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Two solutions of different concentration (that when mixed give rise to a common zeolite precursor
gel) are separated by means of a laser-microperforategnvshick stainless steel sheet. During the
hydrothermal synthesis, reactant diffusion from each side promotes crystallization of well-intergrown
silicalite-1 crystals on each microperforation (ca80 in diameter). This method allows a micrometric
control of the growth of the zeolitic material and has important advantages when compared with previous

systems.

Introduction

Zeolites are crystalline, hydrated aluminosilicates having
microporous, regular structures. Zeolites have pores of
molecular size that give them adsorption and catalyiw
ion exchange propertié®f paramount importance in both
the chemical industrial field and the study of new applications
related to process intensificatidmgreen chemistry,hybrid
materials; medicine® and so on. The ability to grow zeolites
on porous supports can produce devices with very specific
properties such as membrarfesiembrane reactofsmi-
croreactor$, reactivé® and nonreactive gas sensors such as
QCM!! or zeolite-based capacito¥scorrosion protection
coatingst® antimicrobial coating$? zeolite-coated catalyst
particles, and hollow zeolite particlés.
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Commonly, a zeolite is prepared on a given support by
either seeded or direct liquid-phase hydrothermal synthesis
(LPHS), in which the porous support is immersed into the
zeolite precursor solution and the membrane or film is
synthesized under autogenous pressure. Alternatively, vapors
containing amines and water can be employed to zeolitize
silica or silica-alumina layers previously deposited onto a
given surfacé’'8In a previous work, silicalite-1 micromem-
branes were prepared by LPHS on laser-perforatedin75
thick stainless steel sheétsThe liquid-phase hydrothermal
synthesis described above is the most widely used preparation
method of synthesizing supported zeolites. This implies
putting in contact the support with a solution usually having
water, silicon and aluminum sources, sodium hydroxide, and
a structure-directing agent (SDA). There are, however,
significant problems with LPHS, mainly (i) the coexistence
of nucleation (both in the bulk of the solution and in contact
with the support) and growth of crystals, (ii) significant
variation of the concentrations of reactants and structure-
directing agents during synthesis, and (iii) lack of control
over the rate and orientation of the crystallization process.

To advance toward the solution of the above problems,
we present in this paper a new strategy for the synthesis of
silicalite-1 in which two solutions of different concentration
(that upon mixing give rise to the zeolite precursor gel) are
initially separated by means of the above-mentioned laser-
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Figure 2. SEM images of a reactant separation experiment (L.8%) using solutions Al and B1. (A) Back-scattering of the rough edge side in contact
with solution Al. (B) Detail of (A). (C) Detail of (B). (D) The opposite side.

perforated stainless steel sheet. During the hydrothermal Experimental Section

synthesis, because of concentration gradients, reactant dif-

fusion from each side promotes crystallization of silicalite-1 ~ To perforate the 7am thick stainless steel sheets (5 Cr, 18 Ni,

in a controlled manner inside the microperforations. A Record), we used a 65 W, Q-switched Nd:YAG laser manufactured
scheme of this concept is presented in Figure la. This by Bgasel Lasertech, emitting at a wa\{elength of :.LO64 nm in bth
synthesis strategy allows for easy control of the growth of continuous and pulsed modes. Perforation was achieved via ablation
silicalite-1 inside the ca. 82m in diameter microperfora- of the steel substrate, performed atasurfac_e_scan rate of 1500 mm/
tions. In addition, the following advantages of this reactants S, an average power of 4 W, a pulse repetition rate .Of 45 kHz, a
separation method, when compared to the traditional systemé) ulse energy of 0.80 mJ, a fluence of 1.3 MJffnand an irradiance

. . . of 3.14 GW/mn. Microholes were patterned on stainless steel
employed for the preparation of zeolite films, may be . oqts to yield arrays of 1.8, 6.6, and 7.7% porosily that is,

highlighted: (i) the concentration of a given zeolite precursor approximately 643, 2651, and 3103 microholeg/craspectively.

can be separately varied in each side of the support, whichthe |aser-drilled holes are inherently associated with the formation
is important for avoiding crystallization of the zeolite either

in the homogeneous (liquid) phase or on the nondesired Table 1. Molar Compositions of A and B Solutions, Where TPAOH
support surfaces, and hence to produce crystallization only is Tetrapropylammonium Hydroxide and TEOS is

L . . Tetraethylorthosilicate

inside the support pores; (ii) the hydrothermal synthesis is

self-regulated, finishing when the zeolite layer is completed solution molar composition
and both support sides become isolated; (iii) a preferential g\i _Tr'Egg/HF/[O‘zgzéfo
crystallographic orientation can be achieved in the growth A2 HO=1 B

of the zeolite inside the microperforations. B2 TEOS/TPAOH/HO = 3.125/1/516
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Figure 3. SEM images of a reactant separation experiment (7.7%) using solutions A2 and B2. (AC) Three different views of the smooth side in
contact with solution B2. (D) Detail of (C). (E) The opposite side. (F) Detail of (E).

of rough edges (Figure 1b) due to the expulsion of molten steel Results and Discussion

from their inside® o )
A stainless steel Teflon-lined autoclave was designed ad hoc for  Z€olitic Diaphragm. Figure 2 shows the SEM (JEOL

applying the reactant separation method using a circular laser-JSM-6400 operating at 20 kV) images of a reactant separa-
perforated stainless steel sheet. The 15 or 20 mm diameter circulaition experiment in which solution A1 (TPAOH#® = 1/50)

sheet was sealed in the middle of the autoclave by means of Teflonwas placed in contact with the rough edge side of the
gaskets. Two stagnant, equal volume spaces were then producedmicroperforated stainless steel sheet, whereas solution B1
one was filled with solution A, the other with solution B. Table 1 (TEQS/HO = 1/50) was placed on the opposite side. These
shows the possible molar compositions of A and B solutions. o solutions cannot yield by themselves the synthesis of
Solution A was always in contact with the rough edge support side. ;¢ jite silicalite-1, because each side contains necessary
The hydmthermal Symh.eSiS took plfa.ce at 180for 24 h, keeping reactants. However, TPAOH diffuses from solution Al to
the autoclave in a horizontal position and the perforated sheetSolution B1 and TEOS from solution B1 to solution AL. This

vertical. Under these conditions, the silicalite-1 crystals were iy § h lizati fth lite insid
produced mostly within the microholes rather than on the outside process mainly tavors the crystallization of the zeolite inside

support surface. Once the synthesis was finished, after being washedn® microholes where the [TEOS]/[TPAOH]AB] ratio
with deionized water and drying overnight at 100, the sheets reached is more adequate. To a certain extent, this is a self-

were calcined at 4806C for 8 h, with heating and cooling rates of ~ regulating process, because a faster rate of crystallization is
0.5 °C/min. Having some similarity with the experimental system expected for the regions where the ratio is optimal. Even if
here, a polymer membrane was used to separate a seeded cleaome silicalite-1 crystals can be found (because interdiffusion
aluminosilicate solution and an amorphous aluminosilicate gel in js |ikely faster than crystallization under the conditions
the _zeolite A synthesi¥, Wheregs the hydrothermal synthesis of employed; actually, as ascertain by ICP analysis, at the end
zeolites has been already carried out on metallic supBbfts. of the synthesis, the silicon concentration is the same at both
sides) on the external surface of the stainless steel sheet,
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back-scattering SEM Figure 2a shows that most of the zeolite
was synthesized inside the microhole and around its entrance
Figure 2b confirms this situation and, along with Figure 2c,
shows in detail the typical MFI-type morphology of the
zeolite crystals synthesized. Figure-2acorresponds to the
rough edge side, whereas Figure 2d corresponds to the othe
side. These SEM images allow us to say that the microholes
can be filled with zeolite crystals, minimizing the synthesis
on both external surfaces of the perforated stainless steel
sheet. Also, the laser treatment could have activated the inside
of the microperforations for crystal growth, as it is sometimes
difficult to grow a zeolite layer on a stainless steel support.
Note that when all the reactants are together, a thick layer is
produced that covers the whole perforated sheet (where mos
of the surface support was not affected by the la%er).

Next, reactant separation experiments were performed by
putting solution A2 (HO) in contact with the rough edge of
the microperforated stainless steel sheet, whereas solutior
B2 (TEOS/TPAOH/HO = 3.125/1/516) was in contact with
the opposite side. This situation makes that TEOS and
TPAOH diffuse from solution B2 to solution A2, which
affects the distribution of crystals along the microholes, as
will be shown next. On the other hand, as seen above, with
the new method of synthesis proposed here, it is possible to
promote the growth of silcalite-1 inside the microperforations
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of the stainless stegl §heet. The laser ablgtlon may activatsig e 4. Top: Typical crystal shape and chand@lsf the MFI-type
the area for growth inside the microperforations. Hence, therezeolite. Bottom: XRD analysis performed on the solution B2 side of a
should be a correlation between the porosity of the support sample prepared in the same conditions used for sample in Figure 3.

(defined as the fraction of area occupied by the microholes)
and the volumes of the precursor solutions of a given
composition used to allow the crystallization of zeolite in
all the microholes. In these experiments a high value of
porosity (7.7%) was chosen so that the total amount of
nutrients in the autoclave was defective when related to the
area for growth. As a consequence, it is possible in only
one experiment to partially fill some of the microholes
(images A and B of Figure 3), whereas others are completely
closed, with zeolite crystals that have grown with clear
preferred crystallographic orientation (images C and D of
Figure 3). If SEM images 3AD are from the solution B2
side, SEM images E and F of Figure 3 are from solution A2
side, where the intergrowth between silicalite-1 particles is
not evident. Figures 3AC could be also considered as being
different moments of the filling and closing of a microhole
with silicalite-1 crystals, noting that the mouth of a certain
microhole is being closed by means of a kind of imaginary
diaphragm made of silicalite-1 crystals.

Crystallographic Orientation Control. The MFI-type
structure of silicalite-1 has straight channels with a pore
opening of 0.54x 0.56 nm along it$-axis and sinusoidal
channels of 0.51x 0.55 nm along itsa-axis. The charac-
teristic crystal shape of silicalite-1 crystals is usually referred
to as a coffin oné* The channels and typical shape of a
silicalite-1 crystal are shown in Figure 4 (top). The crystals
in the above-mentioned zeolitic diaphragm have mostly
grown with their b-axes perpendicular to the support. In

(23) Valtchev, V.; Mintova, SZeolites1995 15, 171—-175.
(24) Bonilla, G.; Daz, |.; Tsapatsis, M.; Jeong, H. K.; Lee, Y.; Vlachos,
D. G. Chem. Mater2004 16, 5697-5705.

agreement with this, Figure 4 (bottom) shows the XRD
(Rigaku/Max diffractometer Cu & radiation and graphite

monochromator) pattern of the material in the solution B2

side. The peak marked in Figure 4 (bottom) with an asterisk

corresponds to the stainless steel support. The dominant
peaks arei{00) and (Ok0) ((200) and (020), (400) and (040),
etc.), and there are always considerably min@0j peak
intensities (when they can be distinguished frokOj(eaks).

At the same time, (002) and (133) peaks also have very small

intensities. Consequently, most of the crystals are oriented

with their b-axes perpendicular to the stainless steel support.

To quantify the orientation degree, we calculated the CPO
(crystallographic preferred orientation) indéxising areas
under the (200)(020), (133), and (002) peaks

(A(zoow(ozo)) _ (A(zooy\L(ozo))
s P

CPO _\ Ausg Auss)
(133) =
(200)+(020) A200)+ (020)
Auzz) s
(A(zoowozo)) B (A(ZOOH—(OZO))
cPO Aoy s Aoy |p
002) =
(200)+(020) A200)+(020)
Aooz) [s

whereA is the area under a given peak and S and P refer to
the sample and reference powder, respectively. For the

(25) Mintova, S.; Hedlund, J.; Valtchev, V.; Schoeman, B. J.; Stertg, J.
Mater. Chem199§ 8, 2217-2221.
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Figure 5. Top: Scheme of the mechanism proposed for the reactant separation silicalite-1 synthesis using solutions A2 and B2. Bottom: Fluorescence
confocal microscopy performed on samples prepared in the same conditions used for sample in Figure 3: |, a nonclosed, nonfilled microhole; Il a closed
almost-filled microhole; III, a closed, filled in most of its length microhole.

sample in Figure 4 (bottom), CRfb(020yass and diffusion of TPAOH and TEOS nutrients to solution A2

CPQa200y+020y002yWere 0.94 and 0.92, respectively, close to (H:O) takes place simultaneously, driven by the concentration
unity, indicating stronga and b out-of-plane preferential  gradient. This diffusion process should favor the transport
orientations (basically preferentidtorientations, as said  of silicalite-1 nuclei, produced in solution B2, into the

above) for the zeolitic material synthesized on the laser- microholes, mostly to be deposited on their inner surface.
drilled stainless steel sheets. CRf: o203z and This transport of nuclei is also responsible for the fact that
CPQ200y+(020y(002)Were calculated for nine samples prepared some silicalite-1 crystals are found in the water side at the
in the same conditions to obtain average values, followed end of the synthesis. Small silicalite-1 particles deposited

by their standard deviations, of 0.940.07 and 0.93t 0.07, or synthesized on the mouths of the microholes in contact
respectively. This gives an idea of the reproducibility of the with solution B2 make the crystallization process faster there,
process. and b-oriented silicalite-1 crystals begin to produce a sort

Mechanism of Crystallization. The time evolution of the  of zeolitic diaphragm that gradually reduces its opening and
zeolitic diaphragm inferred from Figure 3AC suggests a  therefore the communication between both support sides.
crystallization of silicalite-1 in the microholes represented Note that the silicalite-1 crystals constituting the zeolitic
in three different moments in Figure 5 (top). Initially, the diaphragm grow perpendicularly to the pore mouth surface,
nucleation of the zeolite is only possible in the solution B2 as in the case ofc out-of-plane preferred orientation
(TEOS/TPAOH/HO = 3.125/1/516) side, whereas the

(27) Lai, Z.; Bonilla, G.; Daz, |.; Nery, J. G.; Sujaoti, K.; Amat, M. A,;
(26) Baerlocher, C.; Meier W. M.; Olson, D. Htlas of Zeolite Framework Kokkoli, E.; Terasaki, O.; Thompson, R. W.; Tsapatsis, M.; Vlachos,
Types Elsevier: Amsterdam, 2001. D. G. Science2003 300, 456-460.
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membranes prepared by secondary grotffollowing the microhole (Figure 1b) because of the growth of silicalite-1
diaphragm evolution, the microperforations (or a large in the pore walls. Figure 5 (bottom, IlI) shows different
number of them) are eventually blocked by the crystallizing sections of a closed, almost-filled zeolite pore. Because the
zeolite and the diffusion process stops. Crystallization may pore is closed, having a similar appearance to that shown in
still proceed, however, using whatever nutrients are available Figure 3c, the confocal microscopy allows a closer examina-
at each side. As a result, microholes are covered with tion of the zeolitic diaphragm, showing in this case that the
continuous, closed zeolitic diaphragms (images ¢ and d of microhole is not completely filled. It seems that there is a
Figure 3), only a few micrometers thick, whereas their inner central channel (revealed by the higher intensity of the green
volumes could be only partially filled with zeolite crystals. color in the middle of the sections) that probably has been

The mechanism described above was confirmed by further conducting reactants from each side (as if it were a stalactite)
analysis carried out by fluorescence confocal optical mi- until the last moment, when the pore closed. Figure 5
croscopy (Leica SP2, using an Ar laser emitting at 488 nm), (bottom, 11l) depicts a closed, filled in most of its length
using a fluorochrome molecule’(2-difluorescein) as dye. ~ microhole where the fluorochrome scarcely emits.

This technique allows one to scan many thin sections through
the near cylindrical microperforations to build a three- Conclusion

dimensional image of the sample. Also, in the case of thick . . .
The use of a laser-microperforated, /% thick stainless

(up to 25um) polycrystalline MFI-type membranes, the . ,
mechanism was demonstrated by combining Simultaneoussteel sheet allows the implementation of a new method for

reflectance and fluorescence imaging with SEM to show the the hydrothermal_synthesis of Zeo"t_es (silicalite-_l): the
fluorescent features that correspond to grain boundé#ties. method O_f separat_lon of reactants, Wh'Ch works by mtrqduc-
Here, sections of three different pores with an appearance'ng solutions of different concentration (that when mixed

similar to those in Figure 3AC, obtained at the same depths give rise to a common zeolite precursor gel) into each side
of 25, 60, and 75im from the stainless surface in contact of the sheet. The concentration gradients established at the

with solution B2, are presented in Figure 5 (bottom). Because beginning of the process drive the diffusion of reactants from

the stainless steel sheets used here arenShick, we are each side, promoting grystallization pf silicalite-1 crystals
evaluating the presence of empty spaces through most oo eaph m|croperforat|orj of t'he stamlgss steel sheet B.y
the pore length (which could not be observed by SEM), adju_stlng th_e congentratlons in each side, we can_obtaln
shown in green. Adequately excited, the selected fluoro- b-oriented _f||ms. Finally, this strategy cou_ld be applied to
chrome emits green light. Microscopy images in Figure 5 prepare m|cr9membranes or to coat the inner surface of a
(bottom, 1) belong to a nonclosed, nonfilled zeolite pore, as microperforation.

the green color can be found at any chosen section in the
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