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Abstract

A seed-assisted route has been applied to prepare the hierarchical lamellar ZSM-5 zeolite with good porosity and catalytic
performance in methanol to propylene (MTP) reaction. In this method, ZSM-5 crystal seeds instead of organic quaternary
ammonium were used to direct the formation of ZSM-5 nuclei and conventional surfactant cetyltrimethylammonium bro-
mide (CTAB) employed as the mesoporogen. The process for the formation of hierarchical lamellar ZSM-5, including the
effect of the ratio of CTAB/SiO,, initial gel aging temperature, synthesis temperature and synthesis time were discussed in
detail. The results suggested that mesoporous structure was first obtained and then transformed into MFI structure in-situ
during the hydrothermal synthesis process. The obtained hierarchical lamellar ZSM-5 zeolite displays an organized flack-like
nanosheet stacks morphology with regular intercrystal mesopores of 3—7 nm, possessing large surface area and mesopore
volume. Moreover, the synthesized hierarchical ZSM-5 zeolite has perfect catalyst lifetime in methanol to propylene (MTP)
reaction than conventional microporous ZSM-5 zeolite, which could be ascribed to the hierarchical mesoporous structure
accommodating more bulky molecules and accessible acid sites in the catalytic reaction.
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1 Introduction

Zeolites with well-defined pores have been extensively
used in the fields of petroleum and petrochemistry for its
shape selectivity, high acidity and good thermal/hydrother-
mal stability [1-3]. However, the dimensions of micropo-
res limit the diffusion rate of large molecules, which leaves
a large part of acid sites within a zeolite crystals can not
be utilized leading to the low catalytic efficiencies and
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undesired secondary reactions such as coke deposition. In
order to solve these problems, a lot of measures have been
made, such as the synthesis of nanozeolites and ordered
mesoporous materials [4-6]. A variety of synthetic meth-
ods for the preparation of nanozeolites have been reported
in recent years. The reduced crystal size of zeolite nanocrys-
tals can increase the external surface area and reduce the
diffusion path, thus improving the catalytic activity [7].
But the difficulty of separation nanozeolites from the reac-
tion mixture and low yields in synthesis would hinder their
practical applications. The relative low hydrothermal and
catalytic activity of ordered mesoporous materials are also
unfavorable for practical catalytic reactions [8]. Hierarchi-
cal zeolites are materials with improved transport rate and
coke resistance in which mesopores are integrated in crystal-
line microporous zeolites. Therefore, hierarchical zeolites
are regarded as the best strategy and have been paid great
attention in recent years [9—-12]. Generally, the additional
porosity can be introduced within or between zeolite crystals
via post treatments (including steaming dealumination, acid
dealumination and base desilication) and indirect templating
methods (including hard templating methods and soft tem-
plating methods) [13—18]. However, the major drawback to

@ Springer


http://orcid.org/0000-0002-9066-2459
http://crossmark.crossref.org/dialog/?doi=10.1007/s10934-020-00898-w&domain=pdf
https://doi.org/10.1007/s10934-020-00898-w

1266

Journal of Porous Materials (2020) 27:1265-1275

post treatments is the inability to control mesopores forma-
tion and the loss of crystallinity. Although, hard templat-
ing methods with carbon could produce oriented, straight
mesopores, abundant of carbon used in many synthesis pro-
cesses hinders industrial application. The soft-templating
method, including cationic surfactants, silylated polymer
and amphiphilic organo-silane, has been paid increasing
attention for its facile production. In addition, uniform and
ordered mesoporous zeolite can be synthesized through
the self-assembly process which avoid separate growth of
microporous and mesoporous materials.

ZSM-5 with 10-ring micropores is one of the most widely
studied and commonly used zeolites which has exhibited
excellent catalytic properties in many fields such as crack-
ing, isomerization, alkylation and aromatization. Thus, great
interest has been generated in the synthesis of hierarchical
ZSM-5 [15-21]. Rayoo’s group synthesized MFI zeolite
nanosheets possessing uniform mesopores by using designed
diquaternary ammonium surfactant as template [20].
Recently, single-crystalline MFI nanosheets were prepared
using a new design of amphiphilic molecules with aromatic-
group tail as template. It is the result of n—x interaction of
aromatic groups in amphiphilic molecules directing for sin-
gle-crystalline mesostructured zeolite nanosheets [21, 22].
Compared with those of other mesoporous and conventional
MFI zeolites, the nanosheet morphology along with the high
external surface area and reduced crystal thickness accounts
for higher reaction rates for bulky molecules and thereby
dramatically suppresses catalyst deactivation through coke
deposition. The large number of acid sites on the external
surface of these zeolites renders them highly active for the
catalytic conversion of large organic molecules as well.
However, the templates used in these methods are too expen-
sive to the wide applications in industry. Traditional cationic
surfactant cetyltrimethylammonium bromide (CTAB) as a
soft template to prepare hierarchical zeolites has attracted
people’s attention since the discovery of MCM series. CTAB
as mesoporogen is low cost and little environmental impact.
However, it usually has a competition between CTAB self-
assemble and the structure-direction agent (SDA) leading
to physical mixtures of bulk ZSM-5 and MCM-41 [23, 24].
To solve the phase separation, a seed-induced method is an
effective way in which CTAB as a mesopore-directing agent
template interacted with the pre-crystallized precursor seed
subnanocrystals to synthesis hierarchical ZSM-5 [25-29].
In general, precrystallization of the zeolite precursor played
key roles in producing a large number of subnanocrystal-
type zeolite seeds, which has relatively high polymeriza-
tion degrees. Nevertheless, a large number of TPAOH were
unavoidable as zeolite-forming SDA in these methods. In
addition, most hierarchical ZSM-5 zeolites reported using
CTAB as soft template are sphere-like [28—30].
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In this work, lamellar ZSM-5 zeolite nanosheets were
green prepared by a facile, low cost seed-assisted synthesis
strategy with CTAB as the only organic template. Zeolite
seeds replaced TPAOH by adding synthesis gel for direct-
ing the formation of ZSM-5 structure which effectively
avoided the phase separation caused by competition with
CTAB. The influence of the amount of CTAB, aging tem-
perature, synthesis temperature, synthesis time on crystal-
linity, morphology and physicochemical properties were
investigated in detail. The synthesized hierarchical ZSM-5
zeolite displays large external surface area, mesopore vol-
ume and narrow intercrystal mesopore. The catalytic per-
formance of the obtained hierarchical ZSM-5 zeolite was
evaluated in methanol to propylene (MTP) reaction, which
exhibits greatly improved catalyst lifetime and propylene
selectivity compared with conventional ZSM-5 zeolite.

2 Experimental
2.1 Reactants

The following chemical reactants were used: aluminum
sulfate octadecahydrate (Al,(SO,);-18H,0, 99.0 wt%),
water glass (SiO , =28 wt%, Na,0=9 wt%), CTAB (AR,
99.0 wt%), sulphuric acid (H,SO, AR, 98%), ZSM-5
seeds (Si0,/Al,0; =50, obtained from Tianjin Guangfu
Chemical Reagent Co., China. The XRD pattern and SEM
image of ZSM-5 seeds are shown Fig. S1), deionized water
(H,0).

2.2 Synthesis of the hierarchical ZSM-5

The hierarchical ZSM-5 (Hi-ZSM-5) were prepared as
follows. At first, 1.16 g of aluminum sulfate octadecahy-
drate was dissolved in 35 g of deionized water and stirred
at room temperature. Then 25 g of water glass was added
dropwise into the stirring solution. In order to adjust
Na,0/Si0, ratio of synthesis system, 1.5 g of H,SO,
was dropped to neutralize excessive alkali ingredients in
water glass system under continuous stirring condition to
obtain a homogeneous aluminosilicate gel, then 0.5 g of
ZSM-5 seeds were added into the gel and stirred for 1 h.
The gel mixture was left at 60 °C, 24 h for aging. After
aging, the resulting hydrogel mixture was introduced 5.5 g
of CTAB to obtain a mixture with molar composition of
60Si0,:1A1,05:4Na,0:6CTAB:2400H,0. After stirring for
2 h at room temperature, the gel was hydrothermally treated
at 150 °C for different time. The solid product was filtered,
washed, dried and finally calcined in air at 550 °C for 6 h.
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For comparison, a conventional ZSM-5(C-ZSM-5)
obtained at 150 °C, 4 days with molar composition of
60Si0,: 1A1,05:4Na,0:2400H,0 and seed crystals (5 wt%
based on total silica amount) was employed as a reference.

2.3 Characterization

X-ray diffraction (XRD) was recorded on a Rigaku X Pert
PRO MPD diffractometer with Cu K« radiation (45 kV and
40 mA). Scanning electron microscopy (SEM) was per-
formed with a JSM-7800F field emission scanning electron
microscope operating at 3 kV. High-resolution TEM (HR-
TEM) pictures were obtained on a JEM 2100F microscope
instrument at 200 kV. The N, adsorption and desorption iso-
therms were measured using a QuantaChrome Autosorb-iQ
porosity analyze at 77 K. The NH;-TPD profiles were taken
on a Micrometitics Tianjin Xianquan, TP-5079 chemical
adsorption instrument.

2.4 Catalytic tests

All of the samples used in catalytic tests were H-form. The
MTP reaction was conducted in a micro-activity test (MAT)
unit at 400 °C under atmospheric pressure. For a typical
run, 0.5 g catalyst (20-60 mesh) was placed in the fixed bed
reactor with an internal diameter of 10 mm. After tempera-
ture increased stable to 400 °C, then the liquid methanol
was pumped into the reactor with nitrogen as the carrier
gas, at a weight hourly space velocity (WHSV) of 10 h™!.
The gaseous products were analyzed on a Shanghai GC9310
Chromatograph fitted with TCD and FID detectors. The

corresponding liquid hydrocarbons were analyzed on Beijing
PERSEE G5 gas chromatograph with an KB-5 capillary col-
umn (50 mx0.32 mm % 0.25 pm). The methanol conversion
and propylene selectivity were defined as follows:

Methanol conversion (%) = (M,-n =M, —2Mpye) /M, X 100%

where M;,, M, and Mpye denoted the amounts of pumped

in, unconverted methanol, and the produced dimethylether,
respectively.

Propylene selectivity (%) = M,,/Myc x 100%

where M, was the amount of the propylene to be calculated
and My, was the total amount of hydrocarbon products.

3 Results and discussion
3.1 Characterization of Hi-ZSM-5 zeolites

In order to study the effect of the CTAB content on crys-
tal morphology, crystal phase and textural properties of
the Hi-ZSM-5 zeolites, samples synthesized with differ-
ent contents of CTAB were characterized by XRD, SEM,
TEM and N, adsorption and desorption, in comparison
with C-ZSM-5. The initial gel molar composition was
60Si0,: 1Al,05:4Na,0:xCTAB :2400H,0 with x being
0.05, 0.1 or 0.2 and the prepared samples were designated
as MZ-x, in which x represents the molar ratio of CTAB
to SiO,. The steps of crystallization were accomplished at
150 °C for 4 days. The high and low-angle XRD patterns
of the as-synthesized samples are shown in Fig. 1. When
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Fig. 1 Low-angle and wide-angle XRD patterns of Hi-ZSM-5 with different ratios of CTAB/SiO,: 0, 0.05, 0.1 and 0.2
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different contents of CTAB were introduced to the synthesis
system (CTAB/SiO,=0.05, 0.1 and 0.2, respectively), as
shown in Fig. 1, the CTAB/SiO, ratios were critical for Hi-
ZSM-5 synthesis. In the low-angle XRD region (Fig. 1a),
there is no peak at low ratio of CTAB/Si0, of 0.05, imply-
ing that too little CTAB to form ordered mesopores. With
the increase of CTAB/SiO, ratios from 0.05 to 0.2, a single
peak can be observed and strengthens gradually which can
be ascribed to the low-order secondary structuring at the
mesoscale demonstrating the lamellar structural feature. The
low-angle reflection peaks disappear in the corresponding
calcined lamellar Hi-ZSM-5 (Fig. S2), which was caused
by the collapse of zeolite layer during the process of sur-
factant template removal. Simultaneously, in the wide-angle
part of the XRD region (Fig. 1b), it shows that the obtained
sample is poorly crystallized at low ratio of CTAB/SiO, of
0.05. With increasing the CTAB/SiO, to 0.1, the sample
of MZ-0.1 exhibits a typical MFI-type topology of zeolite
ZSM-5 with peaks at 20 of 7.9, 8.7, 23.1 23.9 and 24 .4.
The relative crystallinity of MZ-0.1 is slightly lower than
that of C-ZSM-5 used as the reference sample, which is due
to the formation of smaller nanosheet crystallites and then
assembled to form the intercrystalline mesopores. When the
ratio of CTAB/SiO, is further increased to 0.2, the double
peaks between 7° and 10° and the triple peaks between 22°
and 25° ascribing to the MFI topology of resulting material
decreases dramatically. The result indicates that an excessive
ratio of ratio of CTAB/SiO, with hydrophobic carbon chains
inhibited the nucleation and growth of the zeolite.

The N, sorption isotherms and the relevant BJH pore size
distribution of all MZ-x samples are presented in Fig. 2.

Obviously, the C-ZSM-5 exhibits only a steep increase
in the curve at very low relative pressure (near P/P;=0),
almost without an adsorption hysteresis loop, which is con-
sistent with the typical nitrogen adsorption type I isotherm
of microporous material. The corresponding BJH pore size
distribution further indicates that there is no mesopores. In
the case of the samples synthesized with CTAB, the nitro-
gen adsorption behavior is dramatically different from that
of C-ZSM-5. In fact, N, sorption isotherms for MZ-0.1 and
MZ-0.2 both show a composite of type I and IV isotherm
with a hysteresis loop and enhanced uptake at higher P/
Py, indicating the materials with the composited structure
of both micropores and mesopores (Fig. 2a). The shape of
the hysteresis loop shows a type H3 indicative of slit-like
mesopores. The corresponding BJH pore size distribution
with the mesopore sizes in the range of 3—7 nm with the
peak at around 3.8 nm and 5 nm respectively further con-
firmed presence of mesoporosity (Fig. 2b). However, the
type I isotherm remains in the sample synthesized with a
CTAB/Si0, ratio of 0.05 indicating that there is no forma-
tion of mesopores and a small adsorption capacity is found,
which is due to the low crystallinity in this sample. The
result is also confirmed by the XRD characterization. The
poor physicochemical properties of MZ-0.05 were observed,
as shown in Table 1.

Textural properties of all MZ-x samples are reported
in Table 1. It shows that both the samples of MZ-0.1
and MZ-0.2 possess largely improved external surface
area (S, =287 m? g~! and 353 m? g~!, respectively) and
mesopore volume (V,,..,=0.37 cm® g~! and 0.55 cm® g7,
respectively). It is clearly higher than that of C-ZSM-5

| —#—C-ZSM5
—— MZ-0.05

| —d— MZ-0.1
—y—MZ-0.2

Volume absorbedicm®.g"

—&— C-ZSM-5
—e— MZ-0.05
12 | —A— MZ-0.1
) § —y— MZ-0.2

3
Vidlogd, em” g "

PP,

Fig.2 N, adsorption/desorption isotherms and corresponding BJH pore size distribution of of Hi-ZSM-5 with different ratios of CTAB/SiO,: 0,

0.05,0.1 and 0.2
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Ta.ble 1 Textural parameters of Sample Specific surface area (m? g_l) Pore volume (cm® g_l)

Hi-ZSM-5 and C-ZSM-5

SBETa Smicmb Sexc Vtotd \/micme \/'me:snf

MZ-0.05 45 39 6 0.08 0.013 0.067
MZ-0.1 444 157 287 0.45 0.08 0.37
MZ-0.2 425 72 353 0.58 0.03 0.55
C-ZSM-5 248 222 26 0.16 0.09 0.07

4Sggr determined by the BET method

PCalculated using t-plot method

c —
Sex = SBET - Smicm

dObtained from the amount adsorbed at p/py=0.995

Calculated using t-plot method
fVmeso = Voot = Vimicro

(26 m? g~ and 0.07 cm® g~!, respectively), which suggest
mesoporous properties development. The samples with
large mesopore volume can not only supply them with a
large portion of external active sites but also easy access to
the active acid sites in micropores, which are important to
catalytic reaction. The micropore surface area (Sy;.., =157
m? g~!) and micropore volume (V. =0.08 cm® g~!) of
sample MZ-0.1 are comparable to that of C-ZSM-5 (222
m? g~! and 0.09 cm® g~!, respectively), revealing formation
abundant of mesopores during the synthesis process while
retaining the micropore structure. Hierarchy factor (HF) is a
quantitative tool to demonstrate the hierarchical pore struc-
ture of samples, which is defined as the product of (V. ;.../
Vpore) X Sineso/Sper)- MZ-0.1 shows a higher HF (0.12) com-
pared with that of the C-ZSM-5 (0.06), indicating hierarchi-
cal porous character. However, MZ-0.2 has a relative lower
Smmicro (72m* g Hand V., (0.03 m? g~1). It is well accord-
ance with the XRD pattern results where the crystallinity of
MZ-0.2 is also smaller than MZ-0.1 (Fig. 1b). Therefore,
the optimal of CTAB/SiO, ratio is 0.1 to synthesis highly
crystalline Hi-ZSM-5 zeolite in this work, further characteri-
zation and catalytic reactions were tested using the sample
MZ-0.1 as well. All of the above results indicate that CTAB
plays an important role in the meso-structure assembly pro-
cess with subnanocrystals and a medium level of CTAB is
needed. The meso- and microporosity of samples can be
tuned by changing the amount of CTAB. The formation of
Hi-ZSM-5 was a result of self-assembly between the subna-
nocrytal zeolite seeds and CTAB.

The SEM and HR-TEM were employed to characterize
the morphologies and the mesopores structure of the sam-
ples. The morphologies of samples prepared with or without
CTAB are significantly different. The C-ZSM-5 zeolite syn-
thesized in the absence of CTAB displays large hexagonal-
shaped crystals with size about 2 pm (Fig. 3a). With the use
of CTAB in the synthesis of ZSM-5, a remarkable change in
the morphology of the crystal was observed which indicated
that the presence of CTAB affects the crystal growth process.

The SEM images clearly show that the sample MZ-0.05
consists of bulky irregular particles with mostly amorphous
gel (Fig. 3b), while the other two samples (Fig. 3d, f) have
crystallized flake-like particle aggregates which correlates
well with the results of previous discussions. Consequently it
can be concluded that the little CTAB not only failed to form
mesoporous structure, but also destroyed the stable synthe-
sis system of ZSM-5 zeolite. With the increase of CTAB/
SiO, to 0.1, the MZ-0.1 displays honeycomb morphology
(Fig. 3c), in which numerous flake-like crystals stack loosely
(Fig. 3d). As a result, the intercrystalline mesopores are
formed among these aggregated flake-like crystals. Increas-
ing the CTAB/Si0, to 0.2, the nanosheet stacks change to
a more organized structure and obvious amorphous phase
is observed (Fig. 3e, f), The presence of mesopores in the
Hi-ZSM-5 can be further confirmed from HR-TEM images.
It reveals that a solid dense particle indicating low transmis-
sion of the electron beam is seen in C-ZSM-5 implying no
evident mesopores in the sample (Fig. 3g). However, numer-
ous nanosheet crystals stacking along the same orientation
loosely together can be obviously observed in the sample of
MZ-0.1 (Fig. 3h, i). In such cases, the mesopores between
each nanosheet crystals are formed.

These analyses further proved mesoporous structure
appears in Hi-ZSM-5 with assistance of CTAB. The large
external surface area and supplementary mesopores would
enhance the accessibility and molecular diffusion rate which
affect stability and selectivity of zeolite. The Hi-ZSM-5 zeo-
lite is believed to be great beneficial in catalytic reaction
dealing with bulky intermediates and/or products.

3.2 Synthesis of Hi-ZSM-5 zeolites

A number of factors were essential for the formation
of Hi-ZSM-5, including the aging temperature, crys-
tallization temperature and crystallization time. Three
series of Hi-ZSM-5 samples were prepared at differ-
ent aging temperature 40 °C, 60 °C and 80 °C for 24 h,
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Fig.3 SEM images and HR-TEM images of C-ZSM-5 (a, g) and Hi-ZSM-5 with different ratios of CTAB/SiO,: 0.05 (b), 0.1 (c, d, h, i) and 0.2

(e, )
80 °C
P
‘@
c
2
£
60°C
m‘m N
! ! ! L. ! ! !
5 10 15 20 25 30 35 40 45 50

20/degree

Fig.4 XRD patterns of Hi-ZSM-5 synthesized with aging tempera-
ture of 40 °C, 60 °C and 80 °C

respectively. The initial gel compositions of all samples were
60Si0,:1A1,0,;:4Na,0:6CTAB:2400H,0 with 0.5 wt% of
the ZSM-5 seed crystals. The XRD patterns of Hi-ZSM-5

@ Springer

synthesized at different aging temperature are shown in
Fig. 4. It shows that at the low aging temperature 40 °C,
the crystallinity of ZSM-5 is poor, which indicates that the
zeolite precursor contains too higher amount of less polym-
erized silica to formation ZSM-5 crystals at a lower aging
temperature. The increase of the aging temperature from 40
to 60 °C enhances the ZSM-5 crystallinity. However, a fur-
ther increase of the aging temperature to 80 °C, the crystal-
linity of ZSM-5 no longer increases, which shows that a mild
aging temperature at 60 °C is sufficient to induce the forma-
tion of higher polymerization degrees of subnanocrystal.

It is recognized that the synthesis temperature is an
important parameter in the zeolite synthesis. Effect of
crystallization temperature on synthesis of Hi-ZSM-5 was
studied by running three experiments at different crystalli-
zation temperature for 4 days (120 °C, 150 °C, and 180 °C,
respectively). Figure 5 shows the XRD patterns and the
SEM images of the samples synthesized at different crys-
tallization temperature. At the lowest crystallization tem-
perature 120 °C, an amorphous material with little ZSM-5
crystals was obtained, according to the low intensity of the
XRD patterns (Fig. 5a) and lamellar-like morphologies in
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Fig.5 XRD patterns (a) and SEM images of Hi-ZSM-5 synthesized at different temperature of 120 °C (b), 150 °C (c¢) and 180 °C (d). The ini-
tial gel composition was 60Si0,:1Al,05:4Na,0:6CTAB:2400H,0 with 0.5 wt% with aging temperature 60 °C 24 h

the SEM images (Fig. 5b). In addition, the low-angle XRD
pattern (Fig. S3) shows a clear signal for 26 between 1.5°
and 2.5°, which can be ascribed the short-range ordered
mesoporous structure and this is a clear evidence of the
formation amorphous lamellar mesoporous material. Fur-
thermore, 421 m* g~! of Sppy and 36 m* g7! of S, for
120 °C (Tab. S1) also prove that at a low temperature, the
solution energetics is only favorable for the formation of
the amorphous mesophase. At 150 °C, the high quality of
Hi-ZSM-5 zeolite was synthesized with agglomerations of
nanosheet crystals. When the crystallization temperature
was increased further to 180 °C, a mixture of bulk ZSM-5
and a dense phase (Keatite) with no mesopore structure was
formed. According to Li et al., the long chain surfactants
CTAB was decomposed to the short chain aklylammonium
species which led to the formation of microporous materials,
when the crystallization temperature exceeded 170 °C [31].
Therefore, a bulk ZSM-5 was formed instead of Hi-ZSM-5
at higher temperature 180 °C. The textural properties of the
synthesized sample obtained at 180 °C with 241 m? g~! of
Sger and 208 m? g7! of S micro are similar to C-ZSM-5, as
shown in Tab. S1, which are consistent with the results of
Fig. 5. The temperature 150 °C was found to be the optimal
for CTAB to direct the formation of Hi-ZSM-5 in this work.

The synthesized samples after different times of syn-
thesis were tracked using XRD, N, adsorption—desorption
and SEM for studying the growth process of the Hi-ZSM-5,
and the corresponding synthesis molar composition was
60Si0,:1A1,054:4Na,0:6CTAB:2400H,0 with 0.5 wt% of
the ZSM-5 seed crystals. The solids were designated as MZ-
0.1-y d, in which 0.1 represents the molar ratio of CTAB to
Si0,, and y represents the crystallization time.

Figure 6 shows the XRD patterns corresponding to these
materials obtained at different crystallization time. In the
low-angle XRD patterns, a clear single peak at between
1.5° and 2.5° can be observed at 2 days (Fig. 6a), which
implies that the mesoporous materials is firstly generated
by the assistance of CTAB. As the crystallization time is
extended, the peak of low-angle XRD weakens gradually
and finally almost disappears after crystallization for 5 days.
Meanwhile, only the negligible XRD peaks related to MFI
phase can be detected after crystallization at 150 °C for 2
d, which is mainly due to the addition of seeds, implying
its long-range molecular disorder, as shown in Fig. 6b. The
XRD peaks of MFI phase become intensified by prolong-
ing of crystallization time. Well crystallized ZSM-5 phase
is formed after crystallization at 150 °C for 4 days. When
further increasing the crystallization time to 5 days, the
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crystallinity of ZSM-5 phase tends to decrease slightly.
Meanwhile, some secondary phases such as Keatite and
Mordenite appear. It indicates that time needed for the crys-
tallization ZSM-5 phase is from 2 to 4 days, in case of longer
crystallization time, the crystallization path is more likely to

direct toward the formation of secondary undesired phases
rather than ZSM-5.

The N, sorption isotherms and the relevant BJH pore size
distributions of the solids crystallized with different time are
given in Fig. 7. The texture properties of derived thereof are
listed in Table 2. It shows that the sample crystallized for

Fig.6 Low-angle and wide-
angle XRD patterns of the sam-
ples crystallization at 150 °C for
2 days, 3 days, 4 days, 5 days
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Fig. 7 Nitrogen adsorption—desorption isotherms and the corresponding BJH pore size distribution of the samples crystallization at 150 °C for 2

days, 3 days, 4 days, and 5 days

Table 2 Textural parameters

L Sample Specific surface area (m> g~!) Pore volume (cm® g™!)
of the samples crytallization at
150 °C for different periods SBET S micro Sex Vit V niero V heso
MZ-0.1-2d 113 0 113 0.2 0 0.2
MZ-0.1-3d 316 59 257 0.46 0.04 0.42
MZ-0.1-4d 444 157 286 0.45 0.08 0.37
MZ-0.1-5d 364 222 141 0.34 0.08 0.27
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2 days exhibits typical IV isotherm with a hysteresis loop,
a typical of uniform mesoporous material with mesopores
around 7-9 nm. As shown in Table 2, the sample crystallized
for 2 days has no micropores with an external surface area
of 113 m? g~! and a mesopore volume of 0.2 cm® g~!, which
is also confirmed by the XRD characterization suggesting
only formation of mesophases at an early stage. When the
crystallization time increases to 3 d, the N, isotherms shows
a larger adsorption at a higher P/P,, and changes to combined
features of types I and IV with a hysteresis loop. It indi-
cates that substantial mesopores are developed and a certain
amount of micropores (S, ;.,, =359 m* g~!) are formed at the
same time. The external surface area increases from 113 to
257 m? g~! for MZ-0.1-3d. With the increase of crystalliza-
tion time to 4d, MZ-0.1-4d shows a higher micropore surface
area of 157 m? g~!, which corresponds to a higher micropo-
rous volume (V,;.,,=0.08 cm® g~!). It is due to formation of
microporous structure, consistent with its good crystallinity.
It also shows a little higher external surface area (S, =286
m? g~!) compared with MZ-0.1-3d. Further increasing the
crystallization time to 5 days results in a slight increase of
the micropore surface area and a dramatic decrease of exter-
nal surface area. Furthermore, as the crystallization time
increases from 3 to 5 days, the hysteresis loop narrows down
indicating the formation of smaller mesopores.

The morphologies with different crystallization time are
shown in Fig. 8. The solids crystallized for 2 days exhibits
amorphous phase with lamellar-like morphologies. This is
consistent with the XRD pattern and N, sorption results. The

Fig.8 SEM images of the sam-
ples crystallization at 150 °C
for 2 days (a), 3 days (b), 4 days
(c), and 5 days (d)

100nm

100nm

lamellar structure is becoming clearer and clearer while the
amount of amorphous phases decreases after 3 days which
may be due to the initial formation of crystalline ZSM-5
(The characteristic peaks attributable to the MFI topology
can be investigated in the wide-angle XRD region at this
stage). When the crystallization time is increased to 4 d, the
products display a loosely nanosheet agglomerations while
amorphous phase nearly disappears. Further prolonging
the crystallization time to 5 days, it is found that the pri-
mary nanosheet crystals were closed stacked at an oriented
direction and a small amount of impure dense phase can be
investigated.

From the information discussed above, a possible for-
mation process of the Hi-ZSM-5 zeolite was proposed in
this work. The ZSM-5 seeds added in the initial gel were
dissolved into subnanocrystals which induced the zeolite
precursors into a large number of subnanocrystals by the
proceeding of aging. When the mesoporogen CTAB was
mixed with these subnanocrystals, mesoporous aluminosili-
cate structure with lamellar-like morphologies was firstly
obtained. Then the nanocrystals arranged and a large number
of micropores were formed in-situ during the hydrothermal
synthesis process. Finally, the Hi-ZSM-5 zeolite instead
of a mixture of zeolite and mesophase were formed due to
the formation of subnanocrystals with high polymerization
degree.

100nm
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Fig.9 NH;-TPD profiles (a) and catalytic performance in MTP (b) of Hi-ZSM-5 and C-ZSM-5

3.3 Acidity and catalytic properties of Hi-ZSM-5

The acidity of catalyst significantly affects the catalytic per-
formance. Figure 9 shows the NH;-TPD curves of the MZ-
0.1and C-ZSM-5 crystallized at 150 °C for 4 d, which have
the same initial molar composition except CTAB. As shown
in Fig. 9, two evident desorption peaks at 100-300 °C and
300-500 °C are observed for both samples, which assign
to NH; desorption from weak acidic sites and strong acidic
sites, respectively. It is clear that the two samples have
the equal amounts of strong acid sites which is important
for catalytic reaction [32]. The amounts of weak acid of
MZ-0.1 are higher than that of C-ZSM-5 which may be due
to the presence of more accessible Si—OH in the MZ-0.1
with larger external surface and abundant intercrystalline
mesopores [33]. It is generally considered that the weak
acid sites can control some side reactions such as hydrogen-
transfer reaction [34].

It has been proved that the hierarchical zeolites are ben-
eficial to large organic molecules reaction. The catalytic
performances of the MZ-0.1 was tested for MTP reaction at
400 °C and the results are shown in Fig. 9b. We referred to
the running time from the beginning to the methanol conver-
sion decreasing to about 90% as the catalytic deactivation.
From the methanol conversion versus time on stream (TOS),
it can be observed that both Hi-ZSM-5 and C-ZSM-5 exhibit
100% methanol conversion initially, implying the initial high
activity for Hi-ZSM-5 and C-ZSM-5. This is because the
amounts of the strong acidic sites are nearly equal. While,
methanol conversion of C-ZSM-5 drops blow 90% and then
decreases dramatically after 17 h. It is due to the poor dif-
fusion efficiency which led to quick coke deposition on the
zeolite. Compared with the C-ZSM-5, Hi-ZSM-5's longevity
as catalyst is excellent, with a 34 h longer catalytic lifetime.
The longer catalytic lifetime on Hi-ZSM-5 is attributed to
the enhanced accessibility of active sites provided by the

@ Springer

unique micro—mesoporous structure which improves mass
transformation and thereby enhances the diffusion rate and
suppresses coke formation at the pore mouths. The average
product selectivities of the two zeolites during MTP reaction
are comparable (Table S2). However, the shorter residence
time of cracking intermediates in Hi-ZSM-5 makes it easier
to diffuse out of the zeolite which leads to a higher propylene
selectivity than that of C-ZSM-5 [35].

4 Conclusion

Hi-ZSM-5 zeolite was successfully synthesized by the
self-assembly with nanocrystals by employing CTAB
as mesoporogen without any organic amine as SDA. N,
adsorption/desorption measurement demonstrated that the
Hi-ZSM-5 possessed larger specific surface area and higher
mesopore volume, in comparison with C-ZSM-5. SEM and
TEM images showed that the Hi-ZSM-5 zeolite was flake-
shaped agglomerations with regular intercrystal mesopores
of 3-7 nm. Among the parameters studied, the ratio of
CTAB/Si0O,, aging temperature, reaction temperature and
reaction time had pronounced influence on the physicochem-
ical properties of the synthesized samples. Synthesis pro-
cess indicated that the ordered mesoporous phases were first
formed with the assistance of CTAB and then crystallized
through in-situ consumption of amorphous silica-alumina
species to the Hi-ZSM-5. The induced a large number of
subnanocrystals was the key to prevent the separation of
mesophases and zeolite crystals. Compared with C-ZSM-5,
the Hi-ZSM-5 had a higher stability and propylene selectiv-
ity which was proved by the methanol to propylene (MTP)
reaction.
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