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Abstract

This paper describes the preparation of a ZSM-5 zeolite layer
onto conventional Si wafers and Si micromonoliths, by using
microwave-assisted seeded hydrothermal synthesis. A homo-
geneous ZSM-5 zeolite layer up to 680 nm was obtained over
the external surface of a Si micromonolith (surface to volume
ratio >300,000 m™) after only 4 min of hydrothermal synthe-
sis at 453 K. As a proof of concept, the catalytic activity of the
prepared ZSM-5 coated micromonoliths, after a conventional
Pt ion-exchange process, was demonstrated in the combus-
tion of traces of n-hexane (200 ppmV) in air.

Keywords: MFI; microreactor; microwave synthesis;
VOC combustion.

1. Introduction

The deployment of layers of zeolites and related functional
materials can be used to enhance the performance of micro-
fabricated chemical devices such as microreactors and sensors
[1]. Applications of these materials, on a variety of supports,
have been reported for catalysis, adsorption, membranes and
optical applications, to name a few. The synthesis of well
adhered stable and homogenous layers over Si based micro-
structured devices was pioneered by Wan et al. [2]. Since
then, different strategies, ranging from the simple deposition
of zeolite particles in the microsystem, to methods involving
hydrothermal synthesis, have been developed [3]. One of the

avenues explored involves the deployment of well-intergrown
zeolite coatings over Si wafers, followed by micropatterning
of the fabricated layers, using photolithography etching pro-
cesses adapted from those employed in the semiconductor
industry [4, 5]. By using these techniques, a variety of zeo-
lite patterns can be created, with a spatial resolution of a few
microns [5]. Alternatively, the underlying silicon support can
be removed, creating self-standing zeolite structures. This has
been used to prepare c-oriented polycrystalline silicalite can-
tilevers, with excellent properties as chemical sensors [6, 7].

In spite of the advances achieved, preparing a zeolite layer
on silicon supports by hydrothermal processes, remains a chal-
lenge in many scenarios. The hydrothermal synthesis of zeo-
lite layers involves an alkaline solution, often with a pH>13,
and temperatures typically >363 K. A relatively long time is
usually required to synthesize a well-intergrown polycrystal-
line zeolite layer, from several hours up to several days. This
means that bulk anisotropic etching of the Si substrates is likely
due to prolonged exposure to synthesis conditions, and to avoid
this, SiO, or Si,N, protective layers need to be deposited on top
surfaces. Other challenges in the synthesis of zeolite films on
micropatterned surfaces are related to the difficulties in achiev-
ing a homogeneous growth throughout the target area. In a con-
ventionally heated autoclave, a non homogeneous temperature
profile is often developed during the initial heating period to
reach the reaction temperature, and significant temperature gra-
dients are possible during synthesis, since heat transfer mainly
takes place through natural convection.

Compared to conventional heating, the volumetric nature
of microwave heating presents many advantages regard-
ing energy transfer. In particular, when microwave-assisted
hydrothermal synthesis is carried out, high heating rates can
be achieved, wall effects are minimized, and the development
of significant temperature gradients is less likely, compared to
conventional heating. Although a microwave effect, respon-
sible for the faster synthesis, has sometimes been claimed in
the literature, the acceleration effect of microwave synthesis
can be explained as a result of fast and simultaneous nucle-
ation [8, 9]. As an additional advantage, the faster synthesis
attainable through microwave heating means that exposure
times are reduced, and leaching of the silicon support would
likely be minimized.

Although hydrothermal synthesis of Mobile Flve zeolite
(MFI) layers has been widely studied, the investigations on
synthesis of MFI layers under microwave heating are scarcer,
as shown in a recent review by Huang and Caro [9]. A main
obstacle relates to the fact that, under the relatively high tem-
perature conditions (around 453 K), the organic structure-di-
recting agent (SDA, TPA"), used to prepare MFI zeolite, tends
to degrade under microwave irradiation [10]. Motuzas et al. [11]
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synthesized MFI layers on tubular membranes under micro-
wave heating. Their procedure was further applied to capillary
tubes for which 2 h synthesis time were required to obtain a
continuous film. The as-prepared membranes were tested in the
pervaporation of ethanol/water mixtures, showing high water
flux 1.5 kg/h m? and selectivity, oETOH/H,0=54 [12]. The
mechanism of the formation of b-oriented films onto stainless-
steel substrates by microwave heating has been recently studied
by Li et al. [13]. The authors concluded that 20 min synthesis
time was enough to grow a continuous zeolite film.

Unlike previous works, this manuscript is related to the
preparation of MFI layers by microwave assisted hydrother-
mal synthesis on silicon substrates. Our strategy addresses
the main problem of the synthesis (leaching of the Si sup-
port) by first depositing a seed of MFI crystals that reduce
support exposure, and then carrying out the synthesis under
microwave heating to lower synthesis times, and reducing Si
anisotropic etching in the basic synthesis environment. The
first part of this work studies the growth of MFI coatings over
Si surfaces (silicon wafers) under microwave-assisted hydro-
thermal synthesis; once the synthesis conditions have been
optimized, homogeneous ZSM-5 coatings are developed on
the surface of macroporous Si micromonoliths. Finally, as a
proof of concept, the as-prepared MFI modified microreactors
were subjected to conventional Pt ion-exchange, followed by
an activation process and then applied as catalytic combustors
for the removal of trace concentrations of n-hexane in air. The
catalytic oxidation of n-hexane, considered as a representa-
tive volatile organic compounds (VOC) molecule, has been
chosen as a model reaction system of mass transfer limited
reactions, since these organic pollutants are commonly pres-
ent at ppm level.

2. Experimental
2.1. Synthesis of zeolite layers

Thermally oxidized <100> Si wafers purchased from Siltronix
(France) were used as support for the initial study on the growth
of zeolite MFI layers. The silicon oxide layer, around 700 nm
in thickness, was grown on the Si wafers by a thermal oxidation
process in a tubular furnace (Carbolite GHA 12/450) combin-
ing dry and humidified conditions at 1273 K during 3 h.

Once suitable synthesis conditions were established, Si
micromonoliths prepared by photoassisted electrochemical
etching (Figure 1) [14], identical to those already coated with
silicalite type zeolite, using conventional heating [15] were
also used. The so-obtained zeolite coated micromonoliths pre-
sented an extremely high external area per volume (400,000—
750,000 m*m?) and a short diffusion path length (<1 ) and
were considered as potentially highly efficient gas-solid con-
tactors. However, they were not used in reactions, due to the
difficulties in achieving a homogeneous growth of the zeolite
coatings in all of the monolith channels, and also the practical
difficulties involved in the integration of the zeolite coated
micromonolith in a reactor structure.

In this work, we have further improved the synthesis to
increase the homogeneity and reproducibility of the zeolite

-

Figure 1 Si micromonolith picture and scheme showing the char-
acteristic lengths.

coverage. To this end, the Si micromonolith samples were
shaped in disks with 23 mm of total diameter, of which
18 mm correspond to the Si micromonolith. This central
monolith area contains straight channels 2.5 um wide
and 220 um long, keeping a pitch of 4 um. This yields an
external surface to volume ratio above 263,000 m™ for the
micromonolith.

Previous to the synthesis, the Si based supports were
seeded with silicalite seeds of 100 nm in size prepared by
the hydrothermal route. The MFI seed synthesis was car-
ried out in a conventional oven at 373 K during 15 h using
a gel with the following molar composition: tetrapropylam-
monium hydroxide (TPAOH):SiO,:H,0:EtOH=9:25:480:100
[16]. The reagents, TPAOH (1.0 m) as the SDA and tetraethy]
orthosilicate (TEOS) 98% wt as a silicon source, were pur-
chased from Sigma Aldrich. The seeding of the micromono-
liths was accomplished by immersion of the microstructured
support in a 0.4 wt% seed solution in deionized water during
a few seconds. After withdrawal, the liquid was blown using
hot air. By contrast, the Si wafers were seeded by spin coating
of the seed solution at 4% wt in ethanol.

The synthesis gel composition for the secondary growth
of MFI zeolite layer with a Si/Al=100 was 1Na,Al,0,:200
Si0,:14Na,0:9.5TPAOH:9400H,0. In this case, colloidal
silica Ludox AS-40, sodium aluminate (Quimivita) and tet-
rapolyammonium bromide (Sigma Aldrich) were used as Si,
Al sources and the SDA, respectively.

The microwave (MW) oven used in this study was a
computer-controlled Milestone ETHOS PLUS, with a fixed
frequency of 2.45 GHz. The MW Teflon lined autoclave is
equipped with temperature sensors. The evolution of temper-
ature and power supply during each experiment is automati-
cally recorded. In all the experimentation herein described,
the synthesis temperature was fixed at 453 K and the maxi-
mum power was kept at 500 W. In such a way, an SDA deg-
radation phenomenon by MW irradiation was avoided. Under
these operating conditions, the heating up to the final tem-
perature was ensured in <1 min, whatever the total synthe-
sis time (ranging from 3 up to 30 min). After hydrothermal
treatment, the samples were subjected to ultrasound during 10
min to remove any loose material inside the channels and the
adhered layer remained after this treatment.
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2.2. Catalytic activation of zeolite layers and reaction
tests

The as-prepared zeolite coated micromonoliths were con-
ventionally calcined in air at 753 K for 6 h, using a heating
rate of 0.5 K/min. Afterwards, the ZSM-5 layer in the Na*
form was ion-exchange with a 2.5-mM or 5 mM solution
of Pt(NH,),(NO,),, (Sigma-Aldrich). For such purposes, the
micromonoliths were suspended in the Pt precursor solution
and maintained under stirring during 24 h at room tempera-
ture. In addition, two micromonoliths without Pt and with Pt,
but without zeolite coating, respectively, were prepared and
catalytically tested as references. In the latter case, the bare Si
micromonolith with the 700 nm SiO, layer, was impregnated
by a classical incipient wetness procedure, with a 2.5-mM
solution of Pt (NH,),(NO,), to obtain Pt loadings similar to
those in zeolite coated monoliths.

After assembly and proper sealing in the reaction chamber,
the micromonoliths were studied in the catalytic combustion
of 200 ppmV n-hexane in air. The feed consists of 30 Nml/min,
with an equivalent carbon content of 590 mgC/m?®. Such
experiments were performed in an experimental set-up previ-
ously described [17]. Before carrying out the catalytic activity
tests, the Pt exchanged ZSM-5 micromonoliths were calcined
in air up to 623 K for 3 h using a heating rate of 0.2 K/min.

3. Results

All the samples prepared in this work are listed in Table 1.
The initial set of experiments was carried out to optimize the
hydrothermal synthesis onto SiO,+Si wafers. The synthesis
time was varied from 3 to 30 min. Figure 2 shows the top
view and the cross section of the zeolite layers synthesized
with the reaction time. In all cases, “c oriented” MFI layers,
with the typical columnar morphology [11, 12] exhibiting a
good intergrowth were observed. In the seeded hydrothermal
synthesis, zeolite crystals are expected to grow from the seed
layer and therefore a more diluted synthesis gel is employed,
which is expected to avoid homogeneous nucleation in the
bulk of the liquid. In spite of this, Figure 2 shows the presence
of some non-integrated material, which likely corresponds to
crystals nucleated and grown in the bulk of the solution and

Table 1 Samples prepared in this work.

then precipitated on the zeolite film. However, on the whole,
the SEM micrographs of Figure 2 show a homogeneous, well-
intergrown film on top of the Si support.

The required crystallization period of zeolites under micro-
wave heating depends on many variables, including the type
of MV, the nature of the substrate, the size of the reactor and
the distribution of the MW energy. On this basis, it is pos-
sible to understand the differences reported in the literature
[18]. Synthesis times as short as 1 min or 5 min were reported
for ZSM-5 [7]. In our previous work [11], we reported that a
synthesis time of 2 h at 433 K was necessary to obtain a high
quality MFI membrane, 1.2 u thick, in ceramic capillary tubes
of 50 mm length, placed vertically in the autoclave. However,
in this case a catalytic layer (instead of a permselective mem-
brane) is the objective, and therefore lower synthesis times
can be employed.

The evolution of thickness layer with synthesis time is
depicted in Figure 3. As the Si substrates have been previ-
ously seeded, MW heating mainly increases the zeolite crys-
tals growing rate, although some additional nucleation cannot
be excluded, as discussed above. The high energy input causes
a quick heating up of the reacting mixture. Consequently, a
rapid initial growth in the thickness of the zeolite layer could
be observed, which decreases somewhat as the nutrients are
depleted. Therefore, MW heating is especially fruitful for
secondary growth of membranes, where a seeded surface is
brought into contact with a secondary growth synthesis gel,
to grow a continuous layer at low supersaturation.

Figure 4 shows the Si micromonolith after seeding by
immersion as described above. It can be observed that the
seed layer covers homogeneously the support, which provides
a homogeneous surface to promote the secondary growth of
the zeolite film and is also useful in reducing the etching rates
on the Si support. The seeded micromonoliths were then sub-
jected to hydrothermal synthesis. The samples, after 3 min of
MW assisted hydrothermal synthesis, are depicted in Figure 5.
Although the coverage by MFI seeds and the short synthesis
time used (i.e., 3 min), helps to prevent Si dissolution, some
etching is unavoidable, especially if bald spots in the seed layer
exist. Some examples of typical anisotropic etching of <100>
Si plane could be easily identified as the pyramidal hollow
spaces under the zeolite layer in Figure 5C. Nevertheless, the

Sample Support ZSM-5 synthesis conditions Pt activation

Seeding Temp/Wmax Time Method Precursor

concentration

Siw3 Si wafer Spin-coating 453 K/500 W 3 min - -
SiW6 Si wafer Spin-coating 453 K/500 W 6 min - -
Siw10 Si wafer Spin-coating 453 K/500 W 10 min - -
Siw30 Si wafer Spin-coating 453 K/500 W 30 min - -
SiuM-1 Si wmonolith - - - - -
SipM-2 Si umonolith - - - Incipient wetness 2.5 mM
SiuM-3 Si wmonolith Inmersion 453 K/500 W 3 min Ton exchange 5 mM
SiuM-4 Si pmonolith Inmersion 453 K/500 W 3 min Ion exchange 2.5 mM
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Figure 2 SEM images, ruler corresponds to 3 microns, of zeolite coatings on a thermally oxidized silicon wafer after hydrothermal micro-
wave synthesis at different times: (A), (B) 3 min top view and cross section, (C), (D) 6 min top view and cross section, (E) 10 min cross section

and (F) 30 min cross section.

extension of these defects seems to be limited, as top views of
the micromonolith surfaces after hydrothermal synthesis show
a complete coverage with a well intergrown layer. Figure SA
also shows that coating of the microchannels is uneven, and
will need further development. Thus, some of the pore open-
ings are partly blocked by zeolitic material, which hinders
access to the catalyst and may give rise to an uneven flow dis-
tribution across the monolith. However, the blocking seems
to take place mainly at the channel mouth, while the inside of
the channels seems to have a homogeneous coverage (Figure
5B). From the cross section, SEM images (Figure 5C) show
that the ZSM-5 layer thickness can be estimated at around 350
nm, giving an estimation of the ZSM-5 loading around 16.5

mg for the Si micromonolith. The channel mouth accumula-
tion of zeolite material which is observed in Figure 5A, can
be explained as a consequence of the mass transfer resistance
during hydrothermal synthesis. Initially, the seeded channels
are filled with the synthesis gel, but this is rapidly depleted
by the reaction, and zeolite precursors have to be replenished
from the surrounding solution. Because of the narrow size of
the monolith channels (2.5 pum), access of the synthesis gel to
the growing layer inside the channels is limited, and growth
takes place mainly at the channel mouth, as seen in Figure
5A. This problem could be alleviated by using forced flow of
the precursor solution into the monolith channels and will be
investigated in future works.
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Figure 3 Thickness of zeolite layer vs. synthesis time in zeolite
coatings on silicon wafer with a silicon oxide layer. Synthesis tem-
perature=453 K. Maximum microwave power=500 W.

In spite of these problems, the as-prepared ZSM-5 coated
micromonolith provides a large external surface to volume
ratio for catalytic applications, with short diffusion lengths
both in the channel and in the catalyst layer. After introduc-
ing Pt by the exchange procedure already explained, the
Pt/ZSM-5 coated micromonoliths were used in the com-
bustion of n-hexane at low (200 ppm) concentration levels.
Two different Pt loadings (prepared by exchange with 2.5
mM and 5 mM Pt solutions, respectively), were used, and
the reactor performance was also compared with that of a
micromonolith, without the zeolite layer directly impreg-
nated with Pt and also with that of a bare Si micromonolith.
The contact time for all the catalytic tests was kept constant
at 34 ms. It is worthwhile to underline that this value cor-
responds to gas hourly space velocity values considerably
higher (above 100,000 h') than those commonly used for
conventional monolith testing 3500-10,000 h!' [19, 20].
The reaction results are shown in Figure 6. As expected, as
the metal concentration increases in the Pt exchange solu-
tion for the zeolite coated micromonoliths, the light-off
curves shift towards lower temperatures. The most active
micromonolith is the 5 mM Pt exchanged ZSM-5, in which
the temperatures required for 50%, (T, or light-off tem-
perature) and 90% (T,)) conversion were 488 K and 541
K, respectively. For the 2.5 mM Pt exchanged ZSM-5 the
T, and T, values were 35 K and 56 K higher, respectively.

Figure 5 SEM images of microwave synthesis of ZSM-5 on silicon
micromonoliths.

The bare micromonolith showed a low activity, with
18% conversion at 573 K, whereas the Pt impregnated Si
micromonolith needed 565 K to attain 50% conversion. The

Figure 4 SEM images, ruler corresponds to 5 microns, of Si micromonoliths after coating with MFI seeds, top view and cross section.
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Figure 6 Hexane conversion vs. temperature. Catalytic combus-
tion of 200 ppm n-hexane in air. Q=30 Nml/min.

results obtained with the zeolite-coated micromonoliths are
comparable to previous results in our laboratory [16], using
a conventional stainless steel microreactor (500 L channel
diameter), with T, =464 K and T, =494 K, albeit at a higher
contact time of 41 ms. There are also related works in the
field of VOC removal with metallic monolith type struc-
tured reactors, using metal oxides as the catalytic phase.
As an example, light-off temperature values of 503 K were
found for 300 ppmV of toluene over MnCu oxide [18] and
583 K for 1200 ppmV over MnOx/Al,O, [19] washcoatings
operating at 10,000 h-'.

4. Conclusions

In summary, it is possible to synthesize a thin (350 nm)
zeolite layer by MW-assisted seeded hydrothermal synthe-
sis in <4 min. This short synthesis time, and the zeolite
seed layer, largely prevent chemical etching of the silicon
substrate, making it possible to prepare zeolite layers on
silicon microfabricated monoliths. The synthesis method
requires optimization to avoid partial blocking of chan-
nels by zeolite deposits at the channel mouth, which hin-
ders reactant access to the catalyst and probably gives rise
to an uneven flow distribution in the monolith. In spite of
this, the Pt-exchanged monoliths show remarkable catalytic
activity, with combustion temperatures comparable to those
previously reported for stainless steel microreactors with
full catalyst access.

Acknowledgments

Financial support from Ministerio de Economiay Competitividad, Spain
and ERC Advanced grant HECTOR are gratefully acknowledged.

References

[1] Pina P, Mallada R, Arruebo M, Urbiztondo M, Navascués N,
Iglesia O, Santamaria J. Microporous Mesoporous Mater. 2011,
144, 19-27.

[2] Wan YSS, Chau JLH, Gavriilidis A, Yeung KL. Microporous
Mesoporous Mater. 2001, 42, 157-175.

[3] Meille V. Appl. Catal. A: Gen. 2006, 315, 1-17.

[4] Chau JLH, Wan YSS, Gavriilidis A, Yeung KL. Chem. Eng. J.
2002, 88, 187-200.

[5] Pellejerol, Urbiztondo M, Villarroya M, SeséJ, Pina MP, Santamaria
J. Microporous Mesoporous Mater. 2008, 114, 110-120.

[6] Agusti J, Pellejero I, Abadal G, Murillo G, Urbiztondo MA,
Sesé J, Villarroya-Gaud6 M, Pina MP, Santamaria J, Barniol N.
Microelectronic Eng. 2010, 87, 1207-1209.

[7] Pellejero I, Agusti J, Urbiztondo MA, Sesé J, Pina MP, Santamaria
J, Abadal G. Sens. Actuators, B, doi: 10.1016/j.snb.2012.01.041.

[8] Yanshuo L, Weishen Y. J. Membr. Sci. 2008, 316, 3—17.

[9] Huang A, Caro J. In Advances in Induction and Microwave
Heating of Mineral and Organic Materials Grundas S, Ed.,
InTech: 2011, Chapter 28, p. 641. Available at: http://www.
intechopen.com/books/editor/advances-in-induction-and-
microwave-heating-of-mineral-and-organic-materials.

[10] Arafat A, Jansen JC, Ebaid AR, Vanbekkum H. 1992, 13,
162-165.

[11] Motuzas J, Julbe A, Noble RD, van der Lee A, Beresnevicius
ZJ. Microporous Mesoporous Mater. 2006, 92, 259-269.

[12] Sebastian V, Mallada R, Coronas J, Julbe A, Terpstra RA, Dirrix
RW. J. Membr. Sci. 2010, 355, 28-35.

[13] Li X, Yan Y, Wang Z. Ind. Eng. Chem. Res. 2010, 49,
5933-5938.

[14] Trifonov T, Marsal LF, Rodriguez A, Pallares J, Alcubilla R.
Phys. Status Solidi C 2005, 2, 3104-3108.

[15] Urbiztondo MA, Valera E, Trifonov T, Alcubilla R, Irusta S, Pina
MP, Rodriguez A, Santamaria J. J. Catal. 2007, 250, 190-194.

[16] Sterte J, Mintova S, Zhang G, Schoema B. Zeolites 1997, 18,
387-390.

[17] Navascués N, Escuin M, Rodas Y, Irusta S, Mallada R,
Santamaria J. Ind. Eng. Chem. Res., 2010, 49, 6941-6947.

[18] Conner WM, Tompsett G, Lee KH, Yngvesson KS. J. Phys.
Chem. B 2004, 108, 13913-13920.

[19] Barbero BP, Almeida LC, Sanz O, Morales MR, Cadus LE,
Montes E. Chem. Eng. J. 2008, 139, 430-435.

[20] Aguero FN, Barbero BP, Almeida LC, Montes M, Cadis LE,
Chem. Eng. J. 2011, 166, 218-223.

Received January 27, 2012; accepted March 7, 2012



