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Abstract

The transformation of microporous, amorphous silica membranes into b-oriented silicalite-1 (MFI)
zeolite layers via in-situ crystallisation was investigated. The effect of synthesis parameters, such as the
type and concentration of the silica precursor, crystallisation time and temperature, on the morphology
of silicalite-1 (MFI) zeolite layers was studied. By optimizing these parameters, silicalite-1 zeolite layers
were formed from the already-deposited silica layers, which promotes the crystallisation from the
surface in the preferred b-orientation. The use of a monomeric silica precursor, which has slower
hydrolysis kinetics than a colloidal one, resulted in the formation of zeolite crystals via heterogeneous
nucleation on the surface and suppressed the formation of crystal nuclei in the liquid media via
homogeneous nucleation, which then would further deposit onto the surface in a random orientation.
Lastly, by optimizing the crystallisation time and temperature of the synthesis, thickness, coverage and

orientation of silicalite-1 zeolite layers were controlled.

* Corresponding author. Tel.: +31 534982994. E-mail address: a.j.a.winnubst@utwente.nl (L. Winnubst).

© 2018 Manuscript version made available under CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/




21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Keywords: silicalite-1, MFI zeolite, silica transformation, sol-gel, in-situ crystallisation

1. Introduction

Zeolites are promising membrane materials for industrial separation applications thanks to their uniform
pore size and chemical, thermal and mechanical stability under harsh conditions. In order to maximize
the permeance by keeping high separation performance, the zeolite membrane layer should be well-
defined in terms of thickness, homogeneity, orientation of the crystals and of a defect-free nature. A
myriad of papers have been published about the synthesis and fabrication of zeolite materials, as they
are widely used in catalysis [1-5], sensors [6—10], adsorbers [11-13], and in membranes [14—18]. There
are 235 zeolite frameworks up to date reported by Structure Commission of the International Zeolite
Association (SC-1ZA). Among these are the following frameworks reported as zeolite structures used for
membrane preparation: AEI [19], BEA [20], CHA [21,22], DDR [23,24], FAU [25,26], FER [27], LTA [28,29],
LTL [30], MEL [31], MFI [32-34], MOR [35] and MWW [36]. MFl is the most studied structure due to
having micropores which can accommodate and/or separate industrially high-valued molecules.
Silicalite-1 is the all-silica zeolite having the MFI framework whereas ZSM-5 is the Al-containing analogue

of it.

The channel system of the MFI framework is asymmetric and varies by the orientation of the crystal. The
a-orientation (h00) has sinusoidal channels, which creates resistance against mass transfer, whereas the
b-orientation (0k0) has straight channels, as shown in Figure 1. The diffusion along these straight
channels are three times higher as compared to that along the sinusoidal channels, as reported by Caro

et al. [37] and therefore, the b-oriented zeolite layer is preferred to maximise permeance.
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The most common method to prepare zeolite membranes is growing zeolite crystals on a porous
support. Ways of forming these layers are in-situ synthesis and secondary (seeded) growth methods. In
the in-situ synthesis method, the porous support is placed in a zeolite precursor solution and the zeolite
layer is formed via hydrothermal synthesis in an autoclave under autogenous pressure. Here, nucleation
and growth of a crystal takes place simultaneously as being a one-step mechanism. On the contrary, the
secondary growth method implies separate nucleation and growth steps. In the first step, the nucleation
of the crystal occurs in an autoclave in the absence of the porous support, where these seed crystals are
recovered from the solution and then deposited on the support. This seed attachment can be done by
several methods such as electrophoretic deposition [38,39], dip-coating [40], rubbing [41], pulsed-laser
ablation [42] and vacuum seeding [43]. Finally, the seeded support is grown into a continuous layer via a

second hydrothermal treatment in the autoclave.

Wang and Yan [44] prepared continuous b-oriented zeolite MFI monolayer films with a thickness of less
than 0.4 um on metal substrates (stainless steel and an aluminium alloy) by in-situ crystallisation at
165°C using a solution with a molar ratio of 1 Si0,:0.32 TPAOH:165 H,0 where a silica precursor of
(monomeric) tetraethyl orthosilicate (TEOS) or colloidal silica (LUDOX-30) was used. They reported that
the continuity of the film with b-orientation was provided by using a silica source with a low degree of
polymerisation such as TEOS, whereas a colloidal silica source, like LUDOX-30 resulted in the formation

of randomly oriented large crystals.

Shan et al. [45] prepared silicalite-1 membranes on porous a-Al,03 hollow fibers by the secondary
growth method. They used TEOS as a silica precursor and analysed the effect of the crystallisation time
(2—12 h) and the concentration of structure directing agent tetrapropylammonium hydroxide (TPAOH) in
the secondary growth solution having a molar ratio of 1 SiO;: 0.12-0.32 TPAOH: 165 H,0. They reported

that a low concentration of TPAOH resulted in a smoother surface. However extremely low
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concentrations of the TPAOH template caused poor intergrowth of the crystals and formation of
intercrystalline pores because of preferential growth of the seed crystals along the c-axis. In addition,
the layer thickness and the zeolite crystal size were increasing after longer crystallisation time, providing

continuity of the membrane layer, whereas a short synthesis time resulted in empty spots and gaps.

Mintova and Valtchev [46] investigated the effect of different silica precursors, tetraethyl orthosilicate
(TEOS), colloidal silica (LUDOX LS-30) and fumed silica (Cab-0-Sil®), on the synthesis of nanosized
silicalite-1 zeolites using a molar composition of 25 Si0,:9 TPAOH:0.13 Na,0:420 H,0:100 EtOH. They
reported that the size of the silicalite-1 nanocrystals was 15, 25 and 50 nm using TEQS, Cab-0-Sil and
LUDOX AS-30 precursors, respectively, as measured by in-situ dynamic light scattering (DLS) using the

backscattering technique. So clearly an influence of precursor used on silicalite-1 crystal size is observed.

Decoupling the nucleation and growth as is the case in the secondary growth method results in a better
control of zeolite growth compared with in-situ growth. Yet, the optimization of the thickness of the
zeolite layer as well as the possibility to obtain an oriented crystal structure by this method are issues
still to be tackled for the zeolite membrane fabrication. Hence, it is important to develop new

approaches for the fabrication of thin, preferentially-oriented and defect-free zeolite membranes.

Transformation of sol-gel derived amorphous microporous silica layers into zeolite membranes is a
recent and novel strategy used for the formation of a zeolite layer. The benefit of this method is that the
silica layer can act as a smooth nucleation layer to form all-silica zeolite membranes by in-situ zeolite
layer formation. As the zeolite crystals are formed from a silica precursor that is already deposited on
the surface (i.e. the amorphous silica layer), this method triggers the formation of b-oriented silicalite-1
zeolite crystals. Aguado et al. [47] proved the applicability of using an amorphous microporous silica
layer deposited on alumina discs by using colloidal silica as a precursor to prepare b-oriented MFI layers.

Moreover, Deng and Pera-Titus [48] used 200 nm thick mesoporous silica coated alumina discs and
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prepared 500 nm thick b-oriented MFI films. Furthermore, Zhang et al. [49] showed that mesoporous
silica coated alumina substrates improved the formation of b-oriented MFI zeolite layers whereas no
silica layer coated alumina substrates yielded in random orientation of crystals with poor crystal

intergrowth.

Here, in this work, we extend the investigation on transformation of microporous amorphous silica
membranes into zeolite layers. By studying several process parameters such as the crystallisation time,
crystallisation temperature, concentration and type of silica precursor used during the hydrothermal
synthesis, a fundamental understanding was gained on the formation of zeolite layers by transforming

an amorphous microporous silica membrane layers.

2. Experimental

The asymmetric silica membranes are prepared by sol-gel chemistry and the final structure is composed
of the following three layers: 1) a macroporous, polished and disc-shaped a-Al,Os substrate with 2mm
thickness, 35% porosity and 80 nm pore size were obtained from Pervatech B.V. the Netherlands; 2) a
mesoporous y-Al,0s layer with a pore size of 5nm and thickness of 3 um coated on the a-Al,03 disc in
order to create an intermediate layer working as a bridge to avoid penetration of the relatively small
silica particles into the large pores of the a-Al,0s layer; 3) an amorphous silica top layer with a uniform
microstructure having a pore size of much less than 0.5 nm and thickness around 100 nm was coated via
sol-gel techniques on the y-Al,0; intermediate layer [50,51]. The detailed preparation procedure of

these silica multilayer membranes is described in [52].

The sides and bottom of these alumina-supported silica membranes were covered with Teflon tape to

make sure that zeolite crystals were only formed via the amorphous silica layer. Then, the surface of the
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membrane was soaked in a tetrapropylammonium hydroxide (TPAOH, 1.0 M in H,0, Sigma Aldrich)
solution for 2 h prior to the hydrothermal synthesis in order to activate the silicon centres on the
amorphous silica network to react them with TPAOH for the further transformation into the zeolite
crystals during the hydrothermal treatment. In this way all nutrients required for the zeolite synthesis,

being the structure directing agent and the silica source, are available on the membrane surface.

For this in-situ zeolite synthesis method two different silica precursors were used: LUDOX® AS-40
colloidal silica (40 wt.% suspension in H,O, Sigma Aldrich) and tetraethyl orthosilicate (TEOS, > 99.0%
(GC), Sigma Aldrich) as a monomeric silica. The LUDOX® AS-40 colloidal silica precursor solution was
prepared by mixing 7.76 g LUDOX AS-40 with 3.15 g of TPAOH, 0.32 g of sodium hydroxide (NaOH, ACS
reagent >98% pellets, Sigma Aldrich) and 27.65 g Milli-Q water. In this way a molar ratio was obtained of
1 Si: 0.05 TPAOH: 0.15 NaOH: 37.5 H,0. The TEQOS precursor solution was prepared by mixing 10.8 g of
TEOS with 3.15 g of TPAOH, 0.32 g of NaOH and 37.5 g Milli-Q water, resulting in a molar ratio of 1 Si:

0.05 TPAOH: 0.15 NaOH: 37.5 H,0. So, both precursor solutions have identical concentrations.

In both cases the solution was aged for 1.5 h under vigorous stirring. After that, the solutions were
diluted with Milli-Q water to obtain the final molar ratios of 1 Si: 0.05 TPAOH: 0.15 NaOH: 94 H,0 and 1
Si: 0.05 TPAOH: 0.15 NaOH: 130 H,0, and continued to stir for an additional 30 min. The TPAOH-
activated silica membranes were placed horizontally on the bottom of the 125 mL Teflon-lined stainless
steel autoclave (Parr Instrument Company) and 70 mL of the solution was added. After sealing, the
autoclave was placed into a furnace (FED 56, BINDER) for the hydrothermal synthesis under autogenous
pressure. After cooling the autoclave, the membranes were recovered and washed thoroughly with

Milli-Q water and dried at 80°C for 12h in BINDER FED 56 drying oven.

The surface morphology and thickness (by means of cross sections) of the zeolite layers were

determined by JEOL JSM 6010LA scanning electron microscope (SEM) at an accelerating voltage of 5 kV.
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The SEM was equipped with an energy dispersive X-ray spectrometer (EDX) to have a semi-quantitative
elemental analysis of the samples. The surface and cross section of the membrane layers were coated

with 5 nm thick Cr which was deposited by sputter coating prior to the analysis.

The XRD patterns are collected by a Bruker D2 Phaser X-ray diffraction with Cu-Ka radiation (A = 1.5418
nm) in the 20 range 5 — 45°, using steps of 0.02°. The peaks were normalized with respect to the highest
intensity peak in the 20 spectrum from 5 to 45°. Then, the crystal structure and orientation of the zeolite
layer was analysed by comparing the measured XRD patterns with the reference pattern obtained from

the website of the International Zeolite Association [53].

3. Results and discussion

3.1. Zeolite layers using colloidal and monomeric silica precursors at different crystallisation time

In a first series of experiments, the zeolite layers were fabricated by using two different silica precursors:
Colloidal silica (LUDOX® AS-40) and monomeric silica (TEQOS). The in-situ synthesis took place at 170°C
using a molar composition of 1 Si: 0.05 TPAOH: 0.15 NaOH: 94 H,0 for a varying synthesis times as given

in Table 1.

The effect of the crystallisation time on the thickness and crystal orientation of the zeolite layer is clearly
shown; an increase in crystallisation time results in an increase in layer thickness. In addition to the
formation of the crystals on the surface via heterogeneous nucleation, at longer crystallisation time also
seed crystals are formed in the solution by homogeneous nucleation and deposited on the surface.

Therefore, at longer crystallisation time, due to the random deposition of the crystals formed via
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homogeneous nucleation in the solution, the zeolite layer was found to be randomly oriented (as

determined by XRD).

In addition to the crystallisation time, also the effect of precursor type was studied: colloidal or
monomeric. For 4 hours of synthesis, even though the thickness of the colloidal silica and monomeric
silica derived zeolite layers are similar (20nm for S4 and 18um for S7), the crystal orientation was found
to be random when using a colloidal silica precursor. On the other hand, the use of monomeric silica
results in b-oriented structure with only minor amounts of a-oriented crystals after 4 hours of
hydrothermal treatment at 170 °C. This influence of the type of precursor used on crystallographic
orientation can be seen from the XRD patterns as given in Figure 2. By using the monomeric silica, b-
oriented silicalite-1 layer was formed which has all the reference peaks of (0k0). On the contrary,
colloidal silica derived silicalite-1 layer has many other peaks showing the random orientation of the

crystals.

Wang and Yan [44] argued that the low degree of condensation in the TEOS precursor favours the
formation of oriented layers whereas a colloidal silica precursor results in randomly oriented zeolite
layers. This difference can be explained by the fact that crystallisation using a monomeric silica, like
TEQS, is three times slower compared to colloidal silica, like LUDOX AS-40 [54]. Therefore, compared to
colloidal silica, the formation of nuclei (by homogeneous nucleation) in the liquid phase is suppressed
when using a monomeric silica. When colloidal silica is used, deposition of the homogeneously
nucleated crystals on the membrane surface results in the formation of an irregular arrangement of
zeolite crystals and a relative thick layer on the surface (see Figure 3b). So, by using monomeric silica
mainly heterogeneous nucleation occurs from the already deposited amorphous silica layer. This
promotes formation from the surface of a zeolite layer along the b-orientation. This is also visible on the

surface images of TEOS and LUDOX derived zeolite layers as given in Figure 3.
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The results, as summarized in Table 1, showed that the layer thickness can be reduced by reducing the
synthesis time and that TEOS silica precursor promotes the formation of a b-oriented layer. Therefore, in
the next sections only TEOS as precursor is discussed in the search for the most optimal experimental

conditions to obtain a thin and b-oriented silicalite-1 layer homogeneously covered on a porous support.

3.2. Influence of Si:H,0 ratio and crystallisation temperature

TEOS as precursor and 4 h of synthesis time were used while studying the effect of the Si concentration
in the precursor on silicalite-1 layer formation. Two zeolite layers were prepared using precursor
solutions with Si:H,0 ratios of 1:94 and 1:130 respectively. The cross-sectional SEM images of these

layers are given in Figure 4.

The a-alumina support and y-alumina layer remained intact and are visible in the SEM images. The
transformed zeolite layer with lower silica concentration (Si:H,0 of 1:130) showed a thinner layer (8 pum,
Figure 4b) if compared to the one with the higher silica concentration (Si:H,O of 1:94, 18 um, Figure 4b).

Also, the XRD patterns were studied and given in Figure 5.

XRD results of both zeolite layers were found to have almost similar peaks, as can be seen in Figure 5.
Most of the peaks correspond to the b-orientation (0k0). In addition a small (501) signal was found,
while the zeolite layer, made from a precursor with a lower silica concentration (Si:H,0 of 1:130), also
showed a peak belonging to (101). Both (501) and (101) signals confirm the presence of a small amount

of randomly oriented crystals formed using higher silica concentration.

Based on these results of having thinner layer and less randomly oriented crystals, further studies were
done with the lower Si:H,0 ratio of 1:130. In order to investigate at which point the crystallisation starts
and the surface is completely covered with b-oriented zeolite crystals, the crystallisation time (at 170 °C)

was further decreased from 4h to 3.5, 3 and 2h respectively, while keeping TEOS as a silica precursor



198 and the molar ratio of 1 Si:0.05 TPAOH:0.15 NaOH:130 H,0. The results of these experiments are
199  summarized in Figure 6. As can be seen form these SEM images a synthesis time shorter than 4 h only
200 results in the formation of a few crystals and not in the formation of a complete zeolite layer on the y-

201  alumina layer of the support.

202  The XRD patterns of these layers, formed after different crystallisation times, were given in Figure 7.

203  After 2 and 3h of synthesis the XRD peaks with the highest intensity originate from the Al,03; substrate
204  (Figure 7a and 7b). This is due to the incomplete zeolite layer formation. The peaks belonging to the
205 (Ok0) b-oriented silicalite-1 structure become more visible when the synthesis time was increased. Only
206  in the layer formed for 4h of synthesis, all b-orientation peaks were visible in addition to some weak
207 peaks such as (501) due to randomly placement of some crystals as also found in Figure 6d. After 3.5 h
208 of synthesis time the surface was not completely covered with a zeolite layer (Figure 6c) So, it was

209 concluded that the 4h of synthesis is required to form complete and b-oriented zeolite layer while

210  keeping TEOS precursor and the Si:H,0 ratio of 1:130.

211  3.3.Influence of crystallisation temperature

212 Finally the crystallisation temperature was varied in order to find the optimal synthesis conditions. The
213 molar composition was kept on 1 Si: 0.05 TPAOH: 0.15 NaOH: 130 H,0, while TEOS was used as silica
214  precursor and 4 h crystallization time where the crystallisation temperature was varied from 130 to
215 190°C. The results of the different surface morphologies as function of crystallisation temperature are

216 summarized in Figure 8.

217 It can be clearly seen that 130°C was far too low for transforming the amorphous silica layer into
218  silicalite-1 crystals and covering the surface completely (Figure 8a). When temperature was increased to

219 140°C, the layer was covered with crystals. Further increase in temperature to 150°C and 160°C gave b-
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oriented monolayer coverage of the crystals on the surface with some visible gaps in between the
crystals. At 170°C, the complete coverage of b-oriented zeolite was visible on the membrane surface
together with some loosely bound secondary crystals on the surface as seen in Figure 8e. These latter
crystals were presumably formed by homogeneous nucleation of zeolite crystals from the solutions and
subsequently deposited on the surface. When the crystallisation temperature increased even further to
180 and 190°C, the crystals grew too rapidly and deposited randomly on the surface as also observed in

other work [44,55].

The XRD pattern of the layers formed at different crystallisation temperatures are provided in Figure 9.

The intensity of the (0k0) peaks (ascribed to b-orientation) from the layers at lower temperatures (130°C
and 140°C) were too low and insignificant as compared to the peaks coming from the alumina support
due to uncomplete coverage of the zeolite layer, which was also clearly seen in Figure 8. The peaks,
corresponding to the b-orientation, were all visible in the samples synthesized at 150°C, 160°C and
170°C. The layers prepared at 180 and 190°C consist of randomly oriented crystals as observed by XRD
by having many peaks other than those belonging to b-orientation. This more random orientation of the
crystals is also clearly shown in the SEM images in Figure 8f and g if compared with e.g. Figure 8e. Also,
the lower signal from the substrate as compared to the zeolite layer peaks is clearly observed in these
two layers which is due to very thick layer formation consisting of large crystals. Furthermore, at these
high temperatures the crystals were randomly oriented due to the rapid growth and random deposition

of the crystals.

All these results indicate the following optimal synthesis parameters when using the novel synthesis
method of the transformation an amorphous and microporous silica layer to a b-oriented silicalite-1
layer: Using TEOS silica precursor in the in-situ synthesis solution with a molar composition of 1 Si:0.05

TPAOH:0.15 NaOH:130 H,0 and perform the crystallization reaction in an autoclave for 4 hours at

11
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temperatures varying from 150 to 170°C to fabricate a thin and b-oriented silicalite-1 zeolite layer with

complete surface coverage.

3.4. Elemental analysis on the in-situ transformed silicalite-1 layers

In order to confirm the all-silica nature of the silicalite-1 layer without any incorporation of aluminium
that would possibly leach from the alumina substrate, SEM/EDX analyses were done on a cross section,
which image is given in Figure 10. This is a SEM picture of a sample, made by one of the optimal
synthesis conditions; i.e. TEOS precursor, 4h of crystallisation at 150 °C. Form this figure it can also be
seen that the y-alumina layer preserves its initial thickness of 3 um after the hydrothermal synthesis,
while the zeolite crystals are nicely oriented in the b-direction perpendicular to the surface (compare
with Figure 1). The letters in the image represent the spots where the elemental analyses were
performed and the results on Al, Si and O elemental composition are tabulated in Table 2. The zeolite
layer (points A and B in Figure 10) was found to be Al-free, proving that it is an all-silica silicalite-1 (MFI)
layer. In addition, the Al:O atomic ratios of around 1:1.5 of the y-Al203 (point C) and a-Al203 (point D)

layers indicate no elemental change on the substrate.

4. Conclusions

In this work an optimal route is developed for the synthesis of a b-oriented silicalie-1 layer by starting
from an amorphous, microporous, silica layer as applied on an a-alumina supported y-alumina
membrane. The synthesis parameters studied were the type and concentration of silica precursor, the
hydrothermal crystallization time and temperature. By optimizing all these parameters, a thin layer and
complete coverage of a b-oriented silicalite-1 layer was obtained and a better understanding was
achieved on how a pre-deposited silica layer transformed under specific synthesis parameters. These

optimal conditions are the use of a monomeric (TEOS) silica precursor instead of colloidal silica (LUDOX®

12
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AS-40) and a molar composition of 1 Si:0.05 TPAOH:0.15 NaOH:130 H20, while performing the
crystallization reaction in an autoclave for 4 hours at temperatures varying from 150 to 170 °C. EDX
analysis showed that no aluminium leaching from the o/y-alumina support to the zeolite layer was

found during the in-situ transformation, indicating that all-silica zeolite layers are formed.

Further research could be dedicated to applying post-treatment methods for healing any defects or
pinholes between these zeolite crystals in order to take advantage of these preferably-oriented layers
for use as a membrane material for gas and liquid separation, having high fluxes provided by its b-

oriented channels.
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430 Tables and Figures

431 Table 1: Thickness and crystal orientation of zeolite layers, made by the in-situ synthesis mechanism, using different silica
432 precursors and crystallization time. In all cases the crystallization temperature was 170°C and the molar composition was 1 Si:
433 0.05 TPAOH: 0.15 NaOH: 94 H,0

Sample No Precursor Crystallisation time [h]  Thickness [um] Orientation
S1 Colloidal (LUDOX) 17 200 random
S2 Colloidal (LUDOX) 14 147 random
S3 Colloidal (LUDOX) 10 56 random
S4 Colloidal (LUDOX) 4 20 random
S5 Monomeric (TEQS) 10 80 random
S6 Monomeric (TEOS) 7 65 random
S7 Monomeric (TEOS) 4 18 b-oriented*

434 *: minor amounts of a-oriented crystals

435



436 Table 2: Elemental EDX analysis results from SEM image in Figure 10

Position Si [atom%] Al [atom%)] O [atom%]
A 32 0 68
B 31 0 69
C 0 29 71
D 0 39 61
437
438
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Figure 1: The channel system along the a- and b-direction of MFI zeolite crystals
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Figure 2: XRD patterns of layers formed using a) monomeric b) colloidal silica precursor with the same molar ratio in the in-situ

synthesis solution of 1 Si: 0.05 TPAOH: 0.15 NaOH: 94 H,0 at 170°C and for 4h of synthesis. Ref stands for b-oriented (0k0)
crystal peaks of MFI structure obtained from [53] and asterisk (*) represents the peaks origining from the alumina substrate.
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Figure 3: The surface images of zeolite layers using a) monomeric and b) colloidal silica precursor with the same molar ratio in
the in-situ synthesis solution of 1 Si: 0.05 TPAOH: 0.15 NaOH: 94 H,0 and for 4h of synthesis at 170°C.
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Figure 4: Cross-sectional SEM images of TEOS-derived silicalite-1 zeolite membrane with different dilution of the precursor

solution, a) and b) represent the Si:H,0 ratio of 1:94 and 1:130 respectively, using TEOS silica precursor, at 170°C and for 4h of

synthesis.
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Figure 5: XRD patterns of layers formed using Si:H,O ratio of a) 1:94 b) 1:130 using TEQOS silica precursor, at 170°C and for 4h of
synthesis. Ref stands for b-oriented (0kO) crystal peaks of MFI structure obtained from [53] and asterisk (*) represents the peaks
originating from the alumina substrate.
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470

Figure 6: The cross-sectional (left) and surface images (right) of TEQS derived silicalite-1 layers formed after a) 2h, b) 3h, c) 3.5h

and d) 4h of synthesis at 170°C

28



(020)

o (060) (080)

Ref
ER I b )
B : |
5 | . L L J\
=
c) /L A o - A
d) Jl J\ (s01)  * o )
1l0 l 2lO l 3'0 l 4IO
2theta

471

472 Figure 7: The XRD pattern of the layers produced for a) 2h, b) 3h, c) 3.5h and d) 4h of crystallization time. Ref stands for b-
473 oriented (0k0) crystal peaks of MFI structure obtained from [53] and asterisk (*) represents the XRD signals of the alumina
474 substrate.
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Figure 8: The effect of synthesis temperature on the size of crystals and surface coverage of the zeolite layer where letters
represent the synthesis temperature: a) 130°C, b) 140°C, c) 150°C, d) 160°C, e) 170°C, f) 180°C and g) 190°C

30



482
483
484
485

486

487

(020)
Ref jL (0}:\40) (060) (080) (0100)
s [ A L
= |o) A_ . S .
% 4
£ |9 X * L :
e) ﬂ_ A o1+, s -,
fy (100 ﬁ, J\
102 (501)
g) o (00(2)(3?01) 303) - M_J\ . \
| L T T T T T T
10 20 30 40
2theta

50

Figure 9: The powder pattern of the layers formed at a) 130°C, b) 140°C, c) 150°C, d) 160°C, e) 170°C, f) 180°C and g) 190°C. Ref
stands for b-oriented (0kO) crystal peaks of MFI structure obtained from [53] and asterisk (*) represents the peaks coming from

the alumina substrate.
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491

Figure 10: SEM image of the in-situ synthesized silicalite-1 layers using TEOS precursor, 4h of crystallisation and 150°C of
synthesis temperature. The letters A, B, C and D correspond to the regions analysed by EDX, to determine the elemental
composition
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