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General Correlations for Liquid-Liquid Data Systems

ABU BAKR SALEM and MOHAMED A. SHEIRAH

FACULTY OF ENGINEERING
QATAR UNIVERSITY
DOHA, QATAR

Abstract

An efficient algorithm based on simple correlations for generating the
solubility, tie line, and solvent selectivity data for ternary and pseudoternary
liquid systems has been developed. The experimental data of 12 different systems
have been tested with the model formulated, and excellent agreement has been
verified. Simpson’s rule has been also incorporated in the model to enable the
area under the binodal curve to be calculated for comparison with the area of
the equilateral triangle. The relationship between the area of immiscibility and
the selectivity of a solvent toward a certain solute is discussed. Simulation of such
data is important in extraction, azeotropic and extractive distillations, computa-
tions, and optimization. This model may prove to be more simple and accurate
than the other available thermodynamic correlations when included in compu-
tation algorithms for design and optimization of processes involving muiti-
component liquid systems. However this technique has limited predictive power
since it is based on experimental data approximation.

1. INTRODUCTION

Analytical procedures for computation of extraction processes are
usually less accurate than graphical computation methods. The reason
may be that analytical techniques use only solute balance as the basis for
their computation, while graphical methods take into account the
balance of the other components (solvents) in the systems. Therefore, if it
were possible to build models correlating the solvents concentrations in
the two coexisting phases of an extraction system, digital simulation and
analytical computation of these processes would be at least as accurate as
the graphical techniques, depending upon the quality of the model.

2417
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Different trials based on thermodynamic principles have been made
for correlating these data systems, with varying degrees of success (1, 2).
The UNIQUAC equation is considered to be more accurate than the
other expressions. However, this correlation is still under development to
improve its ability to predict and/or to correlate available data sytems
).

A modified version of the UNIQUAC equation proposed by Anderson
and Prausnitz and recommended by Perry (1) was found to produce an
average absolute error in distribution coeffiicents of 5.9% in correlating
some Type 1 systems as reported by Simonetty et al. (2).

It was also stated (I) that a 5% error in the prediction of the activity
coefficient can represent a 10 to 50% error in the separation per stage.

The object of this work is to develop a simple, efficient, and accurate
technique based on the well-known expressions of the excess Gibbs
energy function for correlating liquid-liquid systems by simple models
which can be ecasily computerized for purposes of comprehensive
analysis of extraction processes and the optimum selection of solvents.

2. THERMODYNAMIC BACKGROUND

When a solute, C, is distributed between two liquid phases, A and B,
then at equilibrium the activity of the solute will be the same in each
phase. Therefore, the activity coefficients of a solute in the liquid phases
can be used to describe the thermodynamic basis for the distribution
coefficients and also for the concentrations of the components in the
liquid phases.

The activity coefficients, y, can be determined by knowledge of the
dimensionless excess Gibbs function, g:

g = G%RT H
According to Perry (I) y is given for a multicomponent liquid mixture

by

Iny, = ln<¢‘)+ q,ln Ly - ZCI q,-anBjt,»j+q,f
Ci 2 q)l J

- o Y[ @
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where
(D; == Ciri s er = Ciqi
chr/ chqj
J J
Au, ..
T; = €Xp (— W)’ ;= 1fori=j 3)

l = %(rj—q,-) -1

r and q are the pure component molecular structure constants, ¢’ is an
empirical value, and z is a coordination number, usually taken as 10 for
all mixtures.

Equation (2) is a complicated function which contains a large number
of parameters. Some of them are empirical (e.g., ¢') and others, such as z,
have to be obtained by trial and error. However, these parameters are all
dependent upon the component concentrations, molecular physical
constants, and the temperature and pressure of the system.

Since the pressure has little effect on liquid systems, then at constant
temperature Eq. (2) can simply be written as

Y = f(C) 4)
where the molecular physical constants will be inherent in the coeffi-

cients of this correlation. For a ternary system A, B, and C, Eq. (4) can be
written for Component A as

Ya = f(CaCs,Co) (4a)
and since
CatCg+Ce=1 5

Ya = f(Cs,Co) (6)
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Now, introducing a new parameter x, which is a complex function
defined by

x = y(Cs,Cc) (7

then
Ya = filx) (®)
Yc = folx) )

However, since any component concentration in one phase can be
determined by the ratio of the activity coefficient of this component to
another component in the same phase, therefore

Caa = f5(YaasYca) (10)

and hence Eq. 10 can be written as

Can = fux) (1)

Equation (11) can be used to calculate the component concentrations in
both phases.

Similar analysis of the most widely used thermodynamic equations,
such as Margules, van Laar, and Wilson’s (/), lead to the same
conclusion.

3. FORMULATION OF THE MODEL

Initially, trials were made to select a suitable parameter, x, which can
satisfy Eq. (7) and does not violate Eq. (5). This parameter will serve as
the independent variable in correlating liquid-liquid data.

A survey of the related literature revealed that Hiavaty (4, 5) suggested a
correlation for systems in which ethanoic acid is the third component, the
other two being widely immiscible. The Hlavaty correlation takes the
form

We=Ay+ A Inx, + A, Inx, + x,.x, 2. 4:(x, — x,)> (12)

where
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¥, = WB+KWC_WOBA
1 W(I]iB— W(l)iA

(13)

W%B - Wi — KW,
W%B - W%A

Xy =

(14)

A, B, and C are the components of the liquid system. C is a solute which is
completely miscible with Solvents A and B. The composition is expressed
as mass percentage, so W,, Wy, and W, are the relative proportions of A,
B, and C, respectively (g/100 g), in the system.

W is the mass percent of Component B in Phase B saturated with A.
W35 is the mass percent of Component B in the co-existing Phase A
saturated with B. Thus W}, and WY, are the W, = 0 end-points of the
binodal curve.

Although Hlavaty’s Eq. (12) has been discussed, it has not been widely
used, perhaps due to its computational difficulties. It has also had limited
application since it can generate only the solubility data of a liquid
system. However, equilibrium data are much more important for
computation and optimization purposes. These data cannot be obtained
by Eq. (12) because it represents a continuous binodal locus. On the other
hand, addition of Egs. (13) and (14) shows that

X +x,=1 (15)
This simply means that Eq. (12) could have been represented by
We=f(x) (16)

which is similar to Eq. (11) where x is equal either to x; or x, of Egs. (13)
and (14).

According to the previous discussion, a parameter x can be used for
correlating the solubility data for a liquid-liquid system. This means that
each component in the system can be represented by Eq. (16) where

Wy + KWe — Wi,
- 17
* Wis — Wia an

which means that x is a scale defined as follows;
atx =0, Wy = Wi,

atx = 1, Wy = Wi
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These values of Wy are distorted by the value of KW /(W5 — W3,) so
that x remains single valued along the binodal locus. However, for every
system there is a value of K, say K, such that for K > K,,,x has values > 1.
Thus K must be kept less than K, characteristic of the system. Therefore,
every value of x locates a unique point on the binodal line for all K <
K,.

In order to explore the shape of the Function (17), the values for a
pseudoternary system, n-heptane (A), sulfolane + 10% 2 propanol (B),
and toluene (C) data at 30°C (2), was calculated by Eq. (17) and the
solubility data were then plotted against x as shown in Fig. 1. This figure
indicates that W is still of the Hlavaty form but W, and W} are single-
valued functions. So, to describe binodal locus data, it is sufficient to
correlate W,(x) and Wy(x). In this case W, can be obtained from Eq. (5)
or Eq. (17).

Correlating W, and Wj by using the independent variable x has been
tried in this work by the polynomial approximation technique. Poly-
nomials have been adopted since they are simple in computations and
can be truncated at any suitable degree to give the accuracy required.

1 1
09 Wg 09
08 \w, {08
07 {07
06} 10s
05 W los
04 Jos
03 {03
02 {02
0.1 01

01 02 03 0, 05 06 07 08 09 1
X

FI1G. 1. Representation of the n-heptane, sulfolane + 10% 2-propanol, toluene system at 30°C
on rectangular coordinates vs x.
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However, although UNIQUAC Eq. (2) and Hlavaty’s Eq. (12) are both
complicated logarithmic functions, they can be mathematically ex-
panded to take the form of a polynomial.

Hence the concentrations of the solvents W, and W in the system were
correlated by

Wa=P(x) = 2a;x’ (18)

Wy = Pyx) = Za,xf (19)

where g; and g; are the coefficients of the polynomials. These coefficients
can be obtained for any liquid system by a least squares technique.

Twelve liquid-liquid data systems published in the literature have
been used to test the applicability of the model. The systems used are
displayed in Table 1, and their corresponding correlations for W, and Wy
against the parameter x are given in Tables 2 through 13. Excellent
agreement has been obtained for both termmary and pseudoternary
systems. In some polynomials the variance is relatively large due to the
first few points.

The value of K was taken starting from 0.01. The optimum values of K
and the degree of the polynomial n are found in the corresponding
tables.

Equations (18) and (19) have been successfully used to develop the
solubility data for any liquid system. However, for extraction computa-
tions and optimization, equilibrium data also have to be accurately
developed. This has been done through the following correlations:

Wep = PWca) = 2.6, Wea (20)

Wep = P W) = 2.b;Wha @
J

Since the ends of the tie lines inevitably lie on the binodal locus, only one
of these relations is required; Wy vs W, generally has the greatest
discriminatory power and therefore the highest precision. However, there
is a computational problem in that either this relation or its inverse is two
valued as shown in Fig. 2. The values of Wy vs Wy, or Wy, vs Wyg are
usually well behaved but rather less precise, as shown in Fig. 3.

Hence, it is necessary to use Correlations (20) and (21) together. The
coefficients of these correlations for the 12 systems are also given in
Tables 2 to 13.
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e
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FIG. 2. Wep vs Wy for the n-heptane, sulfolane + 10% 2-propanol, toluene system at
30°C.
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FIG. 3. Wgg vs Wg, for the n-heptane, sulfolane + 10% 2-propanol, toluene system at
30°C.
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4. SOLUBILITY AND TIE LINES DATA GENERATION

The four polynomial correlations (18), (19), (20), and (21) form the basis
of the model used for generating the ternary and tie lines data for any
liquid system. The steps for generating these data for a certain system
using the coefficients of the tables can be explained as follows.

1. Mutual solubility data can be obtained by using Eq. (19), Wi = Pyx).
Putting x = 0 in this equation gives Wy,. Then W9, can be obtained
by

Wia = 100 — Wi, (22)
Putting x = 1 in Eq. (19) gives Wi, Then W is given by

2. Ternary data can be obtained by using values of x, where 0 < x < 1,
in Eq. (19) to get Wy Then W. can be estimated from Eq. (18) as
follows:

1
We =4 x(Wip = Waa) + Wi ~ Wy (24)

Then W, can be estimated by
W, =100 — (Wg + W) (25)

W, can also be estimated by Polynomial (18), considering that the value
of K of this polynomial may be different from that of the Polynomial
(19).

3. Tie line data are obtained by similar procedures as follows for any
value of x, where 0 < x < 1. (a) For Phase A: Wy, can be estimated from
Eq. (19), W, from Eq. (24), and W, from Eq. (25). (b) For Phase B: W,
is estimated from Polynomial (20) and Wy from Polynomial (21). Then
W, is found from Eq. (25).

Other related data, such as the distribution ratios and the selectivities
of both solvents to solute at minimum and maximum concentrations in
both directions of mass transfer, can also be easily estimated. These data
have been also incorporated in the same tables for the systems studied.
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5. AREA OF IMMISCIBILITY

The area of immiscibility of liquid systems can be estimated by a
modified Simpson’s rule which allows for projecting the area under the
binodal curve from an equilateral triangular form into two perpendicular
axes suitable for applying Simpson’s rule of integration. A small
subroutine has been incorporated in the computer program of this
technique to calculate the area of immiscibility and to estimate its
percentage relative to the area of the equilateral triangle. The objective
was to try to relate the selectivity of solvents to the area under the binodal
curve.

6. DISCUSSION

Table 1 shows the systems tested by the developed technique. The table
also summarizes the results obtained and shows the agreement between
the generated and the experimental published data. The agreement in the
case of the generated solubility data is excellent as shown in P, and P,,
where the variance is less than 1. However, the equilibrium data in some
systems (6, 10, and 11) behaved very badly. This might be due to the fact
that turbidity determination of the binodal curve is easier than deter-
mination of the equilibrium data which usually depends on Othmar and
Tobias or Hand correlations. However, Table 1 proves that the developed
technique has a screening power and can be used for proving and
checking the published experimental data in liquid equilibria fields.

In most systems it was found that a polynomial of degree four is
sufficient to produce excellent agreement between the generated and
experimental data. Polynomials of higher degrees were also tried for ill-
behaved systems as shown in Tables 7 and 8 for Systems 6 and 7.
However, System 6 data showed a high dispersion.

We also tried to relate the effect of any change in a liquid system with
the main parameters of the system, for example, the capacity of the
solvent as indicated by the distribution coefficient, the selectivity of the
system, and the area under the binodal locus. Table 14 summarizes such
effects due to an increase of temperature or the addition of a certain
amount of a component to the system. The table does not show any
congcrete trend for such effects, although reading out such figures can tell
that a 9.9% increase of temperature, on an absolute basis, in Systems 5
and 8 causes large changes in the parameters of the system.

On the other hand, the addition of other materials to the liquid sys-
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tems, such as the addition of salt to System 3 or of water to System 6,
largely affects the area of immiscibility and selectivity, but no concrete
conclusion can be drawn, as shown in Table 14. This table shows that
addition of 10.9% salt to Solvent A has increased the area of immiscibility
by 48%. A corresponding increase in the distribution coefficient and the
selectivity at minimum and maximum concentrations also has been
obtained. However, an increase of the area of immiscibility of System 6
due to the addition of 7% water to Solvent B resulted in a sharp decrease
in the parameters of the system.

Table 14 also indicates that raising the temperature of System 5
resulted in a decrease in the area of immiscibility. A corresponding
decrease in the other parameters of the system, except for the distribution
coefficient at the minimum concentration, has occurred.

A trial has been made to relate the selectivity of solvents to the area of
immiscibility. This is shown in Fig. 4. This figure indicates that System 2
has the highest selectivity among the systems plotted, while its area is

50| 5
IN(] 5
L
30}
Bae
A 01 g
201
3
10r
0 1 1 i 1 1
0 10 30 50 70 90 100
% 2

S

FIG. 4. Selectivity at minimum concentration vs percentage relative area for the different
systems.
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about 58%. System 5 has the largest area, 84%, while its selectivity is less
than 40%. Raising the temperature of this system has lowered the area
and selectivity, as shown at Points 7 and 8.

Salting out of System 3 has increased the area and the selectivity, which
suggests that the addition of salt favors the extraction of acetic acid from
water by mesityl oxide. However, more data are required in order to
draw better conclusions. Nevertheless, the technique introduced may be
the first which has the ability to screen the published data in this
important chemical engineering field, to analyze data in a very compre-
hensive and constructive way, and to pave the road toward includ-
ing these techniques in computation systems for designing and op-
timizing extraction systems without the need for simplification
approaches.

However, it should be stated that the polynomial approach is only a
mathematical tool to approximate experimental data. Predictions for
values outside the ranges of the tie line data stated in the tables are not
recommended unless some other experimental results are provided to
justify such predictions. Nevertheless, work is now underway to use this
technique for rigorous computation of extraction processes in order to
test its usefulness.

7. CONCLUSIONS

Simple polynomial models have been developed by using a complex
parameter which is a function of two components concentrations in
liquid-liquid ternary systems. These polynomials have been used to
correlate a number of ternary and pseudoternary liquid systems with a
great deal of success. This technique may prove to be more simple and
accurate than any other available technique when included in simulation
programs for both extraction and azeotropic and extractive distillation
processes. However, since this model is used only to approximate
available experimental data, care should be taken if it is used outside
such a range of data.

Analysis of such data can lead to the optimum selection of a solvent for
a certain duty. Using additives to the systems, temperature differences, or
salting out can also be incorporated in such an analysis. Including such a
technique in extraction process design and optimization will produce
accurate results without the need for classical simplifications.
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NOMENCLATURE

carrier solvent, raffinate phase

coefficients of Correlation (12)

coefficients of polynomial P,

extracting solvent, extract phase

coefficients of polynomial P,

solute

mole fraction of the Components i, j, and k in the system
or phase

excess Gibbs energy

dimensionless excess Gibbs energy

iteration number

constant in Eq. (17), obtained by trial and error
maximum value for K, characteristic for each system
parameter, defined by Eq. (3)

distribution coefficient

degree of polynomial

polynomial

surface parameters for pure Component i

gas constant

molecular volume parameter for pure Component i
area under the binodal curve, unit square

area of the equilateral triangle, unit square
temperature, K

binary interaction parameter, cal/mol

weight, g/100 g

weight at zero solute concentration, g/100 g
parameter defined by Eq. (17)

liquid-phase coordination number, usually taken as 10
for all mixtures

selectivity of Solvent B to Solute C

Wia
"as "
AB
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selectivity of Solvent A to Solute C

activity coefficient

segment fraction of Component i
area fractions

UNIQUAC binary parameter
function defined by Eq. (7)
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