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Abstract

A numerical model of non-isothermal pervaporation was developed to investigate the development of the velocity, concentration and
temperature fields in rectangular membrane module geometry. The model consists of the coupled Navier–Stokes equations to describe the
flow field, the energy equation for the temperature field, and the species convection-diffusion equations for the concentration fields of the
s ncentration
fi n,
u e nonlinear
c of the mass
t or laminar
c ed
t
©

K

1

s
P
p
a
p
T
t
g
S

(
U

feed
nally
ugh
ss, it
anied
cross
it, as

e
er-
ure),
rmal
be

ation

ora-
a-
rane

0
d

olution species. The coupled nonlinear transport equations were solved simultaneously for the velocity, temperature and co
elds via a finite element approach. Simulation test cases for trichloroethylene/water, ethanol/water andiso-propanol/water pervaporatio
nder laminar flow conditions, revealed temperature drop axially along the module and orthogonal to the membrane surface. Th
haracter of the concentration and temperature boundary-layers are most significant near the membrane surface. Estimation
ransfer coefficient assuming isothermal assumption conditions can significantly deviate from the non-isothermal predictions. F
onditions, predictions of the feed-side mass transfer coefficient converged to predictions from the classical Lévêque solution as the fe
emperature approached the permeate temperature.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Pervaporation is now a well-established method of
eparating volatile organics from liquid mixtures[1–7].
ervaporation separation of a liquid feed mixture is accom-
lished when the target species selectively permeates through
permselective dense membrane and transitions to a vapor

hase by the time they are encountered on the permeate-side.
he vapor pressure of the permeating species is kept low on

he permeate-side of the membrane (e.g., by vacuum or sweep
as) and the permeate is recovered using a cold trap[8–11].
ince pervaporation is accompanied by a phase change
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(liquid to vapor), there is an associated decrease in the
temperature. A temperature gradient develops orthogo
to the membrane as well as in the flow direction. Altho
pervaporation is often analyzed as an isothermal proce
must be recognized that pervaporation is always accomp
by a temperature drop orthogonal to the membrane (a
the thermal boundary layer on the feed-side) and across
well as axially in the flow direction[12]. As a result of thes
temperature changes[12–14], temperature-dependent th
modynamic (e.g., heat of vaporization and vapor press
physicochemical (e.g., density) and transport (e.g., the
conductivity, viscosity and diffusivity) parameters may
affected to a degree that is sufficient to impact the separ
process.

In one of the early studies of non-isothermal pervap
tion, Rautenbach and Albrecht[15] measured the temper
ture difference between the bulk of the feed and memb
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surface (at the permeate-side) for pervaporation dehydration
of iso-propanol, using a cellulose acetate membrane in
a plate-and-frame module (2 mm channel height). These
authors reported, based on an estimated heat flux across
the membrane, a temperature drop of up to 5◦C between
the bulk feed and the membrane surface. A similar result
was also reported in studies by Rautenbach and Albrecht
[12,16] for dehydration ofiso-propanol. As expected, the
above temperature difference varied depending on the water
flux (the preferentially permeating component) through the
membrane. The development of the temperature field was
analyzed by Rautenbach and Albrecht[12] via an energy
transport model that considered energy transport by convec-
tion (in the axial direction) and by conduction and convection
in the direction perpendicular to the membrane surface. The
velocity profile, in the axial direction, was assumed not to be
distorted by the permeate flux. Model computations for ben-
zene/cyclohexane pervaporation with a polyethylene mem-
brane in a thin rectangular channel (i.e., height/length� 1),
neglecting concentration polarization on the membrane feed-
side, suggested negligible temperature difference between
the bulk and membrane feed-side surface, owing to the
relatively low specific enthalpy and flux of the permeating
species. In a related study, Gooding[17] also concluded,
based on a one-dimensional energy balance in the direction
perpendicular to the membrane and analysis of the early
r re
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In the present study, we present a numerical model
analysis of non-isothermal pervaporation of a binary liquid
mixture with the goal of elucidating the detailed development
of the coupled temperature and concentration fields, and the
resulting flux behavior. The model consists of the coupled
momentum, energy and mass transport equations with a two-
dimensional pervaporation channel configuration adopted
for simplicity. Non-isothermal behavior is contrasted with
approximate isothermal solutions and the detailed tempera-
ture and concentration profiles, in the pervaporation channel,
are illustrated for selected case studies.

2. Mathematical model

2.1. Module description and governing equations

The plate-and-frame membrane module geometry was
adopted in the present study to investigate the process of non-
isothermal pervaporation via case studies for dehydration of
ethanol andiso-propanol and the removal of trichloroethy-
lene (TCE) from water. The pervaporation channel geometry
is considered two-dimensional with a channel height,H, and
width,W, such thatH/W� 1. A schematic depiction of the
membrane channel geometry is shown inFig. 1. The model
is restricted to steady state with the assumption of a uniform
t at
t l.The
g ge-
o

a

a

a

esults of Rautenbach and Albrecht[13], that the temperatu
rop across a pervaporation membrane occurs primaril

ween the bulk feed stream and the membrane surface
eed-side.

The impact of heat transfer on mass transport for
ater pervaporation using a PDMS membrane in a p
nd-frame configuration, was reported by Karlsson
räg̊ard [18]. These authors carried out pervaporation
t high cross flow velocities and different feed temperat

hat served to correlate permeation flux with memb
urface temperature, assuming that this temperature
ssentially equal to the bulk feed-side temperature. Re

rom subsequent pervaporation runs, at low feed cross
elocities, served to determine the difference between
easured bulk feed and membrane surface tempera

he latter temperature previously estimated from a
orrelation obtained at high cross flow velocities.
arlsson and Tr̈ag̊ard [18] study reported a temperatu
ifference between the feed and membrane surface of
.1◦C for a feed temperature of 75◦C. More recently, va
er Gulik et al.[19] investigated the temperature distribut

n an annular ceramic membrane module geometry for
ater pervaporation. Their ultrasonic computer tomogra
easurements revealed about 9◦C temperature drop betwe

he feed water (at 40◦C) and the membrane surface wh
he permeate-side was maintained under vacuum of 1
t should be noted that, unlike the case of pervapora
f binary mixtures, feed-side mass transfer resistan
on-existent in pervaporation of a pure fluid as in the G
t al.’s[19] study of pure water pervaporation.
,

emperature profile and fully developed velocity profile
he entrance to the pervaporation section of the channe
overning equations for the fluid flow in the rectangular
metry, expressed in dimensionless form are:

u∗ ∂u∗

∂x∗ + v∗ ∂u∗

∂y∗ = −a
∂p∗

∂x∗ + ∂

∂x∗

(
2a2

Re

∂u∗

∂x∗

)

+ ∂

∂y∗

(
2

Re

∂u∗

∂y∗

)
(1)

u∗ ∂v∗

∂x∗ + v∗ ∂v∗

∂y∗ = −∂p∗

∂y∗ + ∂

∂x∗

(
2a2

Re

∂v∗

∂x∗

)

+ ∂

∂y∗

(
2

Re

∂v∗

∂y∗

)
(2)

∂u∗

∂x∗ + ∂v∗

∂y∗ = 0 (3)

Fig. 1. Schematic of the membrane channel.
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in which the various dimensionless variables are defined as

x∗ = x

L
, y∗ = y

H
, u∗ = u∗

u0
, v∗ = v

u0
,

p∗ = p

ρu2
0

, Re = ρu0dh

η
(4)

wherex andy are the axial and traverse coordinates,u andv
are the velocity vector components in thex andy direction,
respectively,u0 is the average feed velocity at the channel
inlet (x∗ = 0), p is the pressure,ρ is the density anda=H/L
is the aspect ratio,Re is the Reynolds number,η is the vis-
cosity of the mixture anddh = 2H (note thatdh is equal to the
equivalent hydraulic diameter whenW�H).

The mass transfer equations for a binary system of com-
ponents A and B can be written as follows:

au∗ ∂C
∗
A

∂x∗ + v∗ ∂C
∗
A

∂y∗ = ∂

∂x∗

(
2a2

Re ScA

∂C∗
A
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(
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)
(5)

au∗ ∂C
∗
B

∂x∗ + v∗ ∂C
∗
B

∂y∗ = ∂

∂x∗

(
2a2

Re ScB

∂C∗
B

∂x∗

)
( )

i ed:

C

w s A
a y
C ion
c
D ct
R

nsid-
e ing
f

a

w

T

i .e.,
a al
c he
p

2.2. Boundary conditions

The numerical solutions of model Eqs.(1)–(3), (5), (6),
and (8)were accomplished subject to the boundary conditions
specified atx∗ = 0, x∗ = 1, y* = 0, andy* = 1. At the channel
inlet (x∗ = 0), the velocity profile was taken to be parabolic

u∗ = 4y∗(1 − y∗) (10)

implying that the flow section leading to the membrane sec-
tion is sufficiently long for a fully developed laminar velocity
profile to develop. The velocity profile, however, may be al-
tered in the membrane section due to the permeate flux. At
the membrane inlet, the solute (preferential permeant) and
solvent concentrations areC0

A andC0
B, respectively, and tem-

perature and pressure at the channel entrance were set to uni-
form values,T0 andp0, respectively. The above conditions at
x∗ = 0 were expressed in non-dimensional forms as

v∗ = 0, p∗ = p0

ρu2
0

≡ b (11)

C∗
A = 1, C∗

B = 1, T ∗ = 1 (12)

We note that, at the exit as well as the entrance of the domain,
one can also employ an alternate set of boundary conditions
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Re ScB

∂C∗
B

∂y∗ (6)

n which the following dimensionless variables are utiliz

∗
A = CA

C0
A

, C∗
B = CB

C0
B

, Sci = η

ρDi

(7)

hereCA andCB are the concentrations of component
nd B, the initial concentrations (atx∗ = 0) are denoted b
0
A andC0

B, and the Schmidt numbers and mutual diffus
oefficients of the two components are denoted bySci and
i , respectively, wherei = A or B. We note that the produ
eScis the Peclet number for mass transfer.
The energy equation, in the membrane channel, co

ring both convection and conduction, takes the follow
orm:

u∗ ∂T ∗

∂x∗ + v∗ ∂T ∗

∂y∗ = ∂

∂x∗

(
2a2

RePr

∂T ∗

∂x∗

)

+ ∂

∂y∗

(
2

RePr

∂T ∗

∂y∗

)
(8)

here

∗ = T

T0
, Pr = ηCp

λ
(9)

n whichT andT0 are the local and initial temperatures (i
t x∗ = 0), Cp andλ are the fluid heat capacity and therm
onductivity, respectively,Pr is the Prandtl number and t
roductRePris the Peclet number for heat transfer.
or mass and heat transfer that account for both diffusion
onvection:

2a

Re ScA

∂C∗
A

∂x∗ + u∗C∗
A = u∗Cr∗

A (13)

2a

Re ScB

∂C∗
B

∂x∗ + u∗C∗
B = u∗Cr∗

B (14)

2a

RePr

∂T ∗

∂x∗ + u∗T ∗ = u∗T ∗
r (15)

here at the channel inlet (x∗ = 0), T ∗
r = T ∗

0 = 1 andCr∗
i =

0∗
i = 1, wherei designates species A or B. Both of the ab

wo sets boundary conditions (Eqs.(12)–(15)) at the channe
nlet were evaluated in the present study. For the boun
ondition at the channel exit (x∗ = 1), Eqs.(13)–(15)are used
ith T ∗

r = T ∗ = 1 andCr∗
i = C∗

i = 1. It is noted that, fo
he expected range of operating conditions in pervapora
t is reasonable to assume that axial convection of mas
eat dominates over axial diffusion and conduction (i.e.,
endicular to the outlet surface), a condition for which
rst term on the left-hand sides of Eqs.(13)–(15)become
egligible.

At the membrane surface (y= 0), the usual no-slip boun
ry condition, i.e.,u= 0 aty= 0 is applied which is appropria

or non-porous pervaporation membranes. The velocity c
onent in they coordinate,v can be expressed in terms of

otal permeate flux

= −K aty = 0 and v = K aty = H (16)
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in which

K = NA +NB

CA + CB
(17)

where the component permeate fluxes can be expressed using
the simple resistance in series model:

Ni = Cmf,i − Cmp,i

Rm,i

(18)

in which Cmf,i and Cmp,i are speciesi concentrations, in
the membrane, at the feed-membrane interface and at the
membrane-permeate interface, respectively, andRm,i is the
membrane resistance to mass transfer of speciesi. When the
permeate-side is under vacuum, as is the case for the present
study, it is reasonable to assume thatCmf,i �Cmp,i . In addi-
tion, if one assumes that local thermodynamic equilibrium
exists at the membrane-feed-side interface, then component
concentrations in solution are related to their concentration
in the membrane (aty= 0), such thatCmf,i =Hm,iCi , then Eq.
(17)can be expressed as

K = CA/RA + CB/RB

CA + CB
(19)

whereRA andRB are the membrane mass resistance co-
efficients for components A and B, respectively, defined
as R = 1/k H , in which k is a mass transfer coef-
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non-idealities due to binary interactions were neglected in the
flux expressions. This approximation is reasonable for dilute
systems as in the present TCE/water pervaporation test case.
It is noted that, although non-idealities were not explicitly
considered for the concentrated solution regime, as in the
ethanol/water mixtures andiso-propanol water mixtures, the
use of empirical correlations for the concentration depen-
dence of the component diffusion coefficients (Section2.3)
did to some extent account for non-idealities. This approach
proved to be adequate for the systems studied as revealed
by excellent agreement with published data as discussed in
Section3.1. Finally, it is noted that in the implementation of
the numerical model, Eq.(16)was casted in a dimensionless
form using the variables defined in Eqs.(4), (7), and (9).

At the membrane-feed-side interface (y* = 0 andy* = 1) the
following boundary conditions for the mass transfer equation
(Eqs.(5) and (6)) are specified:

− 2

Re ScA

∂C∗
A

∂y∗ + v∗C∗
A = C∗

A

u0RA
(22)

− 2

Re ScB

∂C∗
B

∂y∗ + v∗C∗
B = C∗

B

u0RB
(23)

where the terms on the RHS of Eqs.(22) and (23)represent the
component flux as per Eq.(18)subject to the simplifications
discussed above.

rane
s siders
b cord-
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−

w
m rane),
� o-
n e
p dition
(

−

w

A

i m,i m,i m,i
cient for transport across the membrane andHm,i is the
embrane/solution partition coefficient for speciesi. In the
resent simulations membrane resistance was approxi
skm,i =Dm,i /δ, whereδ is the membrane thickness andDm,i

he diffusivity of componenti inside the membrane. Temp
ture dependence of the diffusion and partition coeffic
an be approximated as[8,20–22]:

m,i = D0
m,i exp

(
−ED

RT

)
(20)

m,i = H0
m,i exp

(
�HS

RT

)
(21)

hereED and�HS are the diffusion activation energy a
he enthalpy of solution of componenti in the membrane
espectively, andD0

m,i andH0
m,i are the corresponding pr

xponential factors. Literature values for the above m
rane transport parameters, for the binary systems cons

n the present work are given inTable 2 [15,20–32]. Finally,
t is worth noting that for pervaporation schemes that em
acuum on the permeate-side, mass transfer resistance
ermeate-side-resistance is generally negligible[26,33–35].

In the above formulation of the membrane resista
embrane parameters are taken to be constant with resp

oncentration. More elaborate models can be used when
ling specific membrane–solute systems given experim
orption data; however, the simplified approach in the pre
imulations is reasonable given that the present emp
s on the development of the profiles on the feed-side o

embrane channel. At the present level of model comple
e

The heat transfer boundary condition at the memb
urface can be constructed from a heat balance that con
oth sensible heat transport and heat of vaporization. Ac

ngly, the following boundary condition can be derived:

λ
∂T

∂y
+ ρCPvT = λm

δ
(T − TP) +

(
CA

RA
�hA + CB

RB
�hB

)

+
(
CA

RA
+ CB

RB

)
Cv

PTP (24)

hereλm is the membrane thermal conductivity,TP the per-
eate temperature (at the permeate-side of the memb
hA and�hB are the enthalpy of vaporization of comp
ents A and B, respectively, andCv

P the heat capacity of th
ermeate vapor. The above heat transfer boundary con
Eq.(24)) can be expressed in non-dimensional form as

2

RePr

∂T ∗

∂y∗ + v∗T ∗ = D(T ∗ − T ∗
P) + AC∗

A + BC∗
B

+E

(
C0

A

RA
C∗

A + C0
B

RB
C∗

B
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T ∗

P (25)

here

= 2H

λT0
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RePr
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RePr
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λδ
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RePr
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λ
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RePr
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Table 1
Pure liquid properties at 298 K

Water Ethanol TCE Propanol

Density (kg/m3) 998.2 789.3 1464 802.0
Viscosity (kg/ms) 0.90× l0−3 1.07× l0−3 0.54× l0−3 1.99× l0−3

Heat capacity (J/kg K) 4.18× l03 2.44× l03 0.95× l03 2.39× l03

Thermal conductivity (W/mK) 0.598 0.169 0.116 0.135
Heat of vaporization (J/kg) 2.44× l06 0.918× l06 0.236× l06 0.789× l06

2.3. Numerical model simulations

In the present test case simulations, the mass diffusivi-
ties, viscosity, heat capacities and thermal conductivities were
considered to be temperature-dependent. The temperature-
dependent heat capacities for water[36] and ethanol[37]
were obtained from available literature data, and for TCE it
was estimated from the Missenard group contribution method
[38]. Thermal conductivities for water and ethanol were ob-
tained from Miller et al.[39] and for TCE from equations
fitted to experimental data[40,41]. The heat capacities and
thermal conductivities were fitted by appropriate empirical
equations for ease of numerical interpolation in the numeri-
cal model. The composition dependence of the thermal con-
ductivity was estimated using the approximation of Filippov
[42], λ = wAλA + wBλB − 0.72wAwB(λB − λA), in which
λB ≥ λA and wherewi andλi are the weight fraction and the
thermal conductivity of componenti, respectively. The heat
capacity and density for the liquid mixtures were estimated
assuming linear mole fraction averages. It is noted that, for
the present simulation cases (Tables 1 and 2), the thermal
conductivities and heat capacities were found to vary by up
to about 4 and 15%, respectively, over the range of simula-
tion conditions (temperature and mixture composition). The
enthalpies of vaporization for water, ethanol, TCE andiso-
propanol were obtained from Daubert et al. and Majer and
S

om-
p
l
e
o d
f n,
l
ε po-

nents (A and B), respectively[42]. Viscosity variations, for
the present simulations for ethanol–water and TCE–water
pervaporation, were less than about 5% for the range of
concentrations encountered for the preferential permeants.
However, for theiso-propanol/water pervaporation with feed
water concentration of about 40%, the viscosity varied by
up to a factor of three.

For the ethanol/water system, with water composition in
the feed of less than 5% (w/w), the binary diffusion coeffi-
cient[49–51]varied by only up to about 5% over the range of
water concentrations encountered in the pervaporation chan-
nel, and thus considered essentially constant for the above
composition range. The binary diffusion coefficient for the
iso-propanol–water system, estimated from the correlation
of Vignes[51], varied by up to about 45% over the range of
compositions in the pervaporation channel. Finally, we note
that molecular mass diffusivities in the dilute regime were
estimated using the Wilke–Chang[52] correlation.

The pure component properties used in the present sim-
ulations are provided inTable 1at 298 K (the temperature-
dependent properties were determined as described previ-
ously in Sections2.2 and 2.3). The membrane dimensions,
transport and partition coefficients are given inTable 2.

The simulations for TCE–water and ethanol–water
systems were carried out for a channel length and height
of 0.3 and 0.003 m, respectively. For theiso-propanol
d e 0.2
a atures
w vely.
T with
a . The
f and
T 5%
( ed
o

T
M

P Hia )

A 1.19
0.19

B 0.003
2.35

C 1.1
0.4

was c
R

voboda[43].
The temperature-dependent viscosity of the pure c

onents,ηi , was estimated using the equation[40,44–46],
n ηi =Ai +Bi /T+CiT+DiT2, in whichAi Bi , Ci , andDi are
mpirical constants for the specific pure component (i = A
r B). The viscosity of the mixture,ηm, was estimate

ollowing Teja and Rice[47,48] using the expressio
n(ηmεm) =xA ln(ηAεA) +xB ln(ηBεB) in which εm, εA, and
B are empirical constants for the mixture and its com

able 2
embrane transport properties used in the simulations

ervaporation system Compound D0 (m2/s) ED/R (K)

Water 2.5× 10−6 3007
Ethanol 4.1× 10−3 5533
Water 6.9× 10−8 1684
TCE 1.0× 10−4 4522

b Water 3.9× 10−5 3830
Isopropanol 1.4× 10−5 3673

a Values are at 298 K.
b Source: [12,15,32,53–55]. Membrane–solute partition coefficient

proh= 10.54 exp(3673/T), s/m,T in K.
ehydration case the channel length and height wer
nd 0.002 m, respectively. Feed and permeate temper
ere in the range of 298–348 and 288–308 K, respecti
he feed velocity was in the range of 0.009–0.12 m/s
tmospheric pressure specified at the channel outlet

eed concentrations of water, for ethanol dehydration,
CE, for TCE–water pervaporation, were all below

w/w). Dehydration ofiso-propanol simulations were carri
ut for water feed composition of 40% (w/w).

�HS/R (K) Thermal conductivity (W/mK) Thickness (m

2430 0.3 7.5× 10−5

505
8 217 0.16 8.5× 10−5

1744
– 0.13 5.9× l0−5

–

onsidered to be temperature independent.Rwater= 1.37 exp(3830/T), s/m;
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Fig. 2. Variation of the average mass transfer coefficient for water with the
inverse number of finite elements for ethanol dehydration. Feed composi-
tion: 95.6% ethanol (w/w); feed temperature = 298 K; permeate tempera-
ture = 293 K;Re= 135;Sc= 451;Pr= 15;H/L= 0.01.

The set of coupled model partial differential equations
(Eqs. (1)–(3), (5), (6), and (8)), for pervaporation in a
rectangular membrane channel, were solved simultaneously,
subject to the boundary conditions presented in the previous
section, by a numerical finite element method (FEM) using
Femlab (Comsol AB, Stockholm, Sweden). All dimension-
less groups (e.g.,Re,Sc, andPr) are reported at the conditions
that exist at the entrance to the channel. The rectangular
channel (Fig. 1) was transformed into a square domain via
non-dimensionalization of the coordinate system (Eq.(4))
and discretized by a mesh of triangular elements with a non-
uniform mesh size and density. A fine mesh was constructed
near the membrane surface where significant gradients of ve-
locity, concentration and temperature are expected. The mesh
for the different simulations consisted of about 6000–9000
elements with about 20% of the elements concentrated in a
zone extending about 0.1H away from the membrane surface.

Mesh size-independence of the numerical solution was
verified by carrying out simulations with progressively
refined mesh. As an example, the influence of the mesh
density on the axially averaged mass transfer coefficient
of water, for ethanol–water pervaporation, is shown in
Fig. 2 for a series of simulations using the parameters listed
in Tables 1 and 2. Clearly, the solution converges as the
number of finite elements increases. Simulations for a range
of parameters suggested that mesh-density independent
solution was obtained when at least 6000 elements were
used. The simulations were performed on a 1.5 GHz PC with
1022 Mb RAM, and required about 1 h of run time (including
I/O functions) depending on the simulation parameters.

3. Results and discussion

3.1. Concentration and temperature fields

The characteristic axial development of the concentration
profiles for non-isothermal pervaporation is illustrated for
ethanol dehydration inFig. 3a and b for water and ethanol
concentrations, respectively. For the specific simulation con-
dition of initial feed and permeate temperatures of 333 and
293 K, respectively andRe= 513, the concentration of water
( e sig-
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Fig. 4. Axial temperature development along the membrane feed-side for
ethanol dehydration. Feed composition = 95.6% ethanol (w/w). Feed temper-
ature = 333 K; permeate temperature = 293 K;Re= 513;Sc= 164;Pr= 8.2;
H/L= 0.01.

temperature change should be expected in both the traverse
and axial directions. An illustration of the temperature field
development is shown inFig. 4, for the same conditions of
the simulation results presented inFig. 3. The membrane
surface temperature decreases by about 11% (about 37 K)
when the membrane channel exit is reached (atx∗ = 1). It
is noted that, the temperature drop across the membrane is
about 3 K, confirming as in previous studies[13,17]that this
“observed” temperature difference is primarily due to tem-
perature drop on the feed-side of the module and not directly
across the membrane itself. However, the permeate-side
temperature does impact the development of the concentra-
tion profile and permeate flux as illustrated inFig. 5a and
b. For example, for the given feed temperature of 328 K,

Fig. 6. Effect of feed temperature on trichloroethylene concentration at the
membrane surface for trichloroethylene–water pervaporation; feed compo-
sition = 0.024% (w/w) TCE; permeate temperature = 293 K;H/L= 0.01.

decreasing the permeate-side temperature from 293 to 288 K
results in a water concentration decline of only about 2%
as the membrane exit is approached (i.e.,x∗ = 1). Similarly,
the water permeation flux decreases as the permeate-side
temperature decreases (e.g., by about 18% atx∗ = 1).

Pervaporation is unique in that the energy required for
separation (with the exception of pumping) is provided by
the feed. For a highly selective pervaporation membrane, a
higher feed temperature will typically result in a higher sep-
aration factor. This behavior will be reflected by reduction of
the permeating component concentration near the membrane
surface and a greater concentration decline axially. Such
a behavior is illustrated inFig. 6 for the removal of TCE
from water where it is shown that TCE concentration (the
preferentially permeating component) decreases axially. As

F water c sit
e /L= 0.
ig. 5. Effect of permeate temperature, for ethanol dehydration, on (a)
thanol (w/w) water; feed temperature = 328 K,Re= 451,Sc= 147,Pr= 9,H
oncentration at the membrane surface; and (b) water flux. Feed compoion = 4.4%
01.
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the membrane surface is approached, this concentration drop
is more pronounced for higher feed temperatures. For the
specific example shown inFig. 6, when the permeate-side
temperature is at 293 K, as the feed temperature increases
from 298 to 348 K, TCE concentration at the membrane
surface drops, relative to the feed, by about 15 and 23%,
respectively. In all cases, as expected, the concentration of
the preferential permeating solute, at the membrane surface,
decreases with axial distance from the entrance; this concen-
tration decrease becomes more pronounced with decreasing
permeate-side temperature or increasing feed temperatures.

In the present simulations, membrane properties were set
such that membrane resistance was greater than the resis-
tance due to the concentration boundary layer. Both resis-
tances increased with axial distance as the membrane surface
temperature decreased, as illustrated inFig. 7 for TCE per-
vaporation, albeit the rise in the boundary layer resistance
along the membrane is more pronounced. As expected, at a
lower feed temperature, for a given permeate temperature,
leads to higher transport resistance for the permeating solute.
The above behavior is attributed, primarily, to the decrease
of solute diffusivity in the membrane with decreasing tem-
perature.

Data on temperature changes that occur during per-
vaporation are not commonly reported in the literature.
However, limited experimental data have been reported in the
l ure
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Fig. 8. Comparison of experimental and predicted heat flux as a function of
temperature difference between the bulk feed and permeate foriso-propanol
dehydration. The dashed line represents the best fit line to the experimental
data of Rautenbach and Albrecht[12,15]. Feed: composition = 40% (w/w)
water, feed temperature = 308 K,H/L= 0.01,Re= 500;Sc= 4200;Pr= 8.5.

model simulations for the above system can be made whereby
the heat flux across the membrane is estimated from the
RHS of Eq.(24). The results of the present simulation of the
above system, given the system parameters (Tables 1 and 2)
as reported by Rautenbach and Albrecht[12,15] and others
[32,53–55] are shown inFig. 8. The simulations were
conducted for the reported feed temperature of 308 K while
varying the permeate-side temperature over the range of
303–307.5 K. The simulation results closely match the exper-
imental results represented by the linear correlation indicated
in Fig. 8 [15], especially given that there is some scatter in the
original experimental data. It is noted that pervaporation must
be accompanied by a temperature drop between the bulk feed
and permeate. Therefore, in the limit of vanishing tempera-
ture difference, as imposed in the simulations, pervaporation
must also cease. However, the non-isothermal model is not
appropriate for this condition since all fluxes are identically
zero which represents the trivial solution to the model.

3.2. Comparison of non-isothermal and isothermal
pervaporation analyses

In order to evaluate the difference between non-isothermal
and isothermal pervaporation conditions, a series of simu-
lations were conducted for pervaporation of a TCE–water
m ions
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dentified by the feed temperature correspond to the following c
ions: feed temperature = 348 K,Re= 1118,Sc= 98,Pr= 2.4; feed tempe
ture = 333 K,Re= 869,Sc= 170,Pr= 3.0; and feed temperature = 298
e= 438,Sc= 745,Pr= 6.0.
ixture and for ethanol dehydration. Isothermal simulat
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roperties were taken to be at the feed temperature an
umed to be temperature invariant for the two simulated
emperatures of 328 and 293 K. Under non-isothermal co
ions, for a feed and permeate temperatures of 328 and 2
espectively, the concentration of the preferential perme
olute at the membrane surface was higher (by up to a
0% at the module exit) than obtained for isothermal sim

ions at 328 K as illustrated in the examples, shown inFig. 9a
nd b, for ethanol dehydration and TCE–water pervap
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Fig. 9. (a) Axial variation of water concentration at the membrane surface (feed-side), for ethanol dehydration, for isothermal and non-isothermalsimulations.
Feed composition = 4.4% (w/w) water, permeate temperature = 293 K,H/L= 0.01,Re= 451 (328K),Re= 246 (293 K),Sc= 147 (328 K),Sc= 555 (293 K),
Pr= 9 (328 K),Pr= 16 (293 K). (b) Axial variation of TCE concentration at the membrane surface (feed-side), for TCE–water pervaporation, for isothermal and
non-isothermal simulations. Feed composition = 0.024% (w/w) TCE, permeate temperature = 293 K,H/L= 0.01,Re= 795 (328 K),Re= 392 (293 K),Sc= 208
(328 K),Sc= 947 (293 K),Pr= 3.3 (328 K),Pr= 6.8 (293 K). The feed temperatures are indicated in parentheses.

tion, respectively. However, for the isothermal simulation at
293 K, concentration polarization is less pronounced than ob-
tained under non-isothermal conditions. The corresponding
variations of permeate flux of the preferential components,
along the membrane module, shown inFig. 10a and b for
ethanol dehydration and TCE pervaporation, respectively,
reveal a much higher flux for the isothermal simulation
at 328 K relative to the non-isothermal case (by up to
a factor of three). In contrast, the fluxes obtained under
non-isothermal conditions are higher (about 10–30%) than
the values obtained for the isothermal condition at 293 K.
An alternate comparison of the simulated performance of

isothermal and non-isothermal pervaporation is in terms
of the pervaporation selectivity for the target preferential
solute. For example, the test cases listed inTable 3for feed
temperature of 328 and 293 K, reveal that the selectivity is
higher for the higher feed temperature of 328 K for both the
TCE/water and water/ethanol systems. However, a higher
selectivity was predicted for the isothermal simulation at
293 K relative to the non-isothermal simulation at feed and
permeate temperatures of 328 and 293 K, respectively. It is
noted that the above results are consistent with the known
behavior of pervaporation systems, whereby selectivity
typically increases with decreasing flux.
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tions, for (a) ethanol dehydration and (b) TCE–water pervaporation.ation
permeate temperature = 293 K,H/L= 0.01,Re= 451 (328 K),Re= 246 (293 K)
r pervaporation. Feed composition = 0.024% (w/w) TCE, permeate te
947 (293 K),Pr= 3.3 (328 K),Pr= 6.8 (293 K). The feed temperatures
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Table 3
Comparison of isothermal and non-isothermal pervaporation selectivity

Feed temperature (K) Permeate temperature (K) Re Sc Pr α

Water/TCE system
Non-isothermal 328 293 795 208 3.3 492
Isothermal 328 328 795 208 3.3 104
Isothermal 293 293 392 947 6.8 562

Ethanol/water system
Non-isothermal 328 293 451 147 9.0 18.2
Isothermal 328 328 451 147 9.0 6.9
Isothermal 293 293 246 555 16 18.9

αj,s= (Nj /Ns)/(Coj /Cs), in whichNj andNs and Coj andCs are the fluxes and concentrations of the target solute (subscript j) and major component (subscript
s), respectively.

It is instructive to assess the impact of non-isothermal
effects on pervaporation by comparing the local mass
transfer coefficients,kLi , calculated from the non-isothermal
simulation with the classical estimate ofkLi obtained from
the Lévêque solution for mass transfer (feed-side) in the
membrane channel. This solution assumes a linear velocity
profile near the membrane surface in the absence of perme-
ation and under isothermal conditions. Accordingly, with the
feed flow under laminar condition, the Lévêque solution for
the local feed-side mass transfer coefficient is given as[56]:

kLi = Di

0.893H

(
u0H

2

3Dix

)1/3

(27)

which takes the following dimensionless formShix =
(1/α)(x∗/H∗)2/3Sc1/3Re1/3, whereShix = kLix/Di, Re =
u0v/H, Sci = v/Dix

∗ = x/L,H∗ = H/Landα = 1.2879.
The local mass transfer coefficient, under non-isothermal
conditions, can be calculated from the simulations as

kLi = 1

Cb,i − Cm,i

(
Di

∂Ci

∂y

)
y=0

(28)

whereCb,i ,Cm,i are the concentrations of componenti in the
bulk (centerline of the channel) and at the membrane surface,
respectively, andDi is the molecular mass diffusivity of
the permeating component. For example, for a given feed
temperature of 328 K and permeate temperature of 293 K,
comparisons of the non-isothermal simulations with the
Lévêque and isothermal solutions (at 328 K) for TCE perva-
poration and ethanol dehydration are shown inFig. 11a and b,
respectively. The local mass transfer coefficients for TCE and
for water, for TCE–water and ethanol–water pervaporation,
respectively, decrease with axial distance from the entrance
for both the isothermal and non-isothermal cases. The
Lévêque solution (Eq.(27)) and the isothermal simulation
(based on the feed temperature of 328 K) overestimate the
mass transfer coefficient (for the preferential component),
over the length of the channel (from entrance to outlet),
relative to the non-isothermal case (328 K feed temperature)
by 68–63 and 68–66%, respectively, for TCE–water, and
by 61–56 and 69–62% for ethanol–water pervaporation.
As shown inFig. 11a and b, estimates of the mass transfer
coefficient based on the permeate temperature of 293 K using
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6 (293 K). (b) TCE–water pervaporation: feed composition = 0.024% (
K),Sc= 208 (328 K),Sc= 947 (293 K),Pr= 3.3 (328 K),Pr= 6.8 (293 K)
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Fig. 12. Axial variation of the local Sherwood number for the pervaporation
of TCE–water at different feed temperatures. Feed = 0.024% (w/w) TCE,
permeate temperature = 293 K; feed temperatures = 298–348 K,H/L= 0.01.

the Lévêque solution approach the non-isothermal solution
at 328 K (Fig. 11a and b). We note, however, that for the
present binary systems, simulation results over a wide range
of parameter values, suggest that predictions by the Lévêque
and isothermal simulations, at the feed temperature, would
significantly overestimate the local mass transfer coefficient,
relative to the non-isothermal condition (Eq.(28)).

Axial dependence of the local mass transfer coeffi-
cient, expressed in terms of the local Sherwood number
(Sh= kLix/Di) is shown inFig. 12for TCE, at different feed
temperatures (298–348 K), for a fixed permeate temperature
of 293 K. Clearly, the Sherwood number increases with axial
distance from the entrance and with decreasing feed temper-
ature. The local Sherwood number varies asSh∝ (x/L)n with
n ranging from 0.66 to 0.71 for the above feed temperature
range and permeate temperature of 293 K. As the feed temper-
ature approaches that of the permeate, the Sherwood numbe
dependence on axial position approaches the Lévêque so-

F ater
p mpo-
s pera-
t

lution (i.e.,Sh∝ (x/L)2/3). It is also instructive to compare
the axially averaged Sherwood number obtained from the
Lévêque solutionSh = β(L/H)2/3Sc1/3Re1/3, whereSh =
kLL/D andβ = (3/2)(1/0.893)) with the non-isothermal so-
lution as shown inFig. 13for feed temperatures of 348 and
298 K, for a fixed permeate temperature of 293 K. As ex-
pected, as the difference between the feed and permeate tem-
peratures decreases, a condition which is likely to prevail
under the condition of low pervaporation flux, the average
Sherwood number dependence on the Reynolds number as
predicted from the Ĺevêque solution, i.e.,Sh ∝ Re1/3, ap-
proaches the non-isothermal solution.

4. Conclusions

A detailed numerical model that combines mass, mo-
mentum and energy balances was developed to study
non-isothermal pervaporation of a binary mixture in
a rectangular membrane module geometry. Simulation
test cases for trichloroethylene/water, ethanol/water and
iso-propanol/water pervaporation demonstrated the axial
temperature drop along the flow channel and orthogonal to
the membrane surface. The temperature drop from the bulk
feed to the membrane surface (feed-side) can be significant
d ture.
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