for the nine cases
tested. The UNIQUAC has shown the largest
deviation from the experimental values
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Figure 4 Methanol — Acrylate methyl system

Table 4 Models comparisons for Methanol -

Acrylate methyl

Butylamine
System Thermodynamic | Deviation
model from the

experimental

values
MARGULES 251910
VAN LAAR 1.15210 2
Methanol- | WILSON 1.86310 2
butylamine | NRTL 1.063 10 2
UNIQUAC 2.68510 2

On the 16 treated systems, the NRTL model has

proven once more to be the most precise in nine

System Thermodynamic Deviation

model from the
experimental

values

MARGULES 5192103

VAN LAAR 511510

Methanol WILSON 533010 3

Acrylate NRTL 334610 °

methyl

UNIQUAC 1.137 1

VII.

Light Alcohol — Aromatic binary systems
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These systems are also treated according whether or
not they may lead to the formation of azeotropy. For
the fist case of a possible azeotropes formation, for
the six treated systems, the Wilson model has given
the best results. Consequently it is preferable to use
this model for these types of systems. For the second
case where a light alcohol and an aromatic do not
form an azeotrope, the NRTL model has given the
most precise results for the seven tested systems.
Table 5 Models comparisons for Methanol-
Benzene system

System Thermodynamic Deviation
model mpared to the
rimental values
MARGULES 1.30310
VAN LAAR 1.181102
Methanol [ \y_SON 6.33910 3
Benzene NRTL 6.989 10 3
UNIQUAC 1.882 10
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Figure 5 Methanol —-Benzene System

VIIL. Conclusion

From this study, one can see that it is not easy, a
priori, to choose the best thermodynamic model for
the activity coefficient calculations. Regarding to the
importance of this parameter in process design, it is
useful to have some guidance for making the most
appropriate model choice.

Consequently, in the present study, an
attempt has been made to relate the molecular
structure (nature) of the compounds involved with
the different thermodynamic models. Binary systems
have been tested and the results show that the new
models lead to more precise results than the old ones,

due to the fact that they introduce parameters which
take into account the size, interactions, the polarity,
etc. of the components.
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