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Simplifying complex synthesis systems containing multiple species into ones with a single classical or
non-classical growth path is valuable for understanding their respective mechanisms. However, most
zeolite growth involves intertwined classical and non-classical mechanisms, making it crucial to dis-
tinguish and modulate their contributions in the original synthetic system. In this study, we presented a
method to distinguish and directly quantify the contributions of classical and non-classical crystallization
pathways in MFI zeolite synthesis, demonstrating that the dominant pathway could be shifted from non-
classical to classical by varying the H,O/SiO, and ethanol/SiO, ratios. Our findings showed that reducing
the H,O/SiO, ratio favored the non-classical pathway, while increasing the ethanol/SiO; ratio promoted
the classical mechanism. However, these changes had minimal effect on their crystallization sequences:
the non-classical pathway predominated initially, but both pathways intertwined as crystallization pro-
gressed. Notably, the shift in crystallization pathway did not significantly affect the acidic properties of the
zeolites but had a direct impact on their catalytic performance. The catalytic activity of the resulting
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1. Introduction

Zeolites, as important open-framework materials, are exten-
sively utilized in fields ranging from energy catalysis to
environmental protection,"™* owing to their exceptional
thermal and hydrothermal stability, diverse porosity, and
tunable acidity. Studies show that these properties, crucial for
their applications, are significantly influenced by the size,
morphology and structural properties of the crystals.>”
However, developing materials with predictable physico-
chemical properties remains a challenge via a simply regulated
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with higher contributions leading to enhanced catalytic activity. This study provides new insights into the
zeolite crystallization process, offering a valuable approach for optimizing synthesis conditions and

crystallization process, primarily due to the complex and often
poorly understood mechanisms of zeolite crystallization.
Factors such as synthetic sources, chemical composition, crys-
tallization conditions, and synthesis methods all contribute to
this complexity. Moreover, the diversity of zeolite growth units
and the variable sequence of events governing zeolite for-
mation further complicate the crystallization process.® ™'

It is now understood that zeolite crystallization process
involves both classical and non-classical pathways driven
by diverse growth units ranging from molecules to
nanoparticles."””™* The classical pathway, characterized by the
layer-by-layer addition of soluble silica molecules (i.e., ions or
molecules) to specific crystal surface sites (i.e., kinks, steps,
edges, and terraces), has been the cornerstone of crystalliza-
tion theory for centuries. However, emerging research into
non-classical crystallization, which occurs through particle
attachment, has led to new insights into zeolite formation.
This mechanism, which operates alongside classical crystalli-
zation, is particularly important for understanding the con-
trolled synthesis of zeolites with desired properties."”™"”
Despite these advances, distinguishing between these path-

This journal is © the Partner Organisations 2025


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-1148-949X
http://orcid.org/0000-0002-1463-9927
https://doi.org/10.1039/d5qi00224a
https://doi.org/10.1039/d5qi00224a
https://doi.org/10.1039/d5qi00224a
http://crossmark.crossref.org/dialog/?doi=10.1039/d5qi00224a&domain=pdf&date_stamp=2025-06-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00224a
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI012012

Open Access Article. Published on 18 March 2025. Downloaded on 2/28/2026 2:32:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

ways and understanding their reciprocal effects remain key
challenges. More recently, Yu and co-workers have revealed the
critical role of silanol in the kinetic regulation of the zeolite
non-classical crystallization process, demonstrating that par-
ticle addition preferentially occurs at high-density silanol sur-
faces, leading to the formation of high-aspect-ratio nanosheets
due to anisotropic growth rates.’® In our previous work, we
achieved sole non-classical crystallization of zeolite in weakly
alkaline and acidic environments and dual-pathway crystalliza-
tion in a strongly alkaline condition using highly ordered
zeolite subcrystals.'® This led to a gradual evolution of the
crystal morphologies from nanosheets to nanoparticles with
increasing pH, which indicates intertwined interaction
between the dual growth pathways, leading to a crystallization
process that is different from those observed in single-pathway
systems. Apparently, molecular addition influences oriented
aggregation, thus yielding nanoparticles instead of
nanosheets.”® Nevertheless, most studies that investigate the
role of classical or non-classical crystallization have focused on
simplified systems, where soluble species or particles are sep-
arated. This limits the understanding of these mechanisms
under real synthesis conditions, where soluble species and
particles coexist.”'

Moreover, the sol-gel system in zeolite synthesis is inher-
ently complex, as characterized by the non-ergodic nature of
the zeolite precursors,'®** including variations in the concen-
tration and speciation of the (alumino)silicates, as well as the
dynamic distribution between the amorphous solid and solu-
tion with time. These factors are significant obstacles in
achieving a systematic understanding of the zeolite crystalliza-
tion mechanisms. However, up to now, it has been shown that
a number of zeolites can be produced from optically clear,
homogenous solutions.>>° These transparent systems are
ideally suited for complete characterization of zeolite precur-
sors to gain insights into the evolution of (alumino)silicate
species.>’ Among these, the synthesis of pure silica MFI (TPA-
silicalite-1) serves as a model system.** This is due to its
simple composition and well-defined two-step crystallization
process—nucleation and growth—which can be monitored by
light-scattering techniques.****

In this study, based on the MFI clear solution system, we
successfully modulate and quantify the contributions of classi-
cal and non-classical pathways in the zeolite crystallization
process by simply varying the water-to-silica and ethanol-to-
silica ratios. These adjustments mainly affect the amounts of
nuclei or soluble silica species, which in turn influence zeolite
growth. By evaluating the key parameters of the typical
S-shaped crystallization curves, such as the nucleation time,
growth rates, particle morphology, zeolite yield, associated
with the resultant catalytic performance, we offer new insights
into the distinct roles of classical and non-classical pathways
and their sequences throughout the crystallization process.
This approach enables the direct study of the classical and
non-classical mechanisms in an intact synthetic system,
without the need to separate them, thus providing valuable
guidance for further optimization of zeolite catalysts.
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2. Experimental section

2.1. Chemical and materials

All of the following reagents were directly used without further
purification: tetraethyl orthosilicate (TEOS) (99%, Sinopharm
Chemical Reagent Co., Ltd), tetrapropylammonium hydroxide
(TPAOH) (25 wt%, Sinopharm Chemical Reagent Co., Ltd),
aluminum isopropoxide (CoH,;AlOz;, 99.9%, Aladdin), de-
ionized water (H,O, Watsons), deuterium oxide (D,O, 99.9
atom.% D, Aladdin), tetramethylsilane (TMS) (C4H;,Si
>99.9%, Macklin), chloroform-d (CDCl;, 99.8 atom.% D,
Macklin), ethanol (C,HgO, >99.7%, Sinopharm Chemical
Reagent Co., Ltd), dialysis tube (Spectra/Por 3, Spectrum
Laboratories), isopropanol (C3;HgO, >99.7%, Sinopharm
Chemical Reagent Co., Ltd), furfuryl alcohol (CsHgO,, 98%,
Aladdin), 1,3,5-trimethylbenzene (CoH;,, 97%, Macklin), pyri-
dine (Py) (CsHsN, 99%, Alfa-Aesar), and 2,6-ditert-butylpyri-
dine (BDMEP) (Cy3H,;N, >97.0%, Aladdin).

2.2. Synthesis of nanosized MFI under different H,0/SiO,
ratios and solid product collection under different times of
hydrothermal treatment

Silicalite-1 nano-zeolite was prepared by using an Anton Paar
Monowave 400 microwave synthesizer under different H,O/
SiO, molar ratios. The sol composition was X SiO,: 0.39
TPAOH: 13.21 H,0: 4X ethanol, where X = 1.0-1.9. A represen-
tative synthesis for X = 1.0 is as follows: 5.287 g of TPAOH solu-
tion was added to 3.472 g of TEOS, and the obtained mixture
was rapidly stirred at room temperature for 24 h to ensure
complete hydrolysis. Thereafter, it was transferred into a
30 mL explosion-proof glass tube for a two-step heating
process. Firstly, the solution was heated at 90 °C for 90 min
under microwave irradiation, where the beginning time was
defined as —90 min. Secondly, the obtained clear liquid was
immediately heated at 130 °C, with sampling at intervals up to
600 min. Particle size evolution was monitored using dynamic
light scattering (DLS). Once the system reached the inflection
point indicated by DLS measurement, the solid samples
during the linear growth stage were separated and purified
from the mixed sol by using a two-step dialysis procedure. In
detail, the clear solution was transferred into a dialysis tube
with a molecular weight cutoff of 3.5 kDa, and then the sealed
dialysis tube was immersed in 6 mmol L™" TPAOH aqueous
solution for 24 h. Subsequently, the dialysis tube was trans-
ferred and immersed into deionized water for 48 h, with the
deionized water replaced every 12 h. Consequently, the puri-
fied sol was freeze-dried in vacuum at —50 °C, and solid yields
were calculated after removing the structure-directing agent
through calcination at 550 °C. For the collection of samples
after the linear growth stage, the solids were separated by
high-speed centrifugation, freeze-drying and calcination.
Moreover, ZSM-5 nano-zeolites under different H,0O/SiO,
molar ratios were synthesized using a similar method, but
with the sol composition adjusted to X SiO,: 0.39 TPAOH:
0.0025X Al,O3: 13.21 H,O: 4X ethanol, where X = 1.0-1.9.
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During the hydrothermal treatment, the solid product collec-
tion and treatment followed the same procedure.

2.3. Synthesis of nanosized MFI under different ethanol/SiO,
ratios and solid product collection under different hydro-
thermal treatment times

The silicalite-1 nano-zeolites were synthesized under different
ethanol/SiO, molar ratios by an aqueous clear sol composition
of 1 SiO,: 0.39 TPAOH: 13.21 H,O: X ethanol, where X = 0-10.
For X = 6, 5.287 g of TPAOH solution and 1.533 g of ethanol
(EtOH) were added to 3.472 g of TEOS. The obtained mixture
was then rapidly stirred at room temperature for 24 h to ensure
complete hydrolysis. For X = 0, ethanol was removed by rotary
evaporation at 35 °C prior to hydrothermal treatment. The
same two-step heating procedure was applied as described
above. Solid product purification, freeze-drying, and yield cal-
culations followed the same approach as for the varying H,O/
SiO, ratios. ZSM-5 nano-zeolites were also synthesized using a
modified sol composition of 1 SiO,: 0.39 TPAOH: 0.0025 Al,O3:
13.21 H,O: X ethanol, where X = 0-10, with the same solid col-
lection and treatment methods.

2.4. Characterization

The particle size was measured by dynamic light scattering on
a Malvern Zetasizer Nano-ZS90 instrument. Field emission
scanning electron microscopy (SEM) images were obtained
with a Hitachi S-4800 system. Field emission transmission
electron microscopy (TEM) images were recorded on a Tecnai
G2 F20 S-Twin apparatus. Argon adsorption/desorption charac-
terization was performed at 87 K after degassing at 573 K for
7 h under vacuum on a Quantachrome iQ-2 physical adsorp-
tion instrument. All *°Si nuclear magnetic resonance (NMR)
spectra were obtained on a Bruker AVANCE III HD 500 MHz
spectrometer. An appropriate amount of the supernatant
(0.6-0.8 mL) was transferred into a 5 mm NMR quartz tube
with a modified background-free commercial probe, and a
small amount of D,0 was added into the tube for a lock
signal. A solution of tetramethylsilane (TMS) in CDCl; was
used as an external reference. It was shown that the monomer
resonance was at —71.9 ppm relative to TMS, which was then
used as an internal reference. The relative amount of Q" in the
oligomer fraction was calculated by decomposing the *°Si
NMR spectra.

The acidic properties of the ZSM-5 samples were obtained
by temperature-programmed desorption of ammonia (NH;-
TPD) performed on the Micromeritics 2920 chemisorption
analyzer. The quantitative analysis of the B/L acid type was
completed via the Bruker Invenio S instrument Fourier-trans-
form infrared spectrometer to collect the pyridine infrared
(Py-IR) spectra. A self-supported wafer of the sample was
placed in the IR cell, and evacuated at 450 °C for 75 min with
a vacuum system. Reference spectra at 300 °C were recorded.
Prior to collecting the Py-IR spectra, the outgassed samples
were placed in pyridine vapor at room temperature for
15 min. The Py-IR spectra were collected after outgassing pyr-
idine at 300 °C in a vacuum environment for 30 min. The
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acid density of zeolite is calculated using the following
formula:*®

Acid site density (umolg™?)

_ (peakarea (cm™") acs (cm?)

B ( e(em pmol ) ) : ( mg) )
where the peak area is calculated by integrating the peak
area of the IR absorption peak, and ¢ stands for the molar
extinction coefficient. For a Bregnsted acid, &(1545 cm™") =
0.96 (cm pmol™") and for Lewis acid, £(1455 cm™") = 1.52 (cm
pmol™).?° In addition, a.s represents the cross-sectional area
of the wafer, and m is the mass of the wafer.

The element content and ratios in the products were ana-
lysed by inductively coupled plasma-atomic emission spec-
trometry (ICP) on a PE-8000 spectrometer. X-ray photoelectron
spectroscopy (XPS) experiments were conducted on a Thermo
Fisher Scientific K-Alpha (Al-Ka) X-ray photoelectron spectro-
meter to analyze the surface Si/Al ratio of the zeolite. Powder
X-ray diffraction (XRD) data of all materials were collected using
the Bruker D2 powder diffractometer to determine the phase of
product. The X-ray wavelength was 1.54056 A, with operating
voltage and current set at 30 kV and 10 maA, respectively.
Attenuated total reflectance-Fourier transform infrared spec-
troscopy (ATR-FTIR) experiments were conducted by a Spectrum
Two Spectrometer (PerkinElmer) using a diamond ATR detector.

2.5. Catalytic reactions

The etherification of furfuryl alcohol (FAL) and isopropanol
was carried out in an Anton Paar Monowave 400 microwave
synthesizer. In a 30 mL microwave reaction tube, 80 mg of
catalyst was added, along with 6 g (100 mmol) of isopropanol,
0.49 g (5 mmol) of furfuryl alcohol, and 100 mg of 1,3,5-tri-
methylbenzene, which is the internal standard. After thorough
stirring, the tube was placed into the microwave reactor and
heated at 110 °C for 2 h. Then, the products were analyzed on
a Shimadzu 2010 plus gas chromatography (GC) system to cal-
culate the conversion and selectivity of the catalytic reaction.
The GC was equipped with an HP-5 chromatographic column
(30 m x 0.32 mm x 0.25 pm) and a flame ionization detector
(FID). As the etherification product of FAL, furfuryl isopropyl
ether (FPE) was detect as the main product. The FAL conver-
sion and product selectivity were calculated as follows: FAL
conversion = moles of FAL reacted/moles of initial FAL x
100%, product selectivity = moles of FPE produced/moles of
FAL reacted x 100%. Finally, the turnover numbers (TON) were
calculated using the following equation:

number of FAL converted (mol)

TON = P
number of active sites (mol)

number of FAL converted (mol)
m(g) + (60 x silicon to aluminium ratio)

where m is the mass of the catalyst, and the silicon-to-alu-
minium ratio was determined by ICP-AES.

In addition, to exclude the influence of active sites distribu-
ted on the external surface, experiments using hindered pyri-
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dine (2,6-ditert-butylpyridine, BDMEP) were performed by the
addition of excess amounts of BDMEP into the solution of
isopropanol containing the catalyst, and stirring for 12 h.
Subsequently, the poisoned catalyst was obtained by washing
with isopropanol to remove unabsorbed BDMEP. Then, the
catalytic tests were performed in the same way as the above
mentioned process.

3. Results and discussion

3.1. Distinguishing and quantifying the crystallization
pathway in the MFI synthetic system

3.1.1. Effect of the H,0/SiO, ratio on the crystallization
pathway. Zeolites are mostly synthesized under hydrothermal
condition, where the H,O content relative to the solute directly
influences the solute supersaturation, ultimately determining
the rates of zeolite nucleation and growth. Instead of diluting
the synthesis mixtures with water, herein, we change the silica
content while keeping the water content constant to investigate
the effect of the H,0/SiO, ratio, thereby minimizing the
impact of changes in the alkalinity (TPAOH/H,0). Silicalite-1
zeolites with varying H,O/SiO, ratios were prepared using a
molar composition X SiO,: 0.39 TPAOH: 13.21 H,0: 4X
C,H;OH (X = 1.0, 1.3, 1.6, 1.9). During the hydrothermal treat-
ment, dynamic light scattering (DLS) was used to monitor the
particle size changes in the mother liquor. As expected, all the
crystallization processes displayed a typical S-shaped curve
(Fig. 1), which could be easily divided into nucleation and
crystal growth stages, separated by an “inflection point”
characterized by rapid size changes. A reduction in the H,O/
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SiO, ratio results in an extended nucleation period (from
45 min to 125 min, Table 1, entries 1 and 7), accompanied by
a slowdown in the crystal growth rate (from 1.13 nm min~" to
0.62 nm min~", Fig. 1). Given that in the synthesis system
where the H,O content is fixed, a decrease in the H,0/SiO,
ratio will lead to a relative increase in the ethanol content due
to the hydrolysis of TEOS in the sol. This suggests that ethanol
may slow down the crystallization dynamics, including both
the nucleation period and the growth rate. As shown in
Fig. S1,T removing ethanol from the initial sol with a H,0/SiO,
ratio of 10.16 results in a significant reduction in the nuclea-
tion period (from 65 min to 15 min) and an acceleration in the
crystal growth rate (from 0.87 nm min™" to 2.61 nm min "),
which is even faster than the ethanol-containing system with a
H,0/SiO, ratio of 13.21. Therefore, the observed decrease in
crystallization kinetics with a lower H,0O/SiO, ratio can be
ascribed to the effect of ethanol. Possible reasons for this are
discussed below (vide infra).

A two-step dialysis program was employed at the inflection
point and in the early growth stage to remove soluble
monomer silica species and excess TPA" ions.***”*® The nano-
particles obtained by dialysis at the inflection point are nuclei
with high short-range ordering, as revealed in our previous
reports.”® According to the previous studies,?**”*® these nano-
particles contributed to non-classical crystallization via aggre-
gation. Therefore, the solid yield obtained at the inflection
point represents the contribution of non-classical crystalliza-
tion to the final product. Also, the total zeolite crystal yield is
the sum of classical and non-classical crystallization pathways
due to the well-established dual growth model for zeolite crys-
tallization.”® Thus, the difference between the yield of the
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Fig. 1 Sizes and solid yields of silicalite-1 zeolite particles synthesized with different H,O/SiO, molar ratios under different hydrothermal treatment
times: (a) 13.21; (b) 10.16; (c) 8.26; (d) 6.95. The curves represent particle diameters, while the bar charts show the solid yields obtained by dialysis
(pink) or centrifugation (blue) after removing the structure-directing agent via calcination at 550 °C. Error bars indicate the standard deviation (SD).
The data for particle size are presented as the mean + SD (n = 6), and those for yield are presented as the mean + SD (n = 4).
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Table 1 Summary of the growth process and final products under different H,O/SiO, ratios for the MFI zeolite

Initial gel

composition Contribution to total zeolite yield (wt%)
Entry  H,0/SiO,  Si/Al  Nucleation period (min)  Non-classical pathway”  Classical pathway”  Total yield of zeolite ©  Size? (nm)
1°¢ 13.21 [«3) 45 41.4% 20.8% 62.2% 125
2°¢ 200 65 46.1% 18.5% 64.6% 164
3 10.16 [«3] 65 58.8% 20.5% 79.3% 103
4 200 70 59.8% 21.4% 81.2% 125
5 8.26 [«3) 85 67.7% 21.9% 89.6% 111
6 200 80 68.7% 21.3% 90.0% 120
7 6.95 [«3] 125 72.2% 22.8% 95.0% 122
8 200 110 77.3% 20.8% 98.1% 133

“ Expressed by the yield of nuclei obtained via dialysis at the growth inflection point. ? Expressed as the difference between the yield of the final
zeolite and the yield of nuclei. “ The corresponding yields of the final product obtained by centrifugation.  Measured by DLS, with the average of
the 6 test results taken.  The sample also represents the one with an ethanol/SiO, ratio of 4. All yields were calculated after removing the struc-
ture-directing agent by calcination at 550 °C, with the average of the 4 results taken.

nuclei and final crystal yield reflects the contribution of the
classical crystallization pathway. As shown in Table 1 (entries,
1, 3, 5 and 7), the contribution of the non-classical pathway
increases significantly as the ratio of H,0/SiO, ratio decreases,
while the classical pathway remains essentially unchanged,
totally leading to an increase in the zeolite product, indicating
the very different effects of the H,0/SiO, ratio on the two crys-
tallization routes. However, a marked increase in the nuclea-
tion number at a lower H,0/SiO, ratio does not lead to a sig-
nificant decrease in the final nano-zeolite size (Table 1, entries
1, 3, 5 and 7). This observation contrasts with the conventional
conclusion of the existing literature, where the small amounts
of nuclei lead to larger crystals, while higher (alumino)-silicate
concentrations are desirable for producing more nuclei and
minimizing the ultimate crystal sizes.>*™*" This could be attrib-
uted to the high nucleation density in our synthetic systems,
even with a minimum nucleation of up to 41.4%.

The bar charts In Fig. 1 show the solid yields over time
during the hydrothermal treatment. These yields in the early
growth stage, calculated by the solid obtained via dialysis,
provide an accurate representation of zeolite crystallization, as
dialysis selectively removes the soluble species while retaining
all the solid species, including growing the zeolite crystals,
untransformed nuclei particles and soluble monomers that
have already been incorporated into particles during growth,
as shown in Fig. $2.12%°77% Interestingly, the solid yields
during the linear growth stage remain relatively constant and
nearly equal to the yield at the inflection point (Fig. 1), even as
the growth rate slows to 0.62 nm min~". This suggests that
non-classical crystallization predominates during the early
linear growth stage. If the crystal growth process involves the
addition of soluble species during this period, the solid yield
will be higher than that of nuclei at the flection point and
gradually increase over time. A sharp increase in the solid
yields after the end of the linear growth period indicates the
involvement of single-molecule addition via classical crystalli-
zation pathway in this period. Therefore, the sequence of
events governing zeolite formation, which is not significantly

4052 | /norg. Chem. Front,, 2025, 12, 4048-4058

affected by the H,0/SiO, ratio, is characterized by predomi-
nant non-classical growth during the early linear growth stage,
followed by a shift to classical crystallization in the later stage.
Further crystallization studies (Fig. S31) show that during the
linear growth period, the crystals formed at different H,O/SiO,
ratios exhibit a rough surface due to the dominant nuclei
aggregation. As crystallization progresses, the surface mor-
phologies of the crystals evolve from rough to relatively
smooth, supporting the proposed mechanism of non-classical
crystallization followed by classical growth.

Additionally, the introduction of the aluminum species into
the silicalite-1 system with different H,0/SiO, ratios leads to
the formation of the ZSM-5 zeolite, with similar crystallization
behavior to silicalite-1. As shown in Fig. S4,1 the crystallization
kinetics of the ZSM-5 zeolites follow the same trend as that for
silicalite-1, where a lower H,0/SiO, ratio results in a longer
nucleation time, from 65 min to 110 min (Table 1, entries 2
and 8), and a reduction in the linear growth rate from 1.22 nm
min~" to 0.59 nm min~". Dialysis yields remain unchanged
during in the linear stage, but increase at the later stage, once
again indicating that non-classical crystallization routes domi-
nate early on, with classical crystallization becoming more
prevalent later. Moreover, in terms of thermodynamics, the
increase in the silica content, i.e., a decrease in the H,0O/SiO,
ratio, leads to an improvement in the zeolite yield, from 64.6%
to nearly 100%, by increasing the contribution of non-classical
crystallization. Meanwhile, the classical pathway remains rela-
tively constant, contributing approximately 20%, which aligns
with observations in silicalite-1 (Table 1). Inductively coupled
plasma emission spectrometer (ICP) tests reveal a very low
aluminum content in the supernatant with a Si/Al ratio exceed-
ing 3000 (Table S1%), effectively indicating 100% utilization of
the aluminum species. Consequently, as the H,0/SiO, ratio
decreases, the Si/Al ratio in the final product increases, owing
to the increase of the zeolite yield (Table 3).

Although the introduction of aluminum did not affect the
contribution of the H,0/SiO, ratio to classical and non-classi-
cal crystallization as well as their sequence, it did influence

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00224a

Open Access Article. Published on 18 March 2025. Downloaded on 2/28/2026 2:32:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

the nucleation time. Specifically, the nucleation time increases
in systems with low silica-alumina concentrations (Table 1,
entries 1 vs. 2 and 3 vs. 4), while they decrease in high silica-
alumina systems (Table 1, entries 5 vs. 6 and 7 vs. 8).
Furthermore, it is noteworthy that the introduction of just
0.5 mol% aluminum species displays a minimal effect on the
non-classical growth, ie., the linear growth rate does not
change significantly, but the time required for the classical
crystallization is markedly prolonged (about 1 h vs. 2.5 h) at
essentially unchanged total molecular additions (around
20%), which means the rate of classical crystallization slows
down significantly (Fig. 1 and Fig. S4}). In summary, alumi-
num additions have a kinetic impact, but have a slight influ-
ence on the impact of the H,0/SiO, ratio on the crystallization
pathway. Namely, similar to silicalite-1, reducing the H,0/SiO,
ratio is thermodynamically more favourable for non-classical
crystallization, while it does not change the sequence of events
governing zeolite formation.

3.1.2. Effect of the ethanol/SiO, ratio on the crystallization
pathway. Solvents play a crucial role in zeolite synthesis, influ-
encing the solubility and reactivity of the (alumino)silicate
species, thus controlling the zeolite nucleation and growth
rates.*>”** In the case of silicalite-1 synthesis, ethanol acts as
both a co-solvent and an additive. As expected, variations of
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the ethanol content display a remarkable effect on the crystalli-
zation process of silicalite-1. It is clearly observed in Fig. 2 that
increasing the ethanol/SiO, ratio extends the nucleation
period by approximately nine-fold (from 15 min to 130 min),
and decreases the crystal growth rate by about three-fold
(from 2.18 nm min~" to 0.60 nm min'). The addition of
ethanol can modify the interaction strength among the
silicate species, ethanol, water and organic cations.***>%° To
confirm this further, a single nuclei solution devoid of
soluble silica species, obtained via a two-step dialysis pro-
cedure at the growth inflection point,'® was employed to study
their aggregation growth process. Similar to the above syn-
thetic system, the addition of ethanol slowed the crystal
growth rate (Fig. S51). It is believed that ethanol can be
adsorbed on the surface of the nuclei, inhabiting or slowing
their growth.”” It also confirms that, for the case of the H,O/
SiO, ratio effect, the slowdown in the nucleation period and
crystal growth rate with decreasing H,0/SiO, ratio is due to
the increase of the ethanol content caused by the higher
amount of TEOS at the lower H,0/SiO, ratio, affecting the
kinetics of crystallization.

Moreover, it is surprising that the addition of ethanol
slightly reduces the contribution of the non-classical crystalli-
zation pathway, while greatly enhancing the classical crystalli-
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Table 2 Summary of the growth process and final products under different ethanol/SiO; ratios for the MFI zeolite

Initial gel

composition Contribution to total zeolite yield (wt%)
Entry  EtOH/SiO,  Si/Al  Nucleation period (min)  Non-classical pathway”  Classical pathway”  Total yield of zeolite®  Size? (nm)
1 0 [+§) 15 46.9% 5.8% 52.7% 126
2 200 35 48.4% 9.2% 57.6% 135
3 6 [+3) 65 40.7% 28.9% 69.6% 123
4 200 80 44.6% 29.9% 74.5% 156
5 10 [+3) 130 37.7% 49.0% 86.7% 125
6 200 125 43.9% 48.2% 92.1% 142

“Expressed by the yield of nuclei obtained via dialysis at the growth inflection point.
°The corresponding yields of the final product obtained by centrifugation. ¢ Measured by DLS, with the average of

zeolite and the yield of nuclei.

b Expressed as the dlfference between the yield of the final

the 6 test results taken. All yields were calculated after removing the structure-directing agent by calcination at 550 °C, with the average of the 4

results taken.
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zation pathway (Table 2). For example, as the ethanol/silica
ratio increases from 0 to 10, the contribution of classical crys-
tallization to the final product increases markedly from 5.8%
to 49.0% (Table 2, entries 1, 3 and 5). This means that ethanol
promotes the addition of soluble silica molecules toward the
crystal. However, the greater addition (around 40%) of the
single molecule seems to have a minimal effect on the final
particle size. The ethanol may interfere with the aggregation of
nuclei, leading to the formation of more, but smaller, particles
via the non-classical pathway in systems with higher ethanol
content. Furthermore, similar to the observations with varying
the H,0/SiO, ratio, the solid yield during the linear growth
stage remains relatively constant and increases significantly
only in the later stages (Fig. 2). This indicates that the
sequence of events governing zeolite formation remains
unaffected by changes in the ethanol/SiO, ratio. Additionally,
SEM images (Fig. S61) show that the crystal morphologies also
experience a change from rough surfaces during the linear
growth period to relatively smooth ones at later stages, further
supporting the sequential dominance of non-classical and
classical growth mechanisms.

To further verify the role of ethanol in promoting the classi-
cal pathway (soluble silica species addition), ethanol (at an
ethanol/Si ratio of 10) was added into a synthetic system
initially lacking ethanol (ethanol/Si = 0) at the end of the
linear growth stage (50 min). The addition results in an
increase in both the size and yield of the final zeolite (Fig. 3a).
Furthermore, the identification of different soluble silica
species and evolution of the silicon connectivity (expresses as
Q", where n represents the number of siloxane bonds of a
silicon nucleus) of the oligomers in the supernatant before
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and after ethanol addition were realized by *>°Si nuclear mag-
netic resonance (NMR) spectra. The assignments of Q" are dis-
played in Fig. 3c, which are all consistent with the existing lit-
erature on silicate speciation (from —71 to —73 ppm for Q°,
from —79 to —83 ppm for Q**4, from —86 to —91 ppm for Q%
34 —92 to =100 ppm for @, and from —100 to —108 ppm for
0%).**°° Notably, the relative amount of the Q’ site in all oligo-
mers significantly increases after ethanol addition at 50 min.
In particular, the cubic octamers (D4R) and double five-ring
(D5R) (around -99 ppm) fraction become significant
(Fig. S77), confirming the positive role of ethanol in enhancing
the condensation degree of oligomers and driving the evol-
ution of silica species toward D4R and D5R. Once heated
(>50 min), the amounts of Si in D4R and D5R significantly
decrease (Fig. S7dt); in parallel, the corresponding yields
markedly increase, which indicates that the existence of D4R
and D5R units can drive the addition of soluble oligomers to
the crystal (Fig. 3a). Furthermore, in the ethanol-added system,
the residual soluble silica species in the final reaction system
are reduced significantly compared to the initial system
(Fig. 3c and d), further suggesting a high utilization rate of the
silica species. Conversely, when ethanol is removed from a
system with an initial ethanol/Si ratio of 10 at the end of the
linear growth stage (215 min, Fig. 3b), an opposite trend is
observed. Significant depolymerization of the D4R and D5R
units occurs (Fig. S8t), along with notable reductions in the
particle size and yield compared to systems where ethanol is
retained (Fig. 3b), suggesting the inhibition of the soluble
silica species addition process during the later stages of crys-
tallization. Moreover, the significant increase of the residual
soluble silica species in the final reaction mixture further sup-
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Fig. 3 Size and solid yields of silicalite-1 zeolite particles without or with ethanol addition (a), and without or with ethanol removal (b) during hydro-
thermal treatment. The curves represent particle diameters, while the bar charts show the solid yields obtained by centrifugation after removing the
structure-directing agent via calcination at 550 °C. Error bars indicate the standard deviation (SD). The data for particle size are presented as the
mean + SD (n = 6), and those for yield are presented as the mean + SD (n = 4). 2°Si NMR spectra of the supernatants were obtained by centrifugation
at different times before (c) and after (d) the addition of ethanol, and before (e) and after (f) the removal of ethanol. Q" indicates the Si site with n

connectivity present in a 3-membered ring.
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ports the role of ethanol in facilitating the classical addition of
monomers (Fig. 3e and f).

Finally, the introduction of aluminum into systems with
varying ethanol/SiO, ratios reveals no significant changes in
the relative contributions of classical and non-classical crystal-
lization pathways, or the sequence of these processes
(Fig. S91). However, the incorporation of the aluminum
species in systems with ethanol/SiO, ratios from 0 to 6 leads to
a longer nucleation induction time, and a slower growth rate
during the linear growth stage while they go in reverse in the
system with an initial ethanol/Si ratio of 10. Ultimately, there
is a higher zeolite yield at each alcohol-silica ratio system
(Table 2, entries 1, 3, 5 vs. 2, 4 and 6). These findings indicate
that ethanol offers a simple and effective approach to reversi-
bly regulate the distribution of silicate species in oligomers
while improving the final zeolite yield.

3.2. The impacts of different contributions of classical/non-
classical pathway on the final product

Studies regarding the crystal engineering of zeolites have
demonstrated that the regulation of the morphology and struc-
ture of zeolite can be achieved by altering the crystallization
behaviours.**** The above results show that the thermo-
dynamic contributions of classical/non-classical crystallization
are successfully quantified, showing a gradual shift from a non-
classical route to the classical pathway by changing the H,0/SiO,
to ethanol/SiO, ratios. This transition is expected to impact the
physicochemical properties of the resultant zeolites. Surprisingly,
for the silicalite-1 nano-zeolites prepared under different H,O/
SiO, and ethanol/SiO, ratios, no significant difference in the
morphological and structural features of the final products can
be observed, as evidenced by the images of TEM and SEM, XRD
patterns, and FTIR spectra, as well as Ar adsorption/desorption
studies results (Fig. S10, S11 and Table S27). Similarly, the ZSM-5
zeolite products with the addition of aluminum under these con-
ditions also exhibit negligible differences in their morphological
and structural features (Fig. S12, S13 and Table S37).

Generally, the incorporation of an aluminum species can
be used as an indicator of acidic and catalytic properties. NH;
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temperature-programmed desorption (NH;-TPD) measure-
ments show two well-defined desorption peaks for all ZSM-5
samples at around 145 °C and 340 °C, corresponding to the
weak and strong acid sites (Fig. S147), respectively. The quanti-
tative analytic results in Table 3 show that the total acidity of
all the samples correlate well with the Si/Al ratios, regardless
of the synthesis conditions (different ethanol/SiO, ratios or
H,0/Si0, ratios). Meanwhile, pyridine infrared (Py-IR) spectra
(Fig. S157%) further reveal comparable ratios of Brensted acids
(BAS) and Lewis (LAS) acids among all samples (Table 3).
These results indicate that the changes in the crystallization
pathway have minimal impact on the apparent acidic pro-
perties of the final zeolite crystals.

To further study the impact of the crystallization pathway
on the product properties, furfuryl alcohol etherification
was employed to evaluate their catalytic performances.
Interestingly, the catalytic activities varied significantly with
the proportion of the classical pathway contribution. As shown
in Fig. 4a, the conversion of furfuryl alcohol (FAL) over various
ZSM-5 zeolites follows the order of ZSM-5 prepared under
ethanol/SiO, = 10 and H,0/SiO, = 13.21 (ZSM-5-13.21-10) > the
one with ethanol/SiO, = 4 and H,0/SiO, = 13.21 (ZSM-5-13.21-
4) > the one with H,0/SiO, = 8.26 and ethanol/SiO, = 4 (ZSM-5-
8.26-4). The contribution proportion of the classical pathway
in the above three zeolite catalysts are 52.3%, 28.6% and
23.6%, respectively, correlating directly with their catalytic
activities. This suggest that the ZSM-5 zeolite with a higher
classical route contribution is prone to exhibit a higher cata-
Iytic activity. It is speculated that the differences in the classi-
cal and non-classical crystallization pathways influence the
spatial distribution and micro-environment of aluminum at a
mesoscopic level, thereby affecting their catalytic performance.

Moreover, due to their different bulk Si/Al ratios (and thus
total acidic amounts), the turnover number (TON) values of the
three catalysts were calculated to further elucidate their catalytic
performances. Notably, ZSM-5-13.21-10 yields a TON of 480 for
furfuryl alcohol etherification, nearly 50% higher than that of
ZSM-5-13.21-4. For ZSM-5-13.21-4 and ZSM-5-8.26-4, an inverse
trend is observed in the TON values compared to the conversion

Table 3 Acid properties of ZSM-5 samples prepared under different ethanol/SiO; ratios

Initial gel composition NH;-TPD Py-IR
Acid amount” (umol
Acid amount® (umol g™*) g
Entry H,0/Si0, EtOH/SiO, Total Weak acid Strong acid BAS LAS B/L Si/Al (ICP-AES) Si/Al (XPS)
1 13.21 4 174 97 77 82 23 3.6 89 78
2 10.16 4 155 86 69 73 18 4.1 104 73
3 8.26 4 145 80 65 57 15 3.8 120 67
4 6.95 4 118 70 48 51 14 3.6 132 64
5 13.21 0 193 108 85 102 25 4.1 79 73
6 13.21 6 156 91 65 75 18 4.2 98 78
7 13.21 10 124 69 55 66 17 3.9 123 83

“The weak and strong acid amounts were determined by the amounts of NH; desorbed at 100-250 °C and 250-450 °C, respectively. ” The

Bronsted and Lewis acid amounts were determined by Py-IR at 300 °C.
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Fig. 4 Furfuryl alcohol etherification reaction catalyzed by fresh ZSM-5
zeolites with different H,O/SiO, or ethanol/SiO, ratios (a), and by
surface-passivated zeolites with 2,6-di-tert-butylpyridine (b).

of furfuryl alcohol. The TON value of ZSM-5-8.26-4 having a
lower classical pathway contribution (23.6%) is slightly higher
(8%) than that of ZSM-5-13.21-4 (Fig. 4a). It is worth mentioning
that the furfuryl alcohol etherification reaction is prone to form
carbon deposits, thus causing catalyst deactivation. Thus, a
shorter diffusion pathway can improve the catalytic activity.
Therefore, considering the smaller size (120 nm) and lower
surface Si/Al ratio (67) of ZSM-5-8.26-4 than those of ZSM-5-
13.21-4 (164 nm, surface Si/Al = 83), surface acid site passivation
experiments using BDMEP adsorption were additionally
adopted to exclude the influence of active sites distributed on
the external surface (Fig. 4b). Even after passivation, the cata-
lytic trends remained consistent. However, the TON values of
ZSM-5-13.21-4 and ZSM-5-8.26-4 become comparable due to
their similar classical pathway contributions. Therefore, the
slight TON increase for ZSM-5-8.26-4 can be attributed to its
smaller size and lower surface Si/Al ratio, whereas the signifi-
cantly higher TON value for ZSM-5-13.21-10 is clearly linked to
its higher classical pathway contribution in it.

4. Conclusion

In summary, we have successfully quantified the contributions
of non-classical and classical crystallization pathways to the

4056 | /norg. Chem. Front., 2025, 12, 4048-4058
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final zeolite by calculating the yields of crystal nuclei and final
zeolite. By varying the H,0O/SiO, to ethanol/SiO, ratios, we
demonstrated that the dominant crystallization pathway of the
MFI zeolite can shift from a non-classical route to a classical
pathway. Specifically, reducing the H,0/SiO, ratio promotes
the formation of nuclei, favoring the non-classical route via
particle attachment, while increasing the ethanol/silica ratio
shifts the crystallization toward the classical route, enhancing
the addition of soluble silicate molecules to the growing
zeolite. The crystallization process revealed that, during the
linear crystal growth stage, the non-classical pathway is domi-
nant. However, as crystallization progresses, both classical and
non-classical mechanisms begin to intertwine. Notably, such
crystallization sequence is not affected by changes in the H,O/
SiO, and ethanol/SiO, ratios. More importantly, although the
shifts in the crystallization pathway with varying H,O/SiO, and
ethanol/SiO, ratios have minimal impact on the apparent
acidic properties of the final zeolite crystals, the catalytic per-
formance of the resulting ZSM-5 zeolites in furfuryl alcohol
etherification has been found to correlate directly with the pro-
portion of the classical pathway. Zeolites with a higher classi-
cal pathway contribution exhibit significantly better catalytic
activity, as evidenced by the higher conversion of furfuryl
alcohol and TON. This study provides not only a method to
directly distinguish, quantify and adjust the contribution of
classical and non-classical crystallization, but also reveals their
role in the catalytic performance, which is of great importance
for advancing tailored zeolite synthesis.
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