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hierarchical nano-ZSM-5 zeolites and their
catalytic application in Meinwald rearrangement†

Ming-Lei Gou, * Xuan Ru, Yongli Yang, Zhen Liu and Shuge Peng

A facile strategy affording hierarchical nano-ZSM-5 zeolites with high yields (approaching 100%) and

crystallinity using a seed-assisted dry-gel conversion (SA-DGC) method is developed. Only a small

amount of tetrapropylammonium hydroxide (TPAOH) was used for the synthesis of protozeolite seeds

without involving the use of any structure-directing agents (i.e., SiO2/TPA
+ = 30). A very small amount of

water (i.e., 1.0 mL) was required for crystallization conditions. Protozeolite seeds with a size not

exceeding 20 nm can provide a high-activity nucleus for zeolite crystallization, and the precursor is not

in direct contact with water and freely migrates, resulting in the formation of nano-zeolites (100–200

nm) around the microregion of the seeds during steaming treatment. Owing to the high-quality

nanosized crystals, the as-prepared hierarchical nano-ZSM-5 zeolites exhibit outstanding performance in

the rearrangement of styrene oxide and its derivatives compared with conventional ZSM-5 zeolites.
1. Introduction

Zeolites are a class of crystalline microporous aluminosilicates
with a large surface area, uniform channels (typically 0.25–1.5
nm), tunable surface properties and excellent hydrothermal
stability, which have been widely used in the elds of hetero-
geneous catalysts and adsorbents.1,2 In particular, MFI structure
ZSM-5 zeolites are among the most industrially important
zeolites in the catalytic eld and can tailor reaction pathways to
afford desirable products via reactants, intermediates or tran-
sition states.3,4 However, with an increasing need for faster
diffusion rates and higher conversion rates of bulky molecules,
the sole presence of micropores imposes diffusion limitations,
and rapid deactivation limits the performance of industrial
zeolitic catalysts.5 To overcome this limitation, approaches to
decrease zeolite crystal sizes to the nanometer scale or intro-
duce supplementary pores (meso-/macropores) into zeolite
crystals have been extensively adopted.6–8

Nano-zeolites with a large external surface area, high acces-
sibility and abundant silicon hydroxyl groups offer numerous
unique advantages in the chemical industry as heterogeneous
catalysts.9,10 However, nano-zeolites are difficult to control and
separate in solvent via the traditional hydrothermal method.11,12

Recently, using a series of growth modiers13–18 or adopting
a kinetic-modulated crystallization strategy,19–21 some zeolite
ering, Henan University of Science and
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mesocrystals composed of uniform nano-crystal domains were
constructed via crystal–crystal oriented attachment in the
hydrothermal synthesis process. However, hydrothermal
synthesis oen requires large amounts of solvents (e.g., water or
alcohols). With incomplete crystallization, the solvent inevi-
tably leads to some of the nutrients, such as alkalis, silicates,
and aluminates, dissolving in waste solution, which increases
the cost of separation and results in environmental pollution.22

In addition, organic templates used as structure-directing
agents (SDAs) play an important role in the zeolite synthesis
process.23,24 The heavy use of organic templates increases the
cost of zeolite production and causes environmental pollution
owing to the removal of organic templates via calcination.25 For
instance, costly tetrapropylammonium (TPA+) cations are typi-
cally used as SDAs for the synthesis of ZSM-5 zeolites with
a relatively low ratio of SiO2/TPA

+ ranging from 1.7 to 4.0, but
they usually suffer from the aforementioned drawbacks.26

Signicant efforts have been undertaken using less amounts or
no SDAs to prepare zeolites,27–32 but many difficulties, such as
low yield, a low rate of crystallization, and uncontrollable size of
crystals, have not been resolved.

In this study, a facile strategy affording hierarchical nano-
ZSM-5 zeolites with high yields and crystallinity via a seed-
assisted dry-gel conversion (SA-DGC) method was proposed.
Only a small amount of TPA+ was used for the synthesis of the
protozeolitic seeds without involving any SDAs in the subse-
quent processes, and a very small amount of solvent was
required. Importantly, the as-prepared nano-ZSM-5 zeolites
exhibit outstanding performance in the rearrangement of
styrene oxide and its derivatives compared to conventional ZSM-
5 zeolites.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03351a&domain=pdf&date_stamp=2025-05-31
http://orcid.org/0000-0003-0896-8668
https://doi.org/10.1039/d5ra03351a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03351a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015023


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/3
/2

02
6 

3:
00

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2. Experimental
2.1. Reagents

Tetraethylorthosilicate (TEOS, Shanghai McLean Biochemical
Technology Co., Ltd, >99%), sodium aluminate (NaAlO2,
Shanghai McLean Biochemical Technology Co., Ltd, reagent
grade), silica sol (TCI Development Co., Ltd, 30 wt% SiO2), tet-
rapropylammonium hydroxide (TPAOH, Shanghai McLean
Biochemical Technology Co., Ltd, 1.0 M in H2O) and sodium
(NaOH, Sinopharm Chemical Reagent Company, 98%) were
supplied by commercial suppliers and used without further
purication. Reagents for the catalytic tests were styrene oxide
(98 wt%, TCI Development Co., Ltd), 4-methylstyrene oxide
(95 wt%, WuXi AppTec), 4-uorostyrene oxide (95 wt%, WuXi
AppTec), 4-chlorinestyrene oxide (95 wt%, WuXi AppTec) and 4-
nitrostyrene oxide (95 wt%, WuXi AppTec). All the reagents were
used as purchased without further purication. The water used
in this study was ultrapure deionized water self-made by the
laboratory.
2.2. Catalyst preparation

First, protozeolite seeds were hydrothermally synthesized with
a molar ratio of 1SiO2 : 0.35TPAOH : 5H2O. Typically, TEOS
and deionized water were mixed at room temperature until
complete hydrolysis was achieved, followed by the addition of
TPAOH under fast stirring. Then, the gel was transferred into
a Teon-lined stainless steel autoclave and heated at 90 °C for
24 h under static conditions. The as-prepared solid sample
was centrifuged, washed with deionized water, vacuum dried
at 80 °C for 12 h, and then used as the seeds for the SA-DGC
method.

Then, nano-ZSM-5 zeolites were synthesized by applying the
SA-DGC method with a molar ratio of 1SiO2 : 0.01Al2O3 :
0.25NaOH : 25H2O. Typically, silica sol (30 wt% SiO2) and
deionized water were mixed at room temperature, followed by
the addition of NaAlO2 and NaOH under stirring until
a homogenous mixture was obtained. Then, different amounts
of protozeolite seeds were added into the above mixture and
stirred until homogeneity. Subsequently, the mixture was
vacuum dried at 80 °C for 12 h and then placed in a Teon cup,
which was put into another larger autoclave, and different
amounts of water were added outside the cup to create steam
for the crystallization conditions. The autoclave was placed in
an oven maintained at 150 °C for continuous crystallization.
Aer cooling to room temperature, the solids were collected,
then dried at 110 °C for 4 h, and calcined at 500 °C for 2 h. The
resulting samples were denoted as SA-DGC-x-y-z, where x
represents the ratio of SiO2/TPA

+ calculated according to the
amount of seeds added, y represents the volume (mL) of water
added into the autoclave, and z represents the crystallization
time (h).

For comparison, conventional ZSM-5 zeolites were prepared
by applying the dry-gel conversion (DGC) method according to
the above procedures by replacing the seeds with TPAOH. The
resulting samples were named +DGC-x-y-z, where x, y, and z
have the same meanings as above.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Before the catalytic test, all the samples were subjected to ion
exchange with 1 M NH4NO3 solution at room temperature for
24 h, followed by drying at 110 °C for 4 h and calcining at 500 °C
for 2 h.

2.3. Catalyst characterization

The structure and crystallinity of the samples were investigated
via power X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer with Cu ka radiation (l = 0.1541 nm) at a scan-
ning rate of 5° min−1 from 5° to 50°, and the relative crystal-
linity (RC) of the samples was calculated from the areas of the
main peaks in the range of 2q= 8–10°. The framework vibration
bands of the samples were measured through Fourier Trans-
form Infrared Spectroscopy (FT-IR) using a Nicolet 380 spec-
trometer by applying the KBr pellet technique. The
morphologies of the samples were observed using a scanning
electron microscope (SEM, FlexSEM-1000, Hitachi), eld emis-
sion scanning electron microscope (FESEM, SU8010, Hitachi)
and transmission electronmicroscopy (TEM, JEM-2100F, JEOL).
X-ray uorescence (XRF) was used to measure the SiO2/Al2O3

ratios of the samples using a Bruker S4 Pioneer X-ray uores-
cence spectrometer. N2 adsorption–desorption isotherms were
obtained at −196 °C using a Quantachrome Autosorb-1 instru-
ment. The total surface area (Stotal) and pore volume (Vtotal) were
calculated by applying the Brunauer–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) models, respectively. The micro-
pore surface area (Smicro) and volume (Vmicro) were calculated by
applying the t model. The external surface area (Sexter) and
mesoporous volume (Vmeso) were obtained by subtracting Smicro

and Vmicro from Stotal and Vtotal, respectively.
27Al magic-angle

spinning nuclear magnetic resonance (MAS-NMR) spectra
were recorded using a Varian Innity-Plus 300 MHz spectrom-
eter with a resonance frequency of 78.13 MHz. Al(NO3)3 was
used as the reference for the 27Al chemical shi.

The acidity of the samples was investigated by temperature-
programmed desorption of ammonia (NH3-TPD) and FTIR
spectra of adsorbed pyridine (Py-FTIR). NH3-TPD was per-
formed using a quartz U-tube reactor equipped with a thermal
conductivity detector (TCD). At a N2 ow of 50 mL min−1, the
sample (0.1 g, 20–30 mush) was pretreated at 500 °C for 2 h.
Aer cooling to 50 °C, NH3 was supplied to the sample until
saturation adsorption. Then, the reactor was maintained at
150 °C for 1 h to remove physically adsorbed NH3. Finally, the
sample was heated from 150 to 550 °C at a rate of 15 °C min−1.

Py-FTIR was analyzed using a Nicolet 380 spectrometer. All
samples were pressed into self-supporting wafers (diameter: 13
mm, weight: 15 mg) and then pre-treated at 500 °C for 4 h under
vacuum (10−3 Pa). The adsorption of pyridine was preceded in
situ at room temperature and then evacuated at 200 °C for 2 h.
Aerwards, the difference spectrum was obtained by subtract-
ing the spectrum of the sample before the probe adsorption.

2.4. Catalytic tests

All reactions were carried out in a 50 mL batch glass reactor
under a nitrogen atmosphere. The solvent and catalyst were
initially placed in the ask with vigorous agitation (500–550
RSC Adv., 2025, 15, 18266–18274 | 18267
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rpm) to overcome external mass-transfer limitations. A certain
amount of styrene oxide or its derivatives was added directly to
the mixture aer reaching the reaction temperature. Samples of
about 0.1 mL were extracted at various time intervals using
a syringe equipped with 0.2 mm lters and analyzed by GC-MS
(Agilent 6890/5973, MSD) and GC (Agilent 6820, FID) provided
with a VF-5ms capillary column (5% phenyl–95% dimethylpo-
lysiloxane, 30 m × 0.25 mm × 0.25 mm).

When the reaction was completed, the catalyst was separated
by centrifugation, washed three times with solvent and reused
for another run.
Fig. 2 XRD patterns of samples synthesized using the SA-DGC and
DGC methods under different amounts of seeds (a) and water (b).
3. Results and discussion
3.1. Crystallization and morphology

Protozeolite seeds were synthesized at a low temperature (90 °
C), which favors nucleation over growth for the zeolite crystals.33

As shown in Fig. 1(a), the protozeolite synthesized at 90 °C for
24 h was still non-crystalline without any characteristic peaks of
zeolites. However, the stretching or bending vibrations of SiO4

tetrahedral (1100, 793, and 453 cm−1) and ve-membered ring
(1222 and 545 cm−1) indicated that the protozeolite already had
partial characters of the MFI structure, as shown in Fig. 1(b).
The surface Si–OH groups (971 cm−1) were formed in increasing
numbers, which can provide a high-activity nucleus for initi-
ating zeolite crystallization. SEM (Fig. 1(c)) and TEM (Fig. 1(d))
images revealed that the protozeolite was irregular nano-
particles with a size not exceeding 20 nm.

The XRD patterns of the samples synthesized by applying the
SA-DGC and DGC methods are shown in Fig. 2. As shown in
Fig. 2(a), without any seeds (i.e., SiO2/TPA

+ = N) in the SA-DGC
method, no crystal structure peaks were observed. By increasing
the addition of the seeds, the SiO2/TPA

+ ratios gradually
reduced, and an increasing typical MFI topology and no other
phases of the samples were found.34 When the SiO2/TPA

+ ratios
Fig. 1 (a) XRD pattern of protozeolite seeds synthesized at 90 °C for
24 h. (b) FT-IR spectra of protozeolite seeds synthesized at 90 °C and
at different times. (c) SEM and (d) TEM images of protozeolite seeds
synthesized at 90 °C for 24 h.

18268 | RSC Adv., 2025, 15, 18266–18274
were reduced to the range of 20–30, the RC of the obtained
samples increased to 96–100%. However, with the same SiO2/
TPA+ ratio (SiO2/TPA

+ = 30) in the DGC method, by replacing
only the seeds with TPA+, the RC of the sample (DGC-30-1.0-72)
was only 5%. It is demonstrated that ZSM-5 zeolite can be
synthesized using a smaller amount of SDAs in the SA-DGC
method. When the SiO2/TPA

+ ratio was reduced to 3, the
sample (DGC-3-1.0-72) had stronger and narrower diffraction
peaks in the range of 2q= 22–25° but slightly weaker diffraction
peaks in the range of 2q = 8–10° compared with SA-DGC-30-1.0-
72, indicating that the nano-sized zeolites were obtained in the
SA-DGC method and the traditional micro-sized zeolites were
obtained in the DGC method, which can also be veried in SEM
images, as shown in Fig. 4.

The amount of water added outside the cup to create steam
for crystallization conditions is another key element in the SA-
DGC method. As shown in Fig. 2(b), the X-ray diffraction peak
intensity became stronger as the amount of water increased.
Compared with the conventional hydrothermal process, the
precursor was not in direct contact with water and migrated
freely using the SA-DGC method. The dry gel could be covered
with a thin layer of water owing to capillary condensation of
water and transformed into zeolite crystals around the micro
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of samples synthesized using the SA-DGC and
DGC methods under different amounts of seeds (a) and water (b).

Fig. 4 SEM images of samples synthesized using the SA-DGC and
DGC methods: (a) SA-DGC-N-1.0-72, (b) SA-DGC-120-1.0-72, (c)
SA-DGC-60-1.0-72, (d) SA-DGC-30-1.0-72, (e) SA-DGC-30-0.2-72,
(f) SA-DGC-30-2.0-72, (g) DGC-30-1.0-72, and (h) DGC-3-1.0-72.
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region of seeds during the steaming treatment.35 The more
amount of water added outside the cup, the more layers of water
owing to capillary condensation formed, which led to the faster
crystallization rate and higher crystallinity of samples in the
water addition range of 0.2–1.0 mL. When the addition of water
increased to 2.0 mL, the RC of the sample (i.e., SA-DGC-30-2.0-
72) slightly decreased to 98% and the width of the peaks in the
range of 2q = 22–25° trended to narrow, which may be because
the precursor could migrate within a larger scale region and
grow into larger zeolite crystals. This can also be observed in the
SEM images, as shown in Fig. 4.

As shown in Fig. 3, the main FT-IR bands of the samples at
453, 545, 793, 1100 and 1222 cm−1 are the characteristics of the
ZSM-5 framework.36,37 The bands at 453, 793 and 1100 cm−1 are
generally attributed to the stretching or bending vibration of the
T–O tetrahedral (T = Si and Al), and the bands at 545 and
1222 cm−1 correspond to the vibration of the ve-membered
ring in the MFI structure. With the SiO2/TPA

+ ratio decreased
in Fig. 3(a) and water addition increased in Fig. 3(b), the char-
acteristic bands of ZSM-5 samples synthesized using the SA-
DGC method at 545 and 1222 cm−1 gradually increased. SA-
DGC-30-1.0-72 showed obviously stronger intensity of bands
than DGC-30-1.0-72, indicating that the SA-DGC method has
a faster crystallization rate than the DGC method, which agrees
well with the XRD results.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The SEM images of the samples are presented in Fig. 4. With
no seed addition, the sample (SA-DGC-N-1.0-72) appeared to
have a typical amorphous morphology without any crystal
particles. With the SiO2/TPA

+ ratios gradually reduced from 120
to 30, more and more crystal particles were formed on the
surface of the amorphous precursor. The more the seeds added,
the smaller the crystal particles formed, which was because the
precursor was unable to freely migrate in the SA-DGC method
and could only be crystallized around the micro region of seeds.
For instance, as shown in Fig. 4(d), the particle diameter of SA-
DGC-30-1.0-72 was about 100–200 nm. However, insufficient
water added outside the cup in the SA-DGC method can cause
incomplete crystallization, as shown in Fig. 4(e), and too much
water can cause nanoparticles to grow into larger particles, as
shown in Fig. 4(f). For comparison, with the same SiO2/TPA

+

ratio of 30 in the DGC method, the sample (DGC-30-1.0-72)
appeared to have an amorphous morphology. When the SiO2/
TPA+ ratio was reduced to 3, a traditional micro-sized zeolite
(DGC-3-1.0-72) was obtained, as shown in Fig. 4(h). It can be
concluded that the nano-sized zeolites are obtained in the SA-
DGC method because the precursor can only be crystallized
around the micro region of seeds, but by replacing seeds with
TPAOH in the DGC method, the traditional micro-sized zeolites
are obtained. Using any method, the yields of all the above
samples approached 100%.
RSC Adv., 2025, 15, 18266–18274 | 18269
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Fig. 5 (a) N2 adsorption–desorption isotherms and BJHmesopore size distribution, (b) 27Al MAS NMR spectra, (c) NH3-TPD curves and (d) FT-IR
spectra of adsorbed pyridine of SA-DGC-30-1.0-72 and DGC-3-1.0-72.

Table 1 Textural properties of the nano-sized zeolite and traditional micro-sized zeolite

Sample SiO2/Al2O3 Stotal (m
2 g−1) Smicro (m

2 g−1) Sexter (m
2 g−1) Vtotal (cm

3 g−1) Vmicro (cm
3 g−1) Vmeso (cm

3 g−1)

DGC-3.0-1.0-72 47 295.4 280.1 15.3 0.145 0.133 0.012
SA-DGC-30-1.0-72 45 355.2 256.8 98.4 0.229 0.122 0.107

Scheme 1 Rearrangement of 4-substituted styrene oxides (1a–e).
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3.2. Textural and acidic properties

The nano-sized zeolite (SA-DGC-30-1.0-72) and micro-sized
zeolite (DGC-3-1.0-72) are selected for further study. Fig. 5(a)
shows the N2 adsorption–desorption isotherms and BJH mes-
opore size distribution of the samples, and their texture prop-
erties are summarized in Table 1. DGC-3-1.0-72 exhibited a type
I isotherm with a limited external surface area (15.3 m2 g−1) and
mesoporosity volume (0.012 cm3 g−1), which is typical of
microporous materials. SA-DGC-1.0-72 showed amixture of type
I and IV isotherms with a hysteresis loop near p/p0 = 0.5–0.8,
indicating that the sample contains a certain amount of mes-
opores with a size of 15–20 nm, as shown in the inset in
Fig. 5(a). Owing to the nano-sized particles, SA-DGC-1.0-72
possessed more external surface area (98.4 m2 g−1) and meso-
porosity volume (0.107 cm3 g−1), as shown in Table 1.

27Al MAS NMR has been conducted to monitor the chemical
states of Al species. As illustrated in Fig. 5(b), each sample
showed a strong sharp peak at 53 ppm corresponding to the
tetrahedral framework aluminum species,38 indicating that
most of the aluminum species appeared dimensional a tetra-
hedral framework. Furthermore, SA-DGC-30-1.0-72 showed
18270 | RSC Adv., 2025, 15, 18266–18274
a relatively smaller peak at 0 ppm, which is attributed to octa-
hedral extra-framework aluminum species.39 According to the
above XRD and SEM results, the precursor can only be crystal-
lized around the micro region of seeds in the SA-DGC method,
resulting in a small number of aluminum atoms becoming
octahedral extra-framework aluminum species in the area away
from the seeds. The sum of the two Al species in both samples
was nearly the same according to the similar SiO2/Al2O3 ratios,
as shown in Table 1.

The acidity of the samples was investigated by NH3-TPD and
FT-IR spectra of adsorbed pyridine. As shown in Fig. 5(c), each
© 2025 The Author(s). Published by the Royal Society of Chemistry
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sample has three NH3 desorption peaks at <200, 240–300, and
350–450 °C, which were assigned to physisorbed NH3, weak acid
sites, and strong acid sites, respectively.40 The strong acid sites
are typically identied as Brønsted acid sites generated from
tetrahedral framework aluminum species, while the weak acid
sites are usually Lewis acid sites related to the octahedral extra-
framework aluminum species.41 According to the 27Al MAS NMR
results, most aluminum species appeared in the dimensional
tetrahedral framework on DGC-3-1.0-72; hence, it contained
stronger acid sites (421 °C) and less weak acid sites (254 °C),
which corresponded to the Brønsted acid sites at 1545 cm−1 and
Lewis acid sites at 1443 cm−1, as depicted in Fig. 5(d).42 A small
number of aluminum atoms became octahedral extra-
Fig. 6 Mass spectra of phenylacetaldehyde (a), (4-methylphenyl)acetal
dehyde (d) and (4-nitrophenyl)acetaldehyde (e) in the rearrangement of

© 2025 The Author(s). Published by the Royal Society of Chemistry
framework aluminum species on SA-DGC-30-1.0-72, leading to
an increase in weak acid sites (285 °C) and Lewis acid sites
(1443 cm−1). With the reduction of aluminum in the skeleton of
SA-DGC-30-1.0-72, the strength and concentration of strong
acid sites (395 °C) were signicantly lower than those (421 °C) of
DGC-3-1.0-72.
3.3. Catalytic performance

Epoxides are versatile and highly useful synthetic intermediates
in organic synthesis. For example, under acidic conditions,
epoxides can be isomerized to carbonyl compounds, and their
halogenated derivatives are well-known as a reaction of the
Meinwald rearrangement.43 Both Brønsted and Lewis acid sites
dehyde (b), (4-fluorophenyl)acetaldehyde (c), (4-chlorophenyl)acetal-
4-substituted styrene oxides.
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can catalyze this reaction.44 However, it usually suffers from low
yields due to side reactions, which produce allylic alcohols or
polymers because of steric or diffusional limitations.45

Initially, the rearrangement of 4-substituted styrene oxides
(Scheme 1) over SA-DGC-30-1.0-72 and DGC-3-1.0-72 was
investigated. Phenylacetaldehyde and its derivatives (i.e., 4-
substituted phenylacetaldehydes) are all highly reactive
substances, which then undergo aldol condensation or poly-
merization, forming large amounts of by-products in the
subsequent separation process. Therefore, the rearrangement
of 4-substituted styrene oxides in this work was carried out in
large amounts of solvent (i.e., 1,2-dichloroethane), and reac-
tants of about 0.1 mL were extracted at various time intervals
and immediately analyzed by GC-MS and GC to verify the
correctness of the reactions and the purity of the products. The
mass spectra of the main products produced by GC-MS are
illustrated in Fig. 6. The main products in the rearrangement of
4-substituted styrene oxides are fully identied as the corre-
sponding 4-substituted phenylacetaldehydes, and other by-
products are not further investigated in this work because our
focus is the characterization of the Meinwald rearrangement.

The conversions of 4-substituted styrene oxides and yields of
4-substituted phenylacetaldehydes according to the results ob-
tained by GC are presented in Table 2. DGC-3-1.0-72 had higher
activity in the rearrangement of 1a owing to its higher strength
and concentration of Brønsted acid sites according to the NH3-
TPD results. However, somewhat low yields of 2a were obtained
over DGC-3-1.0-72 because stronger acid sites favor the forma-
tion of condensation products and subsequent fast deactivation
of the catalyst by coke.46 With the extension of reaction time, the
yields of 2a decreased gradually owing to its side reactions
Table 2 Rearrangement of 4-substituted styrene oxides over catalystsa

Entry X group Catalyst

1 1a, H SA-DGC-30-1.0-72
2 1a, H SA-DGC-30-1.0-72
3 1a, H SA-DGC-30-1.0-72
4 1a, H SA-DGC-30-1.0-72
5 1b, Me SA-DGC-30-1.0-72
6 1c, F SA-DGC-30-1.0-72
7 1d, Cl SA-DGC-30-1.0-72
8 1e, NO2 SA-DGC-30-1.0-72
9b 1a, H SA-DGC-30-1.0-72
10b 1a, H SA-DGC-30-1.0-72
11 1a, H DGC-3.0-1.0-72
12 1a, H DGC-3.0-1.0-72
13 1a, H DGC-3.0-1.0-72
14 1a, H DGC-3.0-1.0-72
15 1b, Me DGC-3.0-1.0-72
16 1c, F DGC-3.0-1.0-72
17 1d, Cl DGC-3.0-1.0-72
18 1e, NO2 DGC-3.0-1.0-72
19c 1a, H DGC-3.0-1.0-72
20c 1a, H DGC-3.0-1.0-72

a Reactions were carried at 50 °C in 20 mL 1,2-dichloroethane using 1
atmosphere. b Aer each run, the catalyst was separated via centrifugat
c Aer each run, the catalyst was separated via centrifugation, washed
conversions and yields were determined via GC-MS and GC analysis.

18272 | RSC Adv., 2025, 15, 18266–18274
under acidic conditions. Other 4-substituted styrene oxides with
electron-donating (1b) or electron-withdrawing (1c–e) groups
can also react completely over the catalysts in one hour, but
slightly higher yields of 2c–e were obtained with electron-
withdrawing groups under the same conditions. The rear-
rangement of 4-substituted styrene oxides under acidic condi-
tions is likely to occur using a carbocation mechanism.47 The
neighboring aryl and electron-withdrawing groups favor the
formation of the carbocations by stabilizing the positive charge,
which results in the high regioselectivity of 4-substituted phe-
nylacetaldehydes. For instance, the yields of (4-uorophenyl)
acetaldehyde (94%), (4-chlorophenyl)acetaldehyde (93%) and
(4-nitrophenyl)acetaldehyde (94%) were apparently higher than
(4-methylphenyl)acetaldehyde (86%).

Furthermore, several experiments were conducted under the
same conditions in the presence of reused catalysts, as shown in
Table 2 (entries 9, 10, 19, and 20). Aer each run, the catalyst
was separated by centrifugation, washed and reused without
calcination for the rearrangement of 1a. SA-DGC-30-1.0-72
could be recycled at least 5 times without losing its activity.
However, the activity of DGC-3-1.0-72 began to decline in runs 2
and 3; for example, the conversions of 1a decreased to 91% and
78%, respectively. SA-DGC-30-1.0-72 exhibited higher yields
than DGC-3-1.0-72 in all the reactions. Owing to the sensitivity
of phenylacetaldehyde to acidic reaction conditions, which
leads to competing aldol and polymerisation reactions, cata-
lysts displaying high acidity and diffusional problems are easily
deactivated.48 On one hand, SA-DGC-30-1.0-72 had mild strong
acid sites (395 °C), as shown in NH3-TPD; on the other hand,
nano-sized SA-DGC-30-1.0-72 can alleviate diffusion limitations
Reaction time/min Conversiond/% Yieldd/%

15 68 66
30 87 83
60 100 92

120 100 89
60 100 86
60 100 94
60 100 93
60 100 94
60 100 93
60 98 90
15 77 62
30 95 76
60 100 80

120 100 78
60 100 75
60 100 81
60 100 80
60 100 82
60 91 77
60 78 66

.0 g catalyst and 10 mmol 4-substituted styrene oxides in a nitrogen
ion, washed with 1,2-dichloroethane and reused in run 5 and run 6.
with 1,2-dichloroethane and reused in run 2 and run 3. d All the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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via a shorter diffusion distance of reactants, reducing the
probabilities of side reactions and coke deposition.
4. Conclusions

Hierarchical nano-ZSM-5 zeolites with high yields (approaching
100%) and crystallinity are synthesized using a seed-assisted
dry-gel conversion (SA-DGC) method. Compared with the
traditional method, only a small amount of TPA+ (SiO2/TPA

+ =

20–30) is used for the synthesis of the protozeolite seeds without
involving any SDAs in the subsequent processes, and a very
small amount of water (0.2–1.0 mL) is required to create the
steam for the crystallization conditions. The precursor can be
covered within a thin layer of water owing to capillary conden-
sation of water and transformed into nano-crystals around the
micro region of seeds. Owing to the high-quality nanosized
crystals (100–200 nm), mesopores (15–20 nm) and mild strong
acid sites (395 °C), the as-prepared nano-ZSM-5 catalyst (i.e., SA-
DGC-30-1.0-72) can alleviate diffusion limitations via a shorter
diffusion distance of reactants, exhibiting higher conversions,
yields and lifetime in the rearrangement of styrene oxide and its
derivatives than the conventional microporous ZSM-5 catalyst
(i.e., DGC-3-1.0-72).
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