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seed-free microwave-assisted
hydrothermal synthesis of nanosized high-silica
Beta zeolites for effective VOCs adsorption†

Zhe Ma,a Hua Deng,bc Lin Li,d Qiang Zhang,ae Guangrui Chen,a Chang Sun,a

Hong He *bcf and Jihong Yu *ae

High-silica Beta zeolites, typically synthesized by hydrothermal synthesis with the assistance of F− or seeds,

are highly important in volatile organic compounds (VOCs) adsorption. Fluoride-free or seed-free synthesis

of high-silica Beta zeolites attracts great attention. Herein, highly dispersed Beta zeolites with a size of 25–

180 nm and Si/Al ratios of 9–N were successfully synthesized by a microwave-assisted hydrothermal

strategy. We have for the first time revealed that microwave irradiation can induce the formation of

hydroxyl free radicals (�OH), promoting the formation of the Si–O–Si bond. Thanks to the high total

surface area, pore volume, and excellent hydrophobicity, the as-prepared pure-silica Beta zeolite

presents a higher toluene adsorption capacity in VOCs adsorption compared to other pure-silica Beta

zeolites prepared by traditional methods. This work provides a facile avenue for fluoride-free and seed-

free synthesis of nanosized high-silica zeolites, promising their important applications in VOCs adsorption.
Introduction

Beta zeolites (*BEA) featuring intersecting 12-membered ring
channels have occupied an indispensable position in the areas of
catalysis, adsorption, and separation.1–8 Notably, high-silica and
pure-silica Beta zeolites exhibit excellent performance in the
methanol-to-propene (MTP) reaction,9,10 gas separation,11 adsorp-
tion of volatile organic compounds (VOCs),12,13 and microelec-
tronics applications14,15 due to their weak acidity, high
hydrophobicity, high hydrothermal stability, and low dielectric
constant.

Beta zeolites are typically synthesized by a hydrothermal
method and the as-prepared Beta zeolites possess low Si/Al ratios
in the range of less than 100. Recently, several synthetic methods
have been developed to break the Si/Al ratio (SAR) limit.16–19 The
is and Preparative Chemistry, College of

treet, Changchun 130012, P. R. China.

ric Environment, Key Laboratory of Urban

vironment, Chinese Academy of Sciences,

ees.ac.cn

Beijing 100049, China

, 2699 Qianjin Street, Changchun 130012,

Jilin University, 2699 Qianjin Street,

ciences, Chinese Academy of Sciences,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
uoride-mediated hydrothermal synthesis method has been
developed to synthesize high-silica Beta zeolites taking advantage
of the charge balancing effect between F− ions and organic
cations.20,21 Although high-silica Beta zeolites prepared by this
uoride-assisted approach exhibit high hydrophobicity, the
particle sizes of the zeolite products are usually large and miner-
alizer uoride is highly toxic.22,23 Using basic media as a mineral-
izer, high-silica Beta zeolites (SAR of 100 to innity) could be also
prepared by the seed-assisted hydrothermal method under uo-
ride-free conditions, in which 5–10 wt% seed addition is neces-
sary.18,24 Besides, the dry gel conversion (DGC) technique has also
been developed to synthesize high-silica Beta zeolites in the
absence of uoride media. However, due to the low migration rate
of raw materials, the obtained small crystal particles tend to
aggregate during the crystallization process.25–30 In addition to the
TEA+ cation, certain special organic cations like 4,4-trimethylene-
bis(N-methyl,N-benzyl-piperidinium) could also be employed as an
organic structure directing agent (OSDA) cation for synthesizing
high-silica Beta zeolites, but the zeolites show low crystallinity.31,32

The preparation of such special organic cations is complicated and
the crystallization time of zeolites is as long as 10 days.33,34 Wu’s
group successfully synthesized nanosized high-silica Beta zeolites
via the interzeolite transformation strategy within a shortened
crystallization time, in which the dealuminated MWW or MOR
zeolites were used as the silicon source.10,35 Nevertheless, this
strategy requires the presence of uoride medium or Beta zeolite
seeds. Therefore, developing a simple and efficient seed-free and
uoride-free method to prepare high-silica Beta zeolites is highly
desired.
Chem. Sci., 2023, 14, 2131–2138 | 2131
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Fig. 1 PXRD patterns of nanosized Beta zeolites with varied Si/Al
ratios.
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Notably, nanosized high-silica Beta zeolites have been proven to
show superior performances over micrometer-sized high-silica
Beta zeolites in the MTP reaction9,10 and the adsorption of
VOCs,18,35 which is due to their shorter diffusion path and larger
external surface area.36 Several preparationmethods including two-
step hydrothermal synthesis,37 steam-assisted conversion,38 seed-
induced approach,39 high-temperature synthesis,40 andmicrowave-
assisted synthesis41 have been proven to be effective strategies for
nanocrystalline zeolites. Among them, the microwave-assisted
synthesis is widely used to prepare nanosized zeolites in a short
time, which benets from the rapid and homogeneous heating of
microwave irradiation.42 Park and co-workers successfully synthe-
sized Beta zeolites within 4 h by microwave-assisted synthesis
without uoride media.43 In addition, Tang's group reported
a microwave-assisted two-step hydrothermal procedure to prepare
nanosized Beta zeolites with a uniform particle size of ca. 100 nm
within 6 h.44 However, the Si/Al ratios of the nanosized Beta
zeolites prepared by microwave-assisted synthesis are usually
below 50. To broaden the Si/Al ratios of the nanosized Beta
zeolites, our previous work developed a two-step crystallization
strategy in the presence of additive L-lysine to prepare nanosized
high-silica Beta zeolites (SAR of 6 to 300) with high product yields
in a concentrated gel system. But the Beta zeolites with higher Si/Al
ratios than 300 cannot be obtained by such a synthetic route.45

Despite these efforts, the efficient synthesis of high-silica Beta
zeolites while maintaining a nano size is still challenging.

Herein, we develop a facile microwave-assisted hydrothermal
strategy for preparing nanosized Beta zeolites with a wide Si/Al
range from 9 to innity with the assistance of L-lysine in
a concentrated gel system. In this procedure, we demonstrate that
microwave irradiation is benecial not only to reduce the crystal
size by the fast heating of the precursor suspension but also to
promote the formation of Si–O–Si bonds through inducing
hydroxyl free radicals (�OH). In the adsorption of VOCs, the as-
prepared pure-silica Beta-N-180-MWzeolite shows a larger toluene
adsorption capacity than the other three pure-silica Beta zeolites
prepared by different methods. An effective strategy for seed-free
and uoride-free synthesis of nanosized high-silica Beta zeolites is
offered in this work. High total surface area and pore volume,
together with excellent hydrophobicity, endow these zeolites with
superior adsorption properties.
Fig. 2 TEM images of nanosized Beta zeolites with varied Si/Al ratios:
(a) Beta-9-25-MW, (b) Beta-15-28-MW, (c) Beta-77-30-MW, (d) Beta-
153-50-MW, (e) Beta-338-100-MW, and (f) Beta-N-180-MW.
Results and discussion
Synthesis of nanosized high-silica Beta zeolites

Nanosized high-silica Beta zeolites were synthesized by a micro-
wave-assisted hydrothermal synthesis strategy. The gel composi-
tions were 1.0 SiO2 : (0–0.05) Al2O3 : (0.016–0.047) Na2O : 0.55
TEAOH : 6 H2O : 0.2 L-lysine. Typically, the gel mixture was rst
treated under microwave irradiation at a low temperature (80–100
°C) for 4 h, followed by hydrothermal crystallization at a high
temperature (140 °C) for a certain time. Beta-x-y-MW was used to
represent the as-prepared samples, where x and y indicate their
actual Si/Al ratio and particle size, respectively. Table S1† shows
the detailed synthetic conditions. As conrmed by powder X-ray
diffraction (PXRD) analysis (Fig. 1), these samples present the
2132 | Chem. Sci., 2023, 14, 2131–2138
characteristic of *BEA-type zeolites, in which the broad diffraction
peaks indicate the nanometer size of these Beta zeolite samples.

To explore the crystallization process of the as-prepared
samples, a series of Beta zeolites (Beta-15-28- MW, Beta-77-30-MW,
Beta-153-50-MW, and Beta-338-100-MW) were synthesized by
extending the crystallization time to 48 h during the second
hydrothermal step (140 °C). As shown in the PXRD patterns in
Fig. S1,† the crystallinities of these four zeolites do not change
obviously, indicating that the complete crystallization of Beta
zeolites can be achieved in a short time. Based on the above
analysis, it can be concluded that well-crystallized Beta zeolites
(SAR of 9 to 338) could be rapidly synthesized within 10–14 h using
this microwave-assisted hydrothermal synthesis method. Notably,
as can be seen from the scanning electron microscopy (SEM) and
transmission electronmicroscopy (TEM) images in Fig. S2 a–e and
2a–e, the as-prepared Beta zeolites exhibit regular morphologies
with a uniform nanometer size of ca. 25–100 nm, which is
consistent with the dynamic light scattering (DLS) results in
Fig. S3a–e.† Table S2† summarizes the fast synthesis of Beta
zeolites in the literature. The Si/Al ratios of the as-reported Beta
zeolites are narrow and their crystal sizes are generally micron-
sized. By contrast, the microwave-assisted hydrothermal synthesis
strategy in this work shows signicant advantages in preparing
nanosized Beta zeolites with a wide Si/Al ratio range under seed-
free and uoride-free conditions.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure characterization of nanosized Beta zeolites with
varied Si/Al ratios: (a) N2 adsorption–desorption isotherms, (b) NH3-
TPD profiles, (c) 29Si MAS NMR spectra, and (d) 27Al MAS NMR spectra.
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More importantly, we successfully synthesized pure-silica
Beta zeolites via microwave-assisted hydrothermal synthesis in
the absence of seeds and uoride. Different from the previous
microwave-assisted synthesis, in this work, L-lysine was used as
a growth modier and the crystallization was carried out in
a concentrated gel system. The SEM and TEM images of pure-
silica Beta-N-180-MW (Fig. S2f† and 2f) present a cubic
morphology with a particle size of ca. 180 nm (Fig. S3f†). The
nanocrystals are highly dispersed, which are smaller than most
of pure-silica Beta zeolites reported in the literature (Table S3†).

The structures of Beta zeolites were further characterized and
the results are shown in Fig. 3. The N2 adsorption–desorption
isotherms (Fig. 3a) show a steep rise uptake at low P/P0 pressures,
which is typical for microporous materials, and the hysteresis loop
at P/P0 between 0.8 and 1.0 is attributed to the intercrystalline
mesopores of nanoparticles. As shown in Table 1, these nanosized
Table 1 Si/Al ratios, particle sizes, and porosities of the as-prepared nan

Sample Si/Al (initial) Si/Ala (ICP) Particle sizeb (nm)

Beta-9-25-MW 10 9 25
Beta-15-28-MW 20 15 28
Beta-77-30-MW 80 77 30
Beta-153-50-MW 160 153 50
Beta-338-100-MW 400 338 100
Beta-N-180-MW N N 180
Beta-14-60-HT 20 14 60
Beta-72-70-HT 80 72 70
Beta-123-140-HT 160 123 140
Beta-265-190-HT 400 265 190

a Measured by inductively coupled plasma-atomic emission spectrometry
total surface area, calculated by the BET method. d Smicro: micropore su
calculated by the t-plot method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
high-silica and pure-silica Beta zeolites exhibit a large micropore
area and a large micropore volume of 391–422 m2 g−1 and 0.19–
0.20 cm3 g−1, respectively, indicating their high crystallinities in
agreement with the results in PXRD analysis. The acidity of zeolites
with varied Si/Al ratios was determined by temperature-pro-
grammed desorption of ammonia (NH3-TPD) (Fig. 3b). With the
increase of Si/Al ratios, the total acidities of these zeolites decrease
gradually and the high-silica Beta-338-100-MW shows almost no
acidity.

29Si MAS NMR results demonstrate that these zeolites contain
a large amount of Q4((SiO)4Si) units and only a small amount of Q3

units corresponding to (SiO)3Si(OH) (Fig. 3c).35 27Al MAS NMR
results show that most of the aluminum is tetrahedrally coordi-
nated (Fig. 3d).45 To test the hydrothermal stability of the as-
prepared Beta zeolites, the sample Beta-153-50-MWwas exposed to
10%water steaming at 750 °C for 3 h. There is no nearly change in
the PXRD pattern, N2 adsorption–desorption isotherms, and TEM
image of the sample before and aer treatment (Fig. S4–S6†).

Effect of microwave irradiation on the crystallization of
nanosized high-silica Beta zeolites

To reveal the effect of microwave irradiation on the preparation of
nanosized high-silica Beta, we characterized the crystallization
intermediates (Beta-153-50-i and Beta-N-180-i) aer microwave
irradiation. As shown by the XRD patterns in Fig. S7†, both Beta-
153-50-i and Beta-N-180-i show amorphous features, indicating
that the crystallization has not started yet in the rst microwave-
irradiation stage, which can be further conrmed by the irregular
morphologies of these two samples in the SEM images (Fig. S8†).
Notably,many nano-sizedmetastable nanoparticles (ca. 10 nm) are
formed during the microwave irradiation stage, as demonstrated
by the DLS characterization (Fig. S9†). 29Si MAS NMR spectra show
that both intermediates mainly contain Q4((SiO)4Si) units (Fig.
S10†), indicating that a large amount of Si–O–Si bonds are built in
this microwave irradiation stage.

To further investigate the mechanism of microwave-assisted
crystallization of nanosized high-silica Beta zeolites, we conducted
subsequent electron paramagnetic resonance (EPR) experiments
on the initial reaction mixture with or without microwave irradi-
ation and the results are shown in Fig. 4. Typically, the initial
osized Beta zeolites

SBET
c (m2 g−1) Smicro

d (m2 g−1) Sext
d (m2 g−1) Vmicro

d (cm3 g−1)

714 422 292 0.20
628 412 216 0.20
626 418 208 0.19
610 406 204 0.19
592 391 201 0.19
534 410 124 0.19
483 339 144 0.16
465 361 104 0.20
452 335 117 0.18
450 284 166 0.17

ICP-AES. b Determined based on dynamic light scattering (DLS). c SBET:
rface area, Sext: mesopore surface area, and Vmicro: micropore volume,

Chem. Sci., 2023, 14, 2131–2138 | 2133
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Fig. 4 EPR spectra of the initial reactionmixture containing DMPO: (a)
under microwave irradiation and (b) without microwave irradiation.
The EPR signals are marked as follows: �OH (red ); oxidized DMPO
radicals (blue ); carbon-centered radicals (green ).
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synthesis gel was rst treated under microwave irradiation at 100 °
C for 20 min under 400 W, and then 100 mL of the as-obtained
reaction mixture was added into 100 mL of 5,5-dimethylpyrroline-
N-oxide (DMPO, acted as the spin-trapping agent). Finally, the
solution was transferred into an aqueous cell and the EPR data
were collected. Strikingly, an obvious quartet pattern is observed in
the reaction mixture and the EPR signals corresponding to the
DMPO-�OH are signicantly strong (Fig. 4a).46 However, the above
characteristic signals did not appear in the reaction mixture
without microwave irradiation (Fig. 4b). The results indicate that
the hydroxyl radical (�OH) is successfully introduced into the
synthesis system of Beta zeolites by microwave irradiation. It has
been reported that �OH could be introduced into the synthesis
system of zeolites by means of UV irradiation, gamma-ray irradi-
ation, the Fenton reaction, laser photolysis of H2O2, etc.47–49 Here,
we propose that microwave irradiation can also induce the
production of �OH, which is believed to be of great signicance for
the study of microwave-assisted synthesis of zeolites. Our previous
studies reported that the presence of �OH in the synthetic system
of zeolites can signicantly accelerate the depolymerization of the
silica gel by breaking the Si–O bonds and promote the polymeri-
zation of the silica species by remaking the Si–O–Si bonds during
the nucleation process.46,50 Based on this, our group successfully
synthesized high-silica zeolite Y with a SAR of 6.35 using a hydroxyl
radical-assisted strategy.51 Here, we demonstrate that the intro-
duction of �OH from microwave irradiation can promote the
construction of Si–O–Si bonds, which is conducive to break the
limitation of the Si/Al ratios of Beta zeolites, thus affording the
high-silica or pure-silica Beta zeolites by this microwave-assisted
hydrothermal strategy. Besides, a two-step microwave-assisted
crystallization was also used to prepare pure-silica Beta zeolites.
Typically, the synthesis solution was rst treated at 100 °C for 4 h
under microwave irradiation and subsequently treated at 160 °C
for 10 h under microwave irradiation. As shown in Fig. S11,† the
as-prepared product shows an amorphous feature.

In comparison, Beta zeolites with the initial Si/Al ratio from 20
to 400 were synthesized by a two-step hydrothermal synthesis. The
gel compositions were 1.0 SiO2 : (0.00125–0.025) Al2O3 : (0.017–
0.047) Na2O : 0.55 TEAOH : 6 H2O : 0.2 L-lysine. Typically, the
hydrothermal crystallization was rst performed at a low temper-
ature of 80 °C for 48 h and subsequently at a high temperature of
2134 | Chem. Sci., 2023, 14, 2131–2138
140 °C for 48 h. Beta-m-n-HT was used to represent the as-prepared
samples, where m and n indicate their actual Si/Al ratio and
particle size, respectively. All the as-prepared samples (Beta-14-60-
HT, Beta-72-70-HT, Beta-123-140-HT, and Beta-265-190-HT)
present the characteristic diffraction peaks corresponding to
*BEA-type zeolites as conrmed by PXRD results (Fig. S12†).
However, the pure-silica Beta cannot be obtained through this two-
step hydrothermal synthesis, as demonstrated by the amorphous
feature of the as-prepared product (Fig. S13†). The SEM and TEM
images of these four Beta zeolites are shown in Fig. S14 and S15;† it
can be seen that they all exhibit regularmorphologies and uniform
crystal sizes. Their crystal sizes were measured by DLS (Fig. S16†),
and the results indicate that the crystal sizes of the samples
synthesized by two-step hydrothermal synthesis are more than
twice those of the samples prepared by the microwave-assisted
hydrothermal strategy. Fig. S17† shows the N2 adsorption–
desorption isotherms of these samples and their textural proper-
ties are shown in Table 1. These samples present lower total
surface area and pore volume of 450–483m2 g−1 and 0.16–0.20 cm3

g−1, respectively. It can be concluded that the microwave irradia-
tion of the synthesis gel at a low temperature is more conducive to
accelerate nucleation and yield nano-sized metastable nano-
particles than the low-temperature hydrothermal method. This is
because irradiation can stimulate the fast heating of the precursor
suspension, resulting in signicant changes of the kinetics of all
reactions involved during the crystallization. In addition, we also
conducted EPR experiments on the reactionmixture upon the low-
temperature hydrothermal reaction for 12–48 h. As shown in Fig.
S18,† there are no obvious EPR signals corresponding to the
DMPO-�OH in the reaction mixture.

According to the above analysis, the crystallization process
on nanosized high-silica Beta zeolites is proposed in Fig. 5. At
the initial crystallization stage, microwave irradiation at a low
temperature (80–100 °C) accelerates the nucleation by rapid and
homogeneous heating of the precursor suspension and thus
produces many nano-sized metastable nanoparticles. Mean-
while, microwave irradiation promotes the depolymerization
and polymerization of the gel mixture by the introduction of
�OH and thus promotes the formation of Si–O–Si bonds during
the nucleation process. Subsequently, the nano-sized meta-
stable nanoparticles are rapidly crystallized under hydro-
thermal conditions at a high temperature (140 °C), resulting in
the preparation of high-silica or pure-silica Beta zeolites with
uniform nanometer size. During the crystallization process, L-
lysine attached to the surfaces of metastable nanoparticles and
functioned as a growth inhibitor via steric stabilization, which
can be proved by the comparative experiments in Fig. S9.†
Synthesis of large-sized pure-silica Beta zeolites via traditional
synthesis methods

To compare with pure-silica Beta-N-180-MW prepared by micro-
wave-assisted hydrothermal synthesis, the other three pure-silica
Beta zeolites were also synthesized using uoride-mediated
hydrothermal synthesis, basic-mediated steam-assisted conver-
sion, and dealumination of commercial H-Beta (Si/Al = 12.5); the
as-prepared samples are denoted as Beta-N-HF, Beta-N-SAC and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Crystallization process and the kinetics modulation of Beta zeolite nucleation and growth during the microwave-assisted hydrothermal
synthesis.
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Beta-N-DA, respectively. Detailed experimental procedures and
synthetic conditions are presented in the ESI.†

The PXRD patterns of these three samples conrmed that they
are well-crystallized Beta zeolites and the narrow diffraction peaks
indicate their micrometer size (Fig. 6a). It is worth noting that the
crystallinity of zeolite Beta-N-DA is relatively poor. As shown in Fig.
S19a and d,† Beta-N-HF shows a truncated square-bipyramidal
morphology and smooth surface with a crystal size of ca. 5 mm. In
addition, Beta-N-SAC presents regular cube crystals with a particle
size of ca. 1 mm (Fig. S19b†). It can be further seen from the
high-magnication SEM image that the edge of Beta-N-SAC is
rough, which is caused by the aggregation of small particles during
the SAC process (Fig. S19e†). However, Beta-N-DA zeolite is
assembled from 60 to 100 nm crystallites (Fig. S19c and f†). The N2

adsorption–desorption isotherms of Beta-N-HF, Beta-N-SAC, and
Beta-N-DA in Fig. 6b only show a steep rise uptake at low P/P0
Fig. 6 Structures characterization of pure-silica Beta zeolites
synthesized using different methods: (a) PXRD patterns, (b) N2

adsorption–desorption isotherms, (c) 29Si MAS NMR spectra, and (d)
TG curves.

© 2023 The Author(s). Published by the Royal Society of Chemistry
pressures, indicating their microporous structures. The textural
properties of these three samples are summarized in Table S4.†
Their micropore surface area and micropore volume are 403, 373,
440 m2 g−1 and 0.17, 0.14, 0.15 cm3 g−1, respectively, which are
lower than those of Beta-N-180-MW that possesses the smallest
crystal size and good crystallinity.

The hydrophilicity/hydrophobicity of Beta-N-180-MW and the
other three pure-silica Beta zeolites were investigated through 29Si
MAS NMR spectroscopy and thermogravimetric (TG) analysis. As
shown in Fig. 6c, 29Si MAS NMR spectra show a band around−101
ppm associated with Q3(SiO)3Si(OH) units and three other bands
around −105, −111 (−112), and −115 ppm assigned to Q4 units
corresponding to ((SiO)4Si) sites.35 As shown in Table S5,† the
amount of Q3 units is in the order of Beta-N-DA (6.2 wt%) > Beta-
N-SAC (5.3 wt%) > Beta-N-180-MW (4.2 wt%) > Beta-N-HF (1.6
wt%), indicating that Beta-N-HF possesses the fewest defect sites,
which is attributed to the electrostatic effects between F− and TEA+

and the almost neutral synthesis pH.20 The TG curves of these four
samples are shown in Fig. 6d, in which the weight loss before 350 °
C is attributed to the adsorption of water and the weight loss
amounts of Beta-N-180-MW, Beta-N-HF, Beta-N-SAC, and Beta-
N-DA are 8.6, 5.1, 13.1, and 18.4 wt%, respectively. With the
temperature increase from 350 to 800 °C, Beta-N-DA shows
amaximumweight loss, which is due to the hydroxyl condensation
induced by the external surface defect sites. Through measure-
ments of TG and 29Si MAS NMR, it can be concluded that the
hydrophobicity of these pure-silica Beta zeolites is in the sequence
of Beta-N-HF > Beta-N-180-MW > Beta-N-SAC > Beta-N-DA.
Adsorption of VOCs over nanosized pure-silica Beta zeolites

Volatile organic compounds such as acetone, n-hexane, benzene,
toluene, and xylene have caused serious environmental problems
and their removal has attractedmore andmore attention.52 Among
the many effective adsorbents, pure-silica zeolites are an
outstanding choice because of their high hydrothermal stability
and hydrophobicity.53 To evaluate the advantages of the nanosized
pure-silica Beta-N-180-MW in adsorption, four pure-silica Beta
zeolites were applied in the adsorption of VOCs using toluene as
adsorbate. Notably, Fig. 7a and b show the static equilibrium
isotherms of water and toluene on the four pure-silica Beta
Chem. Sci., 2023, 14, 2131–2138 | 2135
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zeolites. The isotherm curve-tting parameters are presented in
Table S6.† The isotherms of water on the four samples exhibit
similar tting results between Langmuir and Sips models, indi-
cating that the adsorption sites are homogeneous. In contrast, all
the isotherm curves of toluene correlate well with the Sips model,
indicating that the adsorption of micropores is dominant and the
adsorption sites are heterogeneous. As shown in Fig. 7a, the
uptakes of water are in the order of Beta-N-DA (189.62 cm3 g−1) >
Beta-N-SAC (158.08 cm3 g−1) > Beta-N-180-MW (99.90 cm3 g−1) >
Beta-N-HF (11.02 cm3 g−1). It can be concluded that the hydro-
phobicity of Beta-N-180-MW is lower than that of Beta-N-HF, but
higher than those of Beta-N-DA and Beta-N-SAC. It can be seen
from the isotherms of toluene in Fig. 7b that the adsorption
capacities of toluene follow the order of Beta-N-180-MW > Beta-N-
HF > Beta-N-SAC > Beta-N-DA. Notably, Beta-N-180-MW shows
higher toluene adsorption capacity of 124.76 cm3 g−1 than Beta-N-
HF (102.24 cm3 g−1), indicating that the larger pore volume of Beta-
N-180-MW may have an advantage over the stronger hydropho-
bicity of Beta-N-HF. In contrast, the adsorption capacity for Beta-
N-SAC (59.22 cm3 g−1) is slightly higher than that for Beta-N-DA
(46.42 cm3 g−1), in which the hydrophobicity is more dominant
than pore volume for these two samples.

Furthermore, dynamic adsorption properties were also
tested through breakthrough measurement using toluene as
adsorbate under humid conditions. It can be seen that the order
of dynamic adsorption capacity for these four pure-silica Beta
zeolites is Beta-N-180-MW > Beta-N-HF > Beta-N-SAC > Beta-
N-DA (Fig. 7c), which is in agreement with the static equilib-
rium adsorption results. Aerward, temperature-programmed
desorption experiments were performed to conrm dynamic
adsorption results. The desorption curves show that the
desorption amount of toluene on these four samples is
consistent with the adsorption amount (Fig. 7d). Specically,
Fig. 7 Adsorption isotherms of water (a) and toluene (b) on four pure-
silica Beta zeolites. Breakthrough curves and temperature pro-
grammed desorption curves on four pure-silica Beta zeolites: toluene
adsorption (c) and desorption (d) under conditions of toluene: 800
ppm, RH = 80%, 30 °C.

2136 | Chem. Sci., 2023, 14, 2131–2138
Beta-N-180-MW possessing the largest pore volume and strong
hydrophobicity exhibits the highest dynamic adsorption
capacity for toluene. The above results indicate that pure-silica
Beta-N-180-MW synthesized by the microwave-assisted hydro-
thermal strategy is an excellent toluene adsorbent, which is
expected to be expanded to adsorption applications of other
VOCs.

Conclusions

In summary, a series of nanosized Beta zeolites with a wide Si/Al
range from 9 to innity have been synthesized by a microwave-
assisted hydrothermal strategy in the absence of uoride
medium and seed addition. Particularly, Beta zeolites with a Si/
Al range of 9–338 can be rapidly synthesized in a short time of
10–14 h while maintaining the nano size of 25–100 nm. Notably,
the crystal size of the as-prepared pure-silica zeolite Beta-N-180-
MW is 180 nm, which is much smaller than the pure-silica Beta
zeolites prepared by previously reported methods. The two key
roles of microwave irradiation in the crystallization process of
nanosized high-silica Beta zeolites have been revealed. Micro-
wave irradiation accelerates the nucleation by a rapid heating of
the precursor suspension, increasing the number of nucleation
sites which has been well documented. Meanwhile, microwave
irradiation can induce the production of �OH, promoting the
formation of Si–O–Si bonds during the nucleation process,
which is the rst demonstration in this work. Thanks to the
high total surface area and pore volume as well as excellent
hydrophobicity, the pure-silica Beta-N-180-MW zeolite shows
outstanding VOC adsorption performance outperforming the
other three pure-silica Beta zeolites prepared by traditional
methods. Such a synthetic strategy is expected to be applied to
the synthesis of other nanosized high-silica zeolites and metal-
Beta zeolites (e.g., Sn-Beta and Ti-Beta), which may open up
a new avenue for the seed-free and uoride-free synthesis of
metal-Beta and high-silica zeolites.
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