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The synthesis of zeolites without using an organic structure-directing agent (OSDA) offers great environmental
and economic advantages; however, the zeolites being formed are not stabilized by the organic molecules and
kinetic control of the synthesis ensuring high yield and purity of the phases is challenging for many zeolites. For
OSDA-free synthesis of an Al-rich *BEA zeolite, this study shows that the zeolite is formed as a metastable phase
that can undergo transformation immediately after completion of its crystallization to form a thermodynamically
more stable MOR zeolite according to Ostwald’s rule of stages. The OSDA-free zeolite synthesis is a dynamic
process in which crystallization and dissolution occur simultaneously. As soon as a thermodynamically more
stable MOR zeolite begins to form in the synthesis mixture, its formation causes depletion of the Al and Si from
the synthesis mixture, and, because of the desaturation of the synthesis gel, the original *BEA zeolite begins to
dissolve rapidly under hydrothermal conditions. The formation of targeted and parasitic zeolite structures is
fundamentally affected by the Al and Si sources. Sources of Al and Si with suitable solubility and the presence of
stable zeolite *BEA seeds allow kinetic control to direct the exclusive formation of *BEA zeolite up to a relatively
high yields. Then, however, the MOR zeolite phase appears in the product and its formation becomes predom-
inant. This study demonstrates the crucial importance of kinetic control for the selective formation of metastable

zeolites in the OSDA-free synthesis.

1. Introduction

The synthesis of zeolites without using organic structure-directing
agents (OSDA) is an environmentally friendly alternative for the pro-
duction of zeolites, which avoids the use of toxic organic molecules with
quaternary ammonium ions associated with the formation of waste-
water containing organo-nitrogen compounds during zeolite separation
and hazardous off-gases during calcination after the zeolite synthesis.
However, OSDA-free synthetic procedures are available for less than 30
zeolite structures [1], and are often associated with difficulties in con-
trolling the purity of the zeolite phase and low rates of crystallization
and product yields, and are restricted to certain compositions of the
zeolites [2-5]. Zeolite Beta (*BEA), which belongs to the most important
zeolitic structures for catalysis, is traditionally produced using organic
templates [6-8]. *BEA zeolites with Brgnsted acid sites in a readily
accessible 3D channel system with 12-membered rings openings are
employed in industrial processes for alkylation of aromatics and
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isomerization of paraffins during processing of aromatics and produc-
tion of automotive fuels [9,10]. Recently, several OSDA-free procedures
have been developed for the synthesis of *“BEA zeolite providing zeolites
with high crystallinity in a narrow range of Si/Al molar ratios from 4 to 6
[11-17]. *BEA zeolite seeds added to the synthesis gel direct the crys-
tallization of zeolite crystals in the OSDA-free synthesis where precisely
defined synthesis conditions allow the growth of crystals from the added
seeds or their fragments [11-14]. Unlike syntheses involving OSDA
where the agent serves as a template for the formation and stabilization
of the zeolite structure during the synthesis, crystallization of the *BEA
zeolite is controlled only kinetically in OSDA-free synthesis and nucle-
ation and formation of other zeolite phases must be vastly slower than
the formation of the desired structure. However, the composite building
units, such as mor, bea, and mtw (Table 1) of which the *BEA zeolite
structure is composed, are common to other zeolite structures, and ki-
netic control of the growth of exclusively the *BEA zeolite is difficult. In
addition, *BEA zeolite is characterized by a high molar volume of 39.4
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cm®mol™? associated with limited thermodynamic stability during syn-
thesis without OSDA. Zeolites with high molar volume may undergo
transformation to zeolites with higher density of the structural lattice,
with greater stability [1]. The absence of an organic template in the
synthesis gel, which otherwise stabilizes the resulting *BEA zeolite, al-
lows the use of only conditions where the *BEA zeolite is formed in its
Al-rich form with a very low Si/Al ratio of 4-6 [11-15] and with rela-
tively low yield [11,12,15]. However, even Al-rich *BEA zeolites are
regarded as promising materials for a variety of applications in catalysis
in synthesis of fine chemicals and petrochemistry and in redox catalysis
for selective catalytic reduction of nitrogen oxides [18-21]. Compared
to conventionally used silicon rich *BEA zeolites with Si/Al ratio >10,
these Al-rich analogues (Si/Al ratios ~ 4-6) have the potential for
tailoring their catalytic properties and functionalization using much
larger concentrations and variability of their active sites. Recent studies
showed that both the activity and the selectivity in alkylation and
hydroamination of aromatics [13,14] and hydroisomerization and hy-
drocracking of paraffins [13,22,23] exceed that of the Si-rich H-*BEA
zeolites.

The Al-rich *BEA zeolite grows from the added zeolite seeds into the
amorphous phase and nucleation from the synthesis gel during the *BEA
zeolite OSDA-free synthesis does not occur [11,15]. Synthesis studies
under various conditions have shown that crystalline *BEA zeolite can
be prepared without OSDA in relatively low yields (approx. 20-30%)
and mordenite (MOR) zeolite is easily formed as a by-product [12,15].
As the Al-rich *BEA zeolites are synthesised using OSDA-free syntheses
that tend to be susceptible to the formation of different zeolite phases,
understanding of the decisive parameters for the synthesis and con-
trolling of competitive growth of zeolite phases is a key factor in the
reliable synthesis of Al-rich *BEA zeolites.

In our work, based on an HR-TEM study complemented with XRD
analysis, we describe how different zeolite phases are competitively
formed during the hydrothermal synthesis and, based on a study of the
effect of synthesis conditions, define the synthetic conditions for the
formation of pure *BEA phase in high yields.

Table 1
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2. Experimental
2.1. Synthesis of zeolites

All the OSDA-free hydrothermal syntheses of Al-rich *BEA zeolites
were performed with synthesis gel of molar composition 1 Si: 0.09 Al:
0.6 NaOH: 25H20 and typically using 5-20 wt% seeds of Si-rich *BEA
zeolites. The synthesis gel was prepared as follows. A source of Al was
added to an aqueous solution of NaOH and the mixture was stirred for
30 min at ambient temperature. After a colloidal silica was added and
the suspension was stirred for 3 h. Si-rich *BEA zeolite as a seeding was
added into the suspension and the final mixture was stirred for 30 min.
The prepared synthesis gel was transferred to a stainless-steel autoclave
(0.551, VSK Pardubice) and stirred (anchor stirrer, 30 rpm) at 120 °C or
140 °C, typically for 120 h and 50 h, respectively. The autoclave was
then cooled to 90 °C and depressurized. The solid product was recovered
by filtration, thoroughly washed with demineralized water and dried at
80 °C overnight. A 2.2 1 stainless-steel autoclave (Biichi AG, anchor
stirrer, 30 rpm) was used to study the effect of the synthesis time, where
2 ml samples were taken sequentially. The samples were centrifuged, air
dried and analysed by HR-TEM, HR-SEM and XRD methods. The com-
binations of the individual Al and Si sources, the temperature and the
synthesis time for the individual zeolite syntheses are given in Table 2.
The following Al sources were used. Amorphous Al(OH)3 (Geloxal, IQE
GROUP 83012-AH), Boehmite y-AlIO(OH) (Sasol 535100 (lot: 76674)),
Gibbsite y-Al(OH)3 (Honeywell 239186 (lot: H0580)), NaAlO, (Sigma
Aldrich 13404 (lot: SZB1250V) and Al(NO3)3.9HO (Sigma Aldrich
237973 (lot: BCBN7679V)). The following colloidal silicas with 40 wt%
SiO, and different SiOy particle sizes were used as Si sources. Ludox
(Sigma Aldrich 420808 (lot: MKBB4143)) denoted as SiO»/8 nm, Bindzil
(AkzoNobel 200N-30) denoted as SiO5/4 nm, Kostrosol (CWK, 2040 AS)
denoted as SiO/3 nm, and Ludox (Chempoint (lot: 2010850304))
denoted as SiO2/2 nm. Three Si-rich *BEA zeolites (Zeolyst CP806EL, Si/
Al 10.5; Zeolysts CP814B-25, Si/Al 12.5; and Zeolysts CP814C-38, Si/Al
18) were used as the seeds. The zeolites were calcined at 500 °C or

Structural information of *BEA and MOR zeolite framework types.
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Table 2
Parameters of the OSDA-free hydrothermal synthesises of Al-rich *BEA zeolites.
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Product Sources of Al “ and Si *BEA seeds Time/Temperature Crystallinity (%) Si/Al ¢ Yield Al° (%) Yield Si/ (%)
Teale./Si/Al/Amount

Effect of Al source

*BEA Al(OH)3/Si0O3 4 nm 580 °C/10.5/10% 50 h/140 °C >99 4.2 >95 35

*BEA + MOR Boehmite/SiO; 4 nm 580 °C/10.5/10% 50 h/140 °C 58 4.8 - -

MOR Gibbsite/SiO2 4 nm 580 °C/10.5/10% 44 h/140 °C 6 - -

P zeolite NaAlO,/SiO3 4 nm 580 °C/10.5/10% 40 h/140 °C 0 - -

ANA Al(NO3)3/SiO2 4 nm 580 °C/10.5/10% 48 h/140 °C 0 - -

Effect of silica source

*BEA + MOR Al(OH)3/SiO, 2 nm 580 °C/10.5/10% 50 h/140 °C 63 - -

*BEA + MOR Al(OH)3/Si02 3 nm 580 °C/10.5/10% 50 h/140 °C 73 - -

*BEA Al(OH)3/SiO2 4 nm 580 °C/10.5/10% 50 h/140 °C 98 4.4 >95 37

*BEA + MOR Al(OH)3/Si05 8 nm 580 °C/10.5/10% 50 h/140 °C 74 5.0 -

Effect of seeding

*BEA Al(OH)3/SiO2 4 nm 580 °C/10.5/10% 50 h/140 °C >99 4.2 >95 35

*BEA + MOR Al(OH)3/Si0O3 4 nm 500 °C/10.5/10% 50 h/140 °C 68 4.7 -

MOR+*BEA Al(OH)3/SiO2 4 nm 580 °C/12.5/10% 50 h/140 °C 39 - -

MOR Al(OH)3/Si02 4 nm 500 °C/12.5/10% 50 h/140 °C 16 - -

“Amorphous” Al(OH)3/Si05 4 nm 580 °C/18.5/10% 50 h/140 °C 0 - -

“Amorphous” Al(OH)3/Si0O2 4 nm 500 °C/18.5/10% 50 h/140 °C 0 - -

Effect of seeding amount

*BEA Al(OH)3/SiO2 4 nm 580 °C/10.5/10% 120 h/120 °C >99 4.2 >95 35

*BEA Al(OH)3/Si0O2 4 nm 580 °C/10.5/5% 120 h/120 °C 98 ¢ 4.4 >95 37

*BEA Al(OH)3/SiO2 4 nm 580 °C/10.5/15% 120 h/120 °C 99" 4.3 >95 36

2 Al sources: Al(OH)3 — Amorphous, Boehmite — Semi crystalline y-AlIO(OH), Gibbsite — crystalline y-Al(OH)s.
b S sources: Colloidal silicas with 40 wt% SiO, with specified SiO, particle sizes.

¢ Fraction of *BEA within the total product.

4 Molar Si/Al ratio of zeolites obtained by chemical analysis.
¢ The yield with respect to Al source.

f The yield with respect to Si source.

8 The presence of 2% MOR in the product.

" The presence of 1% MOR in the product.

580 °C for 4 h before use as seeds. The type and amount of seeds used for
the individual zeolite syntheses are given in Table 2.

2.2. Analysis of synthesis products

A High Resolution Transmission Electron Microscope (HR-TEM)
JEM-2100Plus (JEOL) with accelerating voltage of 200 kV and La-Bg
filament as the electron source and a High Resolution Scanning Electron
Microscope (HR-SEM) Hitachi S 4800-1 were used for microscopic
analysis of the products of the zeolite synthesis. The synthesis product
was cast on a lacey carbon copper grid before measuring the HR-TEM
images. An X-ray diffractometer MiniFlex 600 (Rigaku) with a copper
anode as a source of radiation was used for X-ray diffraction (XRD)
analysis. *“BEA zeolite crystallinity was calculated from XRD intensity of
the most intense reflection peaks at 7.6° and 22.2° 2 Theta. Nitrogen
adsorption at liquid nitrogen temperature, measured by the 3FLEX
adsorption unit (Micrometrics), was used to determine the microporous
volume of the zeolites. Prior to measurement, the samples were placed in
a vacuum at 400 °C for 24 h. The chemical composition of the products

was determined by XRF elemental analysis using an XRF analyser
(Axios). The nanoparticle size distribution in colloidal silica used as a
source of Si for the synthesis of *BEA zeolites was analysed by a Malvern
zeta-size analyser.

3. Results and discussions
3.1. Effect of Al on the crystallization of *BEA structure

The effect of the Al source on the crystallization of the *BEA structure
during the OSDA-free synthesis is shown in Fig. 1 and Table 2. The
readily-soluble Al sources of NaAlO; and Al(NO3); lead to the formation
of a practically amorphous product or to the formation of MOR and ANA
zeolites. Poorly soluble Al sources such as alumina with crystalline
structures (Boehmite and Gippsite) provide a very low yield of *BEA
zeolite. Among all the Al sources tested, only the use of amorphous Al
(OH)3 yielded Al-rich *BEA zeolite with high crystallinity. However,
even under optimized synthesis conditions, small but detectable amount
(below 1%) of MOR was present in the products. Appropriate release of

A BEA B
MOR
* P zeolite

A ANA

i Al(OH), amorphous :

Fig. 1. The effect of the Al source on the OSDA-free
synthesis of Al-rich *BEA zeolite. X-ray powder dif-
fractograms of A) synthesis products obtained using
different Al sources and B) Al sources: amorphous Al
(OH)3, Boehmite (semi crystalline) and Gibbsite

AI(OH), amorphous (crystalline). The crystallinity of the product was moni-
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aluminium ions for incorporation into the zeolite structure during the
synthesis appears to be one of the driving factors for synthesis of Al-rich
*BEA zeolite. A high concentration of available ions from NaAlO, or
limitedly available Al ions from the crystalline forms of Al,O3 do not
allow the formation of the crystalline structure of the Al-rich *BEA
zeolite.

Nitrogen adsorption at liquid nitrogen temperature (Fig. S1) for the
zeolite obtained using amorphous Al(OH)3 yielded a microporous vol-
ume of 0.18 cmsg'l, indicating a well-developed zeolitic structure
consistent with high intensity XRD lines and the absence of a signal for
the amorphous phase. The A1 MAS NMR measurements (Fig. S1) in-
dicates predominant tetrahedral coordination of Al in the zeolite lattice.
FTIR spectra in the region of OH groups (Fig. S1) showed a very low
intensity of Si-OH groups and a high intensity of the adsorption band of
the Brgnsted OH groups associated with lattice Al. Accordingly, 2°Si
MAS NMR spectra (Fig. S1) showed a very low concentration of Si-OH
defect groups and a high intensity of Si(3SilAl) and Si(2Si2Al) signals
indicating the incorporation of Al into the zeolite framework. The syn-
thesis using amorphous Al(OH)s thus yields a well-developed *BEA
zeolite with high Al concentration in the zeolite lattice corresponding to
a molar Si/Al ratio of 4.2. Previous studies have shown that direct
incorporation of a large concentration of Al into the crystal lattice of the
zeolite during the OSDA-free synthesis results in a non-defective struc-
ture of the *BEA zeolite with a predominant majority of Al in the
framework [13,23,24] in contrast to the postsynthetic alumination of
*BEA zeolite, which leads to the development of a defective structure
with the presence of extra-framework Al species [25]. The non-defective
structure of Al-rich *BEA zeolite prepared by OSDA synthesis was also
demonstrated by Sasaki et al. [26] using detailed HR-TEM analysis of the
crystalline framework of Al-rich *BEA zeolites. Compensation of the
negative charge of the zeolite lattice exclusively with sodium ions during
the OSDA-free synthesis allows a higher density of Al atoms in the
framework compared to OSDA-assisted synthesis, where the available
space in the environment of zeolite channels limits the number of bulky
OSDA cations. The detailed description of regular tetrahedral coordi-
nation of Al atoms in the framework of Al-rich *BEA zeolites prepared by
OSDA-free synthesis and the population of individual AlSiAl sequences
in the framework was reported in our earlier study [24].

To confirm that the amount of Al in the synthesis gel is a critical
parameter for OSDA-free Al-rich *BEA synthesis, we studied the effect of
Si/Al in the synthesis gel prepared from amorphous Al(OH)3 (Fig. S2).
Analysis of the effect of Si/Al ratio in the synthesis gel showed that the
optimal Si/Al ratio in the synthesis gel for the formation of Al-rich *BEA
zeolite is 11.9. Lower or higher Al concentrations in the synthesis gel
lead to suppression of *BEA zeolite formation and especially to pro-
motion of MOR zeolite formation. Since the formed Al-rich *BEA zeolite
has a Si/Al ratio of about 4.5, the maximum zeolite yield in the OSDA-
free synthesis is limited by the amount of Al available in the synthesis
gel.
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3.2. Effect of Si on the crystallization of *BEA structure

Previous studies have used colloidal or fumed silica or freeze-dried
silica powder as the Si source for the OSDA-free synthesis of Al-rich
*BEA zeolite [11-16]. In our work, we focused on study of the synthe-
sis using colloidal silica solutions, which are preferred for the production
of zeolites. Fig. 2 shows the effect of the particle size of colloidal silica as
a Si source on the crystallization of *BEA and the formation of undesired
zeolite structures in the OSDA-free synthesis of Al-rich *BEA zeolite.
Note that all the other synthesis parameters, including identical
Al/Si/Na/Ho0/seed ratios, were kept constant for all the syntheses. The
X-ray powder diffractograms of the synthesis products showed that the
size distribution of SiO, nanoparticles in colloidal silica affects both the
intensity of the diffraction lines characteristic of the *BEA zeolite as well
as the co-formation of other zeolite phases. Very small silica nano-
particles (2-3 nm) as the source of Si provide a slightly lower yield of
*BEA zeolite and lead to the formation of a small amount of mordenite.
Silica with particles of about 4 nm led to a higher yield of *BEA and
significant mordenite formation was not observed. The use of colloidal
silica with larger SiO, particles then resulted in a product with a lower
fraction of *BEA zeolite. The crystallization of *BEA zeolite is clearly
influenced by the Si source, but to a much lesser extent than by the Al
source. Although not very common in the synthesis of zeolites, for some
hydrothermal syntheses it has been shown that the reaction of silica and
the formation of a precursor for the product formation itself is a rate
determining step in the synthesis [1,4]. The results for synthesis of
Al-rich *BEA zeolite indicate that the release of Si from its source and/or
the formation of a precursor species influences the crystalline structure
of the *BEA zeolite and that optimal size of the SiO, nanoparticles in the
Si source can improve the product crystallinity.

3.3. Effect of seeds on the crystallization of *BEA structure

There is a consensus in the literature that Al-rich *BEA zeolite cannot
crystallize during OSDA-free hydrothermal synthesis without the pres-
ence of zeolite seeds added to the synthesis gel so that the seeds provide
a growth surface for crystallization of new *BEA crystals [11,12,15].
*BEA zeolite seeds can be considered as a type of SDA during OSDA-free
hydrothermal synthesis [5] and the different composition and structures
of the seeds can have a major effect on the crystallization of the zeolite
[27]. For OSDA-assisted synthesis of *BEA zeolite, Bok et al. [27]
showed that the molar Si/Al ratio of the seeds changes the mechanism of
seeding from “core-shell” to a “dissolution” mechanism, where *BEA
zeolite seeds with an Si/Al ratio of 12 do not dissolve under the condi-
tions of hydrothermal synthesis and crystal growth on their surface re-
sults in the formation of large polycrystals, whereas seeds with a high
Si/Al ratio are partly dissolved to form small fragments, which serve as
individual nuclei for the formation of nanocrystallites [27]. The effect of
the Si/Al ratio and seed pre-treatment on the crystallinity of *BEA
zeolite for the OSDA-free synthesis is shown in Fig. 3 and Table 2. When
zeolite seeds with a high Si/Al ratio of 18 were used, practically no

eBea B
= MOR
* P zeolite

" am
A ANA
-
Si0,/3 nm|
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Fig. 2. The effect of the particle size of the colloidal
silica as a Si source on the crystallization of *BEA and
the formation of undesired zeolite structures in the
OSDA-free synthesis of Al-rich *“BEA zeolite. A) X-ray
powder diffractograms of the synthesis products and
B) the size distribution of SiO, nanoparticles in
colloidal silica analysed by zeta-size analyser. Syn-
thesis conditions: Al sources: Al(OH)3— Amorphous,
synthesis time 50 h, temperature 140°C, *BEA seeds:
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Fig. 3. The effect of seeding on the OSDA-free synthesis of Al-rich *BEA zeolite. A) X-ray powder diffractograms of the synthesis products obtained using seeds with
different Si/Al ratios and calcined at 500 °C and 580 °C, and B) yield of Al-rich *BEA zeolite obtained with different amounts of *BEA seeds (Si/Al 10.5-580 °C).

crystalline *BEA zeolite was observed and only a broad signal indicating
the presence of an amorphous phase is present in the diffractogram
(Fig. 3). Zeolite seeds with Si/Al equal to 12.5 provided a significantly
more crystalline product while a decrease in Si/Al in the seeds to 10.5
further significantly improved the crystallization and the phase purity of
the *BEA zeolite. We analysed the synthesis gel before and after heating
to synthesis temperature by XRD and monitored the presence of *BEA
seeds. The diffraction lines of the *BEA seeds with Si/Al ratio of 18
disappeared completely, while the diffraction lines of the *BEA seeds
with Si/Al ratio of 10.5 were present in the synthesis gel at 140 °C under
synthetic conditions (Fig. S3A). In contrast to OSDA-assisted synthesis,
only seeds with a composition and the structure that does not allow their
rapid dissolution under hydrothermal synthesis conditions [16,28]
enable the formation of crystalline products in the OSDA-free synthesis.

A comparison of the XRD patterns of the products obtained using
zeolite seeds calcined at 500 °C and 580 °C (Fig. 3 and Table 2) shows
that a significantly greater yield of *BEA zeolite can be achieved using
seeds calcined at higher temperatures. Earlier studies showed that
calcination of Al-rich *BEA zeolites at 580 °C leads to the abundant
formation of Al-Lewis centres and corresponding local defects in the
crystal structure [29]. Acetonitrile adsorption monitored by FTIR spec-
troscopy confirmed the higher presence of Al-Lewis centres and Si-OH
groups after calcination at 580 °C (Fig. S3B). It is also known that,
when calcining an OSDA-containing zeolite at a temperature of 500 °C, a
small amount of the carbonaceous deposits formed during the decom-
position of OSDA remains on the surface defects of the zeolite crystal and
a higher temperature is required to remove them [30]. We can speculate
that the formation/release of an appropriate amount of local defects on
the zeolite seeds allows for more efficient crystallization, which would
explain the significantly higher crystallinity obtained using seeds
calcined at 580 °C. Note that a higher calcination temperature (above
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600 °C) had an adverse effect on the yield of the crystalline *BEA
product. It can be summarised that the Si/Al molar ratio of the zeolite
seeds and their structure significantly affect the crystallization, while
low Si/Al ratios, providing sufficient stability in the alkaline environ-
ment of the synthesis gel and adequate seed defectivity, have a positive
effect on the crystallization of Al-rich *BEA zeolite.

3.4. *BEA zeolite as a metastable phase

The evolution of the crystalline phases during optimized OSDA-free
synthesis of Al-rich *BEA zeolite analysed by XRD as a function of the
synthesis time at 120 °C and 140 °C is shown in Fig. 4. For a synthesis
temperature of 120 °C, the induction period for the formation of an XRD-
detectable *BEA crystalline phase is about 40 h; then the crystallinity of
*BEA zeolite increases and a maximum is reached after 120 h, whereas
longer synthesis times lead to a dramatic decrease in the crystallinity in
the *BEA structure and the formation of the MOR structure. An increase
in the synthesis temperature to 140 °C resulted in halving the induction
period and the time to obtain *BEA zeolite maximum crystallinity was
reduced to 50 h. The narrow interval of synthesis time where a highly
crystalline product with respect to the *BEA structure is obtained and
the subsequent rapid development of the MOR zeolite associated with
the decrease in *BEA crystallinity clearly indicates that the *BEA zeolite
formation is controlled kinetically. In addition to optimizing the
composition of synthesis gel and temperature, strict control of synthesis
duration is an essential parameter for obtaining high crystallinity of the
Al-rich *BEA zeolite without mordenite formation during the kinetically
controlled synthesis.

The evolution of the structure of the zeolites, the transformation of
the amorphous phase and the zeolites themselves were analysed using a
combination of HR-SEM and HR-TEM techniques (Fig. 5). In the

Crystalinity

0 20 40 60 80 100 120 140 160 180 200
Time (hours)

Fig. 4. XRD analysis of the development of structure of *BEA and MOR zeolites as a function of the synthesis time under optimized synthesis conditions for Al-rich
*BEA synthesis for temperatures A) 140 °C and B) 120 °C. Synthesis conditions: 140 °C and 120 °C, 1 SiO2: 0.13 Al: 0.4 NaOH: 9 H,0, 10 wt% seeds, amorphous Al(OH)3

and SiO2/4 nm as a Si and Al source, respectively.
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at 140 °C
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Fig. 5. HR-SEM and HR-TEM analysis of the evolution of the structure of the *BEA zeolite and its transformation to the MOR zeolite during OSDA-free synthesis of
Al-rich *BEA zeolite. A) and B) amorphous phase and C) seed crystals in the induction period of the synthesis. D-F) small but well-developed zeolite crystals of an
uniform morphology of partially truncated octahedrons characteristic of Al-rich *BEA formed in the amorphous synthesis gel after the induction period of the
synthesis. G)- J) *BEA crystals with their characteristic morphology in the fully crystalline product for an optimal synthesis duration. K) and L), MOR zeolite crystals
with a characteristic morphology, which is different from them orphology of *BEA zeolite, and deformed zeolite *BEA crystals with an oblate morphology at long
synthesis times. M)- O) the exclusive presence of MOR zeolite crystals without *BEA zeolite crystals at very long crystallization times.

induction period of the synthesis, the microscopy micrographs show an
amorphous phase (Fig. 5A and B) with the presence of added seed
crystals (Fig. 5C). The seeds of the Si-rich zeolite are composed of
nanocrystals with a size of 10-20 nm agglomerated into solid aggregates
before their addition to the synthesis gel (Fig. S4). Under hydrothermal
synthesis conditions, these aggregates disintegrate to form nanocrystals
dispersed in the synthesis gel (Fig. 5C).

Small but well-developed zeolite crystals of an uniform morphology

of partially truncated octahedrons characteristic of Al-rich *BEA zeolites
[29,31] are formed in the amorphous synthesis gel after the induction
period of the synthesis (Fig. 5D-F). The amount of amorphous phase
decreases until it completely disappears and the zeolite *BEA crystals
grow until they reach a size of 0.2-0.5 pm, while retaining their char-
acteristic development of morphology with the synthesis time
(Fig. 5G-J). This indicates a different crystallization mechanism
compared to OSDA-assisted synthesis of *BEA zeolites, where initially
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particles having poor long-range order and an oblate morphology are
formed in the synthesis gel and later transformed into zeolite crystals
with longer-range order and a crystalline morphology during the syn-
thesis [32]. Based on HR-TEM analysis of the atomic-level structure of
the zeolite and visualization of the A and B polytype subdomains in the
*BEA zeolite, Sasaki et al. [26] proposed that the crystals are formed by
gradual deposition of a new *BEA layer on a (001) surface at the tip of a
crystal in OSDA-free synthesis. Such a mechanism of crystallization is
consistent with our observation of the gradual growth of well-defined
crystals during synthesis. The mechanism of crystallization is charac-
teristic of the formation of the low-defect structure of Al-rich *BEA ze-
olites with typically fewer defects than for OSDA-assisted synthesis [26].
Fig. 5K and L shows characteristic micrographs of the products at long
synthesis times, where XRD analysis confirmed the presence of MOR
zeolite and already a low zeolite *BEA fraction in the product. The mi-
crographs show the presence of MOR zeolite crystals with a character-
istic morphology, which is different from the morphology of the *BEA
zeolite, and formation of deformed zeolite *BEA crystals (Figure 5L).
Fig. 5M — O shows characteristic micrographs of products at very long
synthesis times with the exclusive presence of MOR zeolite crystals
without *BEA zeolite crystals (at 90 h and 200 h for syntheses at 140 °C
and 120 °C, respectively). A detailed analysis of the morphology of the
zeolite *BEA crystals during the transition phase time is shown in Fig. 6.
The sharply cut edges and the smooth surface of the *BEA zeolite crystal
become rounded and roughened as the synthesis time is extended to 145
h at 120 °C, and the crystals get smaller. At the same time,
well-developed MOR crystals of zeolite appear in the products. It is
evident from the observations that the already formed and
well-developed *BEA zeolite crystals are gradually dissolved as the
synthesis time increases, and zeolite crystals of the MOR structure are
formed from the dissolved material. This indicates that the synthesis is a
dynamic, kinetically controlled process, where crystallization and
dissolution take place and the conditions of the synthesis control the
formation of the individual structures. The stability of individual zeolitic
structures is associated mainly with their enthalpy and the molar vol-
ume of the zeolite, where zeolites with higher framework densities tend
to be more thermodynamically stable [1,3]. The smaller molar volume
for zeolite MOR compared to *BEA, 35.4 and 39.4 cm®mol?, respec-
tively [3], and the common building unit mor for both structures
(Table 1) can contribute to the transformation of the *BEA to the MOR
structure. We did not observe any structures indicating that the *BEA
structure can be gradually transformed directly to form the MOR zeolite,
and the mechanism is thus associated with the crystallization and
dissolution of the already formed *BEA crystals and the subsequent
formation of the MOR zeolite from the dissolved Si and Al material.
Under optimized synthesis conditions with respect to the source of Al
and Si and the structure of the seeds, *BEA zeolite crystals are first

Fully crystalline "BEA zeolite
t=120h
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exclusively formed up to a yield of >95% and 37% related to Al and Si
sources, respectively, and their dissolution and crystallization to the
MOR zeolite occur only at excessively long synthesis times. Competitive
crystallization of *BEA and MOR zeolites is absent under the optimized
synthesis conditions due to kinetically preferred growth of the *BEA
structure on the zeolite seeds; however, because of the lower thermo-
dynamic stability of the *BEA structure compared to the MOR zeolite
after completion of crystallization of the *BEA zeolite, competitive
parasitic growth of the MOR zeolite occurs at the expense of the *BEA
crystals, which gradually dissolve completely due to the nonequilibrium
dynamic crystallization/dissolution process. The crystallization of the
*BEA zeolite and its transformation to MOR is an example of Ostwald’s
rule of stages [33], where crystallization from solutions begins with the
formation of thermodynamically metastable phases, followed by trans-
formation to more thermodynamically stable phases. The importance of
the kinetic control of *BEA crystallization and its ready gradual con-
version to MOR zeolites can be explained by very small differences in the
enthalpies of formation of these zeolite structures from the oxides
(AHox:298:15 K) [1], where AHy.298:15 x was reported to be —2.4 + 2.8 kJ
mol~! and -6.5 + 0.4 kJ mol~! for *BEA and MOR, respective [34]. In
general, the dissolution of zeolites under hydrothermal conditions is
controlled by the degree of undersaturation of the synthesis gel associ-
ated with chemical driving forces given by the concentration of the Al
and Si source as well as the concentrations of the mineralization agent
and water and the temperature [2]. The dissolution of *BEA is appar-
ently given by the unsaturation of the synthesis gel, which arises from
the gradual depletion of Al- and Si-containing species from the synthesis
gel by the crystallization of MOR.

Analysis of the evolution of the individual crystalline phases under
OSDA-free synthesis conditions showed that Al-rich *BEA zeolite forms a
metastable phase that undergoes transformation over the synthesis time
via dissolution of *BEA zeolite crystals and nucleation and growth of
new mordenite crystals. The synthesis is a dynamic, kinetically
controlled process where only slightly prolonged synthesis enables
competitive growth of more stable MOR phases resulting in a drastic
decrease in the *BEA zeolite crystallinity and formation of large
amounts of mordenite.

Reproducibility and robustness are very important for a possible
practical use of the kinetically controlled synthesis of zeolites. There-
fore, the OSDA-free synthesis of Al-rich *BEA zeolite with the optimized
composition of the synthesis mixture (Al source: amorphous A (OH)s, Si
source: SiO2 4 nm, seeds: *BEA 580 °C/10.5/10%, synthesis tempera-
ture: 140 °C) was repeated twenty times for synthesis times of 50 h-51 h
15 min (Fig. S5). The repeated synthesises showed a very high repro-
ducibility with respect to the yield of well-crystalline *BEA zeolite.

Partially disolved “BEA crystals and
developed MOR zeolite, t =145 h

*BEA

Fig. 6. HR-SEM images of products of Al-rich *BEA synthesis after 120 and 145 h at 120 °C showing the transformation of zeolite *“BEA by gradual dissolution of

their crystals and crystallization of MOR zeolite.
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4. Conclusions

The structural transformations during crystal formation and
competitive growth of the zeolite phases were systematically analysed in
the hydrothermal OSDA-free synthesis of Al-rich *BEA using seeding of
calcined Si-rich *BEA zeolite. The effects of the source of Al and Si used
for the preparation of aluminosilicate synthesis gel, temperature and
duration of the synthesis, and the structure of the zeolite seeds were
explored in order to identify the conditions for the crystallization of the
*BEA zeolite and their influences on the zeolite phase transitions.

The study showed that *BEA zeolite is formed according to Ostwald’s
rule of stages as a metastable phase and completion of its crystallization
is immediately followed by gradual dissolution of the *BEA crystals and
more thermodynamically stable MOR zeolite crystallizes from the
released Si and Al The kinetically controlled crystallization of the *BEA
zeolite is significantly affected by the structure of the seeds used and
optimal crystallization takes place on seeds with a low molar ratio (Si/Al
~10) with a certain number of defects but with a well-preserved crys-
talline structure. The selective crystallization of the *BEA zeolite
without the formation of other zeolite phases is conditioned by the
gradual release of Al and Si from their sources, whereas a sparingly
soluble or a very well-soluble source forms conditions kinetically ad-
vantageous for the formation of other zeolite phases and MOR and ANA
zeolites are produced under otherwise identical conditions. A combi-
nation of precise optimization of the synthesis time and Al and Si sources
to enable the formation of a metastable *BEA zeolite phase with high
yields is thus crucial for the synthesis of highly-crystalline and pure
zeolite phases.
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