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a b s t r a c t

Direct in-situ hydrothermal synthesis was optimized via combination of monomeric (TEOS) and colloidal 
(TOSIL) silica sources to prepare preferentially b-oriented high silica MFI zeol ite (silicalite-1) layers on
different supports using conventional heating. Crystallographic Preferred Orientation (CPO) indices and 
our created Preferred Orientation Coverage (POC) values were used to determine preferred orientation 
and its surface coverage. Particle size distribution of precursor species was measure d with Dynamic Light 
Scattering technique. Cryst al intergrowt h and zeolite phase purity were checked with Scanning Electron 
Microscop e and X-ray diffraction. Solid and (a + b)-oriented self-supported silicalite-1 layers were syn- 
thesized on mercury surface at static and vibration conditions. Additional self-assembled and oriented 
silicalite-1 layers floating in bulk solution were prepared from solutions with enhanced silica content.
Preferentially b-oriented silicalite-1 layers were prepared on silicon wafer and polis hed non-porous 
stainless steel. Partial b-orientation was achieved for polished porous stainless steel supports. Remark- 
ably intergrown and b-oriented silicalite-1 layers were synthesized on porous stainless steel covered 
by TiO 2 layer that was impregnated with tetrabutylorthotitanate acting as a coupling agent and/or sur- 
face charge modifier.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction 

Developmen t and optimization of synthesis procedures that 
would enable preparation of preferentiall y oriented MFI zeolite 
(ZSM-5 or silicalite-1) layers is a challenging topic. The oriented 
MFI zeolite layers were already synthesized on different supports 
and showed potential application in the fields of membran es [1–
6], microreactors [7,8], sensors [9,10] and optoelectronic devices 
[11]. There are several reasons to control crystal size, external 
and internal crystal morphology and in particular crystal orienta- 
tion in polycrystall ine MFI zeolite layers. Due to diffusional anisot- 
ropy of MFI zeolite structure and crystal morphology, permeation 
through c-oriented layers is much less favorable in contrast with 
a- or b-oriented MFI zeolite monolayer membran es with access 
to sinusoida l and straight channels, respectively. For an intergrow n
polycrystall ine layer, principal requirement is aimed on minimiza- 
tion of transcrystalline mass transport resistance to required pene- 
trant. According to theoretical considerati on of MFI zeolite 
membrane permeation, based on assumpti on that a polycrystalline 

layer can be synthesized as an assembly of intergrown 
monocry stals, the most favorable configuration would be a thin,
fully intergrown b-oriented layer exhibiting higher fluxes com- 
pared to a, c- or randomly oriented layers. In such an ideal system,
b-orientat ion of silicalite-1 crystals in a layer facilitates an easy ac- 
cess to the straight channels of MFI zeolite pore network and 
exhibits considerabl y higher contributi on to transmemb rane flux
due to the anisotropy of intracrystalline diffusion. Crystal orienta- 
tion is important with respect to MFI zeolite structure anisotropy 
reflected by an anisotropy factor of intracrys talline diffusion to
permeating species inside MFI zeolite crystal. The anisotropy factor 
of intracrystalline diffusion was estimated for several permeating 
species by molecular dynamic computation [12], PFG NMR 
techniqu e [13,14], random walk model [15] and sophisticated 
macrosco pic technique [16].

Basic orientation of pore structure in MFI zeolite monocry stals,
shown in Fig. 1, is as follows: a-oriented (100) – direct entrance to
sinusoida l channels, b-oriented (010) – direct entrance to straight 
channels, c-oriented (001) – no entrance.

Based on several observations of MFI zeolite crystal growth, pri- 
mary silicalite-1 crystals formed in bulk solution are adsorbed with 
their largest face (b-orientat ion) on support surface and grow into 
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thin films during an early stage of crystallizati on. After substan- 
tially prolonge d crystallization period, platelike monocrysta ls grow 
into twinned intergrow n coffin-shaped crystals [17] forming thick 
films [18] and opening a series of questions focused on the role of
grain boundaries between individual subunits in MFI zeolite crys- 
tal twins. The grain boundaries may represent an internal barrier 
for intracrys talline diffusion across boundary [19–21] or be perme- 
able along interface [22]. For an intergrown zeolite multilayer 
membrane, the impact of intracrystalline grain boundari es on mass 
transport would depend on boundary permeabilities in normal and 
tangential direction as well as on boundary orientation within a
membrane (individual crystal orientation).

Preferential orientati on of individual monocrysta ls and inter- 
crystalline grain boundaries also essentially determine crack for- 
mation during removal of template decomposition products from 
polycrystall ine layers [23,24], where different expansion/shr inkage 
properties of silicalite-1 along individual crystallograph ic axes are 
responsible . A detailed study performed on zeolite crystal beds and 
polycrystall ine layers showed that template removal is repre- 
sented by interplay between mobile template decompositi on prod- 
ucts and decompo sition/associati on reactions establishi ng: (i)
formation, (ii) location, (iii) chemical nature and (iv) stability of or- 
ganic deposits/residu a in a zeolite crystal layer [23–28] and finally
zeolite membrane permeation and selectivity. Mixed (a + b)-ori-
ented layer is more advantag eous with respect to reduction of de- 
fects formed during template removal [29]. Defects in c-oriented
silicalite-1 membranes were reported to be significantly elimi- 
nated by using Rapid Thermal Processing of as-synthes ized mem- 
branes [30].

Different synthesis pathways have been reported in the litera- 
ture to obtain oriented zeolite layers and films. The most frequent 
techniques are secondary crystal growth and one-step in-situ
hydrothermal crystallization.

The secondary crystal growth technique uses defined colloidal 
zeolite seeds that are deposited on support surface. After zeolite 
seed deposition usually performed by dip or spin coating or elec- 
trophoretic depositio n [31,32], classic in-situ hydrothermal synthe- 
sis proceeds to grow b-oriented [4] or a-oriented [33] MFI zeolite 
films and membran es. Disadvantag e of secondar y crystal growth 
lies in rather laborious character, starting from preparati on of
homogeneous colloidal MFI zeolite seeds followed by defined and 
uniform seed deposition and final hydrothermal growth that is also 
sensitive to many synthesis process paramete rs and conditions.

One-step direct in-situ hydrothermal crystallization is carried 
out without previous deposition of zeolite seeds on support surface 
[3] allowing possibilit y to easily coat any surface of complex geo- 
metrical objects (grains, grids, monoliths) that are important for 
practical applications . Disadvantag e of one-step direct in-situ
hydrothermal crystallization is also sensitivit y to many synthesis 
process paramete rs and conditions usually coupled with longer 

crystallization period and support surface chemistry. Due to these 
facts, the one-step direct in-situ synthesis procedures have to be
tailored made and optimized for each particular support. Recently,
a dynamic method using a rotating conventi on oven was reported 
to reduce crystallization time to prepare oriented, uniform and 
continuo us silicalite-1 layer on stainless steel substrate s [34].

For practical application and process scale-up capability , pri- 
mary aim of presented study was focused on elaboration of simple 
and direct one-step in-situ synthesis procedure. One of novel ap- 
proaches , used in this study and introduce d into one-step in-situ
synthesis procedure, was specific combination of two silica sources 
strongly distinct in silica aggregation state. This phenomeno n was 
discovered in our laborator y during a series of experiments with 
growth of self-supported silicalite-1 layers on mercury surface 
using simple synthesis procedure [35] that was modified in the 
present work via combination of different silica sources. A partial 
replacemen t of monomeric silica with a colloidal one led to im- 
proved crystal intergrow th and accelerated crystallization promot- 
ing preferent ial b-orientation of silicalite-1 crystals on mercury 
side of a layer. A similar phenomeno n of improved crystal inter- 
growth was reported in the literature and explained by results ob- 
tained after addition of some Intergrowth Supporting Substances 
[36]. The principal aim of presente d study was the applicati on of
this novel synthesis approach to prepare oriented zeolite layers 
on broad variety of supports which essentially differ in their soft- 
ness, corrugation, texture, porosity and surface chemistry. During 
this study a need arose to elaborate more complex system of zeo- 
lite layer characterist ics capable to describe in detail crystal orien- 
tation and layer continuity and their time developmen t and 
depende nce on synthesis conditions. As to our best knowledge,
the system of characterist ics proposed in the present study has 
not been used elsewher e.

2. Experimen tal 

2.1. Synthesis of silicalite-1 layers 

Silicalite-1 layers were hydrothermall y synthesized on mercury 
(99.9995%, Sigma-Aldrich), silicon wafer (Tesla), non-poro us
(GoodFellow) and porous stainless steel (TRUMEM™) supports . Be- 
fore each synthesis, support surface was ultrasonicall y purified in
hydrogen peroxide solution (30%, Sigma–Aldrich) and rinsed with 
deionized water to remove contaminan ts except mercury that 
was clean with certified purity. Molar compositions of used syn- 
thesis solutions are shown in Table 1. Total molar compositi on of
both silica sources was always kept constant and equal to 1.

Tetraethyl orthosilicate (TEOS, puriss.; P 99%, Fluka) and colloi- 
dal SiO 2 (TOSIL, 30 wt.% suspension in water, KOMA s.r.o., Czech 
Republic) were used as silica sources. Tetrapropylam monium 

Fig. 1. Basic orientation of silicalite-1 framework, (a) (100) a-orientation, (b) (010) b-orientation, (c) (001) c-orientation.
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