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Introduction

During the past few years the field of applications of
zeolite membranes has been extended from separa-
tions2 to membrane reactors,® sensors,* and, very
recently, to silicon-based microdevices.%” In addition,
many advances have been made in the preparation of
high-quality zeolite membranes.?? However, it is not yet
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clear how some of the major obstacles that still remain
in the path to their widespread industrial use can be
circumvented. Among these are technical limitations
(such as lack of stability and separation selectivity at
high temperature) and their high estimated cost of
approximately 2000 euros/m? per membrane module.!?
Because of this, the only industrial-scale application of
zeolite membranes until now corresponds to the dehy-
dration of solvents by pervaporation.!! On the other
hand, commercial applications of zeolite membranes do
not necessarily imply dimensions of many square meters
of permeation area in a single unit.? Actually, scaling-
down should allow preparing true defect-free zeolite
membranes (eventually single-crystal membranes) that
would have a higher chance of tolerating the inherent
thermal and mechanical stresses produced, for instance,
during the calcination stage'? or during thermal cycling.
Zeolite micromembranes also would be able to perform
the separation and reaction operations of standard
zeolite membranes, while providing the following ad-
ditional advantages: (i) easy integration, at the micro-
scopic level, of reaction and separation; (ii) excellent
temperature control; (iii) possible higher selectivity and
conversion compared to conventional reactors; (iv) in-
trinsic safety; and (v) easier scale-up in a highly compact
format. The latter four already have been quoted by
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Figure 1. (a) Scheme of the zeolite micromembrane. Optical (b, d) and electronic (c) microscope images of a laser-perforated
stainless steel sheet: (b) general view, (c) a hole with its rough edge in detail; and (d) cross section.

Kolb and Hessel!3 as general advantages of microreac-
tors.

Experimental Section

A 65-W, Q-switched Nd:YAG laser manufactured by
Baasel Lasertech, emitting at a wavelength of 1064 nm
in both continuous and pulsed mode, was used to
perforate the 75-um-thick stainless steel sheets (5 Cr,
18 Ni, Record) and also to polish/remove the continuous
zeolite layer prepared on the sheet. Perforation was
achieved through ablation of the steel substrate, per-
formed at a surface scan rate of 1500 mm/s, an average
power of 4 W, a pulse repetition rate of 4.5 kHz, a pulse
energy of 0.80 mdJ, a fluence of 1.3 MJ/mm?, and a peak
power of 3.14 GW/mm?2. Laser polishing was achieved
at an average power of 7 W, a pulse repetition rate of
20 kHz, a pulse energy of 0.35 md, a fluence of 0.80 Md/
mm?, and a peak power of 2.18 MW/mm?.

Silicalite-1 nanocrystals (ca. 100 nm) were obtained
by hydrothermal synthesis at 100 °C for 18 h using a
solution with the following molar composition: TPAOH/
TEOS/H2O/EtOH= 9/25/408/100.14 (TPA is tetrapropyl-
ammonium and TEOS is tetraethyl orthosilicate.) The
gel was aged for 24 h. The nanoparticles were purified
after synthesis by centrifugation until pH = 7 and then
calcined at 480 °C for 8 h, with heating and cooling rates
of 0.5 °C/min. The rough edges side of a laser-perforated
stainless steel sheet (15 mm diameter) was seeded by
rubbing with silicalite-1 nanocrystals. The support was
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placed vertically in a Teflon-lined autoclave that was
then filled with 20 mL of a solution having the following
molar composition: KOH/TPABr/TEOS/HoO= 1/1/4.5/
1000.> The hydrothermal synthesis (only one) took
place at 170 °C for 24 h. Under these conditions the
silicalite-1 crystals were produced mostly within the
microholes and on the rough edges side of the support.
The template was removed by calcinations at 480 °C
for 8 h, with heating and cooling rates of 0.5 °C/min.

An array of micromembranes was placed and sealed
by viton O-rings in a flat membrane module as if it were
a 15-mm circular membrane. Mass flow controllers
(Brooks Instruments B. V.) were used to feed continu-
ously a 50 cm?(STP)/min stream of an equimolar mix-
ture of propane and Ny into the silicalite-1 membrane
side (retentate), while the other side (permeate) was
swept with a 25 cm3(STP)/min stream of Ar. The total
pressure was maintained at atmospheric value on both
sides of the membrane. Samples at the exit of both
permeate and retentate streams were analyzed by on-
line gas chromatography (CE Instrument 8000). The
permeances were calculated using the log-mean partial
pressure difference, and the separation factor as (¥propane/
YN/ (Xpropane/XN2), With ¥ and x being the molar fractions
in the permeate and retentate sides, respectively.

Results and Discussion

A general scheme of the silicalite-1 micromembranes
prepared in this work is given in Figure la. A set of
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Figure 2. Electronic (a, b, d) and optical (¢) microscope images: (a) general view of the plate surface after silicalite-1 synthesis,
(b) top detailed view and (c) cross section of one of the zeolite-filled holes; (d) general view of the plate surface after laser polishing

with detail of a microhole in the insert.

these membranes was prepared by using liquid phase
hydrothermal synthesis to fill an array of approximately
cylindrical holes of ca. 80-um inner diameter (i.e., with
a free area of approximately 0.005 mm?2). Figure 1b
shows an array of microholes before hydrothermal
synthesis. The microholes were patterned on a 75-um-
thick stainless steel sheet by a Nd:YAG laser to yield
an array of 364 microholes/cm?. As can be seen in Figure
1c, where one of such microholes of ca. 60 x 90 um is
shown in detail, the laser-drilled holes are inherently
associated with formation of rough edges due to the
expulsion of molten steel from their inside. This process
occurs typically when relatively long pulse widths (7)
are used in laser drilling, as is the case here with 7 =
0.4 us, because heat transfer takes place efficiently onto
the substrate’s surface. A melt pool is thus formed at
the focal spot, accompanied by the simultaneous ap-
pearance of a plasma which generates intense, localized
shock waves in the direction of the substrate. These
shock waves distribute the melt pool symmetrically
around the focal spot and yield the rapidly solidified
steel layers which are observed in the micrograph.16:17
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Figure 1d is an optical microscope image of a cross
section of a microhole, where it can be seen that the
rough edges are 10—15 um high. Since the sample was
embedded in resin to be polished and the polishing was
difficult to stop just at the center of the perforation, the
hole observed in Figure 1d has an apparent diameter
smaller than that of the original laser perforation.

To prepare the silicalite-l micromembranes, the
perforated stainless steel plate was seeded using 100-
nm colloidal silicalite-1 particles that had been previ-
ously synthesized. Then the seeded plate was subjected
to hydrothermal synthesis. XRD analysis was carried
out in all the samples, showing that silicalite-1 was the
only crystalline phase present in the micromembranes.
The top view in Figure 2a shows that after synthesis
the plate is almost totally covered by silicalite-1 crystals.
The more detailed view in Figure 2b shows the char-
acteristic shape of these crystals. The optical microscope
image of Figure 2c indicates that silicalite-1 was syn-
thesized along the whole perforation and also that all
the exposed surface of the perforated sheet was covered
with a continuous, ca. 30-um-thick layer of zeolite
crystals. The thickness of this layer can be reduced by
controlling the synthesis conditions, e.g. by lowering the
temperature and/or the synthesis time. For instance, at
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Figure 3. Separation of a 50/50 propane/N2 mixture through
a silicalite-1 micromembrane as a function of temperature.

100 °C and with a synthesis of the same duration (20
h), the thickness was reduced to only 1-2 um (not
shown), while the perforations still appeared to be
completely filled with silicalite-1 crystals. Unfortu-
nately, at this moment such membranes do not have
desirable permeation properties. On the other hand, the
energy of the laser can also be employed to carefully
remove the zeolite layer that is outside the holes. Figure
2d shows a general view of a laser-cleaned area. Ap-
parently, the integrity of the micromembrane was not
affected, as the hole remained filled with silicalite-1
crystals (Figure 2d, insert). However, removal of the
outside zeolite layer that covers all the micromembranes
reduced the resistance to permeation and the Ng per-
meance at room temperature increased by an order of
magnitude: from 1.2:1077 to 2.0:107¢ mol/(m?2-s-Pa).
To assess the performance of the as-prepared sili-
calite-1 micromembranes, they were used in the gas-
phase separation of propane/Ny mixtures. A propane/
Ngseparation factor of 5.1 was found at room temperature
(Figure 3) due to the preferential adsorption of propane
on the zeolite pores, which hinders Ny transport. This
behavior, together with the temperature dependence of
the permeances and selectivity, has been observed by
several authors on silicalite-1 membranes when sepa-
rating mixtures of light hydrocarbons (mostly n-butane)
and permanent gases,? and is a good indication of the
quality of the membranes prepared, as a significant
presence of mesoporous defects would give selectivity
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values close to the Knudsen level (1.3). As the temper-
ature increases, propane adsorption decreases, and the
separation factor was lowered to 1.9 at 150 °C. The
propane permeance found in this work was above 1076
mol/(m?:s-Pa), a value much higher than the per-
meances usually reported for MFI-type zeolite mem-
branes that tend to fall in the 107°—10~7 mol/(m2-s-Pa)
range.'8720 The high permeance of our silicalite-1 mi-
cromembranes can be attributed to the fact that they
can be considered as self-supported, since the zeolite
layer is in direct contact with both the feed and the
permeate sides, while conventional zeolite membranes?!
are grown on thicker porous supports. In this case the
transport resistance increases, as the permeating mol-
ecules diffuse through the support (and also through the
zeolitic material that is often deposited in its pores).

Conclusions

In summary, roughly circular silicalite-1 micromem-
branes with a diameter of ca. 80 um can be prepared
on laser-perforated stainless steel sheets. An array of
these micromembranes is able to separate the same
kind of mixtures (e.g., propane and Ny) as the common
silicalite-1 membranes, at a much higher permeation
flux. The main advantages of these micromembranes
are (1) their self-supporting character, considering that
the zeolitic material is in direct contact with both the
feed and the permeate sides through a thickness of only
75 um; (2) their reduced dimensions and high area-to-
volume ratio that would facilitate withstanding the
inherent stresses of thermal cycling; and (3) in general,
the advantages quoted for microsystems in separation
and reaction applications.
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