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Abstract

The aim of the present study is to develop a novel type of zeolite membrane and exploit some of the inherent and unique
advantages of this membrane in gas separations. The development of inorganic membranes formed from a coherently grown layer
of zeolite crystals is a particularly promising approach, since such membranes offer substantially higher permeabilities and selec-
tivities compared with polymeric materials and can perform under extreme conditions, e.g. at elevated temperatures and in
aggressive chemical environment. Such zeolite membranes are prepared by in-situ hydrothermal synthesis of zeolite layer within the
macropores of alumina ceramic supports (tubes/discs). In this way more stable zeolite membranes are produced, avoiding outer
separating layers which are prone to mechanical damage. These membranes have also been shown to have good thermal stability up
to 500°C, with no evidence of crack formation. The synthesized materials have been characterized by several techniques such as Hg
and N, porosimetry, scanning electron microscopy (SEM), and X-ray diffraction (XRD). From these measurements it appears that
the structure of the zeolite membrane is influenced by several factors, such as structure and size of the pores of the support, che-
mical composition of the precursor solution from which the crystals will be harvested, reaction conditions, etc. Finally, gas per-
meabilities and/or selectivities have been measured for several important gas systems. The results of this study indicate the
important role of influencing the outcome of the crystal formation by controlling the conditions of the hydrothermal treatment in
obtaining optimum gas permeabilities and/or selectivities of these systems. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Inorganic membranes have considerable potential for
many technical applications because they are char-
acterised by high stability at elevated temperatures
combined with chemical resistance even in a corrosive
environment.!™ More recently a new research field
concerned with ceramic membranes incorporating zeo-
lites has developed rapidly.*> Zeolites are crystalline
metal oxides containing micropores. The surfaces that
are active in sorptive and catalytic applications are
internal and intrinsic to the crystal structure and for this
reason these materials have unique properties such as

* Corresponding author. Tel.: +30-1-650-3973; fax: +30-1-651-
1766.
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singular pore diameter, well-defined surface properties
and high thermal stability, which have made them
invaluable in many technical applications.®’ By con-
trolling the zeolite synthesis conditions it is possible to
grow zeolites as films or layers®® instead of powdered
particles. Such a synthesis, using macro-porous ceramic
supports, provides a possible route to zeolite mem-
branes. Previous developments, in this field have been
predominantly focused on ZSM-5' and silicalite-1'!
membranes. Important results concerning the gas per-
meability and selectivity of silicalite-1 supported on a
metallic substrate have been reported recently by Mou-
lijn et al.'>~!> The work here is focused on the in situ
growth of zeolite membranes on porous ceramic sup-
ports, and has the objective to investigate the influence
of the support structure and hydrothermal conditions
on the properties of silicalite-1 membranes, synthesised
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using a procedure, which we have developed pre-
viously.>

2. Experimental
2.1. Membrane synthesis

The macroporous a-alumina supports, in disc or tub-
ular shaped form, were produced commercially (Vel-
terop BV, Netherlands). The discs (25 mm in diameter
and 2 mm in thickness) were available with different
macropore sizes (0.08, 0.15, 2 and 9 um). The tubes with
an outer diameter of 14 mm and a wall thickness of 3
mm were manufactured with pore size of 2.5 and 9 pm.
The macropore structure of these different types of
supports was analysed by mercury porosimetry. Chan-
ges in the porosity, which occurred after the hydro-
thermal treatment, were also monitored.

The synthesis solution for silicalite-1 was obtained by
dissolving pyrogenic silica (SiO,, Aerosil 380, Degussa)
in an aqueous solution of tetrapropylammonium
hydroxide (TPAOH) (Aldrich) as templating agent to
give a molar composition of 1 SiO,:1 TPAOH:56 H,O.
This mixture was aged for 4 days at room temperature
to give a clear homogeneous solution of oligomeric
silica species. Syntheses were carried out by heating the
mixture with the support in 50 ml Teflon lined stainless
steel autoclaves at different temperatures (in a range
between 130 and 190°C) and various times (from a few
days to several weeks). After crystallisation of zeolite
the membranes were rinsed with distilled water, dried
and further characterised. Before gas permeation
experiments, the organic template was removed by cal-
cination up to 500°C under controlled conditions to
avoid the formation of defects in the membrane.

2.2. Characterization techniques

The synthesized membranes were characterized
through a series of advanced techniques to get infor-
mation about the film formation and the membrane
pore structure after the zeolite growth. These techniques
included scanning electron microscopy (SEM), X-ray
diffraction (XRD), Hg and N, porosimetry.

Apart from characterizing the developed membranes,
a series of permeation studies were conducted using
several probe molecules such as SFg4, He, N>, CO,, CHy4,
C,Hg¢, C3Hg, O,, etc., at different temperatures. The
measurements included integral single component low-
pressure permeability, differential high-pressure perme-
ability and counter current permeation. Finally, the
selectivity of a gas mixture of n-hexane (HEX)/2,2
dimethylbutane (DMB) was measured in order to
determine the membrane’s ability to separate linear
from branched paraffins.

All experiments were performed either on a home-
made high-pressure rig, described elsewhere!'® or on a
Wicke—Kallenbach apparatus. This apparatus is all
stainless steel and can perform counter-current experi-
ments (with or without pressure difference) up to 100
bar. The pressure at each side of the membrane can be
set from 1 to 100 bar using back pressure regulators and
monitored by absolute pressure transducers (Cerabar,
0-100 bar). Small pressure differences between feed and
permeate can also be monitored by a differential pres-
sure transducer (Applied Measurements, 0—1000 mbar).
The flow of the feed and carrier are controlled via three
Brooks 5850 E series mass flow controllers. By appro-
priate valve arrangement the setup can be reversed so
that the feed is introduced either to the macroporous
support or the zeolite side. During these experiments
both streams are analyzed before and after steady state
by means of a Hewlett Packard 5890 Series II Gas
Chromatograph, equipped with a ten port, program-
mable, automatic, gas-sampling valve. For all the
experiments the GC carrier gas was Argon and an iso-
thermal method (100°C) was used. Detection was
achieved by a thermal conductivity and a flame ionisa-
tion detector, connected to Haysep II 80/100 mesh and
capillary PLOT Q columns, respectively. Both detectors
were pre-calibrated for the gases and vapors used, so
that the molar fraction (x) and hence the permeance of
each component, along with the counter diffusion of
sweep gas could be calculated. Especially for the HEX/
DMB selectivity measurements two bubblers (the first
filled with n-hexane and the second with 2,2 dimethyl-
butane) were attached after the two mass flow con-
trollers. The composition of the feed stream was
controlled by tuning the temperature of the oil baths,
were the bubblers containing the liquids were kept, by
means of two Julabo EO7 PID temperature controllers.
The mixture was fed past the zeolite side of the mem-
brane, using nitrogen as carrier, while helium was used
as sweep-gas on the permeate side. The flow was set to
around 10 ml/min. The selectivity, S, was then calcu-
lated with the equation:

ermeate
,CD xfeed

_ ZHEX HEX
— _permeate ; _feed
XpmB  /XDMB

where x5 is the molar fraction of component (A) on the
(a) side of the membrane.

3. Results and discussion

3.1. Zeolite formation

X-ray diffraction is primarily used to ensure crystal-
linity of the sample and to identify crystal structures. In
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Fig. 1(a) and (b) two XRD patterns are shown in com-
parison, one for the zeolite membrane along with one
for the alumina substrate. The sample of pure alumina
substrate has a higher degree of crystallinity and fewer
peaks while after the zeolite formation the pattern
reveals lower crystallinity probably due to the forma-
tion of disordered zeolite phase in the pores of the sub-
strate. In addition new peaks appear compared to the
case of pure alumina substrate and these are character-
istic of the formed silicalite crystals.

3.2. Substrate selection

Experiments were undertaken to optimise the condi-
tions for the formation of defect free silicalite-1 mem-
branes. In the first set of experiments the influence of
the ceramic support on the growth of the zeolite film
was studied by SEM and mercury porosimetry. Synth-
eses were performed with the different porous ceramic
supports using fixed temperature/time conditions. The
crystallinity of the zeolite layer was confirmed by XRD.
When the synthesis temperature was kept for 6 days at
190°C, for all the different porous alumina supports,
extensive growth of a silicalite-1 layer on the support
surface occurred. This is illustrated by the micrographs
in Fig. 2(a) and (b), showing a cross-section through
two membranes with a substrate of 0.08 and 9 um.
These layers include a dense region near the substrate
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Fig. 1. (a) XRD pattern of the silicalite layer synthesized on top of the
macroporous substrate (asterisks denote silicalite peaks); (b) XRD
pattern of the macroporous alumina substrate.

and a rugged structure on the top, which is formed by
individual crystals growing out of the dense phase. In
addition to the layer formation on the surface of the
ceramic, there is evidence of penetration and pore filling
inside the support. The thickness of the outer layer var-
ied between 30 and 80 um.

The most homogeneous layer was obtained in the case
of the ceramic support with the smallest pores (diameter
~0.08 um) as presented in Fig. 2(a). The surface layer
on the 9 pm tubular support had a thicker rugged region
and thinner dense region, the boundary between the
layer and the support being ill defined [Fig. 2(b)].
Synthesis conditions, which either favoured the growth
of a well-crystallised zeolite layer on the surface of the
ceramic support or the preferential formation of a zeo-
lite phase within the macropores of the alumina sub-
layer, were further studied. In order to increase the
penetration frontier inside the pores of the support and
to minimise extensive surface growth of zeolite, kinetic
investigations at lower temperatures were carried out.

(b)

Fig. 2. SEM showing a cross-section of a silicalite-]1 membrane on a
porous a-Al,O5 substrate having a mean pore diameter of (a) 0.08 um,
(b) 9 pm.
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Hg porosimetry provided a detailed insight into the
mechanism of the growth of zeolite phase, in the mac-
ropore structure of the alumina support. Investigations
were made using supports with the same pore sizes for
different reaction conditions (time, temperature). Typi-
cal results of Hg porosimetry before (alumina substrate
0.15 um — curve a) and after synthesis at two different
temperatures and times (190°C for 1 day and 180°C for
3 days) are compared in Fig. 3. From curve b it is evi-
dent that cumulative intrusion volume for the sample
with silicalite grown for 3 days at 180°C, stays constant
above the threshold diameter of 0.15 um and is reduced
by a volume of 0.05 ml/g (from 0.18 to 0.13 ml/g) below
that point. This gives some strong indication that the
zeolite phase has grown inside the macropores of the
substrate. On the other hand, if one increases tempera-
ture and decreases the reaction time, entirely different
results are obtained. It appears that for the sample with
silicalite grown in it for 1 day at a temperature of 190°C
(curve c), the cumulative intrusion volume is higher by a
constant amount of around 0.05 ml/g both before and
after the threshold diameter of 0.15 um. This amount
most likely corresponds to a thick zeolite layer formed
on the outer surface of the alumina substrate and is also
confirmed from SEM micrographs. The synthesis was
repeated using the 0.08 pm alumina support. The reac-
tion temperature for this sample was kept at 150°C but
the reaction time was only 1 day. Under these condi-
tions it was again possible to grow zeolite crystals
mainly inside the much smaller, compared to the pre-
vious cases, macropores of the substrate. Thus it
appears that higher temperatures lead to rapid nuclea-
tion and zeolite crystal growth, resulting to the forma-
tion of thick layers formed on the outer surface of the
substrate. On the other hand, lower temperatures lead
to a more amorphous and disordered zeolite phase,
which is mainly located inside the macropores of the
substrate. The higher synthesis temperature for silica-
lite-1 may also result in an attack of the surface of the
support and give rise to an anchoring of zeolite.
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Fig. 3. Hg intrusion—extrusion data porosimetry before (a-Al,O3
substrate 0.15 um — curve a) and after synthesis at 180°C for 3 days
(curve b) and 190°C for 1 day (curve c).

Nitrogen porosimetry enables one to get information
regarding the types of micro- or mesopores that exist in
a porous material by constructing the corresponding
nitrogen adsorption/desorption isotherm. In Fig. 4,
nitrogen porosimetry results are shown for the grown
silicalite. The shape of the isotherm is type II, which is
typical of microporous materials. The surface area and
the micropore volume of the sample were calculated
using the DR (Dubinin-Radushkevich) approximation
and found to be 454.75 m?/g and 0.16 cm?/g.

On the other hand, part of the substrate (from the
silicalite side) was scratched away and analyzed with
nitrogen sorption at 77 K (Fig. 5, curve a). In this case,
the isotherm is type IV (mesoporous) including micro-
porosity (a sharp increase of the isotherm is observed at
low relative pressures (Fig. 5, inset), which indicates the
presence of silicalite inside the alumina structure, while
the N, for the untreated substrate shows a typical non
porous behaviour (Fig. 5, curve b).

3.3. Gas transport behaviour

Two of the developed membranes on supports of dif-
ferent porous size (0.08 and 0.15 um), synthesised at the
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Fig. 4. N, adsorption isotherm at 77 K of the silicalite-1 layer scrat-
ched from the top of the composite membrane.
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Fig. 5. N, adsorption isotherm at 77 K of the top section of the mac-
roporous substrate (curve a) and for the untreated macroporous sub-
strate (curve b). Inset: Low pressure data showing micropore
behavior.
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same hydrothemal conditions (180°C for 3 days), were
examined by helium differential permeability experi-
ments at 308 K and exhibited a typical crack (macro-
pore) free behaviour. Knudsen regime is predominant
when the radius, r, of the pore is much smaller than the
mean free path, A, of the permeating molecule
(r/2 — 0). As the mean pressure increases (4 decrea-
ses), the flow regime changes from Knudsen (permeance
independent of the mean pressure, ppean) to Poisseuille
(permeance proportional to pmean), as pointed out in
Fig. 6(a). From this figure it is clear that this change
from molecular to viscous flow, for both membranes,
occurs at approximately 12 bar, where the mean free
path of helium for the aforementioned temperature is
168 A. By making the usual assumption that Knudsen
regime changes to viscous when 0.01 < r/A < 0.05,7
one can calculate that the pore diameters range between
3.4 and 169 A, excluding thus the existence of macro
and mesopore intercrystalline voids. Furthermore, when
macropores (cracks) are present, the flow is expected to
be Poisseuille even at very low pressures, as presented in
Fig. 6(b), which contains the differential permeance
results for a membrane developed on a support of 9 um
porous size, and under different hydrothermal condi-
tions (190°C for 1 day).

The temperature dependence of the integral per-
meance of helium was not Knudsen (PexT7'/?). The
process was found to be activated and activation ener-
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Fig. 6. He differential permeances at 308 K of the composite mem-
branes: (a) a-Al,O3 substrate 0.08 pum and o-Al,O5 substrate 0.15 pum;
(b) a-Al,O5 substrate 9 pm.

gies were derived assuming an Arrhenius type of beha-
viour via equation:

Pe = Peoe ©'RT

where Pe is the permeance, E the activation energy, T
the temperature, Pe,, the permeance at T — oo and R
the gas constant. The activation energy is then easily
calculated from the slope of the InPe vs. 1/T curve (Fig.
7). Although the permeability values are different, E, is
6 kJ/mol for both membranes (Fig. 7, curves a and b).
This is another strong indication that the porous net-
work developed is the same in the two substrates (in
terms of pore size, connectivity, constrictions, etc.), and
this can only happen if transport occurs only through
the zeolite phase.

The aforementioned membranes were furthermore
analysed by single gas adsorption and permeability
measurements. The membrane structure is formed by
highly inter-grown and disordered crystal arrangements
and hence the mass transport is much more complex and
difficult to describe compared to single crystals. In Fig.
8(a) and (b) permeability data for several gases (He, N>,
CO,, O,, CH,, C,Hg, C3Hg) are plotted against the feed
pressure at 383 K for the two membranes with substrates
of 0.08 and 0.15 um, respectively. The ratio of the per-
meances of each gas for the two membranes gives a value
of approximately 1.7, which is the exact ratio of the
volume loss of the substrates (obtained from Hg por-
osimetry results). By carrying out simple calculations it
can be proved that the growth of silicalite-1 crystals
inside the pores is defect free. It is well known that the
permeance is calculated by the following equation:

J

Pe = ——
©TUap

where J is the flux (mol/s), U the area of the membrane

in m? and AP the pressure difference across the mem-

brane in kPa. By dividing the permeances of the two

membranes (different supports) the following equation
holds:

il il
Peois  Upys  Ugyisx € Vois
Peoos Uy Uplos x ¢ Voos

where Ul is the cross-sectional area of silicalite-1 grown
in the pores of substrate i, £ the thickness of the zeolite
layer in and V; the apparent volume of zeolite phase
(obtained from differences in total pore volume before
and after synthesis). Assuming the same penetration
depth of the zeolite phase into the macropores (same
synthesis conditions) of the two substrates, the per-
meances measured should be proportional to the zeolite
volume, if all macropores are blocked by zeolite, as it
seems to be.
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Fig. 8. Permeances of several gases at 383 K as a function of the feed
pressure: (a) a-Al,O;5 substrate 0.08 pm and (b) a-Al,O3 substrate 0.15
pm.

Additionally SF¢ was used as a probe molecule and
the experiments were performed via the Wilke—Kallen-
bach method. Nitrogen was used as sweep gas, flowing
on the substrate side. The zeolite side was fed with a
mixture of helium and SF6. Both sides were kept at
atmospheric pressure. The lowest calculable permeance
value, limited by the analytical ability of the thermal
conductivity (TCD) detector, at the specific setup, is
1.4x107'* (m*/m? s kPa). Under the above conditions,
no flux of SF6 was detected or else, its permeance was
lower than the aforementioned limit.

The influence of the orientation of the zeolite layer as
well as of magnitude of the fluxes at the feed and

permeate sides, on the permeance of helium at 383 K
were examined. The experiments were performed using
the Wicke-Kallenbach method, with either carbon
dioxide or nitrogen as sweep gases while the membrane
(0.08 pum, substrate) was kept at atmospheric pressure
on both sides. Results are summarized in Table 1. It is
obvious that the permeance increases by a factor of
approximately 2.3 when helium is introduced on the
support side and nitrogen on the zeolite layer, but this
factor falls to 1.1 using carbon dioxide as sweep gas.
The increase of the permeance value is attributed to the
fact that helium is more effectively removed from the
permeate side, thus increasing the effective concentra-
tion gradient across the zeolitic layer. In the case of CO,
the effect of enhanced concentration gradient is coun-
terbalanced by the increased concentration of CO,
molecules in the zeolitic pores (adsorption of CO,),
introducing thus an additive resistance to the helium
flux, which is also observed by the lower values of
helium permeances (Table 1). The augmentation of the
fluxes in both sides had as effect higher permeance
values, as a result of the lower concentration of the
permeate substance at the permeate side, leading thus to
a higher concentration gradient. The variation of the
permeance values as a function of the flux was almost
identical for both orientations of the membrane, and
exhibited an increase by a factor of 1.5 when the flux
was three times higher.

Furthermore the quality of the produced membrane
and the defect (macropore) free growth of the zeolite
layer were certified via CO,/He permeability experi-
ments at elevated pressures. The experiment was per-
formed at 308 K, and the membrane was fed with 10 ml/
min He on the support side, while 10 ml/min carbon
dioxide were flowing past the zeolite layer. The steady
state helium permeances were measured for all the suc-
cessive increments of pressure (both sides) from 1 to 10
bars. No helium was detected at the zeolite layer side
when the pressure reached the value of 8 bars, which
corresponds to the complete filling of pores, as indicated
by the carbon dioxide Isotherm at 308 K (Fig. 9).

3.4. Selectivity measurements

Selectivity measurments were performed with a mix-
ture of m-hexane, 2,2-dimethylbutane. Both molecules
have high adsorption potential at low temperatures
(measured values of the Langmuir constant are
9.85x10™* and 2.15x10~* Pa~! at 443 K, respectively).
It is evident that the external surface of the zeolite will
be occupied in a large extent by both molecules, as
experiments were performed at high feed pressures, well
above the Henry region. On the other hand the smaller
n-hexane molecule which can easily enter the zeolite
pore will have a high occupation degree compared with
the 2,2-dimethylbutane which can hardly enter the zeo-
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Table 1
Effects of the orientation of the membrane, of the flow rate at the
permeate side and of the sweep gas, on helium permeance at 373 K

Table 2
Selectivity of n-hexane/2,2,DMP on a silicalite membrane

T (K) Feed (kPa/kPa) Flow rate at the Mixture selectivity

Seep gas Orientation Flow rate Permeance (n-hexane/2,2,DMB) permeate side (n-hexane/2,2,DMP)
(ml/min)  (m3/m? s kPa) (ml/min)
Nitrogen From zeolite to support 10 5.339E-09 373 1.17 1520 25 18.9 22.1 27
20 6.633E-09 0.65 1520 25 18 20 22.4
30 7.604E-09 0.25 1520 25 13 15.7 18
From support to zeolite 10 1.124E-08 2.32 152025 23 26 30
20 1.580E-08 323 1.2 1520 25 23.52529
30 1.628E-08 0.85 10 20 25 18.2 24 26
Carbon Dioxide From zeolite to support 10 3.370E-09 1.6 10 20 25 21.426.3 32.5
From support to zeolite 10 3.552E-09 308 1.03 10 20 24 274
1.36 20 25 28 29
1 37 —4 308K
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Fig. 9. Carbon dioxide isotherm on silicalite-1 at 308 K (normalized
uptake values) and relative permeance of helium as a function of the
pressure for a CO,/He experiment at 308 K.

litic pores. As a result, the intracrystalline diffusion of n-
hexane will not be influenced by the presence of the
branched molecules. It is obvious that a change of the
concentration of the mixture at the feed side in favour
of the larger 2,2-dimethylbutane molecules, increases
the posssibility of the blocking of the pore apperture for
the n-hexane molecules which will effect the direct
entrance of n-hexane from the gas phase and as a result
the separation capacity of the membrane will be
reduced. Preliminary selectivity results are shown in
Table 2 and illustrated in Fig. 10. As can be seen from
the above results, a selectivity between 16 and 30 is
obtained by varying the temperature from ambient
conditions and up to 100°C. It is important to observe
that an increase in temperature results in a dramatic
decrease in the mixture selectivity. This is because the
branched paraffin (2,2,DMB) is activated at high tem-
peratures resulting in higher permeation rates and thus
in a decrease in selectivity of n-hexane over 2,2,DMB. It
is expected that at even higher temperatures (around
180-200°C) the selectivity will drop to a value of around
1 making the zeolite membrane incapable of separating
the aforementioned gas mixture. Thus the temperature
region one should work at, in order to achieve a suffi-

1+ *14 16— —*2

n-HEX/2,2DMB (Feed)

Fig. 10. Histogram showing the n-HEX/2,2DMB selectivity capacity
of the silicalite-1 membrane (substrate 0.15 pm), as a function of the
temperature and the feed n-HEX/2,2DMB ratio (kPa/kPa). Inset:
Effect of the flow rate at the feed side and temperature on the selec-
tivity capacity of the membrane.

cient degree of separation for the mixture n-hexane/2,2,
DMB should not exceed 100-120°C. Lower tempera-
tures will favour separation while higher temperatures
will have the opposite effect.

Another point that should be mentioned and which is
indicative of the absence of mesopores, is that during
the selectivity experiments, neither nitrogen or helium
(feed and sweep gas respectively) were detected at the
feed and permeate side of the membrane. The relative
pressures (P/P,) of both organic liquids in the feed
stream, for the aforementioned temperatures were very
low (between 0.1 and 0.2 at 308 K, 0.07 and 0.13 at 323
K and 0.015 and 0.03 at 373 K) to bring on blocking of
mesopores, if were present.

4. Conclusions
The synthesis and characterisation of silicalite-1 mem-

branes on porous alumina ceramic supports have been
described here. It has been shown that by controlling the
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synthesis conditions it is possible to optimise the growth
and structure of silicalite-1 membranes. At lower synth-
esis temperatures (150°C), the growth of silicalite inside
the macro-pore of the ceramic support is favoured, while
at higher temperatures (190°C), thick, well-crystallised
zeolite layers develop from the surface of the support. A
more stable membrane is obtained if the zeolite phase is
formed predominantly inside the pores of the support.
Furthermore, the zeolite layer structure and the pene-
tration depth depend on the type of macro-porous sup-
port used for the synthesis. A more homogenous
silicalite-1 film, together with a lower degree of penetra-
tion, was obtained for the alumina support having the
smaller macropores (0.08 pm) compared to the more
rugged film on the surface of the support having larger
pores (9 um) as indicated by SEM micrographs. To
obtain defect free membranes it is again preferable to
have zeolite growth inside the support sub layer. To
achieve this, a control of the formation of the gel phase,
which precedes the nucleation of the zeolite, is necessary.

The quality of two membranes was checked by a
variety of methods such as XRD, SEM, Hg porosimetry
and low-pressure integral permeability for various gases
at different temperatures. SF6 was not permeating and
the ratio of permeabilities of the two samples, for all the
gases used, corresponds to the ratio of the zeolite
volumes, as expected for defect free membranes. On the
other hand the same activation energies for transport
have been calculated for both samples and since the
activated behaviour is attributed to hindered diffusion
of molecules in the zeolite pores, we have a strong indi-
cation that mass transfer is controlled only by the zeo-
lite phase. Furthermore, the production of defect free
membranes was certified via a complete set of permea-
tion experiments including high-pressure, differential
(He) and counter-current (He/CO,) experiments. High-
pressure experiments revealed a change in the flow
regime (Knudsen to Poisseuille) at a pressure of approxi-
mately 12 bar, indicating the absence of defects even in
the mesopore range. In the He/CO, experiment, cut off of
helium permeation was observed at a pressure of 8 bar,
corresponding to the complete filling of micropores by
CO,, as calculated from the adsorption isotherm. Addi-
tionally, the influence of membrane’s orientation as well
as feed and sweep gas flow rates on the permeability was
examined. Finally, n-HEX/2,2 DMB selectivity measure-
ments were performed and a selectivity of about 30 was
calculated. Large separation factors for gas mixtures,
which are currently under investigation, are expected to
be achieved with these membranes.
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