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An oriented submicron silicalite membrane has been prepared by growing a layer of
oriented silicalite crystals on a composite precursor nanocrystalline silicalite/alumina
film using controlled secondary growth. The orientation of the crystals at the surface
was such that both straight and sinusoidal channel networks run nearly parallel to the
membrane surface. The membrane exhibits ideal selectivities for H, over N, as high as
60 at 150°C and O, over N, as high as 3.6 at 185°C. H,, N, and O, permeances are
2.13, 0.05 and 0.17 cm’(STP)/ (cm? min-atm) at 185°C, respectively, and the corre-
sponding apparent activation energies are 11, 26 and 32 kl/mol. The permeation char-
acteristics are attributed to the preferred orientation of the molecular sieving layer.

Introduction

Current commercial use of zeolites includes catalysis, ion
exchange, and adsorption/separations (Davis, 1991). In all
these applications, the zeolite is utilized in its powder form.
In particular, gas separation by zeolites is performed by pres-
sure swing adsorption (PSA) where separation relies on the
preferential adsorption of one component (usually the de-
sired component) over another. Replacing this unsteady
process with a continuous process has been one driving force
for the development of zeolite membranes. Their potential
uses as membrane reactors (combined reaction-separations),
selective sensors (Yan and Bein, 1995, 1992a,b; Bein and
Brown, 1989), and optoelectronic materials (Ozin et al., 1989;
Caro et al., 1992) has provided additional interest for the for-
mation of molecular sieve films.

For molecular sieving applications, the ideal configuration
of a zeolite membrane would be a thin (<1 um), dense (no
interzeolitic porosity), and appropriately oriented zeolite
layer. Other obstacles, besides the synthesis of suitable zeo-
lite membranes, to be overcome for the commercialization of
such materials are discussed in a recent review by Zones and
Davis (1996).

The two most prevalent techniques that have been imple-
mented for the fabrication of zeolite containing membranes
are post-preparative (ex-situ) and in-situ methods. Post-
preparative methods involve the incorporation of a powdered
zeolite into a glassy polymer or inorganic matrix (Bein et al,,
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1989). The pioneering work of Hennepe et al. (1987) showed
how the addition of the hydrophobic zeolite silicalite to a
silicone rubber (PDMS) membrane increased the selectivity
of alcohols over water during pervaporation. In a later re-
port, Hennepe et al. (1994) experimentally determined the
concentration profiles of permeants across the PDMS /silica-
lite membrane. It was concluded that for these heteroge-
neous membranes, diffusion through the membrane deter-
mines the rate of transport, that is, adsorption/desorption is
a fast process.

Following this work, Jia et al. (1991) constructed a similar
membrane that displayed enhanced O,/N, selectivity. The
addition of silicalite to a PDMS matrix facilitated the trans-
port of smaller molecules through the membrane. The O,/N,
ideal selectivity was found to increase from 2.15 to 2.92 with
increasing zeolite (silicalite) content up to 70 wt. %.

Other researchers have investigated the sorption and diffu-
sion of permeates like acetic acid (Netke et al.,, 1995) and
chlorinated hydrocarbons (Dotremont et al., 1995) in these
composite (silicalite/PDMS) membranes, as well as the use
of polyimide (Vankelecom et al., 1995) as a matrix instead of
PDMS. One recent publication reported the catalytic esterifi-
cation of acetic acid carried out in a composite zeolite
A/polyvinyl alcohol (PVA) membrane (Gao et al., 1996).

The strength and flexibility of these composite zeolite/
polymer membranes eases their implementation in perme-
ation and membrane reactor apparatuses. However, mem-
brane performance (that is, selectivity, permeance) as well as
the thermal and chemical stability limitations imposed by the
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polymer matrix drive the search for pure zeolitic films or in-
organic/zeolite composite films.

Preparation of pure zeolitic and/or inorganic/zeolite com-
posite membranes has mostly been investigated using in-situ
techniques. This method consists of placing a suitable sub-
strate in contact with a precursor solution or gel. A zeolite
film is then grown on the substrate through hydrothermal
treatment. Using this technique, layers of ZSM-5 (Anderson
et al., 1992; Sano et al., 1992; Masuda et al., 1994), silicalite
(Meriaudeau et al., 1995; Noble and Falconer, 1995), zeolite
A (Masuda et al., 1995; Yamazaki and Tsutsumi, 1995; Kita
et al., 1995), zeolite Y (Valtchev et al., 1995), and ferrierite
(Matsukata et al., 1994) have been grown on various sup-
ports. in some cases zeolite films have been formed on the
Teflon lining of the reaction vessel and were removed and
used as self-supported films (Tsikoyiannis and Haag, 1992). A
recent report by Jansen and Coker (1996) reviews some of
these studies regarding zeolite membrane preparation and
characterization.

For separation applications, zeolite film growth has been
achieved on porous substrates such as porous alumina, stain-
less steel, and clay supports. The majority of work in this
area has focused on composite silicalite or ZSM-5 mem-
branes. Geus et al. (1992, 1993) were able to grow continuous
layers of silicalite (50—100-wm-thick) on both porous clay and
stainless steel. The film was composed of multilayers of ran-
domly oriented intergrown silicalite crystals with grain sizes
of approximately 20 um. Permeation experiments revealed a
sequence for single gas permeabilities at room temperature
as methane > n-butane > neon > isobutane. Using binary
mixtures, the membrane was found to be selective for n-
butane (strongly adsorbed) over methane (weakly adsorbed)
demonstrating that permeation is based on both adsorption
and diffusion. While these membranes exhibited molecular-
sieving effects, Geus et al. did not exclude the possible exis-
tence of larger (intercrystalline) pores.

Sano et al. (1991, 1994) have extensively reported on the
preparation and characterization of ZSM-5 and silicalite films
on porous stainless steel, alumina, and Teflon. The sup-
ported membranes ( ~ 500-gm-thick) were composed of ran-
domly oriented, intergrown crystals. The authors also indi-
cated the presence of intercrystalline porosity. The potential
use of these membranes for separation of water/alcohol and
methanol/MTBE mixtures by pervaporation was examined
(Sano et al.,, 1995). In both cases, the membrane showed se-
lectivity for the more strongly adsorbed alcohol.

Also using in-situ growth, a continuous silicalite membrane
was prepared on the inside of a porous alumina tube by Bai
et al. (1995). The 10-um-thick layer exhibited molecular siev-
ing properties and activated diffusion for several pure gases
(apparent activation energies in the range of 8.5-16.2 kJ/mol).
In a more recent study Funke et al. (1996) investigated the
separation of higher boiling point organic compounds with a
similar zeolite membrane. The investigators found a separa-
tion selectivity of 40 for n-octane over isooctane at ~ 413 K
for a mixture of the two components diluted with n-hexane.
In the absence of n-hexane the selectivity of n-octane over
isooctane was only 8. Also, in single gas measurements isooc-
tane permeated up to 5 times faster than r-octane. The au-
thors atiribute the mixed feed permeation characteristics to
nonideal adsorption behavior. The same research group
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(Baertsch et al., 1996) has recently reported on dramatic
changes in selectivity through these membranes when mea-
surements were performed with single vapors and mixtures.
That behavior was attributed to single-file diffusion.

The preparation of a ZSM-5 membrane supported on
porous alumina discs has been presented by Yan et al.
(1995a,b). The porous alumina disc was elevated in the syn-
thesis mixture, face down, to prevent deposition of crystalline
particles on the substrate through settling in the solution. The
in-situ grown membranes consisted of a 10-pm-thick poly-
crystalline film. The film is thought to nucleate in the pore
mouth of the substrate, penetrating at a depth of several mi-
crons below the surface. Permeation of a variety of pure gases
was measured with ideal selectivities as high as 151 for hy-
drogen/i-butane and 31 for n-butane/i-butane.

Kapteijn et al. (1995) reported on the preparation and
characterization of a silicalite membrane grown over a stain-
less steel gauze. From single gas permeation measurements,
the ideal selectivity of hydrogen over n-butane was 20. Binary
experiments, however, showed a selectivity toward n-butane
at 300 K with fluxes of 0.2 and 1.0 mmol/m?/s for hydrogen
and n-butane, respectively. At higher temperatures (600 K),
the membrane selectivity favors hydrogen with fluxes of 25
and 10 mmol/m?/s for hydrogen and n-butane, respectively.

These reports of in-situ grown supported membranes show
promising advances in film quality and permeation character-
istics. The control of film microstructure, however, is some-
what limited with zeolite films most commonly comprised of
several layers of randomly oriented crystals. In addition, film
thicknesses of less than one micron need to be achieved to
overcome low flux limitations and fully realize the potential
of these devices.

The growth of more oriented zeolite layers has been
achieved by Jansen and Rosmalen (1993), Feng and Bein
(1994), and more recently by Yan et al. (1996). The report by
Jansen and Rosmalen shows a continuous film, buildup of
in-situ grown silicalite crystals ( ~2 um in length), on silicon
wafers. The crystals are aligned with their (010) faces parallel
to the substrate. The crystals do not appear to be highly in-
tergrown and interzeolitic porosity exists. By altering synthe-
sis conditions, Jansen et al. (1994) have been able to obtain a
very thin (300 nm) and intergrown (no intercrystal porosity
visible by SEM) layer of silicalite on silicon. The crystal grains
in this case do not have well-developed facets but do display
some extent of orientation. The formation of a similar film
on a porous substrate has not yet been reported.

All of the above reports have addressed certain aspects de-
sirable for the preparation of an “ideal” molecular sieving
zeolite membrane. However, combining some of the more
important film characteristics, that is, density (no interzeolitic
porosity), thickness ( <1 um), and preferred orientation, re-
mains an elusive goal.

We proposed the use of zeolite colloidal suspensions
(Tsapatsis et al., 1995a) as precursors to zeolite membrane
formation. The processing scheme we developed involves the
preparation of nanocrystalline zeolites and zeolite nanosols
(colloidal suspensions of nanocrystalline zeolites). The
nanosols are used for film deposition resulting in either un-
supported or supported zeolite films. These films are com-
posed of packed zeolite particles with interzeolitic pores on
the order of the particle size. To close the interzeolitic poros-
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ity at the surface, a seeded growth procedure (which we refer
to as secondary growth) is implemented. Starting from
nanocrystalline zeolite L suspensions, we have previously re-
ported on the preparation of an asymmetric zeolite L film
(Tsapatsis et al., 1995b, 1996; Lovallo and Tsapatsis, 1996;
Lovallo et al., 1996a,b). The film described has decreasing
crystal grain size and increasing interzeolitic porosity from
the surface to the interior of the film. The surface is com-
posed of a thin (~ 200 nm) layer of highly intergrown, ran-
domly oriented zeolite L crystals.

In what follows, we describe a similar procedure for the
preparation of a thin, oriented, molecular sieving silicalite
membrane. Insight into synthesis procedures and membrane
characterization are presented. Pure gas permeation and
temperature dependence characteristics were obtained and
analyzed.

Experimental Studies
Silicalite nanosol preparation

Silicalite particles of approximately 100 nm in size were
hydrothermally prepared using tetrapropylammonium hy-
droxide (TPAOH, 1.0 M Aldrich), fumed silica (Cab-O-Sil
Grade 5-M), and sodium hydroxide (NaOH, Aldrich). Ap-
proximately 0.85 g of NaOH was added to 60 mL of 1.0-M
TPAOH and stirred at room temperature in a flask until dis-
solved. 15 grams of fumed silica was then added to the solu-
tion to form a slurry. The slurry was heated at 80°C until
clear while approximately 10 g of water was evaporated off
the solution. The resulting mixture was clear with a composi-
tion of 10 SiO, : 24 TPAOH : 1 NaOH : 110 H,O. The
solution was placed in Teflon-lined stainless steel autoclaves
and rotated in an oven at 125°C for 8 h. After cooling, a
stable aqueous suspension was prepared by repeated washing
with DI water and centrifuging until the pH of the sol was
neutral with a zeolite concentration of 20 (g silicalite)/L.

Precursor film casting

Compeosite silicalite /alumina unsupported films were pre-
pared by mixing calculated amounts of aqueous silicalite (20
g/L) and boehmite suspensions (30 g/L). The two suspen-
sions were mixed in a flask at room temperature under stir-
ring. The mixed dispersion was then poured into a casting
dish [flat bottomed petri-dish, 2 in. (51 mm) in diameter, 1 in.
(25 mm) high] and left open to atmosphere at room tempera-
ture. Films of different thickness were obtained by adding
more of the mixed dispersion to the casting dish before all
the solvent had evaporated. Recovered films were ~ 2 cm in
diameter and ~ 1-2 mm thick. The films were dried at 110°C
and then calcined at 750°C for 4 h.

Supported films were obtained by dip coating precleaned
glass slides (VWR) and silicon wafers with the mixed sili-
calite/boehmite dispersion. The substrates were immersed
into the dispersion for approximately 2 min. The slide was
then removed at a rate of 1 cm/min and subsequently dried
at 40°C. The dip procedure was repeated up to 5 times. After

the final dipping, the coated slide was dried at 110°C and

then slowly heated to 550°C and held for 6 h. Both unsup-
ported and supported precursor films are polycrystalline and
randomly oriented.
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Secondary growth

For silicalite particle secondary growth, calculated amounts
of silicalite sol (20 g/L), tertraethyl orthosilicate (TEOS,
Aldrich), TPAOH, and DI water were mixed under stirring at
room temperature in a flask with a resulting composition of
40 SiO, : 12 TPAOH : 16800 H,O : 40 g silicalite. The mix-
ture was placed in Teflon-lined stainless steel autoclaves and
heated in a rotating oven at 130°C for 8 h. After cooling,
solid products were recovered by repeated washing and cen-
trifuging followed by drying at 110°C overnight.

For membrane preparation, the same procedure was fol-
lowed except calcined pieces of unsupported silicalite/
alumina (90 wt. %/10 wt. %) film or supported film were
used in place of silicalite particles. Films were removed from
the oven at various times and left in a DI water bath overnight.
After this washing, the unsupported films were dried at 110°C
and calcined at 750°C for 2 h.

Characterization

XRD patterns of both solid products and supported films
were collected on a Scintag XDS-2000 diffractometer in Bragg
Brentano geometry equipped with a liquid nitrogen cooled
germanium detector using Cu K« radiation. Supported films
were analyzed with the film surface perpendicular to the plane
of the X-ray source and detector.

TEM micrographs were taken on a JEOL 100CX micro-
scope operating in TEM mode at 100 kV. Specimens for TEM
were prepared by dispersing the sample in ethanol and de-
positing a drop of the suspension on a carbon coated grid.

SEM photographs were recorded on a JEOL 100CX mi-
croscope operating in SEM mode at 20 kV. Samples were
prepared by attaching film and membrane pieces to the spec-
imen holder with conductive carbon tape followed by sputter-
ing a gold coating.

Single gas permeation

Permeances were measured for precursor silicalite /alumina
films and secondary grown silicalite/alumina membranes
(calcined and uncalcined). One side of the films was slightly
polished to remove any film created during secondary growth
on that side. The membranes were then attached to a glass
plate (3 cm X 3 cm) with Varian Torr Seal epoxy. The glass
plate was then attached to a glass tube with the same epoxy.
A hole in the glass plate (5 mm in diameter) allowed for flow
of gases from the feed side, through the membrane, to the
permeate side. Figure 1 illustrates the connection of the
membrane to the glass plate and the permeation apparatus.
The membrane housing was placed in a temperature con-
trolled tube furnace. Initially, the permeate side is at vacuum
and the feed side is at 1 atm with a feed gas flow rate of
approximately 10 cm>/min. The permeate side is then iso-
lated from vacuum and the rate of change in pressure was
measured with a pressure transducer. The permeance (P) of
the membrane was calculated from the volume flow rate (Q),
the membrane area (4), and the pressure difference (Ap)
across the membrane

P=0/AAp)  (cm’/cm®min-atm) (1)
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Figure 1. Permeation apparatus.

V-vacuum pump; CT-cold trap; PT-pressure transducer;
FG-feed gas; FM-flowmeter.

The flow rate is calculated from the recorded change in pres-
sure with time

0 (Ap/At)x DV x22,414

3 »
RT (cm*/min) 3]
where Q is the volume flow rate (cm®/min), Ap/At is the
recorded rate of pressure change (atm/min), DV is the vol-
ume in the permeate side of the apparatus (cm?), R is 82.0578
(em*atm/mol-K), and T is the temperature (K).

All measurements were taken in the range of 0-3 torr at
permeate side and 1 atm at feed side. Several runs were made
for each gas at each temperature followed by H, after every
gas to check for consistency. Depending on the gas, different
equilibration times (up to 12 h) were required when switching
from one gas to another to reach a constant permeance value.

Results and Discussion
Silicalite synthesis

The nanocrystalline silicalite is formed from a clear homo-
geneous solution. The resulting product is a milky suspension
of the silicalite in its mother liquor. By washing to a pH of 7,
a stable silicalite sol is prepared. Figures 2a and 2b show a
TEM image and a powder XRD pattern of the dried silicalite
particles. From XRD line broadening calculations performed
on the (101) peak using the Scherrer equation, the average
grain size of the particles is found to be approximately 30
nm. The TEM image reveals particle sizes of around 100 nm.
The smaller size as determined by XRD suggests that the
particles consisted of smailer single crystalline domains.

Precursor silicalite film

Figure 3 shows an SEM top view of an unsupported piece
of composite silicalite (90 wt. %/alumina (10 wt. %) film.
The size of the particles is consistent with TEM observations
(~100 nm). The film is composed of well-packed silicalite
particles, leaving interzeolite spacings on the order of the
particle size. The alumina is in small quantity and too finely
divided to be seen in the SEM image. This particular film is
approximately 2 cm in diameter, 2 mm thick, and white in
color. The film thickness can be controlled by the concentra-
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Figure 2. Silicalite nanocrystals.
(a) TEM micrograph (100,000 X ); (b) powder XRD pattern.

tion and quantity of zeolite suspension poured into the cast-
ing dish. Thinner films are more translucent but generally
too fragile to perform permeation measurements, and thicker
films require longer casting times and more silicalite suspen-
sion. Prior to calcination, even 2-mm-thick films are fairly
delicate and will fall apart if exposed to water. After calcin-
ing, the film samples exhibit increased mechanical and chem-
ical strength with no change in color or size and shape. The
enhanced strength which allows for easy manipulation of the
films is attributed to the small amount of alumina that pre-
sumably forms strong chemical bonds between individual sili-
calite particles upon calcination. The exact nature and phase
of the alumina is unknown at this time because it is unde-
tectable in the XRD patterns and TEM micrographs. XRD
analysis of calcined silicalite particles indicate no change upon
calcination except for the removal of the occluded organic
(TPA) at this temperature.

Secondary growth

For molecular sieving applications, the interzeolitic poros-
ity of these silicalite membranes needs to be closed, leaving
transport pathways only through the silicalite crystals. Using
the same principle as demonstrated for the processing of zeo-
lite L films (Lovallo et al., 1996b), synthesis conditions were
identified where the silicalite particles grow larger in a seeded
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Figure 3. Precursor silicalite/alumina film.
SEM top view (20,000 % ).

hydrothermal treatment (we call this process secondary
growth). Figures 4a and 4b show a TEM micrograph of the
silicalite particles after secondary growth along with the cor-
responding XRD pattern. By comparing to Figure 2, it is evi-
dent the particles have grown larger to approximately 150—-200
nm in size after 8 h of secondary growth. Under these re-
growth conditions, the particles grow as plates with the longest
edge being along the crystallographic c-axis.

The next step was to expose the calcined pieces of compos-
ite silicalite /alumina film to the same secondary growth con-
ditions. The goal is to cause the silicalite particles in the film
to grow larger, closing the interzeolitic spacing, and forming
a molecular sieving membrane. Figure 5 shows a series of
SEM top views and cross-sections taken at various times
throughout the secondary growth process. After 4 h of heat-
ing (Figure 5a), some larger crystal grains appear dispersed
across the film surface. Upon further heating, the crystals at
the surface grow larger and cover more of the surface. At 6
h, the surface is not yet completely covered with the crystal
grain size being around 500 nm as observed in the SEM mi-
crograph of Figure 5b. Also evident at this time is a preferred
orientation of the majority of crystals with their straight
channel direction (crystallographic b-axis) parallel to the film
surface. After 9 h of heating (Figures Sc and 5d), a continu-
ous and intergrown layer has formed at the film surface. From
the SEM top view of Figure Sc, the crystal grain size at the
surface appears to be 750 nm. The orientation of the surface
crystals is even more evident in this figure with the crystallo-
graphic b-axis paraliel to the film surface. Figure 5d shows an
SEM cross-section of the same sample after 9 h of secondary
growth, This view reveals a thin intergrown layer supported
on the original precursor composite film. Below the inter-
grown layer, the silicalite crystals appear to have experienced
little or no regrowth. This figure also indicates that the tfop
layer is one crystal thick. That is, the silicalite grain size in
the intergrown layer is of the same magnitude as the top layer
thickness ( ~ 750 nm). At 24 h of secondary growth, the crys-
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Figure 4. Regrown silicalite nanocrystals.
(a} TEM micrograph (100,000 x ); (b) powder XRD pattern.

tal grain size and corresponding surface layer thickness have
increased to 2 pum, as shown in Figures 5e¢ and 5f. Because
the film thickness is approximately equal to the crystal grain
size at the surface, film growth does not seem to proceed by
the multilayer deposition of crystalline particles from the so-
lution phase to the film surface. A similar microstructure was
observed in zeolite L films using a similar procedure (Lovallo
et al.,, 1996b). However, because under the regrowth condi-
tions used here silicalite crystals can form in the solution
phase, it is unknown whether the layer formation proceeds by
the secondary growth of silicalite particles in the precursor
film or by the deposition of a single layer of small silicalite
crystals from the solution phase which continue to grow into
a continuous layer. A combination of both these mechanisms
may also be possible.

To demonstrate the role of the precursor composite film, a
series of experiments were performed under the same condi-
tions used in the secondary growth process. In this case, other
substrates (glass, silicon, alumina plate, and zirconia) were
used in place of the precursor silicalite film. In all instances,
crystals with similar morphologies as those seen in Figure §
were found on the surface of the substrates. However, the
crystals were always found in a very low coverage and never
formed an intergrown layer even after long heating times (48
h). Figure 6 shows an SEM top view of a bare silicon wafer
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Figure 5. Secondary growth of precursor silicalite/
alumina film.

(a) SEM top view after 4 h of heating; (b} SEM top view
after 6 h of heating; (c) SEM top view after 9 h of heating;
(d) SEM cross section after 9 h of heating; (¢) SEM top view
after 24 h of heating; (f) SEM cross section after 24 h of
heating.

that was subjected to the same secondary growth conditions
for 24 h as used on the precursor silicalite /alumina fiims. The
crystals are found with two orientations, the crystallographic
b-axis parallel or perpendicular to the substrate surface, but
they do not form a continuous layer. Figure 7 shows SEM top
views and cross-sections of a silicon and a glass substrate that
were first dip-coated with a layer of silicalite/alumina and
then exposed to secondary growth. The supported film on Si
was exposed to secondary growth conditions for 8 h (Figures
7a and 7b), while the supported film on glass was heated for
24 h (Figures 7c and 7d). In both cases, the precoated sub-
strates result in films with similar morphologies as those seen
in Figure 5 suggesting no particular influence of the sub-
strate. This indicates that, while crystals may deposit from
the solution phase during secondary growth, the precursor
silicalite film or layer surface plays some crucial role in the
development of the oriented intergrown layer, either by the
secondary growth of silicalite crystals in the precursor film or
by providing a surface which favors deposition and attach-
ment of crystals from the solution.
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Figure 6. Silicon wafer heated in secondary growth
conditions.

Crystal orientation

From the SEM pictures of Figure 5, it is evident that the
intergrown surface crystals formed during secondary growth
have a preferred orientation. To examine the orientation in
more detail, analysis by XRD was performed on similar sili-

Figure 7. Precoated substrates subjected to secondary
growth.

(a) SEM top view of precoated Si wafer heated for 8 h; (b)
SEM cross section of precoated Si wafer heated for 8 h; (c)
SEM top view of precoated glass slide heated for 24 h; (d)
SEM cross section of precoated glass slide heated for 24 h.
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8b 8c

Figure 8. Projection down silicalite crystallographic axes.

(a) View down a-axis; (b) view down b-axis; (c) view down
c-axis.

calite layers. Because the unsupported membranes are only a
few cm in diameter and are not perfectly flat, the supported
silicalite layer on glass, as shown in Figures 7c and 7d, was
used to provide a large flat surface for XRD examination.
For reference, Figures 8a, 8b, and 8c show a stick model of
silicalite viewed down the sinusoidal channels (crystallo-
graphic a-axis), the straight channels (crystallographic b-axis),
and the crystallographic c-axis, respectively. Direct transport
pathways are evident in the crystallographic a and b-direc-
tion. No channels transverse the crystallographic c-axis, al-
though transport in this direction is possible by jumping be-
tween the straight and sinusoidal channel networks.

Figure 9 shows an XRD pattern taken from a precoated
glass substrate prior to secondary growth (Figure 9a), and
from the silicalite layer shown in Figure 7c (Figure 9b). For
these measurements, the sample was placed in the sample
holder with the film surface perpendicular to the plane of the
X-ray source and detector. With this geometry, only planes
that are parallel or nearly parallel to the film surface will be
seen in the corresponding XRD pattern. The underlying
nanocrystalline particles are expected to contribute to the
diffraction pattern of Figure 9b, however, most of the signal
is expected to come from the thicker intergrown top layer.
One important aspect of the pattern in Figure 9b, as com-
pared to Figures 2b and 9a, is that the majority of peaks are
from (h 0 1) planes. This suggests that the straight channel
network of the crystals (or crystallographic b-axis) is parallel
to the film surface. There is also no evidence of intense re-
flections from any (h 0 0) planes which indicates that the si-
nusoidal channel network (or crystallographic a-axis) is not
perpendicular to the film surface. The most strongly diffract-
ing planes are the {10 1) family and {0 0 1) family.

From these preliminary SEM and XRD results, we pro-
pose that most surface crystals are aligned with both straight
and sinusoidal channels parallel to the film surface, although
some may be slightly “tilted” around the crystallographic b-
axis at various angles between the crystallographic c-axis and
surface normal. However, these results are insufficient to
provide a quantitative analysis of the orientation distribution
of the film top layer. We are currently using thin film and
pole figure XRD analyses to more accurately describe the
orientation of these zeolite films. These results will be re-
ported elsewhere. Moreover, although we refer to the top
layer as silicalite, we cannot exclude possible contamination
with aluminum leached in small amounts from the binder of
the precursor film.
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Figure 9. XRD analysis of crystal orientation.

(a) XRD pattern taken of precoated glass prior to secondary
growth; (b) XRD pattern taken of silicalite film formed on
precoated glass after 24 h of secondary growth.

Single gas permeation

Table 1 shows the permeances of a precursor composite
silicalite /alumina membrane (prior to secondary growth) and
of the composite silicalite /alumina membrane after second-
ary growth shown in Figures 5c and 5d (9 h secondary growth).
Permeance characteristics of several silicalite/ZSM-5 mem-
branes reported by other researchers have been included in
the table for comparison. The precursor membrane shows se-
lectivity for H, over N, of around 3, close to the selectivity
expected for Knudsen diffusion being the main transport
mechanism. The permeance decreases with increasing tem-
perature for both gases, which is also indicative of Knudsen
diffusion. This is consistent with SEM observations of the
pore size in the precursor membrane (Figure 3) being < 100
nm.

The membrane after secondary growth and calcination ex-
hibits N, permeances two orders of magnitude lower than
that of the precursor film. Most notably, the permeance of
H, is up to 60 times higher than that of N,. Also, the perme-
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Table 1. Single Gas Permeances: Silicalite/ZSM-5 Membranes

Permeance X 102 cm® (STP)/(cm?-min-atm)

H, N, 0, n-Butane i-Butane
185°C 1,150 375 — — Precursor Silicalite/
Alumina Film
This Work
150°C 167.0 2.7 8.4 47 2.4
185°C 213.0 4.7 16.9 7.4 2.4 (9 h of sec. growth)
Ea (kJ/mol) 11 26 32 This work
185°C 137.6 545 55.7 79.4 2.6 (Yan et al., 1995)
20°C 316 103 — 13.6 2.2 (Jia et al., 1993)
145°C 213 47 54 — — (Geus et al., 1993)
25°C 5,980 2,120 — 104.7 34.0 (Jia et al., 1994)

ance of O, is 3.5 times higher than that of N, at 185°C. Se-
lectivities for hydrogen and oxygen over nitrogen with sili-
calite/ZSM-5 membranes have been previously reported by
other investigators, but at much lower values than presented
here. The n-butane/i-butane selectivity for this membrane is
only 2—-4, which is lower than other work.

Based on the permeances in the temperature range
100-200°C, activation energies as high as 30 kJ/mol were cal-
culated for N, and O, as reported in Table 1. Previous work
has reported values in the range of 8-16 kJ/mol (Bai et al.,
1995).

Tests performed with films that were not calcined showed
almost no permeance {(on the resolution of the apparatus) for
any of the above gases. All of these results clearly indicate
that molecular sieving is occurring through the thin (750 nm),
intergrown, and oriented layer at the surface of the mem-
brane. The unique permeation characteristics and effective
activation energies are caused by the orientation of the sili-
calite crystals at the intergrown surface layer. Because the
crystals are oriented with their straight and sinusoidal chan-
nels parallel to the membrane surface, transport through the
membrane should occur by successive jumping between the
two channel networks. In this respect, the silicalite layer per-
forms as a small pore material rather than a medium pore
zeolite.

Molecular dynamics (MD) calculations have indicated that
for the diffusion of ethane in silicalite, there is a higher prob-
ability of the molecule continuing to move along a given
channel direction than to randomly change from one channel
system to another (Rees, 1994). MD calculations of methane
and xenon in silicalite (June et al., 1990) predict the diffusiv-
ity in the direction of the straight channels to be an order of
magnitude larger than in the direction perpendicular to both
straight and sinusoidal channels. Measurements with methane
in silicalite (Karger and Ruthven, 1992) show that the diffu-
sivity in the crystallographic c-direction is smaller than the
diffusivities in the straight and sinusoidal channels by a factor
of 5 because the molecule must jump repeatedly between the
two channel systems to diffuse. The smaller H, molecule may
move much more readily between channels than the larger
N, molecules accounting for the high selectivities reported
here. The lower selectivities for N, and n-butane over i-
butane compared to reported values for randomly oriented
films suggest that, while N, and n-butane may move much
more rapidly through a channel system than i-butane, the
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jumping between channels is nearly as likely for i-butane as
compared to n-butane and N,.

Table 2 lists some single gas permeance values for silicalite
with thicker molecular sieving layers than that of the mem-
brane reported in Table 1. The membranes with thicker lay-
ers showed similar selectivities but lower permeance at 185°C.
However, the permeance is not inversely proportional to the
layer thickness.

At this stage of development, regarding the reproducibility
of the technique, we state that out of 5 membranes prepared
under similar conditions, 4 showed molecular sieving proper-
ties and one membrane displayed Knudsen selectivity due to
defects in the surface layer. Figure 10 shows an SEM picture
of one of these defects. They are clearly not cracks propa-
gated along the surface, but rather delamination of the top
layer. They are most possibly caused by failure of the sub-
strate layer at some stage of regrowth due to insufficient
bonding. This type of crack is representative of the majority
of defects found in all analyzed samples.

Inorganic amorphous silica membranes have previously
been shown to be H, selective (Tsapatsis et al., 1991, 1992,
1994; Kim and Gavalas, 1995). Typical permeance values for
these amorphous membranes are on the order of 0.1-2 ¢cm?
(STP)/(cm*min-atm) at 500°C. While permeances for the ze-
olite membranes described here were not measured above
200°C due to limitations imposed by the epoxy used in the
permeation apparatus, extrapolation to higher temperatures
suggests high permeation rates. However, the zeolite mem-
brane selectivities are much lower than the dense amorphous
membrane selectivities which can be as high as 1,000 for H,
over N,.

The overall size of these zeolite membranes is currently
limited by the size of the precursor film (typically a few cm in
diameter). For practical application, large membrane areas
are needed and a way to overcome this limitation is to use

Table 2. Single Gas Permeance at 185°C for Silicalite
Membranes of Various Thicknesses

Permeance X 102 cm? (STP)/(cm?-min-atm)

H, N, 0O,

167.0 2.7 4.7 ~ 0.75-pm-thick layer
25.0 0.5 13 ~1.5-um-thick layer
25.0 0.5 1.5 ~ 2-pm-thick layer
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Figure 10. SEM picture of a defect found in a silicalite
membrane.

commercial porous substrates like Vycor glass and asymmet-
ric membranes like U.S. Filter membranes. We have re-
ported that the preparation technique can be applied to such
substrates (Lovallo et al., 1996a), and characterization of these
composite membranes is underway.

To our knowledge, this is the first time that the prepara-
tion of submicron, oriented zeolite membranes with molecu-
lar sieving properties is demonstrated.

Conclusion

A composite silicalite membrane was formed by casting a
precursor silicalite /alumina membrane from a silicalite nano-
sol followed by secondary growth. The resulting membrane
has a thin (750 nm) intergrown and oriented molecular siev-
ing layer at the surface. The surface crystals are oriented with
their straight and sinusoidal channels parallel to the mem-
brane surface. This microstructure produces the following
permeation properties:

e Ideal selectivity for H, over N, as high as 60 and O,
over N, as high as 3.5

e Activation energies for N, and O, as high as 30 kJ/mol.

These unique characteristics are attributed to the orienta-
tion of the surface layer forcing transport across the mem-
brane to occur by jumping between straight and sinusoidal
channel networks.

Secondary growth of precursor nanocrystalline zeolite lay-
ers with its successful demonstration in two distinct zeolite
types (MFI, LTL) appears promising as a general method for
preparation of molecular sieve films with controlled mi-
crostructure.
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