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Abstract. The goals of this work are to synthesize and evaluate the potential of hydroxy
sodalite membrane in the separation of helium from natural gas. Sodalite membrane was
synthesized via direct hydrothermal method (conventional heating) on tubular alumina
support. It was characterized by X-Ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), and single gas permeation using helium and Nj. After drying the membrane,
permeances of the single gases were found to be of the order helium > CHs > N2 > CO»
at low temperatures and the membrane was impermeable to Ny, CO2, and CH4 at high
temperatures (> 85°C). In the investigated range of temperature 35-180°C, membrane
performance tended to high selectivity. The maximum separation factors (helium/N; ~
8.8, helium/CO2 ~ 16.5 and helium/CHy ~ 5) with acceptable permeance were observed
at 85°C.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

In recent years, helium has been used increasingly
in medical and critical productions - in Magnetic
Resonance Imaging (MRI), production of pure liquid
hydrogen in -270°C, cleaning the hydrogen and helium
to remove admixtures, and using as inert gas in
some dangerous applications [1-3]. These demands for
helium in gaseous and liquid forms are grown rapidly.
However, the high cost of its production has held back
the needs for helium, since there are no natural high-
concentration sources and it is limited to a few natural
gas fields which have enough concentration of helium
for economical separation [4]. So, the production meth-
ods of helium have achieved commercial importance.
The most popular approach to helium production is
cryogenic process, where helium is obtained from the
helium-hydrogen mixture in cryogenic distillation [5].
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But, the difficult operation and high energy cost of this
process cause a technological and energetic challenge
according to its important application in production
and storage of helium. So, at the present time, it is very
well-timed to study the ability of membrane process as
a new technology which has efficient role in decreasing
cost of helium purification due to not involving phase
change [5-7)].

Several efforts have been made, up to now, by
different groups in developing helium purification by
organic membranes [8-13]. Peterson and Stone [14]
used phosphazene polymer membranes, where trans-
port of helium and CH, was found to be permeability
size controlled process. Agrawal and Sourirajan [15]
used cellulose acetate membrane at high pressures
and reported the selectivity of 1.78 and 2.83 for
helium/CH, and helium /Ny, respectively. But in
general, organic membranes are not stable at temper-
atures higher than 100°C [16,17]. So, some kinds of
inorganic membrane were developed instead of poly-
meric membrane for separation of helium from natural
gas. Arkharov et al. chose silica glass as a membrane
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material, which had high selectivity for passing he-
lium compared to neon [18]. Favvas et al. studied
the performance of carbon hollow fiber membrane at
different temperatures and found the selectivity of 843
at 373 K for Hy/CHy [19]. Just recently, Favvas
et al. investigated the effect of pyrolysis isothermal
time on the separation of helium and Hs with carbon
hollow fiber membrane and found the selectivity of
2945 and 350 for helium/CH,4 and helium/Ny, respec-
tively [20]. Kafrouni et al. synthesized a-SiCXNY:H
membrane in which ideal helium /Ny selectivity of 50
was achieved at 150°C with a helium permeance of
about 1077 mol.m—2.Pa~!.s7! [21]. Schrier studied
the permeability of synthesized porous graphene and
showed that the large differences in the needed energy
for diffusing helium and CHy4 through this membrane
allow for highly selective separation of helium from
natural gas [22]. Recently, Li et al. investigated the
graphene oxide membrane for hydrogen separation.
This membrane has excellent separation performance
for Hy/CO2 and Hy /Ny (selectivity 3400 and 900, re-
spectively) [23]. But, preparation of these membranes
is very difficult. In contrast to these membranes, ze-
olite membranes have routine and repetitive synthesis
method. So, this feature, together with well-defined
intra-crystalline pores, and superior properties of zeo-
lite membrane have attracted considerable attentions
for gas separation processes [24-27].

Among the zeolites, hydroxy sodalite zeolite mem-
brane with a three-dimensional channel network and a
pore size of 2.8 A has high potential for separation of
small molecules such as NH; (2.55 A), helium (2.6 A),
and H,O (2.7 A) from gas mixtures [28,29]. But,
few works have been presented on the separation of
helium and hydrogen from natural gas using sodalite
membrane; so, research on the evaluation of the
performance of this membrane in the separation of
helium/CH, gas mixture is needed.

The main objective of this study was to synthesize
inorganic hydroxy sodalite membrane on the outer
surface of homemade macroporous tubular ceramic
support via hydrothermal method. The prepared
membrane morphology and crystallinity were charac-
terized by SEM and XRD analyses, respectively. The
single gas permeation of helium, Ny, CHy, and CO,
is carried out as a function of temperature and mean
pressure. Performance of the prepared membrane was
investigated at high temperatures to obtain high perm-
selective behavior.

2. Experimental

2.1. Material and methods

A homemade tubular a-alumina support was prepared
by gel casting method (6 mm inner diameter, 12 mm
outer diameter, 3 mm in thickness) with an average

pore size of 570 nm and porosity of 42-47%. The
supports were prepared following a procedure described
in the literature [30]. The synthesis solution of sodalite
membrane was prepared by mixing the two appropriate
precursor solutions named aluminate and silicate. The
aluminate solution was prepared by dissolving amounts
of deionized water (25 ml), sodium hydroxide (5.72 g,
NaOH, Merck, > 99%), and pure aluminum (0.14 g,
Al, Merck, > 99%). The silicate solution was made by
mixing amounts of deionized water (22.7 ml), sodium
hydroxide (4.87 g), and silica sol (2.75 ml, [SiOx(OH)4-
2x|n, Merk, 27 wt. %SiOs). Then, the prepared
solutions were heated at 50°C for 15 min and mixed to
obtain a uniform clear solution. The molar ratio of the
prepared solution was 53105:Al503:50Na,0:1000H,0.
The final solution was poured into the autoclave. In
order to synthesize a zeolite layer on the outer surface
of the support, two ends of the support were closed
by Teflon. The synthesis was carried out at 90°C
for 12 h. The synthesized membrane was washed
with deionized water until pH of the washing water
decreased to neutral, after which the membranes were
dried at 150°C for 3 h for removal of water molecules.

2.2. Characterization

The crystallite size and zeolite phase crystallinity of
the synthesized sodalite zeolite membrane were found
by XRD patterns. XRD analysis was carried out on
a Bruker D8 ADVANCE X'Pert diffractometer using
CuKa (I = 1.54 A) radiation operating at 40 kV and
40 mA (step size = 0.05[°2Th]). The morphology and
thickness of the synthesized membrane were observed
by SEM analysis. Gas permeation experiments (helium
and Ny) were carried out as the best method to describe
the quality of membrane. Because, when the hydroxy
sodalite pores are blocked with the water molecules,
no other molecule can diffuse through the membrane
unless through defects. After membrane quality test,
the synthesized membrane was dried at 150°C for 3 h to
dehydrate the sodalite pores [27,31,32]. The membrane
was placed inside a stainless steel permeation cell and
sealed with O-rings and, finally, it was placed in oven
with digital temperature controller. The membrane
module is shown in Figure 1, schematically. Single gas
permeation was measured by a soap-film flow meter
at different temperatures under different pressures in
a homemade set up (Figure 2). The perm-selectivity
of helium to other gases was defined as the permeance
ratio of helium to the related gases (N3, CO5 and CHy).

3. Results and discussion

3.1. Morphology and crystallinity

The synthesized membrane was characterized by XRD
and SEM analyses. The XRD pattern was made using
a piece of sample that was synthesized at the same
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Figure 1. Diagram of the tested membrane module: (1) The main body of module; (2) cap with aperture for permeate;
(3) cap for the other side of module; and (4) brazen ring for both sides.
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Figure 2. Experimental homemade set-up for single gas
permeation.
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Figure 3. XRD pattern of a-alumina (M), and supported
hydroxy sodalite membrane (V).

conditions as those of the synthesized membrane. In
Figure 3, the XRD pattern of synthesized membrane
is shown. The XRD reflection of the synthesized
membrane was correlated to the reference XRD of
hydroxy sodalite [33]. Comparing the obtained XRD
patterns indicates successful formation of hydroxy so-
dalite on the surface of support. As shown in Figure 3,
some other extra peaks exist in XRD pattern, which
are expected to be observed in sodalite membranes

synthesized by in situ method [34]. But the intensity
of the diffraction peaks of sodalite is intensified, which
indicates that the sodalite has been dominant. The
crystallite size was calculated around 41 nm using
Scherrer formula, confirming nanometric microstruc-
ture of the synthesized membrane and resulting in
high quality membrane, which will be investigated with
more details using permeation experiments.

The SEM images of surface and cross section of
the synthesized hydroxy sodalite membrane are de-
picted in Figure 4. As shown in the cross section image
of the synthesized membrane, it has a uniform layer
with thickness of around 20 pm, and the synthesized
membrane is strongly bonded to the support. Also,
the zeolite crystals are found to be well inter-grown
and a continuous integrated membrane layer is formed
on the surface of the home-made support (see surface
SEM image in Figure 4).

3.2. Gas permeation

The synthesized membrane quality was evaluated by
single gas permeation experiments using helium and Ns
without removing water from its structure. Because
the cavities of hydroxy sodalite are saturated with
water during the synthesis procedure, the permeation
of gas molecules through the membrane is impossible
unless through defects. It was found that the mem-
brane before drying step had no permeance for helium
and nitrogen (the limit of the flow rate measurement
was below ~ 107!!' mol.m=2.s7".Pa~!). This result
together with the SEM images (Figure 4) confirms
that the presence of defects in the prepared membrane
microstructure is not considerable. Preparing another
membrane with the same quality by the mentioned
procedure approved the synthesis method.



M.J. Vaezi et al./Scientia Iranica, Transactions C: Chemistry and ... 23 (2016) 1136-1143 1139

Det: SE Detector
WD: 8.7723 mm 20 gm
Vac: HiVac

SEM HV:15.04 kV
Date(m/d/y):05/06/09

|
VEGA TESCAN |
-

RAZI u

N -
o P AW : "
w N < . -4
{‘\2 i -.,’.{ . | —
e v ';'-,-"c“, s
. - < ) -
¥ i} P
X " e » A
- ~ i -
a® e

Mag=1.00 KX
Detector=SE1

X k WD=17 nm
10 pm Photo no.=4

Figure 4. Top view (right) and cross-section (left) of the hydroxy sodalite membrane.

Single-gas permeation of different gases on zeolite
membranes is frequently used to estimate the mech-
anism and, probably, the molecular sieving ability of
a given membrane. So, the permeation test of helium,
N,, COs, and CH4 through the sodalite membrane was
carried out to investigate the membrane performance
in gas separation.

As mentioned, hydroxy sodalite has a three-
dimensional channel network. Thin films like hydroxy
sodalite with cavity-containing regular structure indi-
cate shape-selective diffusing mechanism. These films
are permeable to small molecules and also to molecules
that are short or narrow in at least one dimension.
So that, shape selective behavior of hydroxy sodalite
membrane can be based on transportation through
intramolecular rather than intermolecular cavities.

In Figure 5(a), the pressure dependency of gases
permeance at 85°C is shown. As a result, gases
permeance has no strong pressure dependence. Also,
the permeation results in Figure 5(b) show that perme-
ance of all the examined gases decreases by increasing

temperature. However, with a further increase in
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temperature from 120 to 180°C, the permeance of gases
other than helium, is impossible to be measured. This
behavior is due to the specific properties of different
molecules and the inverse proportionality between the
mean free path of molecules and temperature.

For more investigation on the performance of
synthesized membrane, the ideal selectivity values for
helium over other gases were determined as a function
of mean pressure at 35°C (Figure 6). It is obvious
that ideal selectivity of helium/CO, is more than
those of the two others. The net mass transport of
gases through the membrane has relationship with the
polarity of gas molecules and it is controlled with both
adsorption and diffusion mechanisms. As mentioned in
the literature [35] for zeolites with six-membered rings
(sodalite and NaX), this kind of zeolite membranes has
an electrostatic potential due to sodium ions located
near the six-membered rings. It must be able to
interact with polar molecules like CO5. The linear
CO; has a quadrupole moment with an arrangement
of charges (-++-) [36]. Therefore, it should be able to
form adsorption complexes with Na+ ions within the

-
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Figure 5. Permeance of helium, CHg, N2, and CO3 versus (a) average pressure at 85°C, and (b) temperature at 1.6 bar

through the membrane.
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Figure 6. Perm-selectivity of helium over CO2, N2, and
CHy versus average pressure (bar) at 35°C.

membrane structure. Therefore, diffusing through the
sodalite cage is difficult, and probably trapped in the
different layer of zeolites. On the other hand, other
gases like Ny neither have a dipole nor a quadrupole
moment. So, nitrogen molecules can have higher
permeance than COs.

The same behavior can be observed in the
ideal selectivity of helium/CO. compared to that of
helium/CHs due to Non-polar structure of methane
molecule.  Also, comparing the ideal selectivity of
helium/CH, with that of helium/N, indicates that
the synthesized membrane is more perm-selective for
helium /CH, than for helium/N, gas mixtures at low
pressure. According to non-polar structure of methane
and nitrogen molecules, the high ideal selectivity of
helium/CH, at low pressures can be explained by
kinetic diameter of them. But, by increasing the
pressure, this trend is reserved, which can be due
to spherical shape of methane molecule, leading to
high permeance of CH,4 at high pressures compared to
nitrogen.

Mean pressure (bar)

Figure 7. Perm-selectivity of helium over CO3, N2, and
CHy versus average pressure (bar) at 85°C.

In Figure 7, the ideal selectivity of helium over
other gases as a function of mean pressure at 85°C
is shown. Non-measurable permeance of COy (very
high selectivity of helium/CO2 at low pressures) can
be related to its quadrupole molecule structure. On
the other hand, low ideal selectivity of helium /Ny and
helium/CH, is possible due to this fact that diatomic
molecules, such as the spherocylindrical Ny and the
tetrahedral CH4 molecule, all have specific degrees of
rotational and/or translational freedom, which allow
them to pass through the pores of many coordinated
complexes, especially at high temperature.

Table 1 gives the permeance of all gases through
the synthesized membrane at different temperatures
and pressures, and Table 2 gives the perm-selectivity
values of helium/CO,, helium/CHy, and helium /N,
at different temperatures and pressures, which have
been compared with Knudsen selectivity related to
each of them. As a result of comparison, all the
selectivity values were found to be higher than Knudsen
selectivity.

Table 1. The permeance values of He, CHy4, CO2, and N2 at different temperatures and pressures.

He 35°C 85°C 135°C 180°C CH, 35°C 85°C 135°C 180°C
1.5 9.98E-09 2.00E-09 1.84E-10 1.14E-10 1.5 1.26E-09  3.94E-10 M* IM®
1.6 1.01E-08 2.05E-09 2.01E-10 1.19E-10 1.6 1.67E-09 4.11E-10 M* IM®
1.7 1.04E-08 2.10E-09 2.06E-10 1.34E-10 1.7 2.09E-09 4.27E-10 M* IM®
1.8 1.08E-08 2.09E-09 2.07E-10 1.41E-10 1.8 2.36E-09 4.83E-10 M® M*
1.9 1.13E-08 2.15E-09 2.16E-10 1.45E-10 1.9 2.69E-09 5.01E-10 M* M
2 1.15E-08 2.20E-09 2.31E-10 1.46E-10 2 2.68E-09 5.31E-10 IM* IM*

CO: 35°C 85°C 135°C 180°C N2 35°C 85°C 135°C 180°C
1.5 9.60E-10 M M M 1.5 2.00E-09 1.05E-10 M M
1.6 1.16E-09 1.26E-10 IM* IM* 1.6 2.12E-09  2.28E-10 IM* IM*
1.7 1.24E-09 1.68E-10 IM* IM* 1.7 2.14E-09  2.77E-10 IM* IM*
1.8 1.37E-09  1.89E-10 IM* IM* 1.8 2.15E-09  3.08E-10 IM* IM*
1.9 1.43E-09  2.09E-10 IM* IM* 1.9 2.16E-09  3.31E-10 IM* IM*
2 1.56E-09  2.26E-10 M* M® 2 2.16E-09  3.35E-10 mM® IM*

2 IM: Too low permeance made the measurement impossible.
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Table 2. The perm-selectivity values of He/CO,, He/CH4, and He/N; at different temperatures and pressures.

Helium/CO: 35°C 85°C Helium/CHs 35°C 85°C  Helium/N; 35°C 85°C
1.5 10.40 - 1.5 7.91 5.08 1.5 4.99 19.14
1.6 8.64  16.26 1.6 6.02 4.99 1.6 4.74 8.98
1.7 8.35 12.53 1.7 4.96 4.93 1.7 4.84 7.61
1.8 7.90 11.04 1.8 4.59 4.33 1.8 5.04 6.78
1.9 7.87  10.28 1.9 4.19 4.30 1.9 5.23 6.51
2 7.35 9.74 2 4.29 4.14 2 5.31 6.58

Kn® selectivity — 3.32 Kn® selectivity ~ 2.00 Kn® selectivity — 2.65

2 Kn: Knudsen
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Figure 8. Permeance of gas molecules through the

membrane versus their kinetic diameter at 35, 85, and
135°C.

To demonstrate the dominant mechanism in the
gases permeation through the synthesized membrane,
permeance was plotted against the kinetic diameter at
different temperatures (Figure 8). As it is obvious, at
high temperatures (> 85°C), the permeance of large
gas molecules (N3, COy and CHy) is not measurable.
This trend confirms that the synthesized membrane has
high potential in the separation of helium from Ns,
COg,, and CHy4 at high temperatures.

4. Conclusion

Hydroxy sodalite membrane with high performance
in gas separation has been prepared on tubular a-
Al,O3 support. Selective sodalite membrane layer was
obtained by the repeated synthesis procedure. Single
gas permeation measurements of helium, COs, N, and
CH, were carried out as a function of temperature
and feed pressure. Permeance of gases through the
membrane decreased with an increase in temperature
due to the inverse proportionality between mean free
path of gas molecules and temperature. The perm-
selectivity values obtained for helium over gases at low
temperature were higher than Knudsen diffusion ratio,
which confirmed that hydroxy sodalite membrane with
good integrity had been obtained. Above 85°C, an
activated type of gas transport through the membrane
took place which showed very high selectivity towards

helium in the range of 135-180°C. Different perm-
selectivity values of gases are possible due to different
molecule sizes, shapes, and energetic interactions of
the gases with heteropolar inner surface of sodalite.
CO; with a quadrupolar molecule is able to interact
with the inner surface of sodalite, so it has individual
permeation behavior in comparison with other gases.
The best separation factor with acceptable permeance
for helium/COs, helium/Ny, and helium/CH; was
measured ~ 16.5, ~ 8.8 and ~ 5 at 85°C, respec-
tively. Nevertheless, for achieving high perm-selectivity
values, high temperature operation (> 85°C) is rec-
ommended, because at high temperatures (135°C),
the ability of the membrane to separate helium from
gases is attributed mainly to the size and shape of
molecules.
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