
INTRODUCTION

Nowadays, membrane technology has
become one of the effective technologies with wide
applications. One of the membrane processes is
pervaporation (PV) which is used for separation of
liquid mixtures. Pervaporation is a membrane-
based separation process that has gained much
interest by the chemical industry as an effective
and energy-efficient technology to carry out
separations that are difficult to achieve by
conventional processes such as distillation,
extraction or adsorption. Pervaporation is more
favorable for azeotropic and close-boiling liquid
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ABSTRACT

A comprehensive mathematical model was developed to predict separation of organic
mixtures using dense polymeric membranes. The organic mixture considered in this study was
toluene and n-heptane mixture. The separation process was pervaporation (PV) which utilizes a
dense membrane for separation. Conservation equations including continuity and energy transfers
were solved numerically. Computational fluid dynamics (CFD) technique was used to solve the
model equations. The toluene mole fraction and temperature profile were determined. The simulation
results confirmed that the developed model can provide a general simulation for separation of
organic mixtures using pervaporation.
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mixture separation; organic solvent dehydration and
recovery of high added-value dilute species from
water1-10. The transport of species through the PV
membranes involves three steps in series: (A)
selective sorption into the membrane, (B) diffusion
through the membrane, and (C) desorption into the
vapor phase. The mass transport rate of overall
process is functions of solubility and diffusivity, since
the desorption step is fast due to the efficient
vacuum11-15.

Separation of aromatic/aliphatic
hydrocarbon mixtures is an important process in
chemical and petrochemical industries. This is also
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categorized as a major branch of organic/organic
mixtures separation. This field was first investigated
25 years ago, in the frame of a European project5, 6.
The application of this separation is in production
of aromatic-lean motor fuels that are recommended
in developed countries8,15-20.

Modeling of pervaporation is of vital
importance for designing and optimizing the
process. It is necessary to develop a comprehensive
model which can predict transport of species in PV
process. The main purpose of this work is to develop
and solve a mathematical model for simulation of
toluene/n-heptane mixtures separation by
pervaporation. Simulations are based on solving
the conservation equations including mass and
energy transfer of toluene and n-heptane in the feed
side, the membrane and the permeate side.

Mathematical modeling of the process
The following assumptions are considered

for developing the mathematical model [15-20]:
1. Solution-diffusion model was used to

describe solute transport.
2. Thermodynamic equilibrium was assumed

at the feed-membrane interface.
3. Physical properties of the permeate vapor

were considered as air at very low pressure.

The equation of mass transfer
The continuity equation is the main

equation that describes the transfer of toluene and
n-heptane from the feed side to the permeate side
and it is derived from mass balance of components.
Equation 1 is the continuity equation. The continuity
equation should be solved numerically to obtain
the concentration distribution of toluene and n-
heptane in the membrane module. This equation is
obtained using Fick’s law of diffusion for estimation
of diffusive flux [20]:

 ...(1)

where c is the concentration (mol/m3), D is
diffusion coefficient (m2/s), u is the velocity vector
(m/s), R is the reaction rate (mol/m3.s) which is not
considered in the calculations and δts is the time-
scaling coefficient.

The equation of energy transfer
Equation 2 is the general energy transfer

equation and should be solved numerically to obtain
the temperature distribution of toluene and n-
heptane in the membrane module. This equation
includes both term of conduction and convection
energy transfer20:

 ...(2)

 is the heat capacity at constant
pressure (J/kg.K),  is the thermal conductivity (W/
m.K),  is the heat source (W/m3),  is the
production/absorption coefficient (W/m3.K), u is the
velocity vector (m/s), r is the density of the fluid
(kg/m3).

Numerical solution of the model equations
The governing equations with the

appropriate boundary conditions were solved
numerically using COMSOL Multiphysics software
version 3.2. This software employs finite element
method (FEM) in numerical solving of the model
equations. The use of FEM method allows mass
conservation in the domain; therefore “numerical
loss” of mass in the computational domain is not a
major concern. The applicability, validity and
robustness of the FEM method for the kind of domain
encountered in the present work were proved by a
number of previous authors20-25. The FEM was
combined with adaptive meshing and error control
using numerical solver of UMFPACK. This solver is
an implicit time-stepping scheme, which is well
suited for solving stiff and non-stiff non-linear
boundary value problems [25]. An IBM-PC-Pentium
5 (CPU speed was 2600 MHz and 2 GB of RAM)
was used to solve the set of equations.

RESULTS AND DISCUSSION

Profile of toluene mole fraction
Fig. 1 shows mole fraction profile of toluene

in the membrane module. As it is seen from the
figure, near the membrane surface, toluene mole
fraction decreases. This could be due to the fact that
the membrane is aromatic (toluene) selective and
toluene molecules tend to be absorbed to the
membrane and pass through the membrane. As
observed, the toluene diffusion through the
membrane follows a steady trend, while at the
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Fig. 1: Toluene mole fraction profile established after 900 s

Fig. 2: Toluene mole fraction profile along the module at different times
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module outlet because of the applied vacuum,
toluene mole fraction gradient increase to supply
toluene in the permeate stream.

As the feed is poured into the module,
toluene is transferred to the membrane due to its
concentration difference which is the driving force
of process. The dominant mechanism of mass
transfer in the feed side of the module is diffusion
because the process is assumed to be batch. The
mass (toluene) is transferred through the dense
membrane via diffusion mechanism. Toluene after
passing through the membrane which is transferred
only by diffusion mechanism is then evaporated by
the induced vacuum in the permeate side.

Mole fraction profile of toluene along the
PV module at different times is indicated in Fig. 2.
As it is seen, in the beginning of process and before
nearly steady state condition, toluene mole fraction
varies within the time but after 900 s running the
experiment and attaining nearly steady state
condition, toluene mole fraction becomes constant.
In addition, in the feed side, toluene mole fraction
is constant and near the membrane an instant

decrease is observed and in the permeate side
mole fraction reaches the constant value.

Temperature profile
By solving the conductive-convective

energy transfer, the temperature profile in the PV
module was obtained. Fig. 3 shows the temperature
profile in the module after 900 s and attaining nearly
steady state condition. However, it needs more
computational time for being steady state and
according to pervious section at 900 s have steady
result for mole fraction (concentration). As observed,
near the module wall, because of direct contact
with heat source, temperature has its highest value
and this value decreases in the middle of the
module. In the membrane zone, which is between
the feed and the permeate side, the slop of
temperature profile changes. This phenomenon
may be due to the phase conversion from liquid
phase in the feed to vapor phase in the permeate
at two sides of the membrane. In addition, the
conductive and convective heat transfer is faster in
vapor phase rather than liquid one, hence, the
temperature profile exhibits different trends in this
phase change.

Fig. 3: Temperature profile along the membrane at different times.
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CONCLUSIONS

In this work, separation of toluene from n-
heptane by pervaporation using a dense polymeric
membrane was studied theoretically. A
comprehensive 2-dimensional mathematical model
was developed to predict unsteady state transport
of toluene and n-heptane through the membrane in
a PV batch system. The model was based on

numerical solving of the conservation equations
(continuity and energy transfer) for the components
in the membrane module. The modeling results also
presented toluene mole fraction profile and
temperature profile in the module and near the
membrane surface. The simulation results described
that the developed model could provide a general
simulation of transport in the PV process.
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