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ABSTRACT

Purification of hydrocarbon mixtures is studied in this work theoretically. The purification
technology considered in this work is Pervaporation. Pervaporation (PV) is a membrane technology
which utilizes a dense membrane for separation. The governing mechanism in separation using
PV is solution-diffusion mechanism. To study the transport of species through PV membranes, a
comprehensive mathematical model was developed. Separation of toluene and n-heptane in a PV
batch was investigated in this work. Conservation equations including continuity, momentum, and
heat transfer equations were solved using finite element method (FEM). The modeling results also
presented temperature profile and Reynolds number in the membrane module. The simulation
results revealed that the developed model could provide a general simulation of transport through

PV membranes.
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INTRODUCTION

Membrane separation technology has
become an interesting technology for separation
and purification of hydrocarbon mixtures.
Separation of liquid mixtures through membrane
technology can be carried out by using
pervaporation (PV) process.

Pervaporation is a membrane based
process in which separation of liquid mixtures is
carried out through a dense membrane. The
membrane used for pervaporation can be polymeric
or inorganic membrane such as zeolite membranes.
In pervaporation, a liquid mixture to be separated

is brought in contact with a membrane. The
separation mechanism is solution-diffusion which
is the dominant mechanism in dense membranes.
The membrane discriminates a specific component
due to its affinity with the membrane'2. The mass
transfer of molecules through the PV membrane is
done in three steps respectively: (1) selective
sorption of species into the membrane at
membrane-feed interface; (2) diffusion through the
membrane, and finally (3) desorption of the species
into the permeate side in vapor form. The mass
transfer rate of species is a function of solubility
and diffusivity. The desorption step is assumed to
be fast due to the applied vacuum?®*. Pervaporation
has been used for dehydration of organic solvents,
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removal of organic components from aqueous
solutions, and separation of organic/organic
mixtures [4-10].

Modeling of pervaporation process is of
vital importance. There are two methods for
modeling of pervaporation. The first method is based
on resistance-in-series model. In this model, the
resistances in the feed boundary layer and the
membrane phase are considered in series, while
the resistance at the permeate side is neglected
because of high vacuum applied [10-15].

The second method utilizes the
conservation equations for components in liquid and
membrane phases. In this method, conservation
equations including continuity, energy and
momentum equations are derived and solved
simultaneously by suitable numerical method
based on computational fluid dynamics (CFD)
techniques. Some researchers have applied this
method for simulation of membrane separation
processes [15-20].

The main objective of this work is to
develop and solve a comprehensive model for
simulation of toluene/n-heptane mixtures separation
by PV technique. Simulations are based on solving
the conservation equations including mass, heat
and momentum transfer of toluene and n-heptane
in the feed side, the membrane and the permeate
side.

Theory
The equation of continuity

The continuity equation is used for
prediction of toluene and n-heptane in the PV
membranes. It may be written as [19]:

ap _
Al (V.pu) =0 (1)

where p is the density of the fluid (kg/m?)
and u is the velocity vector (m/s). The velocity
distribution can be obtained from equation of
motion.

The equation of momentum transfer
The Navier-Stokes equations are used to
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investigate the velocity distribution in the membrane
module. The Navier-Stokes equations are
expressed as follows [19]:

Pg_l: +p.V)u=V.[-pl+n(Vu+ (Vw))] +F

Vu=0 (2

where h is the dynamic viscosity (kg/m.s),
u is the velocity vector (m/s), ris density of the fluid
(kg/m®), p is pressure (Pa) and F is the body force
term (N). The feed flows in the z-direction of the
membrane module, therefore z-velocity should be
solved. The boundary conditions for the Navier-
Stokes equations are listed in Table 1.

The equation of mass transfer

Equation 3 is the mass transfer equation.
This equation is used to obtain the molar
concentration of species in the membrane module.
The equation is applied for feed, membrane, and
permeate side of the module. It is written as [19]:

dc
Ots 3 +V.(=DVc+cu) =R 3

where ¢, is the concentration of species /
(mol/m®), D, is its diffusion coefficient (m?/s), uis the
velocity vector (m/s), R, is the reaction rate for
species i (mol/m3.s) which is not considered in these
calculations and ¢, is the time-scaling coefficient.
The boundary conditions for mass transfer equation
are listed in Table 1.

Two correlations in the form of Arrhenius
are considered for prediction of diffusivities through
the membrane. First correlation shows temperature
dependency of diffusion coefficient (Equation 4) and
the second one determines concentration
dependency of diffusion coefficient (Equation 5) [19]:

_ —Ep;
Di(T) = Dy;exp (W (4)
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A simple correlation (Equation 6) which is
the product of above correlations was derived to
consider both dependencies.

Di(c) = Dysexp (Bpc) (8)

where D,(T) is the temperature-dependent
diffusion coefficient for component /, D, and D, are D; = D(’J’i exp(ﬂ +Bpc) ..(6)
the pre-exponential factor, E is the activation RT
energy of diffusion, R is the universal gas constant,
Tis temperature (K), D,(c) concentration-dependent Figs. 1 and 2 show the results for prediction
diffusion coefficient for component i, B, the is  of diffusivities.
plasticization parameter for diffusivity and c is the
concentration of penetrant (mol/m3).
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Fig. 1: Predicted Ln(D)) as a function of experimental Ln(D) for toluene
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The equation of heat transfer

An equation for heat transfer is needed to
determine the temperature distribution of mixture in
the membrane module. This equation includes both
term of conduction and convection heat transfer [19]:
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pCp ‘Z—: + V.(=kVT) = Q + qsT — pCpu. VT  ...(7)

The boundary conditions for the heat
transfer equation are shown in Table 1.

Table 1: Boundary conditions for momentum, mass and heat transfer equations

momentum mass transfer eq. (toluene) mass transfer eq. heat
transfer eq. ¢ (mol/m?3), D (m?/s) (n-heptane) ¢ (mol/m3), D (m?/s) transfer
eq.
Initial  u=0 feed side c.= 1550 feed side Cpep= 5700 25 °C
value rokhep™= D ginep= 7-95%
(t=0) 7.95%x 10° 10°
membrane c,=0 membrane side ¢, =0
side Dtol-mem Dhep-mem
permeate C,=0 permeate side Crep =0
side D= 1.05x 10% D=1.02x 10%
outlet P=P___ Coorout Crop-out convective flux
wall u=0 85 °C
axis ou/or=0 ac, /or=0 dc,/or=0 ou/or=0

Numerical solution of the model equations

The governing conservation equations
including momentum, concentration (mass) and
heat transfer equations with the 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
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. An IBM-PC-
Pentium 5 (CPU speed was 2600 MHz and 2 GB of
RAM) was used to solve the set of equations. The
computational time for solving the set of equations
was about 495 seconds. It should be pointed out
that the COMSOL mesh generator creates triangular
meshes that are isotropic in size. A large number of
elements were then created with scaling. This
generated an anisotropic mesh with 6926 elements.

Adaptive mesh refinement in COMSOL, which
generates the best and minimal meshes, was used
to mesh the module geometry. In addition, because
of higher gradient near the membrane surface, the
finer meshes were used. Fig. 3 indicates the meshes
generated by the COMSOL software.

Fig. 3: Magnified segments of the mesh used
in the numerical simulation. There are 6926
elements in total for the whole domain
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RESULTS AND DISCUSSION

Temperature profile of mixture in the membrane
module

Temperature distribution of hydrocarbon
mixture in the membrane module was obtained
through solving heat and momentum transfer
equations. The temperature distribution in the
module after 900 s attaining nearly steady state
condition is shown in Fig. 4. It should be pointed out
that it needs more computational time for attaining
steady state condition. As it can be seen, near the
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module wall, temperature has the highest value.
This is due to direct contact with heat source. On
the other hand, temperature decreases in the
middle of membrane module significantly. In the
membrane zone, which is between the feed and
the permeate side, the trend of temperature profile
changes. This phenomenon could be due to phase
conversion from liquid phase in the feed to vapor
phase in the permeate. In addition, the conductive
and convective heat transfer is faster in vapor phase
rather than liquid phase; hence, the temperature
profile exhibits different trends.

Fig. 4: Temperature profile established after 900 s

Momentum profile

As it was shown earlier, a temperature
gradient is observed in the module. It was proved
that temperature is the highest in the region near
the wall. This temperature difference causes
reduction of fluid density near the module wall and
consequently the fluid movement upward. So, a
slow displacement happens and the fluid moves in
the module especially near the membrane surface.
It means that temperature gradient leads to velocity
gradient and by passing toluene through the

membrane, this parameter would increase. Fig. 5
shows streamline and velocity gradient in the
membrane module. Streamlines indicate the path
of the flow in the module. As it is observed, the
streamlines turn around the membrane, and as a
result, the fluid circulates near the membrane
surface. The streamlines return to the membrane
surface and the fluid continues its path through the
membrane. The momentum profile shows that the
diffusion contribution is more significant in fluid
motion and convection is negligible.
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Fig. 5: Cell Reynolds humber established after 900 s

CONCLUSIONS

Separation of toluene from n-heptane by
pervaporation process using a dense polymeric
membrane was studied theoretically in this work. A
comprehensive mathematical model was
developed to predict transport of toluene and n-
heptane through the membrane in a PV batch
system. The model was based on numerical solution

of the conservation equations (continuity,
momentum, and heat transfer) for the species in the
membrane module. Temperature profile and
Reynolds number in the module were presented.
The modeling findings showed that the developed
model can predict transport phenomena in the
separation of hydrocarbon mixtures using
pervaporation.
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