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Abstract

The formation stage of SAPO 34 zeolite membrane on a tubular mullite support has been investigated. XRD, FESEM, IR and EDAX analysis
techniques were used to explain the changes in crystallization stages as well as formation of membrane on tubular clay—alumina support with time.
From the studies, the evidence tends to support that crystallization of SAPO 34 started from initial gel, proceed through cluster formation and
accumulation followed by segregation and crystallization process. The study also showed the gradual incorporation of Si into AIPO,4 phase and

form cubical CHA phase after 120 h of synthesis time.

Single gas permeation of CO, and H, showed that upto 300 KPa of feed pressure permeability of CO, is more than that of H,. But at higher
pressure the results show the reverse trend, flux is more for H,. This may be due to more adsorption of CO, on SAPO 34 surface and less desorption
from the surface than hydrogen with increasing pressure. The selectivity of H,/CO, increases from 0.85 to 2.67.

© 2011 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].

Now a days, hydrogen used as clean energy fuel, are mostly
synthesize from CBM gas by WGS reaction and it has to be
separated from CO,, CO, H,O, etc. [3]. Comparing to other
types of separation processes, membrane separation is most
suitable for its ease of operation, low energy consumption and
also cost effective [4,5]. Zeolite membrane is a potential
material for gas separation applications. Among the various
types of zeolite species, especially SAPO 34 zeolite has the
potential to sieve out CO, molecules from a mixture of CO,/H,
for water gas shift reaction by molecular sieving interaction,
due to its kinetic diameter difference. Hydrogen has a higher
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diffusivity than any other molecules due to their smaller kinetic
diameter. But hydrogen adsorbs weakly comparing to other gas
[6] As aresult it has been commercially applied to CO, removal
from H, from WGS gas stream [7].

There are many reports on the improvement of the formation
stages of the membranes like microwave heating [8], addition
of intermediate silane layer to increase the adhesion between
gel layer and supporting substrate [9], vacuum seeding [10] etc.

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
[11]. 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 [12]. In addition, the secondary growth ensures the
formation of the phase pure zeolite crystal on the support. The
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secondary growth method which was proposed by Lovallo et al.
exhibit many advantages such as better control over membrane
micro-structure, and higher reproducibility [13].

In this work, SAPO 34 zeolite membrane layer was
synthesized on alumina substrate by secondary growth method.
Small zeolite crystals were used as nucleation seeds. Almost
dense zeolite membrane was synthesized on properly seeded
substrate. Gradual formation stages of membrane layer with
time on support surface were studied. The synthesized zeolite
and membrane was characterized using XRD, FESEM, EDAX
and TEM. The ultimate performance of the membrane was
characterized by gas permeation measurement.

2. Experimental

The SAPO 34 membrane was synthesized by ex situ
crystallization on a porous alumina tube of diameter 10 mm and
thickness 3 mm and 60 mm length (prepared in our laboratory
from clay—alumina mixture, used as substrate). Before coating,
the substrates were cleaned with acetone in an ultrasonic
cleaner (vibracell, USA) for 5 min just to remove dust particles
and oily matter. The outer surface of the cleaned substrates was
wrapped with Teflon tape. The inside of the tube samples was
coated with aqueous solution of zeolite seeds. The seed layer
was applied by dip coating method.

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
otherwise the membrane layer will be too thick and uneven.

In this nucleation seeds coating process, the support
substrate were dipped in a 1-3% SAPO 34 zeolite seed
suspension in deionized water, for different time span ranging
from 5 times 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 SAPO 34 membrane layer was synthesized hydro-
thermally on porous modified, seeded support tubes. The
materials used for the synthesis were boehmite powder

AU

(SASOQI), silica sol (Ludox 40 AS), phosphoric acid (Qualigens
Fine Chemicals, India) and morpholine (Sd fine chemicals,
India), and distilled water. Two reactant mixtures were prepared
respectively dissolving boehmite powder and phosphoric acid
and required amount of water (mixture 1) to the reaction
mixture. The mixture was stirred for overnight. In another
mixture (mixture 2) silica sol and morpholin was added and rest
amount of water was added to the reaction mixture. After
stirring the mixture 2 for 1 h, it was mixed slowly under stirring
at room temperature to mixture 1. The resulting mixture was
stirred vigorously for 15-30 min and kept under stirring for
overnight to produce a homogeneous sol. The molar composi-
tion of the sol used for the synthesis was Al,03:Si0,:P,05:H,O
1:0.3:1:66. The seeded substrate was placed vertically in an
autoclave. Crystallization was continued under autogenous
pressure in a hot air oven at 170-175 °C for 48—120 h. 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 the growth layer was
examined using scanning electron microscopy (FESEM: model
Leo, S430i, UK). Single gas and mixture gas permeation for H,
and CO, were measured by a specially designed permeation
cell developed in our laboratory. A solid tube was used instead
of membrane tube to check the seal of the system. The gas
permeance of the membranes was measured by soap film flow
meter under the feed pressure of 200-500 kPa and at room
temperature. The permselectivity of two single gases G1/G,
was defined as the permeance ratio of G, and gas G,. The gas
permeation measurement of each single gas was repeated until
the permeance data for the successive 10 tests were closed. The
single gas permeance was the average of 10 successive tests. In
case of mixture gases, equimolecular amount of two gases CO,

Fig. 1. (a) XRD pattern and (b) FESEM of SAPO 34 crystals used as seed for membrane synthesis.
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and H, were mixed through mass flow controller. The
composition of the feed and permeate streams were measured
by gas chromatograph. Selectivity is defined as the permeance
of each gases of the mixture.

3. Results and discussion

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 on the
support surface must be increased. 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 [14]. So, in this
work, all the membrane synthesis was done by ex situ method.
Thus, in case of synthesis of continuous membrane layer, seed
crystals must be added before synthesis. Fig. 1 depicts the
XRD, FESEM image of SAPO 34 crystals used as seed for
synthesis of membrane. Comparing the XRD and FESEM, the
size range of seed crystals, are 1-5 pm.

Fig. 2 shows the XRD pattern of SAPO 34 membrane
synthesized for 48 h, 72 h, 96 h and 120 h and compared with
standard pattern of SAPO 34 zeolite. As the diffraction
intensity of the SAPO 34 zeolite membrane on support surface
was too weak to detect by XRD, the diffraction pattern of the
bulk powders collected from hydrothermal container were
studied. It is clear from the XRD pattern that after 48 h of
synthesis some crystalline phase was started to form and
continues upto 72 h.but the phase was not SAPO 34. After
prolonged heating, at 96 h, the crystalline phase was converted
into amorphous phase and on further heating, it was
transformed into SAPO 34 after 120 h. All SAPO 34 synthesis
employed morpholine as a template.

The DTA/TGA pattern of SAPO 34 membrane synthesized
for different time ranges from 72 h to 120 h are shown in Fig. 3.
It is clear from the figure that in three cases weight loss upto
200 °C is 8% and it was may be due to adsorbed moisture and
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Fig. 2. XRD pattern of SAPO 34 crystals synthesized for different time ranging
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Fig. 4. IR Spectra of zeolite samples synthesized at different time ranging from
0 (initial gel mixture) to 120 h.

mass loss above 350-500 °C is attributed to decomposition of
entrapped morpholin in the pore cage of synthesized zeolite.
For samples synthesized for 72 h the weight loss due to
morpholin was 8% and for 96 h, it was almost zero and for
120 h synthesized powder, the value is 14%.

As described earlier that during hydrothermal process, upto
72 h different phase of SAPO 34 was formed. After prolonged
heating the zeolite sample lost its crystallinity and structure
beaks down to amorphous phase and as a result, no entrapped
morpholin was there and weight loss due to morpholin in this
case is zero. This observation was supported by IR analysis of
the same samples as described in Fig. 4.

Fig. 4 depictes the IR spectra of the samples synthesized for
different time. The characteristics band at 480, 534, and 640 are
observed for 120 h synthesized samples and they represent the
vibration corresponding to SiOy, (Si,Al)O4, PO4 and D-6 rings
respectively [15] and it confirms the formation of SAPO 34
with CHA structure. From this it is clear that only after 120 h
full grown zeolite structure is obtained.

As we discussed, from XRD pattern, after prolonged heating
upto 96 h, the “pseudo crystalline” structure was destroyed and
some amorphous phase was formed. Then further heating by
hydrothermal process, the amorphous phase was recrystallized
to form SAPO 34 phase. All samples were not properly
crystalline as shown by the FESEM images in Fig. 5. But the
properly crystalline structure appeared to be cubic, reflecting
the rhombohedral symmetry of the CHA structure.

EDX-analysis of SAPO 34 as a function of synthesis time
are described in Table 1 synthesis time and again increases upto

Table 1

Elemental analysis of different stages during the synthesis of SAPO 34.
Sample Time of crystallization Al P Si
SA'1 15h 3.59 92.33 4.05
SA 2 30h 47.00 38.21 14.79
SA 3 96 h 89.79 3.19 7.04
SA 4 120 h 52.86 32.70 14.42

Fig. 5. FESEM images of SAPO 34 powders synthesized for (a) 48 h, (b) 96 h,
(c) 120 h.

120 h where SAPO 34 of CHA structure was formed as
attributed from IR spectra.

At initial stage, the maximum amount of phosphorus was
detected. More interestingly, the amount of Si increased with
synthesis time at the expense of the P, with increasing time upto
30 h. As expected from the silicon substitution mechanisms in
AIPO, proposed by Ashtekar et al. [16] (the major part of the Si
substitutes isolated phosphorus atoms, as a results the large
reduction was observed for the phosphorus atom. But after 96 h
of synthesis, Al atom content increases and P atom content
decreases drastically. These general trends are interesting
because control of the synthesis times might be applied to
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Fig. 6. Gradual formation of zeolite crystals between 48 h and 120 h (a) 48 h, (b, ¢) 72 h, (d) 96 h, (e) 120 h (inset shows the interface between gel layer and

crystal face).

control the silicon content in the final product. As we observed
after 120 h of synthesis, silicon content increases and complete
crystallization of SAPO 34 was observed. Fig. 6 describes the
gradual formation of zeolite crystal from initial gel. In initial
stage, cluster accumulation and segregation was occurred
(Fig. 6a and b). Then gradual crystallization continues until
cubic crystalline chabazite structure is formed (Fig. 6 c—e).

Fig. 7 depictes the TEM images of SAPO 34 zeolite
prepared for 96 h and 120 h. From the figure it is clear that after
96 h (Fig. 7a), some AIPO phase, rectangular plate like shape
was formed. SAED picture of the same area is shown in Fig. 7b
confirm the poly crystalline nature. Fig. 7c and d shows the
cubical chabazite structure and corresponding SAED image
after 120 h synthesis.

Poly crystalline zeolite membrane contains defects i.e. inter-
crystalline pathway which is also called non-zeolitic pores. The
synthesis procedure, type of zeolite and heat treatment
condition affect the concentration of defect. The transport
mechanism of gas molecules through non-zeolitic pores is
difficult and it is difficult to quantify because the pore size of
these non-zeolitic pores are not well defined. Usually non-
zeolitic pores are larger than zeolitic pores. Presences of non-
zeolitic pores reduce the selectivity of the gases.

In our previous work [17], we have reported that the main
sources of non zeolitic pores are resulted from cracks and
defects of the membrane layer.

The main cause of the crack was due to the lack of good
adherence between zeolite layer and substrate layer.
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Fig. 7. TEM image and SAED pattern of SAPO 34 powders, synthesized for (a, b) 96 h, (c, d) 120 h.

Considering this fact and to obtain a crack free membrane
layer on the substrate, proper seeding on the surface is
desirable. Fig. 8 shows the seeded substrate along with its
EDAX analysis

However XRD and SEM can only indicate whether a
continuous membrane was formed or not on the support, but
cannot confirm the quality of zeolite membrane. The quality of
zeolite membrane can only be evaluated by gas permeation
properties of the membrane. It is well known that performance
of a membrane will increases with decreasing defects.

The permeation of CO, and H, was measured at room
temperature directly after calcining the membrane.

The permeation of gas through the micropores of the zeolite
can be explained quantitatively by adsorption—diffusion
mechanism, where the permeated flux is expressed as the
diffusion rate through the micropores between the two sides of
the membrane [18]. The diffusion rate becomes significantly
smaller where the kinetic diameter of the gas becomes larger
than the size of the zeolitic pores due to the molecular sieving
effect. So the single gas permeation depends on the kinetic
diameter of the gases. Among CO, and H,, kinetic diameter of

CO, is more than that of H,. But, in case of SAPO 34 membrane
the gas flux of CO, is more than that of H, as described in Table
2 It indicates that flux was controlled by adsorption coverage
not by molecular sieving effect. H, fluxes increases with
increasing feed pressure as diffusion rate increases. But for
CO,, flux rate decreases with increasing pressure. And
ultimately at higher pressure 500 kPa, the flux of CO, and
H, became more or less same. Because at high pressure, CO,
adsorb more strongly on SAPO 34 zeolite membrane surface
than H, and the rate of desorption of CO, from the membrane
surface also decreased. As a result flux rate decreased. Table 3
shows the permeability results of CO, and H, through SAPO 34
zeolite membranes. At comparatively lower pressure, 200-
500 kPa, the permeance value of hydrogen gas increased
progressively but in case of CO,, initially the permeance value
at 200400 kPa increased and then at 500 kPa the permeance
value decreased drastically. The permeance properties of the
mixture gases were different from single gases. Fig. 9 depicts
the permeation properties of single gas and mixture gases of
CO; and H,. From figure it is clear that in contrary to single gas
permeation properties, mixture gas behaves differently. In
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Fig. 8. FESEM micrograph of SAPO 34 membrane seeded substrate synthesized for (a) 48 h, (b) 72 h, (c) 110 h, (d) 120 h.

mixture larger molecule CO, permeates faster than H,
molecule. In case of SAPO 34 membrane, both the molecules
have smaller kinetic diameter than zeolite pore size. But in case
of competitive adsorption CO, adsorbs more strongly, and it

Table 2
Change of flux of H, and CO, single gas at different feed pressures.

Temperature (°C) Pressure (kPa) Flux (mol/m?/s)

H, CO,

30 200 0.132 0.182
30 300 0.176 0.269
30 400 0.231 0.324
30 500 0.315 0.324
Table 3
Room temperature single gas permeation for H, and CO,.
Temperature (°C) Pressure (kPa) Permeance Selectivity

(x 107 mol/

m? s Pa)

H, CO,
30 200 10.23 12.0 0.85
30 300 22.5 23.2 0.96
30 400 29.5 27.5 1.07
30 500 40.1 15.0 2.67

hinders the adsorption of H, gases. As CO, adsorbed
preferentially it also desorbs and diffuses earlier than that of
H,. As a results, the flux rate of CO, is more than that of H, in
case of gas mixture. The H,/CO, selectivity was changed from
0.85 to 2.67 which is higher than reported values [19,20]. In
case of H, and CO,, the separation is controlled by competitive
adsorption and diffusion. The combine effect of these two
determines the ultimate selectivity.
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Fig. 9. CO, and H, fluxes for single gas and CO, and H, mixture (50/50) at
30 °C as a function of pressure drop.
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4. Conclusion

SAPO 34 membranes were synthesized on clay—alumina
tubular support. The membrane in this study was synthesized
by ex situ hydrothermal technique. Gradual formation of SAPO
34 from initial gel followed the path of cluster formation
followed by segregation and crystallization.

Crystallization of SAPO 34 membrane showed that at initial
stages, ‘“‘pseudo crystalline” phases were formed which are
morphologically similar to SAPO 34 phase. But in the next
stage, by rearrangement and gel conversion process zeolite
phase was formed. Maximum Si incorporation was done at this
stage. IR studies of different stages of membrane formation
showed that only after 120 h, D-6 ring was formed which
indicates the complete formation of CHA type SAPO 34
structure. Silicon incorporation in AIPO, phase completes the
formation of SAPO 34 structure. Single gas permeation studies
showed that selectivity (permeability ratio) of the permeance
increases with increasing feed pressure. In case of mixture
gases, permeance behavior is different from single gas
permeability. For mixture gases, the permeance of H, was
lower may be due to lower adsorbed concentration of gas on
membrane surface. The CO, and H, mixture selectivity may be
increased by changing surface property of the SAPO 34
membrane so that degree of absorption and diffusion of CO,
may be increased.
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