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A B S T R A C T

This work investigated the effects of reactant concentrations and synthesis periods on in situ deposition of zeolite
membranes on glass hollow fibers. The separation performances of the zeolite membranes in forward osmosis
applications were studied based on pure water fluxes and reverse solutes. The reactant concentration of 0.66M
enabled zeolite membrane deposited onto glass hollow fiber to give a water flux of 4.50 L m−2 hr−1 with reverse
solute of 0.05 kg m−2 hr−1. When the deposition time was reduced to 12 h and 18 h, water fluxes increased to
62.25 and 71.92 L m−2 hr−1, respectively.

1. Introduction

Recovery of fresh water from seas and oceans has been regarded as
an alternative option to minimize water scarcity as they cover most of
the Earth’s surface, comprising approximately 97% [1]. Various tech-
nologies have been used in desalination processes, such as ion ex-
change, electrodialysis and distillations [1,2], with attention shifting to
membrane technology using the reverse osmosis process to harvest
fresh water in a large scale. However, reverse osmosis is an energy-
intensive technology, which is linked to greenhouse gas (GHG) emis-
sions and other negative environmental impact such as organism im-
pingement and brine disposal at the outfall [3]. As an alternative to the
reverse osmosis process, forward osmosis (FO) has been considered to
be a promising approach to water purification in overcoming challenges
in water recovery. The FO process utilizes an osmotic pressure gradient
through a semipermeable membrane as a basic process in water pur-
ification. The osmotic pressure gradient, which is the driving force in
the FO operation, occurs when a semipermeable membrane is placed
between a solution of high concentration (draw) and a solution of lower
concentration (feed). Although FO can be a solution for hydraulic
pressure-driven membrane processes, it is not a substitute for reverse
osmosis (RO) [4].

Polymeric membranes have been utilized extensively for FO pro-
cesses. However, the disadvantages of polymeric membranes, i.e. bio-
fouling, oxidation, metal oxide fouling, abrasion and mineral scaling
due to their low stability, have caused ceramic membranes to receive

greater attention as FO membranes [5]. This is due to the advantages of
the ceramic materials themselves such as resistance to mechanical,
chemical and thermal stress, high porosity and hydrophilic surface,
which is suitable for water treatment applications [6]. Nevertheless, it
should be noted that not all ceramic materials can be used as membrane
materials for FO applications. This is because conventional ceramic
materials, i.e. alumina and zirconia, have limited pore structures, re-
sulting in such materials to lack the capability to effectively remove salt
from water. It is thus suggested that micro-porous ceramic membranes,
i.e. zeolite, be used as a material for the preparation of FO membranes.

As a ceramic membrane, zeolite has gained attention as it has been
proven to improve water treatment in terms of hydrophilicity, surface
charge, porosity, antimicrobial properties, permeability and solute re-
jection [7]. Thus, zeolite is considered a promising ceramic material to
be applied in seawater desalination. The hydrophilic nature of zeolite
due to the presence of silanol (SiOH) groups on its surface can render
the membranes to have better resistance to biofouling [8]. In addition,
zeolite membranes have been proven to have superior performance for
ion removal from aqueous solutions by reverse osmosis (RO) processes
which indirectly fit the FO processes [9]. Zeolite is frequently im-
pregnated as a thin layer on polyamide membranes to improve water
fluxes without large losses of salt rejection [7,8,10]. Jamali et al. re-
ported that zeolite nanosheet is a potential membrane for desalination
as long as the pore sizes of the zeolite are smaller than 5.5 Å, thereby
possessing a larger channel density for water permeation, with cages
size shell diameter of 6.5 Å for salt rejection [9]. The main mechanism
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of the separation/solute rejection is the size exclusion of hydrated ions
and electrostatic repulsion (Donnan exclusion) at the intercrystalline
pore entrance [11].

The synthesis of zeolite has played a significant role in zeolite de-
velopment since the past decade [9]. Zeolite is usually synthesized
using hydrothermal crystallization, in situ hydrothermal synthesis,
vapor phase transport, a sol-gel method, chemical growth, galvanic
metal deposition, leakage-blocked method and microwave synthesis
[12–15]. Commonly, in situ hydrothermal approach will construct a
thin dense layer of zeolite membrane, becoming a very appropriate
membrane for seawater desalination [12]. Parameters involving tem-
perature, reaction time and molar composition (concentration) in the
zeolite synthesis will affect the performance of zeolites. Therefore, this
study aimed at preparing zeolite membranes by hydrothermal synthesis
onto a glass hollow fiber. The unique properties of glass fiber encom-
passing flexible geometric form and pore structure, chemical inertness,
optical transparency, high mechanical and thermal stability and re-
active surface, have resulted in glass membranes to be used in a wide
range of applications [16,17]. These advantages have made glass fiber a
suitable support for zeolite membranes. The phase inversion and sin-
tering technique were adopted in preparing porous glass hollow fiber
for the deposition of zeolite membranes. This process enabled the
porous glass hollow fiber to be produced in the simplest way, compared
to the conventional technique of glass membrane fabrication [18]. In
this work, various parameters in preparing zeolite membranes were
investigated, namely, synthesis duration and total molar concentration
of reactants. Effects of these parameters on the physical and chemical
properties of zeolites were correlated with the membranes’ performance
in terms of water flux and reverse solute.

2. Experiments

2.1. Materials

Zeolite (5A) was purchased from Sigma Aldrich, USA and used as a
starting material. The powder was dried at 60 °C for 24 h before use.
Commercially available yttria-stabilized zirconia (YSZ) powder with
particle size of 0.3 μm (d50 = 0.3 μm) was purchased from Fuel Cell
Material and used as the ceramic particles mixed with the zeolite. Radel
A300 polyethersulfone (PESf) was provided by Ameco Performance,
USA. Polyethyleneglycol 30-dipolyhydroxystrearate, (Arlacel P135)
was purchased from CRODA Inc. N-methylpyrrolidone (NMP) was
purchased from QREC, New Zealand. Sodium aluminate (Na2AlO3) and
sodium trisilicate (Na2O7Si3) was purchased from Sigma Aldrich as
alumina and silica sources, respectively. Sodium hydroxide (NaOH) was
purchased from Emsure, Darmstadt, Germany. All chemicals were used
as received without further treatment.

2.2. Preparation of glass hollow fiber

Porous glass membranes were prepared using the phase inversion
based spinning technique following our previous method [18]. 1 wt.%
of Arlacel P135 was dissolved gradually in NMP solution before the
addition of zeolite (30 wt.%) and zirconia (20 wt.%) particles. Later, the
suspension was rolled with different sizes of alumina agate milling balls
(20mm and 10mm) in a planetary ball-milling machine (NQM-2 Pla-
netary Ball Mill). The process was continued for another 48 h after the
addition of a polymer binder at a specific ratio of zeolite, YSZ, and
polymer. Tap water was used as both internal and external coagulants.
The extrusion rate and air gap were fixed at 10mL min−1 and 15 cm,
respectively. The hollow fiber precursor was further immersed in tap
water for 24 h to complete the phase inversion process.

The hollow fiber precursors were then sintered in a tubular furnace
(XY-1700, China). The sintering temperature was first increased at a
rate of 3 ᵒC min−1 to 400 ᵒC where the thermolysis process, a process
where the polymer binder is removed, was carried out for 1 h. The

temperature was further increased to 800 °C at 4 °C min−1, held for 2 h.
At this stage, the polymer binder would have been burnt-off, leaving
only the zeolite material. The final sintering temperature was fixed at
1000°C with a rate 5°C min−1 and held for 8 h to allow the ceramic
particles to combine, becoming bigger grains. Finally, the temperature
was cooled down to room temperature at a rate 5°C min−1.

2.3. Synthesis of zeolite using in situ hydrothermal technique

Zeolite was prepared by dissolving sodium hydroxide (NaOH) in
distilled water and divided into two equal volumes. Sodium aluminate
and sodium trisilicate were dissolved in NaOH solutions, separately.
The formed silica solutions were poured drop-wise into a sodium alu-
minate solution while stirring vigorously. The final solutions were then
poured into a Teflon-bottle containing glass hollow fibers as zeolite
support. The hydrothermal process was carried out by placing the
Teflon-bottle in an oven at 120 °C for 24 h. When this process was
completed, the membrane was washed with distilled water and dried.
The molar ratio of the zeolite solution composition is shown in Table 1.

2.4. Membrane performance measurements

Fig. 1 depicts the lab-scale forward osmosis (FO) system. The
membrane was capped by epoxy at both ends without closing the
membrane lumen. A draw solution was prepared by dissolving NaCl in
deionized water. NaCl was chosen as it is easily characterized by os-
motic pressure and diffusion coefficient [19]. The concentration of NaCl
as the draw solution was fixed at 100,000 ppm. Crosscurrent mode was
used as the feed solution (FS) and together with the draw solution (DS)
were flowed in a closed loop separately. The FS was flowed on the
active layer of the membrane while the DS was flowed into the mem-
brane lumen. Variable speed peristaltic pumps (New Era Pump, Inc)
were used to pump the liquids, with the difference in liquid mass
weighted using a weighing balance (Smith).

Water flux was measured by weighing the change in the FS over a
selected period. Mass of the DS increased as water from the FS

Table 1

Composition of zeolite NaA synthesis solutions.

Concentration (M) Synthesis composition (molar ratio)

Silicon Aluminum Sodium Water

0.113 10 5 15 5000
0.221 10 5 15 3000
0.664 10 5 15 1000

Fig. 1. Schematic diagram of the laboratory-scale FO system that consists of
peristaltic pump (1), hollow fiber membrane cell (2), ion conductivity meter
functioning as a thermometer (3), electronic weighing balance with feed solu-
tion (4), and draw solution (5).
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permeated across the membrane due to osmotic difference. The water
flux was calculated using Eq. (2):

=
×

J
V

t A
W (2)

where, JW (L. m−2.hr−1) is water flux, V is the volume of the perme-
ability based on the mass change and density (L) (V(L) = mass (kg) /
density (ρ)), t is time (s) and A is the total effective membrane area
(m2). Reverse solute of NaCl was determined by measuring conductivity
of DS and FS using a conductivity meter (Eutech Cond 6+, Thermo
Scientific, Singapore) before and after FO filtration. The reverse solute
was calculated using Eq. (3) [20]:

=Js f
(Vt.Ct)

AmΔt (3)

where, Js (kg. m
−2.h−1) is reverse solute, V is the volume of the per-

meability based on the mass change and density (L) (V(L) = mass (kg) /
density (ρ)), C is the NaCl concentration (kg L−1), t is time (s) and A is
the total effective membrane area (m2). All of the performances were
repeated three times using membranes selected from a same batch.

The structure parameter (S) and the tortuosity factor (τ) were used
to evaluate the concentration polarization phenomenon and calculated
using Eq. (4) [21,22]

=
lτ

S
ε (4)

where, l (μm) is the total membrane thickness and Ɛ is the total porosity
of the FO membrane.

2.5. Characterizations

Zeolite membranes were characterized using the X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM) and ni-
trogen adsorption-desorption isotherms. The cross-sectional images of
the zeolite membranes were obtained using the FESEM (Zeiss Cross-
Beam 340). The membranes were snapped into 3mm length and placed
on a metal holder. The FESEM samples were coated with gold/platinum
mixture under vacuum for 3min. at 20mA. X-ray diffraction (XRD)
analyses of the membrane were carried out using Philips PW1710 at
scan rate 1°/s, ranging from 4° to 80°. The membrane sample was finely
grounded and mounted on a special plat holder prior to analysis.
Nitrogen adsorption-desorption isotherms were obtained using BET
characterization (Micromeritics Autopore IV). The samples were de-
gassed for 5 h at 350 °C over night under vacuum condition prior to the
measurement. The pore volume and pore size distribution of the zeolite
samples were acquired using the Barret-Joyner-Halenda (BJH) model.

3. Results and discussion

3.1. Preparation of glass hollow fiber for zeolite deposition

Glass hollow fiber was prepared using a zeolite suspension that was
spun in a coagulation bath at an extrusion rate of 10mL min−1, bore
fluid of 9mL min−1, and air gap of 15 cm. The hollow fiber precursors
were later sintered at 1000 °C for 8 h to transform the zeolite particles
into glass [18]. The cross-sectional image of the glass hollow fiber was
acquired using the SEM analysis as shown in Fig. 2a. YSZ particles
dispersed uniformly throughout the glass hollow fiber membrane. It can
be seen that the hollow fiber has an asymmetric membrane, containing
sponge-like and finger-like voids. This was due to water, used as a
coagulant, trapped in the cross-section during the phase inversion
process. Fig. 2b shows the FTIR spectra for the glass hollow fiber. The
peaks at 713 and 972 cm−1 denoted the vibration of overlapping
symmetric and asymmetric of TeO bond, where T is Si or Al, while the
peaks at 1362 and 1515 cm−1 denoted the YSZ peaks. This analysis
confirmed the absence of chemical bonds between YSZ particles and

glass. Fig. 2c shows the XRD spectrum of the glass hollow fiber ranging
from 4 to 75° of the Bragss’s angles (2θ). The results indicated that the
glass hollow fiber has an amorphous phase. The peaks at 30°, 50° and
60° represented the YSZ, whereas the peak at 34° represent the Al2O3.
The presence of Al2O3, which was a by-product formed due to zeolite
sintering, indicated a complete transformation of zeolite to the glass
phase [18,23–26].

3.2. Effects of reactant concentration of the deposition of zeolite membrane

onto glass hollow Fiber

Zeolite membranes were prepared using three different reactant
concentrations at 120 °C for 24 h, namely 0.13M, 0.22M and 0.66M,
respectively. The atomic ratios between sodium, aluminum and silicon
for all these reactants were kept constant. The purpose for the variation
in the reactant concentrations was to study the deposition character-
istics of zeolite membranes on glass hollow fiber. The XRD analysis
confirmed that zeolite-A membranes prepared using different con-
centrations were successfully synthesized, as shown in Fig. 3. Zeolite
membranes synthesized using the reactant concentration of 0.66M had
the highest number of zeolite XRD peaks. However, the number of these
peaks was reduced when the concentration was reduced to 0.13M. This
trend was due to the fact that the formation of zeolite crystals was in-
fluenced by the supersaturation in the zeolite gel, which was dependent
on the water content. When the amount of water increased, the su-
persaturation process, which is typically followed by nucleation and
crystal growth, decelerated. This will eventually slow the formation of
the zeolite. This process was completely halted when supersaturation
did not occur [27,28].

The FESEM analysis was used to study the deposition of zeolite
membranes on glass hollow fiber. The results are shown in Figs. 4 and
5. At lower magnification, the cross-sectional images show the absence
of any thick layer of zeolite on the outer surface of the glass support.
When zoomed at higher magnification, the images show the presence of
bulk particles on the cross section of the glass hollow fiber. Fig. 4c(iii)
shows particles deposited onto glass hollow fiber having a zeolite sig-
nature shape, which was also dispersed into the macro-void of the
support. Fig. 5 shows the FESEM images of the outer surface of glass
hollow fibers, fully deposited with zeolite membranes. Variations in the
shape of the zeolite grains with different reactant concentrations can be
seen in Fig. 5a(iii)–c(iii). As proved by the XRD results in Fig. 3, the
zeolite grains synthesized using the lowest reactant concentration did
not possess a cubical crystal shape, which marks the shape of zeolite
NaA. In contrast, cubical shaped zeolites can be clearly observed using
FESEM when the reactant concentration was increased to 0.66M. The
figure shows the zeolite membranes remained deposited on the glass
surface even after a rigorous cleaning with water during post treatment
and harsh preparation of the FESEM analysis. The glass hollow fiber is
believed to be an excellent support for zeolite growth as the glass has an
active surface hydroxyl group, namely eOH [29,30]. A strong inter-
action between the zeolite membrane and glass hollow fiber could be
formed due to intermolecular forces of hydrogen bonds and lone pair
attractions. Hydrogen bond is formed through surface hydroxyl groups
of both materials, whereas lone pair attractions occur due to the in-
teraction between oxygen ions in both zeolite and glass. This explains
the existence of lone pairs developing between oxygen ions in eOH
groups and Na+ in zeolite.

N2 physisorption analysis was carried out on the zeolite samples to
determine their BET specific surface area and total pore volume.
Table 2 represents the textural properties of the zeolite NaA particles
synthesized at reactant concentrations ranging from 0.13M to 0.66M.
The results showed that the zeolite membranes synthesized in this work
had low specific surface areas, ranging from 2.32 to 14.38 m2. g−1, and
low total pore volumes, ranging from 0.016 to 0.129 cm3. g−1. Typi-
cally, zeolite has been known to possess high surface area, but porous
materials with a low specific surface and low total pore volume may be
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contributed by the synthesis condition. At high synthesis temperature,
i.e. 120 °C, there was a reduction in the water content, as water

evaporated into the vapor phase. This phenomenon caused a reduction
in the size of the intra-crystalline porosity [27,31,32]. Among the three
samples, the highest specific surface area was achieved by the zeolite
membrane prepared using the reactant concentration of 0.22M (14.38
cm3. g−1) with the highest total pore volume of 0.129 cm3. g−1. The
range of pore size was determined using an isotherm graph and BJH
pore size distribution.

N2 physisorption analysis was carried out to identify the presence of
mesoporosity in zeolite membranes using N2 adsorption/desorption
isotherms and BJH mesopore size distribution, as shown in Figs. 6 and
7. Fig. 6 demonstrated the N2 adsorption/desorption isotherms of
zeolite membranes synthesized at different reactant concentrations. The
figure shows that all zeolite samples adsorbed insignificant amount of
N2, represented by P/P0 ranging from 0.0 to 0.3. This can be correlated
with the absence of micropores in the zeolite membranes. The figure
shows that zeolite membranes prepared using various reactant con-
centrations have isotherms with hysteresis loop. However, the hyster-
esis loop of P/P0 started at 0.6 and became significant above 0.9, in-
dicating that the zeolite membranes had limited mesoporous structures.
The result also showed that the agglomeration of zeolite occurred
during the synthesis process, especially the zeolite prepared using a
reactant concentration of 0.13M. This condition was represented by the
significant N2 adsorption when P/P0>0.9. Agglomeration caused the
formation of macro pores, which enabled significant adsorption of N2

during the N2 adsorption/desorption analysis.
BJH pore size distribution of zeolite membranes prepared using

Fig. 2. (a) Cross-sectional image, (b) ex-situ infrared spectra, and (c) diffraction spectrum of glass hollow fiber prepared using a zeolite suspension through the phase
inversion and sintering process.

Fig. 3. XRD spectra of zeolite particles synthesized using different reactant
concentrations of (a) 0.13M, (b) 0.22M, and (c) 0.66M, at synthesis tem-
perature of 120 °C. The symbol * denotes the peaks of the zeolite.
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various reactant concentrations are shown in Fig. 7. The figures suggest
that the zeolite membranes prepared in this work had a wide pore size
ranging from 2 to 120 nm. This result supports the finding discussed in
Fig. 6 that predicted macroporous structure with pore size> 50 nm

would be formed due to agglomeration of zeolite. The results also
showed that all samples had a hierarchical characteristic [33], in-
dicating the formation of uneven particle sizes. This might give the
zeolite membrane a mesoporous characteristic as different grain sizes

Fig. 4. Cross-sectional FESEM images of zeolite membranes deposited onto glass hollow fiber, at different magnifications, prepared using reactant concentrations of
(A) 0.13M, (B) 0.22M and (C) 0.66M, at synthesis temperature of 120 °C.

Fig. 5. FESEM images of the outer surface of the zeolite membranes at different spots, prepared using reactant concentrations of (A) 0.13M, (B) 0.22M and (C)
0.66M, at synthesis temperature of 120 °C.
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had created a tangible gap between the zeolite grains.

3.3. Effects of in situ synthesis period on the deposition of zeolite membrane

on glass hollow fiber

To study the effect of the synthesis period on the deposition of
zeolite membranes on glass hollow fiber, this parameter was varied,
ranging from 3 h to 24 h, using the reactant concentration of 0.66M.
Fig. 8 shows the FESEM images of the cross-section and outer surface of
zeolite membrane prepared using various synthesis periods. It can be
seen that zeolite membranes with a cubical A-type characteristic, were

deposited on the glass hollow fiber for all samples. Zeolite membranes
prepared for 3 h was not able to be deposited uniformly on the outer
surface of the glass hollow fiber due to limited time for the deposition
process. When the synthesis period was increased, the deposition pro-
cess of the zeolite membrane improved. It can be seen by the formation
of a complete and continuous layer of zeolite prepared using 12, 18 and
24 h synthesis time. However, zeolite membrane synthesized for 24 h
was too dense, which may inhibit water diffusion, thus reducing per-
meability during the separation process. The FESEM images also show
that the zeolite membrane prepared using in situ hydrothermal synth-
esis was able to grow firmly on the glass support as a thin membrane
layer. However, the mechanism of zeolite deposited onto an inert
support is complex, which involves a number of reaction steps i.e.
molecular self-organization, nucleation, aggregation, crystallization,
and growth. The combination of these reaction steps in an in situ
synthesis of zeolite is indeed a challenge, particularly in obtaining the
desired properties of the zeolite membrane [34]. A similar phenomenon
occurred when the zeolite was synthesized on the glass fiber. The
FESEM images showed that zeolite membranes grew uncontrollably in
both the outer surface and in the lumen of the glass fiber.

To study the crystallinity of the prepared zeolite membranes using
different synthesis periods, the XRD analysis was performed on all
membrane samples. The results are shown in Fig. 9. The results showed
that zeolite membranes prepared using a synthesis period of 3 and 6 h
were in the amorphous form, whereas zeolite membranes prepared
using a synthesis period ranging from 12 to 24 h were in the crystalline
form. This implied that an increase in the reaction time would enhance
the crystallinity of the zeolite membrane. Zeolite membranes synthe-
sized for 12 h had a characteristic of zeolite NaA, indicating this was the
minimum synthesis period required in order to obtain this character-
istic. When the synthesis period was extended to 24 h, diffraction peaks
of the zeolite particles changed, giving a different trend compared to
zeolite particles prepared for 12 and 18 h, with new XRD peaks ap-
pearing, representing the formation of zeolite NaX. However, zeolite
NaA still appeared on this sample, based on the zeolite database in-
cluded in the XRD analysis, represented by (▲). It is expected that NaA
zeolite may exist as NaX zeolite when the synthesis time was prolonged
[35].

To study the porosity of zeolite membranes prepared under various
synthesis time, N2 physisorption analysis was carried out on all samples
to determine their BET specific surface area and total pore volume.
Table 3 shows the textural properties of the zeolite NaA prepared
ranging from 3 to 24 h. The results showed that all samples had low
specific surface area and total pore volume, except for samples prepared
using the synthesis period of 12 and 18 h. Zeolite particles synthesized
for 12 and 18 h had a specific surface area of 181.10 m2 g−1 and
134.62m2 g−1, respectively. Both samples also showed a significant
total pore volume of 0.106m2 g−1 and 0.084 cm3 g−1, respectively. An
increase in the specific surface areas of zeolite membranes prepared
with this range can be associated with the synthesis condition. To ob-
tain a high surface of zeolite NaA, various studies suggested that the
synthesis process should be carried out at a synthesis temperature of
100 °C for 24 h. However, in this work, the synthesis temperature was
increased to 120 °C, which was expected to enhance the zeolite de-
position process onto the glass hollow fiber. An increase in the tem-
perature should be compensated with the reduction of synthesis time.
Therefore, a reduction in synthesis time from 12 h to 18 h may be an
ideal duration for zeolite with high surface area to be produced. Further
reduction in the synthesis time, ranging from 3 h to 6 h caused a re-
duction in the surface area of the zeolite particles, causing the forma-
tion of premature zeolites as proven by the XRD analysis.

Fig.10 shows the N2 adsorption/desorption isotherms analysis for
zeolite particles prepared using different synthesis times. Zeolite par-
ticles synthesized for 3 to 18 h displayed isotherms with hysteresis loop.
The hysteresis loop resulted from a specific pore in zeolite membranes
that were filled with N2 at high pressures and emptied at low pressures.

Table 2

Textural properties of zeolite membranes synthesized using reactant con-
centrations of 0.13M, 0.22M and 0.66M, at synthesis temperature of 120 °C.

Reactant Concentrations aSbet bVtotal

0.13M 7.1017 0.021
0.22M 14.3767 0.129
0.66M 2.3253 0.016

a Sbet: Bet specific surface area (m2 g−1).
b Vtotal: total pore volume (cm3 g−1).

Fig. 6. N2 adsorption/desorption isotherms of zeolite particles synthesized
using reactant concentrations of 0.13M ( ), 0.22M ( ) and 0.66M (□), at
synthesis temperature of 120 °C.

Fig. 7. BJH pore size distribution derived from isotherm adsorption branch for
zeolite membranes prepared using reactant concentration of 0.13M (◼), 0.22M
( ), and 0.66M (▲), at synthesis temperature of 120 °C.
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Zeolite membranes synthesized for 3 h, 6 h and 24 h respectively, were
found to have N2 insignificant adsorption, compared to zeolite mem-
branes synthesized for 12 h and 18 h. The results showed that zeolite
membranes synthesized ranging from 12 h to 18 h had both micro-
porous and mesoporous structures, as these samples possessed high N2

adsorption at P/P0<0.2 and 0.2 < P/P0<1.0, respectively. High N2

adsorption of both regions enabled the zeolite membranes to possess
high surface area as shown in Table 3. To study the pore size dis-
tribution of the zeolite membranes at the mesoporous region, BJH
mesopore size analysis was carried out for all zeolite membranes syn-
thesized at different synthesis times. The figure shows that the zeolite
membranes synthesized for 12 h and 18 h have similar pore size dis-
tributions ranging from 5 nm to 40 nm, while zeolite membranes pre-
pared for 6 h and 24 h have insignificant pore size distributions ranging
from 10 nm to 50 nm. Absence of the mesopore structure in these
membranes was proved by N2 adsorption/desorption isotherms in

Fig. 10. However, zeolite membranes synthesized for 3 h showed sig-
nificant pore size distribution similar to the zeolite membranes syn-
thesized ranging from 12 h to 18 h. Referring to Fig. 10, the membranes
possessed high N2 adsorption P/P0>0.8, indicating existence of the
mesoporous structure in the samples. Although this membrane has been
categorized as premature zeolites, using XRD analysis in Fig. 9, ag-
glomeration of particles was expected to occur during the synthesis
process. It is expected that this condition may lead to the formation of
mesoporous structures.

3.4. Performance of zeolite membranes on glass hollow fibers for salt

removal

The performance of zeolite membranes deposited on glass hollow
fiber synthesized using various reactant concentrations and synthesis
periods were evaluated based on the membranes’ water fluxes and

Fig. 8. FESEM images of the zeolite membranes prepared for (a) 3 h, (b) 6 h, (c) 12 h, (d) 18 h and (e) 24 h at synthesis temperature of 120 °C. The samples were
magnified at (i) 300 x magnification (cross-section (i), 200 x magnification (outer surface) (ii) and magnification ranging from 800 x to 5000 x (outer surface).
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rejections. In this work, a performance study was carried out using the
forward osmosis system, which required a draw solution to be in-
troduced in the lumen and feed solution to be introduced on the outer
surface of the membrane. Water fluxes were categorized as either po-
sitive (+ve) fluxes or negative (-ve) fluxes, based on the membrane

characteristics. Positive fluxes referred to the flow of water from dilute
solution/pure water to the concentrated solution, following a natural
phenomenon called the osmosis process. Negative fluxes refer to the
flow of the draw solution, which has a high solute concentration to feed
solution, with a negligible solute concentration. However, this condi-
tion was undesirable as the membranes used for the separation process
contained defects that prevented the occurrence of the osmosis process
from the feed solute to the draw solute [36,37]. In this work, NaCl
solution (100,000 ppm) was used as the draw solution whereas DI water
was used as the feed solution.

Table 4 shows the water fluxes and reverse solute fluxes of zeolite
membranes prepared using reactant concentrations of 0.13, 0.22 and
0.66M via in situ hydrothermal process. A separation process was also
carried out using bare glass hollow fiber in order to compare the per-
formance of zeolite membranes in rejecting salt. The bare glass hollow
fiber showed a water flux and a reverse solute of -600.00 L.m−2h−1 and
511.97 kg m−2h−1, respectively. These readings indicated that bare
glass hollow fiber should not be used as a membrane for desalination.
Although glass hollow fibers deposited with zeolite membranes pre-
pared using reactant concentrations of 0.13 and 0.22M showed im-
provements in terms of water fluxes and reverse solutes, these im-
provements were still insufficient for efficient desalination. This
inefficiency is probably due to the zeolite membranes not being de-
posited uniformly on the glass hollow, causing defects that halted the
osmosis process. The various concentrations used were not sufficient in
producing defect-free zeolite membranes. When the reactant con-
centration was increased to 0.66M, the osmosis process started to occur
which gave a positive flow of 4.50 L.m−2h−1 with reverse solute of
0.05 kg m−2h−1. It is expected that within the synthesis period of 24 h,
the surface of glass hollow fiber would be fully deposited with zeolite
membrane, resulting in the absence of any defects and enabling osmosis
to occur.

To study the optimum period of depositing zeolite membranes on
glass hollow fiber, the synthesis period was varied ranging from 3 h to
24 h. This range was based on studies carried out by Okamoto et al.
[38], and Bayati et al. [39]. Okamoto et al. stated that the shortest
reaction time to prepare NaA zeolites via single step crystallization was
3 h [38], while Bayati et al proposed a maximum time of 24 h for
preparing zeolite [39]. The performance of zeolite membranes in per-
forming forward osmosis is listed in Table 5. When in situ deposition
time was reduced to 12 h and 18 h, water fluxes increased to 62.25 to

Fig. 9. XRD diffraction pattern of zeolite synthesis in an autogenous pressure at
120 °C at different reaction time for 0.66M zeolite concentration, NaA zeolite
(▲), NaX zeolite (●).

Table 3

Textural properties of zeolite particles synthesized using reactant concentration
of 0.66M for various periods ranging from 3 to.24 h

Synthesis period (hr) aSbet bVtotal

3 5.47 0.046
6 6.39 0.020
12 181.10 0.106
18 134.62 0.084
24 2.33 0.016

a Sbet: BET specific surface area (m2. g−1).
b Vtotal: total pore volume (cm3. g−1).

Fig. 10. N2 adsorption/desorption isotherms for zeolite particles prepared
using 0.66M reactant concentration for ( ) 3 h, ( ) 6 h, ( ) 12 h, ( ) 18 h, and
( ).24 h .

Table 4

Water fluxes and reverse solute fluxes of zeolite membranes prepared using
various reactant concentrations. The osmosis process was governed by
100,000 ppm sodium chloride (NaCl) solution used as draw solute.

Concentration
(M)

Water Fluxes
(L m−2h−1)

Reverse solute
(kg m−2h−1)

0.00 −600.00 ± 1.78 511.97 ± 1.56
0.13 −124.75 ± 6.01 302.69 ± 5.01
0.22 −248.62 ± 2.55 32.55 ± 2.98
0.66 4.50 ± 2.79 0.05 ± 0.029

Table 5

Water fluxes, reverse solutes and S value of zeolite membranes prepared using
various synthesis period. The osmosis process was governed by 100,000 ppm
sodium chloride (NaCl) solution used as draw solute.

Crystallization time (hr) Water fluxes
(L m−2 h−1)

Reverse solute
(kg m−2h−1)

S value (μm)

3 −4.61 ± 1.35 136.49 ± 1.55 –

6 51.72 ± 1.39 45.99 ± 1.25 7.8135
12 62.25 ± 1.20 0.11 ± 0.0148 4.5556
18 71.92 ± 0.09 0.05 ± 0.019 4.8684
24 4.50 ± 2.79 0.05 ± 0.029 23.2913
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71.92 L.m−2 h−1, respectively. Reverse solutes for zeolite membranes
in situ deposited for 12 h and 18 h were 0.11 kg m−2 h−1 and 0.05 kg
m−2 h−1, respectively. Improvements in the separation performance
can be correlated with porosity of the membrane. Both samples showed
significant surface area and porosity to enable zeolite in facilitating the
diffusion of water through its framework but halting high reverse solute
to occur. Although zeolite membranes deposited in situ for 24 h had a
positive flux, the water flux was low. Surprisingly, the membrane had
an insignificant surface area and porosity, as shown in Table 3 and
Fig. 11. When the deposition period was reduced to 6 h, reverse solute
increased significantly. The membrane enabled the osmosis process to
occur, but it was too thin to resist any reverse salt from a high con-
centration liquid. The zeolite membrane displayed poor separation
performance when in situ deposition process was carried out for 3 h.
Thus, it can be assumed that synthesis time ranging from 3 h to 6 h was
not sufficient to develop full-fledged zeolites, as support by the XRD
analysis in Fig. 9.

The internal concentration gradient (ICP) is the common phenom-
enon occurred in FO process. This phenomenon is undesirable as it will
reduce the fluxes over a long period of membrane operation. The

concentration polarization effect could be measured by calculating the
structure parameter (S) of zeolite membrane. An increase in S-value
indicated that a significant effect of ICP in the FO process. The S values
of zeolite membranes were tabulated in Table 5. It was found that the S-
value was small and comparable to the traditional FO membranes that
synthesized on porous polymeric supporting layers [22]. The S-value
for zeolite membrane prepared for 24 h increased, which can be cor-
related to the thick and dense layer of zeolite membrane on glass
hollow fiber, in Fig. 12. The S-values for zeolite membranes prepared
for 6, 12 and 18 h were considered low, which indicated an insignif-
icant effect of the concentration polarization during FO process.

The separation performance of zeolite membranes prepared in this
work in forward osmosis applications was compared with various stu-
dies, as shown in Table 6. The zeolite membrane prepared using a re-
actant concentration of 0.66M and deposition time of 18 h had a water
flux of 72 L. m−2 h−1 and reverse solute of 0.05 kg m−2 h−1. In com-
parison to Ma et. al’s work [40], the zeolite membrane prepared in this
study showed a higher water flux, possibly due to the peculiar prop-
erties of zeolite itself. Nevertheless, the membrane still allowed low
reverse solute. In this work, high concentrations of draw solution was
used (100,000 ppm) to evaluate the performance of the zeolite, dif-
ferent from other works that used lower concentration ranging from
40,000 to 60,000 ppm, as shown in Table 6. This justifies the reason of

Fig. 11. BJH pore size distribution of zeolite particles synthesized for 3 h ( ),
6 h ( ), 12 h ( ), 18 h, ( ) and 24 (◼).

Fig. 12. Cross-sectional images of the zeolite membranes prepared for (a) 6 h, (b) 12 h, (c) 18 h and (d) 24 h at synthesis temperature of 120 °C.

Table 6

Comparison between zeolite membranes in forward osmosis application.

Zeolite
Loading (wt.
%)

Water Fluxes
(L m−2h−1)

Reverse solute
fluxes
(kg m−2h−1)

Draw concentration
(ppm)

References

a0.5 72.0 0.05 100,000 This work
b0.4 30.0 0.02 58,400 [40]
c0.5 55.0 0.16 47,888 [41]
d10.0 2.5 – – [42]
e0.0 13.2 0.0017 40,000 [43]

a Zeolite growth on glass hollow fiber using hydrothermal method.
b Zeolite dispersed into the trimesoyl chloride (TMC) with n-hexane solution

by ultrasonication on the polysulfone (PSf) supports.
c Zeolite mixed into the poly-4-formylstyrene (PSfN) substrates.
d Zeolite blended into mixture of polyvinylidene fluoride (PVDF)/ poly-

vinylpyrrolidone (PVP).
e Aquaporin in hollow fiber membrane modules.
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slightly high reverse solute reported in this work, as the salt may lee-
ched into feed flow during FO process. Nevertheless, zeolite membrane
on glass hollow fiber still cannot match the performance of aquaporin
membrane in FO. This phenomenon can be associated with grain
boundaries (which is a type of defect for crystalline materials) of zeolite
membrane that may allow considerable amount of salt to migrate into
feed flow, causing significant reverse solute [37]. This case is irrelevant
to polymeric membrane that possesses continuous polymer phase.

4. Conclusion

The effects of reactant concentrations and synthesis periods on in
situ deposition of zeolite membranes on glass hollow fibers were stu-
died. XRD analysis confirmed the presence of the zeolite phase when
the reactant concentration of 0.66M and synthesis period ranging from
12 to 24 h were applied during the deposition process. When the
synthesis period ranging from 12 to 18 h was used, zeolite particles
were found to have significant BET surface areas. The separation per-
formances of zeolite membranes were studied using the forward os-
mosis system. The reactant concentration of 0.66M (24 h reaction
period) enabled the separation process to occur which gave a positive
water flux of 4.50 L m−2h−1 with reverse solute of 0.05 kg m−2h−1.
When in situ deposition time was reduced to 12 h and 18 h, water fluxes
increased to 62.25 and 71.92 L m−2 h−1, respectively. Reverse solutes
for zeolite membranes deposited on glass follow fiber prepared for 12 h
and 18 h were 0.11 kg m−2 h−1 and 0.05 kg m-2 h−1, respectively.
Interestingly, both samples were shown to have significant surface area
and porosity, enabling the zeolite membranes to facilitate the diffusion
of water through its framework. The separation performances of zeolite
membranes prepared in this work were comparable to other studies in
forward osmosis applications.
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