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Single-Template Synthesis of TUD-C: Hierarchically

Structured Composites with Tunable Mesoporosity

TUD-C is a new type of hierarchically structured composite with ZSM-5 nanocrystals
embedded in a well-connected mesoporous matrix that has a tunable pore size throughout the
entire meso-range. It is synthesized by employing only one organic templating/scaffolding
molecule (TPAOH) through a two-step procedure involving gelation and crystallization. Both
Si/Al ratio and crystallization time are important factors influencing the acidity and the micro-
and mesopore structures of TUD-C. The tuning of the mesopore size by crystallization is
identified as primarily due to a thermal effect, rather than to crystal growth. SEM reveals the
intriguing formation of clusters consisting of nanoparticles during the crystallization of
samples with Si/Al = 30. Micropore structure analysis by Ar sorption and TEM reveals the
formation of a pre-formed microporous structure before the zeolite structure appears. This
sheds light on the formation mechanism of zeolite crystals through the solid-phase
transformation. Compared with TUD-M, TUD-C has a better hydrothermal stability, a
stronger acidity, and a better tunability of the mesopore size. However, the synthesis method
of TUD-M can be applied to a wider range of zeolite types. The choice should be made

according to the application.

This chapter is based on the following publications:
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Jia Wang, Wenbo Yue, Wuzong Zhou, Marc-Olivier Coppens, “TUD-C: A Tunable, Hierarchically Structured

Mesoporous Zeolite Composite”, Microporous Mesoporous Mater., (2008) submitted.
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Chapter 4

4.1. Introduction

Hierarchically structured micro-/mesoporous materials have drawn much attention
lately [1-5], because they can potentially suppress transport limitations and improve the
performance of pure microporous materials [6]. Important examples of microporous materials
are zeolites, which are crystalline, microporous aluminosilicates. Because of their high
hydrothermal stability, high acidity, large specific surface area and well-defined micropore
network, zeolites are widely used in separation processes and as heterogeneous catalysts for
chemical and environmental applications [7]. The confinement induced by the micropore
network leads to excellent size and shape selectivity. However, it often induces diffusion
limitations of bulky reactants and/or products to and away from the active sites. Moreover,
deactivation and pore blockage arise due to the formation and retention of heavy products like
coke within the zeolite micropores [8]. Materials with a hierarchical structure, containing
meso- and even macropores, aside from the microporous zeolite, are excellent candidates to
address the above issues [9, 10]. Current performance of zeolitic materials, e.g., in catalysis
and gas adsorption, could be dramatically improved by rationally designing the entire,
hierarchical pore network, so that molecules are transported efficiently to and from the active
sites via meso- and macropores that act as microscopic “highways”. In industry, meso- and
macro-pores are often introduced into zeolites, but in a poorly controlled manner [11].

Since the discovery of ordered mesoporous materials, such as MCMs [12] and SBAs
[13], research in this field has progressed dramatically. The development of supra-molecular
and hard templating techniques [14-16] provides powerful tools to control the mesoporosity.
Promising results in the synthesis of hierarchically structured zeolites were reported by
combining zeolite features and ordered mesoporosity, [17] e.g., a combination of carbon
templating and solid-phase crystallization (Chapter 2) [18]; assembly of zeolite nano-crystals
into an ordered meso-structure [19]; modified supra-molecular templates to form mesopores
during zeolite synthesis [20]. While much research has focused on incorporating ordered
mesopores into zeolite structures, ordered mesopores are not necessary for most catalytic
applications. Moreover, the supra-molecular templates to synthesize ordered mesopores (such
as P123, CTAB) are often too expensive to be used in bulk production, which hinders the

practical implementation of those methods.
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In order to address the current problems, this chapter presents a single-template route
to synthesize a new composite material (TUD-C, where C stands for crystallization) with
zeolite nano-crystals dispersed in a mesoporous matrix of tunable porosity. Similar to TUD-M
synthesis (Chapter 3), the approach is also based on the concept of using only one molecule
(tetrapropylammonium hydroxide, TPAOH) that acts both as a template for the zeolite ZSM-5
micropores, and as a scaffold for the mesopores. By applying different conditions, TPAOH
directs the formation of ordered zeolite micropores and disordered mesopores separately.
Since no additional supra-molecular template is needed, this method requires a minimum
number of raw materials (four, including water), and it can be performed in one pot.
Compared to existing methods, this new approach is substantially simpler and still maintains
high flexibility. Furthermore, TUD-C is compared to TUD-M: they have a similar structure of
zeolite nano-crystals embedded in a well-connected meso-matrix; their synthesis routes differ,

but are related.

4.2. Experimental

Synthesis

All chemicals were purchased from Sigma-Aldrich. TUD-C samples with different
Si/Al ratios were prepared by a two-step procedure. In the first step, a homogeneous synthesis
solution was prepared from water, tetrapropylammonium hydroxide (TPAOH, 1M in water),
tetraethyl orthosilicate (TEOS, 98 wt%), and aluminium isopropoxide [Al('Pro)s]. The molar
composition was 100 SiO,: x Al,O3: 24 TPAOH: 3000 H,0, where x = 1 for Si/Al = 50
(series 50), x = 1.67 for Si/Al = 30 (series 30), and x = 2.5 for Si/Al = 20 (series 20). This
solution was allowed to evaporate at ambient conditions for 7 days to obtain a transparent
solid gel. In the second step, 0.3 g of the solid gel and 0.4 ml water were transferred into a
specially designed autoclave, in which the solid phase was separated from the aqueous phase.
During crystallization, the solid was only in contact with steam, which is an essential
difference compared to traditional zeolite synthesis. A series of samples was obtained upon
heating at 130 °C for different durations. The products were dried at 80 °C, and subsequently
calcined in air at 550 °C for 6 h to remove the organic materials. All the resulting samples

were monolithic.
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The synthesis of TUD-M was described in chapter 3. It is also a two-step synthesis:
zeolite crystals formation by hydrothermal treatment in the first step, and meso-structure
formation by controlled evaporation in the second step. The composition of the synthesis
mixture is similar as that of TUD-C, only that a small amount of NaOH was added. The molar
ratio was 0.6 NaOH: 100 SiO;: 1 Al,O3: 24 TPAOH: 3000 H,0. The hydrothermal treatment
was subsequently performed in autoclaves at 100 C for different time durations. In the
second step, all the solutions were aged under mild evaporation at room temperature for 7
days. The final materials were normally obtained in a monolithic form after drying at 80 C
for 24 h and subsequent calcination at 550 C for 6 h.

Scheme 1 summarizes and compares the synthesis routes of TUD-C and TUD-M.
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Scheme 1. Cartoon illustration of the synthesis of TUD-C and TUD-M.
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Characterization

Powder X-ray diffraction (XRD) measurements were performed on a Philips X’Pert
Pro diffractometer equipped with incident-beam CuK!; ( = 0.154 nm) monochromator and
an X’Celerator Detector. The step size was 0.0175 degree; the counting time per step was 8 s.

Transmission electron microscopy (TEM) images were recorded with a JEOL JEM-
2011 electron microscope operated at 200 kV and equipped with a Gatan 794 CCD camera.

Nitrogen adsorption-desorption isotherms were measured at 77 K using a
Quantachrome Autosorb-6B sorption analyzer. The usual pre-treatment was 250 C for 16 h.

The adsorption and desorption isothems of Ar were measured at 87K on an ASAP
2010 from Micromeritics, equipped with an additional 1 mmHg and 100 mmHg pressure
transducer to accurately measure low-pressure adsorption. Density functional theory (DFT)
calculations were used to derive the micropore size distribution. The software used is the
software from Quatachrome (for Autosorb 1), with a model describing the adsorption of
Argon at 87K on zeolite/silica with cylindrical pore geometry.

A JSM-6500F Field Emission Scanning Electron Microscope (SEM) was used to
record SEM images. It employs a Schottky type field-emission (T-FE) gun as the electron
source. The JSM-6500F also has a stabilized electron-beam probe with a probe-current range
from several pA to 100nA. The working distance was 10 — 12.8 mm.

Fourier transform infrared (FTIR) spectra were recorded in He at 473 K on a Nicolet
Magna 860 spectrometer using a Spectratch diffuse reflectance (DRIFT) accessory, equipped
with a high-temperature cell.

Temperature-programmed desorption of ammonia (NH3-TPD) was measured using a
Micromeritics TPR/TPD 2900 in the temperature range of 473-823 K after three consecutive

saturation steps with pure ammonia at 473 K.

4.3. Results and Discussion
The discussion first focuses on sample series 30 (Si/Al = 30) to illustrate the general
formation scheme and the properties of TUD-C. To optimize the synthesis fine tuning of the

important synthesis parameters (e.g. Al content, crystallization time) was also investigated.

4.3.1. The structure of TUD-C
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TPAOH acts as a scaffold under the mild conditions of the first step, forming the meso-
structure, which has been investigated previously [21, 22]. This was confirmed by the N
adsorption isotherm of sample series 30 and the corresponding pore size distribution (Figure 1,
0 h sample). The near-linear uptake of the isotherm over the range P/P, = 0.10 to 0.50 indicates
the presence of small mesopores in the solid gel. The high BET surface area (734 m?g™, Table
1, sample O h, S30) of the solid gel is comparable to SBA-15 mesoporous materials. ZSM-5
crystals are formed during the second step, where TPAOH acts as the well-known zeolite
template at high temperatures [2]. This is a solid-phase crystallization process assisted by steam
[23]. X-ray diffraction shows the characteristic peaks of ZSM-5 (Figure 2). The intensity of the
peaks increases from 0 h to 4.5 h, which shows the gradual conversion of the amorphous
structure of the starting gel into a crystalline phase. The enhanced zeolite crystallinity is also

indicated by an increase in micropore volume to 0.13 cm®/g after 15 h (Table 1).
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Figure 1. Analysis of the pores by N, adsorption and desorption. (Left) The isotherms of
TUD-C samples (series 30, Si/Al = 30) with different crystallization times. Samples 3 h, 4.5
h, 10 h, and 15 h were vertically offset by 50, 250, 450, 650 cm® STP g™, respectively.
(Right) Pore size distributions corresponding to the adsorption isotherms. Samples 3 h, 4.5 h,

10 h, and 15 h were vertically offset by 0.7, 1.7, 2.7, 3.5 cm>g™, respectively.
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The isotherms from 3 h to 15 h (Figure 1) show that the zeolite crystal growth does not
lead to a deterioration of the mesoporous nature of the amorphous matrix. On the contrary, by
controlling the crystallization time, the mesopore size can be systematically varied. As Figure 1
shows, the average pore size increases from 3 nm in the starting dry gel to about 20 nm in the
15 h sample. A more detailed analysis (Table 1, samples S30) reveals that the external surface
area decreases with crystallization time, but remains very high even after 15 h. The possibility
of maintaining a high external surface area is attractive for catalytic applications involving large

molecules, since in many cases the surface inside the micropores is not easily accessed.

15h

10h

Intensity / a.u.

45h
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Figure 2. XRD patterns of calcined TUD-C samples (series 30, Si/Al = 30) with
different crystallization times.

High-resolution transmission electron microscopy (TEM) provides insight into the local
structure of the amorphous and crystalline phases. Figures 3a and 3b show that the 3 h sample
(Si/Al = 30) is a composite with small zeolite crystals embedded in a mesoporous matrix. The
crystals have a fairly uniform size of 120-150 nm in diameter. Not surprisingly, the 10 h sample
contains larger crystals than the 3 h sample, i.e., 150 to 250 nm in size (Figure 4). These results
are in quantitative agreement with calculations based on the application of Scherrer’s equation
to the XRD peaks. A high-resolution image (Figure 3c) of the interface between the zeolite
crystal and the amorphous mesoporous matrix clearly confirms the combined micro- and

mesostructures. Some HRTEM images with 2D lattice fringes were also obtained, from which
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the ZSM-5 zeolite structure can be confirmed (Figure 5). The pattern on the right side of the
TEM micrograph in Figure 3c resembles that of a foam-like structure, which is typical for
disordered mesoporous materials as reported previously [24]. Preparation of the carbon replica
of the starting solid gel (Figure 3d) revealed a similar disordered morphology, further
supporting the interconnected nature of the mesoporous system, as the carbon replica showed 3-
D mesoporous structures that are stable upon the removal of silica/alumina. This would ensure
efficient diffusion pathways to access the active sites of the zeolite crystals. Because of the
disordered nature of the mesopores, it is not straightforward to derive pore sizes from the TEM

images, and directly compare these to adsorption results.

Table 1. Textural properties of selected samples

+

Samples Sget Sexternal Vmicro Vmeso Dmeso
(m*g™) (m’g™)  (cm’g?) (cm®g™) (nm)
0 h, S50 521 521 0 0.35 3.0
2 h, S50 514 514 0 0.50 5.5

6 h, S50 402 165 0.10 0.34 -

0 h, S30 734 - - 0.42 3.0
3 h, S30 658 571 0.04 0.64 6.0
4.5h, S30 602 392 0.085 0.64 10
10 h, S30 535 266 0.11 0.75 18
15 h, S30 580 269 0.13 0.71 20
0 h, S20 1036 1036 0 0.67 3.0
3 h, S20 776 692 0.04 0.82 6.7
10 h, S20 638 456 0.08 1.03 15
30 h, S20 626 372 0.11 1.24 21
50 h, S20 628 368 0.11 1.41 23

30 h (150 °C), S2 524 232 0.12 1.20 30-45

* t-plot is not applicable because of the continuous distribution of pore sizes around 2 nm

" This volume was measured using N, adsorption, and possibly includes macropores.
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Fig. 3 TEM images of selected TUD-C samples with Si/Al = 30 (series 30). a) sample
3 h, an entire particle; b) sample 3 h, with an area near the surface showing a

mesoporous coating embedding the zeolite crystals; c) sample 3 h, a bordering area
between micro- and meso-phases; d) well-connected carbon replica of sample 0 h,

showing a disordered mesoporous structure.
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L T Ty d .t 1‘%' ‘ . '-""'."\.r'; - ..'E-
Figure 4. TEM images of sample 10 h (S30, Si/Al = 30). a) the crystals have
larger sizes than in the 3 h sample; b) a spherical morphology and typical size of

the zeolite crystallites that are embedded in a mesoporous matrix.
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Figure 5. HRTEM imgf zeolite crystallite of sample 3 h (S30, Si/Al = 30)
showing 2D lattice fringes. The principal d-spacings of the lattices are 1.04 and 0.99
nm, corresponding to (200) and (020) interplane distances in the ZSM-5 unit cell (a =
2.01nm; b=1.97 nm; c =1.31 nm).

The structural configuration and the location of Al atoms were investigated by 2’Al
MAS NMR spectroscopy (Figure 6). The absence of the peak at O ppm and the single,
pronounced peak at 56.7 ppm (corresponding to tetrahedral aluminum species) in the 15 h, S30
sample demonstrate that Al is entirely incorporated in the framework. The presence of Brgnsted

acid sites'® was confirmed by FTIR measurements, which is discussed in the section 4.3.3.
4.3.2. The hydrothermal stability

The hydrothermal stability is an important property for many catalytic applications. For
example, FCC catalysts need to be regenerated at a high temperature (around 788 °C) with
steam present. Our treatment condition is 800 °C with 20 % steam for 2 h, which is similar to
that in FCC process. Note that these conditions are more severe than the testing conditions of
TUD-M (see Chapter 3) as well as usually reported in literature. Though TUD-C (Si/Al = 30)
does not have a fully crystalline structure, the hydrothermal treatment only had a minor effect

on the pore structure, which demonstrates a remarkable hydrothermal stability of our material
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(Figure 7). It has been reported that solid- phase conversion leads to a better thermal stability

compared to zeolites prepared by traditional methods [23].

56.7

200 150 100 50 0  -50  -100
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Figure 6. Al MAS NMR spectra of TUD-C sample 15 h, S30.
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Figure 7. N2 adsorption/desorption isotherms of TUD-C sample 15 h (Si/Al = 30) before
and after hydrothermal treatment at 800 °C with 20 % water in helium for 2 h. There is no
significant difference between the mesopore structures of the two samples. Micropore

volume drops slightly after the treatment.
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4.3.3. The influence of the Si/Al ratio and the acidity of TUD-C

The Si/Al ratio is an important parameter for zeolitic materials. The presence of Al in
the framework is directly linked to Brgnsted acidity, which is crucial for many solid acid
catalytic reactions. More importantly, as demonstrated in the case of TUD-M, the amount of
Al also influences the formation of zeolite: a higher Al content reduces the growth rate of
ZSM-5 crystals in a sol-gel synthesis. (Chapter 3) In order to investigate the influence of the
Al content to TUD-C we have prepared samples with different Si/Al ratios, namely 50 (series
50) and 20 (series 20). The pore textures of those samples were measured by N, adsorption as
shown in Fig 8 and 9. Together with the discussion of sample series 30 (Si/Al = 30), the
effects of tuning the Al content can be studied. Both sample series 50 and 20 show that the
mesopore size increases with crystallization time, which is in agreement with series 30.
However, mesopores disappeared after 6 h of crystallization in sample series 50. The
mesopore size can only be tuned in a rather limited range (3 — 6 nm). For sample series 20, on
the other hand, even after 50 h of crystallization a significant amount of mesopores remain.
There is no indication of meso-structure deterioration. The mesopore volume increases
continuously with the crystallization time (see Table 1). The size of mesopores can be tuned
systematically over nearly the entire meso-range (3 - 45 nm) when Si/Al = 20.

By comparing the textures of the two series (Table 1) we can see that the starting gels
(0 h samples) with different Al contents have similar pore size distributions around 3 nm.
However, the BET surface area and mesopore volume increase noticeably as the Al content
increases. The gel with Si/Al = 20 has over 1030 m?/g, which is nearly double the area as
compared to that of Si/Al = 50 (521 m?/g), and the gel with Si/Al = 30 lies in between (734
m?/g). Moreover, the mesopore volume of the gel with Si/Al = 20 is also about twice that of
the Si/Al = 50 gel. As the starting gel with a ratio of 20 has a higher surface area, the
crystallized samples also have a higher external surface area than the samples from other
series with similar crystallization durations. To understand the reasons behind the increasing
surface area in the starting gel we have investigated the mechanism of the TUD-C mesopore
formation. An extended study is discussed in Chapter 5. We have identified the first step of
the meso-structure synthesis as the formation of alumino-silicate nano-particles in the
presence of TPAOH. The increasing Al content leads to the formation of smaller nano-

particles, thus affecting the texture of the mesopores in the final products.
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Figure 8. Pore structure analysis by N, adsorption-desorption. (Left) Isotherms of TUD-C
with Si/Al = 50. Samples 2 h, 3 h, 6 h are vertically offset by 50, 150, 350 cm® STP g™,

respectively. (Right) Pore size distributions corresponding to the adsorption isotherms.

Samples 2 h, 3 h, 6 h are offset by 0.6, 1.3, 2.2 cm®g™, respectively.

XRD results (Figure 10) confirm the formation of MFI-type zeolite during
crystallization in both series. Because the measurements were performed with the same setups
and the figures were plotted at the same scale, the intensity of the diffraction peaks therefore
reveals a faster growth of zeolite crystals in series 50 as compared to series 20, as well as to
series 30. An increase in Al content results in slower growth of zeolite crystals. Sample 30 h
of series 20 still has very weak diffraction peaks. In sol-gel synthesis, the growth speed of
zeolite crystals is also negatively affected by a higher Al content. (Chapter 3, [25]) Although
solid-phase zeolite formation may have a completely different mechanism, the Al content has

a comparable effect on the growth of crystals. The fast growth of the crystals could also

explain the collapse of the mesopore system in series 50 within 6 h of crystallization.
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Figure 9. Pore structure analysis by N, adsorption-desorption. (Left) Isotherms of TUD-C with
Si/Al = 20. Samples 3 h, 10 h, 30 h, 50 h and 30 h 150 °C are vertically offset by 160, 450,
850, 1300, 1900 cm® STP g, respectively. (Right) Pore size distributions corresponding to the
adsorption isotherms. Samples 3 h, 10 h, 30 h, 50 h and 30 h 150 C° are offset by 2.5, 4.5, 7.5,
10.5, 15cm®g™, respectively.
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Figure 10. XRD patterns of TUD-C samples with different Si/Al ratios. (Left) Sample

series with Si/Al = 50; (Right) Si/Al = 20.
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Figure 11. NH3-TPD curves of samples with Si/Al=20 (30 h), Si/Al=30 (10 h), Si/Al=50
(6 h), and reference sample ZSM-5 (Si/Al = 30) with developed crystals.

Ammonia temperature-programmed desorption (NH3-TPD) was employed to
investigate the influence of the Si/Al ratio on the acidity. Figure 11 shows the desorption
curves of the selected samples. The reference ZSM-5 sample with Si/Al = 30 shows a strong
peak around 675 K, which is normally attributed to the ammonia desorption from the
Bronsted acid sites [26]. As the acid strength determines the bonding energy of ammonia
molecules on the acid sites, a higher desorption temperature is related to stronger acid sites.
All the TUD-C samples, however, show the desorption peaks at a lower temperature as
compared to the reference ZSM-5 sample. This demonstrates that TUD-C is less acidic than
ZSM-5. The sample from series 50 shows a desorption peak around 630 K. The peak position
shifts to even lower temperatures (sample Si/Al = 30 at 605 K; sample Si/Al = 20 at 575 K)
with increasing Al content. Thus, a lower Si/Al ratio results in a decrease of acid strength.
This is surprising, because zeolite ZSM-5 normally shows a maximum acid strength at a Si/Al
ratio around 10 [27]. A higher Al content corresponding to a Si/Al ratio between 20 and 50 is

expected to result in stronger acid sites (a lower Si/Al ratio means a higher Al content). The
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reason for the observed decrease in acid strength is probably related to differences in the
development of the crystals. Samples with a lower Al content have more developed crystals
under similar synthesis conditions because of the faster growth. Therefore, one should be
careful in comparing samples from different series.

Typically, the desorption peak at 643- 713 K is attributed to Brgnsted acidity, while
443-553 K should be related to Lewis acidity [26]. Interestingly, all the TUD-C samples
display acidity in between these two typical types. It could be that TUD-C contains a mixture
of Brgnsted and Lewis acid sites, due to its composite nature, however a more plausible
explanation is that the less developed crystals affect the Bragnsted acid strength.

Samples with Si/Al = 30 (10 h) have a higher capacity for NH; than the other two
TUD-C samples, as indicated by the integrated areas below the desorption curves. Provided
that the samples have the same weight, this indicates a larger number of acid sites per unit
weight. On one hand, this is due to the higher concentration of Al as compared to the Si/Al =
50 sample. On the other hand, XRD results show that spectra of the Si/Al = 20 sample have
much weaker diffraction peaks as compared to those of the Si/Al = 30 sample, which shows
that the fraction of zeolite crystalline phase is limited. Thus, the low desorption of NHz from
the sample with Si/Al = 20 is because of its intrinsically low crystallinity. It would be a more
convincing comparison if the samples from different series had similar crystal contents and
even similar crystal sizes. However, it is not straightforward to determine the crystalline
percentage and crystal size, although XRD could in principle provide this information. We
have observed that the small zeolite crystals (below 50 nm) were only detected by TEM but
not by XRD. Therefore, the conclusions following from the current discussion are subject to
future improvements in characterization.

Additional acidity measurements of the same samples were carried out by FTIR.
Figure 12 shows that all three samples have a characteristic absorption peak corresponding to
Bransted acid sites around 3610 cm™, where the Si-O(H)-Al bond is present. There is an
increase in peak intensity with decreasing Al content, which is likely related to the
enhancement of the acid strength. This is in agreement with NH3-TPD results. However, one
has to be careful to draw conclusions from the peak heights in FTIR spectra, because the
density of acid sites and the sample properties could also influence peak intensity. Both NH3-
TPD and FTIR indicate the presence of Brgnsted acid sites in all the TUD-C samples,

confirming that Al species have entered the zeolite framework during crystallization.
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Figure 12. FTIR spectra of TUD-C samples with different Si/Al ratios. The

samples are the same as the ones measured by NH3-TPD in Figure 11.

4.3.4. The mechanism of mesopore size tuning

The growth of zeolite crystals seems coupled with the increase in mesopore size, due
to the influence of crystal growth on the mesoporous structure. However, new
characterization results have put this speculation into question. N, sorption (Figure 9) shows
that the mesopore size of series 20 steadily increases, from the beginning of the crystallization
on, while XRD (Figure 10) does not show ZSM-5 diffraction peaks until 30 h. This means
that the increase in mesopore size is less dependent on the growth of zeolite crystals than
originally thought. It was reported that the disordered mesopores of TUD-1 could be enlarged
through thermal treatment [24]. The crystallization conditions are similar as in this thermal
treatment, except for the presence of steam. Therefore, it is more likely that the mesopore size
was enlarged mainly by thermal effects. Although it seems that the increase in mesopore size
and crystal growth are coupled, they in fact both result from the thermal treatment under

steaming conditions. The presence of steam is necessary for zeolite formation, but it is not
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required for mesopore size enlargement in the case of TUD-1. To verify this hypothesis, we
have performed the thermal treatment under dry conditions to avoid zeolite growth. Figure 13
shows the adsorption-desorption isotherms of a gel sample that was treated at 180 °C for 10 h
under dry conditions. The pore size was enlarged from 3 nm in the original gel to around 10
nm in the end, while no formation of zeolite was observed. The narrow size distribution is
very similar to the corresponding TUD-C sample (Si/Al = 30, 10 h), which supports the
contention that the increase in mesopore size is mainly due to the thermal effect of the
crystallization. Therefore, the increase in mesopore size and the growth of zeolite crystals
could be partially decoupled, although the steaming conditions to form zeolite crystals still
result in an increased mesopore size. It was also observed that TPAOH started to decompose
during thermal treatment without steam at temperatures above 80 °C, since the samples
became yellow or even brown. In the presence of steam, TPAOH is stable even at 150 °C for
several hours. So, the presence of steam helps to stabilize TPAOH at a high temperature.
More importantly, the thermal treatment without steam is preferred after the zeolite formation.
In this way, TPAOH decomposes after acting as zeolite template, and the mesopore size is
modified by thermal treatment. The limitation is that the thermal treatment can only enlarge

the pores further rather than decrease the pore size.
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Figure 13. Pore structure analysis of a gel sample by N, adsorption-desorption. The
starting gel (Si/Al = 30) was treated at 180 °C for 10 h in dry condition.
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Figure 14. Micropore size distributions of selected samples derived from Ar sorption at 87 K.
(Left) TUD-C with Si/Al=30 (15 h) and TUD-M with Si/Al=30 (20 h); (right) TUD-C sample

series 20 (Si/Al=20). All the pore size distributions were derived from DFT calculations.

4.3.5. Micropore structure of TUD-C

The increase in micropore volume with increasing crystallization time was generally
observed in every set of TUD-C samples (Table 1). It is an indication of zeolite growth, and
increasing of crystalline (microporous) phase content. However, it is not a direct evidence of
zeolite formation, as other types of micropore can possibly form during crystallization. Ar
adsorption-desorption is able to overcome some of the limitations of N as a probe molecule
and provide direct information on the micropore size distribution. Since zeolite micropores
are very well defined, these results can serve to reveal zeolite characteristic features.
Moreover, as TUD-C and TUD-M have similar structures but still differ in many details, the
comparison between them could provide more insight into their structural properties. Figure
14 shows the micropore size distributions of a TUD-C sample and a TUD-M sample with the
same Al content (Si/Al = 30). They both show similar X-ray diffraction patterns. The TUD-C
sample has a narrow pore size distribution centered at 0.55 nm, which matches very well with
the micropore size of ZSM-5. There is hardly any other type of micropores in the structure.
On the other hand, the TUD-M sample shows a broader pore size distribution, also around
0.55 nm. This means that the micropore structure of TUD-C is more regular and more

developed than that of TUD-M. The micropore size distributions of both samples reveal that
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the micropore volumes measured by N, adsorption are indeed related to ZSM-5 structures. In
line with N, adsorption results, Ar adsorption also confirms that the TUD-C sample has a
higher micropore volume. Although the intensity of the XRD peaks is similar in both samples,
the micropore properties are rather different. There are still more differences between the two
TUD materials, which will be compared in the later discussion.

There is an apparent inconsistency between the micropore volume and the XRD
results of TUD-C sample series 20 (Si/Al=20). A very limited amount of zeolite crystals can
be detected by XRD even after 50 h of crystallization (Figure 10). However, the micropore
volume increases continuously to 0.11 cm® g™, which is a rather significant amount when
compared to pure ZSM-5 zeolite (around 0.16 cm® g*). Figure 14 (right) shows the micropore
size distribution of this sample series derived from the Ar sorption isotherms by density
function theory (DFT) calculation. In general, the results support the observation from N,
adsorption that the micropore volume increases during the crystallization. Before 50 h the
micropore size distributions are broad and there is no clear peak that can be associated to
ZSM-5 micropores (at 0.55 nm). The development of ZSM-5 micropores is relatively late as
compared to the sample series with Si/Al = 30 (Figure 14, left). A narrow pore size
distribution at 0.55 nm was observed after a much longer crystallization time (144 h),
indicating that the ZSM-5 crystals mainly form after 50 h.

Transmission electron microscopy (TEM) was used to reveal the evolution of local
structures during solid-phase crystallization. Figure 15 shows the images of some chosen
samples from series 20 (Si/Al = 20). The 10 h sample shows the presence of “dark particles”
in the meso-matrix. By carefully zooming in on those particles, very small amounts of
crystalline region could be recognized, as shown in Figure 8b. Those crystals are smaller than
100 nm in diameter, and they are not stable under the electron beam. Much fewer crystals
were observed than in the 10 h sample of series 30. The dark particles are mainly amorphous.
Not surprisingly, because of their small size, those crystals are not detected by XRD. With
further crystallization, more and larger particles form (Figures 15¢ and d, sample 50 h), while
the crystalline phase can still hardly be found. It is of interest to reveal the nature of those
“dark particles,” since they were not observed in other TUD-C series. Those particles are not
mesoporous, and they seem to be denser than their mesoporous surroundings. The growth of
those particles coincides with the development of micropore volume, which supports the
microporous nature of the particles. They are not zeolites, but are likely a “pre-formation
stage,” which develops into zeolite crystals. In traditional solution-based zeolite synthesis,

small semi-crystalline particles are the pre-stage of zeolite crystal formation. The amorphous
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particles observed in the solid-phase crystallizatonld possibly be compared with the
zeolite “precursor” in the sol-gel synthesis. To the bestunfknowledge, the observation of
such a “precursor” step during solid-phase crystallizationfea®r been reported before.
Further investigations may provide a better understanding ofdiiteghase crystallization

process.

Figure 15. TEM image of selected samples with Si/Al=®) Sample 10 h; b) A bordering ar
between micro- and meso-phases of sample 10 h; cjihle&0 h with Si/Al=20; e) f) sample

30 h (150 °C), in which some large zeolite crystal2@® nm in length) can be recognized.
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