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Abstract

NaA zeolite membrane coating was successfully synthesized on a porous alumina substrate by hydrothermal treatment. The effects of synthesis
parameters like, seeding type (ex situ, in situ), time, temperature, sol concentration, coating stages, application of intermediate layer, etc. on
membrane characteristics were investigated. A continuous membrane was formed on a seeded substrate. Surface seeding (ex situ crystallization)
not only accelerates the zeolite crystallization process on the support surface, but can also enhance the formation of homogeneous NaA zeolite
layer. The NaA zeolite membrane with a synthesis time of 4 h shows the best microstructure and the quality of membrane was improved by
employing the multi-stage coating. But the main problem associated with membrane synthesis was crack formation, and it can be reduced by
applying intermediate layer, between support surface and seed layer. A thin cellulose layer was applied to the support surface before applying seed
crystals. The performance of the membranes was evaluated by gas permeation measurement. The permeance of O,, N, decreased as kinetic
diameter of gases increased. The permselectivity of O,/N, was 1.9-2.34. This value showed the molecular sieving effect of NaA zeolite membrane.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, attempts to develop zeolite membranes for
separation and catalytic application have been intensified.
Considering their molecular sieving properties and uniform
pore size, high thermal resistance, and high mechanical
strength, zeolite membrane have attracted great interest for
application in many important industrial processes [1,2].

Among the various types of zeolite species, especially NaA
zeolite has the potential to sieve out molecules in a continuous
process, by strong interaction, due to its hydrophilicity. As a
result it has been commercially applied to alcohol dehydration
and solvent dewatering [3,4].

There are many reports on the improvement of the formation
stages of the membranes like microwave heating [5], addition
of intermediate silane layer to increase the adhesion between
gel layer and supporting substrate [6], vacuum seeding [7], etc.
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The in situ hydrothermal synthesis appears to be the best
studied method, in which the porous support is immersed into
the synthesis solution, and then the membrane is formed by
direct crystallization. However, it is difficult to prepare high
quality membrane by this in situ crystallization method directly
[8]. Coating the zeolite seed on the support surface before
hydrothermal synthesis, which is also called as secondary
growth method, is an effective approach to develop a high
quality zeolite membrane. It is well known that the presence of
seed on the support surface plays an important role in
membrane formation. Synthesis with seeds gives a better
controlled of the membrane formation process by separating the
crystal nucleation and growth with a shortened crystallization
time [9]. In addition, the secondary growth ensures the
formation of the phase pure zeolite crystal on the support. The
secondary growth method which was proposed by Lovello et al.
[10] exhibit many advantages such as better control over
membrane microstructure, and higher reproducibility [11].

In this work, zeolite membrane layer was synthesized on
alumina substrate by secondary growth method. An inter-
mediate layer made of cellulose, was applied between seeds and
support substrate of the membrane which acts to increase the
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mechanical strength and adherence of the seeds with supports.
The synthesized membrane was characterized using SEM and
XRD. The ultimate performance of the membrane was
characterized by gas permeation measurement.

2. Experimental

A porous alumina disc of diameter 22 mm (cut from 5 kDa,
47 mm diameter disc) and thickness 3 mm collected from
Sterlitech UK was used as substrate for the preparation of
zeolite membrane. Before coating, the substrates were cleaned
with acetone in a ultrasonic cleaner (vibracell, USA) for 5 min
just to remove dust particles and oily matter. The cleaned
substrates were coated with 3% alcoholic solution of cellulose,
followed by attachment of zeolite seeds. The cellulose layer
was applied by dip coating method. Initially porous alumina
substrate was dipped into cellulosic solution. Dipping time was
varied from 1 to 30 s and repeated for 5 times. Table 1 describes
the details of application of cellulose layer. Then the substrate
was dried at 100 °C for 2 h. A thin layer of cellulose was formed
on support surface.

The modified support was coated with NaA zeolite crystals
as nucleation seed. In order to get a uniform seed layer on the
support surface, the seeds should be dispersed homogeneously
on the support surface and amount of nucleation seeds should
not be too large other wise the membrane layer will be too thick
and uneven.

In this nucleation seeds coating process, the support substrate
were dipped in a 1-3% NaA zeolite (dsy ~ 100 nm) suspension
in deionized water, for different time span ranging from 5 to 10
times with a duration of 15 s. After the dipping procedure, the
seeded supports were dried at 100 °C for 24 h.

The zeolite A (NaA) membranes were synthesized hydro-
thermally without applying seeds on porous support discs (in
situ) before crystallization and also with dispersed seeds on
modified substrate surface (ex situ). The materials used for the
synthesis were sodium meta silicate nonahydrate (Qualigens
fine chemicals, India) aluminium chloride (S.D. fine chemicals,
India), sodium hydroxide (Merck India), and distilled water.
Two reactant mixtures were prepared respectively dissolving
sodium meta silicate and aluminium chloride in freshly made
sodium hydroxide solution (molar ratio of NaOH/Si and NaOH/
Al were 1:0.2317 and 1:0.072 respectively). The total amount
of sodium hydroxide was distributed between the correspond-
ing silicate and aluminate solutions, while the water was
divided evenly. After aging the separate mixture for 1 h, they

Table 1
Details of application of cellulose layer and seed layer on membrane substrate.

N. Das/Ceramics International 36 (2010) 1193—1199

were mixed slowly under stirring at room temperature. The
resulting mixture was stirred vigorously for 15-30 min to
produce a homogeneous sol. The molar composition of the sol
used for the synthesis was Al,05:S5i10,:Na,O:H,0 1:1:50:500.
The seeded/unseeded substrate was placed vertically in an
autoclave. Crystallization was continued under autogenous
pressure in a hot air oven at 65°C for 2-6h. Repeated
crystallization for second stage and third stage was carried out
to improve the quality of the membrane. After synthesis, the
zeolite coated membrane was washed thoroughly with
deionized water until the pH of the washing liquid became
neutral. The crystalline structure of the as synthesized
membrane was determined by XRD pattern. XRD was carried
out on a Philips 1710 diffractometer using CuK, radiation
(a =1.541 A).

Microstructure and morphology of growth layer was
examined using scanning electron microscopy (SEM: model
Leo, S430i, UK). Single gas permeation was measured by a
specially designed permeation cell developed in our laboratory.
The gas permeance of the membranes was measured by soap
film flow meter under the feed pressure of 1-3.5 kg/cm? and at
room temperature.

3. Results and discussion

In order to evaluate the membrane, the effect of different
synthesis condition like synthesis temperature, time and initial
gel composition on membrane formation was investigated and
the as synthesized membranes were characterized by XRD and
SEM. Fig. la—c shows the SEM micrographs of the zeolite
membrane formed at 65 °C for 2—6 h from clear sol. It is clear,
that at 65 °C, zeolite formation of zeolite crystal was positive
after 2 h. SEM images indicate that NaA zeolite grains were
scattered on the substrate surface. No continuous membrane
was formed up to 6 h (Fig. 1¢). As uniform, continuous coating
through out the support was not formed, it was difficult to detect
the zeolite phase on the support by XRD. Formation of zeolite
phase was detected by the characterizing the powders formed in
the reaction medium (not shown in figure). To increase the
zeolite formation on membrane surface, synthesis temperature
was increased up to 90 °C. Fig. 1d shows the SEM micrograph
of the zeolite membrane prepared at 90 °C for 6 h. As shown in
figure (Fig. 1d), the size and shape of those crystals were not
uniform. Some cabbage like spherical crystals was formed,
indicating the presence of some other phases. This was satisfied
by XRD pattern of those zeolite powders (Fig. 2).

Sample ID Cellulose Dipping time Seed concentration Dipping time Remark on synthesized membrane
concentration (30 s each)

Cl1 1% 1 time 1% Crack

Cl12 1% 5 time 2% 5 times Crack

C31 3% 5 times 1% 5 times Small cracks on the surface

C32 3% 5 times 2% 5 times No cracks on the surface

C33 3% 5 times 3% 5 times No cracks on the surface, uniform

crystal size, good interlocking of the crystals.
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Fig. 1. SEM micrographs of NaA zeolite membrane on unseeded substrate synthesized for (a) 65 °C, 2 h; (b) 65 °C, 4 h; (c) 65 °C,6 h; (d) 90 °C, 4 h

In order to increase the zeolite formation on support surface,
initial sol concentration was changed from half concentration to
double concentration of total oxide content. No formation of
zeolite phase in case of half oxide content, as shown in Fig. 3a.
At this lower concentration, the nucleation and crystal growth
does not occur in the reaction medium but the gel was formed
and the covered the substrate. The SEM image of synthesized
zeolite membranes with double sol concentration was shown in
Fig. 3c. Some different type zeolite crystals along with NaA
crystals were formed. This result suggests that higher reagent
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Fig. 2. XRD pattern of NaA zeolite synthesized at different time and tempera-
ture.

concentration forced to form large number of nuclei in the
reaction medium. Those nuclei form agglomerates, which after
crystal growth form irregular shaped particles and interlocked
dense structure did not formed with those type of particles. But
in case of optimum concentration of the sol, at 65 °C for 6 h
only NaA crystals were formed.

Thus it was clear from above observations, that to get a
uniform coating of zeolite membrane layer on substrate, a seed
layer of same type of zeolite must be distributed on substrate
surface. Each seed on the surface acts as nucleation point for
formation of zeolite from sol.

Generally to get a good seeding layer, the seeds must have
suitable size so that the size of the seeds should be small but
should not penetrate into the support pores [12]. The formation
of NaA zeolite membrane on the seeded alumina support with
different synthesis time was investigated and the as synthesized
membranes were characterized by XRD and SEM. According
to the formation mechanism of zeolite membrane on the porous
support, the nucleation of zeolite on the support/gel interface
and in the bulk synthesis mixture are competitive processes
[13]. In order to form a continuous zeolite membrane on the
support surface, the nucleation of zeolite in the bulk synthesis
mixture must be inhibited, while the nucleation of zeolite at the
support gel interface should be promoted. By increasing the
nucleation point on the support surface, a continuous NaA
zeolite membrane layer, can be obtained. In the synthesis of
continuous membrane layer seed crystals must be added before
synthesis.
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Fig. 3. SEM micrographs of NaA zeolite membrane on unseeded substrate synthesize sol with (a) half oxide concentration, (b) standard concentration and (c) double

concentration.

Fig. 4 shows the XRD pattern of as synthesized membrane
on the seeded alumina support, synthesized for 2—-6 h along
with support surface.

The membrane formed after 2 h showed very weak peaks of
zeolite NaA besides strong peaks of alumina substrate. The
membranes after 4 and 6 h clearly showed every peak for
zeolite A. The morphology of these membranes was observed
with scanning electron microscope. Fig. 2 shows the SEM
photograph of the gradual change of seeded surface (Fig. 5a)
from 2 h (Fig. 5b) to 4 h (Fig. 5c and d) of synthesis. The seed
crystals which have size less than 2 um were distributed
homogenously on the support surface. After 2 h of synthesis,
the support surface started to cover with NaA zeolite layer. The
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Fig. 4. XRD spectra of synthesized zeolite coating on seeded support where ‘z’
denotes NaA peak and ‘s’ denotes substrate peak.

packing of the layer was not dense. Some pores were still
present on the membrane layer and the grains were not
interlocked. After 4 h, the surface was completely covered with
NaA zeolite crystal. An interlocked packed zeolite layer was
formed. No space between the particles was found by SEM.

From these figures it is clear that after 4 h of synthesis, the
zeolite crystals grew and interlocked to from dense membrane
structure. Surface seeding cannot only accelerate the formation
of the NaA zeolite on the support, but also inhibit the
transformation of the NaA zeolite into other types of zeolites. A
continuous NaA zeolite membrane can be formed on the seeded
support. The main advantage with seed crystals is that they are
easily inter-grown. In seed film method, the final film thickness
can be controlled by varying crystallization time and size of the
seed crystals [12-14]. The SEM images showed that although a
continuous NaA zeolite membrane was obtained after coating
the seeds, a crack of width 2-3 pm still existed in the obtained
membrane after interlocking of zeolite crystals properly. The
films are fragile since zeolite grains were not strongly bonded to
the support surface.

The main cause of cracking of zeolite layer is lack of good
adherence between zeolite layer and substrate layer. To obtain a
crack free membrane layer on the substrate, an intermediate
layer (buffer layer) was applied. The intermediate layer was
made of cellulose solution and seed sol. It increased the
anchoring property of the seed layer and support layer. As the
zeolite crystals were grown from seed surface, the bonding
between support layer and grown membrane layer became
strong. Addition of a buffer layer can also enhance the
mechanical strength and integrity of the film. Fig. 6 shows the
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Fig. 5. SEM micrograph of (a) seeded support, (b) coating formation after 2 h of synthesis, (c) interlocked coating formed after 4 h and (d) severe cracks on coating
surface

Fig. 6. SEM micrograph of seeded support with cellulose layer: (a) lower magnification, (b) higher magnification and (c) cross-sectional view
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Fig. 7. Structure of cellulose.

SEM micrograph of seeded support with buffer layer. Fig. 6a
and b depicted the growth of membrane layer on that seeded
support with different magnification and Fig. 6¢ showed the
cross-section view of the membrane layer. The SEM image
indicates the formation of compact layer of about 15-20 pwm
thickness. Some zeolite crystals were also grown in support
pore surface.

Hydroxyl group of cellulose layer acts as binder between
zeolite and support layer (Fig. 7). These chains are parallel,
forming layers with OH group outside. These hydroxyl groups
will form hydrogen bonds between hydroxyl ion and
neighboring group. There fore an increase in hydroxyl group
density causes a better attachment between the zeolite and the
support, Fig. 8 shows the elemental analysis of zeolite layer.
Layer I (alumina substrate) is rich in ‘Al’ and layer II, a
nanoporous layer is made up of Ti (nanofiltration or uppermost
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Fig. 8. Compositional elemental scan of NaA zeolite layer.

Table 2
Gas permeance of seeded membrane (without buffer layer).

Time Permeance (mol s'm?2Pat) Ratio O,/N,
N2 02

Uncoated 17.82 x 1076 17.67 x 1076 0.991

Single stage 12.46 x 107° 1578 x 107¢ 1.266

Two stage 6.41 x 10°° 6.48 x 10°° 1.010

Three stage 6.016 x 10°° 6.23 x 107° 1.036

surface layer of ‘Sterlitech’ membrane substrate contains TiO,)
and layer III, the zeolite layer, started to form at 32 wm and end
at 48 pm (taking the distance form support surface layer which
isrich in Ti (layer IT)). The peak intensity of Si, Al, Nais high in
these range.

However XRD and SEM can only indicate whether a
continuous membrane formed on the support, they cannot
confirm whether a high quality zeolite membrane formed. The
quality of zeolite membrane can only be evaluated by gas
permeation properties of the zeolite coated membrane.

The molecular kinetic diameter of O, and N, are 0.346 and
0. 364 nm. These are close to pore size of NaA zeolite. Table 2
shows the gas permeance properties of membrane prepared
without intermediate layer. The permeance of N, and O, and,
permselectivity of O,/N, of NaA zeolite membranes with
different synthesis stages was measured. After one stage
synthesis, the SEM and XRD results were consistent with the
results of gas permeation measurements. The N, and O,
permeances of the substrates were 17.82 x 107° and
17.67 x 10 ®mol s ' m ?Pa~'. As the reaction progressed
for first stage, second stage and third stage coating, the
permeance of N, changed to 12.46 X 10_6, 6.41 x 10_6, and
6.01 x 107°mol s~' m~2 Pa~'. The O, permenace through the
membranes changed to 15.78 x 107°, 6.48 x 10 ° and
6.23 x 10 ®mols ' m?Pa' with coating stages. The
permeability ratio changes from 0.99 to 1.036. These small
changes of permeation values indicate the presence of large
pores or cracks and voids.

In case of cellulose containing membrane layer, the gas
permeances of O,, N, decreased as the molecular kinetic
diameter increased, which indicates that permeance was
controlled by molecular sieving effect. Table 3 shows the
permeation results of N, and O, for cellulose coated NaA
zeolite membranes.

For NaA zeolite (applying intermediate layer) membrane
with a single stage synthesis, perm selectivity of was increased

Table 3
Gas permeance results of as synthesized membrane with cellulose buffer layer.

Synthesis time Permeance (mol s m™? Pa™') Ratio O,/N,

N 0,
Substrate 18.32 x 107 20.67 x 107° 1.12
One stage 5.82x 1077 7.04 x 1077 1.20
Two stage 3.67 x 1077 7.12x 1077 1.94
Three stage 211 % 1077 494 x 1077 234
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to 1.20 comparing to that of only seeded membrane (Table 2).
The permselectivity of N,/O, was increased up to 2.34 for third
stage synthesis which is much higher than Knudsen diffusion
ratio, which indicates that the quality of the membrane was
improved by applying third stage coating.

4. Conclusion

A high quality NaA zeolite membrane was successfully
synthesized on a porous alumina substrate. Application of
cellulose layer on support surface improves the quality of the
membrane. When support was unseeded, the formation of
coating layer was inhomogeneous. When the support was
seeded, the formation of zeolite layer on the support was
accelerated. A homogenous, continuous zeolite layer was
formed on the seeded support. Cracking of the zeolite layer was
the main problem for the synthesis of zeolite layer. To reduce
the cracking, cellulose layer was applied on the support layer
before zeolite layer synthesis. Gas permeation results indicated
that non-zeolitic pores were present after single stage synthesis.
After third stage synthesis the quality of the membrane was
improved. The permeances of N, and O, increased as the
molecular kinetic diameter of the gases decreased, which
showed the molecular sieving effect of the NaA zeolite
membrane. The permselectivity of O,/N, was 2. 34. The quality
of the as synthesized membrane with three stage synthesis gave
the best results.
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