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Dry gel synthesis of hierarchical ZSM-5 zeolite
using hydroxyl propyl methyl cellulose (HPMC) as
a mesoporogen and its catalytic activity in
alkylation reactionst

Phan Huy Hoang ©* and Nguyen Thi Thu Thao

In this work, a "green” and facile method for synthesis of hierarchical ZSM-5 zeolite was presented by
combination of a bio-mesoporogen and a dry gel conversion (DGC) process. ZSM-5 zeolite with high
hierarchy factors and excellent mesoporosity was synthesized by adding hydroxypropylmethylcellulose
(HPMC), which originated from cellulose biomass, to a zeolitic synthetic gel. The obtained zeolite
samples were analyzed by X-ray diffraction (XRD), nitrogen adsorption—desorption (BET) and scanning
electron microscopy (SEM) to determine their properties. The influence of crystallization time on the
crystallinity of ZSM-5 zeolite was investigated. Moreover, the results showed that HPMC as a pore
directing agent is an important factor for the formation of hierarchical zeolite with high mesoporosity.
The as-prepared ZSM-5 sample with high pore volume, large surface area and abundant accessible acid
sites, which seriously improves diffusion efficiency and catalytic activity, exhibited high catalytic
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Introduction

ZSM-5 zeolite - a type of zeolite with a high Si content, is one of
the most important crystalline microporous materials with
a rather large specific surface.’ ZSM-5 zeolite has been widely
used as a catalyst in industrial chemical, ion exchange and
adsorption fields due to its unique pore structure and good
thermal stability.*® It has selective adsorption and catalytic
ability due to the uniform pore size of zeolite that only allows
molecules of suitable shape and size to pass through. However,
the microporous structure of the ZSM-5 zeolite is a drawback
when applied as a catalyst in chemical reactions. These micro-
pores hinder the diffusion of materials with large size in/out the
catalyst matrix, leading to not high efficiency in catalytic reac-
tions. Hence, this would limit the applications of zeolite in the
chemical industry.

Therefore, many efforts have been focusing on solving this
issue by synthesis and application of mesoporous ZSM-5 zeolite
in catalysis and adsorption. Generally, ZSM-5 zeolite was
hydrothermally synthesized in the presence of organic meso-
porogens,*®® a three-dimension ordered mesoporous (3DOM)
carbon compound,” and amphiphilic organosilane surfac-
tants.’* However, popular mesoporogen agents used in the
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performance in the benzylation reaction.

synthesis of zeolite are mostly synthetic chemicals, expensive,
toxic and may negatively influence the environment which limit
the massive industrial production of zeolites.*® It is recognized
that carbohydrate materials have been used successfully as
pore-directing agents to synthesize hierarchical ZSM-5 zeolite
with greater pore sizes and specific area.*"™** Its lifetime and
catalytic activity are, thus, obviously improved. Therefore,
cellulose derivatives, which are originated from carbohydrate
biomass, biodegradable, and environmentally friendly, could be
considered as promising alternative pore-directing agents for
synthesis of hierarchical ZSM-5 zeolite.

Furthermore, in most cases, synthesis of ZSM-5 zeolite is
mostly conducted followed the traditional hydrothermal
method, which uses large amounts of water, alcohols, or
ammonium hydroxide solution as solvent under autogenous
pressure at high temperatures.>*** This method has its own
shortcomings as high autogenous pressure, generation of
a large amount of waste solvents and low efficiency.>"* In
addition, the zeolite crystallization in solvent using the
conventional hydrothermal routes is difficult to control, which
is not profitable to the regulation of zeolite properties, espe-
cially in the case of achievement of smaller ZSM-5 zeolite
particles in bulk synthesis. It is known that smaller particles of
ZSM-5 zeolite are much more effective than large particles.'®*”
The smaller size ZSM-5 zeolite possesses the important advan-
tages of shorter diffusion paths, higher resistance to coke
poisoning, and more active sites in catalytic process. It is worth
noting that, the important advantages of the dry gel conversion
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(DGC) method over traditional hydrothermal method are higher
zeolite product yield, fast crystallization, less reactor volume
requirement, less waste generation, lowering of the consump-
tions of expensive templates and possible continuous produc-
tion."”?° Due to the higher nucleation density for ZSM-5 crystals
in the dry gel conversion leading to the formation of small
zeolite crystals.

We were, therefore, motivated that the efficient and green
synthesis method could be made by taking fully the advantages
that are offered by both cellulose derivatives mesoporogen and
dry gel conversion (DGC) synthesis method. Such a synthesis
could open a new route for “green”, fast, and versatile synthesis
of hierarchical ZSM-5 zeolite to meet the increasingly stringent
environmental demands.

Herein, we report a “green” and new route for synthesis of
hierarchical ZSM-5 zeolite by combination of bio-pore directing
agent - hydroxypropylmethylcellulose (HPMC), which is origi-
nated from biomass, and dry gel conversion (DGC) method.
Hydroxypropylmethylcellulose (HPMC) is a derivative of natural
cellulose, which are harmless, biodegradable, cheap, stable,
and have been used in various fields. Texture properties of the
as-obtained zeolite product from the synthesis procedures
mentioned above such as the mesopores volume, pore size, and
surface area were obviously improved. Indeed, this mesoporous
zeolite catalyst shows advantages in reactions dealing with great
molecular size bulky reactants when applied as catalyst for
benzylation of aromatic compounds showing high conversion
yield of desired product.

Experimental

Materials

NaAlO,, TPAOH 25%, tetraethyl orthosilicate (TEOS), KOH,
hydroxypropyl methylcellulose (HPMC), benzene and benzyl
alcohol were purchased from Sigma and all chemicals were
used as received.

Zeolite synthesis

An alumina precursor solution was prepared by adding 0.082 g
sodium aluminate (NaAlO,) to a solution containing of 6.184 g
tetrapropylammonium hydroxide (TPAOH) and 0.284 g potas-
sium hydroxide (KOH). This solution was stirred until
completely dissolved. Then different amount of HPMC pore-
directing agent (0.18-0.24-0.3 g) was added to the above
alumina precursor solution and stirred until completely dis-
solved. Finally, 10 g tetraethyl orthosilicate (TEOS) was added to
the above solution to prepare a synthetic solution. This mixture
is stirred with a magnetic stirrer and heated at 80 °C for 12
hours. After grinding, the dry powder was transformed to an
autoclave containing a Teflon tube. Water was added at the
bottom of autoclave in such a manner that dry gel and water
were not in direct contact with each other. The autoclave was
kept in the oven at 170 °C for 5, 10, 15 and 20 h to study the
effect of crystallization time. At the end of the process, reaction
mixture was washed with DI water and centrifuged with
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12 000 rpm to separate the solid product. Zeolite particles were
then dried at 100 °C and calcined at 550 °C for 5 h.

Alkylation reaction

The benzylation of benzyl alcohol and benzene was performed
at 80 °C in several reaction time with the mixture of 0.50 g ZSM-
5 zeolite catalyst, 2.0 mL benzyl alcohol and 136 mL benzene.
The reaction mixture was characterized to determine the
conversion yield.

Characterization

X-ray diffraction (XRD) was performed on a Rigaku D/max llIC (3
kW) with a h h™" goniometer equipped using a Cu Ko. radiation
generator. Nitrogen adsorption-desorption isotherms were
measured at 77 K on a Micromeritics (ASAP 2010, USA) using the
Brunauer-Emmett-Teller (BET) method. Prior to analysis, all
the samples were degassed at 300 °C for 10 h. The t-plot method
was employed to estimate the micropore volume, and micro-
pore surface area and external surface area. The Si/Al molar
ratio was measured by the method of inductively coupled
plasma (ICP) on a Varian 720 instrument. Scanning electron
microscopy (SEM) was performed using a JSM-7000F, JEOL,
Japan. The catalyst reaction products were analyzed with GC
(Shimadzu instrument with FID detection, TR-WAX-TR1MS
column of 60 m length and 0.32 mm inner) and characterized
by GC-MS (TERMO Electron Corporation instrument).

Results and Discussions
Hierarchical ZSM-5 zeolite synthesis

It is known that in the process of dry gel conversion, the fast
crystallization is occurred due to a large number of nuclei
formed in a short time.>"” In order to investigate the effect of the
crystallization time on the DGC synthesis process, experiments
were conducted at different synthetic time (5, 10, 15 and 20 h)
using 0.24 g hydroxypropyl methylcellulose (HPMC) pore-
directing agent. XRD patterns of the samples crystallized at
different times were shown in Fig. 1. The XRD patterns of the
ZSM-5 zeolite showed that the crystallization time significantly
influenced the crystallinity of the products. The XRD pattern of
zeolite product obtained after 5 h crystallization time presented
the characteristic diffraction peaks of MFI-type structure at 7—-
9°, 22-25° and 29-30°.>"">® Even the intensity of peak and crys-
tallinity was not high however it implied that well-crystallized
ZSM-5 zeolite was successfully synthesized by DGC method
using cellulose-derivative pore-expanding agent. The result
steadily suggested that nuclei of zeolite crystal have been
formed in the early stage of crystallization.® It is a very short
crystallization time of ZSM-5 zeolite compared to the conven-
tional hydrothermal method. Moreover, the result also strongly
indicated that cellulose-derivative (HPMC) can be acted as
suitable bio-mesoporogen, an alternate of conventional pore-
directing agent for synthesis of mesoporous ZSM-5 zeolite.
Increase the heating time the gel led to continuing increase
in the intensity of the peaks of XRD pattern and increase the
crystallinity of ZSM-5 crystals. When the crystallization time

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of hierarchical ZSM-5 zeolite synthesized by the DGC method using HPMC mesoporogen with different crystallization

times.

increased from 5 h to 15 h, there is almost no significant change
on the XRD patterns but the intensities of the XRD peaks
gradually improved. When the reaction time further increased
to 20 h, the crystallinity of the sample did not increase further,
and there was no impurity appeared indicating that the crys-
tallization has been completed after 15 h reaction time.

In this current work HPMC, a cellulose derivative was
applied as pore-directing agents for the synthesis of hierarchical
ZSM-5 zeolite to improve the texture properties. To investigate
the effect of pore-expanding substance to the texture properties
of ZSM-5 zeolite, the amount of HPMC was changed from 0.18
to 0.3 g. The as-obtained products were denoted corresponding
to the amount of HPMC used as Z-HPMC-0.18; Z-HPMC-0.24
and Z-HPMC-0.30. It is clearly seen from Fig. 2 that all three
samples showed well-resolved peaks in the range of 5-55°,

which can be indexed to the characteristic diffractions of MFI-
type zeolite framework without any impurity phases. There
was no amorphous background indicated the high crystallinity
of ZSM-5 crystal. It can be also found that amount of pore-
extended agent used in the synthetic process slightly affected
on the crystallization of ZSM-5 zeolite. In particular, the amor-
phous nature of the material increased with the increase of
HPMC mesoporogen amount.

The sharp peaks of XRD pattern were observed from sample
of lower amount of HPMC. It can be explained that at a higher
dosage of mesoporogen the formation of semi-crystalline ZSM-5
material containing a larger amount of amorphous material has
been occurred and the presence of this amorphous material
would lead to form of meso and macropores.***
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Fig. 2 XRD patterns of hierarchical ZSM-5 zeolite synthesized by the DGC method using different amount of HPMC mesoporogen after 15 h

crystallization time and conventional ZSM-5.
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Fig. 3 N, adsorption/desorption isotherms of as-obtained hierar-
chical ZSM-5 zeolite samples with different dosage of HPMC pore-
expanding agent.

Fig. 3 shows the nitrogen adsorption isotherms of the as-
obtained ZSM-5 samples with different amount of HPMC
pore-expanding agent. As seen from Fig. 3, conventional ZSM-5
exhibited a representative type I isotherm, which reflected its
microporous structure without mesoporosity. While the
samples showed the type IV isotherm with a hysteresis loop,
which suggests the presence of large mesopores. The sharp
uptake in nitrogen adsorption at relative pressures of 0.5-0.9 P/
P, revealed the capillary condensation of the gas inside the
mesopores. Compared to conventional ZSM-5 zeolite, the hier-
archical ZSM-5 samples showed a broader hysteresis loop from
P/P, = 0.5 to P/P, = 1 due to the co-existence of both micropores
and mesopores. Moreover, the concentration of HPMC pore
mesoporogen in the initial synthetic gel was observed to
strongly influence the porosity of the hierarchical ZSM-5
samples.

The porosity of samples significantly increased (relative
pressure range P/P, of 0.6-0.9) with the increase of mesopor-
ogen dosage. This finding of improving porosity with increasing
HPMC dosage is also consistent with the XRD data, where the
increase in amount of HPMC was observed to enhance the
amorphous phase of material.

Table 1 summarizes the textural properties of the of as-
synthesized hierarchical ZSM-5 zeolites. It is obviously seen
that all three zeolite samples using HPMC pore-expanding
agent showed high pore volume and high surface area which
could be attributed to the presence of mesopores in the zeolite

Table 1 Textural properties of hierarchical porous ZSM-5 zeolites
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structures. The BET surface area and pore volume of as-
obtained zeolite samples were much higher than that of tradi-
tional ZSM-5 zeolite and the surface area and pore volume of Z-
HPMC-0.30 was highest in all samples. It can be also found that
the surface area, pore volume and pore diameters of samples
improved with the increase in HPMC agent. This further indi-
cated that an increase of pore-expanding agent led to form the
zeolite materials with higher porosity. Overall, the influence of
mesoporogen on mesoporosity clearly demonstrated the mes-
oporous expanding role of HPMC- a cellulose derivative. It is
noted that HPMC is soluble macromolecular derivative of
cellulose containing many hydroxyl groups, which endow it the
ability to improve the interface interaction.*** Thus, HPMC
could be well dispersed in silica due to satisfactory affinity to
silica. In the synthesis process, HPMC macromolecules were
integrated into the zeolite structure through the hydrogen bond
interaction between Si-OH and the hydroxyl groups during the
crystallization. After calcination, the pore directing agent was
removed and the hierarchical ZSM-5 zeolite was achieved.'>*®
HPMC mesoporogens was hence responsible for the formation
of mesopores in the zeolite.

The Si-to-Al ratios of ZSM-5, Z-HPMC-0.18, Z-HPMC-0.24 and
Z-HPMC-0.30 zeolite were 48, 51, 52 and 52, respectively. These
results are relatively similar and indicated that the content of
framework aluminum in the zeolites was almost unchanged in
both cases of using and non-using HPMC pore-directing agent.

Fig. 4 exhibited the SEM images of three zeolite samples in
comparison with that of conventional ZSM-5 zeolite. SEM image
(Fig. 4A) showed representative conventional zeolite particles
possessing an orthorhombic morphology with smooth surface
and relatively uniform diameter of around 500 nm. While the
surfaces of the hierarchical zeolite particles showed much
rougher than that of conventional zeolite. As seen from Fig. 4B~
D that non-smooth surface of hierarchical zeolite particles was
composed of nano-particle aggregates without observable
amorphous structure. Noticeably, the aggregation of ZSM-5
zeolite crystals into particles led to the formation of some
inter-crystalline mesopores.**® It is interesting that the
morphology of ZSM-5 particles depends on the mesoporosity
(dosage of mesoporogen). Z-HPMC-0.18 sample exhibited the
similar shape with rough surface and particle size of about
300 nm, which are smaller conventionally ZSM-5 crystals.
Whereas the Z-HPMC-024 and HPMC-0.30 samples exhibited
the different shape with voids of internanoparticles and grainy
surface. The smaller size of hierarchical zeolite could be
attributed to the vapor assisted crystallization of dry gel
conversion (DGC) method.

Sample SBET mZ g71 Smicr() mZ g71 Vtotal m3 g71 Vmicr() dp()re nm Sl/Al
ZSM-5 300 218 0.17 0.11 2.2 48
Z-HPMC-0.18 415 192 0.25 0.09 3.6 51
Z-HPMC-0.24 442 190 0.29 0.08 5.3 52
Z-HPMC-0.30 481 198 0.31 0.06 5.8 52
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Fig. 4 SEM images of various zeolite samples: (A) conventional ZSM-5 zeolite, (B) Z-HPMC-0.18, (C) Z-HPMC-0.24 and (D) Z-HPMC-0.30

samples; (E) and (F) TEM images of Z-HPMC-0.30 samples.

It is seen from the TEM image of Z-HPMC-0.30 samples
shown in Fig. 4E that there were many brighter areas corre-
sponding to the mesopores created by the removal of porogens
distributed homogenously in the crystals. This reflected the
development of mesoporosity in the as-synthesized hierarchical
ZSM-5 zeolite. Moreover, the high-resolution TEM images of
mesoporous ZSM-5 (Fig. 4F) showed clear lattice fringes indi-
cating high crystallinity of mesoporous ZSM-5, which is
consistent with XRD patterns.

ZSM-6 catalyst
-
L e o

Catalytic activity test

The presence of a larger amount of mesoporosity in hierarchical
zeolite should lead to faster diffusion of reactant and higher
conversion yield. Therefore, the alkylation between benzene
and benzyl alcohol (as shown in scheme of Fig. 5) was chosen to
test the improvement of catalytic activity of the hierarchical
ZSM-5 catalyst synthesized by using HPMC pore expanding
agent.

Diphenylmethane (DPM)

Dibenzyl ether (DBE)

\
=

Polyalkylated polymer

Fig. 5 Schematic illustration of alkylation between benzene and benzyl alcohol.
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Table 2 Benzyl alcohol conversion with different reaction condition®

Dosage of catalyst, wt%
over benzyl alcohol

Conversion of benzyl

Catalyst samples alcohol, %

ZSM-5 30 14.7 £ 0.5
Z-HPMC-0.18 30 50.6 £ 0.5
Z-HPMC-0.24 30 61.5 £ 0.5
Z-HEMC-0.30 30 73.8 £ 0.5
Z-HEMC-0.30 20 64.1 £ 0.5
Z-HEMC-0.30 40 80.2 £ 0.5

“ Reactions conducted after 6 h reaction time at 80 °C.

Table 2 summarized the results obtained benzylation reac-
tion at different conditions (also see Table S1 in ESI{). It is
found that the conversion of benzyl alcohol on hierarchical
ZSM-5 zeolite was increased with the increase of mesoporosity
of zeolite catalysts, and higher than that on traditional ZSM-5
zeolite.

The Z-HPMC-0.18, Z-HPMC-0.24 and Z-HPMC-0.30 samples
showed 50.6 + 0.5, 61.5 & 0.5% and 73.8% conversion yields of
benzyl alcohol, respectively, which are significantly higher than
14.7 £ 0.5% yielded by the conventional ZSM-5. The Z-HPMC-
0.30 sample with the highest mesoporosity gave the highest
conversion of benzyl alcohol. The highly improved catalytic
performance of the as-obtained hierarchical zeolite catalyst
could be attributed to the large number of active sites on the
high surface area as well as the presence of mesopore that is an
important factor in the alkylation reaction with large size
reactant molecules. Moreover, the uniform and small crystal
size of ZSM-5 catalyst could reduce the diffusion path and
increase the total numbers of acid sites which lead to high
conversion yield of benzylation."” The conversion of benzyl
alcohol also increased with increasing amount of catalyst until
the maximum conversions of 80.2 £+ 0.5% were achieved at
a catalyst dosage of 40% (wt% over benzyl alcohol).

The recycling of the catalyst is very important for chemical
process. Thus, the reusability and recyclable efficiency of the
catalyst was investigated (see Table S2, ESIt). After reaction, the
Z-HPMC-0.30 catalyst was recovered and reused for another
reaction cycle under the same conditions. During the five runs
investigated, the conversion decreased from 73.8% to 68.4%,
revealing that there was only little decrease in conversion. The
obtained results showed that the hierarchical zeolite catalyst
could be recycled and reused efficiently for at least five times
with only modest reduction in the conversion of benzyl alcohol.
This indicated that as-prepared hierarchical ZSM-5 is a prom-
ising catalyst for the alkylation between benzene and benzyl
alcohol with high activity and stability.

Conclusion

In summary, a “green” and facile route for synthesis of hierar-
chical ZSM-5 zeolite has been presented by combination of bio-
pore directing agent — hydroxypropylmethylcellulose (HPMC)
and dry gel conversion (DGC) method. The highly crystallized
mesostructured ZSM-5 zeolite was synthesized by adding
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different amount of pore expanding agent. It is found that the
mesoporosity of zeolite samples increased with the increase of
dosage of HPMC pore extended agent. The as-obtained hierar-
chical ZSM-5 zeolite with excellent mesoporosity was applied as
catalyst for alkylation between benzene and benzyl alcohol. The
hierarchical zeolite had a high mesopore volume and large
external surface area, providing decreased reactant and product
diffusion path length and extra mesopore channel for organic
reaction. In particular, the zeolite catalyst showed the high
catalytic activity for benzylation reaction with high conversion.
Moreover, the catalyst could be reused and recycled for five
times without decrease of catalytic activity.
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