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Synthesis of high-Si hierarchical beta zeolites
without mesoporogen and their catalytic
application in the methanol to propene reaction†

Xuebin Zhao,abc Linying Wang,a Peng Guo, a Nana Yan,ab Tantan Sun,ab

Shanfan Lin,ab Xinwen Guo, c Peng Tian*a and Zhongmin Liu *a

High-Si single-crystalline beta zeolites with intracrystal mesopores were synthesized for the first time and

investigated as catalysts for the methanol to propene (MTP) reaction. A fast and mesoporogen-free strategy

was developed to fabricate the hierarchical structures by conducting crystallization under low water

conditions (H2O/SiO2 = 1). Low water dosage for the synthesis was demonstrated to facilitate the nucle-

ation and crystal growth, but restrained the fusion of individual nanocrystallites inside the particles, which

helped the formation of hierarchical structures. The resultant hierarchical beta with Si/Al = 277 exhibited a

much longer catalytic lifetime and slower coking rate than conventional zeolite due to the improved utili-

zation of interior acid sites and enhanced molecular diffusion. A higher propene selectivity (50.2–55.5%)

and propene/ethene ratio were also found for the hierarchical sample, which can be ascribed to the re-

duced side reactions of olefin products. The methanol conversion mechanism over the high-Si hierarchical

beta was investigated by 12C/13C-methanol isotopic labeling experiments, which revealed the predominant

route of the olefin methylation and cracking mechanism for the formation of olefins.

1. Introduction

Zeolites have been widely used as shape-selective catalysts in
the petrochemical and fine chemical industries.1 However, re-
actant and product diffusion limitations imposed by the
microporous nature of zeolites may restrict their catalytic per-
formance, leading to low utilization of active sites and poor
catalytic activity. The problem can be overcome by reducing
the diffusion path in the zeolites through decreasing the size
of zeolite crystals or constructing mesopores in zeolite crys-
tals.2,3 Among the solutions, direct synthesis of mesoporous
zeolites has attracted considerable attention4–7 because it can
circumvent the separation problem of nanozeolites and allows
better control of mesopore sizes and zeolite structure integrity
as compared to post-treatment methods.8–13

Hitherto, various strategies have been developed to synthe-
size hierarchical structures, which can be mainly classified as
hard-templating14,15 and soft-templating routes.16,17 The
hard-templating method, which was first employed for the
synthesis of mesoporous zeolites, usually consumes a large
amount of hard substrates and is unfavorable for industrial
production. On the other hand, great progress has been
made during the past decade by using soft templates such as
polymers, surfactants or well-designed bifunctional surfac-
tants containing micropore directing multi-ammonium heads
and mesopore directing alkyl tails.16,18–22 A number of hierar-
chical zeolites with tunable mesoporosity have been achieved
by a soft-templating approach. In addition, to effectively
avoid the introduction of secondary templates, simplify the
synthesis procedure and reduce the synthetic cost, non-
template methods in which crystal growth and assembly are
carefully regulated to yield hierarchical structures have to be
developed. However, successful examples of the non-template
route are relatively rare and no general strategy has currently
been proposed due to the complexity of the zeolite crystalliza-
tion system and the lack of modulation means.

Zeolite beta, with a three-dimensional interconnected pore
system composed of 12-memberbed rings, is one of the most
important zeolites that achieved industrial application.23–25

The syntheses of hierarchical beta with improved catalytic
properties have been achieved via hard-templating, soft-
templating and non-templating approaches.26–29 However,
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the Si/Al ratios of the reported hierarchical beta were all lim-
ited to be less than 50. This is likely due to the difficulty in
synthesizing high/pure Si beta, which generally needs the as-
sistance of F−. In addition, perfect micrometer-sized crystals
were easily gained due to the lower super-saturation and nu-
cleation rates caused by the weaker mineralizing power of
F−.30

The methanol to olefin reaction, which provides an alter-
native route for the production of light olefins from non-oil
resources, has drawn considerable attention in both acade-
mia and industry. It is generally accepted that the reaction
on zeolite catalysts follows an indirect pathway in which two
catalytic cycles may be involved, that is, an aromatic-based cy-
cle and an olefin-based cycle.31 In the aromatic-based cycle,
methylbenzenes, methylcyclopentadienes and their corre-
sponding carbenium cations are revealed to be the active hy-
drocarbon pool species, which favors the production of eth-
ene and propene; in the olefin-based cycle, higher olefins
formed by the methylation of light olefins are reactive inter-
mediates, which crack and mainly contribute to the produc-
tion of propene and butene. It is mentioned that the relative
ratio of the two cycles can be tuned by altering the zeolite to-
pology, acidity and reaction conditions, and thus the product
selectivity can be adjusted.32–38

The catalyst development for the methanol to olefin pro-
cess is mainly focused on small-pore (e.g. SAPO-34) and
medium-pore (e.g. ZSM-5) zeolites based on the consideration
of shape-selectivity control. Large-pore zeolites receive less at-
tention due to the lack of space limitation and the studies
based on them mainly aim to clarify the reaction mecha-
nisms. Previous studies about methanol conversion over
large-pore beta were focused on zeolites with low Si/Al ratios,
which gave a large amount of aromatic products due to the
high acid concentration of the catalysts.39–41 The reaction
temperature was generally controlled to be about 350 °C for
better examination of the reaction mechanism.40–42 The
aromatic-based HCP mechanism was revealed to predomi-
nantly contribute to the reaction.35 Recently, Yokoi et al.43

have developed a post-synthetic dealumination method to
improve the Si/Al ratio of beta zeolites and achieved 37.4–
49.7% propene selectivity over a dealuminated sample (Si/Al
= 112). We44 also synthesized a series of beta zeolites (Si/Al =
136 to 340) and demonstrated that beta zeolite with Si/Al =
280 possessed the best catalytic performance with high
propene selectivity under an optimized reaction temperature
of 500–550 °C. It was revealed that the lower acid concentra-
tion inhibited the formation of aromatics and the higher re-
action temperature facilitated the cracking and diffusion of
heavy products, both of which worked together and contrib-
uted to the improved catalytic performance. Moreover, Liu
et al.40 reported that hierarchical beta zeolite with a Si/Al ra-
tio of about 30 exhibited a 2.7-fold larger conversion capacity
and a longer lifetime than conventional beta zeolite at 330
°C. The hierarchical structure disfavored the propagation of
an aromatic-based cycle due to the shortened residence time
of methylbenzenes in zeolite micropores, leading to a higher

selectivity to higher aliphatics (C4–C7). This suggests that the
enhancement of mass transfer promoted by hierarchical pore
systems can alter product distribution and facilitate longer
lifetimes. It is thus envisioned that high-Si beta with hierar-
chical structures may present a more interesting catalytic per-
formance in the methanol conversion reaction.

In this contribution, high/pure silica hierarchical beta zeo-
lites were synthesized for the first time, which was achieved
in a fluorine medium under extremely low water conditions
without the assistance of a mesoporogen. The resulting high-
Si hierarchical beta particles were demonstrated to have a
single-crystalline nature. The catalytic performance of high-Si
hierarchical beta for the methanol conversion was investi-
gated and compared with that of conventional high-Si beta
zeolite. The reaction mechanism over high-Si hierarchical
beta was further investigated by the 12C/13C methanol switch
technique.

2. Experimental
2.1 Synthesis of beta zeolites

Beta zeolites were synthesized with a molar composition of
1SiO2 : 1/600Al2O3 : 0.5TEAOH : 0.45HF : 1H2O, where tetra-
ethoxysilane (TEOS, Tianjin Kemiou Chemical Reagent Co)
was used as a silica source, and AlĲNO3)3·9H2O (Tianjin
Kemiou Chemical Reagent Co) acted as an aluminium
source. Typically, 31.56 g of 35 wt% tetraethylammonium hy-
droxide (TEAOH) solution (Tianjin Jingrun Chemical Co) was
added to 31.25 g TEOS under stirring. After 2 h, 0.188 g
AlĲNO3)3·9H2O dissolved in 4.0 g water was mixed with the
above clear solution and further stirred for 0.5 h, followed by
the fast addition of 3.4 g of 40 wt% HF solution (Tianjin
Damao Chemical Co). The redundant water was evaporated
at 60 °C to obtain the final gel. The gel reacted at 160 °C for
8 h with tumbling at 60 rpm within a Teflon-lined stainless
steel autoclave. The resultant slurry was centrifuged, washed
with distilled water three times, dried at 120 °C for 12 h, and
further calcined at 550 °C for 4 h to remove the organic tem-
plate in the products. The solid yield of the products was cal-
culated on a SiO2 basis. The sample was named Bx-y, where x
represents the Si/Al ratio in the gel and y refers to the H2O/
SiO2 ratio.

2.2 Characterization

The powder XRD pattern was recorded on a PANalytical
X'Pert PRO X-ray diffractometer with Cu-Kα radiation (λ =
0.15418 nm), operating at 40 kV and 40 mA. The chemical
composition of solid samples was determined with a
PhilipsMagix-601 X-ray fluorescence (XRF) spectrometer. The
crystal morphology was observed using a scanning electron
microscope (Hitachi SU8020). N2 adsorption–desorption iso-
therms at −196 °C were determined using a Micromeritics
ASAP2020. Prior to the measurement, samples were degassed
at 350 °C under vacuum for 4 h. The total surface area was
calculated based on the BET equation. The micropore volume
and micropore surface area were evaluated using the t-plot
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method. All solid state NMR experiments were performed
using a Bruker Avance III 600 spectrometer equipped with a
14.1 T wide-bore magnet. The resonance frequencies in this
field strength were 150.9 and 119.2 MHz for 27Al and 29Si, re-
spectively. The 29Si MAS NMR spectrum was recorded at a
spinning rate of 8 kHz using high-power proton decoupling.
1024 scans were accumulated with a π/4 pulse width of 2.5 μs
and a 10 s recycle delay. Chemical shifts were referenced to
4,4-dimethyl-4-silapentane sulfonate sodium salt (DSS). 27Al
MAS NMR spectra were recorded at a spinning rate of 12 kHz
using one pulse sequence. 200 scans were accumulated with
a π/8 pulse width of 0.75 μs and a 2 s recycle delay. Chemical
shifts were referenced to (NH4)AlĲSO4)2·12H2O at −0.4 ppm.
Temperature-programmed desorption of ammonia (NH3-
TPD) was measured on a Micromeritics 2920 chemical ad-
sorption instrument. Each sample (40–60 mesh, 0.20 g) was
loaded into a quartz U-shaped reactor and pretreated at 600
°C for 1 h in flowing He. After the pretreatment, the sample
was cooled to 100 °C and saturated with NH3 gas. Then, NH3-
TPD was carried out under a constant flow of He (20 mL
min−1) from 100 to 550 °C at a heating rate of 10 °C min−1.

2.3 Catalytic reaction

0.3 g catalyst was pressed, sieved to 40–60 mesh and loaded
in a fixed-bed quartz tubular reactor with an inner diameter
of 8 mm. Prior to the reaction, the catalyst was activated at
580 °C for 60 min, and then the temperature was adjusted to
550 °C. Methanol was fed by passing the carrier gas (40.0 ml
min−1) through a saturator containing methanol at 35 °C,
which gave a WHSV of 4.0 h−1. Methanol conversion was
performed under atmospheric pressure. The effluent prod-
ucts from the reactor were kept warm at 200 °C and analyzed
using an online Agilent 7890A GC equipped with a PONA cap-
illary column (100 m × 0.25 mm × 0.5 μm) and a FID detec-
tor. The conversion and selectivity were calculated on a CH2

basis. Dimethyl ether (DME) was considered as a reactant in
the calculation.

The coke content (in percent) of discharged catalysts was
calculated by thermogravimetric analysis (TGA) and the loss
between 300 °C and 650 °C was used to estimate the coke
content. Considering the different amounts of methanol
processed on each catalyst, the average coke deposition rate
is defined as follows:

Rcoke = 10C/((1 − C/100) × T × M)

where Rcoke (mg gcat
−1 h−1) is the average coke deposition rate,

C (%) is the coke content in discharged catalysts determined
by TGA, T (h) is the reaction time, and M (g) is the amount of
catalyst.

2.4 12C/13C-Methanol switch experiments

In the 12C/13C-methanol switch experiments, after the 12C-
methanol was fed for 30 min at 550 °C and WSHV = 4.0 h−1,
the feeding was stopped and the feeding line was switched to

13C-methanol for a different time. The effluent products from
the reactor were kept warm and analyzed using an online gas
chromatograph (GC) equipped with a PoraPLOT-Q capillary col-
umn, an FID detector and a mass spectrometric detector
(Agilent 7890B/5977A). Meanwhile the off-gas was collected by
CH2Cl2 every 10 s to better detect the aromatic products; for ex-
ample, for the 30 s data, the off-gas from 25 s to 35 s was col-
lected. The CH2Cl2 solutions were analyzed by a GC-MS (Agilent
7890A/5975C MSD) with a HP-5 MS capillary column.

3. Results and discussion
3.1 Synthesis and characterization of hierarchical beta zeolite
under the assistance of fluoride

High-Si hierarchical beta zeolite (sample B300-1) was synthe-
sized from a fluoride-containing semi-dry gel with a molar
composition of 1SiO2 : (1/600)Al2O3 : 0.5TEAOH : 0.45HF : 1H2O
at 160 °C for 8 h. Detailed synthetic conditions and product
properties are listed in Table 1 and the corresponding XRD
pattern is shown in Fig. 1. It can be seen that sample B300-1
has a typical diffraction pattern of beta zeolite with the coex-
istence of sharp and broad peaks, characteristic of different
polymorphs with stacking disorder. The Si/Al ratio (277) of
sample B300-1 is slightly lower than that of the initial gel
(300), which is consistent with the high solid yield of 93.3%.
The N2 adsorption–desorption isotherms are given in Fig. 1,
which present a typical type IV isotherm with a hysteresis
loop in the P/P0 range of 0.4–0.99, revealing the existence of
mesopores. The mesopore size distribution calculated from
the adsorption branch indicates that sample B300-1 has
mesopores centered at 4–20 nm (inset in Fig. 2).45 From
Table 1, B300-1 possesses an external surface area of 147
m2 g−1 and a mesopore volume of 0.14 cm3 g−1. The values
are clearly higher than those of sample B300-9 synthesized
with a higher H2O/SiO2 ratio and consistent with the exis-
tence of the mesoporous structure.

The SEM image of sample B300-1 is displayed in Fig. 2a,
showing a relatively uniform sphere-like morphology with a
particle size of about 1 μm. The higher magnification image
(Fig. 2b) reveals that the particle surface is rough with a
nanocrystal-assembled morphology. In order to learn the inner
structure of the particles, sample B300-1 was mechanically
crushed and the corresponding SEM images are illustrated in
Fig. 2c and d. It can be seen that the inside is made up of nano-
crystals of about 20 nm and the mesopores are rooted in the
void space of adjacent nanocrystals. Moreover, the selected area
electron diffraction (SAED) pattern of the B300-1 particle was
measured and is shown in Fig. 2f. Highly discrete diffraction
spots can be observed, suggesting the single crystal feature of
the particle. This means that the nanocrystals in hierarchical
sample B300-1 grow or assemble in an oriented manner. Gener-
ally, synthesis under the F− system tends to yield perfect crys-
tals in a larger size due to the lower mineralizing ability of F−

than OH−. Herein, the formation of the nanocrystal-assembled
morphology of sample B300-1 should be attributed to the ex-
tremely low amount of water in the synthesis system.
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It is interesting to note that hierarchical beta zeolites with
varying Si/Al ratios (50-∞) can be synthesized by employing the
present synthetic strategy. The synthetic conditions and prod-
uct properties of the samples are presented in Table 1 and the
XRD patterns are shown in Fig. S1.† All samples present the dif-
fraction pattern of zeolite beta and are achieved with high solid
yields. The SEM images (Fig. S2†) indicate that the samples
have a nanocrystal-assembled morphology similar to that of
sample B300-1. However, the aggregated particles become
smaller with the decrease of the Si/Al ratios. This phenomenon
was also observed for beta zeolite synthesized in a conventional
basic medium46 and may be due to an increased ratio of the
nucleation rate to the crystal growth rate as the Al content in-
creases. The textural properties of the samples were character-
ized by N2 physisorption (Fig. S3† and Table 1). All samples dis-
play a hysteresis loop in the P/P0 range of 0.4–0.99 with a
mesopore size distribution of between 4 and 20 nm. The exter-
nal surface area and mesopore volume of the samples are
above 123 m2 g−1 and 0.13 cm3 g−1, respectively. Low-Si beta
(sample B50-1) shows an even larger external surface area and
mesopore volume than high-Si samples, which is consistent
with the decrease in particle sizes.

3.2 Influence of the H2O/SiO2 ratio on the synthesis

Table 1 lists the synthetic results and texture properties of
high-Si beta synthesized with different H2O/SiO2 ratios. It can
be seen that the external surface area and mesopore volume

of the samples drop following the increase in the H2O/SiO2

ratio in the synthetic gel. Meanwhile, the amount of meso-
pores in the products also shows a converse trend with the
initial H2O/SiO2 ratio (inset in Fig. S4†). The mesopores al-
most vanish when the H2O/SiO2 ratio increases to 6. The SEM
images in Fig. 3 reveal that the crystal size of sample B300-9
is about 10 μm with a truncated square-bipyramidal mor-
phology and smooth surface. It gradually decreases to about
1 μm for sample B300-1 with a nanocystal-assembled mor-
phology (Fig. 2a). The variation in the crystal morphology is
consistent with the change of texture properties of the sam-
ples, evidencing the importance of the low H2O amount for
achieving the hierarchical structure.2,47

Table 1 Detailed synthetic conditions and product properties of beta zeolites synthesized with different H2O/SiO2 ratios
a

Sample HF/SiO2 tb (h)
Solid
yield (%) Rc (%) Si/Ald

Surface areae (m2 g−1)
Pore volume f

(cm3 g−1)

SBET Smicro Sext Vmicro Vext

B50-1 0.35 8 96.2 103 46 602 420 182 0.21 0.20
B100-1 0.45 8 94.2 111 96 488 360 128 0.19 0.19
B300-1 0.45 8 93.3 100 277 539 392 147 0.19 0.14
B∞-1 0.55 8 88.9 125 2047 495 373 123 0.18 0.13
B300-3 0.45 12 96.7 112 282 471 373 98 0.18 0.10
B300-6 0.45 48 89.6 115 228 477 399 78 0.19 0.06
B300-9 0.45 72 93.3 108 254 447 383 64 0.20 0.05

a The molar ratio of the initial gel: 1SiO2 : xAl2O3 : 0.5TEAOH: yHF : zH2O.
b Crystallization time. c Relative crystallinity calculated based on the

intensity of the characteristic peaks at 7.8° and 22.4°. d Determined by XRF. e SBET: BET surface area, Smicro: t-plot microporous surface area,
Sext = SBET − Smicro.

f Vmicro: t-plot microporous volume, Vext = Vtotal − Vmicro (Vtotal is evaluated at P/P0 = 0.98).

Fig. 1 XRD pattern and N2 adsorption–desorption isotherms of high-Si
beta zeolite (sample B300-1). The inset in the right figure is the pore
size distribution curve calculated from the adsorption branch.

Fig. 2 (a and b) SEM images of sample B300-1; (c and d) SEM images
of mechanically crushed B300-1; (e) TEM image of the crushed B300-1
particle; (f) SAED pattern taken with the selected region in (e).
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Fig. 4 displays the crystallization curves of high-Si beta ze-
olites synthesized with different H2O/SiO2 ratios. It is obvious
that the induction period is shortened and the growth rate is
sharply improved when the H2O/SiO2 ratio drops from 6 to 3.
On further decreasing the H2O/SiO2 ratio to 1, less variation
in the crystallization curve is observed, although the external
surface area and mesopore volume of the final product show
a further increase. These results suggest that the lower H2O/
SiO2 ratio in the present system not only helps the formation
of nanocrystal-assembled morphology but also effectively ac-
celerates the crystallization process.

3.3 The formation of a hierarchical structure in high-Si beta
zeolite

In order to understand the formation mechanism of the hier-
archical structure of high-Si sample B300-1, an investigation
was carried out throughout the duration of the growth pro-
cess. Table S1† lists the solid yields and product composi-
tions of the samples with different crystallization times. It is
clear that the solid yields were maintained at a high level
during the whole process and the product compositions show
less variation. The photos of the crystallization products be-
fore separation and washing are displayed in Fig. S5.† A
semi-solid paste can be observed for the incomplete crystalli-
zation gels. These findings imply that the mobility of the syn-
thetic components during the crystallization is poor and the
products are formed by short range transport of nutrition
due to the limited water content.

The N2 adsorption–desorption isotherms and pore size
distribution curves are given in Fig. S6.† Samples crystallized
for 2 h possess abundant macropores larger than 20 nm, but
they diminish at 4 h and completely vanish at 8 h. At the

same time, a mesopore size distribution of between 4 and 20
nm arises for the 8 h well-crystallized product. The surface
areas and pore volumes listed in Table S2† indicate that the
micropore surface area and micropore volume gradually in-
crease with prolonged crystallization time, whereas the exter-
nal surface area and pore volume display an opposite trend.
Similar phenomena occur for the systems synthesized with
H2O/SiO2 ratios of 3 and 6 (Table S1†) except for a lower ex-
ternal surface area and fewer mesopores left in the final
products.

The SEM images are shown in Fig. 5. For samples heated
for 2 h, only small particles of about 20–100 nm can be ob-
served, which connect with each other loosely and leave
abundant voids of 20–100 nm. This morphology agrees well
with the pore size distribution of the sample (Fig. S6†). After
crystallization for 4 h (19.1% relative crystallinity), regular
spherical particles of about 500 nm can be observed among
the amorphous particles. A higher magnification image (inset
in Fig. 5c) reveals that the spherical particles are composed
of nanoparticles of about 20 nm. Given that the SAED pattern
of the spherical particle (Fig. 5e) gives highly discrete diffrac-
tion spots and the corresponding HRTEM image shows clear
crystal lattice fringes with consistent orientation (Fig. 5f), it is
inferred that the initially formed spherical particles are
single-crystalline in nature. With further crystallization for
8 h, the amorphous particles disappear and only nanocrystal-
assembled particles in sizes of about 1 μm can be observed
(Fig. 2).

Based on the above characterization results, the formation
process of hierarchical high-Si beta zeolite is proposed and il-
lustrated in Fig. 6. Porous amorphous particles with macro-
pores and micropores form at the early stage of the crystalli-
zation. Afterwards, beta nanocrystallites nucleate from the
amorphous particles and form spherical assemblies, which
grow larger at the expense of amorphous materials following
the progress of the crystallization. The connection of the
nanocrystals in the spherical particles is rather loose but in a
well-oriented manner, which helps the formation of

Fig. 3 SEM images of the samples synthesized with different H2O/
SiO2 ratios.

Fig. 4 Crystallization curves of high-Si beta zeolites synthesized with
different H2O/SiO2 ratios. The initial gel molar composition: 1SiO2 : 1/
600Al2O3 : 0.5TEAOH : 0.45HF :mH2O (160 °C).

Fig. 5 (a and c) SEM images of the 2 h and 4 h samples, respectively.
(b) TEM images and SAED pattern (inset) of the 2 h sample. (d and e)
TEM images and SAED pattern (inset) of the 4 h sample. (f) HRTEM
image of the 4 h sample.
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mesoporous single-crystalline zeolite. It is mentioned that
the growth and fusion of individual nanocrystals inside the
particles are restrained possibly due to the low mobility of
the components in the synthetic system with such a low H2O/
SiO2 ratio of 1.

3.4 Acidity and Al distribution in the structure

The acidity and the local atomic coordination environments
of high-Si hierarchical sample B300-1 were examined by NH3-
TPD and solid-state MAS NMR, respectively. As a comparison,
high-Si beta sample B300-6 synthesized with a higher H2O/
SiO2 ratio of 6 was also characterized as a reference sample.

The NH3-TPD curves shown in Fig. 7 present two distinct
desorption peaks centered at around 160 and 330 °C, corre-
sponding to the weak and strong acid sites, respectively. The
strong acid concentration calculated for hierarchical sample
B300-1 is 0.045 mmol g−1, which is slightly lower than that
on sample B300-6 (0.053 mmol g−1), possibly due to the lower
Si/Al ratio of the latter sample. Note that these values are
greatly lower than the acid concentration of sample B50-1
with a Si/Al ratio of 46 (0.23 mmol g−1, Fig. S7†), evidencing
the low acid concentration on the high-Si beta samples.

The 29Si and 27Al MAS NMR spectra of the samples are
given in Fig. 8. Strong resonance lines at −111.6, −113.0 and
−115.7 ppm can be observed, which are ascribed to Si(4Si)
species at different crystallographic sites.48 The 27Al spectra
of the samples present two strong overlapping resonances be-
tween 50 and 65 ppm arising from tetrahedrally coordinated
Al species. In addition, a broad weak resonance ranging from
0 to −20 ppm appears for sample B300-1, which is likely due
to the extra-framework octahedral Al in asymmetric and
heterogeneous environments.49,50

It has been recognized that the distribution of tetrahedral
Al atoms in the zeolite lattices determines their accessibility
and affects the acidity and catalytic properties of the
zeolites.51–53 Our previous study44 also indicated that the Al
atoms located at T9 sites in beta zeolite may be favorable Al
species for the methanol conversion, which help the catalyst
achieve longer catalytic lifetime. Herein, the Al locations at
different T sites were determined and the results are
displayed in Fig. 9. The detailed fitting process is given in
part 1 of the ESI.† From Fig. 9, Al atoms mainly occupy four
Al T sites (T3, T7, T8 and T9), despite the existence of nine
crystallographically distinct T sites in the beta lattices. Hier-
archical sample B300-1 possesses a relatively lower content of
the T9 sites in comparison to sample B300-6.

3.5 Methanol conversion over high-Si hierarchical beta
zeolite

The combination of a 3D micropore system, mesoporous
structure and low acid concentration makes high-Si beta zeo-
lite B300-1 an interesting catalyst for methanol conversion.
Herein, catalytic tests of methanol conversion over B300-1

Fig. 6 The formation process of high-silica hierarchical beta zeolite.

Fig. 7 NH3-TPD curves of the samples.

Fig. 8 29Si (left) and 27Al (right) MAS NMR spectra of the calcined
samples.

Fig. 9 27Al MAS NMR spectra with the deconvoluted peaks of
tetrahedral Al species and the relative contents of different T sites of
the calcined samples.

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 0
9 

M
ay

 2
01

8.
 D

ow
nl

oa
de

d 
by

 D
al

ia
n 

In
st

itu
te

 o
f 

C
he

m
ic

al
 P

hy
si

cs
, C

A
S 

on
 0

8/
06

/2
01

8 
01

:3
2:

15
. 

View Article Online

http://dx.doi.org/10.1039/c8cy00631h


2972 | Catal. Sci. Technol., 2018, 8, 2966–2974 This journal is © The Royal Society of Chemistry 2018

and reference sample B300-6 were carried out at 550 °C in a
fixed-bed reactor with a methanol WHSV of 4 h−1.

As shown in Fig. 10, high-Si hierarchical beta sample
B300-1 exhibits an enhanced catalytic activity compared with
the reference sample B300-6 synthesized with greater H2O ad-
dition. Specifically, the catalytic lifespan, during which >99%
methanol conversion can be kept, is only 6.1 h for the sample
B300-6. Comparatively, an obviously prolonged lifetime of
12.2 h could be observed over the hierarchical beta sample
B300-1, demonstrating the improved catalytic stability in
methanol conversion. Given that the two catalysts have com-
parable acid densities and sample B300-6 even possesses a
little higher amount of T9 Al atoms (Fig. 9), which was dem-
onstrated previously by us to be favorable for the methanol
conversion, herein the superior catalytic performance of
B300-1 should arise from its unique hierarchical structure.
The amounts of coke in the deactivated catalysts are esti-
mated by TG analysis and the results are shown in Fig. 10. A
higher coke content (5.4%) is detected on hierarchical sam-
ple B300-1, indicating its higher tolerance for coke deposi-
tion. The corresponding coke deposition rate calculated for
B300-1 (3.0 mg gcat

−1 h−1) is obviously slower than that for
B300-6 (4.9 mg gcat

−1 h−1), which implies that the hierarchical
structure of sample B300-1 can offer better molecular diffu-
sion to depress the successive reactions of coke precursors
and their subsequent deposition, and thus prolong the cata-
lytic lifetime.

The product selectivities of the methanol conversion over
the samples are shown in Fig. 11. Samples B300-1 and B300-6
display similar evolution trends of product selectivity with
propene as the most abundant product, followed by butene
and C5+

N. The selectivity to propene can reach 55.5% at the
beginning of the reaction, which decreases slowly to 50.2%
before the occurrence of deactivation (99% methanol conver-
sion). Meanwhile, the selectivity to ethene drops gradually,
whereas the selectivity to butene, C5+

N, alkanes and aromatics
increases as the reaction proceeds. As previous studies have
revealed that the methylbenzenes and higher olefins are the
active intermediates of aromatic-based cycles and olefin-
based cycles, respectively,31,32,35,42 it is inferred from the
higher butene, C5+

N and lower aromatic selectivity over both
catalysts that the olefin route herein may contribute more to

the reaction than the aromatic route. Moreover, differences
in product selectivity are also evident between the two cata-
lysts. Hierarchical sample B300-1 gives higher propene, bu-
tene and C5+

N selectivity than sample B300-6. This should be
attributed to the improved molecular diffusion in B300-1,
which reduces the probability of secondary reactions of olefin
products and is consistent with its lower aromatic and alkane
selectivity. The propene/ethene ratio of the samples as a func-
tion of TOS was plotted and is shown in Fig. 11. It can be
seen that the hierarchical sample presents a higher ratio than
B300-6 before the catalyst deactivation, which is desirable for
the MTP process due to the reduced energy consumption for
the separation of gas products.

The hydrogen transfer index (HTI), which reflects the hy-
drogen transfer level of the secondary transformation of ole-
fin products, is calculated based on the selectivity ratio of bu-
tane to butene. As shown in Fig. 12, the HTI values for
sample B300-1 are lower than for sample B300-6. Given the
smaller particle sizes, larger external surface area and exis-
tence of mesopores for sample B300-1, it is reasonable to see
the lower HTI values, which imply faster product diffusion
and fewer side reactions, consistent with the longer catalytic

Fig. 10 Methanol conversion as a function of TOS over the high-Si
beta zeolites (left) and the corresponding coke content; average coke
deposition rate (right). Reaction conditions: 550 °C, methanol WHSV =
4.0 h−1. The coke content was determined by TG analysis based on the
weight loss between 300 and 650 °C.

Fig. 11 Product selectivities as a function of TOS over samples B300-
1 and B300-6. Reaction conditions: 550 °C, methanol WHSV = 4.0 h−1.
C1–4

0: C1–C4 alkanes; C5+
N: non-aromatics with carbon number greater

than 4.

Fig. 12 The hydrogen transfer index (C4
0/C4

=) as a function of TOS
over samples B300-1 and B300-6. Reaction conditions: 550 °C, meth-
anol WHSV = 4.0 h−1.
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lifespan and lower selectivity of methane and aromatics. The
obviously high selectivity of aromatics on sample B300-6
should be caused by the slower diffusion of olefin products,
which further react to form aromatics through oligomeriza-
tion, cyclization and hydrogen transfer.

The catalytic performance of hierarchical sample B50-1 with
a low Si/Al ratio was also investigated under the present reac-
tion conditions (Table S2†). In comparison with the high-Si hi-
erarchical zeolite, the low-Si sample gave distinct product dis-
tributions (higher aromatics selectivity) together with a much
shorter catalytic lifetime, confirming the importance of the
high Si/Al ratio (low acid density) of the catalyst in order to
achieve high propene selectivity and long catalytic lifetime.

3.6 12C/13C-Methanol switch experiment on high-Si hierarchi-
cal beta zeolite

The methanol conversion mechanism over high-Si hierarchi-
cal beta zeolite was investigated by 12C/13C-methanol isotropic
switch experiments. The switch from 12C to 13C-methanol
could distinguish the reactivity of organic intermediate spe-
cies towards 13C-methanol, and the products resulting from
the active intermediates contain more 13C atoms.

Fig. 13 displays the 13C contents of the effluent olefins
and methylbenzenes after 30 min of 12C-methanol feed
followed by 13C-methanol reaction for different times on sam-
ple B300-1. Initially, the 13C contents of all products are very
low at 20 s after the 13C-methanol switch. Subsequently, the
13C contents in the olefin products (including C4H8 and
C5H10) increase sharply at 25 s and then achieve a balance
value of above 90% at 30 s, while for the methylbenzenes, the
13C contents increase slowly and the values are less than 20%
at 30 s. The distinct difference in the 13C contents of olefin
products and aromatic compounds suggests that olefins are
much more involved in the reaction of 13C-methanol than the
aromatics; the reaction over high-Si hierarchical beta zeolite
mainly follows the olefin methylation and cracking mecha-
nism, which contributes to the generation of ethane, propene
and higher olefins. This finding is consistent with the low
acid density of the high-Si beta catalyst.35,41,42,54

4. Conclusions

In summary, we have presented a facile one-pot strategy to fab-
ricate hierarchical high-Si beta zeolite circumventing the addi-
tion of mesoporogens by simply lowering the water content in
the synthetic gel. The resultant hierarchical particles are single-
crystalline in nature and show a nanocrystal-assembled mor-
phology with mesopores rooted in the void space of adjacent
nanocrystallites. The water content in the starting gel dictates
the crystallization kinetics and consequently the crystal size.
The lower water content is prone to promote the formation of
nanoaggregates of beta zeolite with an accelerated nucleation
and crystal growth rate while inhibiting the fusion of individual
nanocrystals into a solid one. The hierarchical high-Si beta zeo-
lite with a low acid density (Si/Al = 277) gave rise to a much lon-
ger catalytic lifetime and slower coking rate than the reference
sample, showing the advantage of mesoporosity for improving
the utilization of acid sites and the molecular transport in the
catalyst. Moreover, the appearance of mesopores results in a
higher propene selectivity and propene/ethene ratio, which can
be explained by the reduced side reactions of olefin products
over the hierarchical sample and is consistent with its lower ar-
omatic selectivity and hydration transfer ability. Isotropic
switch experiments revealed that the olefin-based cycle was
mainly involved in the reaction, leading to the formation of
ethene, propene and higher alkenes. This work offers a facile
way to synthesize high-Si hierarchical beta and indicates that
large-pore zeolites could be excellent MTP catalysts for the
achievement of high product Si/Al ratios (low acid densities)
and the introduction of mesoporosity.
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