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ABSTRACT: Microporous hydroxy-sodalite zeolite membranes with different morphologies were 

synthesized via secondary growth technique with vacuum seeding on tubular �-Al2O3 supports at 

two different synthesis conditions (i.e. two different routes). Microstructures of the synthesized 

membranes were characterized by X-ray diffraction (XRD), Scanning electron microscope (SEM) 

and single gas permeation using H2 and N2. Also, the effect of seeding time on microstructure and 

performance of the synthesized hydroxy-sodalite top-layers was investigated at four different levels 

(60, 120, 180 and 240 s). Permeation test was carried out in order to attain a more exact 

comparison of both applied routes and seeding times. Microstructure of the synthesized hydroxy-

sodalite zeolite membrane layers and the effects of the investigated factors on the elimination of 

inter-crystalline pores were evaluated by the permeation of single gases (H2 and N2) under different 

pressure differences at ambient temperature. The permeation results confirmed the high quality of 

the hydroxy-sodalite zeolite membranes manufactured via the first route at seeding time of 60s for 

the hydrogen purification under extremely low temperatures (< 200 K) and/or extremely high 

pressures (> 100 bars). 
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INTRODUCTION 

Zeolites, crystalline aluminosilicates, are widely used 
in separation and refinery industries as catalysts, 
adsorbents, membranes and ion exchangers due to their 
meso and microporous (< 50 nm) structures [1-5]. The 
significant catalytic activity and selectivity of zeolite 
materials are attributed to their large internal surface area 
and highly distributed active sites  that  are  accessible 
 
 
 

through uniform pore size [6], high thermal resistance; 
chemical inertness and high mechanical strength [7]. 

Sodalite is one of the microporous crystalline  
zeolites which consists of the cubic array of �-cages [8]. 
Sodalites are microporous tectosilicates with the  
general composition as Na8[AlSiO4]6(X)2, where X is a 
monovalent  guest  anion  as  chlorine in the mineral 
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sodalite [9]. This kind of zeolite has a six-membered ring 
aperture which these rings of Si_/O_/Si bonds have a 
pore width of 2.8 Å. Hydroxy-sodalite has the same 
framework structure as sodalite. The pore size of 
(hydroxyl-)sodalite is smaller than that of the zeolites 
with an eight-membered ring aperture, e.g., NaA zeolite, 
which makes them interesting materials for the separation 
of small molecules like H2 or He from various gas or 
liquid mixtures [10-13]. Therefore, due to the unique 
applications of hydrogen [14], synthesis of hydroxyl-
sodalite membranes for hydrogen purification processes 
is crucial. Recently, Xu et al. [13] synthesized hydroxyl-
sodalite/�-Al2O3 composite membrane with a high  
H2/n-C4H10 permselectivity. 

There are two types of pores in zeolite membranes:  
1- intra-crystalline or zeolite pores, 2- inter-crystalline 
pores [15]. The high potential of zeolite membranes in 
hydrogen purification process is due to the intra-
crystalline pores. Thus, the presence of inter-crystalline 
pores in the zeolite membrane layers accounts for a 
considerable decrease in membrane performance. 
Therefore, elimination of inter-crystalline pores in zeolite 
membrane layers which causes an increase in their 
performance in addition to the effects of important factors 
on the microstructure and performance of the zeolite 
membranes has a great importance. 

 In this study, an attempt was made to prepare 
hydroxy-sodalite zeolite membrane layers on the in-
housed manufactured �-alumina tubular supports via 
hydrothermal secondary growth technique. As mentioned 
in the literature [16], in this method, various factors such 
as seed particle size, coating time, coating pressure 
difference and suspension concentration could signi-
ficantly affect the final properties of the manufactured 
membranes. But, due to their importance especially on 
the membranes microstructure and performance, the first 
two key factors: seed particle size and coating (seeding) 
time were considered in our research. Also, the effects of 
the investigated factors on the single gases (H2 and N2) 
permeation were evaluated under different pressure 

differences at ambient temperature. 

 
THEORY 

In sodalite membrane layers, the hydrogen loading 
can be expressed as a storage-by-weight percentage by 
following equation [17]: 
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where NH2 is the number of H2 molecules in the cage [–]; 
MH2 is the molar mass of H2 [kg/mol]; MT is the molar 
mass of the T-atom (T = Si, Al, P, Ge) [kg/mol]; MO is 
the molar mass of the O-atom [kg/mol]; NNa� is the 
number of sodium cations [–] and MNa� is the molar mass 
of the sodium cation [kg/mol]. 

For higher loadings, adsorption isotherms can be 
represented by the Freundlich isotherm [18]: 

( )Fn1
FPkq =                                                                    (2) 

For very low loadings, typically <0.2 wt %, adsorption 
isotherms can be represented by the Henry's isotherm 
[17]: 

PK
qo

q
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where q is the amount of adsorbed H2 [kg/kg]; qo is the 
adsorption capacity for H2 [kg/kg], KH is the Henry's 
coefficient and kF and nF are empirical parameters. 

This set of equations with unknown parameters can be 
solved by using nonlinear procedures, when a sufficiently 
large number of empirical data are taken from the 
adsorption isotherms [17]. 

On the other hand, two different diffusion regimes 
were proposed for zeolite (silicalite-1, sodalite, etc.) 
membranes depending on the temperature: at low 
temperature, surface diffusion takes place, and at high 
temperature, gas translation diffusion occurs. Therefore, 
Bakker et al. model considered only the total permeation 
flux through the zeolite pores (intra-crystalline pores) as 
follow [18]: 
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where � is the porosity of support layer, � is the zeolite 
density, whereas qsat is the saturation capacity and z is a 
probability factor. Also, four unknown parameters (i.e. 

)0(Do
s , EDS, λ and EDGT) were presented in Eq. (4) which  
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can be obtained from independent measurements of the 
adsorbed amount versus the temperature (isobar at 101 
kPa) [18]. 

The first term in the right hand of Eq. (4) introduces 
the surface diffusion and the last term is due to the gas 
translation diffusion which is almost zero at ambient 
temperature (300K) [18]. Thus, in ambient condition the 
total permeation flux can be written as: 
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Eq. (5) shows that the gas permeation flux through the 
zeolite membranes is a function of gas adsorption loading 
(occupancy �). Annemieke et al. calculated hydrogen 
adsorption isotherms on the sodalite-type structures for 
the range 73-773 K and 0-3000 bar. Their results showed 
that the more technologically interesting hydrogen 
loadings are found only to be achieved under extremely 
low temperature (< 200 K) and/or extremely high pressure 
(> 100 bar) conditions. Therefore, the adsorption-
diffusion mechanism in sodalite membranes can not be 
applied in ambient temperature and low pressures. In 
other words, the single gas permeation flux in ambient 
conditions is due to the permeability of the inter-
crystalline pores. Thus, a further aim of this work was to 
evaluate the presence of inter-crystalline pores in the 
manufactured hydroxy-sodalite zeolite membrane layers 
by the permeation of single gases (H2 and N2) under 
various pressure differences at ambient temperature. 
 
EXPERIMENTAL 

Materials 
In-housed manufactured gel-casted �-Al2O3 porous 

tubes (12mm outer diameter, 7 mm inner diameter, 2.5 
mm in thickness) with an average pore diameter of  
570 nm and a porosity of 47 % were used as membrane 
supports [19].The following chemicals were used for the 
hydroxy-sodalite zeolite synthesis: sodium hydroxide 
(NaOH, Merck, > 99 %) aluminum foil (Al, Merck,  
> 99 %), silica sol ([SiOx(OH)4-2x]n, Merk, 27 wt. % SiO2,) 
and deionized water. 

 
Hydroxy-sodalite seeds synthesis 

For the investigation of seeds size and morphology 
effect, the hydroxyl-sodalite seeds were synthesized via 
two different routes:  

Route 1: The aluminate solution was prepared by 
dissolving 156 g sodium hydroxide in 300 ml deionized 
water, then adding 2.1 g aluminum foil to the solution at 
room temperature. The silicate solution was prepared by 
mixing 37.5 mL silica sol and 390 mL deionized water at 
333K with vigorous stirring. After 10 min of stirring, the 
preheated aluminate solution was added with mixing for 
15 min to produce a clear and homogenous solution.  
The molar ratio of the final mixture solution was 
5SiO2:Al2O3:50Na2O:1000H2O. The synthesized solution 
was poured into the Teflon holder of the stainless steel 
autoclave and heated at 333 K for 24 h.  

Route 2: The aluminate solution was prepared by 
dissolving 10 g sodium hydroxide in 39.75 mL deionized 
water, then adding 0.25 g aluminum foil to the caustic 
solution. The silicate solution was prepared by mixing 
8.52 g sodium hydroxide, 5.15 mL silica sol and 39.75 mL 
deionized water. The aluminate solution preheated upto 
333 K was added to silicate solution with stirring. In order 
to produce a clear and homogeneous solution, the 
resultant mixture was stirred vigorously for 15 min. The 
molar ratio of the final mixture solution in this route was 
similar to that of route 1. The solution was poured into 
Teflon holder of the stainless steel autoclave and heated 
at 363 K for 6 h.  

The hydroxy-sodalite seeds synthesized via both 
routes were washed several times with deionized water, 
and then dried in air at 373 K for 3 h.   

 
Support seeding 

In-housed manufactured �-Al2O3 tubular supports 
were cleaned with deionized water in ultrasonic cleaner 
for 5 min to remove the loose particles. Before seeding, 
the cleaned supports were held in air at 373 K for 3 h. 
The colloidal suspensions were prepared by dispersing 7 g 
hydroxy-sodalite seeds in 1000 mL deionized water with 
ultrasonic treatment.  

The seeding layer was coated on the outer surface of 
the supports by vacuum seeding method using a water 
pump to create pressure difference between the two sides 
of support wall. The coating pressure difference was 
monitored by a pressure gauge. The vacuum seeding was 
operated under pressure difference of 0.15 bar for 
different seeding times 60, 120, 180 and 240 s. After 
vacuum seeding, the seeded supports were dried in air at 
373 K for 3 h. 
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Hydroxy-sodalite top-layer secondary growth 
The seeded support was placed vertically with a 

Teflon holder in a stainless steel autoclave to avoid any 
precipitation of hydroxy-sodalite zeolite crystals onto the 
support during the membrane synthesis. The synthesis 
solutions prepared as mentioned earlier (section: 
hydroxy-sodalite seeds synthesis), were carefully poured 
into the autoclave without hitting the support, then the 
autoclave was sealed. The crystallization was carried out 
in an air-circulated oven (Route 1: at 333 K for three 
stages, reaction time 24 h for each stage and Route 2: at 
363 K for three stages, reaction time 6 h for each stage). 
The synthesized hydroxy-sodalite zeolite membrane was 
washed several times with deionized water, and then 
dried in air at 373 K for 3 h.   
 

Characterization 
The crystalline structure of the synthesized seeds and 

membranes was determined by X-ray diffraction (XRD) 
patterns. XRD was carried out on a TW3710 Philips 

X’Pert diffractometer using CuKα(λ=1.54 Å) radiation 
operating at 40 kV and 50 mA. Morphology and thickness 
of the synthesized hydroxy-sodalite zeolite membranes 
were examined by scanning electron microscope (SEM, 

LEO 440I, 3×105, LEO, UK ). 
 
Single gas permeation 
Single gas permeation measurement was carried out in 
ambient conditions to evaluate the quality and inter- 
crystalline structure of the hydroxy-sodalite zeolite 
membranes. The synthesized hydroxy-sodalite zeolite 
membranes were sealed in a permeation module with the 
zeolite membrane facing the high-pressure side. 
Measurements of H2 and N2 permeation were made at 
ambient temperature (283 K) and at pressure differences 
up to 6 bar. Permeance was measured using the stainless 
steel permeator shown schematically in Fig. 1. Both 
annular ends between the membrane tube and the 
permeator wall were sealed with moulded RTV silicone 
gasket rings. Feed gas flowed along the outside of the 
membrane and the permeated gases were measured on the 
inner side of the membrane at pressure 1 bar. Pressure 
differences across the membrane were obtained by 
varying the pressure on the upstream side and keeping the 
pressure constant on the downstream at 1 bar. Pressure in 
the shell side of the membrane module was monitored via 
a pressure gauge. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig. 1: Schematic of a tubular permeator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: XRD patterns of the synthesized hydroxy-sodalite 

zeolite seeds; a) route 1, b) route 2 and c) standard hydroxy-

sodalite. 

 
RESULTS  AND  DISCUSSION 
Synthesized hydroxy-sodalite seeds 

The synthesized hydroxy-sodalite seeds were 
characterized by XRD and SEM. The XRD patterns of 
the synthesized hydroxy-sodalite zeolite with both routes 
have been compared with standard hydroxy-sodalite 
XRD pattern which confirms the synthesis of hydroxy-
sodalite zeolite (see Fig. 2). SEM micrographs and 
morphology of the hydroxy-sodalite zeolite seeds 
synthesized  with  both  routes  have   been  presented   in 
Fig. 3. As illustrated in this figure, the morphology of 
hydroxy-sodalite   zeolite   synthesized  via  first  route  is 

H2 
N2 

Module 

Sodalite Membrane 

Feed Side Inlet 

Feed Side Outlet 
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  Silicone Gasket 
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Fig. 3: SEM micrograph of the synthesized hydroxy-sodalite 

zeolite seeds. 

 
completely irregular and has a particle size of 1-1.5 µm, 
whereas hydroxy-sodalite seeds synthesized via the 
second route have an absolutely spherical structure with a 
monodispersed particle size of 10 µm. Synthesis of 
hydroxy-sodalite seeds with different particle size and 
morphology can be due to the difference in the not only 
preparation of synthesis solutions but also crystallization 
time and temperature. 
 
Synthesized hydroxy-sodalite membranes 

The XRD patterns of the manufactured sodalite 
membranes with different seeding times for both routes 
have been presented in Fig. 4. It is found that the thin 
films formed on the �-Al2O3 supports surface are 
hydroxy-sodalite zeolite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: XRD patterns of the synthesized membranes with 

different seeding times. 

 
Figs. 5 and 6 show the SEM micrographs of top-

views and cross-sections of the prepared membranes via 
the first route. As can be seen, membrane manufactured 
with seeding time of 60 s has a more compact and 
uniform layer. However, according to the literature [20], 
XRD and SEM characterization methods can only 
indicate whether a continuous membrane is formed on the 
support or not, but they cannot confirm whether a defect-
free zeolite membrane is formed or not. Such a property 
of defect-free zeolite membrane can only be evaluated by 
the gas permeation test. 

The top-view and cross-section SEM images of the 
synthesized  membranes  on  the  seeded  �-Al2O3 support 
with different seeding times via the second route have 
been  presented  in  Figs. 7 and 8.  
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Fig. 5: Top-view SEM micrographs of the membranes top-layers prepared with the first route at seeding time:  

a) 60 s, b) 120 s, c) 180 s and d) 240 s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: Cross-section SEM micrographs of the membranes top-layers prepared with the first route at seeding time: 

a) 60 s, b) 120 s, c) 180 s and d) 240 s. 
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Fig. 7: Top-view SEM micrographs of the membranes top-layers prepared with the second route at seeding time: 

 a) 60 s, b) 120 s, c) 180 s and d) 240 s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8: Cross-section SEM micrographs of the membranes top-layers prepared with the second route at seeding time: 

a) 60 s, b) 120 s, c) 180 s and d) 240 s. 
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As can be seen, all the supports are covered with a 
uniform layer of hydroxy-sodalite zeolite, but since the 
crystal size in this route is much larger than that of the 
first route, the comparison between the uniformity of 
layers is not possible. Thus, Fig. 9 has been given to 
observe the microstructures of the hydroxy-sodalite 
layers cross-sections. It can be found that low-compact 
top-layer was formed in the membranes manufactured 
with seeding time 180s.  

The obtained results showed that by increasing 
seeding time, thickness of hydroxy-sodalite layers 
increases dramatically and a maximum thickness was 
obtained at seeding time 120 s and 180 s for routes 1 and 
2, respectively. As shown in Fig. 9, further increase in 
seeding time causes to form compact top-layers with the 
same thickness. 

The effect of seeding time on zeolite membranes 
thickness is not well established. But, as mentioned in 
literature, at low seeding time the support surface was not 
completely covered by a continuous seeding layer [16]. 
However, at seeding time in the range of 60-90 s, a 
uniform seeding layer and finally a compact and 
continuous zeolite membrane layer was formed on 
support surface. By increasing of seeding time, the 
support surface was covered by zeolite seeds with 
multilayer structure, and zeolite membrane layers were 
constructed with high thickness and porosity. By further 
increasing of seeding time, although the applied vacuum 
was not be able to increase thickness of the seeded layers, 
but relatively compact layers of zeolite seeds with a fixed 
thickness were formed on support surface during the long 
seeding time. Similar structure was observed in the final 
zeolite membrane layers. 

However, permeation test was carried out in order to 
attain a more exact comparison of either the two routes or 
seeding times. 
 
Single gas permeation studies 

Besides qualitative characterization, the permeability 
of the manufactured hydroxy-sodalite membranes was 
measured. The permeation of single gases (H2 and N2) as 
a function of pressure difference at ambient temperature 
for the manufactured membranes with different seeding 
times has been depicted in Figs. 10 and 11 for routes 1 
and 2, respectively. 

It   is  notable   that   since   the   adsorption  of   gases  

(hydrogen) on hydroxy-sodalite zeolite is very low 
inambient conditions [17, 18], the flux of gases passing 
through the membrane is due to inter-crystalline pores. 
Hence, membranes having lower permeability in these 
conditions are more desirable because of their lower 
inter-crystalline pores. 

The relation for the permeance of gases through inter-
crystalline pores of the manufactured hydroxy-sodalite 
membranes can be obtained as follow: 

pk
2 R
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Pasm

mol
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⋅⋅
                              (6) 

where Rk is the Knudsen resistance and Rp is the 
Poiseuille resistance defined independent of the pressure 
conditions [21, 22]. Therefore, the values of the gas 
permeance are linear function of the arithmetic mean gas 

pressure in permeator ( P ) as shown in Figs. 12 and 13. 
Also, the permselectivity of H2/N2 binary gas mixture 
was presented in Fig. 14 as a function of pressure 
difference, which shows an ideal selectivity about  
2.1-2.5. As mentioned in literature [17, 18], the effect of 
adsorption/diffusion mechanism on the permeation flux 
of single gases through the hydroxy-sodalite zeolite 
membranes can be negligible at ambient conditions. In 
the other words, the single gas permeation flux through 
our manufactured membranes at ambient conditions can 
be attributed to transition flow mechanism (both viscous 
flow and Knudsen diffusion). 

As shown in Figs. 12-14, in the first route, a 
maximum permeation is observed in the seeding time of 
120 s, whereas in the second route, the maximum point 
can be seen in 180 s. But, the seeding time does not have 
significant effect on the selectivity (see Fig. 14). 
According to SEM micrographs, these findings can be 
due to the top-layers microstructure formed at different 
seeding times, so that top-layers with the lower compact 
contain the higher inter-crystalline pores and thus the 
higher permeation.   

Comparing the permeation of the membranes 
manufactured with two different routes, it can be inferred 
that the flux of gases passing through the membrane 
prepared by the first route is lower and thus, under 
extremely low temperatures (< 200 K) and/or extremely 
high pressures (> 100 bars), better results can be achieved 
for hydrogen  purification  via  this route.  
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Fig. 9: Cross-section microstructure of the membranes top-layers prepared with the second route at seeding time:  

a) 60 s, b) 120 s, c) 180 s and d) 240 s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Permeance of the synthesized membranes with route1 for a) H2 and b) N2 as a function of 

pressure difference at different seeding times. 
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Fig. 11: Permeance of the synthesized membranes with route 2 for a) H2 and  

b) N2 as a function of pressure difference at different seeding times. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12: Permeance of the synthesized membranes with route1 for a) H2 and  

b) N2 as a function of mean pressure at different seeding times. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Permeance of the synthesized membranes with route2 for a) H2 and  

b) N2 as a function of mean pressure at different seeding times. 
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Fig. 14: Permselectivity of the membranes synthesized with a) route 1 and b) route 2 for H2/N2 binary mixture as a  

function of pressure difference at different seeding times. 

 
More details on the performance of these membranes 

for hydrogen purification at low temperatures (< 200 K) 

are under investigation. 

 

CONCLUSIONS 

The obtained results in this work are presented as 

follows: 

- Microporous sodalite membranes with uniform 

structures were successfully synthesized on �-Al2O3 

tubular supports from synthesis mixtures with the aid of 

nucleation seeds via two different routes. 

- A more compact and uniform sodalite membrane 

layers were synthesized via the first route at seeding time 

of 60 s and a relatively similar trend was observed with 

more detailed studies in the second route. 

-Single gas permeation of the manufactured sodalite 

membranes were studied in ambient conditions. The 

obtained results showed that in the gas permeation 

through inter-crystalline pores of the manufactured 

sodalite membranes both viscose flow and Knudsen 

diffusion mechanisms have influence (i.e. transition flow 
mechanism).  

- Due to the permeation of single gases through inter-

crystalline pores of sodalite membranes in ambient 

conditions, it can be concluded that the membranes 

prepared via the first route at seeding time 60 s, is 

proposed for hydrogen purification processes under 

extremely low temperatures (< 200 K) and/or extremely 

high pressures (> 100 bars).  
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Nomenclatures 

J                     Molar flux through membrane (mol m-2 s-1) 

KH                                                         Henry's coefficient 

kF                                                       Empirical parameters 

MNa                 Molar mass of the sodium cations (kg/mol) 

MH2                                          Molar mass of H2 (kg/mol) 

MT              Molar mass of the T-atom (T = Si, Al, P, Ge)  

                                                                              (kg/mol) 

MO                              Molar mass of the O-atom (kg/mol) 

NH2                       Number of H2 molecules in the cage (–) 

NNa�                                      Number of sodium cations (–) 

nF                                                       Empirical parameters 
q                                        Amount of adsorbed H2 (kg/kg) 

q0                                 Adsorption capacity for H2 (kg/kg) 

qsat                                            Saturation capacity (kg/kg) 

z                                                               Probability factor 

�                                                   Porosity of support layer 

�                                             The zeolite density (kg/cm3) 
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