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ABSTRACT: An essentially predictive mathematical
model was developed to simulate pervaporation process.
The group contribution method UNIFAC was used for cal-
culating the upstream activity coefficients. The diffusion
coefficient in the membrane was predicted using free-vol-
ume theory. Free-volume parameters were determined
with viscosity and temperature data, and the binary inter-
action solvent–polymer parameter was calculated by a
group-contribution lattice-fluid equation of state (GCLF-
EOS). A simulator named PERVAP was developed apply-
ing the mathematical model. Pervaporation process was
simulated for separating bioethanol–water through poly-

etherimide membrane. The simulated results were vali-
dated using experimental data of bioethanol/water separa-
tion through polyetherimide membrane. The model pre-
sented a satisfactory performance compared to
experimental data. Related to the simulation of the studied
separation, a 99% molar enriched bioethanol stream was
obtained with a recovery of 94%. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 107: 2256–2265, 2008
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free volume theory; bioethanol–water mixture; polyetheri-
mide membrane

INTRODUCTION

Pervaporation, a term derived from two major oper-
ations involved in the separation process, namely,
permeation and evaporation, is defined as a separa-
tion process in which a liquid feed mixture is sepa-
rated by means of selective diffusion-vaporization
through a nonporous membrane.1 This is potentially
an effective process for separating azeotropic mix-
tures with components of low molecular weight. The
solution–diffusion mechanism is adopted to describe
pervaporative transport through dense membranes
and this has become the accepted pattern for this
process. According to this mechanism, the transport
occurs in three steps: (a) selective sorption of the
components on the membrane surface; (b) diffusion
of the components through the membrane; (c) de-
sorption on the permeate side.2 Pervaporation-based
process holds a large potential for utilization by the
traditional chemical industry and by emerging areas
such as environmental and biochemical engineering,
using dense membranes to separate different types
of mixtures and it represents an alternative unit

operation for replacing conventional separation pro-
cesses usually applied to remove volatile organic
compounds from water,1 and for recovering key
aroma compounds.2 From the stand point of perform-
ance, this membrane technology is considered as a re-
liable separation process compared to conventional
processes. Energy savings, safety, and environmen-
tally sustainable feature are among the advantages of
pervaporation, when it is used for separating organic–
organic mixtures. These issues support the feasibility
of this process.3

Several studies were already carried out to
describe and understand the mass transfer through
the membrane in this process, and mathematical
models were proposed taking into account the ef-
fects of the variables on the process performance.4–9

Recently, Hoda et al.10 developed a model combin-
ing solution–diffusion theory with mass, momentum,
and energy balances considering a hollow fiber mod-
ule, and Peng et al.11 presented a predictive model
for permeate flux determination based on solubility
prediction of components in the membrane by
UNIFAC-FV (UNIquac Functional-group Activity
Coefficient-Free-Volume) and diffusion coefficient
calculation by free-volume theory,12,13 and satis-
factory results were obtained when compared with
experimental data. However, this model underesti-
mate selectivity factor when low temperatures were
investigated. Bearing all these points in mind, the
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objective of this work is the development of a
detailed mechanistic model to investigate how the
design and operation parameters influence the over-
all process performance. The proposed mathematical
model is based on the solution–diffusion mechanism
for separating binary mixtures by pervaporation pro-
cess. A predictive approach was considered to deter-
mine the model parameters. The development of the
PERVAP software based on the proposed model was
carried out in this work. The simulation results were
validated with experimental data,14 and the pervapo-
ration performance for separating the mixture bio-
ethanol–water through a hydrophilic membrane was
investigated.

PERVAPORATION MODEL

The model approach that seems to better represent
the mass transfer phenomena of the components
through the membrane is that based on the solution–
diffusion mechanism. The mass transfer of the per-
meate components through the membrane is pre-
sented in Figure 1.

The following steps describe the permeation pro-
file based on the solution diffusion mechanism:

1. Solution of the components through the feed/
membrane interface;

2. Diffusion of the components through the mem-
brane;

3. Desorption of the components of the permeate
side.

Assuming that the system is in equilibrium in
both sides of the membrane interface (upstream and
downstream), the expressions of the permeate flux
can be obtained from the mass transport in the
boundary layer (upstream) and in the membrane.

Transport in the boundary layer

Considering Figure 1, at steady state, according to
the first Fick’s law, the molar flux in the boundary
layer, dbl, for component i, can be expressed as
shown in Ref. 4:

Ji ¼ Di;FPe

dbl

Ci;F expðPeÞ � Cm
i;F

expðPeÞ � 1

� �
(1)

where Pe is the Peclet number; Di,F is the diffusion
coefficient of component i in the liquid feed, which
can be estimated by Wilke and Chang equation:15

Di;F ¼
7:4310�8ð/MjÞ1=2 T

ljðviÞ0:6
(2)

According to Gref,16 the convective flux can be
ignored if the membrane presents a high selectivity
to a component or the feed side operates in a turbu-
lent regime. Thus, the Peclet number is equivalent to
Pe � 1. Considering that the system operates in a re-
gime of Pe � 1, eq. (1) can be reduced to a simpler
expression:4

Ji ¼ Di;F

dbl
Ci;F � Cm

i;F

� �
(3)

where the concentration of component i in the feed
phase (Ci,F) and in the membrane (Cm

i;F) can be
solved expressing the driving force in terms of
activities.

Equilibrium in the feed interface

The feed-phase composition can be determined from
the chemical potential at the feed membrane inter-
face.17 By definition, the chemical potential in the
boundary region of the feed phase as well as of the
membrane are expressed by the following equation:

li;F ¼ li;0 þ RT ln ai;F þ
Z PF

PP

vi;F dP (4)

l m
i;F ¼ li;0 þ RT ln a m

i;F þ
Z Pm

F

PP

v m
i;F dP (5)

where vi,F is the molar partial volume of component
i in the feed phase, v m

i is the molar partial volume
of component i in the membrane, which are assumed
to be constant. Because in the pervaporation process
the feed is in the liquid phase, it is assumed that the
molar partial volume of the permeant compound in
the membrane is equal to the feed molar partial vol-
ume. In the equilibrium, the permeant concentration
in the membrane interface can be calculated by ther-
modynamic equations. Assuming that the membrane
is in contact with the feed phase and that the chemi-
cal potential in the membrane interface and in the
feed solution is the same, then:

li;F ¼ l m
i;F (6)

Thus, the chemical potential can be expressed on
the basis of the activity. Considering the activity
equal to the product of concentration and the activ-
ity coefficient, the concentration in the membrane
interface of components i and j can be related with
the concentration of the feed phase. If the molar vol-
ume is constant in the feed with an equal value in
the membrane, and whether feed pressure is larger
than the permeate pressure, eqs. (4) and (5) can be
applied in eq. (6) thus:
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Figure 1 Concentration profile of the compound i through the membrane.

gmi C
m
i;F ¼ gi;Fxi;F exp

�
vi;F
RT

ðPF � Pm
F Þ
�

(7)

On the other hand, if the membrane pressure at
interface is equal to the upstream pressure, after
solving the above-exponential expression, the results
obtained is equal to one, thus:6,7

gi;Fxi;F ¼ g m
i C

m
i;F (8)

gj;Fxj;F ¼ g m
j C

m
j;F (9)

where Ci;F
m and C j;F

m are the molar concentrations in
the membrane interface of the components i and j
respectively, which can be determined from experi-
mental solubility data of components in the mem-
brane.6,7 The activity coefficient of component i in
the feed (gi,F) is determined through the UNIFAC
method. Thus, the activity coefficients in the mem-
brane for components i (g m

i ) and j (g m
j ) can be calcu-

lated from eqs. (8) and (9).

Transport in the membrane

At steady state, the diffusive flux of each component,
considering the interfaces of the membrane with the
feed phase and the permeate phase, is defined as:

Ji ¼ Dm
i

‘
Cm

i;F � Cm
i;P

� �
(10)

where Dm
i is the diffusivity coefficient of component

i in the membrane. Solving eqs. (3) and (10), it gives

Ji ¼
Dm

i

‘ 3 Di;F

dbl
Dm

i

‘ þ Di;F

dbl

Ci;F � Cm
i;P

� �
(11)

In the permeation process, the permeants follow a
concentration profile through the membrane, from

the upstream up to the downstream. So, the concen-
tration of permeants i and j in the membrane in the
downstream (permeate phase) is determined consid-
ering equilibrium in the permeate side.

Equilibrium in the permeate interface

The chemical potentials in the permeate membrane
interface are expressed by

li;P ¼ li;0 þ RT ln ai;P þ
Z PP

PF

vi;P dP (12)

l m
i;P ¼ li;0 þ RT ln ami;P þ

Z PP

Pm
P

vmi;P dP (13)

Assuming that the system is in equilibrium, the
chemical potentials in the membrane interface and in
the permeate one are equals. So, simplifying:

a m
i;P ¼ ai;P exp

�
� viðPF � PPÞ

RT

�
(14)

g m
i C m

i;P ¼ PPYi;P

P sat
i

exp

�
� viðPF � PPÞ

RT

�
(15)

If the membrane pressure is assumed to be equal
to the feed-phase pressure, and that the membrane
pressure is higher than the permeate-phase pressure,
then the exponential term is equal to one,18 so

g m
i C m

i;P ¼ PP yi;P
Psat
i

(16)

g m
j C m

j;P ¼ PP yj;P

Psat
j

(17)

The selectivity for the pervaporation process is
defined by the following equation:
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a ¼ yi;p
�
yj;p

xi;F
�
xj;F

(18)

The compositions yi,P and yj,P are calculated using
the Eq. (18), expressed by:

yi;p ¼ xi;F a

1þ ða� 1Þxi;F (19)

yi;p ¼ 1� xi;F
1þ ða� 1Þxi;F (20)

The concentration in the membrane (permeate
phase), according to Brun et al.,6 can be expressed
substituting eqs. (19) and (20) into eqs. (16) and (17),
respectively, so that the following equations can be
written as

Cm
i;P ¼ xi;F a p

g m
i

�
1þ ða� 1Þxi;F

� (21)

Cm
j;P ¼ ð1� xi;F pÞPsat

i

g m
j

�
1þ ða� 1Þxi;F

�
P sat

j

(22)

where p 5 PP Psat
i is the partial pressure, PP is the

downstream pressure (kPa), P sat
i is the vapor pres-

sure (kPa) of component i, a is the selectivity, xi,F is
the feed mole fraction of component i, and g m

i and
g m

j are the activity coefficients in the membrane for
components i and j, respectively.

Substituting eq. (21) into eq. (11), it gives

Ji ¼ Dm
i Di;F

ðDm
i dbl þDi;F ‘Þ gmi

xi;Fgi;F �
xi;F a p

1þ ða� 1Þxi;F

� �
(23)

The same procedure was applied for component j.
Considering that the mass transfer in the feed

phase does not present resistance over the boundary
layer, it can be assumed that the boundary layer
thickness, dbl, can be negligible. So, eq. (23) is re-
duced to

Ji ¼ Dm
i

‘ g m
i

xi;F gi;F �
xi;F a p

1þ ða� 1Þxi;F

� �
(24)

where the diffusion coefficient of component i in the
membrane, Dm

i in this work, was predicted by the
free-volume theory.

Prediction of the diffusion coefficient

Vrentas and Duda12,13 proposed an equation for the
prediction of the diffusion coefficient based on the

free-volume theory. The diffusion coefficient of the
solvent (component i) in the membrane, Dm

i , can be
predicted by the following equation:

Dm
i ¼ D0ð1� /1Þ2ð1� 2v/1Þ exp

�E

RT

� �

3 exp

�
� x1

bV�
1 þ nx2

bV�
2

K11

g x1ðK21 � Tg1 þ TÞ þ K12

g x2ðK22 � Tg2þTÞ

�

(25)

where D0 is a constant pre-exponential factor, E is
the energy required to overcome attractive forces
from neighboring molecules, g is an overlap factor
for free-volume, bV�

1 and bV�
2 are the specific critical

hole free volumes of component i and the polymer
required for jump, x1 is the solvent weight fraction,
x2 is the polymer weight fraction, n is the ratio of
critical molar volume of solvent jumping unit to that
of polymer jumping unit, K11 and K21 are the solvent
free-volume parameters, K12 and K22 are polymer
free-volume parameters, /1 is the component vol-
ume fraction, v is the component/polymer interac-
tion parameter, which was predicted in this work by
the group contribution method,19 Tgi is the solvent
glass transition temperature, and T is the tempera-
ture and R is the gas constant.

From eq. (24), 10 parameters need to be known.
The free-volume parameters of the solvent and of
the polymer are calculated from viscosity data and
temperature. Hong20 showed the parameters deter-
mined for some components and polymers.

The results of the energy, E, for different compo-
nents, were studied by Hong.20 It was observed that,
when the component mass fraction is around 1.0, the
E values are relatively low when compared with the
values determined by diffusion experiments and that
the E values do not vary among the different compo-
nents studied. Therefore, assumption that E 5 0 was
already evaluated, and it was not observed influence
on the values of diffusion coefficient. This can be
validated when the diffusion values were compared
with experimental data. So, in this work, the Hong
approach was considered and E values for bioetha-
nol, and water were assumed as being equal to zero.

Calculation of the binary interaction parameter of
solvent–polymer

The interaction parameter between the solvent and
the polymer can be determined using the Flory-Hug-
gins theory21 from solubility data, in which the vol-
ume fraction between the solvent and the polymer
in the equilibrium is known as a function of the sol-
vent vapor pressure. However, High and Danner22

have developed new group contribution lattice-
fluid equation of state to predict the equilibrium
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properties of polymer–solvent solutions. Lee and
Danner19 have made a modification of this equation
to improve the capacity to predict the equilibrium
properties and the binary interaction parameter, d12,
between solvent and polymer. Therefore, to obtain
an accurate predictive model, an equation was
developed from the group contribution method, con-
sidering the binary interaction parameter as constant
and independent of the temperature and of the con-
centration. This parameter can be calculated from bi-
nary group parameters between the groups m and n
and from binary interaction parameters of the group
amn, expressed by the following equation:

d12 ¼ v ¼
X
m

X
n

H ðMÞ
m H ðMÞ

n amn (26)

where H ðMÞ
m is the superficial area fraction of the

group m in the mixture and is given by:

H ðMÞ
m ¼

P
i

n
ðiÞ
m QmP

k

P
i

n
ðiÞ
k Qk

(27)

where n
ðiÞ
m is the number of groups m in component

i, and Qm is the surface area parameter of group m.
The values of the UNIFAC surface area parame-

ters were calculated by Fredenslund et al.23,24 The bi-
nary interaction parameter of the groups, amn, were
calculated and tabled by Lee and Danner.19

Selectivity determination

The selectivity, for the pervaporation process, can be
obtained from flux equations for the components i
and j, which is expressed by eq. (28):

ai;j ¼
Dm

i g
m
j gi;F xi;F � xi;F a p

1þða�1Þxi;F

� �
ð1� xi;FÞ

Dm
j g

m
i gj;F xj;F � ð1�xi;FÞpP sat

i

P sat
j
½1þða�1Þxi;F�

� �
xi;F

(28)

Determination of permeate composition

The composition of component i in downstream, yi,P,
can be determined considering the permeate total

flux, which is the sum of the permeate component par-
tial fluxes, that is, JT5 Ji1 Jj, as presented in eq. (29):

yi;P ¼ Ji
Ji þ Jj

(29)

Using the equations described in this model, the
PERVAP simulator was developed to represent the
pervaporation process.

Mass balance and recovery in the
pervaporation process

In this study, the scheme presented in Figure 2 was
used to determine compositions and fluxes for feed
and retentate streams. A tubular module is consid-
ered for separating the binary mixture.25

Related to pervaporator mass balance, the equa-
tions to calculate the retentate flux and composition
are, respectively:

Re ¼ JTAðyj;P � xj;FÞ
xj;F � xj;R

(30)

xi;R ¼ Fðxi;FÞ � JTAðyi;PÞ
Re

(31)

The recovery of the process is defined by

Recovery ¼ Reð1� xj;RÞ
Fð1� xj;FÞ (32)

METHODS

In this study, the separation of the mixture bioetha-
nol/water through polyetherimide (PEI) membranes
was simulated assuming a tubular module with one-
square meter of area. Thus, purity and recovery
were evaluated on this design basis. The effect of the
process variables and the validation of the proposed
model were evaluated using a FORTRAN software
named ‘‘PERVAP.’’ Experimental data from litera-
ture were used in the validation step.14 The commer-
cial PEI membrane (Ultem-1000, General Electric)
was used.14 The operating conditions considered for
simulation were operating temperature: 310.15 K;
downstream pressure (permeate): 0.133 kPa, and
membrane thickness: 160 lm. The repetitive unit of
the polimeric chain of PEI is represented in Figure 3.

Figure 2 Scheme of the feed, permeate, and retentate
flow rates in a tubular pervaporation membrane.

Figure 3 Polyetherimide, ULTEM-1000.
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RESULTS AND DISCUSSION

Considering the polimeric structure of the PEI mem-
brane, the specific critical hole free volume was esti-
mated by the group contribution method26 and the
binary interaction parameter was estimated by the
group contribution method of Lee and Danner,19

considering the molecular groups. The polymer free-
volume parameters were calculated from viscosity
and temperature of the pure polymer data as
described by Hong.20 The experimental data of vis-
cosity and temperature are from the literature.27 Ta-
ble I presents the free-volume parameters estimated
for the PEI membrane, and Table II presents the
free-volume parameters for bioethanol and water
obtained using the methods described by Hong,20

the binary interaction parameters of polymer/
solvent, and the ratio of critical molar volume of
solvent jumping unit to that of polymer jumping
unit, n.

Considering the data described in these tables, the
parameters are introduced in the diffusivity equation
[eq. (24)], and the diffusion coefficients of the com-
ponents in the membrane were calculated. In this
work, the diffusion coefficient in the membrane for
the individual components is determined consider-
ing infinite dilution28 and assuming that it does not
depend on the concentration. The activity coefficients
of the feed components in the permeation equation
for bioethanol and water are estimated by the group
contribution method UNIFAC and the vapor pres-
sure by the Antoine equation. The activity coeffi-
cients in the membrane, g m

i and g m
j , were estimated

from experimental data of flux and composition. It is
important to mention that the values of g m are val-
ues calculated from eqs. (7) and (8), which can be
obtained from experimental data of sorption, as
described by Brun et al.7 Table III presents the calcu-
lated data of the activity and diffusion coefficients in
the membrane.

The data presented in Tables I–III were inputs to
the PERVAP simulator to carry out the simulation of
the pervaporation process.

According to Figure 4, it is observed that the bioe-
thanol flux in the permeate side increases increasing
the feed bioethanol mole fraction, whereas the water
flux decreases. However, the bioethanol flux is
higher than the water for bioethanol mole fractions
above 0.95. On the other hand, the results obtained
with the model proposed in this study fitted satisfac-
torily to the experimental data.14 This scenario
encourages the application of PERVAP simulator for
other systems.

Figure 5 illustrates the behavior of the selectivity
in function of the bioethanol mole fraction in the
feed. It can be observed that for low concentration of
bioethanol in the feed and consequently, high con-
centration of water, the selectivity is also low. This
occurs because the separation of water becomes
more difficult. On the other hand, when the bioetha-
nol mole fraction is higher than 0.6, the selectivity
increases, indicating a better water separation
through the membrane. Thus, preferentially, for
higher bioethanol mole fraction in the feed as, for
example, above 0.90 mol of bioethanol at 101.33 kPa,
around the azeotropic point, the separation is quite
good, becoming an attractive application for this aze-
otropic system. The selectivity data calculated with
the proposed model show good agreement with the
experimental data.19

The PEI membrane, as already mentioned, is char-
acterized by presenting a higher water affinity, being
recommended preferentially for high concentrations
of bioethanol in the feed. Figure 6 illustrates the var-
iation of the bioethanol mole fraction in the perme-
ate side with the bioethanol mole fraction in the
feed. It is observed that the bioethanol mole fraction
in permeate is always lower than the bioethanol
mole fraction in the feed, indicating that water is
always the component preferentially separated
through the membrane, independently of the bioe-
thanol mole fraction in the feed. Also, this figure
shows that the azeotropic point was eliminated.
Again, it is possible to see that the experimental
results fit quite well with the calculated values.

Concerning dehydration of water–organic mix-
tures through pervaporation, the pressure of the
permeate side (downstream pressure) is one of the

TABLE II
Free-Volume Parameters Estimated and Predicted for Bioethanol and Water

Components bV�
1 K11/g K21 2 Tg1 Do v n E

Bioethanol 0.985 0.312 3 1023 111.80 11.60 3 1024 0.043 0.124 0
Water 1.071 2.180 3 1023 2152.29 8.55 3 1024 0.053 0.035 0

Data applied to predict the diffusion coefficient.

TABLE I
Free-Volume Parameters of the Polymer Estimated and

Used to Predict the Diffusion Coefficient

Polymer bV�
2 K12/g K22 2 Tg2

Polyetherimide 0.804 6.93 3 1024 2509.9
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important variables to be controlled, because it influ-
ences on the enrichment and concentration of the or-
ganic component, in this case, bioethanol. In Figure
7, it can be observed that for higher permeate pres-
sure, lower is the permeate flux, for a bioethanol
mole fraction in the feed of 0.415. For a hydrophilic
membrane, the water flux in the permeate is always
higher than the bioethanol flux. However, the ratio
of the bioethanol flux by the water flux presents a
decrease of 0.18 (at 0.133 kPa) to 0.17 (at 4.5 kPa),
what indicates a small reduction of the bioethanol
flux in relation to the water flux, increasing the pres-
sure. This causes an increase in the selectivity, what
can be proven when the behavior of the selectivity
with the pressure is analyzed, as presented in Figure
8, in which low pressures in the permeate indicate
low selectivity.

The impact of feed bioethanol mole fraction in the
permeate flux was evaluated. Figure 9 illustrates a
decrease of the permeate flux increasing the pres-
sure. For pressures equal to 3 and 4 kPa, it is
observed an increase of the fluxes until reaching a
maximum and, after, they decrease. This scenario
indicates a higher diffusion of the components
through the membrane with the increase of bioetha-
nol mole fraction. For bioethanol mole fractions
higher than 0.6, the total flux for the studied pres-
sures tends to decrease and to converge to the same

point. This indicates that the permeate pressure does
not have a significant impact on the separation of
the concentrated mixtures in bioethanol.

Retentate purity and recovery evaluation

It was evaluated that the bioethanol purity in the
retentate, the possibility of dehydration of an azeo-
tropic mixture of bioethanol/water through the per-
vaporation process, which contains � 89.0% (mol) of
bioethanol at 101.33 kPa was studied. Residual water
content in the retentate lower than 6.0% (mol) was
assumed. Figure 10 illustrates the potential of the
pervaporation for separating the azeotropic mixture

Figure 5 Variation of the selectivity in function of the
bioethanol mole fraction in the feed (P2 5 0.133 kPa, T 5
310.15 K).

Figure 6 Bioethanol mole fraction in the permeate versus
the bioethanol mole fraction in the feed at 310.15 K and
0.133 kPa.

TABLE III
Activity and Diffusion Coefficients in the Membrane

Components g m
i g m

j Di
m Dj

m

Bioethanol (i)
and water (j) 2.670 0.211 8.62 3 1024 3.78 3 1024

Figure 4 Variation of the permeate flux in function of
the feed bioethanol mole fraction (P2 5 0.133 kPa, T 5
310.15 K).
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bioethanol/water. It is possible to observe that bio-
ethanol is recovered in the retentate in higher con-
tents than the azeotropic composition. This behavior
is presented for different fluxes.

Table IV presents the purity of bioethanol desired
in the retentate and its recovery. The retentate flow
rate with the required feed flow rate to reach this
purity is also presented. It is important to mention
that the permeate flux depends on the driving force
of the process managed by the reduction of the pres-
sure of the permeate side. Thus, the permeate pres-
sure determines the amount of flux to be permeate.29

In this case study, the permeate pressure was kept at
0.1 kPa. It was assumed that the permeate flux is
constant and independent of the feed flow rate. At
0.1 kPa, the permeate flux is 5.844 mol/m2 h (yi,P 5
0.317, yj,P 5 0.682). The feed was assumed to be

close to the azeotropic point, 89.0% mol of bioetha-
nol and 11.0% mol of water at 101.33 kPa.

The results of Table IV can be better evaluated
when plotted as presented in Figure 11. In this illus-
tration, it can be observed that the variation of the
desirable purity of bioethanol in the retentate is fol-
lowed by the variation of the retentate total flow rate
and by the recovery. In such way, it can be seen
that, maximizing the purity of bioethanol in the
retentate stream, the retentate flow rate reduces and,
consequently, reduces the recovery.

It is important to emphasize that, in this case
study, the pervaporation became possible the separa-
tion of the azeotropic mixture bioethanol/water. It
was possible to determine the recovery and the pu-
rity of bioethanol. Following the methodology

Figure 9 Variation of the permeate total flux with the bio-
ethanol composition in the feed at different permeate pres-
sures.

Figure 10 Bioethanol mole fraction in the retentate versus
bioethanol mole fraction in the feed at different feed fluxes
(310.15 K and 0.133 kPa).

Figure 7 Influence of the pressure on the permeate flux
(bioethanol mole fraction of 0.415; 310.15 K).

Figure 8 Influence of the pressure on the selectivity (bioe-
thanol mole fraction of 0.415).
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applied for the simulations, it is possible to easily
evaluate the applicability of this process to other
azeotropic mixtures.

CONCLUSIONS

In this work, the separation of bioethanol/water
mixtures was studied in PEI membrane, which is
highly hydrophilic, indicating that it is useful for the
enrichment of bioethanol (retentate). The proposed
model is recommended to dense membranes typi-
cally used in pervaporation process. Thus, to vali-
date the model, PEI membranes were used, showing
good agreement with experimental data, confirming
their applicability for separating azeotropic mixtures.
The good performance of the model also allows its
application for the study of the effect of the process
variables, as for example, the downstream pressure
and the feed composition on the separation, observ-
ing that the increase of bioethanol composition in
the feed contributes for the reduction of the water
permeation. However, the selectivity increases, pro-
portionally to bioethanol composition, what can be
attributed to a higher diffusion of water in the mem-
brane, when low concentration of water is present in

the feed. Moreover, it can be verified that it was pos-
sible to break the azeotropic point. The developed
software, ‘‘PERVAP,’’ can also be useful to study
other water–organic azeotropic systems.

NOMENCLATURE

Symbols Definitions

A membrane area (m2)
a activity
C concentration (mol/m3)
Di,F diffusion coefficient of component i in the

feed stream in eq. (2) (cm2/s)
Dm

i diffusion coefficient of component i in the
membrane (m2/h)

D0 preexponential factor in eq. (25) (cm2/s)
E energy required to overcome attractive

forces from neighboring molecules (cal/
mol)

F feed flow rate (mol/h)
J permeate flux (mol/m2 h)
K11 solvent free-volume parameter (cm3/gK)
K21 solvent free-volume parameter (K)
K22 polymer free-volume parameter (K)
K12 polymer free-volume parameter (cm3/gK)
‘ membrane thickness (m)
Mj molecular weight in eq. (2) (g/mol)
p permeate relative pressure (ratio of down-

stream pressure and vapor pressure of
component i)

Psat vapor pressure (kPa)
P pressure (kPa)
Pe Peclet number
T temperature (K)
Tg1 solvent glass transition temperature (K)
Tg2 polymer glass transition temperature (K)
Re retentate flow rate in eq. (30) (mol/h)
xliquid mole fraction
y vapor mole fraction
v molar partial volume (cm3/g)bV�

1 specific critical hole free-volume of solvent
required for jump (cm3/g)bV�

2 specific critical hole free-volume of
polymer required for jump (cm3/g)

R gas constant

Greek letters

g overlap factor for free-volume in eq. (25)
in the feed phase

gi,F, gj,F activity coefficient of components i and j
g m

i activity coefficient in the membrane for
component i (m3/mol)

lj viscosity in eq. (2) (cP)
g m

j activity coefficient in the membrane for
component j (m3/mol)

TABLE IV
Recovery and Purity of Bioethanol in the Retentate for

Feed Bioethanol Composition of 89.0% mol

Purity of
bioethanol in
the retentate

(% mol)
Feed flow

rate (mol/h)

Total retentate
flow rate
(mol/h)

Recovery of
bioethanol in

the retentate (%)

94.0 72.7 66.9 97.1
96.0 53.6 47.8 96.1
97.0 47.7 41.8 95.6
98.0 43.0 37.2 95.2
99.5 37.7 31.9 94.5
99.9 36.5 30.7 94.3

Figure 11 Influence of the recovery and of the retentate
total flow rate on the purity of bioethanol.

2264 ALVAREZ ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



l chemical potential (J/mol)
l0 chemical potential of pure solvent (J/mol)
x mass fraction
n ratio of critical molar volume of solvent

jumping unit to that of polymer jumping
unit

/ volume fraction in eq. (2)
v interaction parameter of Flory-Huggins

theory
H ðMÞ

m surface area fraction of group m in mix-
ture

a selectivity
d12 interaction parameter in eq. (26)
dbl boundary layer (m)
/ solvent association parameter in eq. (2)

Subscripts/Superscripts

T total
F feed phase
P permeate phase
i bioethanol
j water
m membrane
1 solvent
2 polymer
R retentate
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