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archical nanocrystalline b zeolite
as efficient catalyst for alkylation of benzene with
benzyl alcohol

Pan Zhou,a Meng-Nan Liu,a Qun-Xing Luo, abc Jianbo Zhang, abc

Huiyong Chen, abc Xiaoxun Maabc and Qing-Qing Hao *abc

To develop an efficient solid acid catalysts for the Friedel–Crafts alkylation reaction, especially for involving

bulky molecules, the direct synthesis of hierarchical nanocrystalline b zeolites were achieved by using

amphiphilic organosilane ([(CH3O)3SiC3H6N(CH3)2C18H37]Cl, TPOAC) as collaborative structure-directing

agent (SDA). The growth evolution of b crystals and the influence of TPOAC/SiO2 molar ratio on the

mesoporous structure, crystal size, and acidic properties of b zeolites were investigated and discussed in

detail. The characterization results reveal that intracrystalline mesopores and intercrystalline mesopores/

macropores via the stacking of b nanocrystals were generated over the hierarchical b zeolites. Moreover,

most of the strong acid sites were well remained compared with the conventional microporous

b zeolite. Consequently, the hierarchical nanocrystalline b zeolite synthesized under the optimized

synthesis conditions shows improved specific catalytic activity of acid sites (turnover number, TON) in

alkylation of benzene with benzyl alcohol, which can be attributed to the integrated balance of

considerable mesoporosity, accessibility of the acid sites, and well-remained strong acid sites in the

hierarchical b zeolite.
1. Introduction

Friedel–Cras (F–C) alkylation is one of the most important
reactions in the eld of ne chemical industry for the produc-
tion of various valuable chemicals.1 Among these chemicals,
benzyl aromatic compounds and their derivates are important
compounds in the pharmaceutical, cosmetic, petrochemical,
and dyestuff industries.2–4 However, homogeneous catalysts
(such as AlCl3, FeCl3, BF3, HF, H2SO4, etc.) are commonly used
in the liquid phase alkylation of aromatic compounds, which is
contrary to the concept of green chemistry5 because of the
excessive pollution, severe equipment corrosion and separation
disadvantages.

In order to overcome these problems, heterogeneous solid
acid catalysts are highly desired to substitute the conventional
homogenous catalysts in F–C alkylation reactions.6 Among the
solid acid catalysts, zeolites have been received increasingly
broad attention in both industrial and academic domains due
to their tunable acidity and porous structure, large surface area,
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and shape-selectivity.7 Mordenite, b, and Y zeolites with large
pore size have been widely studied in the alkylation of benzene
with benzyl alcohol.8–11 According to previous research, it was
found that the porous structure and acidity of zeolites play
a crucial role in the catalytic performance in aromatics alkyl-
ation reactions.12 Specially, b zeolite is an excellent catalyst for
the alkylation of benzene and benzyl alcohol. However, acidic
sites inside the micropores of beta zeolite are oen deactivated
rapidly in the alkylation of benzene with benzyl alcohol, which
can be attributed to the internal pore blockage by the bulky
products and side products due to their lower turnover rate in
the longer micropore channel.13,14 Therefore, introducing mes-
opores into the conventional sole microporous b zeolite to form
hierarchical b zeolite is an effective method to solve the above
problems.15–17 The hierarchical b zeolite can not only increase
the accessibility of acid sites inside the micropore channel of
zeolite, but also reduce the diffusion limitation of the bulky
products in alkylation reaction.18,19

In recent years, a variety of methods for preparing hierar-
chical zeolites have been developed, such as post-treatment
methods (esilication20,21 and dealumination22) and direct
synthesis methods (hard template method23,24 and so
template method25,26). Among them, the mesoporous formed
by the post-treatment method is likely to cause crystal defects
of zeolite, to decrease the amount of strong acid sites heavily,
and hardly to control the mesoporous size distribution.27 On
the contrary, it has been widely reported that the so
RSC Adv., 2022, 12, 4865–4873 | 4865

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra00209d&domain=pdf&date_stamp=2022-02-08
http://orcid.org/0000-0002-9852-9978
http://orcid.org/0000-0003-1302-4143
http://orcid.org/0000-0003-0045-3141
http://orcid.org/0000-0002-0245-1257
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00209d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012008


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

5:
50

:0
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
template-directing method is an effective method for the
synthesis of different zeolites with uniform mesopore size
distribution, such as ZSM-5,28 b, and mordenite zeolites.29,30

The mesopores formed are mainly two different manners,
which are the intracrystalline mesopores formed aer
template removal, and the intercrystalline mesopores formed
by nanocrystalline aggregations.

Different type of reagent, such as surfactant,31–33 cationic
polymer,34 and organosilane,35 have been used as mesopore-
generating agents for the synthesis of hierarchical zeolites.
Xiao et al.36 synthesized hierarchical b zeolite with large amount
of mesoporous volume (0.17 cm3 g�1) by using cationic polymer
[poly(diallyldimethyl ammonium chloride)] as mseopores
directing agent. Choi et al.37 reported an efficient strategy for the
synthesis of hierarchical MFI and LTA zeolites by using the
amphiphilic organosilane surfactants as combinational SDA.
Following this method, the nanosized or mesoporous MCM-
22,38 SAPO-34,39 FAU-X,40 AlPO4-5,41 and MOR11,42 zeolites were
also successfully synthesized by using an amphiphilic organo-
silane surfactant as an assistant SDA.

However, it should be noted that the effectivity of organo-
silane surfactants for the synthesis of hierarchical zeolites can
be signicantly inuenced by the topological structure of the
zeolites. Specically, it has been reported that simply addition
of organosilane surfactants in the synthesis gel of the MOR
zeolite is not effective at all and it will produce impurity crystals.
To resolve this limitation, a seed-assisted method was devel-
oped to synthesize hierarchical MOR zeolite using organosilane
surfactants as amesoporous SDA. It was found that the impurity
crystal (GIS) will be formed in the absences the bulk MOR
seed.43 In our previous work,42 we reported organosilane
surfactant-directed synthesis of mesoporous MOR zeolite in the
absence of the bulk seed by decreasing the alkalinity of the
synthesis gel. Therefore, it is necessary to investigate the
effectivity of organosilane surfactants for the synthesis of hier-
archical b zeolites with BEA topological structure.

Based on these understandings, in this work, the b zeolites
with tunable hierarchical meso-/microporosity structure were
synthesized through one-pot hydrothermal treatment under
dynamic condition, in which the commercial organosilane
surfactant TPOAC and tetraethylammonium hydroxide
(TEAOH) were used as the mesopore-generating and micropore
SDA, respectively. The effects of TPOAC/SiO2 molar ratio on the
crystallinity, porous structure, and acidity of b zeolite were
systematically investigated and discussed in detail. The catalytic
performances of the obtained hierarchical b zeolites with
different mesoporous structures and acid properties in the
alkylation of benzene with benzyl alcohol, including activity,
product selectivity and TON value, were systematically evalu-
ated and compared with those of the b zeolite with sole
microporous structure.

2. Experimental
2.1 Chemicals

Colloidal silica (Ludox, AS-40, 40%), tetraethylammonium
hydroxide (TEAOH, 20 wt% in water), and dimethyloctadecyl[3-
4866 | RSC Adv., 2022, 12, 4865–4873
(trimethoxysilyl)propyl]ammonium chloride (TPOAC, 42 wt% in
methanol) were purchased from Sigma-Aldrich. Sodium
aluminate (NaAlO2, 41% Al2O3), sodium hydroxide (NaOH,
96%), ammonium nitrate (NH4NO3, 99%), benzene (99.5%),
and benzyl alcohol (99.5%) were purchased from Sinopharm
Chemical Reagent Co. Ltd (China). All reagents were used as
received without further purication.

2.2 Synthesis of b zeolites

The hierarchical b zeolites were synthesized by using TEAOH
and commercially available TPOAC as the micropore and mes-
opores SDA, respectively. In a typical experiment, 0.40 g sodium
aluminate are dissolved in 13.30 g deionized water at room
temperature, and then 6.01 g colloidal silica was added to the
solution. Aer stirring the mixture at room temperature for 1 h,
5.89 g TEAOH and desired amount of TPOAC were added to give
a gel molar composition of 0.06 Na2O/1 SiO2/0.04 Al2O3/0.2
TEAOH/x TPOAC/30 H2O (x ¼ 0, 0.02, 0.04, 0.06). The gel was
allowed to age under stirring for 1 h at room temperature.
Finally, the reaction mixture was transferred into a 50 mL
Teon-lined stainless steel autoclave, which was rotated at
60 rpm and heated at 150 �C for needed crystallization times.
Aer that, the autoclaves were quenched in cold water and the
product was ltered and washed with deionized water to reduce
the pH to 7. The product was obtained aer drying at 120 �C for
12 h, and then calcined in air at 550 �C for 6 h. The calcined
products were ion-exchanged with 1 M NH4NO3 three times at
80 �C for 2 h. Finally, the ion-exchanged products dried at
120 �C and calcined at 550 �C for 6 h in air to obtain Hb. The
obtained samples were designed as Hb-x–y, in which x and y
referred to the molar ratio of TPOAC/SiO2 and crystallization
times, respectively.

2.3 Characterizations

The crystal structure of b zeolites were measured by powder X-
ray diffraction (XRD) using (SmartLab SE, Rigaku) diffrac-
tometer with Cu Ka radiation (operation at 40 kV, 40 mA, l ¼
0.15406 nm). The scanning range was set between 5� and 50�

in 2q with a step size of 0.02� and the scanning rate of 4� per
minute. Scanning electron microscopy (SEM) images were
recorded on a Zeiss Sigma instrument with a eld-emission
gun operated at 5.0 kV, and all samples were coated with Pt
(approximately 1 nm). Transmission electron microscopy
(TEM) images were obtained using a FEI Tecnai G2F20S-TWIN
electron microscope operated at 200 kV. Nitrogen adsorption/
desorption isotherms were measured at �196 �C with a phys-
isorption analyser of Micromeritics ASAP 2460 instrument.
Approximately 10 mg of powder samples were outgassed at
300 �C for 12 h before the measurements. The Brunauer–
Emmett–Teller (BET) equation was employed to calculate the
total surface area, and the pore size distribution was deter-
mined based on the Barrett–Joyner–Halenda (BJH) method by
using the data of adsorption branches. The mole ratio of SiO2/
Al2O3 was measured with inductively coupled plasma optical
emission spectroscopy (ICP-OES) on an Optima 7000DV
(PerkinElmer) spectrometer. The NH3-TPD measurements
© 2022 The Author(s). Published by the Royal Society of Chemistry
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were performed on a BELCAT II (Microtrac BEL) instruments.
Prior to the NH3-TPD measurements, the catalyst (50 mg) was
loaded and degassed at 550 �C for 1 h under He ow to
completely remove molecules adsorbed on the samples. Then
the sample was cooled to 120 �C and saturated in the gas
mixture of NH3 gas (5 vol% in He) for 30 min, and ushed with
He ow for 1 h at 120 �C. Ammonia desorption was carried out
with increasing temperature from 120 �C to 600 �C at
a constant heating rate of 10 �C min�1, and the concentration
of desorbed ammonia was obtained by a thermal conductivity
detector connected to the TPD system. 27Al MAS NMR exper-
iments were performed on Bruker AVANCE III 600 spectrom-
eter at a resonance frequency of 119.2 MHz. 27Al MAS NMR
spectra were recorded on a 4 mm probe by small-ip angle
technique with a pulse length of 0.5 ms (<p/12) and a 1 s
recycle delay and a spinning rate of 14 kHz. The chemical
shis of 27Al MAS were referenced to 1 mol L�1 aqueous
Al(NO3)3.

2.4 Catalytic tests

The alkylation of benzene with benzyl alcohol (BA) were carried
out in septum-sealed thick-walled glass tube with magnetic
stirring. Prior to reaction, the b zeolites calcined at 550 �C in
muffle furnace for 2 h to remove the adsorbed water, and the
benzene and BA are dried by 5A zeolite. Typically, 7.81 g of
benzene and 0.54 g of benzyl alcohol were added to a 35 mL
thick-walled glass tube and mixed, and then 100 mg of the
catalyst was added into the reactants. During the reaction, the
oil bath temperature was controlled at 85 �C and the stirring
rate was 630 rpm. Moreover, the catalytic performance of
b zeolites for the alkylation of mesitylene with BA was also
evaluated using same reaction conditions with that of alkylation
of benzene with BA. The reaction products were analyzed by
using GC with a KB-1 column (30 m � 0.25 mm � 0.5 nm) and
a ame ionization detector FID (GC-9790 II, Fuli Chromato-
graphic Analysis Co., Ltd.). Since the benzene/mesitylene was
excessive in the reaction with BA, the conversion was calculated
based on BA. The conversion of BA and selectivity of diphenyl-
methane (DP) and 2-benzyl-1,3,5-trimethylbenzene (BTMB)
were calculated as follows:
Fig. 1 XRD patterns of Hb zeolites synthesized with crystallization time o

© 2022 The Author(s). Published by the Royal Society of Chemistry
BA conversion ð%Þ ¼ BA reacted

BA feed
� 100%

¼ BA feed� BA unreacted

BA feed
� 100%

DP selectivity ð%Þ ¼ DP formed

all products
� 100%

BTMB selectivity ð%Þ ¼ BTMB formed

all products
� 100%
3. Results and discussion
3.1 Crystalline structure of b zeolites

The inuence of TPOAC/SiO2 molar ratio in the synthesis gel
and crystallization time on the crystalline structure of b zeolites
were investigated. Fig. 1A shows the samples synthesized at
crystallization time of 6 days. The Hb-0–6d presents the typical
diffraction pattern of BEA topology with diffraction peaks at
7.8�, 22.4�, 27.0�, 29.3�, and 43.7�, corresponding to (101), (302),
(008), (306), and (526) lattice planes, respectively. Moreover,
there is no impurity crystal phase in the Hb-0.02–6d, suggesting
the introduction of TPOAC into the synthesis gel cannot result
in the formation of other impurity crystals. However, as the
TPOAC/SiO2 molar ratio in the gel mixture is increased from
0.02 to 0.04, the intensity of the diffraction peaks for Hb-0.04–
6d are clearly decreased. Meanwhile, there is obvious amor-
phous silica phase (2q range of 15–30�) in the Hb-0.04–6d,
indicating the crystallinity is signicantly decreased. Further-
more, when the molar ratio of TPOAC/SiO2 increases to 0.06,
there is almost no diffraction peak of b zeolite in the XRD
patterns. In order to obtain the growth evolution of crystalline
structure of b zeolites during the crystallization process, the
crystallization time is prolonged and the XRD results of the
samples are shown in Fig. 1B. As the crystallization time is
increased from 6 days to 8 days, the crystallinity of Hb-0.04–8d
is obviously increased in compared with that of Hb-0.04–6d.
f 6 days (A) and 8 days (B). (Hb-0.06–10d is synthesized with 10 days).

RSC Adv., 2022, 12, 4865–4873 | 4867
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However, for the TPOAC/SiO2 molar ratio is 0.06, there is
obvious amorphous silica phase in the Hb-0.06–8d even though
the crystallization time was prolonged to 8 days, suggesting the
lower crystallinity of the synthesized sample. It should be noted
that the crystallinity of Hb-0.06–10d synthesized at crystalliza-
tion time of 10 days is clearly increased and the amorphous
silica phase can hardly be seen. Thus, the pure Hb zeolites with
high crystallinity can be synthesized through prolong the
Fig. 2 N2 adsorption–desorption isotherms (A) and BJH pore size
distribution (B) of Hb-0–8d (a), Hb-0.02–8d (b), Hb-0.04–8d (c), and
Hb-0.06–10d (d).

Table 1 Textural properties of all the b samples

Sample SBET (m2 g�1) Smicr
a (m2 g�1) Sext (m

2 g�

Hb-0–8d 707 598 109
Hb-0.02–8d 741 464 277
Hb-0.04–8d 660 464 196
Hb-0.06–10d 669 448 221

a Calculated by t-plot method.

4868 | RSC Adv., 2022, 12, 4865–4873
crystallization time when using the TPOAC as mesopores SDA.
These results indicate that the crystallization rate of b zeolite is
gradually decreased as increasing the content of TPOAC in the
synthesis gel, but the introduction of TPOAC will not result in
the generation of impurity crystals phase for the synthesis
system of b zeolites.
3.2 Textural properties of b zeolites

The existence and evolution of the mesoporous structure of
b zeolites as the increasing of TPOAC content can be revealed by
N2 adsorption–desorption isotherms. As shown in Fig. 2A, the
Hb-0–8d synthesized in the absence of TPOAC presents the type
I isotherm with most of the adsorbed N2 at low relative pres-
sures (P/P0 < 0.05), indicating the microporous structure of Hb-
0–8d. In compares with the Hb-0–8d, the H �0.02–8d, Hb-0.04–
8d, and Hb-0.06–10d show a type IV isotherm, together with the
obvious increase of N2 adsorption in the range of P/P0 0.2 to 0.6,
suggesting the formation of intracrystalline mesopores inside
the b crystals due to the directing effect of TPOAC. Furthermore,
the N2 adsorption in the range of relative pressure P/P0 > 0.9 for
hierarchical b zeolites are increased sharply, indicating the
generation of intercrystalline mesopores or macropores via the
stacking of the nanocrystals of b zeolites. This can be clearly
revealed by the BJH pore size distribution in Fig. 2B. The Hb-
0.02–8d present broad mesopore size distribution in the range
of 2–10 nm, which indicates the hierarchical structure of
b zeolites with intracrystalline and intercrystalline mesopores.
We speculated that partial of the TPOAC tends to incorporate
onto the external surface of the b nanocrystals with the lower
concentration of TPOAC in the gel mixture. In this condition,
the TPOAC acts as the mesopores-directing agent and crystal
growth inhibitor to suppress the growth of the nanocrystals of
b zeolites. It should be noted that as the molar ratio of TPOAC/
SiO2 in the gel mixture is increased from 0.02 to 0.06, the
mesopore size distribution of Hb-0.04–8d and Hb-0.06–10d
become more uniform and narrower, which indicates that the
micelles will be generated as increasing the concentration of
TPOAC in the synthesis gel. The textural properties of various
b zeolites are summarized in Table 1. The b zeolites synthesized
in the presence TPOAC exhibits not only a considerable
microporosity, but also an obviously increased mesopore
volume, indicating that the Hb-0.02–8d, Hb-0.04–8d, and Hb-
0.06–10d are the hierarchical zeolites with micro- and meso-
porous porosity. Moreover, the Hb-0.02–8d shows the largest
BET surface area and external surface area, which may be
related to its optimal content of TPOAC in the gel mixture.
1) Vtotal (cm
3 g�1) Vmicro

a (cm3 g�1) Vmeso (cm
3 g�1)

0.32 0.23 0.09
0.70 0.19 0.51
0.66 0.18 0.48
0.83 0.18 0.65

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3 Crystal morphology of b zeolites

In order to verify the morphology of b zeolites, the scanning
electron microscopy (SEM) images are shown in Fig. 3. The Hb-0–
8d exhibits aggregates with particle size about 1 mm, which is
formed by irregular b crystals. In contrast, when TPOACwas added
into the synthesis gel, the particle size of synthesized b zeolites
were clearly decreased. These observations indicate that the
TPOAC not only act as a mesopores SDA, but also the long alkyl
hydrophobic tail of TPOAC can restrict the agglomeration of the
b crystals via incorporate onto the external surface of b crystals.
Fig. 3 SEM images of Hb-0–8d (a), Hb-0.02–8d (b), Hb-0.04–8d (c),
and Hb-0.06–10d (d).

Fig. 4 TEM images of Hb-0–8d (a), Hb-0.02–8d (b), Hb-0.04–8d (c),
and Hb-0.06–10d (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
TEM images were further carried out to illustrate the crystal
structure and the crystal size of b zeolites. As shown in Fig. 4,
micron-sized crystals can be clearly observed for Hb-0–8d
synthesized in the absence of TPOAC. In contrast, the crystal size
of Hb-0.02–8d, Hb-0.04–8d, and Hb-0.06–10d is decreased to 30–
70 nm, which can be reasonably attributed to the inhibiting
effect of TPOAC for the crystal growth. Moreover, the intercrys-
talline mesopores constructed by the stacking of nanocrystals
can be clearly observed. However, the intracrystalline mesopores
inside the nanocrystals cannot be observed in the TEM images
due to the lower magnication times.
3.4 Acidic properties of b zeolites

The amount of the acid sites and the distributions of weak and
strong acid sites was evaluated by NH3-TPD method. As shown
in Fig. 5, two clear NH3 desorption peaks can be observed for all
the b zeolites synthesized in this work, which are assigned to the
weak and strong acidic sites, respectively. From the NH3-TPD
proles, we can see that the shape and peak area of desorption
peaks can be signicantly inuenced by the content of TPOAC
in the synthesis gel. It is clear that the temperature of desorp-
tion peaks, especially the high-temperature desorption peaks,
are decreased as increasing the content of TPOAC in the
synthesis gel. This result indicates that the strength of the acid
sites of hierarchical b zeolites is decreased signicantly due to
the incorporation of TPOAC into the framework of b zeolites. To
clearly illustrate the amount and distribution of weak and
strong acid sites for the b zeolites, the NH3-TPD proles were
deconvoluted into two peaks, and the calculated results are
summarized in Table 2. The amount of total acid sites of hier-
archical b zeolites is decreased compared to the Hb-0–8d. This
result can be attributed to the incorporation additional Si
source derived from TPOAC, which result in the increasing of
SiO2/Al2O3 ratio in the framework of hierarchical b zeolites
(Table 2). Moreover, it should be noted that the amount of
strong acid sites is gradually decreased as increasing the molar
Fig. 5 NH3-TPD profiles of Hb-0–8d (a), Hb-0.02–8d (b), Hb-0.04–
8d (c), and Hb-0.06–10d (d).
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Table 2 Composition and acidic properties of all samples

Samples SiO2/Al2O3

Total acid sites
(mmol g�1)

Weak acid sites
(mmol g�1)

Strong acid sites
(mmol g�1)

Hb-0–8d 27 1.166 0.642 0.524
Hb-0.02–8d 30 1.104 0.608 0.496
Hb-0.04–8d 34 0.975 0.505 0.470
Hb-0.06–10d 32 0.980 0.541 0.439
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ratio of TPOAC/SiO2. These observations indicate that the
TPOAC have clear inuence on the coordination environment of
Al species in the framework of b zeolites. Therefore, the 27Al
MAS NMR experiments were carried out to detect the coordi-
nation state of aluminum species in the b zeolites (Fig. 6). It can
be clearly observed that the spectra of Hb-0–8d exhibits a strong
peak centered at around 54 ppm corresponding to tetrahedral
coordination aluminum, but the peak at around 0 ppm corre-
sponding to octahedral coordination aluminum is almost
invisible. This result indicates that there is almost no extra-
framework Al in the Hb-0–8d zeolite. On the contrary, all the
hierarchical b zeolites synthesized in the presence of TPOAC
shows a clear peak at around 0 ppm except the peak at around
54 ppm, indicating Al coordination in the hierarchical b zeolites
mainly consisted of tetrahedral coordination with a certain
amount of octahedral coordination. This observation indicates
that partial of the Al atoms are found in octahedrally coordi-
nated extra-framework positions due to the introduction of
TPOAC in the synthesis gel. Thus, the decreasing of strong acid
sites over hierarchical b zeolites can be reasonably attributed to
the formation of extra-framework Al.
3.5 Catalytic performance of b zeolites

The catalytic performances of b zeolites synthesized in this work
were evaluated using the Friedel–Cras alkylation of benzene
Fig. 6 27Al MAS NMR spectra of Hb-0–8d (a), Hb-0.02–8d (b), Hb-
0.04–8d (c), and Hb-0.06–10d (d).
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with BA and alkylation of mesitylene with BA in the thick-walled
glass tube, respectively. As shown in Scheme 1A, the products of
alkylation of benzene with BA are composed of diphenyl-
methane (DP) and dibenzyl ether (DE) according to two
different reaction routes. As shown in Fig. 7A, the BA conversion
is gradually increased with reaction time over all b zeolites.
Signicantly, the initial BA conversion over Hb-0.02–8d, Hb-
0.04–8d, and Hb-0.06–10d are slightly higher than that of Hb-0–
8d. However, as reaction time was prolonged to 3 h, the Hb-
0.02–8d exhibits a highest BA conversion, and the BA conver-
sion decreased in the order of Hb-0.02–8d > Hb-0.04–8d > Hb-
0.06–10d > Hb-0–8d. This observation reveals that the porous
structure has obvious inuence on the utilization efficiency of
acid sites over b zeolites. Generally speaking, the catalytic
performance of zeolites is affected by many factors, such as the
porous structure, crystal size, and strength of acid sites. It is well
known that the strong acid sites are required for alkylation of
benzene with BA.44–46 Thus, to further obtain the catalytic effi-
ciency of per active sites over b zeolites with different porous
structure, the turnover number (TON) normalized by the
number of strong acid sites was calculated (Fig. 7B). It is obvi-
ously that the TON values over hierarchical b zeolites, i.e., Hb-
0.02–8d, Hb-0.04–8d, and Hb-0.06–10d, are signicantly higher
than that of Hb-0–8d with sole microporous structure. This
result indicates that the reaction rates over per active site for
hierarchical b zeolites are increased due to the decreased
diffusional limitation. Specically, the Hb-0.02–8d present
highest TON value, which can be reasonably attributed to the
highest external surface area (277 m2 g�1) and the easily
accessible of acid sites. As revealed from pore-size distribution,
Hb-0.02–8d exhibits a broad mesopore-size distribution (2–10
nm), which can accelerate the diffusion rate of the products
(DP) with large molecular size over the acidic sites. Moreover,
the TON values over Hb-0.04–8d and Hb-0.06–10d are slightly
lower than that of Hb-0.02–8d. It should be noted that the
mesopore-size distribution of Hb-0.04–8d is very similar to that
of Hb-0.02–8d. Therefore, we speculate that the lower external
surface area, mesoporous volume, and strength of acid sites are
the main reason for the decreased TON value of Hb-0.04–8d and
Hb-0.06–10d.

Fig. 7C shows the product selectivity for the alkylation of
benzene with BA over b zeolites. It can be observed that the
selectivity of target product DP (C-alkylation) over hierarchical
b zeolites is very similar to that over sole microporous b zeolite,
although the DP selectivity of Hb-0.02–8d is slightly higher than
that of other three samples. It is well known that the C-
alkylation of benzene with BA and the self-etherication of BA
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Alkylation reaction pathway of benzene with BA (A) and mesitylene with BA (B).

Fig. 7 BA Conversion versus reaction time (A), TON normalized by the number of strong acid sites (3 h) (B), and DP selectivity (C) over Hb-0–8d
(a), Hb-0.02–8d (b), Hb-0.04–8d (c), and Hb-0.06–10d (d). Reaction conditions: molar ratio of benzene/benzyl alcohol ¼ 20, 85 �C.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

5:
50

:0
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
can take place inside the 12-ring micropores of b zeolite, and
there is almost no shape selectivity for the target product DP.
Therefore, the selectivity of the target product DP cannot be
signicantly improved over hierarchical b zeolites, although the
multilevel pore structures can effectively enhance the accessi-
bility of acid sites, turnover of reactants, and diffusion rate of
bulky products in the alkylation of benzene with BA.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To better understand the maximum diffusion enhancement
offered by multilevel pore structures in hierarchical b zeolites,
a more diffusion-constrained probe molecule mesitylene (�0.87
nm) was used to evaluate the catalytic performance in the
alkylation of mesitylene with BA. As shown in Scheme 1B, the
reaction between mesitylene and BA involves parallel reactions,
alkylation and self-etherication of BA, which produce 1,3,5-
RSC Adv., 2022, 12, 4865–4873 | 4871
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Fig. 8 BA conversion (A) and BTMB selectivity (B) versus reaction time over Hb-0–8d and Hb-0.02–8d. Reaction conditions: molar ratio of
mesitylene/benzyl alcohol ¼ 20, 85 �C.
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trimethyl-2-benzylbenzene (BTMB) and dibenzyl ether (DE)
products, respectively. It has been reported that the alkylation
occurred solely on the external surface of zeolites owing to the
diffusion limitation of bulk mesitylene, while the self-
etherication of BA occurs over external surface acid sites,
acid sites in pore mouth and acid sites in micropore of
zeolites.47 As shown in Fig. 8, the hierarchical b zeolite (Hb-
0.02–8d) exhibits excellent catalytic activity compared to
b zeolite with sole micropores (Hb-0–8d). Notably, the Hb-0–8d
exhibits almost constant selectivity of BTMB (�30%) with the
increase of reaction time, indicating the products reached at the
state of thermodynamic equilibrium and that the balance
composition was not changed. On the contrary, the BTMB
selectivity over Hb-0.02–8d is gradually increased with the
reaction time, which is obviously higher than that of Hb-0–8d
aer reaction time of 420 min. This result indicates that the
mesopore in b zeolite can effectively reduce the diffusional
limitation of bulky mesitylene, which signicantly improve the
reaction rate of mesitylene to BTMB. Moreover, the selectivity of
BTMB is gradually increased to �67%, indicating the DE is
reversibly converted back to BA and reacted with mesitylene to
generate BTMB over the external acid sites. These obversions
can be reasonably attributed to the integrated balance of
considerable mesoporosity and well-remained strong acid sites
in the hierarchical b zeolites.

4. Conclusion

In summary, hierarchical b zeolites were successfully synthe-
sized by using the commercially available TEAOH and TPOAC as
co-SDAs. Our ndings revealed that the crystallization rate of
b zeolites was decreased as increasing the content of TPOAC in
the synthesis gel. Moreover, the mesopore size distribution,
external surface area, crystal size, and strength of acid sites can
be signicantly inuenced by the molar ratio of TPOAC/SiO2 in
the mixture gel. More importantly, the TPOAC not only act as
a mesopores SDA to generate the intracrystalline mesopores
inside the b crystals, but also act as crystal growth inhibitor to
decrease the crystal size and generate intercrystalline
4872 | RSC Adv., 2022, 12, 4865–4873
mesopores or macropores via the stacking of the b nanocrystals.
The hierarchical b zeolites synthesized in this work exhibits
enhanced catalytic activity in alkylation of benzene with BA and
alkylation of mesitylene with BA compared with the conven-
tional sole microporous b zeolite, which can be attributed to the
integrated balance of considerable mesoporosity and well-
remained strong acid sites in the hierarchical b zeolites.
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