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Abstract

MFI polycrystalline "lms were prepared on non-porous glass as well as on porous alumina substrates, using secondary growth of
seed layers. The secondary growth procedure consists of deposition of MFI microcrystals from a colloidal suspension on the substrate
to form seed layers, followed by hydrothermal growth of the seed crystals to form a "lm. In situ growth was also employed on
non-porous substrates that were seed free. The two di!erent growth procedures were compared and it was found that the presence of
the seed layers a!ects "lm growth and "nal microstructure. The "lms upon secondary growth exhibit columnar grain microstructure.
Depending on the secondary growth conditions the grains of the polycrystalline "lms may exhibit c- or [h0h]-out-of-plane
orientation. We report single-component and binary permeation measurements using N

2
, SF

6
and butane isomers, for MFI

membranes prepared by secondary growth on porous alumina substrates. The N
2
: SF

6
single-component selectivity is 8}10, while the

permeation #ux of n-C
4
H

10
and the n-C

4
H

10
: i-C

4
H

10
#ux ratio from 50/50 mixtures at 223C is in the range 1.5}5.5]10~3 mol

m~2 s~1 and 28}62, respectively. The n-C
4
H

10
: i-C

4
H

10
#ux ratio remains high up to 1503C but decreases drastically at higher

temperatures. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The preparation of zeolite "lms with controlled micro-
structure, i.e. grain and grain boundary structure, grain
orientation, thickness, and composition is desirable for
a number of applications most notably as supported
zeolite membranes for separations and catalytic applica-
tions (Bein, 1996; Brinker, 1998). MFI molecular sieve
membranes that exhibit preferred orientation have been
reported recently (Lai et al., 1996; Lovallo and Tsapatsis,
1996; Lovallo et al., 1998). These membranes were
obtained by secondary growth of calcined MFI or
MFI/alumina precursor layers. The secondary growth

technique has been also employed for the preparation of
zeolite A "lms (Boudreau and Tsapatsis, 1997; Boudreau
et al., 1998) and randomly oriented "lms of zeolite
L (Lovallo et al., 1996). Recently, Gouzinis and Tsapatsis
(1998) applied the secondary growth technique on un-
calcined/additive-free MFI precursor layers and demon-
strated that the seed particles remain on the support
surface and can grow to form highly oriented MFI "lms
with columnar microstructure. It was also shown that
under appropriate secondary growth conditions, the "lm
growth can be manipulated leading to variations in the
out-of-plane orientation.

In what follows, we report on the role of the un-
calcined/additive free precursor layers and the secondary
growth conditions on the formation, resulting micro-
structure and permeation properties of MFI "lms. In
Section 3.1, the "lms obtained upon secondary growth
are compared with "lms obtained by in situ growth on
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seed-free substrates. It is shown that the presence of seeds
can dramatically a!ect the morphology of the resulting
"lm even under secondary growth conditions that, in the
absence of seed layers, can lead to nucleation and crystal
growth in solution and on the substrate. Based on the
current knowledge on the mechanism of MFI formation,
we propose an explanation for the role of the seeds in "lm
growth. Moreover, a characteristic defect that is occa-
sionally observed after secondary growth is described,
and its formation is attributed to gaps of the precursor
layers. In Section 3.2, the ability to manipulate the
orientation of the MFI "lms by the secondary growth
conditions is summarized and the resulting surface
morphologies are further investigated with surface
force microscopy (SFM). In Section 3.3, we report per-
meances of butane isomers through alumina supported
MFI membranes prepared by secondary growth and
compare these with reported permeances of butane
isomers through MFI membranes prepared by in situ
growth.

2. Experimental

2.1. Synthesis

A colloidal suspension of discrete MFI (silicalite-1)
particles (20 g/l, 100 nm diameter) was prepared as pre-
viously reported (Lovallo and Tsapatsis, 1996). The sus-
pension was used for coating non-porous glass or porous
alumina substrates with seed layers, but excluding the use
of additives (e.g. alumina binder). The silicalite-coated
substrates were dried in air at room temperature over-
night and were placed vertically in Te#on lined auto-
claves for hydrothermal treatment (secondary growth),
using a solution with typical molar composition of
0.9TPAOH: 950H

2
O : 16EtOH. For in situ growth of

MFI "lms, the same composition and glass substrates
that were not coated with seed layers were used. The
supports used for zeolite membrane preparation were
home-made a-Al

2
O

3
disks, 2 mm thick, 22 mm in dia-

meter and 0.15 lm pore size. Only one side was coated
with seeds. Secondary growth for the membranes re-
ported was performed at 1753C, using a solution with
composition 0.9 MOH : 0.9 TPABr : 4 SiO

2
: 1000

H
2
O : 16 EtOH, where M"Na or K. The substrates

were placed in 35 ml Te#on-lined autoclaves.

2.2. Microstructural characterization

Scanning Electron Microscopy (SEM) was performed
on a JEOL 100CX microscope operating in SEM mode
at 20 kV. Higher resolution micrographs were recorded
using a Hitachi S-900 FE-SEM. Phase identi"cation and
determination of any preferred orientation was per-

formed by X-ray Di!raction (XRD) on a Phillips X'Pert
system using Cu Ka radiation. Crystal planes that are
parallel to the substrate are detected when the system is
operated on a theta/2-theta geometry. XRD pole "gure
analysis was used to quantitate the degree of out-of-plane
orientation. For these measurements, the two-theta re-
#ection corresponding to a speci"c crystal plane was
identi"ed from the XRD pattern and the incidence and
exit angle were "xed to this position. The sample was
tilted from 0 to 853 (psi) and rotated 3603 (phi) for each
tilt angle. Film topology and crystal faces of singular
crystal grains have been studied by a bi-directional
scanning force microscope (SFM) from Topometrix Inc.
(Explorer) with laser beam de#ection detection scheme
and silicon nitride cantilevers of 0.03 N/m at ambient
conditions. The "lm surfaces have been scanned with
1 Hz per scan line in the x,y-plane which is provided by
the glass substrate. The bi-directional SFM measures
lateral forces simultaneously with normal forces (top-
ography) acting on the probing tip, both over a localized
contact area between probing tip and sample of a few
square nanometers. Lateral force SFM mapping has
been used to enhance the contrast of di!erently oriented
crystal faces.

2.3. Permeation measurements

For permeation experiments the membranes were
sealed with the aid of silicon rubber O-rings inside a
custom made stainless steel permeation cell "xed in-
side a box furnace. A 50/50 n-butane/i-butane mix-
ture was introduced into the permeator (the zeolite
layer facing the gas feed) while the opposite side was
#ushed with a He stream. Mixture permeation data
for butane isomers were obtained by analyzing the
He sweep composition with the aid of a HP 5890 Series
II Gas Chromatograph equipped with a 1/8A SS packed
column (0.19 picric acid on Graphpac, Alltech) and
FID. Single gas permeation measurements were per-
formed using a vacuum system with a calibrated receiv-
ing cylinder. Fig. 1 is a schematic of the permeation
setup.

3. Results and discussion

3.1. Secondary versus in situ growth

The "nal "lm microstructure and its evolution are
greatly a!ected by the presence of the seeds that are
deposited on the substrate prior to secondary growth.
This is clearly demonstrated in Fig. 2, which shows two
MFI "lms that were prepared using secondary and in situ
growth, and exhibit di!erent microstructures. At early
stages of secondary growth (after &4 h), an intergrown
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Fig. 1. Schematic representation of the experimental apparatus used for permeation measurements.

"lm was already formed on the seed-coated substrate
as observed by FE-SEM (Fig. 2a). On the other hand,
small crystals with a cubic morphology, well-developed
facets and size of &20 nm were attached or nucleated
on the non-seeded substrate during in situ hydro-
thermal treatment (Fig. 2c). The surface coverage of
the seed-free substrate was very low at this stage and
the presence of an amorphous gel surrounding the zeolite
particles is evident from Fig. 2c. Such a gel formation
was also observed in the report of Koegler et al. (1997)
during in situ growth of MFI "lms on silicon wafers. Gel
formation was not observed when seeds were present as
shown in Fig. 2a. Further growth results, "nally, in the
microstructures presented in Figs. 2b and d after about
20 h. As can be seen from Fig. 2b in the case of the
seed-coated substrate and for the speci"c growth condi-
tions, an intergrown polycrystalline "lm with columnar
grains and small surface roughness was formed. In the
other case (uncoated substrate), as shown in Fig. 2d,
large non-intergrown crystals cover the substrate. In
agreement with other reports (Koegler et al., 1997),
the XRD analysis (Fig. 2e, top) shows that the "lm ob-

tained by in situ growth exhibits [0 k 0] or [h 0 0]-out-
of-plane preferred orientation. In contrast, the "lm
obtained by secondary growth shows [h 0 h]-out-of-
plane preferred orientation (Fig. 2e, bottom). The issue of
the preferred orientation is further discussed in Section
3.2 and in what follows we address the reason for the
dramatic in#uence of the precursor layer on "lm growth
kinetics.

The possible events taking place in solution (Burkett
and Burkett and Davis, 1995a, Dokter et al., 1995) and
on a substrate (pure or seed-coated) during hydrothermal
treatment are summarized schematically in Fig. 3. In the
presence of the precursor layer the nucleation stage is
bypassed and growth of the seed particles starts directly
as soon as they come in contact with the secondary
growth solution (Gouzinis and Tsapatsis, 1998). The re-
sults shown above clearly indicate that growth of the
existing crystals, once initiated, is self-preserved by pre-
venting the nucleation or incorporation of new crystals in
the vicinity of the growing "lm. The steady consumption
of nutrients, precursors and extended structures able to
contribute to crystal growth is proposed as a possible
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Fig. 2. SEM micrographs of "lms prepared by secondary growth (a, b), and in situ growth, (c, d); after 4 h, (a, c); and 20 h (b, d). Corresponding XRD
patterns, (e), for the "lms obtained by secondary growth (bottom) and in situ growth (top). The initial composition of the reaction mixture was
4 SiO

2
: 0.9 TPAOH: 950 H

2
O : 16 EtOH and the temperature was 1403C.

Fig. 3. Events taking place upon hydrothermal treatment and in the
presence of precursor seeds.

explanation for the absence of new grain formation dur-
ing secondary growth, even under conditions which can
lead to nucleation and growth in solution. In this respect,
the role of the precursor layer is dual. It not only leads
to growth without the need for nucleation but also
may prohibit or limit the incorporation of newly formed
crystals. Based on the above, the "nal "lm quality
will depend on the quality of the precursor layer. The
absence of close-packed precursor seeds throughout the
area of the substrate can contribute to the development
of defects. Typical defects that are observed by SEM
are presented in Fig. 4. As can be seen from this "gure,
some grains appear to grow larger and to an inclina-
tion compared to the rest of the columnar grains that
form the dense polycrystalline "lm. These larger grains
extend above the "lm surface, constituting a hemispher-
ical dome. The formation of these defects is attributed
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Fig. 4. Typical dome-like defects for "lms prepared by secondary
growth.

to the absence of a close-packed precursor layer under-
neath the area of the defect, allowing for a less-competi-
tive growth in this neighborhood and resulting in the
inclined, less intergrown, and larger grains shown in
Fig. 4.

3.2. Manipulation of the xlm orientation

As mentioned in Section 3.1, the "lms after secondary
growth at 1403C exhibit [h 0 h]-out-of-plane orientation.
This preferred orientation can be altered if secondary
growth is carried out at higher temperature (1753C).
In Fig. 5a, a SEM cross-section of a "lm obtained by
secondary growth at 1753C is presented. From the cor-
responding XRD (Fig. 5b) it can be concluded that the
"lm exhibits c-out-of-plane orientation. This is further
veri"ed by the pole "gure line plots (Fig. 5c). The (0 0 2)
re#ection shows a maximum at 03 tilt angle indicating
that the c-axis of the grains is perpendicular to the
substrate.

The [h 0 h]-out-of-plane orientation that the "lms ex-
hibit after secondary growth at 1403C can be enhanced, if
the secondary growth is sustained for prolonged times.

This can be achieved by replenishing the secondary
growth solution periodically. A "lm obtained with sus-
tained secondary growth at 1403C is presented in Fig. 5d.
The corresponding XRD and pole "gure (Figs. 5e and f,
respectively) show that in this case the c-axes of the
grains are tilted to an angle of 343 with respect to the
normal.

The di!erence in the grain structure between the "lms
prepared under sustained growth at 1403C and second-
ary growth at 1753C can be revealed also by SFM top-
ography. In the case of the "lm obtained upon sustained
growth at 1403C, the SFM images (Fig. 6a) show grains
of single faces of angular tilt of 10$53 towards the glass
substrate plane. In conjunction with the XRD results it
can be concluded that they are the (101) faces of the
grains, lying nearly perpendicular to the normal. In the
case of the "lm obtained at 1753C, the SFM images of
Fig. 6b show faceted grains with two crystal faces. Fur-
thermore, lateral force measurements show enhanced
contrast of the two crystal faces in each grain (Fig. 6c). It
is important to note that the contrast in Fig. 6c is due to
topography and not because of di!erences in mechanical
properties. Hence, the here presented lateral force
measurements do not represent dissipative frictional con-
trast information. This has been con"rmed by scanning
in reversed direction, which provided the same contrast
information. Frictional contrast would be reversed as
discussed in detail elsewhere (Overney and Meyer, 1993).
Considering these SFM results along with the XRD
results of Fig. 5c, it can be concluded that the crystal faces
in Figs. 6b and c are the M1 0 1N faces of co$n-shaped
grains lying at an angle with the normal. Besides temper-
ature variation, the "lm microstructure can also be ma-
nipulated by varying the composition of the secondary
growth mixture and the precursor seed morphology, as
will be described elsewhere.

3.3. MFI membranes and permeation results

3.3.1. Membrane morphology
Fig. 7a shows SEM top views of the a-Al

2
O

3
porous

support (left) and a smooth layer of equiaxed silicalite-1
seeds with diameter &100 nm covering the support after
dip-coating (right). Secondary growth of the seed layers
was carried out as described in Section 2.1. Fig. 7b shows
a SEM cross-section and the XRD pattern of the surface
of the membrane obtained after a single regrowth of 24 h
at 1753C with M"Na, while Fig. 7c shows the corres-
ponding results for a membrane grown by two consecut-
ive regrowths under identical conditions. The XRD
pattern of Fig. 7b indicates the onset of c-out-of-plane
orientation. The XRD pattern of Fig. 7c shows a strong
(0 0 2) peak and therefore a pronounced c-orientation of
the membrane. After one secondary growth for 24 h at
1753C the resulting c-oriented crystals have a length of
&12}15 lm along the c-direction. The thickness doubles
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Fig. 5. SEM cross-sections, (a), (d); XRD patterns, (b), (e); and (0 0 2) and (1 0 1) pole "gure line plots, (c), (f ); for "lms obtained by secondary growth at
1753C (a)}(c) and sustained secondary growth at 1403C (d)}(f ).

after subjecting the membranes to an additional growth
at similar conditions. The SEM cross-sections shown in
Fig. 7 indicate that the secondary growth of silicalite-1
seeds results in the formation of continuous "lms of
tightly packed MFI crystals that, at least within the SEM
resolution, possess a high degree of intergrowth neces-
sary for membrane applications. These zeolite "lms how-
ever, are not free of defects that may form undesirable
non-selective pathways in parallel with the zeolitic pores.
Defects occasionally observed on the "lm surface are
cracks or holes between the zeolite crystals, crystals
incorporated in the zeolite "lm by precipitation from
solution, or dome-like defects formed in areas where
continuity of the seed layers was interrupted. Examples
of such defects are shown in Fig. 8. Grain boundaries
between adjacently grown zeolite crystals are also con-
sidered to be another source of non-selective pathways
that may transverse the entire zeolite "lm thickness.
These grain boundaries are however inherent to the

membrane structure and their concentration and size are
more likely a!ected by the secondary growth conditions
rather than by defects formed in the precursor seed
layers.

3.3.2. Membrane permeation
Table 1 summarizes binary permeation data of butane

isomers at 223C for several membranes prepared under
the conditions given in Section 2.1. Membranes M1-M6
were synthesized with M"Na, while M7 and M8 were
prepared with M"K. The binary n-C

4
: i-C

4
ratios are

typically in the range of 28}62, while the n-C
4
permeation

#ux is in the range 1.5}5.5]10~3 molm~2 s~1 and ap-
parently decreases with increasing membrane thickness.
Fig. 9a gives the temperature dependence of the #ux of
butane isomers from a 50/50 binary feed for membrane
M7. Temperature cycling was also carried out on mem-
brane M7 to determine the stability of the membrane
permeation properties. The n-C

4
and i-C

4
#uxes showed
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Fig. 6. SFM topography images of "lms obtained by sustained secondary growth at 1403C after 50 h, (a); and of "lms obtained by secondary growth at
1753C after 5 h, (b). SFM lateral force forward image, (c), of the "lm shown in (b).

no signi"cant variation between two heating cycles (per-
formed over a period of 3 days), indicating that the
permeation of butanes has no modifying e!ect on the
membrane. The numbers above the n-C

4
data points

indicate the n-C
4
: i-C

4
#ux ratio during the "rst heating

cycle (n, m), while the numbers below indicate the #ux
ratio during the second heating cycle (£, .). The #ux of
n-C

4
shows a weak maximum at 140}1503C while the

#ux of i-C
4

increases monotonically with temperature, so
that the n-C

4
: i-C

4
ratio remains high up to about 1803C

but drops to about 15 at higher temperatures. Fig. 9b
shows the e!ect of feed composition on the #ux of butane
isomers at 223C for membrane M8. The butane partial
pressure in the feed was adjusted to the desired level by
diluting a 50/50 butane mixture with necessary amount
of He. The data indicate that saturation of the MFI-type
membranes at 223C is e!ected at about 0.2 atm partial
pressure of butane isomers in the feed. Also included in

Table 1 are N
2

and SF
6

single-component permeation
data at 223C for the support and membrane M3, which
was prepared by 2 sequential growths. The MFI layer
results in a maximum of 3}5 times permeance reduction
for N

2
relative to the porous support and improvement

of the N
2
: SF

6
ratio from 2 (Knudsen selectivity) to 7}10.

For the same membranes before calcination for template
removal, the N

2
#ux was &5]10~5 molm~2 s~1, e.g.

3 orders of magnitude lower than the #ux through the
support.

The permeation data above suggest that gas transport
through the MFI-type membranes occurs in parallel
through the MFI pores and the "lm defects which most
likely consist of the intercrystalline grain boundaries
between adjacent crystals. The #ux through the defects is
estimated to be in the range 10~5 molm~2 s~1 based on
n-C

4
H

10
and i-C

4
H

10
permeation #ux through un-

calcined membranes. Since zeolitic pores are occupied
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Fig. 7. SEM images of: (a) a-Al
2
O

3
support (left) and silicalite seed layer formed by dip coating; (b) MFI membrane formed after a single regrowth,

with XRD pattern; and (c) after two consecutive regrowths, with XRD pattern.
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Fig. 8. SEM views of defects found on the surface of MFI-type membranes: (a) hole; (b) crack between zeolite crystals; (c) crystal incorporated from
solution during secondary growth; (d) dome-like defect.

by the template before calcination, the detected #ux was
attributed to #ux through the defects. The #ux through
the zeolitic pores is in the range 10~2 mol m~2 s~1 for
small molecules such as N

2
and in the range

10~3 mol m~2 s~1 for larger molecules such as n-C
4
H

10
and SF

6
. For i-C

4
H

10
the permeation #ux at 223C is in

the range 10~5 molm~2 s~1 but increases more than 20
times at 2003C. This indicates that di!usion of i-C

4
H

10
through the zeolitic pores at ambient is rather small,
comparable or smaller to that through the defects, but
increases with temperature.

Table 2 summarizes results of various workers on
permeation of butane isomers through MFI-type mem-
branes prepared by in-situ crystallization. In all cases,
a high ideal or mixture selectivity for n-C

4
H

10
over

i-C
4
H

10
is observed (Geus et al., 1993; Yan et al., 1995;

Vroon et al., 1996; Kusakabe et al., 1996). Coronas et al.
(1997) reported i-C

4
H

10
: n-C

4
H

10
ideal selectivities '1

at ambient temperatures but their membranes always
selectively permeated the linear isomer in 50/50 mixtures
of the two components. In addition, most workers report
n-C

4
H

10
permeation #ux in the 10~3 molm~2 s~1 range
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Table 1
Permeation #ux of butane isomers through various MFI-type membrane samples at 223C

Code No. of regrowths Permeation #ux (molm~2 s~1) Flux ratio

n-C
4
H

10
(N

2
)!

i-C
4
H

10
(SF

6
)!

n-C
4
: i-C

4
(N

2
:SF

6
)

Support" * 5.04]10~2

(6.94]10~2)
5.04]10~2

(3.37]10~2)
1.0
(2.06)

M1 1 4.28]10~3 1.50]10~4 28.5
M2 1 5.47]10~3 1.13]10~4 48.3
M3 2 1.59]10~3

(1.61]10~2)
4.28]10~5

(1.61]10~3)
37.1
(10.0)

M4 2 1.78]10~3 2.90]10~5 61.4
M5 2 2.05]10~3 3.49]10~5 58.7
M6 2 1.74]10~3 3.71]10~5 46.9
M7 2 2.96]10~3 4.79]10~5 61.8
M8 2 1.80]10~3 4.67]10~5 38.6

!N
2
, SF

6
single-component #uxes and selectivity included for support and membrane M3.

"Butane #ux determined from single-component permeation measurements.

Fig. 9. Permeation properties of membranes M7 and M8: (a) temper-
ature dependence and e!ect of temperature cycling (M7); (b) depend-
ence on feed butane partial pressure (M8).

which is also consistent with the data obtained in this
study. The temperature dependence of the #ux of butane
isomers through the membranes reported here is consis-

tent with that reported by Vroon et al. (1996) and
Burggraaf et al. (1998), since their #ux of n-C

4
H

10
ex-

hibited a weak maximum at 100}1403C while the #ux of
i-C

4
H

10
increased monotonically in the range 22}2003C.

Similar agreement is observed between the feed partial
pressure dependence of the #ux of n-C

4
H

10
with the

corresponding data of Vroon et al. (1996) and Yan et al.
(1997). Coronas et al. (1997, 1998) reported a high
N

2
: SF

6
single gas ratio (100}200) and concluded that

their membranes exhibited molecular sieving properties
since they practically reject SF

6
(kinetic diameter &6 As ).

For the membranes reported here, the N
2
: SF

6
ratio was

about 10 although the n-C
4
: i-C

4
ratio was signi"cant.

Similar results are reported by Burggraaf et al. (1998),
since their membranes exhibited permeances in the order
n-C

4
'SF

6
'i-C

4
which is consistent with that of the

membranes reported here. The membranes reported in
the present study also exhibit permselectivity for xylene
isomers (Xomeritakis and Tsapatsis, 1999).

4. Conclusions

Secondary growth of precursor seeds can be used to
prepare selective MFI membranes. The presence of the
precursor "lm drastically alters the mechanism of "lm
formation from that of in situ growth. The microstructure
of the membranes can be manipulated by varying the
secondary growth conditions. The high n-C

4
and i-C

4
#uxes, and the high n-C

4
: i-C

4
binary mixture selectiv-

ities indicate that membranes with c-out-of-plane
preferred orientation prepared by secondary growth can
exhibit transport properties for these gases resulting in
similar performance with the most selective randomly
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Table 2
Permeation of butane isomers through highly selective MFI-type membranes prepared by in situ crystallization

Reference Permeation temperature! Permeation #ux (mol m~2 s~1) Flux ratio
(3C)

n-C
4
H

10
i-C

4
H

10

n-C
4
: i-C

4

Kusakabe et al. (1996) 100 3.0]10~3 7.0]10~5 43
Yan et al. (1997) 185 2.7]10~3 6.0]10~5 45
Coronas et al. (1998) 100 5.4]10~3 1.0]10~4 54
Vroon et al. (1998) 25 3.8]10~3 2.9]10~5 131

! Temperature at which the highest selectivity was achieved.

oriented MFI membranes prepared by in situ growth
reported in the literature.
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