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ABSTRACT: The mixed matrix membranes (MMMs) were
developed from a composite of hydrophobic-hydrophilic
NR-blend-PAA with zeolite 4A. A separation performance of
the MMMs was investigated by performing the pervapora-
tion dehydration of water–ethanol mixtures. The results
showed a dramatically greater flux of water than the ethanol
flux indicating that the developed membranes were highly
water-selective. Upon incorporating of zeolite 4A, the flux
and separation factor were significantly improved. Increas-
ing the water content in the water–ethanol feed mixtures
resulted in an increase in both water and ethanol fluxes
leading to a decrease in water separation factor. Similarly a
flux-separation factor trade-off was observed as raising feed
temperature. The water permeance, however, declined when

either the feed water concentration or the feed temperature
increased. This suggests that the driving force, i.e. the partial
pressure difference, has a pronounced effect on the water
flux enhancement. Conversely, the driving force was less in-
fluential on the ethanol permeance. The activation energies
of the permeations obtained from the Arrhenius plots,
showed the lower activation energies of water permeation
than those of ethanol permeation; this is because water mol-
ecules experiences less restrictive passage through the mem-
branes compared with ethanol molecules. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 124: E319–E329, 2012
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INTRODUCTION

Alternative energies gain considerably attention over
the last decade due to increasing fuel consumption
while petroleum reserves are being depleted. One of
these alternative fuel sources is ethanol particularly
when blended with gasoline to use as automotive
fuel. To be compatible with gasoline, ethanol must
have a water content of less than 1.0 vol %.1 To
meet such specification, other methods of separation,
rather than the conventional distillation method, are
needed because ethanol forms an azeotropic mixture
with water at 96.0 wt %.2 One process capable of

braking of azeotropes is the pervaporation. As a
membrane-based process, the pervaporation sepa-
rates liquid mixtures by differences in the solubility
and the diffusivity of each component with the
membrane. In addition, without the use of heat to
generate a phase change during separation, the per-
vaporation is also suitable for close boiling point
components and heat-sensitive mixtures.
To achieve a good separation in the membrane-

based separation, the membranes must possess both
high permeability as well as selectivity and those
qualities are strongly dependent on the characteristics
of the materials used for fabricating a membrane. In a
dehydration process using the polymeric membranes,
the membranes normally consist of polymers with
water-attractive functional groups in order to make
them water-preferential.3 With the presence of carbox-
ylic acid groups, poly(acrylic acid) (PAA) is very
hydrophilic thus it could be exploited as the water-
selective membrane. However, without proper modifi-
cations being applied, the PAA membrane suffers
from extensive swelling. This is especially true when
it is employed under high water content in feed mix-
tures due to increasing interactions between water
molecules and PAA functional groups. Inevitably, the
water selectivity of a membrane deteriorates and in
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most cases leads to losses of the membranes’ integrity.
Therefore in preparing the membranes, PAA must be
crosslinked either chemically with crosslink agents4-6

or physically via ionic-interactions with polycations.7-9

Another method to limit the membrane swelling is
blending a hydrophilic polymer with a hydrophobic
one.10,11 The hydrophilic-hydrophobic blend mem-
branes have been found to improve the water separa-
tion factor in the pervaporation dehydration of water–
ethanol mixtures.12

Unfortunately, due to the dense structure of poly-
meric membranes, the water selectivity is enhanced
with a decline of the water permeation flux or vice
versa.13 To alleviate this trade-off; that is the water
flux across the membrane could be increased with-
out sacrifice of the membrane selectivity, one
approach is to incorporate well-defined structure
particles e.g., zeolites NaA or 4A with the polymer
matrix to produce the mixed matrix membranes
(MMMs).14,15 The porous structure of zeolites pro-
vides additional diffusing paths for the membrane-
favored permeant and the zeolites’ micropores in the
range of 3–10 �A can separate permeants based on
shape and size difference.16 Moreover, zeolites are
resistant to most polar and nonpolar solvents
because of their rigid crystalline structures therefore
when incorporating into the polymer matrix, the
membrane swelling is reduced. Huang et al.14 inves-
tigated the pervaporation dehydration of water–
ethanol mixtures using MMMs from crosslinked
PVA incorporated with zeolite 4A. The pervapora-
tion results showed that the total permeation and
the water separation factor were improved upon
adding the zeolite, mainly due to the molecular siev-
ing effect of the incorporated zeolite. Guan et al.15

developed the multilayer MMMs consisting of the
zeolite 3A-filled PVA selective layer, the porous pol-
y(acrylonitrile-co-methyl acrylate) intermediate layer
and the polyphenylene sulfide nonwoven fabrics
substrate. The pervaporation dehydration of water–
ethanol mixtures revealed that the separation per-
formance of the developed MMM was superior to
that of multilayer membranes without zeolite. Addi-
tionally, the activation energy of the water permea-
tion of the MMM was lower than that of the dense
membrane indicating that in transport through the
MMM, water molecules experience a less energy
barrier from the hydrophilic channels of zeolite.
Qiao et al.17 prepared the MMMs from P84 copolyi-
mide embedded with two different zeolites, i.e., 5A
and 13X. The results of the pervaporation dehydra-
tion of isopropanol showed that 13X incorporated
P84 membrane had a much higher permeability than
the membrane filled with zeolite 5A. This was
because zeolite 13X possesses bigger pore size, larger
pore volume and higher sorption capacity compared
with zeolite 5A. Fu et al.18 observed the similar

results in the pervaporation separation of water–
ethanol mixtures using the polysulfone membrane
filled with zeolites 4A and 13X.
In this study, the concepts of swelling-controlled

hydrophilic-hydrophobic polymer blend and
enhanced water permeation zeolite-filled membrane
are combined to develop the new mixed matrix
membranes for the dehydration of water–ethanol
mixtures by means of the pervaporation. The
MMMs were prepared from polymeric blend of nat-
ural rubber (NR) and poly(acrylic acid) (PAA) com-
posited with the zeolite 4A. The PAA provides the
water-attractive sites for the membrane thus water
absorption is promoting whilst the hydrophobic na-
ture of NR limits the penetration of water molecules
into the membrane hence suppressing an excessive
membrane swelling. Moreover, NR is an elastomer
with very low glass-transition temperature and is
available in latex form which readily allow the fabri-
cation of thin film with no require of organic sol-
vent. The zeolite 4A is added to enhance the water
permeation also, with a pore size smaller than the
molecular size of ethanol but larger than that of
water,19 the zeolite offers a molecular sieving such
that water molecules are allowed to pass through
the membrane while ethanol molecules are being
excluded.

EXPERIMENTAL

Materials

NR latex with � 60 wt % dry rubber content was pur-
chased from Thai Hua Rubber Co. Ltd. (Udonthani,
Thailand). The latex was centrifuged at 10,000 rpm for
20 min to remove nonrubber components. Appeared as
an upper cream-layer in the centrifuge tube, the con-
centrated NR was carefully removed and redispersed
in 7 wt % NH4OH. The centrifugation-redispersion
cleaning process was performed twice. PAA with Mw

� 1,250,000 g/mol and zeolite 4A with a particle size of
1–2 lm were supplied by Sigma-Aldrich (St. Louis,
USA). The zeolite was heated at 300�C for 24 h to
remove water trapped in the zeolite pores before stored
in a desiccator for further use. Ethylene glycol (EG) was
used as the crosslink agent for PAA and was obtained
from Carlo Erba Reagenti (Milan, Italy). AR grade abso-
lute Ethanol (99.9 vol %) was supplied by Merck Chem-
icals (Darmstadt, Germany). Water used in the experi-
ments was distilled and deionized (DI).

Membrane preparation

The MMMs were prepared as follows. Dry PAA was
dissolved in 30 wt % NH4OH. After obtaining com-
plete solution of PAA, zeolite 4A was added and the
mixture was stirred rigorously using a mechanical
stirrer. Next the NR latex was mixed with the
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zeolite-PAA mixture followed by the addition of the
EG crosslinker. The amount of crosslinker was 1
mole EG per 2 moles of acrylic acid unit. The mix-
ture of NR-zeolite-PAA with crosslinker was then
heated to 70�C and maintained at this temperature
for 3 h under constant stirring. To prepare the mem-
branes, the NR-zeolite-PAA mixture was cast on a
porous nylon support (Osmonics Magna) and dried
at 70�C for 48 h in the oven where PAA was
allowed to crosslink in the presence of NR. The
membrane thickness without the support was about
170 610 lm measured at five different points using
a micrometer (Mitutoyo). For the NR-blend-PAA
membranes (NR/PAA), the preparation was the
same except that the zeolite was not added to PAA
solution only NR latex was blended with PAA solu-
tion. The weight compositions of materials for the
membrane preparation are given in Table I.

Membrane characterizations

Thermogravimetric analysis (TGA) of the membranes
was conducted on PerkinElmer Pyris Diamond TG/
DTA analyzer under a nitrogen atmosphere with a
heating rate of 10�C/min and temperature up to
600�C. The surface and cross-sectional of MMMs were
examined using scanning electron microscopy (SEM)
LEO 1450 VP. The samples were coated with a con-
ductive layer of sputtered gold.

Membrane swelling and sorption

Dry membranes were weighted (Wd) and immersed
in different concentrations of water–ethanol mix-
tures. The membranes were left in the liquid solu-
tions for 48 h. The swollen membranes were taken
out and blotted with filter paper to remove any
excess liquid on the membrane surfaces and then
weighted (Ws). The degree of swelling of the mem-
branes was calculated using the following equation:

Swelling degree ¼ Ws �Wd

Wd
(1)

Immediately after the swelling, a sorption study was
carried out as follows. The swollen membrane was
placed in a dry flask which connected to a cold trap

and a vacuum pump. The flask was heated to 100�C
under vacuum to vaporize the liquid retained inside
the membrane and the vapor was condensed in the
cold trap quenched in liquid nitrogen. The condensed
liquid was analyzed with a refractive index detector
(Waters RI 2414) and ethanol concentration was deter-
mined using the calibration curve constructed from the
plot between the compositions of water–ethanol mix-
tures (vol %) and theirs refractive indices. The water
sorption selectivity of a membrane (as) is defined as:

aS ¼ CW=CE

XW=XE
(2)

where the subscripts W and E refer to water and
ethanol, respectively. C and X are volume fractions
of water or ethanol in the membrane and the water–
ethanol solution, respectively.

Pervaporation

A standard pervaporation process20 was employed
using a custom-made pervaporation module. The effec-
tive membrane area was 17.34 cm2. The pressure on the
permeate side was maintained at about 3 mbar using a
vacuum pump. Feed temperature was controlled by an
oil-bath heater. Permeate vapor was condensed in the
cold traps immersed in liquid nitrogen, while the liquid
retentate was circulated back to a feed reservoir. Before
starting the vacuum pump, the feed solution was flow
through a membrane for 2 h. The pervaporation pro-
cess was then started and operated for 3 h. Afterward
the vacuum was terminated and the condensed-perme-
ate was removed from the cold traps and weighed. The
composition of the permeate was determined using the
calibration curve of the solution compositions versus
theirs corresponding refractive indices. The total per-
meate flux (J) and the water separation factor (ap) were
calculated as follows:

J ¼ W

A � t (3)

aP ¼ YW=YE

XW=XE
(4)

where W, A, and t represent the weight of permeate
(g), an effective membrane area (m2), and operating

TABLE I
Weight Composition of Materials for Preparation of NR/PAA and MMMs

Membrane
Weight ratio
of NR : PAA

Weight ratio of
NR/PAA10 : zeolite 4A

NR
(g, dry weight) PAA (g)

Zeolite
4A (g)

NR/PAA10 90 : 10 – 6.0 0.67 -
NR/PAA20 80 : 20 – 6.0 1.50 -
NR/PAA30 70 : 30 – 6.0 2.57 -
MM10 90 : 10 90 : 10 6.0 0.67 0.74
MM20 90 : 10 80 : 20 6.0 0.67 1.67
MM30 90 : 10 70 : 30 6.0 0.67 2.86
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time (h), respectively. Y and X are volume fractions
of water or ethanol in the permeate and the feed,
respectively. A permeation flux of each mixture-
component was obtained from a product of the total
permeation flux with the weight fraction of each
component in the permeate.

According to the solution-diffusion mechanism,21

the permeation flux can be expressed as22:

Ji ¼ Pi

l

� �
xicip

s
i � yip

p
� �

(5)

where the subscript i stands for water or ethanol.
The term P/l is called the permeance where P is the
membrane permeability which is a product of the
solubility (S) and diffusivity (D) and l is a dry mem-
brane thickness. pS represents the saturated vapor
pressure and was estimated from the Antoine equa-
tion.23 pP is the permeate-side pressure. x and y are,
respectively, mole fractions of the component in feed
and permeate. The activity coefficients of feed com-
ponents c were determined by the nonrandom two
liquid model (NRTL) using Aspen PlusVR software.
The water selectivity (b) of a membrane is defined
as a permeance ratio of water to ethanol.

The temperature dependence of flux and perme-
ance is described in terms of the Arrhenius relation-
ship24 as expressed in eqs. (6) and (7).

Ji ¼ J0i exp �EJi

�
RT

� �
(6)

Pi

l
¼ P0i

l
exp �EPi=RTð Þ (7)

where EJ and EP are the activation energies of flux and
permeance, respectively and RT is the thermal energy
term. The difference between EJ and EP is the molar
heat of vaporization DHv such that EP ¼ EJ � DHv.

24

The diffusion coefficients were also evaluated. If
the equilibrium between bulk feed and the upstream
surface of a membrane is established, from the Fick’s
law of diffusion and assuming a linear profile of the
concentration along the diffusion length, the diffu-
sion coefficient (D) can be approximated from the
following equation:25

Di ¼ Jil

Ci
(8)

where C is the concentration of each component in
feed (g/m3).

RESULTS AND DICUSSION

Thermogravimetry analysis

The thermogravimetry (TG) curves and their deriva-
tive profiles (DTG) of NR/PAA10 membrane and

MMMs are displayed in Figure 1. All membranes
revealed a three-step weight loss where the first
weight loss appeared at 40–150�C followed by the
second one at 160–240�C and finally, the major
weight loss occurring at 280–400�C. The first weight
loss is attributed to loss of absorbed water which is
strongly bound to the carboxylic groups of PAA.26

The second weight loss occurs from the disintegra-
tion of crosslink sites of the PAA networks, ester
linkages.12 The major weight loss corresponds to the
decomposition of main chains PAA and NR. For
MMMs, there were the residues after 480�C which
obviously was the embedded-zeolite that does not
decompose for temperature up to 600�C.

Membrane swelling

The swelling behaviors of NR/PAA and MMMs in
water–ethanol solutions are demonstrated in Figure
2. Similar swelling patterns were observed in all
membranes. The highest degree of swelling was
attained in pure water and the swelling declined as
the ethanol concentration in the liquid mixtures
increased until it reached the threshold at about 70
vol % of ethanol where the membranes became
almost no-swelling. Although PAA interacts strongly
with water, the presence of ethanol in the liquid
mixtures disturbs the interactions of water molecules
with the carboxylic acid groups on PAA molecules.
Thus, it deters the absorption of water into the mem-
branes and results in a decreased degree of swelling.
Moreover, under high ethanol concentrations, the
carboxylic groups of PAA are hardly dissociated;
therefore the intra- and intermolecular attractions
among PAA chains are realized via the H-bonding
providing a highly compact network structure. Con-
sequently, the intrusion of ethanol and water

Figure 1 Weight losses and derivative weights of NR/
PAA10 and MMMs with 10 (MM10), 20 (MM20), and 30
(MM30) wt % zeolite loading.
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molecules into the membrane structure will be diffi-
cult. In contrast, under high water concentrations
(more than 30 vol %), the membranes swelled con-
siderably because the –COOH groups on PAA are
ionized, producing more -COO� that generates the
repulsion among PAA ionized-chains resulting in
the expanded PAA networks. These ionized groups
also interact strongly with water molecules via the
ion-dipole interaction which promotes the penetra-
tion of water molecules into the membranes.3

From Figure 2, an effectiveness of NR in suppressing
the membrane swelling is evident. By increasing the
amount of NR in the NR/PAA membranes, the num-
ber of water-attractive carboxylic groups is reduced
rendering the membranes more hydrophobic. To a
lesser extent, the zeolite can also limit the swelling of
the membranes since its presence places a restriction on
polymeric chain movements and acts as a physical
crosslink for the surrounding polymer molecules.27

Membrane sorption

The water sorption isotherms of NR/PAA10 and
MMMs are presented in Figure 3. All membranes
show a type I adsorption isotherm, implying that the
membranes are highly hydrophilic.28 Besides the inter-
action with PAA, water molecules can be adsorbed on
the zeolite 4A through the interactions with the termi-
nating silanol groups (SiAOH) and the Naþ extra-
framework cations.28 Therefore the number of water-
active sites increased as the zeolite loading increased.
This resulted in the isotherms becoming steeper and
reaching the saturations at lower water concentrations
of water–ethanol mixtures. It could expect that the ze-
olite particles are more likely be surrounded by PAA
networks through the interaction between –COOH

pendant groups of PAA and the silanol groups on the
zeolite surface. These PAA-surrounded zeolites will
appear as the hydrophilic dispersed-phase in the
hydrophobic NR matrix.
The ability of membranes to preferentially absorb

water over ethanol was evaluated in term of the water
sorption selectivity (aS). The aS of the membranes at
different concentrations of water–ethanol mixtures is
presented in Figure 4. Noticeably, there were two dis-
tinct regions in which, for a water concentration of less
than 70 vol %, the membranes were able to selectively
absorb water with the capability of absorption depend-
ing on the amount of zeolite. As the water concentra-
tions greater than 70 vol %, the membranes entered
the nonselective region where the aS values were low
(� 1.0) and nearly inseparable. This is because the poly-
meric networks are expanded, which is induced by the

Figure 2 Swelling degrees in water–ethanol mixtures of
NR/PAA10 (h), NR/PAA20 (~), NR/PAA30 (*), MM10
(n), MM20 (~), and MM30 (l) membranes.

Figure 3 Water sorption isotherms of NR/PAA10 (*),
MM10 (n), and MM20 (~) membranes.

Figure 4 Water sorption selectivities (aS) of NR/PAA10
(*), MM10 (n) and MM20 (~) membranes.
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PAA ionized-chains under high water concentration,
permitting ethanol and water molecules to transport
impartially into the membranes.29,30

Pervaporation

Effect of zeolite loading

The separation performance in terms of flux and
separation factor (aP) of the MMMs is demonstrated

in Figures 5 and 6, respectively, for the pervapora-
tion dehydration of a water–ethanol mixture with a
10 vol % water in the feed. It is obvious that the
membranes are highly water-selective since the
water flux contributed almost entirely to the total
flux with approximately three orders of magnitude
greater than the ethanol flux. As the zeolite loading
increased, the total flux was profoundly improved
which was given by the enhancement of water flux.

Figure 5 Effect of zeolite loading (wt %) in MMMs on
total fluxes (~), water fluxes (h) and ethanol fluxes (n)
for the pervaporation of water–ethanol mixtures; feed
water concentration was 10 vol % and feed temperature
was 30�C.

Figure 6 Effect of zeolite loading (wt %) in MMMs on ap
(l) for the pervaporation of water–ethanol mixtures; feed
water concentration was 10 vol % and feed temperature
was 30�C.

Figure 7 SEM images of surface-MM10 (a), surface-MM30 (b), crosssection-MM10 (c), and crosssection-MM30 (d).
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In the dense NR/PAA membrane that is composed
of hydrophilic and hydrophobic phases, only the
hydrophilic PAA channels allow a permeation of
water. When zeolite 4A is incorporated with the
dense membrane, additional pathways for water dif-
fusion are created through the zeolite’s porous struc-
ture with the result of a higher permeation of water.
Furthermore the molecular sieving effect of zeolite
4A was evident as the flux of ethanol was reduced
upon the addition of the zeolite.

If zeolite particles are well distributed in the NR/
PAA matrix with a perfect zeolite–polymer interfa-
cial adhesion, it is more likely to observe a decrease
of ethanol flux as the zeolite loading increases. How-
ever, the results showed the opposite despite a
decrease in ethanol flux upon introduction of the ze-
olite. Accordingly, the membranes encountered a
decline of the water selectivity as shown in Figure 6.
For MMMs, defects such as the interfacial leak-flow
arising from a poor adhesion at interfaces 31 and the
interstitial cavities generated by aggregation of zeo-
lite particles in polymer matrix32 possibly exist.
Apart from the swelling effect, both defects in the
MMM causes enhanced permeation with reduced se-
lectivity.33 As revealed by SEM images in Figure 7,
the MMM with higher zeolite loading possessed
more aggregates than that of a membrane with less
zeolite loading, indicating that the aggregate cavities
contribute to the deterioration of membrane
selectivity.

Effect of feed composition

Figure 8 presents the fluxes of water and ethanol
through NR/PAA10 and MM10 membranes when
the pervaporation was carried out at different water
concentrations of feed water–ethanol mixtures. As
the feed water concentration increased, an increase

in both water and ethanol fluxes was apparent with
significantly higher flux of water than that of etha-
nol. When a concentration of preferential- permeat-
ing specie in feed is high, it is commonly explained
that membranes experience an extensive swelling
that leads to expanded polymeric networks with a
consequence of increased permeation of less-perme-
ating component.22,34-36

Unlike the permeation flux, the permeance reveals
intrinsic separation property of the membranes
because the influence of driving force across the
membrane, that is the partial pressure difference, is
not accounted for. As shown in Figure 9, the water
permeances of both membranes decreased when the
water concentration changed from 5 to 10 vol % and
were then almost constant for higher water concen-
tration. On the contrary, the ethanol permeances

Figure 8 Effect of water concentration in water–ethanol
feed mixtures on water (open symbols) and ethanol fluxes
(close symbols) of NR/PAA10 (*,l) and MM10 (h,n)
membranes; feed temperature was 30�C.

Figure 9 Effect of water concentration in water–ethanol
feed mixtures on water (open symbols) and ethanol (close
symbols) permeances of NR/PAA10 (*,l) and MM10
(h,n) membranes; feed temperature was 30�C.

Figure 10 Effect of water concentration in water–ethanol
feed mixtures on b (close symbols) and DW/DE (open
symbols) of NR/PAA10 (*,l) and MM10 (h,n) mem-
branes; feed temperature was 30�C.
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increased with feed water concentration. As a result,
the water selectivity (b) was reduced as evidenced
in Figure 10. The results of permeances and selectiv-
ity suggest that increasing the feed water concentra-
tion has a detrimental effect on the separation per-
formance of both dense NR/PAA10 and MM10
membranes. It also implies that as water content in
feed increases, the penetration of ethanol molecules
through the membranes is promoted with the aid of
water molecules. This is clearly observed in Figure
10 when the ratio of water diffusion coefficient to
that of ethanol (DW/DE) is plotted with feed water
concentrations. Despite the significantly high DW

compared with DE, their ratios declined rapidly with
increasing water content in the feed which confirms
that the diffusion of ethanol is enhanced as more
water is presented in the membranes.

Effect of feed temperature

In pervaporation, one of the important parameters
affecting the separation performance of the mem-
branes is feed temperature. Table II summarizes the
separation performance of NR/PAA10 and MM10
membranes when the pervaporation was performed
at different feed temperature for 5 vol % feed water
concentration. Both fluxes of water and ethanol
increased as the feed temperature was raised from
30 to 70�C. Traditionally, it is explained that under
thermal agitation, the polymer segments are more
mobile and thus facilitate a transport of the perme-
ants through a membrane.22,35,37,38 Nevertheless the
thermal-induced mobility of polymeric chains is not
the only cause of the flux enhancement. The water
permeances, instead, was found to decline as feed
temperature rose whereas the ethanol permeance
was less affected. Since the flux is dependent on the
partial pressure difference which is a function of
two temperature-dependent factors: c and pS and
because pS is much more sensitive to a change in

feed temperature than c, it is conceivable that the
flux is enhanced as feed temperature is elevated
because of an increase in pS.22

With an increasing in ethanol permeation at higher
feed temperature, a decrease of water selectivity was
encountered as observed in Table II. Despite its decre-
ment with the temperature, it is clear that the water se-
lectivity was significantly improved upon incorporat-
ing of zeolite 4A with the NR/PAAmembrane.
From the results of water and ethanol permeations

at different feed temperatures, the Arrhenius plots
were constructed as shown in Figures 11 and 12,
respectively. It is evident that all the plots were rea-
sonably linear suggesting that the temperature de-
pendence of water and ethanol permeations through
NR/PAA10 and MM10 membranes obeyed the
Arrhenius relationship. Sequentially, the activation
energies were estimated and are summarized in Ta-
ble III. For all membranes, the activation energies of

TABLE II
Effect of Feed Temperature on the Separation Performance of NR/PAA10 and MM10 Membranes

Feed temperature (�C)

Flux (g/m2h)

aP

Permeance (g/m2h-kPa)

bWater Ethanol Water Ethanol

NR/PAA10 membrane
30 760 0.470 28410 625.7 0.051 12,190
40 2067 10.36 3496 974.1 0.659 1,478
50 2347 12.71 3216 659.1 0.491 1,341
60 2414 13.25 3156 418.7 0.322 1,300
70 3472 19.64 3049 384.3 0.309 1,242
MM10 membrane
30 1927 0.111 319900 1637 0.012 136,321
40 3019 0.225 244847 1468 0.014 102,802
50 3075 0.281 198505 891 0.011 82,233
60 3117 0.337 167233 558 0.008 68,433
70 3282 0.537 109900 375 0.008 44,468

Figure 11 Arrhenius plots of water and ethanol fluxes
through NR/PAA10 (*,l) and MM10 (h,n) membranes
under feed water concentration of 5 vol %.
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flux were positive with the activation energies of
water flux (EJW) being lower than those of the etha-
nol flux (EJE). This means that water molecules expe-
rience a less energy barrier in permeating through
the membranes compared with the transport of etha-
nol. Furthermore the addition of zeolite 4A resulted
in decreasing of EJW, while EJE showed the opposite,
suggesting that the presence of zeolite provides less
resistance paths for water molecules but gives more
resistance for ethanol molecules. Table III also shows
the estimated DHv, which, for all membranes pos-
sessed almost the same values of 43.3 kJ/mol for
water and 41.7 kJ/mol for ethanol. These DHv values
were closed to those reported previously.14

The activation energies of both water (EPW) and
ethanol (EPE) permeances showed negative values
which could be expected from the declines of water
and ethanol permeances with temperature. According
to the solution-diffusion model of permeation, mem-
brane permeability (P) depends upon the diffusivity
(D) and solubility (S) of permeant with a membrane,
i.e., P ¼ D � S. In the case of temperature depend-
ence, if P follows the Arrhenius relationship, D and S
are expressed by the Arrhenius type of relation as
well, where the activation energy of permeability (EP)
is a combination of the activation energy of diffusion
(ED) and the enthalpy of sorption (DHS) of permeant
in a membrane such that EP ¼ ED þ DHS.

24 The diffu-
sivities of water and ethanol were approximated by
eq. (8) and the Arrhenius plots of the diffusivity were
constructed accordingly as shown in Figure 13. Evi-
dently, the negative slopes were obtained giving the
positive values of activation energy for diffusivity of
water (EDW) and ethanol (EDE), as reported in Table
III. This indicates that raising the temperature pro-
motes the diffusivity of the permeants and after the
zeolite is incorporated, EDW became lower in contrast

to EDE, which indicates that a well-defined porous
structure of zeolite 4A enhances the diffusivity of
water molecules but depreciates the ethanol diffusion.
Since ED was positive, the negative EPW and EPE sug-
gest the exothermic sorption processes of both water
and ethanol in the membranes. Although zeolite 4A
provides additional favorable-sorption sites for water
molecules,39 DHS values of water and ethanol sorption
were similar regardless of the presence of zeolite 4A
indicating the prevailing effect of PAA over the zeolite
in the water and ethanol sorption.

Comparison of pervaporation (PV) performance of
MMMs

Table IV compares the pervaporation performance of
the MMMs in this work with others reported in the lit-
eratures for the dehydration of water–ethanol mixtures.
Our developed membranes possess relatively high flux
with superior separation factor, as high as 320,000, par-
ticularly at 5 vol % feed water concentration. Promis-
ingly, a combination of hydrophobic-hydrophilic blend
membrane of NR/PAAwith the zeolite 4A would yield

Figure 12 Arrhenius plots of water and ethanol permean-
ces through NR/PAA10 (*,l) and MM10 (h,n) mem-
branes under feed water concentration of 5 vol %.

TABLE III
Estimated Parameters Obtained from the Arrhenius Plots
of the Permeations of Water and Ethanol through NR/

PAA10 and MM10 Membranes

Parameters
(kJ/mol)

NR/PAA10 MM10

Water Ethanol Water Ethanol

EJ 14.01 17.38 11.71 30.87
EP �29.10 �24.14 �31.67 �10.87
DHV 43.11 41.52 43.37 41.74
ED 14.47 18.32 10.09 31.77
DHS �43.56 �42.45 �41.76 �42.63

Figure 13 Arrhenius plots of water and ethanol diffusiv-
ities through NR/PAA10 (*,l) and MM10 (h,n) mem-
branes under feed water concentration of 5 vol %.
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water-selective membranes with a marked improve-
ment in water separation performance.

CONCLUSIONS

The water-selective MMMs were developed from
natural rubber (NR) blended with poly(acrylic acid)
(PAA) and filled with zeolite 4A. While PAA pro-
motes the hydrophilicity of the membranes, thus
improving the water absorption, NR renders the
membranes more hydrophobic and limits the swel-
ling of the membranes. Zeolite 4A was incorporated
to enhance the water permeation and improve the
water selectivity of the membranes. With the incor-
porated-zeolite behaving like a physical crosslink of
the surrounding polymers, the MMMs develop less
membrane swelling compared with NR/PAA mem-
branes. The water sorption selectivity was deter-
mined as a function of water concentration in the
water–ethanol mixtures. The results indicated two
regions: for water concentrations less than 70 vol.%,
the sorption selectivity increased with the zeolite
loading and PAA content and for water concentra-
tions greater than 70 vol.%, the membranes enter the
region of nonselective sorption. The dehydration of
water–ethanol mixtures was performed by the per-
vaporation and the results revealed that the water
flux was almost three-order of magnitude greater
than the flux of ethanol, indicating that the devel-
oped membranes were highly water-selective. Also,
by incorporating the zeolite 4A, the flux and separa-
tion factor were improved when compared with
NR/PAA membranes. Increasing the water content
in the water–ethanol feed mixtures caused not only
the water flux but also the ethanol flux to increase
leading to a decline in water selectivity. Raising
feed temperature resulted in increases of both water
and ethanol fluxes with a decrease of water selectiv-
ity. The water permeance, however, declined as
feed water concentration as well as feed temperature
increased, suggesting the pronounced effect of
the partial pressure difference across a membrane on

the water flux enhancement. The partial pressure
difference, on the other hand, was less influential on
the ethanol permeance. The Arrhenius plots of the
permeations were constructed, giving the activation
energies for water and ethanol permeation through
the membranes. The activation energies of water
permeation were lower than those of ethanol perme-
ation suggesting that water molecules are transport-
ing through the membranes with less restriction
compared with the transport of ethanol molecules.
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