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Abstract

Mixed matrix membranes of sodium alginate (NaAlg) and poly(vinyl alcohol) (PVA) containing 5 and 10 wt.% silicalite-1 particles were
fabricated by solution casting method and the cured membranes were crosslinked with glutaraldehyde. These membranes were used in perva-
poration (PV) dehydration of isopropanol at 30, 40, 50 and 60 �C. Membrane morphology was studied by scanning electron microscopy and
universal testing machine to assess their mechanical strengths. Swelling results of the pristine and mixed matrix membranes were correlated
with their PV performances. Selectivities of the mixed matrix membranes of NaAlg were 11,241 and 17,991 with the fluxes of 0.039 and
0.027 kg/m2 h, respectively, for 5 and 10 wt.% silicalite-1 loadings. Corresponding values for mixed matrix membranes of PVA were 1295
and 2241, and 0.084 and 0.069 kg/m2 h, respectively, for 10 wt.% water-containing feed at 30 �C. Pristine membranes of NaAlg and PVA ex-
hibited lower selectivities of 653 and 77 with increased fluxes of 0.067 and 0.095 kg/m2 h, respectively. From the temperature dependence of flux
and diffusivity data with 10 wt.% water-containing feed, Arrhenius plots were constructed to compute heat of sorption, DHs values. Mixed ma-
trix membranes of NaAlg were better than PVA mixed matrix membranes at all compositions (10e40 wt.%) of water. Molecular dynamics (MD)
simulation was employed to compute the interfacial interaction energies of NaAlg and PVA polymers with silicalite-1 filler; also sorption of
liquid molecules was computed. Simulated diffusivities compared well with the experimental data. Thermodynamic treatment of sorption,
diffusion and permeation processes was attempted based on the FloryeHuggins theory to explain the PV performances of the membranes.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Pervaporation (PV) has been regarded as an energy inten-
sive technique that has been successfully used to dehydrate
organic solvents [1]. In PV, the liquid feed mixture is main-
tained at the upstream side of the membrane, while permeate
is removed in a vapor form by application of vacuum on the
downstream side. The vapor is condensed using liquid nitro-
gen. In view of its simplicity, low costs, reasonable flux and
high selectivity, PV is a popular membrane-based dehydration
technique for various organics [2] as well as in separating
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azeotropes, isomers and heat sensitive compounds, whose sep-
arations cannot be easily achieved by other conventional
means like distillation [3,4].

In our continuing efforts on PV dehydration of organics, the
present study deals with a comparison of the PV performance
of mixed matrix membranes of sodium alginate (NaAlg) and
poly(vinyl alcohol), PVA by adding silicalite-1 particles in
two different ratios (5 and 10 wt.%). NaAlg is a well-known
water-soluble polysaccharide, having good membrane forming
properties, which could be crosslinked with glutaraldehyde or
Ca2þ ions [5] and its performance was found to be better than
PVA [6], ion-exchange resins [7] and some other polysaccha-
rides such as chitosan [8] and cellulose [9]. PVA has also been
widely used as a membrane in PV dehydration of organics due
to its hydrophilic nature, good film forming property and
chemical resistivity [10,11]. Its excessive swelling in the
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Nomenclature

J, Ji and Jj Total flux, water flux and isopropanol flux (kg/m h)
Cp Weight of liquids’ permeated (kg)
A Effective membrane area (m2)
t Time (h)
a Selectivity
Wi,p Wt.% of water in the permeate
Wi,f Wt.% of water in the feed
Di, Dj and Dm Diffusion coefficients of water, isopropa-

nol and waterþ isopropanol mixture (m2/s)
Ci,m, Ci,f and Ci,p Local water concentrations in mem-

brane, feed, and permeate (g/cm3) at the position
coordinate z

Qi Specific permeation rate of water (g/m2 h)
Ci,f,m and Ci,p,m Concentrations of water (g/cm3) at the

membrane surface of the feed side (f) and per-
meate side (p)

d Maximum membrane thickness (mm)
Ki, Kj and Km Distribution coefficients of water, isopro-

panol and waterþ isopropanol mixture
Pi, Pj and Pm Permeation coefficients of water, isopropa-

nol and waterþ isopropanol mixture (m2/s)
aperm Permselectivity
Sd Relative ability of penetrants to pass through the

membrane by diffusion
Sk Relative affinity of penetrants to polymer
rm Membrane density (kg/m3)
D0,i Diffusion coefficient of water at infinite dilution

(m2/s)
m Slope of water flux against wt.% of water in feed
h Membrane thickness (mm)
4i and 4j Volume fractions of water and isopropanol in

the swollen polymer membrane
vi and vj Volume fractions of water and isopropanol in

feed mixture
rP and rS Densities of polymer and solvent
Mb and Ma Weights of the membrane before and after

swelling
xi and xj Mole fractions of water and isopropanol
Mi and Mj Molecular weights of water and isopropanol
DGE Gibbs free energy of mixing (J/mol)
rsm Density of the solvent mixture
Jp Permeation flux of water (kg/m2 h)
Jp0 Permeation rate constant
Ep Activation energy for permeation (kJ/mol)
R Molar gas constant (J/K/mol)
T Temperature (K)
D0 Diffusion rate constant
Ed Activation energy for diffusion (kJ/mol)
ri(0) Initial position coordinate of penetrant molecule

in polymer microstructure
ri(t) Position coordinate of penetrant molecule after

time, t
DHs Heat of sorption (kJ/mol)
presence of hydrophilic solvents was overcome by modi-
fications such as blending [12], grafting [13], crosslinking
[14], etc.

In recent years, mixed matrix membranes incorporated with
zeolites or other inorganic fillers have been widely studied for
PV dehydration of organics [15]. However, silicalite-1, a hy-
drophobic inorganic material, has been rarely used [16e18]
as a filler to fabricate mixed matrix membranes. Silicalite-1
has a high Si/Al ratio, which makes it hydrophobic. It has
an asymmetrical aperture with a three-dimensional channel
system. The present study deals with investigations on the
development of mixed matrix membranes of NaAlg and
PVA containing silicalite-1 particles for applications in iso-
propanol dehydration, since the latter is an important and
commercially used solvent in many industrial sectors. It is
miscible with water in all proportions and forms an azeotrope
at 12.5 wt.% of water. Its azeotrope is difficult to be separated
by simple distillation and the process becomes more health
hazardous as well as expensive than PV, as reported earlier
[19].

PV results of the present study were further supported by
molecular modeling (MM) approaches, leading to the under-
standing of polymer/non-polymer interfacial energies [20].
MD simulations were performed to investigate the interactions
between polymers and silicalite-1 surfaces [21,22]. In addi-
tion, the liquid sorption phenomenon was studied through
atomistic computations [23] to estimate the interaction ener-
gies of water and isopropanol with NaAlg and PVA matrices.
The well-known FloryeHuggins theory was employed to
understand such interactions to accomplish a better under-
standing of the PV dehydration process in terms of the thermo-
dynamic parameters.

2. Experimental

2.1. Materials

Sodium alginate (Mw ¼ 122; 594), poly(vinyl alcohol) (Mw

¼ 125; 000), isopropanol, glutaraldehyde (GA) and hydro-
chloric acid (HCl) of Analytical Reagent (AR) grade samples
were purchased from S.D. fine Chemicals, Mumbai, India;
these were used as received. Deionized water having a conduc-
tivity of 20 mS/cm was produced in the laboratory itself from
the Permeonics pilot plant (Vadodara, India) using the nano-
filtration membrane module. Silicalite-1 zeolite was kindly
supplied by Dr. S.B. Halligudi, National Chemical Laboratory,
Pune, India.

2.2. Membrane fabrication

All the membranes were fabricated at ambient temperature
(30 �C). NaAlg (4 g) was dissolved in 80 mL of water with
constant stirring. Then, 0.2 and 0.4 g of silicalite-1 particles
weighed separately were dispersed in 20 mL of water, soni-
cated for 2 h and added to the previously prepared NaAlg so-
lution. The mixture was stirred for 24 h and poured onto
a glass plate to cast the membranes. Dried membranes were
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peeled off from the glass plate and immersed in a crosslinking
bath containing water/acetone (30/70) mixture along with
2 mL of GA and 2 mL of conc. HCl. Acetone, being a non-
solvent, prevented the initial dissolution of the membrane
and water present in the feed mixture caused membrane swell-
ing, thereby facilitating an easy penetration of glutaraldehyde
into the membrane matrix to establish an effective crosslink-
ing. After allowing for 10 h, the crosslinked membranes
were removed from the bath, washed repeatedly with deion-
ized water and dried in an oven at 40 �C. Pristine NaAlg mem-
brane was prepared by crosslinking with 2.5 mL of GA and
2.5 mL of conc. HCl for 10 h. Membrane thicknesses as mea-
sured by a micrometer screw gauge were 50� 1.0 mm. It was
found that silicalite-1 loading had a significant influence on
the uniformity of the membrane. The mixed matrix mem-
branes were found to be homogeneous at 5 and 10 wt.% filler
loadings, but non-uniform and brittle films were obtained at
higher loadings of the filler and hence were not attempted.
The fabricated membranes were designated as NaAlg-1 and
NaAlg-2, respectively. The same procedure was followed for
the fabrication and crosslinking of PVA mixed matrix mem-
branes taking the same wt.% of silicalite-1 in PVA. These
membranes were designated, respectively, as PVA-1 and
PVA-2.

2.3. Scanning electron microscopy (SEM)

Typical SEM micrographs of NaAlg-2 and PVA-2 mixed
matrix membranes were taken under high resolution (Mag.
300� at 5 kV) to study the distribution of silicalite-1 particles
in both the membranes. Scanning was done using JOEL
MODEL JSM 840A, Japan. Since these membranes were
non-conductive gold coating (15 nm thickness) was done on
the samples before injecting to SEM analysis.

2.4. Particle size measurement of silicalite-1

Zeta average diameter of silicalite-1 zeolite particles dis-
persed in water was measured by Zetasizer laser light scatter-
ing equipment (Model 3000HS, Malvern, Buntsford, United
Kingdom).

2.5. Universal testing machine (UTM)

Tensile strength and % elongation at break of the pristine
NaAlg, pristine PVA, NaAlg-1, NaAlg-2, PVA-1 and PVA-2
mixed matrix membranes were measured using universal test-
ing machine (Model H 25 KS, Hounsfield, Surrey, United
Kingdom). Test specimens were prepared in the form of
dumbbell shapes as per ASTM D-638 standards. Films of
gauge length of 50 mm and 10 mm width were stretched at
the crosshead speed of 10 mm/min.

2.6. Pervaporation experiments

Pervaporation experiments were carried out as detailed
before [24,25] on a 100 mL batch level instrument with an
indigenously constructed manifold operated at a vacuum level
as low as 0.05 mmHg in the permeate line. Effective mem-
brane area was 20 cm2 and weight of the feed mixture taken
in the PV cell was 70 g. Temperature of the feed mixture
was maintained constant by a thermostatic water jacket. In
view of the concentration polarization effect, feed mixture
was continuously stirred with an overhead stainless steel stir-
rer fitted with a Teflon edge at 60 rpm. Before starting the PV
experiment, test membrane was equilibrated for 2e4 h with
the feed mixture. After establishment of a steady state, perme-
ate vapors were collected in cold traps immersed in liquid
nitrogen up to 4e5 h. Weight of permeate collected was mea-
sured on a Mettler Balance (model B 204-S, Greifensee, Swit-
zerland: accuracy 10�4 g) to determine the flux:

J ¼ Cp

At
ð1Þ

The analysis of feed and permeate samples was done using
gas chromatography (Nucon, model 5765, Mumbai, India)
provided with a Thermal Conductivity Detector (TCD) equip-
ped with a DEGS or Tenax packed column of 1/800 ID having
2 m length. Oven temperature was maintained at 70 �C
(isothermal), while injector and detector temperatures were
maintained at 150 �C. The sample injection volume was
1 mL. Pure hydrogen was used as a carrier gas at a pressure
of 0.75 kg/cm2. The GC response was calibrated for column
and for known compositions of waterþ isopropanol mixtures.
Calibration factors were fed into GC software to obtain the
analysis for unknown samples. Then, selectivity, a was calcu-
lated as:

a¼
�

Wi;p

1�Wi;p

��
1�Wi;f

Wi;f

�
ð2Þ

A minimum of three independent measurements of flux and
a was taken under similar conditions of temperature and
feed compositions to confirm the steady-state pervaporation.
The same membrane was used for performing three indepen-
dent measurements and the difference between these measure-
ments was negligible. This shows that there is no chemical
alteration in the membrane even after repeated cycles of PV
operations, suggesting their sturdiness with respect to the
chemical structure. These data were reproducible within
�3% of standard deviations, but the average values were con-
sidered in calculations and data display.

2.7. Degree of swelling

Equilibrium swelling experiments were performed gravi-
metrically [26] on all the membranes in 10, 20, 30 and
40 wt.% water-containing feed mixtures at 30 �C to calculate
the % degree of swelling. Initial weight of the circularly cut
(dia¼ 2.5 cm) pristine and mixed matrix membranes was taken
on a single-pan digital microbalance (model AE 240, Mettler,
Griefensee, Switzerland) sensitive to �0.01 mg. Samples
were placed inside the specially designed airtight test bottles
containing 20 cm3 of the test solvent. Test bottles were
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transferred to the oven maintained at the constant desired
temperature. Dry membranes were equilibrated by soaking in
different compositions of the feed mixtures in a sealed vessel
at 30 �C for 48 h. The swollen membranes were weighed im-
mediately (after careful blotting with soft tissue papers) on
a digital microbalance. The % degree of swelling, DS was cal-
culated as before [26]. Sorption selectivity experiments were
also performed using the procedure described elsewhere [27].

3. Diffusion, sorption and permeation processes

Mass transfer in binary feed mixtures through non-porous
dense membrane has been described by the solutionediffusion
mechanism [28]. Penetrant migration is generally controlled
by diffusion, since fast distribution equilibrium can be estab-
lished between the bulk feed and the upstream surface of the
membrane [29]. The local diffusion rate, Ji (or Jj) in a mem-
brane can be described by the Fick’s first law of diffusion
[30], which under steady-state conditions, takes the following
form for one-dimensional diffusion:

Ji ¼ DiðCi;mÞ
dCi;m

dz
ð3Þ

where Di is influenced by the solute concentration, but due to
immobilization of the membrane, Di can be regarded as self-
diffusion coefficient and Ji is calculated per unit of the
cross-sectional area of the membrane.

For a planar membrane, permeation rate, Qi, can be calcu-
lated by integrating Eq. (3) from the upstream to downstream
side across the membrane:

Qi ¼
Zd

0

Ji dz¼
ZCi;f;m

Ci;p;m

DiðCi;mÞdCi;m ð4Þ

Upon solving Eq. (4), we get:

Qi ¼ Jid¼ Di

�
Ci;f;m�Ci;p;m

�
ð5Þ

Under steady-state conditions, Ji is constant, but due to low
downstream pressure, we have: Ci,p,m z 0 and Ci,p z 0 and
hence, we can simplify Eq. (5) to give:

Di ¼
Jid

Ci;f;m

ð6Þ

Distribution coefficient, Ki and permeation coefficient, Pi are
defined as:

Ki ¼
Ci;f;m

Ci;f

ð7Þ

Pi ¼
Qi

Ci;f �Ci;p

z
Qi

Ci;f

¼ Jid

Ci;f

ð8Þ

Then, by combining Eqs. (6)e(8), we get:

Pi ¼ DiKi ð9Þ
If the vapor pressure difference is used to substitute liquid con-
centration difference as the driving force for permeation [31],
then it is possible to describe the dependence of Pi and Di on
temperature with the Arrhenius relationship. Hence, permse-
lectivity of a membrane is defined as [32]:

aperm ¼
Pi

Pj

Di

Dj

Ki

Kj

¼ SdSk ð10Þ

where

Sd ¼
Di

Dj

and Sk ¼
Ki

Kj

ð11Þ

Considering that the presently developed hydrophilic mem-
branes incorporated with a hydrophobic silicalite-1 particles
exhibit high affinity towards water and hence, diffusion coef-
ficient is dependent upon water concentration of the feed, then
there will not be any coupling effect such that water flux can
be calculated as [33]:

Ji ¼
rmD0;i

�
KiWi;f

�m

mh
ð12Þ

The observed differences in selectivity can be explained by
the thermodynamic treatment given by Aminabhavi and Munk
[34], who modified the original FloryeHuggins theory for
a three-component system to compute the preferential interac-
tion of polymers in a mixed solvent system by calculating the
Gibbs free energy of mixing (DGmix). Later, Mulder and Smol-
ders [35] have extended this concept to PV phenomenon.
Thus, we have:

ln aS ¼ ln

�
4i

4j

�
� ln

�
vi

vj

�

¼
�

Vi

Vj

� 1

�
ln

�
4j

vj

�
� cij

�
4j�4i

�
� cij

�
vi� vj

�

�fP

�
ciP �

Vi

Vj

cjP

�
ð13Þ

The values of molar volume, V at 30 �C for water and isopropa-
nol were taken from the literature [36]. The volume fraction, fP,
of the polymer in the swollen state was calculated using [37]:

fP ¼
�

1þ rP

rS

�
Ma

Mb

�
�
�

rP

rS

���1

ð14Þ

Molar volume of the binary mixtures of watereisopropanol
was calculated as:

V ¼
�
xiMi þ xjMj

�
rsm

ð15Þ

The interaction parameter, cij between water and isopropanol
was calculated using the equation [38]:

cij ¼
�
xi lnðxi=viÞ þ xj ln

�
xj=vj

�
þ
�
DGE=RT

�	
xivj

ð16Þ
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Excess Gibbs free energy, DGE was calculated using the
activity coefficients, g of the mixtures as:

DGE ¼ RT
�
xi ln gi þ xj ln gj

�
ð17Þ

In the absence of any direct experimental data on gi and gj, we
have used the van Laar equation at 30 �C to compute the activ-
ity coefficient, gi of component, i in the mixture as:

ln gi ¼ Aij ¼
�

Aijxj

Aijxi þAijxj

�2

ð18Þ

The van Laar parameters, Aij for water and Aji for isopropanol
were taken from the literature [39]. Then, the polymere
solvent interaction parameter, ciP was calculated from the
FloryeHiggins equation [40]:

ciP ¼
ViðdP� diÞ2

RT
ð19Þ

Solubility parameters of NaAlg, PVA, water and isopropanol
were, respectively, taken as 61.48, 52.67, 97.8 and 41.8
(J/cm3)1/2. These data were fitted into Eq. (13) to compute
sorption selectivity, aS. Crosslinking agent glutaraldehyde
and the filler, silicalite-1 were not considered in Eq. (13), since
their amounts are very small compared to polymers and sol-
vents. These terms in Eq. (13) were negligible compared to
the other terms, making no drastic changes in the results of
theoretical sorption selectivity values [27]. Also, silicalite-1
is not soluble in any solvents but it is only dispersed. There-
fore, the solubility parameter for silicalite-1 cannot be calcu-
lated; however, the changes observed in experimental results
of the mixed matrix membranes are due to the surface adsorp-
tion capacity of the silicalite-1. Experimental and calculated
sorption selectivity values are compared in Table 1. In all
the cases, the calculated values are smaller than the experi-
mental data.

3.1. Estimation of interaction energies

MD simulations were performed to estimate the interaction
energies between polymers and solvents in addition to silica-
lite-1 particles. The COMPASS (condensed-phase optimized
molecular potentials for atomistic simulation studies) force-
field [41,42] was used, wherein oligomer chain of the chosen
polymer was generated in an isotactic configuration taking 20
monomer units and was minimized to construct the amorphous
cells based on the respective densities of the selected oligo-
mers of each polymers. Details of the construction of amor-
phous cell module were reported earlier [43]. The cell
dimensions were taken such that a and b (crystal) lattice pa-
rameters for the oligomer remained the same as the u and v
(surface) parameters for silicalite-1 surface. The unit cell
structure of silicalite-1 was generated using the surface builder
module of MS modeling by employing the desired cleave
planes (h k l ), which provide the fractional depth of the sur-
face that should be more than the non-bonded cut-off distance
of 9.5 Å. After completing the energy minimization using
steepest descent and conjugate gradient method, surface struc-
ture was converted into a non-periodic superstructure for use
in crystal surface building step.

Crystal surface of silicalite-1 slab to be used in the simula-
tion box to calculate the surface energy was built by the crystal
builder implemented in MS modeling. The oligomers of
NaAlg and PVA polymers were assembled into the simulation
box with silicalite-1 surface. The c-dimension of the box was
extended to 30 Å such that the oligomer was at an equi-
distance from the silicalite-1 surface. MD simulation was per-
formed for 100,000 steps with a time step of 1 fs at 303 K. As
the silicalite-1 surface was minimized in the earlier step, the
entire surface atoms were constrained during the NVT dynam-
ics. The energy of interaction was then calculated using Eq.
(20). At first, the energy (Etotal) for the simulation box contain-
ing NaAlg and PVA polymers with the surface atoms was
calculated. Then, the energy of oligomers (Eoligomer) was
calculated without any contribution from the surface. Finally,

Table 1

Sorption selectivity of different membranes for watereisopropanol mixture

at 30 �C

Wt.% of

water in feed

Sorption

selectivity (expt.)

Sorption

selectivity (calc)

NaAlg

10 110 100

15 50 40

20 35 30

30 20 15

40 10 6

NaAlg-1

10 1020 930

15 660 647

20 415 400

30 110 102

40 30 24

NaAlg-2

10 1450 1414

15 600 584

20 535 521

30 130 122

40 68 55

PVA

10 40 35

15 30 24

20 21 15

30 15 10

40 6 4

PVA-1

10 400 383

15 185 175

20 130 120

30 60 54

40 25 17

PVA-2

10 610 601

15 240 232

20 160 150

30 70 63

40 25 18
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surface atoms were kept constant and oligomers were removed
to calculate the surface energy (Esurface). The interaction
energy of oligomers and surfaces was computed using:

Einteraction ¼ Etotal�
�
Esurface þEoligomer

�
ð20Þ

Polymeresolvent interactions have been estimated using
the MD simulations. NaAlg and PVA oligomeric slabs were
constructed using the confined layer (cell type) dialog in the
amorphous builder. As a part of the amorphous cell construc-
tion, a geometry refinement of the structure was performed.
Further, two-dimensional boxes were built using the algorithm
as described before; then, NaAlg and PVA as well as the se-
lected fluid slabs were piled up and the box was extended
by 100 Å in the c-direction. In order to pile the cells correctly,
solvent layers (for 100 molecules of water layer) were selected
with the same base to be compatible with those of NaAlg and
PVA. MD simulations were run in the NVT ensemble at 303 K
with tail correction being applied outside the cutoff of 9.5 Å.
This ensured that a relatively thin layer would feel the effec-
tive pressure equivalent to that in the bulk. The systems
were then allowed to equilibrate normally against vacuum
for approximately 30,000 steps. This was followed by 300 ps
of the MD run. For every 500 fs, the energy of interaction
between oligomers and liquid layer was evaluated using
18 Å cut-off distance without the tail correction. A total of
600 energy calculations were performed for each system
(300 ps was the total simulation time).

3.2. Computation of diffusion coefficients

Diffusion coefficients of water and isopropanol in NaAlg
and PVA were calculated by a modification of the established
protocols for polymers [44,45]. The construction methodology
remained the same as described before. NaAlg and PVA struc-
tures were generated with six polymer chains and each poly-
mer chain was built from 10 repeat units. Different mixture
compositions of 10, 15, 20, 30, 40 and 50 wt.% water and re-
maining isopropanol molecules were placed in the same cell.
The length of sides of cubic unit cells was chosen between
17.94 and 22.78 Å. After generating the initial structures,
MD simulations under NVT ensemble were performed at
303 K for each configuration in which all the interactions
were considered. Minimization was performed using the
same algorithms as mentioned before. Equilibration run up
to 200 ps was performed with the NVT ensemble. However,
for the production run, it is best to switch to NVE ensemble,
but depending upon the thermostatting method used, NVE dy-
namics did not artificially interfere with the thermodynamics
of the system. Hence, a simulation time of 200 ps of NVE
ensemble was applied.

Diffusion coefficients of water and isopropanol at 300 K in
the equilibrated structures of NaAlg and PVA were determined
using the mean-square displacements (MSD) of the molecules
as per Einstein’s equation:
D¼ 1

6Na

lim
t/N

d

dt

XNa

i¼1



½riðtÞ � rið0Þ�2

�
ð21Þ

Here, [ri(t)� ri(0)] represents the displacement of the pene-
trant molecule during time, t. Diffusion coefficient, D remains
constant, i.e., independent of penetrant concentration in the
polymer. The MSD, i.e., {[ri(t)� ri(0)]2} for water and isopro-
panol were calculated from 200 ps trajectories of the mole-
cules in NaAlg and PVA. According to Eq. (21), the plot of
MSD vs time should be strictly linear if D remains constant,
i.e., if the molecule exhibits normal (Einstein) diffusion be-
havior. It is, however, observed that plots of MSD vs time
(in ps) are indeed linear for the penetrant liquid molecules
up to 170 ps. At longer times, these plots deviated slightly
from the linearity due to increasing statistical errors involved
in the MD simulations of MSD. All the D values were deter-
mined from the slopes of such plots using Eq. (21).

4. Results and discussion

4.1. Membrane morphology

Fig. 1 displays the surface SEM pictures of NaAlg-2 and
PVA-2 mixed matrix membranes, wherein one can observe

Fig. 1. SEM micrograph of (a) NaAlg-2 and (b) PVA-2 mixed matrix

membranes.
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the uniform distribution of silicalite-1 particles throughout the
matrix; this would help to facilitate an easy transport of hydro-
philic water molecules through the membranes.

4.2. Particle size measurement

The particle size distribution histogram of the silicalite-1
particles, not displayed to avoid too many figures, suggested
that silicalite-1 particles have diameters that vary in the range
of 0.8e0.9 mm.

4.3. Universal testing machine

Pristine NaAlg has the % elongation of 210 with a maxi-
mum tensile strength of 20 N/mm2, whereas for NaAlg-1
and NaAlg-2 membranes, % elongations were 144 and 128
with the tensile strength values of 27 and 36 N/mm2, respec-
tively. The % elongation of pristine PVA was 269 with a maxi-
mum tensile strength of 30 N/mm2, whereas for PVA-1 and
PVA-2 membranes, % elongations were 180 and 155, while
tensile strengths were 35 and 40 N/mm2, respectively. These
data clearly indicate that mechanical strengths of the mixed
matrix membranes are better than those of the pristine mem-
branes, suggesting their physical sturdiness.

4.4. Swelling

Fig. 2 shows the % degree of swelling of all the membranes
at 30 �C performed in 10e40 wt.% of water-containing feed
mixtures. Membrane swelling showed an influence on flux
and selectivity. Pristine PVA was swollen more in watere
isopropanol feed than in pristine NaAlg membrane, because
of its linear structure. Therefore, the availability of eOH
groups for an easy interaction with eOH groups of water and
isopropanol will be more, signifying higher hydrophilice
hydrophilic interaction between PVA and water as compared
to NaAlg and water. This has resulted in a higher flux of pris-
tine PVA than pristine NaAlg membrane; consequently, the se-
lectivity of pristine PVA is much smaller than pristine NaAlg
membrane. Swelling of NaAlg/silicalite-1 and PVA/silicalite-
1 mixed matrix membranes is lower than the respective pristine
membranes. Since adsorption of silicalite-1 particles in NaAlg
chain segments is higher than that of PVA, this would suppress
the swelling of NaAlg more than that of PVA. But, due to the
presence of higher number of hydroxyl groups in PVA com-
pared to NaAlg, a decrease in swelling is not significant com-
pared to NaAlg. As shown in Fig. 2, the observed swelling
values in pristine NaAlg and PVA membranes are higher
than those of the mixed matrix membranes due to the presence
of silicalite-1 particles occupying the free volume spaces.

4.5. Membrane performance

Membrane performances of the pristine and mixed matrix
membranes were studied in terms of flux, selectivity, diffusion
coefficient, distribution coefficient, permeation coefficient and
permselectivity.
4.5.1. Effect of silicalite-1 on membrane characteristics
The effect of silicalite-1 content on flux and selectivity of

membranes at 30 �C is displayed in Fig. 3. Pristine NaAlg
has a flux of 0.067 kg/m2 h with a selectivity of 653, whereas
pristine PVA has an increased flux of 0.095 kg/m2 h with
a lower selectivity of 77 for 10 wt.% water-containing feed.
After incorporating silicalite-1 into PVA and NaAlg polymer
matrices, the intrinsic properties of the membranes have
changed and the selectivities of both pristine NaAlg and
PVA membranes increased, but the flux values decreased.
For instance, NaAlg-1 membrane exhibited a selectivity of
11,241, but for NaAlg-2 membrane, it was increased to
17,991 at 10 wt.% loading of silicalite-1 particles. In the
case of PVA-1 and PVA-2 membranes, selectivity values
were 1295 and 2241, respectively; these data are much lower
than those of NaAlg-1 and NaAlg-2 membranes. For NaAlg-1
and NaAlg-2 membranes, fluxes are, respectively, 0.039 and
0.027 kg/m2 h, whereas for PVA-1 and PVA-2 membranes,
the corresponding flux values are 0.080 and 0.069 kg/m2 h.

Even though both NaAlg and PVA polymers are hydro-
philic, NaAlg could dehydrate isopropanol better than PVA
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as evidenced by higher selectivities due to difference in their
swelling in the presence of hydrophilic solvents. Silicalite-1
being hydrophobic, its interaction with hydrophilic mem-
branes and water are very important factors in PV separation.
Silicalite-1 zeolite being hydrophobic could help to reduce the
hydrophilicity of NaAlg as well as PVA membranes giving
a decreased membrane swelling in the presence of water. It
was reported before that hydrophobicehydrophilic nature of
zeolites also depends upon their framework structures [46].
Silicalite-1 possesses intricate three-dimensional sinusoidal
channels [47], which would help to discriminate between the
competing liquid molecules viz., isopropanol and water on
the basis of molecular size difference as well as the polarity
effect that could possibly influence the transport of water mole-
cules through the mixed matrix membranes. However, the
localized electrostatic forces between the positively charged
cations and the negatively charged zeolitic framework strongly
attract the highly polar water molecules than isopropanol as
can be seen from the flux and selectivity results of NaAlg
and PVA membranes presented at 30 �C in Figs. 4 and 5,
respectively.

Membrane performance has been explained on the basis of
solutionediffusion theory [27] as well as the adsorptione
diffusionedesorption concepts [48] in mixed matrix mem-
branes. In the case of pristine NaAlg and PVA membranes,
the permeating water molecules get sorbed into the microvoids
and then diffuse out on permeate side due to the existing
concentration gradient. In the case of mixed matrix mem-
branes, the overall separation can be explained by the hydro-
philicehydrophobic interactions between silicalite-1 and the
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Fig. 3. Water flux and selectivity vs wt.% of silicalite-1 in (a) NaAlg and

(b) PVA membranes for 10 wt.% water in the feed at 30 �C.
polymers. The presence of silanol groups on silicalite-1 sur-
faces stemming from the intracrystalline boundaries and de-
fects (or the lesser aluminum content present) could increase
the local attraction towards water molecules, thereby making
it more selective to water than isopropanol.

4.5.2. Effect of feed water composition on pervaporation
performance

Figs. 4 and 5 display the effect of feed water composition on
PV results of NaAlg and PVA membranes, respectively. As no-
ticed before, pristine NaAlg and PVA membranes were swollen
to a greater extent at high concentration of water, suggesting
that both NaAlg and PVA membranes are mechanically some-
what weaker than the mixed matrix membranes. In the present
investigation, it is demonstrated that by incorporating hydro-
phobic silicalite-1 particles, the solvent stability of PVA and
NaAlg membranes has improved thus, facilitating the mem-
brane performance. For both the mixed matrix membranes of
NaAlg and PVA, flux has increased with increasing water con-
centration from 10 to 40 wt.% of the feed mixtures. At lower
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water content of the feed mixture (10 wt.%), NaAlg-1, NaAlg-
2, PVA-1 and PVA-2 membranes were swollen to a lesser ex-
tent due to the presence of hydrophobic silicalite-1 particles,
which has reduced the excessive hydrophilicehydrophilic in-
teraction between hydroxyl groups of the membranes and wa-
ter molecules. Any increase in water composition of the feed
mixture will further decrease the selectivity to water quite con-
siderably by increasing the flux value due to higher swelling of
the membranes. The present mixed matrix membranes were
able to withstand the cyclic PV operations even at higher water
compositions of the feed without any cracks. This suggests that
there is no breakage of ether linkages between PVA and glutar-
aldehyde as well as NaAlg and glutaraldehyde. Thus, the pres-
ent membranes are chemically stable at all water compositions
of the feed mixture.

At higher water composition of the feed mixture (40 wt.%),
selectivities of NaAlg-1 and NaAlg-2 were dropped to as low
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as 125 and 163, but fluxes increased to 0.084 and 0.071 kg/
m2 h, respectively. In the case of PVA-1 and PVA-2 mem-
branes, selectivity values were 59 and 72 with fluxes of
0.119 and 0.109 kg/m2 h, respectively. For the same composi-
tion (40 wt.%) of water in the feed, pristine NaAlg had a selec-
tivity of 72 with a flux of 0.155 kg/m2 h, but for pristine PVA,
a selectivity of 11 and a flux of 0.181 kg/m2 h were observed.
At higher water composition in the feed, polymer chain seg-
ments would follow a non-ordered trend, which may block
the tortuous paths created by the silicalite-1 particles due to
excessive swelling. This induces plasticization effect in the
polymer chain segments, creating easy leaks for isopropanol
molecules to transport through. Thus, for both the membranes,
their performances varied depending upon the composition of
water in the feed.

4.5.3. Effect of temperature

4.5.3.1. Acivation energy values. The PV membrane perfor-
mance was tested at four temperatures viz., 30, 40, 50 and
60 �C, typically using 10 wt.% water-containing feed mixture.
Membranes were stable at all these selected temperatures; flux
and selectivity values were computed at all the temperatures.
The operating temperature influences both the membrane in-
trinsic property and the driving force for penetrant transport
through the membrane during pervaporation process. Mem-
branes were found to be physically and chemically strong
enough even at these elevated temperatures. As expected,
the flux increased with increasing temperature, but selectivity
decreased. The temperature dependency of flux was analyzed
by Arrhenius equation of the type:

JP ¼ JP0
exp
�
�Ep=RT

�
ð22Þ

If activation energy is positive, then permeation flux increases
with increasing temperature, which has been observed in ma-
jority of PV experiments [27,49]. According to free volume
theory [50], an increase in temperature increases thermal mo-
bility of the polymer chains, which further generates extra free
volume within the polymer matrix thereby, increasing the
sorption and diffusion rates of permeant molecules. This
type of increase in free volume of the membrane matrix will
result in an easy transport of organic component of the mixed
media. Consequently, the membrane selectivity to water will
be reduced, but flux will be increased.

The driving force for permeation represents the concentra-
tion gradient, resulting from the difference in partial vapor
pressure of the permeants between feed and permeate mix-
tures. As the feed temperature increases, vapor pressure in
the feed compartment increases, but vapor pressure at perme-
ate side is not affected. This would result in an increase of
driving force with increasing temperature. The driving force
is closely related to the phase transition in PV process and
thus, is strongly dependent upon the operating temperature.
This has affected the membrane performance in such a way
that the flux was increased, but selectivity decreased with an
increase in temperature.
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Arrhenius plots of ln Jp vs 1/T are not displayed to avoid
overcrowding of plots, but the calculated Ep values for pristine
NaAlg, NaAlg-1, NaAlg-2 membranes are, respectively, 18.5,
20.27 and 24.88 kJ/mol, indicating a gradual increase with in-
creasing amount of silicalite-1; this is due to the difficulty in
liquid transport to crossover the Eyring’s energy barrier. In
the case of PVA, PVA-1 and PVA-2 membranes, similar trends
were observed, but with much smaller values of Ep, viz., 9.74,
11.04 and 14.17 kJ/mol. These values indicate that membranes
having higher selectivities have higher Ep values due to the hy-
drophobic silicalite-1 particles present in the membranes.

4.5.3.2. Diffusion coefficient. An increase in diffusion coeffi-
cient, D is observed for water in the pristine PVA membrane
as compared to pristine NaAlg membrane. Such an increase
in D is attributed to the availability of free volume within
the membrane matrix. Diffusion coefficients of isopropanol
are smaller than water in both PVA and NaAlg membranes,
since the permeation of water is predominant compared to iso-
propanol in both the polymers. Diffusion coefficients of water,
isopropanol and waterþ isopropanol mixtures were calculated
from Eq. (6). These data at 30 �C are displayed in Figs. 6 and
7, whereas the bar diagram of diffusion coefficients at higher
temperatures (40e60 �C) for 10 wt.% water-containing feed
are shown in Fig. 8. Diffusion values increased with increasing
temperatures due to the fact that an increase in feed tempera-
ture increases thermal mobility of the polymer chains, thereby
increasing the diffusion rate.

The temperature dependency of diffusion was also analyzed
by a similar type of Arrhenius equation as that of Eq. (22) and
diffusion activation parameter, ED was estimated from the
slope of the linear plots of ln D vs 1/T (not displayed) for all
the membranes and at all the feed compositions of waterþ
isopropanol feeds. The ED values of all the membranes are
higher than Ep values discussed before. For instance, ED values
of NaAlg, NaAlg-1 and NaAlg-2 membranes are 18.21, 20.36
and 25.2 kJ/mol, respectively, while those for PVA, PVA-1 and
PVA-2 membranes are 9.84, 11.14 and 14.3 kJ/mol, respec-
tively. As can be seen from the ED values, there is an increase
in ED values for high selective membranes, similar to those of
Ep values for reasons mentioned before. Using these data, heat
of sorption, DHs, values were calculated as:

DHs ¼ Ep�ED ð23Þ

The calculated DHs values for NaAlg, NaAlg-1, NaAlg-2
membranes are �0.06, �0.09 and �0.14 kJ/mol, while for
PVA, PVA-1, PVA-2 membranes are �0.1, �0.1 and
�0.13 kJ/mol, respectively. Negative values of DHs suggest
the exothermic sorption process.

4.5.4. Diffusion and permeation e a comparison between
theory and experiment

Experimental and theoretical diffusion coefficients of
water, isopropanol and waterþ isopropanol mixtures at 30 �C
are compared in Figs. 6 and 7. As expected, diffusion coeffi-
cients of water increase considerably with increasing amount
of water in the feed mixture, suggesting that the membranes
are water selective. Increase in D values with increasing
amount of water in the feed mixture is attributed to the crea-
tion of extra free volume in the membrane matrix. Similarly,
diffusion coefficients of isopropanol, even though are smaller
in magnitude than those observed for water, show the same
trend with increasing water in the feed. This trend is also ob-
served for waterþ isopropanol mixture. As regards the nature
of the membranes, diffusion values show a systematic trend for
all the membranes. Diffusion generally occurs because of the
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presence of a concentration gradient and hence, it is useful to
calculate the diffusion coefficient, D, of the solvent and
solvent mixtures through the membranes from the actual
permeation data using Eq. (6). The bar diagram describing
pure component diffusion as well as mixed feed media at
40, 50 and 60 �C is displayed in Fig. 8. Due to higher swelling
of the membranes at higher temperatures, diffusion coeffi-
cients have also increased. From the constructed plots of
MSD of water in both PVA and NaAlg polymers as a function
of time (in ps) obtained from MD simulations at 30 �C (not
displayed here), we found a good agreement with the calcu-
lated correlation coefficient values around 0.999 at 95%
confidence limit between experimental and simulated data.
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Experimentally calculated diffusion coefficients systemati-
cally decreased from the pristine membranes to the mixed
matrix membranes that contained the highest amount of
(10 wt.%) silicalite-1 particles. Due to higher swelling of
PVA membrane as compared to NaAlg, diffusion coefficients
of pristine PVA membrane are also higher than NaAlg mem-
brane. The same trend is observed for mixed matrix mem-
branes of both NaAlg and PVA. As the water content of the
feed mixture increases, diffusion coefficients of water and iso-
propanol also increased due to the plasticization effect.

Distribution coefficients and permeation coefficients were
calculated using Eqs. (7) and (9), respectively. Permeation co-
efficients, typically displayed in Fig. 9 for NaAlg, showed that
permeation coefficients increased with increasing water con-
tent of the feed for the obvious reasons discussed in case of
diffusion coefficients, but no regular trends were observed
for permselectivity as calculated from Eq. (10) because of
the difference in the ratio of diffusion coefficients and distribu-
tion coefficients between water and isopropanol molecules. A
similar trend was also observed for PVA membranes, but these
are not displayed graphically. As the feed temperature in-
creased, permeation coefficients of both types of membranes
also increased in a manner similar to diffusion coefficients;
this is due to the large availability of the number of voids in
the mixed matrix membranes at elevated temperatures due to
the thermal agitation of polymer chains (see Fig. 10). Permse-
lectivities of the membranes decreased with increasing tem-
perature and these results are in good agreement with
selectivities of the membranes. Water flux data calculated
from Eq. (12) showed a good agreement with the experimental
water flux data at lower water composition of the feed mix-
ture; however, as the feed water composition increased, the
calculated flux values decreased as compared to the experi-
mental values (see Fig. 11).
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4.6. Silicalite-1 particle interaction with polymers

The surface construction of silicalite-1 is an important step
in the calculation of interaction energy. Hence, for silicalite-1,
the largest face of the crystal is the (100) surface and this was
used as a surface against which NaAlg and PVA came in con-
tact during the simulation step. The pictorial representation of
PVA with silicalite-1 is depicted in Fig. 12. The adhesion en-
ergy of NaAlg with silicalite-1 is �12.59 kcal/mol, while for

0

5

10

15

20

25

30

35

0

5

10

15

20

25

D
iff

er
en

t p
ar

am
et

er
s

0

5

10

15

20

25

30

10 20 30 40
Wt. % of water in feed

(a)

(b)

(c)

Fig. 9. Different parameters studied with respect to wt.% of water in feed.

Symbols: Pi� 109 (m2/s) (C), Pj� 109 (m2/s) (B), Pm� 109 (m2/s) (:),

Sd (6), Sk (-), aperm (,) for (a) NaAlg, (b) NaAlg-1 and (c) NaAlg-2

membranes.
PVA, it is smaller, i.e., �1.21 kcal/mol. Thus, in the case of
NaAlg, interaction energy is nearly 10 times greater than
that of PVA, confirming the greater affinity for silicalite-1 par-
ticles. These results follow similar trends as those of PV data.
It is noticed that silicalite-1 particles could bind strongly with
NaAlg matrix than with PVA matrix, leading to a much higher
selectivity for mixed matrix NaAlg membranes than those of
the PVA mixed matrix membranes.

4.7. Interaction of NaAlg and PVA with water and
isopropanol solvents

Sorption behavior of the chosen polymers with water and
isopropanol was estimated using the MD simulation protocols.
A representative structure of NaAlg with 10 water molecules
is displayed in Fig. 13. Interaction energy values of PVA
with water and isopropanol are �31.14 and �25.11 kcal/
mol, respectively. In the case of NaAlg, these values are
�21.94 and �15.38 kcal/mol, respectively. This suggests
that compared to isopropanol, water wets the surface of PVA
more than that of NaAlg surface. These values replicate the
sorption trends of PVA and NaAlg with water and isopropanol
molecules. In any case, the simulated results are quite compa-
rable with the experimental observations.
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4.8. Comparison of PV results with literature data

Incorporation of silicalite-1 into NaAlg or PVA could exert
a greater effect on the results of selectivity. Table 2 shows
a comparison of the present PV data with literature findings
on similar types of membranes. For instance, NaAlg-1,
NaAlg-2, PVA-1 and PVA-2 mixed matrix membranes ex-
hibited much higher selectivities than those of the published
literature results [15,51e54], but their flux values are lower,
due to lower swelling of the polymer after incorporation of
hydrophobic silicalite-1 particles.

5. Conclusions

The present study is quite comprehensive to understand
sorption, diffusion and permeation trends of the two well-
known polymers viz., NaAlg and PVA in pure form as well
as their mixed matrix membranes (i.e., after incorporating sili-
calite-1 particles) to assess their PV performance characteris-
tics. It was observed that 5 and 10 wt.% silicalite-1 loaded
NaAlg and PVA mixed matrix membranes were able to suc-
cessfully dehydrate isopropanol. Incorporation of hydrophobic
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silicalite-1 particles has improved the separation characteris-
tics of the mixed matrix membranes over those of pristine
NaAlg and PVA membranes with a reduction in swelling.
When higher amount (>10 wt.%) of silicalite-1 is embedded
into NaAlg and PVA matrices, membranes became brittle
and unstable; hence, were not suitable for PV experiments.
Tortuous paths created due to the presence of silicalite-1 par-
ticles have resulted in higher transport of water molecules than
isopropanol. Flux values of the mixed matrix membranes were
lower than pristine NaAlg and PVA membranes due to induced
hydrophobicity of NaAlg and PVA matrices as a result of the
presence of silicalite-1 particles. Diffusion coefficients were
higher for water than for isopropanol in pristine as well as
both (NaAlg and PVA) the mixed matrix membranes, thus
showing their higher water selective nature. Diffusion and per-
meation coefficients increased as the feed water content and
temperature increased, but permselectivity decreased. The
computed interaction energy, sorption and diffusion coeffi-
cients are in good agreement with the experimental observa-
tions. FloryeHuggins theory was successfully employed to
predict the sorption selectivities of both the membranes.
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