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MFI membranes were prepared as free-standing and supported films on porous alu-
mina disks and nonporous substrates. They were synthesized using secondary growth
of precursor layers. For self-supported films the first step was to prepare an
alumina— silicalite composite film, while for supported films the substrate was first coated
with layers of the nanocrystalline silicalite particles. During the following hydrothermal
treatment, silicalite particles acting as seed crystals form a dense film, which consists of
0.5 — 100-um-thick columnar, intergrown, preferentially oriented grains. The crystal ori-
entation of the MFI films was examined using X-ray diffraction pole-figure texture anal-
vsis. The crystals were preferentially oriented with both sinusoidal and straight channel
networks along directions nearly parallel to the membragne surface. The degree of orien-
tation increased with increasing membrane thickness. Single gas permeances through
thin, oriented membranes were measured. Apparent activation energies for permeation
were 16, 24, 30, 22 and 26 kl/mol for H,, N,, O,, CH,, and CO,, respectively. Idea!
selectivities for H,/N,, CO,/CH,, and O,/N, were as high as 30, 10, and 3.5, respec-
tively. Binary permeation measurements for the gas pairs CO,/CH,, O,/N,, and
CO,/N, revealed trends similar to those of single gas permeation and the properties are
attributed to the membrane microstructure.

introduction

During the past decade, the preparation of zeolite mem-
branes has been reported for several zeolite structure types
(Tsikoyiannis and Haag, 1992; Geus et al., 1992; Jia et al,,
1993; Noble and Falconer, 1995; Vroon et al., 1996; Yan et
al., 1995; Kapteijn et al., 1995; Bakker et al., 1996; Kusakabe
et al., 1997). However, reproducible control over membrane
microstructure (i.e., thickness, grain size, crystal orientation)
has been limited. To obtain optimal zeolite membranes the
development of a flexible technique allowing for control over
film and membrane characteristics is desirable.

In 1994, we proposed and reported on the use of colloidal
zeolite suspensions for precursor film casting followed by sec-
ondary growth for zeolite membrane formation (Tsapatsis et
al., 1995a). Our group has used this technique to prepare ze-
olite films and membranes of several different morphologies
and structure types: zeolite L (Lovallo et al., 1996a; Tsapatsis
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et al.,, 1995b), MFI (Lovallo and Tsapatsis, 1996; Lovallo et
al., 1996b), and zeolite A (Boudreau and Tsapatsis, 1997).
Figure 1 outlines the methodology for producing these films.

Fabrication begins with the casting of a precursor film. The
film can be either supported by dip/spin coating or self-sup-
ported by evaporation of the solvent in a casting dish. For the
case of zeolite L, the self-supported precursor film is com-
posed of randomly oriented crystals. Secondary growth pro-
ceeds through a gel phase, resulting in a thin and randomly
oriented asymmetric zeolite L film.

MFI films and membranes have also been fabricated from
randomly oriented precursor films. However, we have identi-
fied conditions where secondary growth occurs in a preferred
direction, producing a thin and preferentially oriented MFI
layer.

For zeolite A, preparation of an oriented precursor layer
was achieved by depositing cube-shaped crystals face down
on a substrate. The orientation of the dense and thin film
formed after secondary growth was attributed to the orienta-
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Figure 1. Zeolite film and membrane processing
methodology.

tion of the precursor film, in contrast to the MFT layer, where
the preferred orientation was a result of crystal growth.

These three cases demonstrate the flexibility of the sec-
ondary growth technique. Compared to previous in-situ
methods for zeolite film and membrane formation, a greater
command over final film microstructure (thickness, degree of
orientation) can be achieved. The presence of an already
formed precursor film allows for implementation of a wider
range of hydrothermal synthesis conditions leading to forma-
tion of continuous films. This method provides added flexibil-
ity in selecting deposition conditions for tailoring film mi-
crostructure because the constraints imposed by the need for
film nucleation can be relaxed in favor of synthetic conditions
imposed by the desired film texture and thickness.

A similar approach has also recently been reported by
Valtchev et al. (1996) and Mintova et al. (1997) for producing
hollow fibers of silicalite and ZSM-5 films supported on gold
surfaces. The method employs surface modification to facili-
tate the adsorption of zeolite seed crystals on the substrate
followed by a seeded growth (what we term secondary
growth). No preferred orientation or permselectivity has been
demonstrated for these films. Also, in a number of patent
applications, researchers at Exxon have proposed the use of
small zeolite particles for the deposition of a growth enhanc-
ing layer (GEL) which is hydrothermally treated to form a
membrane (Lai et al., 1996). Preferred orientation was
demonstrated and a wide variety of possible separations has
been claimed in this patent application.

We have reported on the permeation characteristics of
self-supported, submicron, and preferentially-oriented MFI
membranes (Lovallo and Tsapatsis, 1996). Some of the per-
meation properties of the membranes include ideal selectivi-
ties as high as 60 for H, over N, and as high as 3.6 for O,
over N,. Apparent activation energies for H,, N,, and O,
were found to be 11, 26, and 32 kJ/mol, respectively. The
overall size of the zeolite membranes reported was limited to
the size of the self-supported precursor silicalite film (typi-
cally a few cm in diameter). For practical applications, large
membrane areas are needed. This can be accomplished by
preparing similar zeolite membranes supported on porous in-
organic substrates.
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In what follows we describe the extension of the secondary
growth technique for the preparation of oriented, thin MFI
molecular sieving layers supported on commercially available
macroporous alumina disks. The permeation characteristics
of the supported membranes are presented and closely corre-
spond to the results previously reported for the self-sup-
ported membranes. Having established the extension of the
technique to supported membranes on macroporous sub-
strates, we also report binary permeation data and further
characterize the microstructure and growth mechanism of the
membranes using X-ray pole-figure analysis, energy disper-
sive spectroscopy (EDAX), electron probe microanalysis
(EPMAX), and scanning electron microscopy (SEM).

Experimental Procedure
Membrane preparation

A colloidal suspension of silicalite particles approximately
100 nm in size was prepared according to the procedure pre-
viously reported by Lovallo and Tsapatsis (1996). Repeated
washing, centrifugation of the particles, and dilution with
deionized water was used to adjust the concentration and pH
of the aqueous suspension to 20-g silicalite /L. and pH ~ 8.

Self-Supported Membranes. The colloidal suspension of
silicalite particles was used to prepare a precursor self-sup-
ported film by evaporation of the solvent (water) in a petri
dish. An alumina binder was added to the suspension to in-
crease the chemical and mechanical stability of the films. The
self-supported films were opaque and typically ~ 1 mm thick
with a 1-cm diameter. These self-supported films were cal-
cined at 550°C and subsequently exposed to a hydrothermal
secondary growth treatment (Lovallo and Tsapatsis, 1996).
Recovered films were washed in deionized water and cal-
cined at 550°C for several hours.

Supported Membranes. Porous a-alumina substrates (3 cm
in diameter and 0.5 cm thick) were obtained from Coors. The
porous disks had an average pore diameter of ~ 0.5 um and
an apparent porosity of 19.6%. The substrates were polished
in several steps until a smooth shiny surface was observed.
The substrates were examined by inspection under an optical
microscope for any large defects (scratches, cracks, chips).
The porous disks were then washed in a 0.1-M HNOQO; bath
for several hours before being washed with deionized water
until a pH of ~ 7 was attained.

The porous disks were then vertically placed into the sili-
calite suspensions and remained immersed for several min-
utes. The disks were vertically removed from the suspensions
at a rate of 1 cm/s and dried in air at room temperature. The
process was repeated as many times as needed to form pre-
cursor films of various thicknesses. The coated disks were
calcined at 500°C and postprocessed according to the sec-
ondary growth procedure (Lovallo and Tsapatsis, 1996). Af-
ter secondary growth the supported films were washed in
deionized water and then calcined at 550°C for several hours.

Supported Films on Nonporous Substrates. To investigate
the mechanism of secondary growth, films were also pre-
pared on nonporous microscope glass slides. The substrates
were coated with the precursor film before being calcined at
500°C and exposed to hydrothermal treatment for secondary
growth. In some cases the calcination step and the use of the
alumina binder were omitted from the formation of the pre-
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cursor layer in order to investigate the effects on the subse-
quent secondary growth. Due to the glass slides’ relatively flat
surface, quantitative characterization of the degree of orien-
tation by X-ray diffraction (XRD) is possible.

X-ray diffraction

XRD patierns of supported films were collected on a
Phillips X'Pert using CuKa radiation. Supported films on
glass slides were analyzed with the film surface perpendicular
to the plane of the X-ray source and detector. In this diffrac-
tometer geometry, only crystal planes that are parallel or
nearly parallel to the film surface contribute to the XRD pat-
tern.

Additional orientation analysis was performed using pole-
figure measurements. For these experiments the 26 position
corresponding to the desired crystal plane was identified from
the standard (#-26) XRD pattern of the films supported on
glass slides. The pole-figure measurement was then made by
placing the detector and source at the position of the associ-

ated peak. This position does not change during the pole-fig-
ure measurement. During the pole-figure data collection the
sample is rotated 360° (¢) for each tilt angle . For these
experiments the sample was tilted from 0° ¢ (film surface
perpendicular to the plane of the X-ray source and detector)
to 80° y (film surface nearly parallel to the plane of the source
and detector). This type of analysis allows for the determina-
tion of texture or preferred orientation of the supported film.

A similar analysis was performed on an MFI membrane
with a randomly oriented surface layer. The membrane was
prepared according to the report of Yan et al. (1995). The
data from this randomly oriented sample were used to cor-
rect the pole-figure data for defocusing effects (intensity re-
duction due to X-ray beam defocus during sample tilting)
(Huijser-Gerits and Rieck, 1974).

SEM, EDAX, and EPMA

SEM and EDAX were performed on a JEOL 6320FXCV
field emission-scanning electron microscope (FE-SEM) oper-
ating at 10 kV equipped with a lithium light element detec-
tor. Samples were carbon coated prior to examination. EPMA
was also performed on selected samples in order to make use
of the lower detection limits for Na and Al provided by wave-
length dispersive spectroscopy (WDS).

Gas permeation measurements

Single gas permeances through calcined, supported MFI
membrane were measured for several gases. The membrane
was attached to a glass tube with an epoxy. The exposed
membrane area was ~ 1 cm in diameter. The permeate side
of the membrane was held under vacuum while the desired
gas was passed over the feed side of the membrane at atmo-
spheric pressure. After equilibration the permeate side was
isolated from vacuum and the rate of change in permeate
side pressure was monitored up to 3 torr (400 Pa). Perme-
ances were calculated based on the pressure differential, the
permeate side dead volume, the membrane area, and the rate
of pressure change. Permeances at several temperatures were
measured for all gases.

AIChE Journal

August 1998 Vol. 44, No. 8

For mixed gas permeation measurements self-supported
MFI membranes were attached to the end of the glass tube
with an epoxy. A Wicke-Kallenbach configuration was em-
ployed where the mixed feed was introduced in the feed side
of the membrane at 50-100 cm>/min and a sweep gas was fed
through a 1/16-in. (1.6-mm) capillary tube to the surface of
the membrane. The sweep rate was varied between 2-10
cm’/min. The sweep with permeate was directed to a 1 cm®
sample loop which could be switched to feed the sample to a
Hewlett-Packard Series 5890 gas chromatograph (GC). A
thermal conductivity detector was used in all cases with a
molecular sieve packed column for experiments with the
O,/N, mixtures and a Chromosorb 80,100 packed column
for CO,/N, and CO,/CH, measurements. Several hours
were allowed between measurements, as necessary, in order
to ensure equilibration when the feed side composition was
changed. The GC data were used to determine feed and per-
meate compositions as well as permeances.

Results and Discussion
Microstructural characterization and growth process

Figure 2 shows a pole-figure line plot (after defocus cor-
rection) for the (101) and (501) crystal planes of the sup-
ported MFI film. The figure shows the diffracted X-ray in-
tensity vs. sample tilt angle (¢). For a film of randomly ori-
ented crystals, tilting (or spinning) the sample will have no
effect on the corrected X-ray intensity. Previous analysis
showed that spinning the sample had no effect on diffracted
intensity (Lovallo and Tsapatsis, in press). This indicates ran-
dom rotation of the MFI crystals around the axis perpendicu-
lar to the membrane surface as expected by visual observa-
tion of SEM micrographs. For this reason, the pole-figure
line plots of Figure 2 are sufficient for determining the orien-
tation aspects of the film and can be viewed as providing the
distribution of orientation of the corresponding crystallo-
graphic planes with respect to the substrate surface.

Intensity

0 10 20 30 40 50 60 70

Tilt Angle (psi)

Figure 2. XRD pole-figure analysis of MFI film for (101)
and (501) MFI crystal planes.
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The (101) line plot in Figure 2 shows considerable intensity
at a 0° tilt angle and a maximum intensity at around a 20° tilt
angle. In contrast, the (501) line plot shows almost no inten-
sity at a (0° tilt angle. The intensity for the (501) line plot
continues to increase as the sample is tilted toward 90°. As
the sample is tilted toward higher angles, more (501) crystal
planes come into the proper orientation while (101) planes
move out of the proper diffraction geometry.

These results indicate that the (101) planes of the MFI
crystals in the molecular sieving layer are preferentially ori-
ented at nearly 20° to the film surface while the (501) planes
are preferentially oriented nearly perpendicular to the film
surface. All crystals are not perfectly oriented because
diffracted intensity spreads over a wide range of tilt angles.
Crystals that are more highly oriented display sharper changes
in diffracted intensity over a smaller range of tilt angles, as
was seen in the case of zeolite A (Boudreau and Tsapatsis,
1997a,b). However, the X-ray pole-figure measurements of
the (101) and (501) crystal planes for the MFI film confirm
that the preferred orientation of the crystals in the molecular
sieving layer is such that the c-axes of the crystals are ori-
ented nearly perpendicular to the film surface. This means
that the straight and sinuscidal channel networks are prefer-
entially oriented parallel to the surface of the film. For a
perfectly c-oriented MFI film (calcined), the (101) and (501)
pole-figure line plots would be expected to exhibit intensity
maxima at 34° and 73° tilt, respectively. At high tilt angles
(> 60°), deviations from these expected values and the re-
sults shown in Figure 2 could be attributed to defocusing ef-
fects. At lower tilt angles, defocusing is less of a concern and
deviations from expected values (for example, the 20° maxi-
mum in the (101) pole-figure) are attributed to the morphol-
ogy and growth process of the membrane and the presence of
the randomly oriented layer of precursor crystals.

Figures 3a—3c show a series of FE-SEM and SEM micro-
graphs from cross sections of the MFI membrane at various
stages of secondary growth. Figure 3a (after 2 h secondary
growth) shows that growing crystals emerge with many possi-
ble orientations during the early stages of secondary growth.
These crystals are larger than the precursor particles but
smaller than the crystal grains finally obtained. Moreover, it
is evident that the growing crystals cover only a fraction of
the surface of the precursor film. For longer heating times (6
h), shown in Figure 3b, the growing grains that were scat-
tered across the surface became larger until they merged to
eventually form a continuous thin layer with the orientation
described above. Figure 3c shows the end result after 16 h
secondary growth and illustrates the morphology of the inter-
grown layer, which consists of columnar grains oriented with
their long dimension (c-axis) nearly perpendicular to the sub-
strate.

Grains in a polycrystalline film with the highest vertical
growth velocity with respect to the substrate surface will have
the highest probability of survival (Van der Drift, 1967). As
growth proceeds these grains will dominate the surface of the
film. This type of “evolutionary selection” seems to be re-
sponsible for the oriented growth of the MFI membranes. At
the earlier growth times, crystals of various orientations are
present on the film surface. At later times, these grains inter-
sect and grow into one another. Eventually, the grains with
the fastest growth rate normal to the film and towards the
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Figure 3. Cross sections of self-supported MFI film af-
ter secondary growth.

(a) FE-SEM 2-h heating, (b) SEM 6-h heating, (¢) SEM 16-h
heating.
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nutrient source (i.e., the secondary growth solution) domi-
nate at the surface, while others that grow more tilted be-
come buried. For this case, the MFI crystals grow faster in
the c-direction and the film microstructure as shown in Fig-
ure 3c is in agreement with this growth mechanism. The crys-
tal grains near the surface of the film are more oriented in
the c-direction than the crystal grains near the film/pre-
cursor interface.

We have been able to grow MFI films with thicknesses
ranging from 0.5 pm to 100 wm. As shown in Figures 4a and
4b for a 7-um and a 70-pm-thick film, respectively, these
films consist of columnar grains. X-ray pole-figure measure-
ments for these thicker films (Figure 4c¢) show much nar-
rower orientation distribution of the c-axis around the sur-
face normal. The (101) and (501) peaks, appearing at around
29° and 69° tilt respectively, are shifted closer to the expected
tilt angles for perfectly c-oriented films while the (002) line
plot, presented also in Figure 4c, shows maximum intensity at
0° tilt in agreement with the expected value for perfect c-
orientation. This X-ray analysis indicates an increase of the
orientation with the film thickness, which is consistent with
the proposed growth mechanism.

The final product of secondary growth is an intergrown film.

Vol. 44, No. 8 AIChE Journal



Intensity

r__~_h_\agw_v_v,,_f

0 10 20 30 40 50

Tilt Angle (psi)

Figure 4. Thick supported MFI films.

(a) 7 pm thick, (b) 70 um thick, and (¢} XRD pole-figure
analysis of film in Figure 4a.

Near the surface of this film, direct paths along the c-direc-
tion are available for transport. Approaching the precursor
layer/zeolite film interface, the number of grains and grain
boundaries increases while the degree of orientation de-
creases. Therefore, although the zeolite film is preferentially
oriented it contains a buried region consisting of less ordered
intergrown grains. Transport pathways exist within the crystal
grains and between grain boundaries.

To investigate further the role of the precursor layer we
performed a number of experiments by eliminating the use of
the alumina binder from the silicalite suspension. The pure
zeolitic suspension was used to coat glass slides with a pre-
cursor layer. In addition, the calcination step of the precursor
film before secondary growth was omitted. Figure 5 shows
the morphology of a typical film obtained after secondary
growth of an uncalcined precursor layer deposited on a glass
slide. The film consists of a more intergrown oriented layer
of uniform thickness and of a smoother surface.

Figure 5c also shows a clear demonstration of the impor-
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tance of the seed film. During dip coating the top part of the
glass slide was not immersed in the zeolite suspension and
therefore was left uncoated. Figure 5c shows a top view of
the deposit morphology at the interface between the coated
and uncoated region of the glass slide. The area not covered
by the precursor film contains scattered crystals that are not
intergrown well. In contrast, the regrown film is highly uni-
form with respect to orientation and crystal grain size. The
film is optically transparent after secondary growth because
of its uniformity, although its thickness well exceeds the
wavelength of visible light. More details on the preparation
of these transparent films and on microstructural manipula-
tion during secondary growth are reported elsewhere
(Gouzinis and Tsapatsis, 1998).

The role of calcination on the regrowth of precursor parti-
cles was demonstrated further by examining the behavior of a
film that was subjected to an additional regrowth after sec-
ondary growth. Figures 6a and 6b show SEM top views of
films that were caicined and not calcined before the final re-
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Figure 5. SEM view of optically transparent oriented MFI films on glass slides.
(a), (b) cross sections, (c) interface between coated (left) and uncoated (right) regions.

Figure 6. Calcination effects on the regrowth.

SEM top-views after second regrowth of (a) calcined films,
and (b} uncalcined films.

1908 August 1998 Vol. 44, No. 8

growth, respectively. The calcined film (Figure 6a) has scat-
tered c-oriented crystals deposited on the surface. The uncal-
cined film (Figure 6b) after the final regrowth exhibits a dis-
tinct morphology as a result of uniform growth of the existing
crystals.

These results clearly demonstrate the role of the precursor
layer for the formation of oriented and continuous films and
also show that the history of the precursor layer (i.e., calcined
or not, with or without additives) and its texture (nanocrystal-
line vs. microcrystalline) can greatly affect the secondary
growth process. Consequently they point to systematic varia-
tion of the precursor layer as a means to manipulate the final
film microstructure.

Supported membrane preparation

In what follows we limit our presentation to results from
membranes prepared from caicined MFI/alumina composite
precursor films, supported on porous alumina discs particles.
Figure 7 shows a series of SEM photographs following a typi-
cal membrane-processing procedure. In Figure 7a, the pol-
ished alumina substrate shown is composed of large alumina
particles ( ~1 um) packed together, forming ~ 0.5-pm-sized
pores. The substrate is coated with the silicalite particles un-
til the entire surface is covered with the silicalite particles
(Figures 7b and 7c).

The surface of the substrate is more rough compared to
the zeolite particle size but this should not affect the sec-
ondary growth process and membrane formation as long as
the particles completely cover the surface and are able to
intergrow into a continuous membrane. Porous ceramic disks,
with more smooth surfaces than the alumina disk used here,
will be easier to coat with a continuous and smooth layer of
precursor silicalite particles enhancing the success and repro-
ducibility of the secondary growth procedure. The precursor
layer must have an optimum thickness sufficient to com-
pletely cover the substrate but not so thick as to result in
cracking or peeling. A thickness of 0.5 to 1 um is preferred
for the alumina substrates reported here. However, for flat-
ter substrates this thickness can be reduced.

Figures 7d and 7e show SEM top-views of the alumina sup-
ported membrane after 16 h of secondary growth. The sur-
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Figure 7. Preparation of a supported MFI membrane on porous alumina.

(a) SEM top-view of polished alumina substrate, (b) low-magnification SEM top-view of alumina substrate coated with silicalite nanocrys-
tals, (c) high-magnification SEM top-view of alumina substrate coated with silicalite nanocrystals, (d) low-magnification top view of sup-
ported MFI membrane after 16 h secondary growth, and (e) high-magnification top view of supported MFI membrane after 16 h secondary

growth.

face appears intergrown with the grain size at the surface
being approximately 1 um. An SEM cross section (Figure 8a)
reveals that the thickness of the membrane is the same as the
crystal grain size. The silicalite crystals forming the precursor
film (~1 wm) lie under the molecular sieving layer which
follows the contour of the porous substrate. This means that
secondary growth does not occur by the deposition of multi-
ple layers of crystals from solution. The same phenomena
were observed in the preparation of similar unsupported and
glass-supported films. The supported membranes have nearly
the same microstructure as those previously reported. The
crystals at the surface of the porous alumina-supported mem-
brane appear to be oriented with both the straight and sinu-
soidal channel networks of the crystals nearly parallel to the
film surface. Therefore, the porous alumina substrate once
properly covered by silicalite seeds seems to have no pro-
nounced effect on the membrane microstructure. Figure 8b
shows another membrane prepared on a similar substrate with
the same technique but with a thicker precursor film layer
and longer secondary growth time. The resulting morphology
of the intergrown layer is the same as that in Figure 8a al-
though the precursor layer is several microns thick, which
causes the film to peel or crack and thus makes it unsuitable
for membrane applications. Thinner precursor films as shown
in Figure 8a are preferred for this reason.

The rough surface of the membrane (caused by the rough-
ness of the alumina substrate) prevents the use of XRD
pole-figure analysis for more precise determination of the
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crystal orientation. However, as stated above on the basis of
SEM results and comparison of unsupported films with
glass-supported films, the local orientation is expected to be
nearly the same as the one proposed for the glass-supported
films in the previous section.

EDAX results for the alumina-supported membrane
showed an average Si:Al ratio of ~ 23. This ratio varied at
different regions on the surface. Because the surface of the
supported membrane is rough and the intergrown layer is
thin, a fraction of the Al signal may be attributed to the alu-
mina substrate.

EDAX and EPMA analysis of self-supported membranes
made with a precursor silicalite/alumina film showed no
presence of Al in the surface layer. The self-supported mem-
branes are smooth compared to the supported membranes
and their analysis shows that evident leaching of Al from the
binder into the top layer during secondary growth is not pro-
nounced. Al nuclear magnetic resonance (NMR) measure-
ments further support this view. After calcination and before
secondary growth the precursor silicalite/alumina film has
both tetrahedral and octahedral Al at a ratio of approxi-
mately 1:2. No change in this distribution of Al is observed by
Al NMR after secondary growth. Also, the self-supported film
surfaces were examined for the presence of Na using EPMA.
Na is present in the precursor nanosilicalite particles, which
was expected since Na was used for their synthesis. On the
other hand, EPMA showed no presence of Na in the inter-
grown surface layer.
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Table 1. Apparent Activation Energies for Gases Through
MFI Membrane No. 1, Effective Radii, and Heats of

Adsorption
H, N, 0, CH, CO,
Ea (k]/mol) 16£5 24+1 30x1 22+5 26+.5
Eff. radius (A) 3.64 3.46 3.8 33
Q,, (kJ/mob* 18 21 27

Figure 8. SEM cross-section of supported MFl mem-
branes.

(a) MFI membrane No. 1 with thin precursor layer, and (b)
MFI membrane No. 2 with thick precursor layer.

Permeation measurements

Single Gas Permeation. Figure 9 shows the single gas per-
meances of various gases plotted vs. inverse temperature on
an Arrhenius-type plot for a membrane (MFI membrane No.
1). The trends seen in this figure correspond to those pre-
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Figure 9. Single gas permeances for supported MFI
membrane No. 1.
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*Qy is the isosteric heat of adsorption at 25°C from (Dunne et al., 1996)

sented previously for a self-supported MFI membrane pre-
pared with the same technique. Both cases show activated
transport for all gases and high H,/N, and O,/N, selectivi-
ties compared to Knudsen-type selectivities. The permeances
for the supported membrane are lower than those reported
before, but this can be attributed to the thickness of the
molecular sieving layer grown on the porous support { ~ 1
pm) compared to the thickness of the molecular sieving layer
for the self-supported membrane ( ~ 0.5 um) or to the differ-
ences in the support resistances.

Table 1 lists the apparent activation energies for the gases
as determined from the Arrhenius plot along with the effec-
tive radii and heats of adsorption in silicalite for the various
gases. The apparent activation energies are higher than typi-
cally reported data for other silicalite and ZSM-5 membranes
as well as single crystal measurements but they are consistent
with the values reported for the similar self-supported mem-
brane (Lovallo and Tsapatsis, 1996). It should be noted that
the measured apparent activation energies are close in value
to reported heats of adsorption (Dunne et al.,, 1996) in sili-
calite.

Other supported MF1 membranes were separately pre-
pared using the same technique as described above. Figure
10 shows the permeation results for a membrane (MFI mem-
brane number 2) prepared on the same type of substrate fol-
lowing the same procedure but showing different permeation
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Figure 10. Single gas permeances for supported MF|

membrane No. 2.
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procedure to supported films. The use of a porous substrate
makes it possible to produce mechanically strong membranes
with large areas. The procedure is not necessarily limited to
alumina disks but may be extended to other inorganic tubes
or plates like Vycor glass or stainless steel. The processing
scheme is flexible enough to allow for membrane formation
on a variety of substrates and various shapes. Other issues
such as fine-tuning the reproducibility of the method, long-
term stability during thermal cycling, membrane regenera-
tion, and crack reparation still need to be addressed.

Mixed Gas Permeation. Permeation measurements of bi-
nary gas mixtures were carried out on self-supported MFI
membranes similarly prepared with the secondary growth
method (Lovallo and Tsapatsis, 1996) with a surface mor-
phology comparable to that of the supported membrane de-
scribed above and an intergrown layer thickness of ~ 0.5 um
as determined by SEM. The component permeances for the
three binary mixtures were measured with respect to feed
composition and temperature.

Figure 12 shows the binary permeation results for the gas
pairs CO,/N,, O,/N,, and CO,/CH,, respectively. The data
are plotted as the permeate vs. feed mole fraction of the faster
permeating component. All three figures correspond well with
the single gas measurements, that is, the membrane is more
selective for CO, over CH,, CO, over N,, and O, over N,.

Figure 13 shows results for the same gas pairs plotted as
permeance vs. selective component feed composition. The
permeances shown in this figure are lower ( ~ 30-40%) than
those reported for single-gas measurements through self-sup-
ported membranes using pressure difference permeation
(Lovallo and Tsapatsis, 1996). This can be attributed to the
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Figure 11. SEM top views of supported MFI membrane iN
No. 2. O
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properties. The selectivities and apparent activation energies CO /N, Feed

for this membrane are lower than for MFI membrane num-
ber 1. Moreover, the permeances are higher, indicating that
the observed differences may be caused by a lower degree of
intergrowth in the second membrane. Figure 11 shows SEM
top-views of the membrane surface. The surface of this mem-
brane is more rough than that of MFI membrane number 1,
indicating a less intergrown surface, which may account for
the differences in permeation properties. No large defects p ™ o o o5 7
(~1 pm) were observed in the SEM. The two extremes of O,/N, Feed
membrane, number 1 and number 2, show that at this time
we do not have full control over the secondary growth of sup-
ported layers. Most likely substrate roughness influences the ISP -
precursor quality, which in turn can influence the secondary 08 ’
growth process and the microstructure of the intergrown
layer. Diffcrences of the degree of intergrowth and film
thickness result in differences in permselectivity and appar-
ent activation energy. Membranes that exhibit superior selec-
tivity show lower permeances and higher apparent activation 0 02
energies.

Despite these difficulties related to substrate quality we Figure 12. Binary gas permeation for supported sili-
have demonstrated the extension of the secondary growth calite membranes.
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back diffusion of He through the membrane from the sweep
gas to the feed side. As can be seen in the figures, the perme-
ance of all gases rises with temperature as expected from the
single gas permeation data.

Discussion of Single and Mixed Gas Permeation Properties.
From the single gas measurements, the supported membrane
No. 1 displays ideal selectivities for H, over N, and CH,
higher than 30 at 125°C, with permeances of 22.0, 0.5, and
0.7, (10~° mol/m?-s- Pa) respectively. The O, over N, selec-
tivity is as high as 3.0 with permeances of 5.0 and 1.7 (10~°
mol/m?-s- Pa) respectively. Also, the ideal selectivity for CO,
over CH, is as high as 8 at 170°C with permeances of 9.0 and
1.1 (107° mol/m?-s-Pa) respectively. These permeances are
typically lower than those reported by other researchers for
MFI-type membranes. Yan et al. (1995) reported values of
100, 40, and 73 (10~° mol/m?-s-Pa) for the permeance of
H,, N,, and CH,, respectively, through a ZSM-5 membrane
at 185°C. Even larger values were claimed by Jia et al. (1994)
with permeances of 1,560 and 4,400 (10~° mol/m?-s- Pa) for
N, and H, in a supported silicalite membrane at 25°C. How-
ever, the membranes reported here are more selective for
separations of these gases.

For the CO,/CH, gas pair, decreasing temperature ap-
pears to increase the selectivity of the membrane more to-
ward CO,. In contrast, for the O,/N, gas pair, the changing
temperature has no effect on the selectivity of the mem-
brane, while the CO,/N, gas pair shows an increase and then
a decrease of selectivity for CO, as temperature increases.

The CO,/CH, mixture shows no change in permeance with
feed composition. A similar trend is observed for O,/N, al-

1912 August 1998 Vol. 44, No. 8

though some variations in permeance are evident at higher
temperatures for O,. The CO,/N, data show large changes
in permeance as the CO, feed composition is increased, ¢s-
pecially at clevated temperatures. As the CO, feed composi-
tion is raised, the CO, permeance increases and the N, per-
meance decreases. The CO,/N, selectivity reaches values up
to 20 at 180°C for mixtures with compositions larger than 60%
in CO,.

These observed single gas and binary permeation charac-
teristics may be attributed to both transport and adsorptive
features of the molecular sieving layer. All membranes dis-
play a selectivity for CO, over N, and CH, in single gas and
binary measurements. Increased adsorptive strength and ca-
pacity for CO, in silicalite accounts for this observation. Re-
ports of adsorptive strength for silicalite at room temperaturc
follow the trend CO, > CH, > O, ~N,. Although the ad-
sorptive characteristics of O, and N, are very similar in sili-
calite, as shown above, the membranes display a selectivity
for O, over N,. This feature indicates mobility differences
for the two gases. Similarly, the relative CH, permeances do
not follow adsorptive trends, suggesting a dominant transport
effect.

The mobility effects can be retated to the microstructure of
the molecular sieving MFI layer. The orientation of the
molecular sieving layer requires that diffusing species move
between interconnecting channel networks in order to travel
across the membrane. Molecules that move more easily be-
tween channel networks will display higher permeances. For
separations occurring in the oriented portion of the mem-
brane, the H, molecule may move more readily between
channels than the larger N, molecule, accounting for the ob-
served selectivity. A similar explanation may account for the
observed selectivities for the O,/N, and CH, /N, pairs. Al-
though the loading of the crystals might be nearly the same
for O, and N,, O, may move more readily across the mem-
brane by switching between channel networks. In contrast,
CH,, although preferentially adsorbed with respect to N,.
displays an overall reduced permecance because of reduced
mobility.

In addition to these observations, for the most sclective
membranes, we observed a high apparent activation encrgy
for permeation. The adsorption of larger organic molecules
on the zeolite surface from impurities in the atmosphere, feced
streams, or epoxy may influence the permeation propertics of
these devices. Funke et al. (1997) have recently reported on
such effects using n-octane and 1,3,5-trimethyl benzene on
silicalite membranes. However, this does not secem to be a
possible explanation here for the gases measured and the
temperature range investigated.

A possible explanation for the unusually large activation
energy of the membranes is based on their microstructure
and small thickness. The membranes are composed of many
crystal grains that are more oriented and larger at the mem-
brane surface with decreasing orientation and grain size to-
ward the MFI layer/precursor film interface. Transport
through a single grain involves adsorption at the external sur-
face, surface diffusion and entrance in the interior of the
grain, intercrystalline transport, exit from the crystal interior,
and desorption. Barrer (1990) introduced a model to account
for surface resistances vs. intercrystalline transport for a sin-
gle crystal. This research showed that, depending on the en-
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ergies of the surface processes, surface resistances (i.e., de-
sorption from the crystal interior) may become rate-limiting
for small crystals and/or low temperatures. For the films re-
ported here a number of grain boundaries will be encoun-
tered by a molecule as it moves through the membrane and
therefore additional adsorption/desorption steps within the
membrane will be introduced. These additional steps may in-
crease the role of surface resistances on permeation proper-
ties. In the temperature regimes measured here and because
of the small thickness of the membrane, desorption resist-
ance at the crystal grain boundaries across the membrane may
be responsible for the high apparent activation energies (Ta-
ble 1). The close correspondence of apparent activation ener-
gies to heats of adsorption corroborates this hypothesis.

Further studies are underway in order to clarify the effects
of membrane microstructure (thickness, grain size, degree of
orientation) on permeation properties.

Conclusions

Secondary growth of precursor nanocrystalline films has
been successfully implemented on porous alumina substrates.
The membranes exhibit characteristics and have a mi-
crostructure consistent with previous results from similarly
prepared self-supported membranes. New results for perme-
ation of CO, and CH, reveal an ideal selectivity for CO,
over CH, as high as 10 and H, over CH, as high as 30.
Binary feed permeances follow trends of single gas perme-
ances. The permeance of the CO,/N, gas pair is influenced
more from the feed composition than the other gas pairs.
Both adsorption/desorption and diffusion seem to influence
the observed permeances, selectivities and activation ener-
gies that are attributed to the microstructure of the molecu-
lar sieving layer.

X-ray pole-figure analysis has confirmed the proposed pre-
ferred orientation of the MFI layer. The crystal grains are
preferentially oriented with both straight and sinusoidal
channel networks parallel to the membrane surface and the
degree of orientation increases along the membrane thick-
ness. EDAX and EPMA have shown that the intergrown top
layer on self-supported films consists of pure silica MFL
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