
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/9
/2

02
5 

11
:5

5:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ag-exchanged N
aDepartment of Industrial Chemistry, Pu

Yongdang-Dong, Nam-Gu, Busan, 608-739,

+82 51 629 4629; Tel: +82 51 629 6440
bCenter for Membranes, Korea Research

Gajeong-ro, Yuseong-gu, Daejeon, 305-600,

Cite this: RSC Adv., 2018, 8, 20669

Received 23rd April 2018
Accepted 31st May 2018

DOI: 10.1039/c8ra03474e

rsc.li/rsc-advances

This journal is © The Royal Society of C
aY zeolite introduced polyvinyl
alcohol/polyacrylic acid mixed matrix membrane
for pervaporation separation of water/isopropanol
mixture

YongSung Kwon,a Shivshankar Chaudhari,a ChaEun Kim,a DaHae Son,a JiHwan Park,a

MyungJun Moon,a MinYoung Shon, *a YouIn Parkb and SeungEun Namb

Ag-exchanged NaY zeolite (Ag-NaZ) particles were prepared by ion exchange and introduced to a polyvinyl

alcohol (PVA) membrane cross-linked with polyacrylic acid (PAA) for the pervaporation dehydration of an

isopropanol (IPA) aqueous mixture. The Ag-exchanged NaY zeolite particles were characterized by FE-

SEM, EDS, BET, and XRD studies. The prepared Ag-NaZ-loaded PVA/PAA composite membrane was

characterized by FE-SEM, XRD, a swelling study, and contact angle measurements. Pervaporation

characteristics were investigated in terms of Ag-NaZ concentrations within PVA/PAA membranes using

diverse feed solution conditions. The preferential sorption of IPA/water mixtures for Ag-NaZ-introduced

membranes were also determined by calculating the apparent activation energies of IPA and water

permeation, respectively. As a result, flux and selectivity increased with the Ag-NaZ concentration to

5 wt% in the membrane. Optimum pervaporation performance was observed in a 5 wt% Ag-NaZ-

incorporated membrane with a flux equal to 0.084 kg m�2 h�1 and a separation factor of 2717.9 at 40 �C
from an 80 wt% IPA aqueous feed solution.
1. Introduction

Isopropyl alcohol (IPA) is a commonly used chemical reagent
due to its relatively high volatility and low toxicity. IPA is
therefore commonly used as a solvent for a wide range of non-
polar compounds, as an experimental preservative in the labo-
ratory, and as a disinfectant in the medical industry by diluting
in water.1,2 Due to these applications as well as countless others,
many researchers have predicted that the demand for IPA will
continue to increase in the future.

The IPA manufacturing process inherently requires the
separation of IPA from water. However, IPA forms an azeotropic
point with water at 87.4 wt% IPA and 80 �C; therefore, azeo-
tropic distillation is necessary for obtaining highly puried IPA.
This process requires tremendous amounts of energy and
results in high CO2 emissions.3 Pervaporation (PV), on the other
hand, has received global attention as an eco-friendly alterna-
tive to azeotropic distillation. It is energy-efficient with an
excellent separation ratio, and is particularly effective at
breaking down azeotropic mixtures. PV is even more exible in
process design and simpler in process control, thus making it
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superior for industrial-scale applications.4 Pervaporation is
based on the solution diffusion model of mass transfer through
a membrane. Therefore, liquids on the feed side vaporize and
permeate the dense membrane due to a force that arises from
the difference in chemical potential (e.g. concentration
gradient).5 Therefore PV is a promising technology for the
dehydration of IPA.

In recent years, numerous polymeric membranes have been
developed6 and employed in IPA dehydration7–9 because of
advantages such as lower costs, easier fabrication processes,
and superior scalability. Polyvinyl alcohol is a hydrophilic
polymer used in such membranes; because of its good chem-
ical, thermal resistance, and lm-forming properties,7–11 it has
proven to be themost promising and consistent candidate in PV
dehydration applications.

There are over 350 publications related to PV, and
commercial membranes based on PVA are readily available for
dehydration. The performance of PVA membranes, however, is
still hindered by excessive swelling in water; therefore, various
PVA modications have been proposed. A few examples are
crosslinking,12 blending with different polymers,7 heat treat-
ment,13 and graing.14 The available literature regarding these
PVA modications indicate that, in comparison to the cross-
linking of PVA with small molecules like glutaraldehyde (or an
inorganic material such as tetraethyl orthosilicate), the organic
crosslinking of polymers like polyacrylic acid (PAA) results in
RSC Adv., 2018, 8, 20669–20678 | 20669
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remarkable PV performance in ethanol dehydration. However,
its membrane selectivity for water is comparatively low.15 On the
other hand, acetic acid/water pervaporation separation PAA–
crosslinked PVA exhibited higher selectivity towards water with
lower ux.16,17 Hence, this PV performance trade-off implies that
homogeneous membranes prepared with polymer crosslinking
have their limitations in permeation and selectivity.

Many scientists have successfully improved PV transport
through PVA-based membranes with mixed matrix membranes,
which involves physically mixing organic or inorganic llers
into the polymer matrix, e.g. carbon nanotube, zeolite, metal
organic framework.18–21 Among them, zeolite has received the
most attention and is regarded as a promising material for
mixed matrix membranes. Zeolites are alumina-silicate inor-
ganic materials with nano or microporous structures known as
“molecular sieves”. Zeolites have been widely studied as
a potential PV membrane material because of their unique pore
structure, channels, and adsorption properties as well as good
mechanical, chemical, and thermal stabilities. NaY zeolites
have alumina-silicates with variable SiO2/AlO3 ratios (1.5–3.0),
numerous sodium ions in their pores, and polycrystalline
structures with well-dened nano-sized pores. Due to NaY
zeolite having a higher Si/Al ratio than NaA zeolite, its hydro-
philicity is lower and therefore, it shows better per-selectivity in
alcohol/organic separation.22 However, NaA zeolite has already
been used in the commercial dehydration of various alcohols.23

The zeolite framework consists of a tetrahedral framework of
either silicon or aluminum atoms, connected to each other by
sharing an oxygen atom, thus creating a secondary building
unit with dened shapes like cubes or hexagonal prisms. These
units are further assembled into large lattices by repeating
identical building units. While forming the framework, each
aluminum atom puts a negative charge on the framework
(AlO4

�), which is balanced by a metallic atom cation such as
Na+, Ca+, Mg+, K+ or by a proton (H+). These cations are dynamic
and can undergo ion exchange with other cations.24

It has been recently reported that silver nanoparticles
embedded within the PVA membrane improve hydrophilicity
and can therefore enhance PV performance for IPA dehydra-
tion.25 The possible reason for silver nanoparticle hydrophilicity
is that it can release silver ions in aqueous phase by oxidizing,
and silver ions can simultaneously be adsorbed on the silver
nanoparticle surface in the formation of hydrated silver ions;
additionally, it is more fascinated in acidic environment at low
pH. Therefore, PVDF and PVA membranes with embedded
silver nanoparticles immobilized in the presence of polyacrylic
acid (PAA) were prepared, and showed improved surface
hydrophilicity.26,27

The studies above prompted the modication of the NaY
zeolite by exchanging the silver ion with a sodium ion and
incorporating it into the PVA/PAA polymer membrane. The
presence of acidic PAA promotes the hydrophilic mechanism
for silver ions explained above, and further decreases hydro-
philicity due to a higher Si/Al ratio in NaY zeolite, which will be
compensated by hydrophilicity obtained from the Ag ion and
offer a vintage for water transport through the zeolite pores. In
this investigation, we have prepared Ag-exchanged NaY zeolite
20670 | RSC Adv., 2018, 8, 20669–20678
particles and incorporated them into the PVA/PAA crosslinked
membrane with varying concentrations. The resulting particles
and membranes were characterized by FE-SEM, EDS, PSA
(particle size analysis), BET surface area analysis, FT-IR, and
XRD to identify the structural variations associated with modi-
cation procedures. Finally, the PV separation of the water–IPA
azeotropic mixture was performed by using the prepared
membranes under a range of conditions.

2. Experimental
2.1 Materials

Poly(vinyl alcohol), with a molecular weight of 88 000–97 000
and a 98–99% degree of hydrolysis, was purchased from Alfa
Aesar, a 35 wt% ready-made solution of poly(acrylic acid)
(molecular weight (250 000 g mol�1)), USA. NaY zeolite was
purchased from Sigma Aldrich. Silver nitrate powder (99.9%)
was purchased from Kojima Chemical Co., Ltd., Japan, and
ammonium chloride and isopropyl alcohol (99.5 wt%) was ob-
tained from Dae-Jung Chemicals & Metal Co, Korea. For PV
experiments, the water/isopropyl alcohol mixtures were
prepared in the laboratory by mixing a predetermined quantity
of each (w/w).

2.1.1 Preparation of silver-exchanged zeolite particles.
Silver (Ag)-exchanged zeolite particles were prepared by ion
exchange and calcination. First, zeolite particles were placed in
a beaker and 1 M ammonium chloride aqueous solution was
added. Then, the mixture was stirred for 12 h to allow the
exchange of Na+ ions and NH4

+ ions. The resulting product was
washed with deionized water several times and ltered. The
ltered powder was then dried in an oven at 100 �C. The ob-
tained powder comprising NH4

+ ion-exchanged zeolite was
calcinated at 450 �C, aiming to evaporate the NH3; thus, the
hydrogen-exchanged zeolite (H-exchanged zeolite) was ob-
tained. In order to prepare the Ag-exchanged zeolite, the H-
exchanged zeolite (5 g L�1) was further treated in a beaker
containing 1.37 � 10�3 M AgNO3 aqueous solution, followed by
stirring for 12 h, washing with water, and drying the resultant
Ag-exchanged zeolite (Ag-NaZ) in the oven at 100 �C. The zeolite
was then transferred to a desiccator prior to use.

2.1.2 Preparation of the (Ag-NaZ) loaded PVA/PAA mixed
matrix membranes. The Ag-NaZ-loaded mixed-matrix PVA/PAA
membranes were prepared by dissolving PVA (5 g) powder
into 95 g of water with continuous stirring at 80 �C for 6 h and
ltering the resultant solution. The resultant solution was kept
overnight to remove effervescence and air bubbles. A 35 wt%
readymade solution of PAA was diluted with water to obtain
a 5 wt% solution of PAA. Thereaer, both PVA/PAA solutions
were mixed in a ratio of 75/25 and stirred for uniform mixing.
The desired quantity of the resultant solution was cast onto
a Petri dish and dried at 40 �C in an oven. The membrane was
subsequently exfoliated from the Petri dish and crosslinked
with heat treatment. This consisted of heating the membrane at
130 �C for 5.5 h, to thus obtain the membrane designated as
AgNaZ-M0. In order to prepare the Ag-NaZ-loaded membrane,
2 g of Ag-NaZ was dispersed in 98 g of water and sonicated using
Ultrasonicator (Branson Sonier 450) at 20% duty cycle for
This journal is © The Royal Society of Chemistry 2018
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30 min in a separate beaker. Thereaer, 2.5, 5, 7.5, 10, and
12.5 g of the Ag-NaZ solutions were added dropwise to the above
PVA/PAA (75/25, w/w) solution with constant stirring. A Ag-NaZ
composite membrane was obtained by following the same
membrane preparation procedure as AgNaZ-M0. The resulting
membranes were designated as an AgNaZ-M1, AgNaZ-M2,
AgNaZ-M3, AgNaZ-M4, and AgNaZ-M5. Similarly, the hydrogen
form of the zeolite-loaded membrane was prepared for
comparison. All the membranes had a thickness of approxi-
mately 50 mm and were preserved at 35 �C in a drying oven until
use. The sample designations are described in Table 1.
2.2 Characterization of silver-exchanged zeolite (Ag
modied) particles

The surface morphology of Ag-NaZ was studied by SEM, and the
element composition of the modied Ag-NaZ was evaluated by
scanning electron microscopy with energy-dispersive X-ray
spectroscopy (S-2700, Hitachi, Japan). An X-ray diffractogram
pattern of the modied Ag-NaZ particles was also obtained
(Rigaku Japan, D/Max 2500, l¼ 1.5406, Cu Ka radiation at 45 kV
and 15 mA). In order to measure the surface area of the
unmodied and Ag-modied zeolite (Ag-NaZ) particles, surface
area analysis was performed using the Brunauer–Emmett–
Teller (BET) method with a Quanta chrome autosorb IQ.
2.3 Characterization of AgZ-M0 and Ag-NaZ composite
membranes (MMM)

2.3.1 X-ray diffraction studies. In order to characterize the
dispersion of Ag-NaZ in the membranes, X-ray diffractogram
patterns were examined for AgNaZ-M0 and Ag-NaZ particle-
loaded PVA/PAA composite membranes using an X-ray diffrac-
tometer (Rigaku Japan, D/Max 2500, l¼ 1.5406, Cu Ka radiation
at 45 kV and 15 mA). For identication of the crystal phase,
dried membrane samples with uniform thickness were moun-
ted on sample holders before recording the patterns in the
range of 0–60 at a speed of 5� min�1.

2.3.2 Scanning electron microscopy study for membranes.
The surface morphology of the AgNaZ-M0 and Ag-NaZ particle-
loaded PVA/PAA composite membranes were examined by SEM.
Images of the samples were obtained by scanning with
a focused beam of electrons [Teskan, Czech, Vega II, and LSU].
Table 1 Abbreviations of PVA and PAA crosslinked and Ag-NaZ
composite membranes

Abbreviation

Ratio in the membrane (g g�1)

PVA
(polyvinyl alcohol)
5 wt%

PAA
(polyacrylic acid)
5 wt%

Ag-modied
zeolite (2 wt%
dispersed solution)

AgNaZ-M0 75 25 0
AgNaZ-M1 75 25 2.5
AgNaZ-M2 75 25 5.0
AgNaZ-M3 75 25 7.5
AgNaZ-M4 75 25 10
AgNaZ-M5 75 25 12.5

This journal is © The Royal Society of Chemistry 2018
Specimens for analysis were prepared by coating the samples
with gold to make the lm and particles more conductive.

2.3.3 Contact angle measurements. The static contact
angles of water on AgNaZ-M1 and Ag-NaZ particle-loaded PVA/
PAA composite membranes were measured using the sessile
droplet method with the help of a contact angle analyzer
(Phoenix 300, South Korea) equipped with a video camera. The
contact angle of the water droplet was measured for each
sample ten seconds aer placing it onto the membrane.
According to the shape of the droplet on the membrane, the
corresponding contact angle was calculated with the precision
and accuracy provided by the supplied soware.

2.3.4 Swelling degree measurements. The dried membrane
samples of AgNaZ-M1 and Ag-NaZ particle-loaded PVA/PAA
composite membranes were weighed (md) and immersed in
bottles containing 50 cm3 of different water/isopropanol
mixtures for 48 h and at 40 �C. They were then removed from
the solutions, wiped with dry tissue paper, and immediately
weighed (ms). The degree of swelling was calculated using the
following equation:

SD ¼ ms �md

md

(1)

where, ms and md are the mass of the swelled and dried
membranes, respectively.
2.4 Pervaporation apparatus and measurements

The pervaporation (PV) experiments were carried out using the
pervaporation apparatus designed in our previous article.28

The effective area of the membrane (19.64 cm2) was placed in
the membrane cell, which consisted of two compartments.
The rst compartment was connected to a feed tank, and the
other was connected to the downstream side (vacuum pump).
The desired temperature (40 to 60 �C) of the feed tank was
maintained by a thermostatically controlled water jacket. In
order to avoid concentration polarizing, the feed mixture was
continuously circulated using a pump (100 rpm) through the
membrane cell. The downstream pressure was maintained at
less than 10 mbar using a vacuum pump (Edwards, RV8). The
test membrane was equilibrated for 1 h before the pervapo-
ration experiment started with a circulating the feed mixture
through the membrane cell at desired feed temperature. A cold
liqueed nitrogen trap was used to collect the permeated
solution. The feed mixture composition was varied from 10–
30 wt% (azeotropic composition range) of isopropyl alcohol in
water. The composition of the permeated solution was
analyzed using gas chromatography with a TCD detector (DS
Sci. DS7200). The separation performance of the prepared
membrane was evaluated by measuring the ux (J) and sepa-
ration factor (a)

Separation factor ðaÞ ¼ PW=PI

FW=FI

(2)

where PW, PI, FW, and FI are the weight fractions of water and
IPA in the permeated solution and the feed solution, respec-
tively. In addition, the ux was calculated by following equation:
RSC Adv., 2018, 8, 20669–20678 | 20671
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Fig. 1 SEMMicrographs for particle: (a) NaY zeolite (b) H-form zeolite (c) Ag-exchanged zeolite (d) EDS spectra for NaY zeolite (e) EDS spectra of
Ag-NaZ.
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FluxðJÞ ¼ Q

At
(3)

where Q is the weight of the permeated solution collected in the
cold trap and the ux is calculated with respect to the effective
area (A) in time t.
Table 2 Element proportion obtained from the EDS analysis

Element

Element proportion (wt%)

NaY zeolite Ag exchanged zeolite

O 53.85 53.54
Na 16.93 6.87
Al 14.56 17.25
Si 14.66 17.25
Ag 5.09
Total 100 100

Table 3 Variation of surface area with zeolite modification (BET study)

Sample BET surface area (m2 g�1)

NaZ 4.75
HNaZ 43.75
AgNaZ 4.18
3. Result and discussion
3.1 Characterization of silver-exchanged zeolite (Ag
modied) particles

FE-SEM analyses were used to investigate the particle
morphology of Ag-modied particles. Fig. 1 displays the SEM
micrograph for natural zeolites, H-form of zeolite, and Ag-
exchanged zeolite particles. The particles range in size from
the nano to micron (<5) scales. At higher magnication, the
element compositions of natural zeolite, H-form zeolite, and Ag-
exchanged zeolite were measured by SEM-EDS. The signals
corresponding to electron excitation in the atoms due to the X-
ray diffraction from the O, Na, Al, Si, Ag elements in the spec-
trum of Ag-exchanged zeolite conrm that modication
occurred. Additionally, the atomic wt% for Na in the natural
zeolite was decreased from 16.93 wt% to 6.87 wt% with the new
element, Ag (5.08 wt%) in Ag-exchanged-zeolite observed (Table
2 and Fig. 1).

The BET study for the natural zeolite, H-form zeolite, and Ag-
exchanged zeolite (Ag-NaZ) was then performed. Table 3 shows
the surface area calculated from the N2 adsorption on the
surface and pore of the particle. Interestingly, the H-exchanged
20672 | RSC Adv., 2018, 8, 20669–20678
particles have a higher surface area than the natural zeolite;
additionally, the surface area was found to decrease in Ag-
exchanged zeolite as compared to either natural or H-form
zeolite. The uctuation in the surface area with the ions (Ag,
H) might be due to the different atomic sizes for Ag, H, and Na.
Increase in the BET surface with modication of the zeolite also
reported in the literature.29 Moreover, it was also observed from
the FE-SEM micrograph (Fig. 1) that the H-exchanged zeolite
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 XRD patterns for the AgNaZ-M0 and Ag-NaZ PVA/PAA
composite membranes.
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had a rougher surface than the Ag-NaZ and natural zeolite
particles, which support this explanation. Fig. 2 presents the
XRD pattern for natural zeolite (Na Y), H-exchanged zeolite, and
Ag-modied zeolite particles. All XRD patterns show the same
sharp diffraction peaks at the same position, suggest that the
modication of zeolite by Ag and H does not change zeolite
crystallinity. H and Ag atoms are evenly distributed on the
surface of zeolite. Nevertheless, the intensity of the XRD peak in
the modied zeolite was decreased, which may be due to the
high-temperature removal of Al, resulting in shrinkage of the
total zeolite framework because of the different Al–O and Si–O
bond lengths. A similar result was reported for the modication
of zeolite in the literature.30

3.2 Characterization of AgNaZ-M0 and Ag-NaZ composite
membranes (MMM)

3.2.1 Results of XRD study. The solid state morphology of
AgNaZ-M0 and Ag-NaZ loaded membrane were investigated by
XRD analysis and obtained XRD patterns are depicted in Fig. 3.
All the diffract gram in the gure shows the peak at 2q ¼ 20�,
which is due to the semi crystalline domain of the PVA owing to
the hydrogen bonding interaction in the membrane matrix.7

Furthermore, it was observed that the intensity of the same peak
decreased slightly with the addition of Ag-NaZ particles in the
membrane. This implies that the level of disorder in the poly-
mer chain increases and amorphous region was created and
hence the free volume increases too with the Ag-NaZ addition. It
can further help in increasing the diffusion rate of permeants in
PV separation.14 However, the peak that corresponds to the
zeolite was not observed for lower Ag-NaZ concentrations, but
some peaks corresponding to the zeolite were observed in
AgNaZ-M3 and AgNaZ-M5. This implies that the Ag-NaZ parti-
cles were completely accommodated in the polymer matrix.

3.2.2 SEM analysis. Fig. 4 shows the surface and cross-
sectional SEM images of the AgNaZ-M1, AgNaZ-M3, and
AgNaZ-M5 membranes. The Ag-NaZ particles are well-
accommodated in the polymer matrix, as seen from the cross-
Fig. 2 XRD patterns for the natural, H-form, Ag-exchange zeolite
particles.

This journal is © The Royal Society of Chemistry 2018
sectional images. AgNaZ particles are not visible at lower
concentrations, but can be seen clearly in the AgNaZ-M5
membrane. Additionally, the particles (see, AgNaZ-M5) are in
good contact with the polymer with no visible macroscopic void
around the particles. Moreover, the particles are distributed
evenly in the polymer matrix, which suggests that the
membrane prepared in this study is defect-free and that PV
performance can be boosted by the presence of Ag-NaZ particles
inside. Nevertheless, the surface obtained with Ag-NaZ-M1 was
no longer smooth; rather, it turned rough with the addition of
Ag-NaZ particles (AgNaZ-M5). It is well-known that rough
surfaces provide more surface area to provide the feed,8,31 and
subsequently favor the adsorption of selective components
from the feed mixture.

3.2.3 Swelling and contact angle measurements. It is well
known that the free volume, degree of crosslinking, and
morphology of the membrane determine the extent of its
swelling in certain liquids.32 According to the solution diffusion
model, the degree of swelling, which reects the sorption
capacity of a membrane (thermodynamic property), is directly
inuenced by the pervaporation transport mechanism.5 Fig. 5
shows the degree of swelling as well as the contact angle of the
membrane as a function of the amount of Ag-NaZ particles in
the composite membrane. As can be seen in Fig. 5, the degree of
swelling constant over the content of Ag-NaZ particle in the
membrane. On the other hand contact angle showed decreased
in the trend with Ag-NaZ inclusion. Generally, in PVA based
membranes as the crosslinking proceeds, hydrophilicity is
depressed due to the condensation of the OH groups on the
surface. The contact angle measurement is a measure of the
surface hydrophilicity of membrane. Interestingly, the water
contact angle on membrane surface decreased with Ag-NaZ
loading in the membrane. There is no signicant impact on
the swelling and decreased in the contact angle is an
uncommon phenomenon in PVA based membrane. This is
because the increase in hydrophilic functionality, due to the Ag-
NaZ particles, increases the affinity for water and hence
RSC Adv., 2018, 8, 20669–20678 | 20673
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Fig. 4 Surface (a–c) and cross-sectional (d–f) SEM micrographs of
membranes: (a and d) Ag-NaZ M1 (b and e) Ag-NaZ M3 (c and f) Ag-
NaZ M5.

Fig. 5 Effect of different form of zeolite loading on the membrane
swelling (feed composition, 80/20 IPA/water, at 40 �C) and contact
angle of water droplet on the membrane surface.
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decreases the contact angle at membrane surface. On the other
hand, the degree of swelling, which is a bulk property, was static
with Ag-NaZ loading, due to the amount of Ag-NaZ in the
membrane comparatively very less which not could have
enough to the make signicant change on membrane swelling
property, which is well supported by the SEM micrographs
results obtained above.
Fig. 6 Effect of zeolite loading on the pervaporation flux and sepa-
ration factor (feed composition, 80/20 IPA/water, at 40 �C).
3.3 Pervaporation

3.3.1 Effect of Ag-NaZ content on pervaporation perfor-
mance. Fig. 6 displays the effect the Ag-modied zeolite on the
pervaporation performance in terms of permeate ux and
separation factor at 40 �C, 80 wt% IPA in the feed mixture, and
applied pressure of less than 10 mbar. PV transport across the
membrane was seen to be strongly inuenced by the amount of
20674 | RSC Adv., 2018, 8, 20669–20678
zeolite in the PVA/PVA membrane. As the amount of the Ag-NaZ
particles in the PVA/PAA membrane increased from 0 to 5 wt%
the ux increased nearly threefold (0.03 to 0.084 kg m�2 h�1)
and the separation factor also increased from 352 to 2718
(AgNaZ-M0 to AgNaZ-M5), as opposed to the case of a conven-
tional polymer membrane system.1,9,16,28 In order to demon-
strate the effect of the Ag-NaZ particles on the PV characteristics
of the membranes, we plotted the Ag-NaZ particle content in the
membranes as a function of the individual uxes of IPA and
water and the water content in the permeate (Fig. 7). From the
gures, it was apparent that IPA permeation was inhibited by
the presence of Ag-NaZ in the composite membrane. Besides,
the water content in the permeate monotonously increased
from 98.88 wt% for 0 wt% Ag-NaZ particles to 99.85 wt% for
5 wt% Ag-NaZ particles with an increase in the total ux (see
Fig. 7). It is well known from the literature that the presence of
zeolite in themembrane improves its hydrophilicity as observed
from the contact angle measurement (Section 3.2.3) and
molecular sieving action is established due to the porous nature
of zeolite.19,33 On the other hand, the swelling degree of
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Effect of different form of zeolite loading on the pervaporation
flux and separation factor (feed composition, 80/20 IPA/water, at
40 �C and 60 �C).
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membrane not greatly affected by the presence of Ag-NaZ
particles as explained (Section 3.2.3) above because the small
content of Ag-NaZ did not change the bulk water uptake in the
membrane. At higher IPA concentration in the feed (80 wt%),
the increasing of hydrophilicity on the surface of the membrane
due to the Ag-NaZ particles is signicantly important for water
sorption and later diffusion through membrane. Because Ag+

ion that balance the negative charge introduced by aluminum
in the zeolite framework (AlO4

�) increase the polarity and
facilitate electrostatic attraction with the water molecules.
Consequently, both higher ux and higher separation factor
were obtained from the present Ag-NaZ loaded membrane.12

Similar observation was reported for the dehydration of
ethylene glycol by pervaporation using the hydrophilic carbon
nanotube loaded in the polyvinyl amine–polyvinyl alcohol
membrane.34

Nevertheless, it is necessary to compare the advantage of Ag-
NaZ loaded membrane over the unmodied zeolite (NaZ only)
loaded membrane in terms of the yield of PV separation for
water/IPA mixtures. Fig. 8 shows the effect of different
membrane congurations versus the ux and separation factor,
respectively, for 80 wt% IPA in the feed, at 40 and 60 �C. The
pervaporation output in the Ag-modied membrane is clearly
improved over that observed for PVA/PAA and unmodied
zeolite (NaZ), for the same level of zeolite loading. In addition,
the zeolite-loaded membrane showed superior PV transport in
comparison to the unloaded membrane, implying that at least
some of the permeating molecules travel through the zeolite
pores across the membrane. Therefore, the interaction of the
permeants with both the surface and interior of the zeolite
pores can signicantly inuence the PV transport. Huang et al.
studied the effect of different forms of zeolites on the PV
separation of an ethanol/water mixture and reported different
PV yields. These results were attributed to features such as pore
size, composition, and structure; further, these properties were
responsible for the hydrophilicity/hydrophilicity and molecular
sieving effect of the zeolites.35 It is well known that the molec-
ular kinetic diameter of IPA (0.450 nm) is higher than that of
water (0.296 nm).36 The NaY zeolite used in this study has a pore
Fig. 7 Individual fluxes for water and IPA and water content in
permeate as a function of Ag-NaZ loading in the membrane.

This journal is © The Royal Society of Chemistry 2018
size of 0.4 nm, which is higher than that of the water molecule
but lower than that of the IPA molecule; hence, the permeation
of IPA is hindered by the membrane. As explained in the
introduction section, upon the exchange of silver ions, the
hydrophilicity of the zeolite particles increases.26,27 In addition,
the ion exchange causes a local polarity in the pores without
affecting the hydrophilicity.35 Moreover, the Na + radii (116 pm)
is smaller comparison to the silver (129 pm) which may further
decrease the pore size of the zeolite; this is well supported by the
results of BET surface area analysis. Which resulted the easier
PV transport for water molecule through the Ag-NaZ particle
across the membrane by hindering the penetration of IPA
molecule. The Ag-NaZ-loaded membranes showed higher PV
dehydration of IPA compared to the NaZ and unloaded
membranes. Since AgNaZ-M5 showed the highest PV perfor-
mance among the analyzed Ag-NaZ composite membranes, the
effect of operating conditions on PV transport was monitored
using AgNaZ-M5.
Fig. 9 Effect of temperature on the pervaporation flux and separation
factor. Feed composition: 80% IPA, AgNaZ-M5.

RSC Adv., 2018, 8, 20669–20678 | 20675
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Fig. 10 Variation of ln JWater and ln JIPA with temperature for AgNaZ-M5 membrane, Feed: 80% IPA solution.

Fig. 11 Effect of feed on the pervaporation flux and separation factor.
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3.4 Effects of operating conditions

3.4.1 Effect of temperature. The operating temperature
(feed) signicantly inuences the PV operation, so it is impor-
tant to evaluate how the membrane behavior under different
temperature conditions. Fig. 9 shows the effect of temperature
on the pervaporation properties of the AgNaZ-M5 membrane
with 80 wt% IPA feed. As the feed temperature increased (from
40 to 60 �C), the ux increased, while the separation factor had
no effect since the permeate concentration was higher than
99.5 wt% over the whole temperature range studied. The
enhancement in the ux value could be attributed to the
increase in the driving force and the free volume. According to
the free volume theory, an increase in temperature leads to an
increase in both the frequency and amplitude of polymer chain
jumping (thermal agitation), and in turn, randomly creates
a transition gap between polymeric chains, which is otherwise
known as the free volume. Because of this random increase in
free volume, rapid diffusion of permeants through the
membrane occurs, resulting in an increase in ux. However, in
this case, the free volume term can be removed because the
polymer chains are rigid at the molecular level, and moreover,
the glass transition temperatures for the membranes are greater
than the operating temperature. However, an increase in feed
temperature could result in earlier phase transition of the per-
meants inside the membrane, as the enthalpy of transition is
rapidly achieved when more heat is provided; consequently,
diffusion, and hence, mass transfer across the membrane are
faster. The membrane produced in this study is dense and
compact, and the molecular kinetic diameter of IPA (0.450 nm)
is higher than that of water (0.296 nm).35 Additionally, the
zeolite increases the thermal stability of the membrane,
whereby the effect of thermal agitation on the driving force can
be omitted. Hence, the separation factor does not signicantly
decrease over the temperature range studied (2717.9 to 1183). A
similar trend has been reported in several studies.25,35,36

The temperature dependence of the permeation ux can be
expressed by an Arrhenius-type equation, which can be used to
20676 | RSC Adv., 2018, 8, 20669–20678
calculate the activation energy for permeation through the
membrane.

Flux (J) ¼ Ape
�Ep/RT (4)

where Ap and Ep are the pre-exponential factor and the overall
activation energy for permeation, respectively. A logarithmic
Arrhenius plot of ux against temperature was plotted for each
of the components of the mixture, as shown in Fig. 10. From the
slope of the resulting plot, the activation energy for the
permeation of both IPA and water was calculated. The activation
energy for the permeation of IPA (60.59 kJ mol�1) was higher
than that for water (25.19 kJ mol�1), which reected that the
adsorption and diffusive transport of IPA was hindered with
respect to water across the Ag-NaZ-M5 membrane.

3.4.2 Effect of feed concentration. Fig. 11 shows the effect
of feed concentration on the ux and separation factor for IPA
over the feed range 10 to 30 wt% water at 40 �C with AgNaZ-M5.
The total ux increased almost 10-fold from 0.018 kgm�2 h�1 to
0.195 kg m�2 h�1, which was attributed to the hydrophilicity of
Temperature: 40 �C, for AgNaZ-M5 membrane.

This journal is © The Royal Society of Chemistry 2018
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Table 4 Comparison for the performance of AgNaZ-M5 with data reported recently in the literature

Polymer
Nature of the membrane
preparation method

Feed (%) composition, (w/w)
isopropyl alcohol/water

Temperature
(
�
C)

Flux (J)
(kg m�2 h�1)

Separation
factor (a)

Thickness
(m) Reference

PVA/PVAm Blend membrane 80/20 60 0.28 297 70 7
PVA PVA-PNIPAAm graing 12/88 40 0.011 95 90 17
PVA PVA/MWNT 90/10 30 0.168 882 18 18
P84 ZIF-90 incorporation 85/15 60 0.109 5668 19–22 33
Chitosan Surface modication of

chitosan with PBI
80/20 25 0.15 221 40 38

PVA Ag-modied zeolite
incorporation (AgNaZ-M5)

80/20 40 0.084 2718 50 Present study

PVA Ag-modied zeolite
incorporation (AgNaZ-M5)

90/10 40 0.018 5184 50 Present study
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themembrane and the increased driving force of water resulting
from the higher concentration of water in the feed. The gure
also shows that the separation factor decreases with increasing
water feed composition (5184.1 to 668.4). The AgNaZ-M5
membrane prepared in this study is highly hydrophilic and
water selective, since the Ag-NaZ particles increase the surface
hydrophilicity of the membrane, as observed in contact angle
measurements. As a higher water content in the feed leads to
increased interaction between water and the upstream side of the
membrane, swelling occurs on the upstream side andmembrane
plasticization occurs. This plasticization is a result of adsorbed
water, and along with the increased associated molecules of
water and IPA, leads to a decrease in the separation factor.8,9,35,37

However, as the separation factor is a sensitive term, even small
discrepancies in the permeate concentration might cause large
differences in the selectivity. It was observed that the percentage
of water in the permeate was always higher than 99.5% at any
feed concentration. This might be because the Ag-NaZ particles
are well accommodated in the polymer matrix, leading to mole-
cule sieving action; further, the electrostatic attraction between
Ag+ andNa+ in the zeolite cage with water hinders the diffusion of
adsorbed IPA and associated molecules across the membrane
during PV transportation.
3.5 Comparison of PV performance with data reported
recently in the literature

Table 4 shows the comparison of pervaporation performance
between optimized AgNaZ-M5 membrane and recently studied
membrane systems in the literature for IPA dehydration. In
Table 4, the present Ag-NaZ-M5 membrane showed remarkable
separation factor in comparison to the results of other studies.
On the other hands, ux was relatively moderate compare to
other membranes.7,18,33,37 Membrane thickness of present study
is 50 mm and higher ux with marginally decreased in the
separation factor can be obtained by decreasing the membrane
thickness according to the solution diffusion model5 and Fick's
law of diffusion. Fabrication of composite membrane by
applying thin layer of AgNaZ-M5 membrane on porous support
is feasible. In future research, the attempt will made for
enhancing the membrane efficacy by applied to the hollow ber
or suitable supporter for preparation of composite membrane.
This journal is © The Royal Society of Chemistry 2018
4. Conclusion

In this study, we attempted to prepare Ag-NaZ particles by the
modication of zeolite by exchanging Ag+ with Na+ ions. Subse-
quently, MMMwas prepared by incorporating Ag-NaZ in the PVA/
PAA polymer matrix. The modication of the zeolite was
conrmed by SEM-EDS analysis. Particle size measurements
indicated no signicant change in the particle size of the zeolite
aer exchanging Na+ ions with Ag+ ions. BET measurements
indicated that the surface area of Ag-NaZ was smaller than that of
the H-form zeolite and natural zeolite, because of atomic size of
Ag+, Na+, and H+ ions. The XRD peaks for the Ag-NaZ particles
was concordant with those of the H-form and natural zeolites and
having decreased in the peak intensity suggested that on the
modication, zeolite crystallinity not affected greatly. From SEM
and XRD analysis, uniform dispersion of the Ag-NaZ particles
and an increase in the amorphous region of the polymer matrix
were conrmed. The hydrophilicity of the membrane increased
with increased Ag-NaZ loading, as revealed by contact angle
measurements; however, no considerable change in the degree of
swelling was observed. The PV performance of Ag-NaZ, H-form
zeolite, and natural zeolite loaded membranes were evaluated
in terms of the ux and separation factor under various operating
conditions. The Ag-NaZ loaded membrane showed superior
performance among all the loaded and unloadedmembranes. As
AgNaZ-M5 membrane was extremely hydrophilic, with the high-
est PV yield, and the ux increased from 0.02 to 0.20; on other
hand, the separation factor was optimized in the range 668 to
5184 for 10 to 30 wt% of water feed content at 40 �C. The acti-
vation energy for permeation was calculated from the tempera-
ture dependence of IPA and water ux through AgNaZ-M5;
permeation (25.19 kJ mol�1) of water was observed to be easier
compared with that of IPA (60.59 kJ mol�1).
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