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Abstract⎯New data on the concentration profiles in a packed column during extractive distillation of ben-
zene–heptane mixture in the presence of N-methylpyrrolidone as a separating agent have been obtained. A
calculation method for the process based on partial mass transfer coefficients in the vapor and liquid has been
proposed. The calculated and experimental data have been compared. It has been shown that both continu-
ous and batch extractive distillation are calculated more precisely using the proposed model compared to the
equilibrium model.

Keywords: extractive distillation, modeling, mass transfer coefficients, nonequilibrium model

DOI: 10.1134/S004057951703006X

INTRODUCTION

Mathematical modeling of continuous distillation
has been well developed over the years; both equilib-
rium [1, 2] and nonequilibrium methods [1, 3–6] are
used for the design of the distillation apparatus. 

Only few calculation methods for batch extractive
distillation are described in the literature [7–9]. A high
liquid load that arises due to a manifold excess of the
separating agent f low with respect to the reflux f low in
the column is a characteristic feature of extractive dis-
tillation. For this reason, the hydrodynamics and,
hence, the mass transfer efficiency in the extractive
column differ significantly from those in a simple dis-
tillation column. In [10], the efficiency of mass trans-
fer in the liquid phase was shown to depend signifi-
cantly on the change in the hydrodynamic conditions
of the column caused by the addition of the separation
agent. The above calculation methods for batch
extractive distillation [7–9] are equilibrium and,
hence, the effect of hydrodynamics in the column on
the efficiency of mass transfer is not taken into
account.

The work is aimed at developing the calculation
method for batch extractive distillation based on the
kinetic approach. The simulation data obtained using
the equilibrium and nonequilibrium (proposed by the
authors) calculation models are compared with the
experimental data on the extractive distillation of a
binary benzene–heptane mixture that models the cat-
alytic reforming products in the presence of N-meth-
ylpyrrolidone as a separating agent.

THEORETICAL PART
To simulate batch extractive distillation, we will

present the column apparatus as a set of the steps and
introduce the denotations of internal and external
flows, as well as concentrations in the liquids, in the
vapor and other parameters (Fig. 1). A schematic dia-
gram of internal and external f lows in a batch
extractive distillation column is presented in Fig. 1.
The apparatus consists of  separation steps, a bot-
tom, and a complete condenser. The f lows of vapor
and reflux that enter every level are indexed by the step
number and denoted as G and L, respectively. The liq-
uid f low in the column consists of the reflux and the
separating agent f lows  The concentration of
the component j in the liquid, f lowing from the ith
plate, is denoted as  the concentration of jth com-
ponent in the pair leaving the ith plate is denoted as

 The internal f low of the separating agent, which
does not evaporate during extractive distillation and
completely f lows into the reboiler, is denoted as S; it
consists of the external f lows of the separating agent

that enters all the steps above the ith one . The

concentration of the jth component in the external
separating agent f lows is denoted as 

The retention of the liquid at each step, as well as in
the reboiler and the condenser, is denoted as 
Retention of the vapor is negligible compared to that
of the liquid, so it was excluded from the balance equa-
tions. The f lows of the distillate and bottom products
are denoted as D and W, respectively.
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According to the introduced notations, in the case
liquid retention where all steps except the bottom are
assumed to be constant, the equations of the compo-

nent material balances for all steps of mass transfer are
written as follows:

For the ith step,

(1)

where .

For the full condenser, at a constant reflux ratio,

(2)

For the bottom in the mode of the distillate sam-
pling into the receiver, the material balance equation
can be written in form (3a) and, in the mode of the dis-
tillate f low into the bottom, the equation can be writ-
ten in form (3b) as shown below:

 (3а)

(3b)

where 

To express the composition of the vapor leaving
each step via the partial mass-transfer coefficients, we
will consider the separation step in detail. The scheme of
the ith step equivalent to the packing layer, real plate, or a
section of the film column [4] is shown in Fig. 2. Actu-
ally, the aforementioned contact devices are identical in
terms of all of the material flows. However, there are sig-
nificant differences in the average driving force of the
separation step determined for the plate, packing layer
and the section of the film column [3].

According to the basic mass-transfer equation, the
quantity of the substance transferred from liquid phase
to the vapor at the ith stage is proportional to the inter-
face surface area and the average driving force. It can
be expressed by equation

(4)
The coefficient of proportionality (the mass trans-

fer coefficient) is a complex function of hydrodynamic
parameters that characterize the phase movement in
the column and physicochemical properties of the
components of the separated mixture. The film theory
of mass transfer developed by Lewis and Whitman
allows the total resistance to mass transfer (the recip-
rocal to the mass-transfer coefficient ) to be con-

sidered to be an additive value and to be calculated by
the ratio

(5)

The significant simplification of the mathematical
model can be achieved by replacing the curve portion
of the equilibrium relationship between the step inlet
and outlet concentrations by a straight line (Fig. 3).
This assumption allows the mean driving force of the
mass-transfer process to be expressed strictly by the
mean logarithmic or approximately by the mean arith-
metic value of the driving forces at the step inlet and
outlet.

Taking these assumptions into consideration, the
average equilibrium slope ratio for the binary mixture
with a nonvolatile separating agent can be expressed by
(6), and the average driving force for the packing layer
can be expressed by (7). The driving force expression
for the plate columns depends on the f low patterns of
the plate, a detailed description for which is given in
[3] as follows:

(6)
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where  and  are the compositions of the vapor
in equilibrium with a liquid of composition  and

, respectively, expressed via relative concentra-
tions excluding nonvolatile separating agent and 

 , and  are the working concentrations in
the liquid and vapor expressed via relative concentra-
tions, excluding separating agent.

The quantity of the jth component transferred from
the liquid to the vapor phase can be expressed by the
balance relation

(8)

where  Having combined Eqs. (4) and (7)

and taken into account  in the case of non-
volatile separating agent, we obtain the following
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expression for the composition of the vapor leaving the
separation step:

(9)

The equilibrium compositions of the vapor phase
are determined by the Raul equation for nonideal mix-
tures as follows:

(10)

For the batch extractive distillation process with
known mass-transfer and activity coefficients to be
calculated comprise  relations (1), j relations
(2) and (3),  relations (5), (6), (8), (9) 
relations (10). The total is  indepen-
dent relations.

There are  unknowns in the
resulting system of relations, i.e.,  values of

  values of   values of  (as no evap-
oration of the separating agent takes place, 
independent concentration values are required to
express the composition of the vapor at each step), by

 values of   Thus, in order
to close the system of equations,  more equa-
tions that connect the composition of the vapor leav-
ing the bottom with the bottom liquid composition are
required. Assuming that evaporation in the bottom is
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Fig. 2. Scheme of the ith separation step.
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Fig. 1. Scheme of internal and external f lows of extractive
distillation column apparatus.
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equilibrium, we will add the missing equation to the
system

(11)

In this work, the batch extractive distillation of a
binary benzene–heptane mixture with N-methylpyr-

=, ,* .n j n jy y

rolidone as a separating agent was calculated. An
NRTL equation with predetermined parameters of the
binary interaction [11] was used to calculate the activ-
ity coefficients. The formulas for calculating the par-
tial mass-transfer coefficients in the vapor and liquid
at simple and extractive distillation of benzene–hep-
tane mixture, which were also predetermined [10], are
summarized in Table 1.

The above-mentioned system of equations, com-
bined with the expressions for calculating partial mass
transfer coefficients in the vapor and liquid given in
Table 1 and the NRTL equations with the binary inter-
action parameters from Table 2, was solved using
Runge–Kutta fourth order method [12] and the pro-
gram written in Visual Basic.

EXPERIMENTAL

For the experimental verification of the adequacy
of the suggested model, a series of experiments on
simple and extractive distillation of benzene–heptane
binary mixture was carried out using N-methylpyrro-
lidone as a separating agent. The experiments were
carried out using a batch distillation device equipped
with a feeding unit for the separating agent, the sam-
plers throughout the column length and the measuring
devices for the reflux and distillate f low rate (Fig. 4). A
spiral prismatic packing was used as a contact device.
The total liquid retention within the whole column

Table 1. Equations for calculating the partial mass-transfer coefficients during the extractive distillation of the benzene–
heptane mixture in the presence of N-methylpyrrolidone

Mass transfer in the liquid phase Mass transfer in the vapor phase( )+ln L S
L
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Table 2. Parameters of the binary interaction in NRTL equation

* Subscript 1 corresponds to benzene, subscript 2 corresponds to heptane, subscript 3 corresponds to N-methylpyrrolidone.

  

4152.29 –1944.6 2727.69 –1659.24 3345.603 2959.826 0.3
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Fig. 3. Illustration of introduced assumption about the
replacement of curved sections of the equilibrium depen-
dence by the straight lines. 
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measured experimentally was 0.55 mol. A detailed
description of the experimental setup is shown in [10].

To determine the effectiveness of the column appa-
ratus, experiments on the distillation of the benzene–
heptane binary mixture were carried out, the experi-

mental parameters of which are shown in Table 3 and
Fig. 5. The bottom of the column was charged with a
benzene–heptane binary mixture of the given compo-
sition and amount, cold water was supplied to the con-
denser, and the voltage was applied to the bottom of
the column. After the column was heated and the
flows of the vapor and liquid were formed, the column
was operated in nonsampling mode. While the sam-
ples were collected out of the top packing layer (Fig. 4,
point 7) and analyzed refractometrically every 15 min.
The constancy of the composition at the top of the
column indicates that steady state is achieved in the
column. Then, six samples were collected throughout
the height of the column, including the bottom, and
the reflux rate was measured using a measuring cylin-
der 10, after the liquid f low into the column was
blocked by the tap 9 (Fig. 4). The number of theoreti-
cal plates used in calculations by an equilibrium model
was determined from benzene concentrations at the
top and bottom of the nozzle using the calibration
table for the standard benzene–heptane mixture [13].

The simulation of simple distillation using equilib-
rium and nonequilibrium models is illustrated in Fig. 5.
It can be seen that the results obtained by different cal-

Fig. 4. Scheme of laboratory column for batch extractive
distillation: (1) bottom; (2, 7) sampling devices corre-
sponding to the height marks at 0, 4, 14, 24, 34, 49 cm,
respectively; (8) full condenser; (9, 11) f luid batchers;
(10, 12) calibrated cylinders; (13) cut-off valve; (14) pack-
ing layers.
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Fig. 5. Concentration profiles of benzene throughout the
column height at the distillation of benzene–heptane
binary mixture: (1) data from experiment 1 (Table 3),
(2) data from experiment 2 (Table 3). Solid line shows cal-
culations according to the model, dotted line shows calcu-
lations according to the equilibrium model. 
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Table 3. Initial and experimental data on a simple distillation of benzene–heptane mixture

*  and  are the benzene concentrations at sampling points 3 and 7, respectively (Fig. 4).

Experiment
№

bottom loading, 
Mole

at the initial 
loading, Mol fr

 
Mole/s Mol fr Mol fr

Number of theoretical 
steps [13]

1 2.75 0.34 1. 63 0.322 0.957 10.0
2 2.75 0.148 1. 63 0.096 0.938 9.8

1x ( )= × 310 ,L G (3)
1 ,x (7)

1 ,x

(3)
1x (7)

1x
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Table 4. Initial and experimental data on extractive distillation of benzene–heptane mixture in the presence of N-meth-
ylpyrrolidone in nonsampling mode L = G

* In experiment 6, distillate f low at a rate of 0.00084 mol/s was continuously directed to the bottom.

№  
Mole

 
Mol fr

 
Mol/s

t, s

Benzene concentration throughout
the column height, Mol fr

3 2.4 0.235 0. 8 0.33 1500 0.193 0.204 0.340 0.484 0.575 0.718

4 2.5 0.123 0. 7 0.43 1740 0.097 0.108 0.230 0.375 0.463 0.695

5 2.4 0.248 0. 84 0.49 1500 0.265 0.220 0.300 0.385 0.418 0.606

6* 2.23 0.123 0. 7 0.67 1680 0.152 0.084 0.096 0.116 0.114 0.140

7 2.3 0.512 1. 07 1.3 3120 0.566 0.410 0.321 0.249 0.168 0.421

8 2.24 0.198 2. 10 2 1200 0.195 0.174 0.092 0.061 0.035 0.147

= 0,t
nH =(0) 0

1 ,tX × 310 ,S S L
(2)
1X (3)

1X (4)
1X (5)

1X (6)
1X (7)

1X

Table 5. Average relative deviations of calculated and experi-
mental concentrations of benzene in liquid throughout col-
umn height

Experiment number
(from Table 4)  %  %

3 12.7 9.6

4 2.5 2.6

5 17.3 11.5

7 19.2 9.8

8 23 16

ε ,EQ
x ε ,NEQ

x

culation methods are very close and describe the
experimental data quite well. The almost perfect
match of the values calculated using equilibrium and
nonequilibrium models is due to the fact that the
number of theoretical steps taken into account in the
calculation according to the equilibrium model was
determined for the real hydrodynamic conditions.

The experiments on the extractive distillation were
carried out in two stages. At the first stage, the simple
rectification of a binary benzene–heptane mixture
was carried out by the technique described above. At
the second stage, the separating agent was fed to the
nozzle package second from the top, with the f low rate
being specified. The extractive distillation experiment
was time-limited by capacity of the pressure reservoir,
from which the separating agent was supplied and cal-
culated in advance. Thus, this time was precalculated.
Five minutes before the end of the experiment, the
samples were taken throughout the column height;
then, the reflux and distillate f low rates were measured
using graduated cylinders 10 and 12, respectively. The
collected samples that contained benzene, heptane,
and N-methylpyrrolidone were analyzed by gas chro-

matography with an internal standard. A more
detailed description of the chromatographic technique
is given in [11].

Experimental data on the extractive distillation are
presented in Table 4. The results of simulating experi-
ments 3, 4, 5, 7, and 8 using equilibrium and nonequi-
librium models are shown in Fig. 6. The simulation
results given in Fig. 6a–6d show good agreement with
the data obtained in laboratory experiments on the
extractive distillation. In all cases, the nonequilibrium
calculation method allows the experimental data to be
described with higher accuracy compared with the
equilibrium data. The average relative deviations of the
liquid compositions calculated by the equilibrium and
nonequilibrium models from experimental data are
summarized in Table 5.

It follows from the data shown in Table 5 that the
ratio of the average deviation for the liquid composi-
tions calculated according to the equilibrium and non-
equilibrium models ( ) is 1.5, and this
ratio is expected to increase with the portion of resis-
tance to mass transfer in the liquid phase. A compari-
son of the data calculated according to the two models
showed that small additions of the separating agent
result in the deterioration of mass transfer and a less
efficient operation of the packing (experiments 3–5)
compared to a simple distillation. Thus, the equilib-
rium model yields higher benzene concentrations
throughout the column height. So, the design of a real
apparatus can result in either an unsatisfactory quality
of the products or the increased power consumption
due to the higher operating reflux ratio of the column
required for the desired quality.

At a high separating agent content, the mass trans-
fer in the column is enhanced significantly, resulting
in the increased packing performance at the extractive
distillation if compared with a simple one. In this case,

ε εv va EQ a NEQ
x x
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the equilibrium model will give too low values of ben-
zene concentration throughout the column height
(experiments 7 and 8) that the design would create an
unnecessary technological margin and increased cap-
ital expenditure.

CONCLUSIONS

Thus, a method for calculating batch extractive dis-
tillation based on partial mass transfer coefficients in

the phases has been suggested. In this method, the fol-
lowing parameters are taken into account: f luid reten-
tion at the contact devices, in the bottom, and in the
condenser; the f low rates of the phases in the appara-
tus; and the physicochemical properties of the sepa-
rated mixture components. As a result, the process of
batch extractive distillation can be simulated with a
higher accuracy compared to the equilibrium models.
The calculation results are in good agreement with the
experimental data.

Fig. 6. Concentration of benzene in the relative concentration throughout the column height at the extractive distillation of a
binary benzene–heptane mixture in presence of N-methylpyrrolidone (experiments in Table 4): (a) experiment 3; (b) experiment
4; (c) experiment 5; (d) experiment 7; (e) experiment 8; points show experimental data, solid lines show calculations by the devel-
oped model, dotted lines show calculations by the equilibrium model.
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NOTATION

a specific surface of the packing, m2/m3

b binary interaction parameter of the NRTL 
equation, J/mol

D distillate f low rate, mol/s
diffusion coefficient in the liquid phase, 
m2/s
equivalent diameter of the packing, m

portion of the free cross section of the 
packing, m3/m3

f mass-transfer surface, m2

G steam flow rate, mol/s
H f luid retention, mol
h column height, m

mass transfer coefficient mol/(s m2)
L liquid f low rate, mol/s
Lsp specific f low rate, kg/(m2 s)
l height of the packing layer, equivalent

to one step, m
height of one packing layer, m

M M flow of material through the interfacial 
surface, mol/s

m slope of the equilibrium line
P Pressure, kPa

saturation vapor pressure of the pure com-
ponent, kPa

S f low of the separating agent, mol/s
t time, s

volume of the packing equivalent to a sin-
gle separation step, m3

W consumption of the bottom residue, mol/s
vapor velocity at the cross section of the 
column, m/s
fraction of the component in the liquid
at the ith step expressed in relative concen-
trations

x mole fraction of component x in the liquid
mole fraction of the component x
in the external f low of the separating agent
component fraction in the vapor at the ith 
step, expressed in relative concentrations

component fraction in the equilibrium 
vapor at the ith step, expressed in relative 
concentrations
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y mole fraction of the component
in the vapor
mole fraction of the component
in the equilibrium vapor

 Mass-transfer coefficient in liquid and 
vapor, respectively, m/s

γ activity coefficient
driving force of mass transfer

relative error for the liquid formulations, %

reduced thickness of the liquid film, m
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