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Molecular-sieve thin films are attracting research interest
because of emerging applications as membranes,' ! chemical
sensors, ! low-k dielectrics,” and hosts for supramolecular
organization of guest molecules and/or stabilization of guest
nanostructures.!"™ Siliceous ZSM-5 (SiggO196-ZSM-5; struc-
ture type MFI) films, from now on referred to as MFTI films,
are studied widely because they serve as a model system and
hold promise for practical applications.'>™! For example,
MFI membranes are ideally suited for separating xylene
isomers, since the pore size of the MFI framework should
allow p-xylene (kinetic diameter ca. 5.8 A) to permeate
relatively fast, while the bulkier o- and m-xylene (kinetic
diameters ca. 6.8 A) should permeate at a much lower rate.
The separation of xylene isomers is important in the
petrochemical industry, since they are widely used as indus-
trial solvents and precursors. Separations based on MFI
membranes could be a better alternative to current technol-
ogy that is based on energy-intensive operations such as
fractional crystallization, adsorption in a simulated moving
bed, and distillation. Among other microstructural character-
istics, the preferred orientation correlates strongly with film
performance, and therefore controlling the preferred orien-
tation is important.?*?!l Although continuous MFI films with
certain types of preferred orientation have been
reported,” ) a method that allows systematic manipulation
of molecular-sieve pore orientation in supported, thin, con-
tinuous films has not been demonstrated.

Syntheses of MFI membranes described recently can be
broadly classified into two categories: in situ and secondary
(or seeded) growth. In the in situ technique, the support
surface is directly contacted with an alkaline solution
containing the zeolite precursors and subjected to hydro-
thermal conditions. Under appropriate conditions, zeolite
crystals nucleate on the support and grow to form a
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continuous zeolite layer. At the same time, reactions occur-
ring in the solution lead to deposition of nuclei and crystals on
the surface followed by their incorporation into the mem-
brane. MFI films grown insitu may exhibit a preferred
orientation that depends on the synthetic protocol and
associated interplay of nucleation and growth phenomena.?"
However, because of the insufficient understanding of
nucleation and growth processes in hydrothermal systems,
the success of in situ methods in yielding uniformly oriented
MFI films is limited. In the secondary (or seeded) growth
technique, zeolite nucleation is largely decoupled from zeolite
growth by predepositing a seed layer of zeolite crystals on the
support surface. The seed layer can be deposited with one of
the crystallographic directions oriented perpendicular to the
support.” The seeded surface is then exposed to hydro-
thermal growth conditions, whereupon the seed crystals grow
into a continuous film. At the expense of additional process-
ing steps, this method offers greater flexibility in controlling
the orientation of the zeolite crystals and the microstructure
of the zeolite membrane, since it decouples nucleation from
growth. In principle, the orientation and morphology of the
membrane can be manipulated by changing the morphology
and orientation of the deposited seed layer and then perform-
ing secondary growth under appropriate conditions.

Recently,?*! we reported the formation of uniformly b-
out-of-plane oriented (i.e., with the 5.6 x 5.4-A straight pore
of MFI perpendicular to the membrane surface) MFI films
with by secondary growth of b-oriented seed layers. This was
achieved by appropriate use of structure-directing agents
(SDAs) that act as crystal-shape modifiers to enable the
necessary orientation of the seed layer and the appropriate
balance between in-plane and out-of-plane growth rates
during secondary growth. Herein we present an extension of
our approach that allowed the formation of the first
continuous MFI films with uniform a-out-of-plane orienta-
tion, that is, with the 5.1 x5.5-A zigzag channels of MFI
perpendicular to the support surface throughout the film
thickness.

The procedure follows closely that used for the formation
of b-oriented films,”*” with the main difference being the
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SDAs used for seed formation and secondary growth. More
specifically, the SDA used for seed formation in the procedure
leading to b-oriented films, that is, tetrapropylammonium
hydroxide (TPA), was now used for secondary growth while
the SDA that was used for secondary growth in the procedure
leading to b-oriented films (N,N-bis(tripropylammonium-
hexamethylene)-N,N-dipropylammonium cation, trimer-
TPA) was now used for synthesis of the MFI seed crystals.
The two processes are illustrated schematically in Figure 1.
The procedure for the fabrication of b-oriented films has been
described in detail before,*”* while that for a-oriented films
is described below.

First, a mesoporous silica layer was prepared on the
polished side of an a-alumina porous disk by slip-coating.[**4!
It has been suggested that the silica layer plays several
important roles, which include: 1) providing a smooth surface
for MFTI seed deposition, 2) accommodating a higher density
of OH groups than bare a-alumina for bonding the zeolite
seed crystals to the substrate, and 3) preventing incorporation
of Al from the support in the MFI film during secondary
growth. The X-ray diffraction (XRD) patterns of bare porous
a-alumina and silica-coated a-alumina are shown in Figure 2a
and b, respectively.

To form the a-oriented seed layer, MFI crystals were
produced in the presence of trimer-TPA as SDA.*? The
morphology of these MFT crystals is b-elongated leaf-shaped
with the order of crystal dimensions L.> L, > L,, where L;
denotes crystal length along the i axis™**! (Figure 3a and b).
This shape is drastically different from the well-known coffin-
shaped MFT crystals with L, > L, > L, obtained with TPA as
SDA. The difference in crystal morphology is believed to be a
direct result of the SDA used, on the basis of the findings of an
earlier modeling study.™! In this study™' the distinct mor-
phologies obtained with the different SDAs were attributed to
the fitting of the SDAs in the straight (along the b axis) and
sinusoidal channels (along the a axis), which correlate with
the relative crystal dimensions along the a and b axes,
respectively. More specifically, trimer-TPA appears to limit
growth along the a axis due to the relative difficulty of fitting
its long dimension along the a axis versus along the b axis.***!
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Figure 1. Schematic representation of the steps used to fabricate MFI films with b- and a-out-of-plane orientations are shown in the upper and

lower panels, respectively.
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Following the synthesis of seeds with short
dimension along the a axis, a monolayer of MFI
seeds was formed by bonding zeolite crystals and
substrate by the procedure of Yoon and co-work-
ers.*! The formation of a close-packed nearly mono-
layer deposit of MFI seeds was evidenced by scanning
electron microscopy (SEM, Figure 3¢). The majority

(101} (301) (800) (400) (040) of MFI crystals rests with their short dimension (a
e) | | i axis) perpendicular to the support. A few exceptions
“J' J fome)  of misoriented seed crystals can be found, and
d) *’* e o 17.0 17.4 17.8 182 186 representative examples are indicated by arrows in
| 20/° —» Figure 3c. The a-out-of-plane orientation of the
o) — Vg 1'_ e monolayer was verified by XRD (Figure 2¢, d, and
f). Apparently, the anisometric morphology of MFI
T ,‘ crystals facilitated deposition with their short dimen-
R A T P ) SR ’ sion (along the a axis) perpendicular to the support.
_ .'(\\‘\ The starting point for the selection of secondary
) — ] = 4 “| growth conditions was the criterion of comparable in-
T ' T . y . plane (parallel to the membrane surface) and out-of-

5 10 15 20 25 30 .
281° — plane (perpendicular to the membrane surface)

Figure 2. XRD patterns of a) bare porous a-alumina, b) silica-coated a-alumina, c) MFI
powder, generated with Mercury Software (Cambridge Crystallographic Data Centre),

d) MFI seed monolayer, and e) MFI films after secondary growth. XRD patterns in the 26
region around the (400) and (040) MFI peaks, indicated by circles in c), d), and e), are
shown in f). The MFI unit cell with representative crystallographic planes is shown in g).

174

Figure 3. SEM images of a) zeolite MFI crystals obtained with trimer-
TPA as SDA, b) magnified crystal with indication of b and ¢ axes, and
¢) chemically bonded monolayer of MFI seeds after seed deposition
with most of the MFI crystals lying flat on the support and few
misoriented seeds indicated by arrows. Top-view SEM images of MFI
films after secondary growth are shown in d) and e), with lower and
higher magnification, respectively, and a cross-sectional view is shown
in f). Scale bars are 1 um.
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rates.™! If the out-of-plane growth rate is relatively
high, it will lead to films with insufficient grain
intergrowth, or large film thickness will be required to
obtain intergrown columnar films. On the other hand,
if the out-of-plane growth rate is very low then the
relatively fast growth of misoriented seeds, twins with
b-out-of-plane orientation, or randomly oriented
nuclei will lead to loss of preferred orientation
before a well-intergrown film is achieved. For this reason
we selected TPA as SDA and secondary growth conditions of
relatively high supersaturation and low temperature to obtain
comparable growth rates along the a and c crystallographic
axes of MFI. Screening experiments (not shown) led to
selection of secondary growth at 90°C with a composition of
60Si0,:9 TPAOH:9500 H,0:240 EtOH. After hydrothermal
secondary growth under the above conditions in the presence
of TPA, a continuous MFI film was formed from the a-
oriented seed layer. Representative SEM top views of a well-
intergrown membrane after secondary growth are shown in
Figure 3d and e. The thickness of the membrane was
estimated to be around 2 pum from cross-sectional views
(Figure 3 f). The a-out-of-plane orientation achieved in seed
deposition was preserved during secondary growth, as
indicated by the XRD patterns in Figure 2c, e, and f. In
these patterns, (400), (301), and (501) MFI reflections
(Figure 2g) are present along with the XRD peak from the
a-alumina support. The peak of the a-alumina support is still
detectable because of the thinness of the zeolite layer, as was
the case for thin b-oriented film.?**! Although some degree
of preferred a-out-of-plane orientation has been reported
before, 4% to our knowledge this is the first time that a
uniformly (throughout the membrane thickness) a-oriented
intergrown MFTI film has been fabricated.

In summary, the previously reported procedure for
fabrication of b-oriented MFI membranes has been extended
to acquire a-oriented MFI membranes by secondary growth
from an a-oriented monolayer of MFI seeds. First, MFI
crystals were synthesized by using trimer-TPA as SDA. The
anisometric crystals (thin along the a axis) facilitated for-
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mation of a close-packed near-monolayer of MFI seeds by
chemical bonding on a porous a-alumina substrate coated
with mesoporous silica. As a result, an MFI seed layer with a-
out-of-plane orientation was observed throughout the sub-
strate. During secondary growth in the presence of TPA as
SDA, comparable in-plane and out-of-plane growth rates
were achieved to obtain well-intergrown a-oriented MFI
membranes preserving the orientation of the seed layer. Thus,
continuous and uniformly a-oriented MFI films were fab-
ricated by the methodology of secondary growth and use of
SDAs that act as crystal-shape modifiers. It is expected that
the approach demonstrated here for siliceous ZSM-5 will also
be applicable to other zeolites including cation-substituted
ZSM-5. Along with the previously reported b-oriented
membranes, they provide the first set of uniformly oriented
zeolite films. We are currently comparing their permeation
properties in an attempt to provide the first set of data for gas
and vapor permeation through zeolite membranes of a given
structure type with drastically different preferred orienta-
tions. Such a data set is expected to be valuable in revealing
the relationship between microstructure and membrane
performance.

Experimental Section
The synthesis, as well as elemental and NMR analyses, of trimer-
TPA*-31" were performed as described in reference [43].

Zeolite seeds: The synthesis sol was prepared by dissolving a
specific amount of trimer-TPA**-31" in deionized water and adding
KOH solution (1N, Aldrich). Tetraethyl orthosilicate (TEOS, 98 %
Aldrich) was added as silica source. The final molar composition of
the mixture was 40Si0,:5 (trimer-TPA*-317):25 KOH:9500 H,O:
160 EtOH. The mixture was stirred at room temperature overnight
and then filtered (qualitative P8, Fisher Scientific) into 45-mL teflon-
lined stainless steel autoclaves (Parr). The autoclaves were placed in
an oven, preheated to 175°C. After 24 h, the autoclaves were
removed from the oven and quenched in a cold water bath. Solid
product was obtained after five repetitions of centrifugation and
decantation. The recovered crystals were dried in an oven (ca. 70°C)
and calcined for 10 h at 525°C with a ramp rate of 1°Cmin~".

Seed deposition: A surfactant-templated silica layer was coated
onto a 2-mm-thick a-alumina disk (¢f 22 mm) and calcined for 4 h at
450°C with a ramp rate of 1°Cmin~"' (For details on support
preparation, see reference [40]). The silica-coated o-alumina was
functionalized with (3-chloropropyl)trimethoxysilane (3CP-TMS,
4 mL, 97 %, Aldrich) at reflux for 3 h at around 110°C in dry toluene
under argon flow. Calcined and dried MFI seeds (ca. 0.01 g) were
dispersed in anhydrous toluene (40 mL) by sonication. The function-
alized substrate was then immersed in the toluene/seeds suspension,
which was heated to reflux for 3 h at about 110°C under argon flow.
The substrate was sonicated briefly in 30 mL of fresh toluene.

Secondary growth: The molar composition of the synthesis sol
was 608Si0,:9TPAOH:9500H,0:240EtOH. The synthesis mixture
was hydrolyzed for 6 h. The seeded substrate was secured in a 45-mL
teflon liner with a slight tilt and the seeded side facing down. The
synthesis mixture was then filtered into teflon-lined autoclaves. The
autoclaves were placed in an oven preheated to 90°C and left for
4 days. The films were calcined at 480°C for 4 h with a ramp rate of
0.5°Cmin".
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