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Incorporating zeolites in microchemical systems
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Abstract

Using a new fabrication method based on microelectronic fabrication and zeolite thin film technologies, MFI-type zeolites with en-
gineered structures were incorporated as catalyst, membrane and structural material within the design architecture of a microreactor,
membrane microseparator and microeletrochemical cell. Complex microchannel geometry and network (<5�m), as well as zeolite arrays
(<10�m) were successfully fabricated onto highly orientated supported zeolite films. The zeolite micropatterns were stable even after
repeated thermal cycling between 303 and 873 K for prolonged period of time. Blueprints for zeolite-based microchemical systems were
presented, and test units were fabricated and the structural details of the microdevices’ architecture were analysed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zeolites are microporous tectosilicate crystals with uni-
form nanometer-sized pores. The pore structure of the
zeolite restricts the size and shape of the molecules that can
enter and leave the channels. This gives rise to molecular
sieving effects observed in many separation and reaction
processes involving zeolites [1]. Unlike the most microp-
orous metal oxides (e.g., SiO2, Al2O3 and TiO2) which have
tortuous pore channels, zeolites have a well-defined pore
system and a crystalline structure. The chemical environ-
ment within the zeolite pore channel can be manipulated to
influence the molecular transport of diffusing species dur-
ing separation. In addition, its unique framework chemistry
and high internal surface area offer an excellent catalytic
environment for many chemical reactions. Besides their ap-
plications in petrochemical production [2], zeolites can be
employed in the synthesis of fine chemicals and pharma-
ceuticals [3–5], in pollution abatement [5,6], in membranes
[7], in membrane reactors [8,9], in sensors [10–13], and
in optoelectronic materials [14]. More recently, Wan et al.
[15] outlined several fabrication methods for zeolite-based
microreactor and membrane microseparator. These belong
to an emerging new technology: the microchemical systems
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that also include other microdevices such as micromixers,
microheat exchangers, microactuators and microsensors
[16]. Ultimately, these discrete components can be assem-
bled to create microanalytical laboratories, portable manu-
facturing plants and miniature fuel cells to satisfy the needs
of an increasingly mobile society.

Microreactors have great potential as analytical tools
for catalytic, chemical and biochemical research. They
also represent another method for production of special-
ity chemicals and biochemicals. Their unique properties,
which include high heat and mass transfer rates [17–22] and
short residence time [23] make them an invaluable tool for
studying demanding reaction systems. Microreactors can
provide important information on reaction mechanisms and
intrinsic kinetic rates that are essential for reactor design
and scale-up. They can also be used for rapid screening of
synthesis pathways to determine the most efficient and envi-
ronmentally responsible synthesis route. Pioneering work in
microreactor has been carried out among others by groups
at Institüt für Mikrotechnik Mainz (IMM), Forschungszen-
trum Karlsruhe GmbH (FK), Massachusetts Institute of
Technology (MIT), Pacific Northwest National Laboratory
(PNNL), Technische Universität Chemnitz (TUC), etc.

Miniaturisation can also benefits membrane separation
processes. It enables large membrane area to be accommo-
dated within a small volume allowing for the design of a
compact separation unit. Instead of one continous membrane
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surface, a membrane microseparator will consist of an
assembly of smaller membranes that provides the same
effective separation area. It is expected that by keeping the
individual membranes’ area small, the risk of membrane
failure due to accumulated stresses can be significantly
diminished. This is particularly important for inorganic
membranes, where embrittlement, crack formation and de-
lamination are some of the leading causes of failure. An
early attempt to built a membrane microseparator has been
described by Ehrfeld et al. [24]. Franz et al. [25] reported
a palladium membrane microseparator for hydrogen-based
separations and reactions. den Exter et al. [26] and Wan
et al. [15] prepared free-standing zeolite micromembranes
on silicon substrates.

Unlike the integrated circuit (IC) industry that have
adopted a single production standard (i.e., complementary
metal oxide semiconductor (CMOS) technology), micro-
electromechanical and microchemical systems have multiple
fabrication and assembly processes [27,28]. These include
traditional semiconductor fabrication technology [29], LIGA
[30,31], multi-lamination [32,33], laser micromachining
[34,35], and dip pen nanolithography [36]. Thin zeolite films
can be grown on planar supports using hydrothermal syn-
thesis, with or without prior seeding [37,38]. More recently,
Yoon and co-workers [39] created 100�m range patterns
through adhesion of zeolite powders onto micropatterned
polyelectrolyte layer. In this work, we employ traditional
semiconductor fabrication methodology along with zeolite
thin film technology to create microstructured patterns that
can be employed in microchemical systems, such as mi-
croreactors, microseparators or microelectrochemical cells.

2. Experimental

Fig. 1 gives the general outline of the procedure for
the fabrication of zeolite-based microstructured patterns
using standard semiconductor microfabrication technol-
ogy. First, a zeolite–silicon composite was prepared by
growing oriented polycrystalline zeolite film onto a silicon
wafer. The design pattern was then transferred and etched
onto the zeolite–silicon composite using conventional
photolithography.

2.1. Preparation and fabrication of zeolite–silicon
composite substrate

Two different approaches were employed in this study to
prepare well intergrown, polycrystalline zeolite films onto
silicon substrates (4 in. diameter p-type Si(1 0 0)). In the first
method (Fig. 1A and C), silicalite-1 (Sil-1) films on silicon
were prepared from a synthesis mixture containing 6.5 ml
of organosilicon precursor, tetraethyl orthosilicate (TEOS,
98%, Aldrich) mixed with 65 ml of 0.05 M aqueous solution
of the organic template, tetrapropylammonium hydroxide
(TPAOH, 1 M, Aldrich) to give mole ratios of 80 TEOS:10

TPAOH:10,000 H2O. The silicon was held in a horizontal
position with the polished surface facing downwards. This
decreased the number of growth defects caused by incorpo-
ration of zeolite powder from the solution. The backside of
the silicon was covered with a layer of Teflon ribbon to pre-
vent zeolite growth. Placed within an autoclave vessel, the
completely immersed silicon was hydrothermally treated at
448 K in a preheated oven (Memmert) between 6 and 48 h.

In the second approach (Fig. 1B and C), the silicon
substrate was pre-seeded with zeolite nanocrystals before
hydrothermal synthesis. Sterte et al. [40] have shown that
submicron MFI zeolite films can be successfully grown onto
seeded silicon. The colloidal Sil-1 seeds used in this study
were prepared using the procedure described in a previous
work [41]. The seeding procedure involved immersion of the
silicon in 0.05 M 3-mercaptopropyl trimethoxysilane (99%,
Aldrich)/ethanol solution in order to functionalise the sub-
strate. The excess surfactants were rinsed off using ethanol.
This was followed by immersion in colloidal suspension of
Sil-1 seeds. The seeded substrate was then dried in the oven
at 333 K for 15 min. This procedure gave uniform seed cov-
erage on the silicon. The seed population on the substrates
can be adjusted by repeating the seeding process several
times. This way, seed populations up to 95×1012 crystals/m2

(i.e., complete surface coverage) were obtained. The seeded
silicon was then placed horizontally in a synthesis mixture
containing 40 TEOS:10 TPAOH:20,000 H2O, and sealed
in an autoclave for hydrothermal regrowth at 398 K. Zeo-
lite films grown for 12, 24, 48 and 72 h were examined to
determine layer thickness, surface morphology and film ori-
entation. After the synthesis, the zeolite–silicon composites
were rinsed in deionised distilled water, dried overnight in
an oven at 333 K and stored in a dry container (Fig. 1D).

Starting with a zeolite–silicon composite substrate, a new
fabrication protocol was established. A 2.5�m thick layer
of positive photoresist (HPR-206, Fuji-Hunt Electronics
Technology) was spin-coated onto the substrate (Fig. 1E).
The resist was soft baked at 383 K for 1 min. Using contact
printing, the micropattern etched on the photomask was
transferred onto the polymer resist layer after exposure to
UV light (Fig. 1F). The resist irradiated with UV light was
washed away using FHD-5 positive developer (Olin) to ex-
pose the zeolite layer underneath (Fig. 1G). The sample was
then hard baked at 393 K for 30 min to harden the photoresist
and improve its adhesion. A buffered oxide etching solution
(Superwet BOE Etchant 6-1, General Chemical) containing
1 HF:6 NH4F was used to isotropically etch the micropattern
onto the zeolite layer (Fig. 1H). The etched substrate was
rinsed with deionised distilled water and dried using clean
nitrogen gas. The photoresist was stripped from the surface
using acetone (Fig. 1I). After a final rinse in deionised dis-
tilled water, the patterned substrate was dried overnight at
333 K and calcined in air at 823 K for 6 h to remove the
organic templates trapped within the zeolite cages. This
final step frees the zeolite pore environment for catalysis
and separation.
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Fig. 1. Process diagram for fabrication of zeolite-based micropatterns.

2.2. Characterisation

Structural analyses were conducted using X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM). The
crystal structure, crystallinity and crystallographic orien-
tation of the zeolite film were determined using a Philips
PW 1030 X-ray diffractometer equipped with Cu K� X-ray
source and graphite monochromator. The X-ray line in-
tensity was obtained for 5◦ ≤ 2θ ≤ 45◦ at a scan rate of
0.02◦/min and time constant of 0.02. The film thickness,
grain size and zeolite morphology were examined using a
JEOL JSM 6300 scanning electron microscope. The samples
were mounted onto aluminium specimen stubs with con-
ducting carbon tape and sputter-coated with a 10 nm layer
of gold to reduce sample charging. The samples at various
stages of fabrication were inspected visually using an optical
microscope (Olympus, BH-2). The surface roughness of the
silicon substrate was examined by atomic force microscopy
(Nanoscope III�, Digital Instruments). These combined
characterisation techniques provide a detailed information
on the microstructure of the zeolite–silicon composite ma-
terial used in the preparation of microchemical devices.

3. Results and discussions

3.1. Preparation of zeolite–silicon composite

The clean silicon substrate (Fig. 2a) was seeded using the
procedure described in Section 2 in order to obtain a com-
plete and uniform seed coverage (i.e., 95× 1012 seeds/m2)
as shown in Fig. 2b. The 120 nm colloidal Sil-1 seeds were
roughly ellipsoidal in shape with no apparent crystal facets.
XRD analysis of the zeolite seeds indicated an MFI-type
crystalline structure. It was clear from comparing the sur-
face line profiles of the plain (Fig. 2a, inset) and seeded
silicon (Fig. 2b, inset) obtained by atomic force microscope
that seeding results in an increased surface roughness.

The deposition and growth of Sil-1 zeolite onto clean and
seeded silicon substrates are shown in Figs. 3 and 5, respec-
tively. Fig. 3 displays the microstructure of Sil-1 zeolite
deposited onto silicon substrate after 6, 12, 24 and 48 h of hy-
drothermal synthesis. Approximately 4.7 × 109 crystals/m2

occupied the surface of the sample after 6 h of synthesis
(Fig. 3a). The zeolites had a relatively uniform size of
7�m×17�m giving the crystals an average length-to-width
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Fig. 2. Scanning electron and atomic force micrographs of: (a) plain silicon and (b) seeded silicon substrates (figure insets are AFM surface profiles of
the plain and seeded silicons at the same magnification).

Fig. 3. Scanning electron micrographs of Sil-1 grown on plain silicon for: (a) 6 h, (b) 12 h, (c) 24 h and (d) 48 h of hydrothermal synthesis [80 TEOS:10
TPAOH:10,000 H2O, 448 K] (figure insets are the cross-sectional views at 2.5× higher magnification).
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ratio of 2.4. The coffin-shaped crystals had a thickness of
about 2.3�m (Fig. 3a, inset). Intergrowth and coalescence
were evident where two neighbouring crystals impinged
upon one another, forming larger irregular shaped rafts. Al-
though the individual zeolites had random placement and
alignment on the silicon surface, most of the crystals grew on
the silicon with their (0 2 0) plane parallel to the surface. This
means that the straight zeolite pore channels were aligned
perpendicular to the surface. About half of the crystals ex-
hibited secondary growths that emerge from the flat (0 2 0)
planes. These secondary crystals were oriented with their
(2 0 0) planes parallel to the silicon surface. The resulting
morphology was reminiscence of twinned Sil-1 crystals. The
inset in Fig. 3a shows that the surface of the zeolite–silicon
composite substrate is rough, mainly because of the nonuni-
form coating and presence of secondary growths.

Through crystal growth and coalescence, nearly 90% of
the surface was covered by zeolite crystals after 12 h of syn-
thesis (Fig. 3b). Further nucleation was not evident and the
crystal population per unit area remained unchanged. The
crystals were significantly larger(9�m×32�m) with most
of the growth along their length (i.e.,c-axis). This resulted
in an elongated shape with a length-to-width ratio of 3.7.
Growth along the zeolite width (i.e.,a-axis) and thickness
(i.e., b-axis) were small in comparison. Secondary in-plane
(Fig. 3b) and off-plane crystal growths (Fig. 3b, inset) were
common. This resulted in an uneven surface as shown in the
inset of the figure. It is interesting to note that cavities formed
by dissolution of the silicon substrate were also observed.
Usually the cavities were hidden beneath the zeolite layer,
and were therefore undetectable from surface inspection.
After 24 h of hydrothermal synthesis (Fig. 3c), the crystals
nearly doubled in size compared to those shown in Fig. 3b.
These zeolites were roughly 6�m thick, 16�m wide and
64�m long. Nearly all crystals exhibited secondary growth,
which was responsible for its rough surface (Fig. 3c, inset).
An additional 24 h of synthesis allowed the secondary crys-
tals with (2 0 0) orientation to grow sufficiently large to coa-
lesce and form an intergrown layer (Fig. 3d). Imperfections
in the form of misaligned crystals interrupted the otherwise
smooth surface (Fig. 3d). Unfortunately, defects in the form
of large cavities within the silicon were also present (Fig. 3d,
inset). The XRD pattern of this zeolite–silicon composite is
shown in Fig. 4a.

Without pre-seeding, zeolite nuclei were formed on sil-
icon by heterogeneous nucleation or were incorporated
after it had nucleated in the solution (i.e., homogeneous
nucleation). It had also been suggested that microcrystals
deposited from the solution may act as seeds for zeolite
growth [42]. The number of nuclei formed was usually
less than 1�m−2, especially in the absence of ageing. This
means that the concentration of nutrients immediately sur-
rounding the seeds is uniform. Off-plane crystal growth was
observed (Fig. 3b, inset), but were not as common as the
in-plane zeolite growth (Fig. 3a). The latter zeolites were
oriented with their (0 2 0) plane parallel to the surface. It

Fig. 4. XRD patterns of samples shown in (a) Fig. 3d, (b) Fig. 6a, (c)
Fig. 6b, (d) Fig. 5c, (e) Fig. 7a and (f) Fig. 7b.

had been argued that the (0 2 0)-oriented zeolite crystals
have a more stable configuration because of their larger
contact area with the support [37]. These zeolite crystals
displayed anisotropic growth that was typical of MFI zeo-
lite [43,44]. The growth rate along thec-axis of the zeolite
crystal (i.e.,〈0 0 2〉) was the highest at 2.6�m/h, followed
by a-axis (i.e.,〈2 0 0〉) at 0.6�m/h andb-axis (i.e.,〈0 2 0〉)
at 0.2�m/h. This means that the zeolite grew rapidly along
the support surface resulting in a complete coverage at
less than 24 h of synthesis, but the growth along the layer
thickness corresponding to the zeolites’b-axis is small. A
competing crystal orientation was evident even at the start
of film growth (Fig. 3a). The (2 0 0)-oriented crystals grew
directly from the existing (0 2 0) crystals, and predominated
once the (0 2 0) crystals formed a complete film. This gave
the resulting zeolite film (Fig. 3d) two distinct layers of
different crystallographic orientations.

A (0 2 0)-oriented Sil-1 film, with its straight pore chan-
nels, is of great interest in membrane separation, and the
slow crystal growth along theb-axis is ideal for the prepa-
ration of ultrathin zeolite membranes. However, the rough
film surface and presence of microcavities mean that fabrica-
tion of defect-free, high-resolution micropatterns is difficult.
Also, most microchemical systems will require high-aspect
ratio patterns that demand a thick zeolite layer. In these cir-
cumstances, a film consisting of zeolites oriented along its
c- or a-axis (i.e., faster growth rate) are more appropriate.
Fig. 5 shows the zeolite microstructure grown on seeded
silicon for 12, 24, 48 and 72 h. Unlike the zeolites grown
on plain silicon, a complete film was obtained after 12 h of
hydrothermal synthesis (Fig. 5a). The 1.1�m thick zeolite
layer consisted of intergrown crystals (Fig. 5a, inset). The
zeolites were aligned with theirc-axis nearly normal to the
surface. XRD analysis indicated that the zeolites grew with
a preferred orientation of (1 0 1) on seeded silicon (Fig. 4d).
Analysis of the SEM images indicated that the grains had
an average size of 0.6�m and a length-to-width ratio of
1.4. These gave the grains a rectangular shape as shown in
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Fig. 5. Scanning electron micrographs of Sil-1 grown on silicon with 95× 1012 seeds/m2 for: (a) 12 h, (b) 24 h, (c) 48 h and (d) 72 h of hydrothermal
synthesis [40 TEOS:10 TPAOH:20,000 H2O, 398 K] (figure insets are the cross-sectional views at 2× higher magnification).

Fig. 5a. Zeolite films grown for longer time (i.e., 24–72 h)
had larger crystal grain size, better intergrowth and smoother
film surface as shown in Fig. 5b–d. Through growth and
coalescence with neighbouring crystals, the grain size in-
creases from 0.6 to 1, 1.3 and 2.3�m, whereas the film
thickness increases from 1.1 to 2.2, 2.9 and 4.1�m after 12,
24, 48 and 72 h of synthesis, respectively. As a result, the
individual zeolite crystals had a wedge-like shape (cf. Fig.
5c, inset). Due to the extensive coalescence and intergrowth
between the crystals, it was difficult to ascertain the grain
morphology from the SEM images. However, it is clear from
the figures that the intercrystal grain boundary decreases
with the synthesis time. XRD analysis indicated that these
zeolite films have a (1 0 1)-preferred orientation (Fig. 4d).

The zeolite nanocrystals on the seeded silicon acted as
nuclei for zeolite crystal growth. From the seed layer, the
zeolites grew towards the solution where the concentration

of the nutrient is high. Coalescence and growth termination
were the results of the intense competition between neigh-
bouring growing crystals, and helped shape the film mi-
crostructure. The dense crystal population and the relatively
uniform concentration gradient of nutrient above the grow-
ing zeolite layer favoured the growth of the crystal along
thec-axis. This gave the MFI zeolite film a preferred (1 0 1)
orientation. The intergrowths between neighbouring crystals
provided the polycrystalline film its mechanical strength and
stability. The zeolite films (Fig. 5) grown from a seed layer
and dilute synthesis solution do not display any abscess or
microcavity defects as observed in Fig. 3b–d. However, the
growth rate was slow with the growth along thec-axis at
only about 0.14�m/h, while theb- andc-axes were approx-
imately 0.05�m/h. Higher growth rates can be obtained by
using more concentrated synthesis mixtures and higher hy-
drothermal treatment temperatures.
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Fig. 6 shows the Sil-1 film microstructures obtained from
two different seed concentrations. Fig. 6a displays the ze-
olite film grown on silicon with seed population of about
1.5×1012 seeds/m2 (i.e., 1.5 seed/�m2) which is about 1.6%
of complete seed coverage. The 2�m thick polycrystalline
film was made of randomly oriented intergrown zeolite
crystals as shown in the figure. This was confirmed by the
XRD pattern in Fig. 4b. Diffraction peaks corresponding
to (1 0 1) and (2 0 0)/(0 2 0) crystallographic orientations
were evident in the figure. Zeolites grown on silicon wafer
with a partial seed coverage (∼26%) of 25× 1012 seeds/m2

formed a polycrystalline film (Fig. 6b) with (1 0 1) orienta-
tion (Fig. 4c). Fig. 6b shows that the zeolite film was 4�m
thick with an average grain size of 1.4�m. Examination of
the XRD patterns shown in Fig. 4a–d indicates that zeolite
film orientation is influenced by the initial seed population
present on silicon. Zeolite grown on unseeded substrate had
predominantly (0 2 0) and (2 0 0) orientations (Fig. 4a). The

Fig. 6. MFI zeolites grown on silicon with seed populations of: (a) 1.5×1012 seeds/m2 [40 TEOS:10 TPAOH:20,000 H2O, 398 K], (b) 25×1012 seeds/m2 [40
TEOS:10 TPAOH:20,000 H2O, 398 K], (c) 95×1012 seeds/m2 [40 TEOS:10 TPAOH:40 H3BO3:20,000 H2O, 403 K, t = 48 h] and (d) 95×1012 seeds/m2

[40 TEOS:1 TPAOH:9 NaOH:20,000 H2O, 403 K, t = 48 h] (the figure insets are the cross-sectional view at 2× higher magnification).

additions of zeolite seeds favoured the growth of film with
(1 0 1) orientations (Fig. 4b–d). As the seed population in-
creases to full coverage, a well-oriented (1 0 1) zeolite film
was obtained (Fig. 4d). Intermediate seed coverages led to
films with mixed (1 0 1) and (2 0 0)/(0 2 0) orientations. This
suggests that the zeolite film orientation can be manipu-
lated through seeding. Changing the seed population alters
the immediate environment of the growing zeolite. Growth
competition between neighbours can significantly change
the concentration gradient of nutrients around the growing
crystal and can affect the growth of the zeolite [44].

Fig. 6c and d displays two additional film orientations
obtained by changing the composition of the synthesis mix-
ture. A (2 0 0)-oriented zeolite film (Fig. 6c) was grown
on silicon from a synthesis solution containing boric acid.
Early work of Jansen [43] has shown that boron preferen-
tially inhibits the zeolite growth (ZSM-5) along thec-axis.
This enabled the growth of thea-axis to predominate giving
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Fig. 7. Schematic drawing of the zeolite pore structure viewed along: (a)
〈1 0 1〉, (b) 〈2 0 0〉, (c) 〈0 0 2〉 and (d)〈0 2 0〉 axes.

the film a preferred (2 0 0) orientation as indicated by the
XRD pattern shown in Fig. 4e. In powder zeolite, the addi-
tion of boron results in ZSM-5 zeolites with cubic or spher-
ical morphology instead of elongated coffin-shaped crys-
tals [43,45]. Potassium was reported to have similar effects
as boron on the MFI zeolites [46]. Replacing most of the
TPA+ ions with Na+ in the synthesis solution gave the zeo-
lite film shown in Fig. 6d a preferred (0 0 2) orientation (cf.
Fig. 4f). Similar result can be obtained without the addition
Na+ by simply elevating the synthesis temperature to above
448 K. Fig. 7a–d displays the schematic drawing of the ze-
olite pore structure viewed along the〈1 0 1〉, 〈2 0 0〉, 〈0 0 2〉
and〈0 2 0〉 axes, respectively. Only the (0 2 0)-oriented film
has the straight channel pores aligned normal to the silicon
substrates, whereas in the other three orientations, the zigzag
channel is normal to the support.

3.2. Fabrication of zeolite micropatterns
and their stability

The previous section showed that zeolite films of con-
trolled orientations (i.e., (1 0 1), (2 0 0) and (0 0 2)) and
thickness could be grown on a silicon wafer to serve as
substrate for the fabrication of microchemical devices. The
ability to engineer and tailor the zeolite microstructure and
chemistry is very important for the effective incorporation
of zeolites as catalyst, membrane and structural materials in
microchemical systems. The zeolite–silicon composite sub-
strates were thermally stable, as they were able to withstand
temperatures up to 873 K in both oxidising and reducing

atmospheres for extended period of time without crack for-
mation or film delamination. The zeolite film was also stable
at room temperature in low to moderate concentrations of
acids and bases (pH 3–10), except in the presence of flu-
oride containing acids and salts. However, corrosion of the
silicon was evident in alkaline solution at a higher temper-
ature (i.e., 353 K). The composite substrate was also stable
in alcohol, acetone and aromatic solutions (e.g., xylene).
However, this does not necessarily mean that the fabricated
zeolitemicropatterns are stable under similar conditions.

3.2.1. Zeolite microchannels
Fig. 8 displays three test patterns etched onto the

zeolite–silicon composite substrate using the procedure
discussed in Section 2. These images were taken after the
microfabricated patterns had been subjected to 2 weeks
of thermal cycling between 303 and 873 K in a furnace
(∼40 K/min). Fig. 8a displays a series of microchannels
etched onto a 10�m thick Sil-1 (1 0 1) film grown on seeded
silicon. The cross-section of the channels was rectangular
with width of 5�m. The shape of the serpentine channels
was based on a cosine function with a periodicity defined
by the peak-to-peak distance (L) of 15�m. The shape of
the channels was varied by changing the amplitude (A) of
the cosine function. Starting from the left of the figure, the
value ofA for the first channel was 5�m, the next two were
6�m and the following two were 6.5�m. The last two pat-
terns consisted of staggered lines of 6�m holes. It is clear
from the results that complex microchannel geometry can be
faithfully reproduced from the mask onto the zeolite–silicon
composite substrate using the new fabrication technique.
The pattern shown in Fig. 8b simulates a complex channel
network that can exist in a microfluidic device. The figure
shows a central distribution hub from which a network of mi-
crochannels radiates. Abrupt changes in channel width and
direction were also incorporated to further test the precision
of the new fabrication technique. The narrowest channel had
a width of 3�m and height of 10�m, giving the channel an
aspect ratio of about 3. There was no serious degradation
in the microfabricated patterns (cf. Fig. 8a and b) even after
prolonged exposure to harsh thermal conditions. Although
microchannels narrower than 30�m are rarely used in mi-
crochemical and microfluidic devices, the ability to fabricate
high-resolution features is useful for incorporating micro-
fabricated zeolite catalysts within microreactor channels.

3.2.2. Zeolite micropatterns
It had been demonstrated that catalytic zeolite powders

and films can be incorporated in microchannels [15]. The
microstructure of the catalyst coating could be engineered
during the synthesis to introduce surface roughness and
create intercrystalline porosity to promote fluid mixing and
enhance mass transfer. Access to the zeolite can also be ma-
nipulated by changing the zeolite orientation (cf. Fig. 7). The
zeolite deposited within the microchannels can be further
micropatterned to create regular array of microfabricated
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catalysts with exact size, geometry and spacing. Fig. 8c
shows an example of a microfabricated zeolite grid. Each
line of zeolites forming the 8× 16�m2 rectangular grids
was 5�m wide and 10�m high. The zeolite grid was stable
during thermal treatment, and the occasional breaks in the
zeolite lines were created during the etching process. Unlike
fixed bed catalytic reactor, a microfabricated catalyst laid out
in a regular pattern can be easier to simulate. Thus, an opti-
mum catalyst array can be pre-designed to the specifications
demanded by the application. Complex catalyst arrays can be
fabricated with features as small as 3�m using the new fabri-
cation protocol. Further improvement in the fabrication pro-
cedure is underway to reach the target size of 1.25�m, which
is the current limit for photolithography. Electron beam
lithography can create submicron features of about 0.1�m
[28], but the process is expensive and time consuming.

3.3. Incorporation of zeolites in microchemical devices

3.3.1. Zeolite-based microreactors
A variety of designs for microreactors have been sug-

gested so far, but in all cases, the microchannel is the
central structural element in the reactor architecture. The
T-shaped microreactor used by Srinivasan et al. [47] is a
simple yet elegant design. Based on a T-mixer, it allows in
situ mixing of reactant streams (at a T-junction) before en-
tering the reactor channel. Hsing et al. [48] have conducted
both mathematical modelling and reaction experiments on

Fig. 9. (a) T-shaped microchannel etched onto a (1 0 1)-oriented Sil-1–silicon composite, (b) magnified view of the zeolite microchannel and (c) an
example of serpentine-shape zeolite-based microreactor.

Table 1
Synthesis composition and hydrothermal treatment conditions for Sil-1
zeolite composite shown in Fig. 11

Synthesis mixture molar ratio Temperature (K) Time (h)

(a) 40 TEOS:10 TPAOH:20,000 H2O 393 12
(b) 40 TEOS:10 TPAOH:20,000 H2O 463 48× 2
(c) 80 TEOS:10 TPAOH:20,000 H2O 463 48× 3

the T-shaped microreactor, clearly demonstrating the effec-
tiveness of the reactor design for many partial oxidation
reactions. Fig. 9a displays a T-shaped microchannel etched
onto a layer of (1 0 1)-oriented zeolite film supported on
seeded silicon. The width of reactor microchannel was
500�m and its length was 20 mm. The height of the chan-
nel is defined by the thickness of the zeolite film that forms
the walls of the channel. Zeolite films that were less than
a micron to more than 100�m thick were prepared by
varying the synthesis parameters. Fig. 10 displays three
(1 0 1)-oriented zeolite–silicon composites with thicknesses
of 1, 10 and 60�m used in the study. These were pre-
pared on seeded silicon using the synthesis composition
and conditions summarised in Table 1. A magnified por-
tion of the microchannel (Fig. 9b) clearly shows that the
bottom of the channel is zeolite-free and the catalysis can
take place mainly on the zeolite walls. Besides its role
as catalyst, the zeolite also functions as the main struc-
tural material for the microreactor. One possible drawback
in this reactor design is the molecular diffusion into the
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Fig. 11. (a) Design of a Sil-1 membrane microcontactor and (b) a magnified view of the membrane layer between two microchannels. (c) An I-shaped
pattern fabricated onto Sil-1–silicon composite and (d) a magnified view of the membrane layer between the two microchannels.

bulk of the zeolite. This can pose a problem in various
cases, such as in reaction rate determination. However, most
molecules diffuse slowly in zeolite and for pentene and hex-
ene, it will require a residence time greater than an hour to
result in a 0.001% reactant loss in this type of microreactor
design. A variation of the T-shaped microreactor design is
shown in Fig. 9c. The main purpose of the serpentine struc-
ture is to provide longer residence time to accommodate re-
actions with slow kinetics.

3.3.2. Zeolite micromembranes
Zeolite with its uniform nanometer-sized pores and

molecular sieving properties are ideal material for mi-
cromembranes. Zeolite membrane microseparator can
serve many separation functions envisaged in a micro-
analytical laboratory and miniature plant, from sample
purification to product isolation. Fig. 11a displays a sim-
ple design for a miniature membrane contactor based
on a Wicke–Kallenbach cell. The zeolite membrane be-
tween the two microchannels (Fig. 11b) would allow the
selective exchange of components between two passing
streams of liquid or gas. Using Sil-1 zeolite as the mem-
brane barrier, hydrophobic compounds can be transferred
across the membrane from an aqueous to an organic so-
lution [49]. Molecular sieving separation of isomers and
close-boiling compounds has been demonstrated in a
Sil-1 membrane [50,51]. Similar separation performance

is expected in a zeolite membrane microseparator. Un-
like other chemical engineering unit operations, membrane
scale down is straightforward and beneficial. It reduces
the risks of failure in brittle inorganic membranes such as
zeolites.

Membranes are integral part of many electrochemical and
sensor devices [52], where permselective and semiperme-
able membranes are important. A permselective membrane
allows the passage of a single type of ions or compounds,
whereas a semipermeable membrane selectively excludes
specific ions and molecules. Zeolite with its uniform,
nanometer-sized pores and molecular sieving properties can
find applications in these devices. For sensor applications,
the zeolite membrane can enhance the sensor performance
by acting as a selective barrier and by protecting the sen-
sor elements from poisons and contaminants [53]. Fig. 11c
shows one possible design for incorporating zeolite mem-
brane in an electrochemical cell and sensor. The I-shaped
pattern fabricated onto the zeolite film consists of four en-
try ports: two are for the electrodes and two are for fluid
inlets. Two exit ports are available to allow for continuous
flow of electrolyte solution or reactant gases (i.e., fuel cell).
Fig. 11d shows that the two 400�m channels are separated
by a 300�m zeolite membrane barrier. This thickness is
comparable to that of a typical glass electrode [52,54]. How-
ever, zeolite membranes as thin as 5�m can be fabricated
if needed, using the new technique (cf. Fig. 8a).
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4. Concluding remarks

A new fabrication procedure for incorporating zeo-
lite catalysts, membranes and structural materials within
the architecture of microchemical devices was developed
based on microelectronic fabrication and zeolite thin film
technologies. The ability to engineer and tailor the zeo-
lite structure is essential for the incorporated zeolites to
effectively perform its various tasks. Zeolite films with
preferred orientation and engineered microstructure were
successfully grown on silicon substrate. Direct manipula-
tion of the film microstructure (i.e., thickness, orientation,
etc.) was achieved by controlling the seed population, syn-
thesis composition and hydrothermal treatment conditions.
High-resolution micropatterns of complex microchannel
network and geometry, as well as, particle arrays were suc-
cessfully fabricated from zeolite. These zeolite patterns sur-
vived prolonged thermal treatment under harsh conditions
(i.e., temperature oscillation between 303 and 873 K)
demonstrating their excellent thermal stability. Design
blueprints for the incorporation of zeolites in microreac-
tors, membrane microseparators and microelectrochemical
cell were presented. Working models were built using the
new fabrication technique, and the structural details of the
microsystem architecture were examined. Studies are now
underway to test the performance of the zeolite-based mi-
crochemical devices for chemical reactions and separations.
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