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Solvent Extraction of Aromatic Components from Lube-Oil
Cut by N-methylpyrrolidone (NMP)
By G.Reza Vakili-Nezhaad, Hamid Modarress, and G.Ali Mansoori
A method has been developed for the modeling of complex hydrocarbon mixtures which is based on the accurately simulated
distillation gas chromatography analysis as well as the extended method of Ruzicka et al for making the model molecules. The
method has been used for modeling of the complex mixture of the lube-oil cut SAE 10 in the aromatics extraction process with
the solvent N-methylpyrrolidone (NMP) from the Tehran Refinery. To carry out the liquid-liquid equilibria calculations, the van
der Waals surface and volume size parameters of the model molecules and NMP as well as their interaction parameters are
required which they are calculated by the Bondi's group contribution method with the NMP molecule taken as a functional
group according to the approach of Rahman et al.
Solvent extraction process at two temperatures of 50 and 42 C both at 1 atm have been carried out in a batch mixer-settler and
the properties of resultant phases (extract and raffinate) have been determined by the precise measuring systems using the
standard methods of ASTM and the well-known Riazi's equations. Finally, the results of the equilibrium calculations have been
compared with the experimental data and good agreement was found.

1 Introduction
One of the important problems in phase equilibrium
calculations and thermodynamic properties prediction of
complex mixtures such as petroleum fractions, vegetable oils
and polymer solutions is the unknown compositions of these
mixtures because of the existence of large number of various
species in the mixture. Three main methods have been
presented for modeling of such mixtures namely pseudocomponent by Mukhopadhyay and Dongaonkar [9] and Rahman
et al. [12], continuous by Chorn and Mansoori [4] and Riazi
[14], and making model molecules by Ruzicka et al. [17]. The
pseudocomponent method which is the oldest among the
above mentioned methods, is suitable for those processes in
which the characteristics of the individual molecules in the
mixture are not of a great importance. Examples of such
processes are simple vaporization and distillation of the
petroleum fluids as in these processes the properties of
interest are the volume percent distilled as well as the initial
and final boiling points of the sample. This method has been
used in the oil industries, although it can not define the
individual chemical species in the complex mixture and this
weakness impose a limitation on calculations which are
related to the molecular characteristics of the individual
molecules present in the mixture.
In the continuous method which is based on the concepts of
continuous thermodynamics, the composition of complex
mixture is represented by a distribution function consisting of
independent variable in terms of measurable properties such
as molecular weight or boiling point, instead of the usual mole
±
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or mass fractions. This method is suitable for those multicomponent mixtures which have a great number of similar
chemical species and their composition can not be expressed
by usual concentration scales such as mole or mass fractions.
In the past two decades, continuous thermodynamics has been
widely used for vapor-liquid equilibria calculations of
petroleum fluids. Also the continuous version of the equations
of state has been utilized for prediction of the liquid-liquid
equilibria in these systems although it has not found an
extensive practical purposes.
In this work a third method has been developed for
application to the petroleum fluids, and then a complex
mixture that consists of several homologue series has been
modeled. The procedure can be described as follows [22]:
At first the molecular distribution functions of different
homologue series in the mixture are obtained. Then using the
distribution functions the average molecular weights of
different homologue series are calculated. Next, the model
molecules of different types of hydrocarbons are made using
the Ruzicka method [17]. Finally, the conservation of mass
constrains are applied to obtain a system of equations and then
they are solved to obtain the parameters of the model
molecules.
For many years a great deal of attention has been paid to the
selective solvents for extracting aromatic compounds from
hydrocarbon mixtures. One of these solvents which as
reported by Lucas et a.l [7], McKetta [8], and Nelson [10]
has been used extensively for this purpose is furfural. Due to
some difficulties in using furfural, attempts have been made
for replacing it with the other solvents such as N-methylpyrrolidone by a number of researchers where in this respect the
works of Bertagnolio [2] and Sankey [18] can be mentioned.
To replace furfural by NMP in the separation processes,
equilibrium data are required for designing the needed
equipments. Equilibrium data can be reduced by utilizing
model molecules proposed in this work combined with
thermodynamic models such as UNIFAC (universal func847
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tional groups activity coefficient) as presented by Prausnitz et
al. [11]. In application of the UNIFAC model, van der Waals
surface and volume size parameters as well as interaction
parameters between different functional groups are required.
As these parameters have not been reported for the functional
groups involved in NMP according to Reid et al. [13], the size
and energy parameters for this solvent with the other
functional groups in the model molecules have been obtained
in this work and used in the liquid-liquid equilibrium
calculations.

Table 1. Measured properties of the lube-oil cut SAE 10 of Tehran Refinery.

Table 2. True Boiling Point (TBP) vs. weight percent of distilled lube-oil cut
SAE 10 of Tehran Refinery produced by the Simdis GC Chrompac system
Model 438.

2 Experimental
The sample which has been used here for illustration of the
above mentioned method is the lube-oil cut SAE 10 (on the
scale of the Society of Automotive Engineers) of the Tehran
Refinery.
Several experiments at 50 and 42 oC and 1 atm pressure
with different ratio of solvent to oil have been carried out in a
batch mixer-settler (see Fig. 1) for extracting aromatic
components from the lube-oil cut SAE 10 of the Tehran
Refinery by the solvent N-methylpyrrolidone. Equilibrium
composition of the resultant phases, i.e., raffinate and extract
have been obtained after evaporating of solvent from the
phases in the rotary evaporator system by measurement of
the density by a densitometer Model DMA 48 (Austoria
made) with the accuracy of +0.000003 g/cm3, refractive index
by the standard method of ASTM D1218 with the accuracy of
+0.00006 and viscosity using the reliable equations of Riazi
[15]. Measured values of these parameters for the lube oil cut
have been given in Tab. 1. Moreover, true boiling point
(TBP) data of the lube oil cut have been obtained using the
Simdis GC Chrompac Model 438 by the standard method of
ASTM-2887 [1]. The results of measurements are shown in
Tab. 2.

3 Modeling and Calculations
It is evident that a complex mixture such as the lube-oil cut
used here can not be directly introduced in the equilibrium
calculations, and it must be modeled to several representative
molecules. Therefore data of Tab. 2 have been analyzed in
order to determine the distribution functions of the lube-oil
cut. The experimental methods for determining composition
of petroleum fluids are expensive and time consuming and are
not proper for engineering applications as it has been pointed
out by others [6, 16, 23]. Using the data of Tab. 2 and the
general form of a proper distribution function Riazi [14], the
molecular weight distribution functions of three main homologue series in the lube-oil cut, i.e., paraffins, naphthenes, and
aromatics are presented in the following forms as shown by
Vakili-Nezhaad et al. [20]:1)

(1)

±
Figure 1. Liquid-Liquid Extractor (Batch Mixer-Settler).
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List of symbols at the end of the paper.
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4.8MWCH + 1.2MWCH2 + nbMWCH±CH3 + 8nbMWCH2
(2)

+ 1.2MWCH3 = MWav,a

(9)

Using the average molecular weights in the above system of
equations leads to the following results:
(3)

Therefore the average molecular weights of different
homologue series existing in the lube-oil cut are calculated
from the Eqs. (1±3). For calculating the average molecular
weights of different homologue series, because of the special
forms of the above equations, a table of gamma function must
be used as shown by Riazi [14]. Using this mathematical table
from Spiegel [19], the following values have been obtained by
Vakili-Nezhaad et al. [21]:
MWp = 328.18

(4)

MWn = 291.84

(5)

MWa = 271.16

(6)

Here we use the method of Ruzicka [17] for obtaining the
model molecules. For this purpose the general molecular
structures which are used are as follows:
Paraffins:

Naphthenes:

Aromatics:

n=2.1298

(10)

a=0.6407

(11)

b=0.5834

(12)

It is worth noting that in this method the model molecules
may have a noninteger number of groups in different
hydrocarbon families. Now the complex mixture is considered
to be consisted of these three model molecules. Therefore, the
liquid-liquid equilibrium can be done. But as it can be seen
from the structure of the model molecules, for calculating the
activity coefficient of these molecules we must apply a group
contribution method. In this work the UNIFAC model has
chosen. In using this activity coefficient model, van der Waals
surface and volume size parameters as well as the interaction
parameters between different functional groups are required.
Unfortunately, these parameters have not been reported for
the groups involved in NMP [13], hence the application of
UNIFAC model for the mixture contain NMP is not possible.
To overcome this difficulty the size and energy parameters
related to the NMP are calculated in the following form:
In the first step of this work we used Bondi's method [3] of
functional groups for calculating van der Waals surface and
volume size parameters of NMP, then the interaction
parameters of NMP with the other groups in heptane and
benzene were obtained. The idea of taking NMP as a
functional group for obtaining the interaction parameters
are based on similar works which have done by Mukhopadhyay and Dongaonkar [9] and Rahman et al. [12].
In the system of n-heptane/benzene/NMP two liquid phases
are in equilibrium. The benzene rich phase is named extract
and benzene lean phase is named raffinate. The condition for
the equilibrium of these phases are
1 1
11 11
xi gi  xi gi

The last step is determining parameters n, a, b in the above
model molecules. To calculate these parameters the following
system for conservation of mass must be solved:
(n + 2)MWCH3 +8nMWCH2 + nMWCH = MWav,p

(7)

(13)

In which superscripts I and II refers to the first and second
phases in equilibrium. In the UNIFAC model activity
coefficient is represented as having two parts, i.e., combinatorial and residual activity coefficients:
lngi  lngi c  lngi R

(14)

The combinatorial part is given by the following equation:
4.8MWCH2 + 1.2MWCH + naMWCH±CH3 + 8naMWCH2
+ 1.2MWCH3 = MWav,n

lngi c  lni = xi  l ÿ i = xi 
(8)

ÿ zqi = 2lni = yi  1 ÿ i =yi 
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Where,

table for different functional group parameters has been given
by Bondi [3]. By using this table and the method of Prausnitz,
these parameters have been calculated as follows:
(16)
(25)

(17)

(18)

(19)

Where Rk is the volume parameter and Qk is the surface
area parameter of the group k. The residual part of activity
coefficient is given as the following form:
(20)
Where Gk is the activity coefficient of group k, which is
written as:

(21)

Where,
ymn = exp(±anm / T)

(22)

and
(23)
Where,

(24)

(26)
Where Awk and Vwk are the area and volume size
parameters involved in the molecule.
The calculated results for van der Waals surface and volume
size parameters for the functional groups of CH2, CH3, and
aromatic CH group (ACH) and NMP molecule are reported
in Tab. 3. To calculate the residual part of activity coefficient,
we need the interaction parameters between different
functional groups in the solution and these parameters do
not exist for NMP. As it has already mentioned, the molecule
of NMP is considered as a functional group, then by using the
equilibrium condition of Eq. (13) and the experimental data of
Fabries et al. [5] on the system of heptane/benzene/NMP, the
interaction parameters can be obtained by solving the
following non-linear system of equations:
ln(f1)+f2+f3+f4+f5+f6+f7+C1=0

(27)

ln(f8)+f9+f10+f11+f12+f13+f14+C2=0

(28)

ln(f15)+f16+f17+f18+f19+f20+f21+C3=0

(29)

ln(f22)+f23+f24+f25+f26+f27+f28+C4=0

(30)

Where the constants Ci and the functions fi in the above
equations are given in Tab. 4, values of the Cij are obtained,
then by using Eq. (2) the interaction parameters are obtained.
The results of this calculations are given in Tab. 5. Now our
problem has been reduced to a flash calculation in a
multicomponent system because two streams of solvent
(NMP) and lube-oil cut are well mixed and give two liquid
phases (raffinate (I) and extract (II)) in equilibrium which can
be solved by the following procedure:
1. Assume an initial set of values for xIi and initial value of j,
fraction of total feed which exists in the raffinate phase (mole
basis)
2. Calculation of the xII
i values by the following equation:
xFi  'xIi  l ÿ 'xIIi

Where in Eq. (22), parameter a is the interaction parameter
between different functional groups. It can be seen from the
Eq. (15) that for calculating the combinatorial part of the
activity coefficient, we need the surface and volume size
parameters of different functional groups (R and Q) in the
solution. These parameters, as mentioned before, have not
been reported in the literature. On the other hand, a complete
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(31)

3. Calculation of the gIi and gII
i values
I
4. New values of xII
i and xi are then calculated from the
following equations, respectively:
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(33)

5. If S xII
i = 1 not satisfied, j is adjusted and Eqs. (32) and
I
(33) are used again for xII
i and xi , respectively, until the
II
equation S xi = 1 is satisfied.

given in Tabs. 6 and 7 and their related ternary diagrams are
shown in Figs. 2 and 3, respectively. As it can be shown in these
figures the results of the calculations are in good agreement
with the experimental data.

Table 3. van der Waals surface area (Q) and volume (R) size parameters of the
functional groups.

Table 4. Functions (fi) and constants (Ci) of the system of Eqs. (27±30).

Figure 2. Distributioin curve for the naphthenic components between the
raffinate and extract phases at 1 atm and 50 C.

Figure 3. Distribution curve for the naphthenic components between the
raffinate and extract phases at 1 atm and 42 oC.

4 Conclusion
Table 5. UNIFAC interaction parameters of different functional groups in
ternary system of heptane/benzene/NMP.

Calculated values for composition of liquid phases (extract
and raffinate phases) and their experimental values have been

Although two well-known methods for characterization of
complex hydrocarbon mixtures namely pseudocomponent
and continuous methods have several important advantages
such as simplicity for the first and time saving for the later,
each of these methods have special deficiencies for the
application to those thermodynamic calculations requiring
the molecular characteristics of the different species in the
complex multicomponent mixture. For example, in phase
equilibrium calculations where the non-ideal behavior of
components in the liquid phase must account for the activity
coefficient. The properties such as the interaction parameters
between different molecules in the mixture are needed which
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Table 6. Calculated and experimental values of the composition of the extract
and raffinate phases at 1 atm and 50 oC.

series. For examination of the proposed method, the lube-oil
cut SAE 10 of the Tehran Refinery is modeled and the results
of this modeling along with the related liquid-liquid equilibrium calculations are in good agreement with the experimental data which are carefully obtained from the batch
system of mixer-settler by the standard experimental measurements.
Received: November 5, 1998 [CET 1056]

Symbols used
amn
MW
N
qi
Qk
ri
1) AD =Absolute Deviation 2) AAD= Average Absolute Deviation
Table 7. Calculated and experimental values of the composition of the extract
and raffinate phases at 1 atm and 42 oC.

R
T
W(N)
xi
Xm
z
a
b
gi
Gk
yi
fi
Ymn
nk

is directly related to the molecular characteristics of the welldefined molecules in the mixture. To overcome the drawbacks
of these methods from the molecular point of view, in this
work the method of Ruzicka for modeling the complex
mixture of hydrocarbons has been developed. In this method,
the complex mixture of hydrocarbons which is comprised of
the main homolog series of paraffins, naphthenes, and
aromatics is modeled with the three representative molecules.
Therefore, in this method a complex mixture is equivalent to a
ternary mixture with defined molecules. Hence, we deal with a
multicomponent mixture with a few components and the time
for the calculation is less than the pseudocomponent method.
On the other hand, the continuous method is not good enough
to represent the mixtures which contain several homolog
852

interaction parameter between m
and n groups
molecular weight
carbon number
parameter in Eq. (15), defined in
Eq. (19)
surface area parameter of the
group k
parameter in Eq. (15), defined in
Eq. (18)
volume parameter
absolute temperature
molecular distribution function
mole fraction of the component
ªiª
parameter defined in Eq. (24)
coordination number
parameter of the model
molecules
parameter of the model molecules
activity coefficient of the
component ªiª
group activity coefficient
parameter in the Eq. (15), defined
in Eq. (17)
parameter in the Eq. (15), defined
in Eq. (16)
parameter defined in Eq. (22)
number of group k
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