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Abstract

Composite membranes were utilized for hydrophobic pervaporation. Experiments were carried out with the toluene–water system using
composite membranes (PERVAP®1060 and PERVAP®1070) and the results were analysed. The chosen membranes were characterised
using a positron annihilations technique to measure free volume. In order to study solute–membrane interactions, the diffusion coefficient
of toluene with in the membrane and Flory–Huggins interaction parameters (surface thermodynamic approach through contact angle
measurement) were estimated. Influences of operating conditions (downstream pressure, feed toluene concentration, feed temperature)
were observed on pervaporate fluxes (toluene and water) and pervaporate concentration of toluene.

The selectivities of the chosen composite membranes were observed to be lower compared to known values of selectivities for dense
PDMS membrane, suggesting the role played by the support layer in this regard. Individual fluxes of toluene and water increase with
increase in feed temperature; however, fluxes decrease with increase in downstream pressure. Further, pervaporate concentration of toluene
increases with increase in feed concentration. Similar expected trends were observed; but in case of PERVAP®1070, the toluene flux
attained a plateau with increase in feed toluene concentration. Such a trend confirmed the presence of an extra component (possibly
zeolites) in the skin layer of PERVAP®1070. A simple resistance-in-series model, along with the solution-diffusion model were employed
for mathematical analysis of the results. Model predictions with experimental values showed close agreements for the PERVAP®1060
membrane while deviations were observed for the PERVAP®1070 membrane.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Water contaminated with volatile organic compounds is
encountered in several chemical industries, groundwater
and site remediation applications. Conventional technolo-
gies such as air stripping and adsorption with activated
carbon do not always provide a complete and economic so-
lution for some of these waste water applications. In recent
years, pervaporation[1–3] using hydrophobic membrane
has been observed to be promising and potentially a suitable
remediation method for such applications. Pervaporation
is a membrane technology utilizing a dense non-porous
homogeneous polymeric film. The liquid feed solution is
in contact with the membrane at the upstream side, which
is at atmospheric pressure. The liquid solute selectively
dissolves and diffuses in the membrane and is removed as
vapour at the downstream side. The pervaporation is carried
out by maintaining the downstream pressure, lower than
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the saturation pressure of the permeating liquid solute at
that temperature. Usually a higher vacuum is maintained to
carry out the operation.

Several applications of pervaporation to organic contam-
inants laden wastewater are reported in the literature[4,5].
Interestingly, most of these studies were conducted with
single organic component systems, such as toluene in wa-
ter, etc. Certainly, this has a merit; as such an attempt may
help to understand better the mechanism of pervaporation.
Since toluene is less soluble in water, such studies were
carried out within the soluble region (less than 500 ppm).
Different types of membranes (e.g., polydimethyl siloxane
(PDMS), ethylene-propylene diene terpolymers (EPDM),
etc.) were utilized[5,6] for toluene–water separation. Most
of the studies on the toluene–water system have been car-
ried out using dense membranes. Practically, no work is
available using composite membrane which makes the
present study interesting. Particularly, these two different
types of membranes (dense membranes versus thin-layer
interfacial polymerization over a porous structure for com-
posite membrane) may control solute transport behaviour
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Nomenclature

a activity
b constant in the free volume (1/m3)
c molar concentration (kmol/m3)
C volumetric concentration (m3/m3)
D diffusivity (m2/s)
E activation energy (J/kg)
f free volume fraction in the skin layer
H Henry’s law constant (mmHg)
I3 intensity inEq. (22)
J volumetric flux (m3/m2 s)
kL molar concentration-based mass transfer

coefficient (m/s)
KL molar concentration-based overall mass

transfer coefficient (m/s)
km mass transfer coefficient in the membrane

(kmol/m2 mmHg s)
kx mole fraction-based mass transfer

coefficient (kmol/m2 s)
Kx mole fraction-based overall mass transfer

coefficient (kmol/m2 s)
l thickness of membrane (m)
N molar flux (kmol/m2 s)
p downstream pressure (mmHg)
p̄ average permeability in the membrane

(m kmol/m2 mmHg s)
P̄ overall average permeability

(m kmol/m2 mmHg s)
p0 saturation pressure (mmHg)
P60 PERVAP®1060
P70 PERVAP®1070
r spherical free volume size (m)
R universal gas constant (J/kmol K)
�r electron layer thickness (m)
t time (s)
T absolute temperature (K)
vp velocity of the fluid (m/s)
VF free volume of skin layer (m3)
x liquid-phase mole fraction
y vapour-phase mole fraction
z axial coordinate

Greek symbols
α overall selectivity
β individual selectivity
γ activity coefficient
δ boundary layer thickness (m)
λ constant inEq. (24)
µ chemical potential
ρ molar density (kmol s/m3)
τ3 lifetime in Eq. (22)(s)

Subscripts
0 reference state

1 solution side
2 water side
b bulk
i organic component
m inside membrane
s surface
w water

Superscripts
act actual
F feed side
int intrinsic
P permeate side
Perm permeation
vap vaporization

in different ways. Therefore, the objective of this study is
to understand the role of the composite nature of the mem-
brane along with its porous support layer for toluene–water
separation using PERVAP (Sulzer Tech, Germany) mem-
branes. Accordingly, two such PERVAP membranes (1060
and 1070) were chosen, based on the measurements of
contact angles of the feed components, for the purpose of
the present study. PERVAP membranes, however, have also
been used for other systems, such as methanol–MTBE[7],
aroma compounds–water[8], butanol–water[9], etc.

Transport through a dense membrane has been described
[10]. Resistance-in-series model[11] has been widely used.
Further, simplified equations for such a model were intro-
duced for different transport steps during VOC removal.
Its simplistic approach, with the film theory to account for
the mass transfer limitations in the boundary layer, has
attracted many researchers. The present work also adopts
resistance-in-series model along with the solution-diffusion
model. However, the model requires the solubility of the
component in the membrane but it is practically impos-
sible to estimate the amount of sorption in commercial
membranes (because of the difficulty to discriminate be-
tween the active layer and the porous support layer), as
stated by Gonzalez and Uribe[7]. Hence, in order to es-
timate the amount of sorption, another objective of this
study is to estimate the Flory–Huggins interaction param-
eter using the relationship between surface tension and
solubility.

2. Theory

2.1. Mass transport

The transport mechanism of trace organics in an aqueous
solution through a dense hydrophobic membrane by per-
vaporation may be described by five consecutive steps, as
shown inFig. 1:
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Fig. 1. Mass transport steps during pervaporation process.

(i) Diffusion of a penetrant from the bulk of the feed
through the boundary layer to the feed membrane in-
terface.

(ii) Dissolution of the penetrant into the membrane.
(iii) Diffusion of penetrant through the membrane to the

downstream side.
(iv) Desorption of the penetrant as vapour at the permeate

side.
(v) Diffusion of penetrant from the vapour–membrane in-

terface through the boundary layer to the vapour per-
meate bulk.

2.1.1. Mass transport in the boundary layer
A mass balance of component i, in the feed side bound-

ary layer over membrane surface may be obtained at steady
state. The sum of convective and diffusive flux towards the
membrane surface is equal to the permeate flux of compo-
nent i[5]. The obtained equation may thus be integrated with
appropriate boundary conditions to obtain a mass transfer
coefficient,kL,i (= DF

i /δ) assuming the stagnant film theory
to be valid (denotingD for diffusivity and δ for boundary
layer thickness):

kL,i = vP

ln((αact
iw − αint

iwα
act
iw )/(α

int
iw − αint

iwα
act
iw ))

(1)

where, vp (=N/ρ) is the velocity of the fluid perpendic-
ular to the membrane surface andN, ρ denotes molar
flux, molar density, respectively. Further, the follow-
ing separation factors,α, of pervaporation process are
calculated based on concentrations of feed and perme-
ate:

αact
iw = yP

ib/y
P
wb

xF
ib/x
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wb
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ib
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(yP
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wb
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(3)

where x, y are liquid and vapour-phase mole fractions.
Superscripts F, P, act, and int signify feed, permeate, ac-
tual and intrinsic properties, respectively. Subscripts b, s,
w signify bulk, surface and water, respectively. The ideal
or intrinsic separation factorαint

iw is calculated based on
the membrane interface concentrations of the components.
Mole fractions of water in feed and permeate were as-
sumed to be one (both feed and permeate were very dilute
solutions).

2.1.2. Influence of concentration and downstream
pressure on flux and separation factor

The mass transfer across the boundary layer on the feed
side can be described by

Ni = kL,i(c
F
ib − cF

is) = kx,i(x
F
ib − xF

is) (4)

wherec is the molar concentration. The mass transfer across
the membrane is described by Fick’s law with activity,a
being the driving force. Further, the activity inside the mem-
brane can be described as the product of the activity coef-
ficient,γ i , and the mole fraction,xi . At low concentrations,
activity coefficient inside the membrane may be considered
to be constant. Therefore, volumetric flux,J, or molar flux,
N, may be written as

Ji = −CiDi
d lnai

dz
= − CiDi

xi

dxi
dz

or Ni = −ρDi
dxi

dz
(5)

whereC is the volumetric concentration (m3/m3). Integra-
tion of Eq. (5) across the membrane (considering the con-
centrations in the membrane) leads toEq. (6)as

Ni = −ρD̄i

l
(xP

im − xF
im) (6)
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whereD̄i and l are the mean diffusion coefficient through
the membrane and membrane thickness, respectively. The
solution-diffusion model assumes that equilibrium is at
both sides of membrane interfaces, including the sorption
and the desorption steps. At equilibrium, chemical poten-
tial, µ, at the membrane interface is equal to the chemical
potential inside the membrane. This condition is same
for both sides (feed and permeate). Thus, activities also
are related in the same way for constant pressure in the
membrane:

µF
is = µF

im ⇒ aF
is = aF

im (7)

µP
is = µP

im ⇒ aP
is = aP

im (8)

Further, assuming that the vapours in the permeate side be-
have as ideal gas

aF
is = γF

isx
F
is and aP

is = pyP
is

p0
i

= pyP
ib

p0
i

(9)

wherep andp0 are partial and saturation vapour pressures,
respectively.Eq. (9) was obtained assuming the ratio of
fugacity coefficients as well as thePoynting factor to be
equal to 1. Hence, the concentrations inside the membrane
for both sides can be obtained by combiningEqs. (7)–(9).
Therefore

xF
im = γF

is

γF
im

xF
is and xP

im = p

p0
i

yP
ib

γP
im

(10)

The molar flux is then obtained by insertingEq. (10) into
Eq. (6); accordingly,

Ni = ρD̄i

lγF
imp

0
i

(γF
isx

F
isp

0
i − pyP

ib) = km,i(x
F
isHi − pib) (11)

where Hi (= p0
i γ

F
is = p0

i γ
F
ib) and km,i (= p̄m,i/l) are

Henry’s law constant and mass transfer coefficient, respec-
tively. Further,p̄ denotes average permeability in the mem-
brane.Eq. (11)was obtained assuming the activity coeffi-
cient throughout membrane to be constant. Analogous to gas
separation, it is convenient to define an overall pervapora-
tion flux in terms of vapour pressure difference as

Ni = P̄i

l
(p0

i γ
F
ibx

F
ib − pib) = Kx,i

(
xF

ib − pib

Hi

)
(12)

whereP̄ andK (Kx,i = P̄iHi/l) denote overall average per-
meability and overall mass transfer coefficient, respectively.
At steady state, the flux through each layer is same, and
therefore, the overall mass transfer coefficient may be re-
lated to film mass transfer coefficients:

1

Kx,i
= 1

kx,i
+ 1

Hikm,i
(13)

Further, the molar concentration-based overall mass transfer
coefficient and mole fraction-based mass transfer coefficient

are related byKL,i = Kx,i/ρ. In the case of downstream
pressure tending to zero (p → 0), Eq. (12)becomes

Ni = Kx,ix
F
ib (14)

For two-component systems (organics and water), the water
flux was also analysed in the similar way. However, for per-
vaporation of dilute organic solutions, the boundary layer
mass transport resistance for water is assumed to be negli-
gible. So, the water flux can be expressed as

Nw = P̄w

l
(p0

wγ
F
wx

F
w − pwb) (15)

For dilute aqueous solution,γF
w and xF

w may be assumed
to be equal to 1. If the downstream pressure is negligible,
Eq. (15)can then be simplified as

Nw = P̄wp
0
w

l
(16)

Influence of downstream pressure on separation factor can
be obtained by rearrangingEqs. (12) and (15)as

yP
ib

yP
wb

= P̄i

P̄w

Hi

p0
w

[
(xF

ib − pyP
ib/Hi)

(1 − pyP
wb/p

0
w)

]
(17)

Let

βperm = P̄i

P̄w
and βvap = Hi

p0
w

(18)

Therefore,Eq. (18)can now be written as

yP
ib

yP
wb

= βpermβvap

[
(xF

ib − pyP
ib/Hi)

(1 − pyP
wb/p

0
w)

]
(19)

For dilute organic solutions, thenEq. (19) can be further
written as

1

αact
iw

= 1

αact
0,iw

+
(
βperm− 1

αact
0,iw

)
p

p0
w

(20)

where separation factorαact
0,iw (= βpermβvap) is at zero down-

stream pressure. Thus, the increase or decrease of separa-
tion factor with downstream pressure depends on the value
of βperm.

2.1.3. Influence of temperature on flux
The temperature dependence on flux at constant up-

stream and downstream conditions was considered as per
Arrhenius-type [16] relationship:

Ni = N0,i exp

(
−�Ei

RT

)
(21)

where�E is the activation energy. Similar relationship may
also be written for water flux.
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3. Experimental

3.1. Materials

Toluene (99% purity) was obtained from Ranbaxy, India.
Double-distilled water was used to prepare the feed so-
lutions. Membranes (PERVAP®1060 and PERVAP®1070)
were obtained from Sulzer Chemtech, Germany. These
are composite membranes consisting of a porous support
(70–100�m) on top of a polymer fleece (non-woven fabric
of thickness of 100�m). On top of the porous support is a
very thin but dense (0.5–2�m) separating layer (proprietary
polymer).

3.2. Analysis

The toluene concentration in both the feed and the per-
meate samples were analysed using UV spectroscopy (Shi-
madzu, Japan) at a wavelength of 261.5 nm. The results were
also cross checked using a gas chromatograph (Nuchon, In-
dia) equipped with FID. Puropack-Q was used as the refer-
ence column and chromosorb as the main column. The oven,
injector, and detector temperatures were set at 120, 170, and
180◦C, respectively. Benzene was used as the internal stan-
dard. Nitrogen was used as carrier gas. Retention time for
benzene was 1.94 min and that for toluene was 2.46 min.

3.3. Positron annihilation lifetime (PAL) measurements

The PAL measurements were carried out using a fast–fast
system having a resolution of 300 ps (FWHM for the60Co
prompt �-rays, under22Na window settings). Details of
PAL measurements are already presented in an earlier
work [12]. The following expression was used to relate
ortho-positronium (o-Ps) pick-off lifetime, τ3, and free
volume radius,r [13]:

τ3 = 1

2

[
1 − r

r +�r
+
(

1

2π

)
sin

(
2πr

r +�r

)]−1

(22)

Further, the fractional free volumef may be estimated from
empirical relationship[13]:

f = bVFI3 (23)

whereVF andI3 are the free volume of the sphere and inten-
sity of o-Ps. The scaling factorb is obtained from variation
of free volume with temperature. However, in the absence
of such data, it may be typically assigned[14] a value of
1.0 nm−3.

3.4. Diffusion coefficient

The diffusion coefficient of organic component within the
membrane was estimated in a specially fabricated experi-
mental cell made of glass. The design of cell and estima-
tion procedure was adapted from Barnes[15]. Two stirred

chambers (filled volume= 400 ml) were separated by a
membrane with an effective surface area of 36.78 cm2. The
chambers are held together using Perspex flanges. Feed so-
lution was filled in one chamber and the other chamber was
filled with distilled water. Heating arrangements were pro-
vided for both the chambers in order to estimate diffusion
coefficients under varied temperatures. The temperatures of
the solutions were measured using a PT-100 thermocouple.
Constant temperature was maintained using a proportional
controller. Samples were taken at regular intervals from the
water chamber and analysed for toluene content. The fol-
lowing equation[16] was used to estimate the diffusion co-
efficient:

C2(t) = 1
2C1(0)[1 − e−2λDt/l2] (24)

whereC1(0) andC2(t) are the initial concentration of toluene
(solution side) and concentration at any time,t at side 2
(pure water side), respectively. Further,λ is the constant.

3.5. Contact angle measurements

Equilibrium contact angles of toluene and ‘probe liquids’
in a saturated environment on the chosen membranes
were measured by sessile drop method using a Goniome-
ter (Rame-Hart, Inc. Imaging System, USA). Details of
contact angle measurements are already presented in an
earlier work [12]. The variation of measured contact an-
gles are±2◦ with PERVAP®1060 membrane and±8◦ with
PERVAP®1070 membrane. The larger variation of contact
angle with PERVAP®1070 may be due to the presence of
more than one component.

3.6. Pervaporation experimental setup

The experimental setup, designed and developed in our
laboratory, was used for the pervaporation measurements,
shown inFig. 2. The pervaporation test cell of around 400 ml
was made of glass, having specially designed flanges to
lodge the membrane with an effective membrane area of
40.7 cm2. The membrane was kept on highly porous stainless
steel support with the shiny polymeric layer facing the feed
solution. Toluene was dissolved in water by providing suffi-
cient agitation to prepare the binary solution. A three-neck
round-bottom flask was used to circulate feed solution to
the test cell. The flask was filled with 1 l of the feed solu-
tion. The solution and feed cell was heated separately to de-
sired temperature. The temperature was controlled through
a PID controller device (Fuji, Japan). Any loss of feed as
vapour, formed due to heating, was recovered by placing a
condenser on top of the PV test cell.

The feed solution was circulated to the upstream side of
the membrane through a long capillary channel, using a peri-
staltic pump, while retentate was sent back to the flask. Suf-
ficient feed flow rate was maintained (around 300 ml/min).
The temperature of the feed solution in the cell was measured
using a PT-100 thermocouple with an accuracy of±0.2◦C.
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Fig. 2. Schematic diagram of experimental setup for pervaporation.

The membrane upstream side was kept at atmospheric
pressure and the downstream side was maintained under
vacuum through the use of a pump (Vacuum Techniques,
Bangalore). Total downstream pressure was measured by
a Meclod/Pirani/Capillary column and was regulated with
an air inlet using stainless steel micro-needle valve, located
between the condensers and the vacuum pump.

The condenser system consisted of two traps that can be
used alternately, allowing the permeated pervaporate stream
to be sampled continuously without interruption of the op-
eration. The permeated vapours were condensed in the trap
by keeping it in a Dewar flask, filled with liquid nitrogen.
The frozen permeate was collected within a specified time
interval. The cold traps were brought to room temperature
prior to measurement of their weight using a five decimal
balance (Afcoset, India) to determine the mass flux.

Experiments were conducted to observe the influence of
independent variables: temperature (40, 50, 60 ◦C), down-
stream pressure (24, 1333, 2000 Pa) and feed toluene con-
centration (50, 100, 200 ppm) on dependent variables: mass
flux and extent of separation (toluene concentration in per-
meate). The flux values and the toluene concentration were
recorded in the permeate as a function of time; however, in
the present work, values were obtained after around 4 h and
are reported when almost no change of values was observed
in the measurement. To minimize measurement errors, an av-
erage of the three separate consecutive readings were taken
after the system attained steady state. The average error in

the total permeation mass flux was estimated around ±1%
and that for the toluene concentration was around ±5%.

Further, in order to record permeate concentration under
negligible concentration polarization effect, permeate sam-
ples were taken during initial period of experimentation (just
around 15 min or so). This was done to observe and estimate
intrinsic separation factor where the surface concentration
would be almost equal to feed bulk concentration.

4. Results and discussion

4.1. Composite membrane characterization

4.1.1. Positron annihilations technique
The positron lifetime spectroscopy analysis was made for

varieties of dense and composite membranes in order to ob-
tain primarily free volume parameters. The findings as well
as salient results have been presented in the form of a sepa-
rate communication [17]. In this paper, however, results per-
taining to P60 and P70 are utilized and presented in Table 1.
The results show that the lifetime (τ3) is the same for both
the membranes. This indicates the polymer may be the same
for both the membranes. The extra lifetime (τ4) for P70 is
matched with the lifetime for zeolites [18]. Hence, the dif-
ference in the pervaporation results may be attributed due
to the presence of zeolite. Further, the obtained free volume
parameters are agreement with theoretical values [19].
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Table 1
Free volume parameters and skin layer thickness of P60 and P70

Membrane τ3 (ns) I3 (%) r (nm) Vf (nm3) F la (×10−6 m)

P60 2.3 ± 0.02 9.4 ± 0.2 0.311 0.126 0.012 41.7
P70 2.32 ± 0.28; τ4: 4.53 ± 0.48 10.6 ± 1.5; I4: 5.1 ± 2.0 0.307, 0.45 0.128, 0.385 0.013, 0.049 16.5

a Average thickness of skin layer: estimated through scanning electron microscopy.

4.2. Solute–membrane interactions

4.2.1. Diffusion coefficient
As per the Eq. (24), plots of time t versus log[1 −

2C2(t)/C1(0)] were drawn at different feed concentrations
and temperature for both P60 and P70 membranes. The
value of the diffusion coefficient, D, was estimated using
the slopes of these lines, along with the respective estimates
of λ and l. The value of λ (=effective free volume/liquid
volume) was estimated by taking the effective free volume
as the product of effective surface area of the membrane,
membrane thickness (Table 1) and free volume fraction of
the membrane (Table 1). The obtained values of diffusivi-
ties as functions of temperature and feed concentration are
shown in Fig. 3. The larger values of diffusion coefficients
indicate suitability of the rubbery polymers for pervapora-
tion of toluene.

Further, diffusion coefficient values were found to be
3–100 times lower compared to the value of diffusion coef-
ficient of chloroform (for 100 ppm solution of chloroform)
for dense PDMS membrane [16]. Even though, the pervapo-
ration selectivity for toluene/water and chloroform/water are
in the same range for dense PDMS membrane [11,16], the
smaller diffusion coefficients for the toluene, in the present
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Fig. 3. Variation of diffusion coefficient of toluene with feed toluene concentration and temperature.

case, may be because of the presence of support layer of
the composite membrane. Apart from this, few other obser-
vations from Fig. 3 are: (i) diffusion coefficient for toluene
is more in P60 compared P70 membrane, (ii) diffusivity of
toluene is decreasing with increasing feed concentration for
P70 while it was found to be independent for P60 membrane
and (iii) diffusion coefficient is increasing with increasing
temperature for both the membranes but the increase is more
for P60 compared P70.

4.2.2. Estimation of Flory–Huggins interaction parameter
The basic theory behind the estimation of the Flory–

Huggins interaction parameter is presented in an earlier work
[12]. The surface tension values of probe liquids at 20 ◦C
are taken from literature [20]. Measured values of contact
angles are reported in Table 2 which also includes the cal-
culated values of surface tensions. The obtained surface ten-
sion values suggest the mono-polar nature of the chosen
membranes. The Flory–Huggins interaction parameter be-
tween toluene and membranes taking minimum contactable
surface area for the toluene [21] as 0.44 nm2 were calcu-
lated and reported in Table 2. The interaction parameter
of toluene with P60 is 0.2462 (close to the value known
for PDMS [10] membrane) and for P70 is 0.2556. It is
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Table 2
Contact angles, surface tensions of membranes and interaction parameter

Parameters P60 P70

Contact angle of water (◦) 93.8 84.8
Contact angle of ethylene glycol (◦) 78.8 76.6
Contact angle of diodo-methane (◦) 74.8 75.2
Lifshitz–vander Waals surface tension (mJ/m2) 20.21 20.01
Electron acceptor surface tension (mJ/m2) 0.026 0.003
Electron donor surface tension (mJ/m2) 5.819 13.44
Surface tension (mJ/m2) 20.98 20.43
Interfacial tension between toluene and membrane 1.13 1.15
Interaction parameter of toluene with membrane 0.2462 0.2501
Interfacial tension between water and membrane 26.12 13.85
Interaction parameter of water with membrane 1.0332 0.5478

known [22] that low values of interaction parameters (less
than 0.5) suggest the dissolution of the skin layer with
pure toluene. There are lot of speculations with regard to
contactable surface area of water molecules. The average
contactable surface area of single water molecule [23] is
roughly 0.08 nm2. Using this value, the interaction param-
eter for water was estimated and also reported in Table 2.
The smaller value of interaction parameter between water
and P70 suggests high sorption and low selectivity compared
to P60.

4.3. Estimation of mass transfer coefficient in the
boundary layer

As mentioned in the experimental section, permeate
samples collected for a shorter run (around 15 min) were
analysed and the results are reported in Table 3. Further,
pseudo-steady-state results are also reported in Table 3.
Due to the large variation of selectivity with feed con-
centration for P70 membrane (elaborate discussion in the
following sections), the shorter run results are reported only
at 105 ppm.

From the values of intrinsic and actual separation fac-
tors, the mass transfer coefficient in the boundary layer was
calculated using Eq. (1). The average value of mass trans-
fer coefficient in the boundary layer was estimated to be
2.35×10−6 m/s for P60 membrane and 1.00×10−6 m/s for
P70. The obtained mass transfer coefficient is comparable to
the value (6.06 × 10−6 m/s for PEBA at 25 ◦C and 170 rpm)
obtained by Raghunath and Hwang [5]. However, in prin-
ciple, the boundary layer mass transfer coefficient is inde-

Table 3
Experimental data for estimation of mass transfer coefficient (fluxes, permeate concentrations and separation factor)

Membrane Feed concentration
(ppm)

Short-run flux
(×10−6 kmol/m2 s)

Short-run permeate
concentration (ppm)

αint
iw Steady-state flux

(×10−6 kmol/m2 s)
Steady-state permeate
concentration (ppm)

αact
iw

P60 45 5.811 1805.7 40.12 5.597 728.1 16.18
100 5.980 3821.1 38.21 5.633 1307.2 13.07
200 6.333 7020.6 35.10 5.878 2880.0 14.40

P70 105 3.631 2992.8 28.50 3.608 1090.5 10.38

pendent of membrane material but certainly a function of
concentration, albeit a weak function. Selectivity of toluene
was found to be lower for P70 compared to P60 membrane.
Therefore, concentration gradient in the boundary layer was
observed to be small in the case of P70 and hence lower
boundary layer mass transfer coefficient. Such results were
also reported by Nijhuis et al. [24] for the separation of
toluene through PDMS and EPDM membranes. This was
explained due to deviations during extrapolation of their re-
sults. Further, the overall flux for shorter runs was found to
be slightly higher than that obtained at pseudo-steady-state
conditions for P60 membrane. This may be due to the fact
that initially the toluene concentration at the membrane sur-
face is greater. Because of this, membrane swelling (interac-
tion coefficient: 0.2462) and flux are observed to be higher.
Similar observations can also be made for the slight increase
of overall flux with increase in feed toluene concentration.
However, the membrane swelling, in case of P70, may be less
and hence the observed difference in flux between shorter
and steady-state runs is small.

Against expectations, it is to be noted from Table 3 that
both selectivities (intrinsic and actual) for the membranes
are much lower compared to pure PDMS dense membrane
[11]. Such lower values of selectivities are attributed be-
cause of the composite nature of the membrane (very thin
skin layer on support layer). For elastomeric polymers, the
organic flux is independent of membrane thickness [24]
and water flux is dependent. Therefore, water flux was
observed to be higher. Further, low values of intrinsic se-
lectivity may be because of the role played by the support
layer (diffusion path length, pressure loss and permeate
condensation). These values depend on the support struc-
ture (porosity, pore size) and material property. Feng and
Huang [25] reported on the specific role of the support
layer in terms of the separation of acetic acid–water mix-
tures using silicone-based membranes. The homogeneous
silicone-polycarbonate co-polymer membrane was found
to be acetic acid selective, while silicone-polycarbonate
co-polymer membrane on a micro-porous support structure
was slightly water selective. Likewise, several such stud-
ies [26,27] have reported the importance of support layer
during pervaporation separation.

Quantitative estimation of diffusion path length and pres-
sure loss in the support layer may be carried out, but rigor-
ous calculations are required [27]. Hence, only the permeate
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condensation in the pores of P70 support layer was consid-
ered for the present work. An average pore size of support
layer was assumed to be 25 nm which is similar to ultrafiltra-
tion membranes [28]. Further, the non-woven fabric of the
composite membrane was carefully removed and the con-
tact angles of water and toluene on the porous support were
measured. The average contact angle for water was found
to be 127 ± 4◦ and for toluene it was 0◦. These values were
used to estimate the saturation vapour pressure in the porous
support layer using Kelvin’ s equation [29].

Because of the support layer, the equilibrium vapour pres-
sure for water in the pore thus increased from 92.51 to
94.63 mm of Hg, while toluene vapour pressure decreased
from 92.1 to 84.6 mm of Hg. This suggests toluene conden-
sation in the support layer and provides reason for lower
selectivity, as compared to dense membrane. The change in
vapour pressure depends strongly on the pore size of support
layer. Further, regardless of the radius of the pore of support
layer, water vapour pressure increases while toluene vapour
pressure decreases.

4.4. Effect of operating parameters

4.4.1. Influence of toluene feed concentration
Fig. 4 shows the effect of feed toluene concentration on

toluene flux at 50 ◦C. Linear relationships were obtained for
both the membranes (for the range of feed toluene concen-
trations, chosen for the work). The toluene flux increases
with increase in toluene concentration. This is because of
the increase in solubility and driving force with increase
in concentration and the trend verifies Eq. (14). However,
although the experimental values for P70 fall in a straight
line, the line does not pass through the origin. This may
be due to the fact that, in the developed model, the diffu-
sion coefficient and the activity coefficient of the permeant
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Fig. 4. Influence of feed toluene concentration on individual fluxes.

are assumed to be independent of concentration. In general,
they are concentration-dependent [30] and hence simple re-
lationship in the form Eq. (14) was obtained (detailed dis-
cussion follows in Section 4.5 regarding this aspect). Baker
et al. [31] reported similar results for pervaporation of dilute
aqueous solutions of toluene through silicone rubber mem-
branes. Neglecting the initial behaviour pattern of toluene
flux, a linear fit of the experimental points was obtained
and as per Eq. (14), the overall mass transfer coefficients,
Kx,i, were estimated from the slopes of the fitted lines. The
obtained values are divided with the molar density of the
solution to estimate overall mass transfer coefficients, KL,i
(Table 4). For the same flow rate, overall mass transfer co-
efficient for P60 is higher than the one obtained for P70.
Further, an attempt was made to fit P70 results using expo-
nential and hyperbolic relations and the results are found to
be comparable (Fig. 4). This non-linearity may be due to
the exponential variation of diffusivity or Langmuirsorption
with concentration or may be both. As observed from diffu-
sion experiments (Section 4.2.1) the diffusion coefficient of
toluene in the membrane is a function of feed concentration.
It is to be mentioned here that Ji and Sikadar [32] reviewed
the experimental results as well as the models for pervapora-
tion of various mixtures in adsorbent-filled membranes, and
according to them, sorption may be dual-sorption.

According to Eq. (16), the water flux is independent of
feed toluene concentration at higher downstream vacuum.
The experimental values for water flux at high downstream
vacuum and at 50 ◦C are also shown in Fig. 4. Almost con-
stant water flux is observed. The deviation may be due to
coupling (because of swelling) which is not accounted in the
developed model. Ji et al. [11] have reported constant wa-
ter flux with increase in feed organic concentration for the
permeation of dilute aqueous solutions of toluene, methy-
lene chloride and trichloroethane through PDMS and PEBA
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Table 4
Estimated values of overall mass transfer coefficient, water permeability and activation energy under set experimental conditions

Parameters P60 P70 Conditions

kL,i (×10−6 m/s) 2.35 1.00 T = 50 ◦C, p ≈ 0
KL,i (×10−6 m/s) 1.51 0.38 T = 50 ◦C, p ≈ 0
Pw (×10−10 m kmol/m2 s mmHg) 2.48 0.64 T = 50 ◦C, p ≈ 0
KL,i (×10−6 m/s) 1.35 0.72 T = 50 ◦C, p > 0, xF

ib = 1.95 × 10−5

Hi (mmHg) 251.75 257.94 T = 50 ◦C, p > 0, xF
ib = 1.95 × 10−5

km,i (×10−6 kmol/m2 mmHg s) 0.70 0.54 T = 50 ◦C, p > 0, xF
ib = 1.95 × 10−5

p̄i (×10−11 m kmol/m2 mmHg s) 2.93 0.89 T = 50 ◦C, p > 0, xF
ib = 1.95 × 10−5

�Ei (×103 kJ/g) 1.82 3.91 p ≈ 0, xF
ib = 1.95 × 10−5

�Ew (×103 kJ/g) 0.69 0.78 p ≈ 0, xF
ib = 1.95 × 10−5

membranes. However, Meuleman et al. [6] have reported in-
crease of water flux with increase in toluene concentration
through EPDM membrane. Hence, water permeabilities for
both the membranes were estimated which are reported in
Table 4. The water permeability for P70 was observed to be
lower than that for P60.

4.4.2. Effect of downstream pressure
According to Eq. (12), for constant feed concentration,

a plot of Ni versus pib should be a straight line with an in-
tercept of Kx,ixF

ib and slope of −Kx,i/Hi. The experimental
values of toluene flux against downstream partial pressure
of toluene are shown in Fig. 5. Straight lines are obtained in
the pressure range of 0.16–28 mmHg. Overall mass transfer
coefficients were estimated from the intercepts (after di-
viding with molar density of the solution) and are reported
in Table 4. These values were compared with the values
obtained for feed concentration variation. Therefore, it is
observed that the mass transfer coefficients values are com-
parable for the P60 membrane. However, the difference is
larger for the case of P70 membrane. One can expect higher
values of overall mass transfer coefficients with concentra-
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tion variation (at high vacuum) compared to pressure vari-
ation because of the existence of vapour-phase resistance.
However, the present case contrasts with this. As mentioned
in Section 4.4.1, toluene flux plateaus with concentration;
hence, the average concentration-based overall mass transfer
coefficient was found to be smaller than that of downstream
pressure-based mass transfer coefficient. This suggests that
the vapour-phase mass transfer resistance is negligible in
the range of chosen downstream pressures. Further, Henry’ s
law constant was estimated (from the slope) and the values
are reported in Table 4. With only small differences, the
values were found to be same for both the membranes as
well as being comparable to literature values [11,33,34].
The mass transfer coefficient in the membrane was also
calculated (using mass transfer coefficients in the boundary
layer) and the values are reported in Table 4. Fig. 5 also
shows the linear variation of water flux with downstream
pressure which is in agreement with Eq. (15).

Fig. 6 depicts the effect of downstream pressure on
separation factor. According to Eq. (20), the reciprocal of
separation factor increases with increase in downstream
pressure (for βperm greater than 1). Brun et al. [35] have
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reported similar results for the separation of dilute so-
lutions of benzene and chloroform using NBR and SBR
membranes. Reverse trends have also been reported [11]
using other polymeric membranes. In an interesting article
Ten and Field [36] classified the systems into four classes,
according to range of downstream pressures. As per their
classification, the present system falls under class ‘A’ .
Accordingly, there is a sharp decrease in permeate con-
centration as permeate pressure increases (from absolute
vacuum); the present work indeed shows such a case.

Further, it may interesting to observe from Fig. 6 that the
variation of selectivity (in terms of slope) with pressure is
more for P60 compared to P70. This may be because of the
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drop of pressure in the support layer. Pressure drop either
for viscous flow (Knudsen number < 0.01) or for molec-
ular flow (Knudsen number > 10) in the support layer is
proportional to total flux [37,38]. The total flux obtained
for P60 is higher and hence higher pressure drop. In-
crease in pressure drop reduces toluene flux and hence
selectivity.

4.4.3. Effect of temperature
Arrhenius type of temperature dependency of permeate

flux was studied and is shown in Fig. 7. Overall activation
energy values for permeation of toluene and water (as per
Eq. (21)) were estimated and are reported in Table 4. Even
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though, both water and toluene (Fig. 7) flux increase with
increase in temperature, but the ratios of permeate concen-
tration of toluene to water decrease with increase in temper-
ature (Fig. 8). Increased water permeability at higher tem-
peratures compared to toluene may be the explanation for
the observed behaviour. Further, the increased water perme-
ability may be because of either increase of solubility or
diffusivity or may be both. Incidentally, the data fitting with
P70 was found to be non-linear which is at variance with
Eq. (21). Consistent to earlier observations, the trend is ex-
pected for the said filled membrane.

The presence of increased water fraction in the perme-
ate, obviously, lowers the permeate concentration, resulting
in decrease of separator factor. Further, the values of acti-
vation energies suggest faster permeation for water instead
of toluene having higher activation energy (Table 4). Since
the membrane is more selective to toluene than water, these
two opposite characteristics lower the net permeation of
toluene and thus selectivity gets lowered. Further, compar-
ing Eqs. (14) and (16) and taking ratios of these two fluxes
at negligible downstream pressure, the selectivity (pervapo-
rate concentration ratio) simply becomes the ratios of satu-
ration pressures of the two components. Knowing the rate of
change of vapour pressure of toluene, being lower than water
with increase in temperature [39,40], and the selectivity ob-
viously decreases with increase in temperature. Therefore,
if pervaporation process is carried out at lower temperature,
higher selectivity may be achieved, but at the expense of the
toluene production rate.

4.5. Performance of membranes: a comparison

Positron annihilations results confirmed the presence
of two components in the skin layer of P70 membrane.

Apart from the PDMS, silicalite zeolites may be the second
component. Silicalite zeolites are known to have straight
and zigzag channels connected via intersections. This may
have caused differences in the results observed for the two
membranes (Figs. 4–8). The overall flux and the toluene
flux for the P60 membrane were observed to be higher than
for the P70 membrane. Similar such low values of over-
all flux reported for zeolite-filled membranes are available
[41–43]. This limitation on flux may be ascribed to the
molecular sieving properties of the zeolites. The simulation
results of adsorption of high organics (hexane) through
silicalite showed the occurrence of capillary condensation
of the organic components and formation of kink or step
in adsorption isotherm [44]. Similarly, since toluene is the
higher molecular weight molecule, capillary condensation
of toluene may take place which may take longer time
for withdrawal. Therefore, the P70 membrane provided
lower toluene flux than P60. However, Goethaert et al. [45]
observed much higher chlorinated hydrocarbon fluxes in
the zeolite-filled membranes compared to unfilled mem-
branes. Further, water and overall flux reduced to less than
half to that of unfilled membrane. The toluene is a bigger
molecule (molecular size ∼0.6 nm) [33] compared to zeolite
(0.49 nm). In addition, lower interaction between these two
(toluene and zeolite) may be the reason for lower organic
flux.

As mentioned earlier, the linear concentration profile ob-
tained for P70 (Fig. 4) did not pass through the origin. This
may be because at low concentration of toluene (50 ppm), the
molecules move freely in the channels and at high concen-
tration (200 ppm) the channels get saturated with the perme-
ating molecules, preventing the free movement of molecules
in the channels. Therefore, toluene flux attains plateau with
increasing concentration.
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Further, it may be stated that at low temperature, the
toluene selectivity in the P70 membrane is higher compared
to the P60. This may be because of the absence of kink
formation in the adsorption isotherm at lower temperatures
[46] compared to the presence of kink formation at higher
temperatures [47].

5. Conclusions

The membranes selected for this study were characterised
using the positron annihilation technique. The base poly-
mers of skin layer for both membranes were found to be the
same; however, the results for the P70 membrane showed
the presence of an extra component (possibly zeolites).
Diffusion coefficients of solute within the membrane as
well as the solubilities were estimated in order to study the
solute–membrane interactions. Toluene diffusivity within
the membrane was observed to be independent of feed con-
centration for the P60 while it decreased with increase in
feed concentration for the P70 membrane.

During hydrophobic pervaporation, lower values of intrin-
sic and actual selectivities for composite membranes, com-
pared to dense membranes, suggested that an important role
is played by the support layer. In the case of P70, toluene
flux plateaus with increase in feed concentration which con-
firms the presence of an extra component in the skin layer.

The pervaporation experimental results were mathemati-
cally analysed with the application of Henry’ s law and with
the use of concentration-independent diffusion coefficients.
The results for the P60 membrane adhered to such a model,
whereas the same were not observed to be valid for the P70
membrane. Therefore, a simple resistance in series model
may not be sufficient enough for filled membranes.

Experimental data and results may be considered to be
useful for the selection of support layer for better applica-
tion of composite membrane. This may necessitate simula-
tion and optimization between the geometry and physical
properties of the support layer.
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