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Liquid–liquid equilibrium studies have been carried out for five multicomponent systems comprising
aromatics, paraffins and selected solvents (tetraethylene glycol, sulfolane, dimethyl sulfoxide,
N-methylpyrrolidone and trimethyl phosphate). The experimental equilibrium data were fitted by em-
pirical correlations suggested by Hand, Othmer–Tobias, Bulatov–Yachmenev and Rod. The best fit
was obtained with the relation by Rod. The solvent capacities and selectivities are also compared.

Various organic solvents applied so far to the separation of aromatics from aliphatic
hydrocarbon mixtures obtained by treatment of primary naphtha products have been
discussed in the literature1–7. For a quantitative evaluation of the extraction of aro-
matics it is important to have available equilibrium values of the systems concerned.

Several methods of equilibrium data correlation for ternary and multicomponent sys-
tems have been suggested8. Major attention has been focused on the thermodynamic
approach to the description of the equilibrium using the relation between the activity
coefficients of the components and the phase composition. The NRTL, UNIQUAC and
UNIFAC thermodynamic models have proved to be well suited to this. However, those
models are primarily designed for vapor–liquid equilibria and are less convenient in the
treatment of liquid–liquid equilibria (LLE), as pointed out by Sorensen et al.9. Also, the
parameters of the models are more difficult to obtain for LLE than for vapor–liquid
equilibria.

Since the experimental determination of equilibrium data for multicomponent sys-
tems is a very complex procedure, such systems are usually treated as pseudo ternary
systems. Reduction of multicomponent systems to pseudo ternary systems can be made
on the basis of their chemical similarities10. In this paper, the components are classed
as aromatics, paraffins, and solvents (the first, second and third components, respec-
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tively). For a description of the equilibrium in such systems, it is convenient to use the
empirical correlations developed for ternary liquid–liquid systems.

This work is aimed at correlating equilibrium data for aromatics–paraffins–selected
solvent multicomponent liquid–liquid systems at various temperatures. The results can
serve as a good basis for calculation of the equilibrium in a simulation of the extraction
process. A general comparison of the solvents investigated is also made in terms of
their capacities and selectivities.

THEORETICAL

Hand11 proposed an elegant plot of equilibrium composition data, viz.

y1/y3 = p(x1/x2)q  . (1)

According to Hand, the result should be reasonably well approximated by a straight
line in logarithmic coordinates.

Othmer and Tobias12 also suggested an empirical corelation which in logarithmic
coordinates produces a linear relationship for the equilibrium compositions, viz.

(1 − y3)/y3 = k[(1 − x2)/x2]
r  . (2)

Bulatov and Yachmenev13 proposed empirical correlations of binodal curves and tie-
lines in the form:

x3 = ∑ 
m = 0

5

bm x2
m (3)

y3 = ∑ 
j = 0

5

cjy2
 j (4)

y3 = g exp (hx2)  . (5)

Rod8 expressed the concentration dependence of distribution coefficients for ternary
systems in a semilogarithmic form:

ln Ki = ∑ 
n = 1

3

ai,n(x1 − xp)n  ,     i = 1, 2, 3  . (6)
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Using these equations, equilibrium data at elevated temperatures can be obtained by
interpolation and extrapolation. A FORTRAN program for all calculations by means of
the correlations (1) – (5) was set up for a Varian Digital Computer; the original pro-
gram by Rod was used for his correlation.

The experimental equilibrium data for the aromatics–paraffins–selected solvent
multicomponent systems can also be used to compare the capacities and selectivities of
the solvents. The solvent capacity affects the extraction process. It determines the rate
of solvent circulation and consequently the size of the majority of the plant equipment.
Moreover, the operating costs are also affected by the amount of heat needed to heat
the solvent from the extraction temperature to the distillation temperature. The aro-
matics distribution coefficient K1 between the solvent and hydrocarbon phases, which
is given by3

K1 ≡ y1/x1 (7)

is a measure of the capacity. The selectivity affects the size of the distillation column
and the heat requirements for distillation. The selectivity S1,2 for aromatics with respect
to paraffins is defined by the following equation:

S1,2 ≡ (K1/K2) = (y1x2/x1y2)  . (8)

EXPERIMENTAL

The equilibrium data for the multicomponent systems were measured in an apparatus as described
earlier14,15. Paraffins and aromatics obtained from pyrolytic gasoline (Oil Refinery, Pancevo, Yugo-
slavia) served as the starting components. The paraffins were mixtures consisting of 28.76 wt.%
n-paraffins, 70.14 wt.% i-paraffins and 1.10 wt.% benzene. The aromatics, also mixtures, contained
73.68 wt.% benzene and 26.32 wt.% toluene. Tetraethylene glycol with 0.3 wt.% water was used as
the solvent to increase the polarity. N-Methylpyrrolidone and trimethyl phosphate were used after
addition of 3 wt.% water. Sulfolane and dimethyl sulfoxide were solvents of "pure" grade.

Experimental data for the binodal curves were obtained by the turbidity method16 which was based
on the following procedure: Two-phase mixtures with different but constant mass ratios of two com-
ponents and a variable mass fraction of the third component were heated to transparency and then
cooled down to become turbid. The temperature of turbidity and the mass fraction of the third com-
ponent in the mixtures were mutually plotted for the constant mass ratio of two components. The
points of binodal curves at the selected temperatures were determined by interpolation.

The tie-lines were determined by a two-phase equilibrium procedure at a constant temperature.
A cathetometer was used to measure the level of the interface in graduated glass test tubes after sepa-
ration, from which the volumes of the raffinate (light phase) and extract (heavy phase) were deter-
mined. The masses of the phases were calculated from their volumes and densities. The two-phase
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mixtures were equilibrated at selected temperatures and the aromatic content of the raffinate was
determined by gas chromatography whereas the aromatic content of the extract was calculated from
mass balance. The plait-point was determined by the method of Bancroft17.

The temperatures were held constant to within ±0.5 °C and the error of measurement did not ex-
ceed ±3%.

RESULTS AND DISCUSSION

The experimental results of phase characterization of the systems investigated under
selected conditions were presented in our earlier papers14,15,18–21.

The experimental equilibrium data for the multicomponent systems were fitted by the
empirical correlations suggested by Hand11 (Eq. (1)), Othmer–Tobias12 (Eq. (2)), Bula-
tov–Yachmenev13 (Eqs (3 – 5)) and Rod8 (Eq. (6)). The fit was assessed in terms of the
criterion

δ = 
















∑ 
l = 1

N

(xl,i
exp − xl,i

calc)2 + (yl,i
exp − yl,i

calc)2






 / 3N 











1/2

  ,     i = 1, 2, 3  . (9)

The results of comparison of the calculated and experimental equilibrium data are
given in Table I.

The δ values for all the four correlations were lowest when using sulfolane as solvent.
The best fit for the majority of systems was obtained using the empirical correlation

by Rod8, whereas the Othmer–Tobias12 and Hand11 correlations resulted in larger devi-
ations. The Bulatov–Yachmenev13 equations gave the best results for the multicompo-
nent system involving tetraethylene glycol as the solvent.

The agreement of the experimental equilibrium data with those obtained by using the
Rod8 correlation is shown graphically in Fig. 1. 

The correlations and the corresponding computer program package were applied to
the construction of the tie-lines, i.e. to the determination of the equilibrium pairs in the
systems investigated. All of the correlations can also be used to predict the equilibrium
data if their constants have previously been determined for the given system in condi-
tions in which the correlation is valid.

A correlation of the type shown in Fig. 2 was used to compare the capacities of the
solvents at a constant temperature. The capacities of the solvents as a function of the
mass fraction of aromatics in the raffinate decrease in order N-methylpyrrolidone, tri-
methyl phosphate, sulfolane, dimethyl sulfoxide, tetraethylene glycol. The capacity of
the solvents decreases in the same order with increasing mass fraction of paraffins in
raffinate and with increasing mass fraction of solvent in raffinate. This applies to all
temperatures used.

The selectivities of solvents in the aromatics–paraffins–solvent systems are com-
pared in Fig. 3. The selectivity as a function of the mass fraction of aromatics in raffi-
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nate decreases in order: sulfolane, trimethyl phosphate, N-methylpyrrolidone, dimethyl
sulfoxide, tetraethylene glycol. The same trend is observed in dependence on the mass
fraction of paraffins in raffinate and on the mass fraction of solvent in raffinate. Again,
this applies to all temperatures used.

TABLE I
Comparison of experimental and calculated equilibrium data of aromatics–paraffins–selected solvent
systems at various temperatures and with different solvents

Temperature
°C

N

Empirical correlations

Hand11

δ

Othmer–
Tobias12

δ

Bulatov–
Yachmenev13

δ

Rod8

δ

Tetraethylene glycol

100 7 0.244 0.048 0.009 0.021

115 7 0.267 0.064 0.012 0.010
130 7 0.263 0.081 0.009 0.051

145 7 0.252 0.076 0.008 0.033

Sulfolane

100 7 0.075 0.018 0.007 0.002

115 7 0.103 0.021 0.021 0.003

130 7 0.132 0.032 0.004 0.003

Dimethyl sulfoxide

 90 7 0.221 0.039 0.036 0.052

105 7 0.230 0.052 0.012 0.036

120 7 0.222 0.056 0.036 0.008

135 5 0.255 0.044 0.007 0.006

N-Methylpyrrolidone

 50 7 0.213 0.062 0.119 0.008

 55 7 0.073 0.031 0.018 0.005

 60 7 0.175 0.050 0.149 0.006
 75 5 0.222 0.138 0.226 0.022

Trimethyl phosphate

 50 6 0.073 0.022 0.011 0.002
 60 6 0.094 0.033 0.082 0.006

 70 5 0.182 0.033 0.006 0.002
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FIG. 1
Comparison of experimental data (points) and
those calculated by the Rod correlation8 (full
lines); A solvent, B paraffins, C aromatics. Sol-
vent, temperature: a tetraethylene glycol, 100 °C;
b sulfolane, 100 °C; c dimethyl sulfoxide, 90 °C;
d N-methylpyrrolidone, 50 °C; e trimethyl
phosphate, 50 °C
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A high selectivity for a desired capacity is the primary requirement for a good sol-
vent. However, increase in solvent capacity is associated with a decrease in its selecti-
vity and vice versa. A compromise must be therefore made. The two parameters can be
adjusted by changing the temperature and/or by adding a second component such as
water to the solvent.

FIG. 4
Comparison of selectivity S1,2 and capacity K1

of the solvents in the extraction of a feed with
starting mixture composition: xm,1 = 0.0667, xm,2

= 0.4333 and xm,3 = 0.5. Solvent, temperature:
∆ sulfolane, 100 °C; ■  trimethyl phosphate,
50 °C; ▲ N-methylpyrrolidone, 50 °C; ●  di-
methyl sulfoxide, 90 °C; ❍  tetraethylene glycol,
100 °C

FIG. 2
Comparison of capacities K1 of solvents in the
systems under study. Solvent, temperature:
1 N-methylpyrrolidone, 50 °C; 2 trimethyl phos-
phate, 50 °C; 3 sulfolane, 100 °C; 4 dimethyl
sulfoxide, 90 °C; 5 tetraethylene glycol, 100 °C

FIG. 3
Comparison of selectivities S1,2 of solvents in
the systems under study. Solvent, temperature:
1 sulfolane, 100 °C; 2 trimethyl phosphate, 50 °C;
3 N-methylpyrrolidone, 90 °C; 4 dimethyl sulf-
oxide, 90 °C; 5 tetraethylene glycol, 100 °C
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For a comparison of the solvents, their selectivity and capacity data are plotted in
Fig. 4 for the same starting mixture composition, viz. xm,1 = 0.0667, xm,2 = 0.4333 and
xm,3 = 0.5.

Figure 4 demonstrates that sulfolane has the largest selectivity at a high capacity.
This implies that sulfolane is the most suitable solvent for the starting mixtures. Tetra-
ethylene glycol and dimethyl sulfoxide, on the other hand, exhibit low capacities and
selectivities. These conclusions apply to all starting mixtures.

CONCLUSIONS

When comparing the experimental and calculated equilibrium data, the best agreement
for the majority of systems was obtained by using the correlation by Rod8. For all the
four correlations applied, the best agreement between the experimental and calculated
equilibrium data was observed when using sulfolane as solvent.

Comparison of the capacity and selectivity data of the systems investigated revealed
that sulfolane has the largest selectivity at a high capacity (for the same starting mixture
composition). This implies that from among the solvents tested, sulfolane is best suited
to the extraction of aromatics from aromatics–paraffins mixtures.

SYMBOLS

ai,n constants in Eq. (6)
bm constants in Eq. (3)
cj constants in Eq. (4)
g, h constants in Eq. (5)
k constant in Eq. (2)
Ki distribution coefficient, Eq. (7)
N number of experimental points
p, g constants in Eq. (1)
r constant in Eq. (2)
S1,2 selectivity, Eq. (8)
xi mass fraction of component i in raffinate
xl,i mass fraction of component i in raffinate
xm,i mass fraction of component i in the starting mixture
yi mass fraction of component i in extract
yl,i mass fraction of component i in extract
δ root mean square deviation, Eq. (9)

Subscripts
i component of the ternary system (i = 1 for aromatics, i = 2 for paraffins, i = 3 for

solvent)
j serial number of coefficient in Eq. (4)
l serial number of experimental or calculated value
m serial number of coefficient in Eq. (3)
n serial number of coefficient in Eq. (6)
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Superscripts
calc calculated value
exp experimental value
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