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A hierarchical ZSM-11/5 composite zeolite with a high SiO2/Al2O3 ratio was successfully
synthesized using a seed-induced method in the presence of cetyltrimethylammonium
bromide, characterized by scanning electron microscopy, X-ray diffraction, X-ray fluores-
cence, 27Al NMR, 27Si NMR, N2 physical adsorption, and temperature-programmed
desorption of ammonia, and studied in the frame of the methanol-to-olefins reaction.
The results show that the amount of seed added plays a pivotal role in the formation of
hierarchical ZSM-11/5 composite zeolite. With an increase in the amount of seed, the
composite zeolite exhibits excellent catalytic performance in the methanol-to-olefins re-
action, which can be attributed to the higher specific surface areas, higher external surface
areas, more mesopore volumes, and more acid sites than ZSM-11 synthesized by the
conventional method with tetrabutylammonium ions as a template. Contrary to the
conventional point of view, the addition of too much seeds results in a dramatic decrease
in the catalytic performance, which is ascribed to the higher proportion of ZSM-5 in the
ZSM-11/5 composite zeolite.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

ZSM-11 is one type of high silica zeolite with MEL
structure [1,2]. It has a three-dimensional topology
composed of two perpendicularly intersecting straight
channels along a- and b-axis. Its structure is closely related
to that of ZSM-5, which has intersecting straight and si-
nusoidal channels [2]. This is the reason why ZSM-11 al-
ways forms composite with ZSM-5.

It has been found that many important reactions can be
catalyzed by ZSM-11 or ZSM-11/5 composite zeolite. Var-
varin et al. [3] reported that H-ZSM-5 andH-ZSM-11 showed
d by Elsevier Masson SAS. A
similar conversion and yield in catalyzing the conversion of
n-butanol to hydrocarbons. H-ZSM-11 also shows excellent
catalytic properties in the conversion of low-density poly-
ethylene tohydrocarbons [4], ethene topropene andbutenes
[5], methanol to olefins (MTOs) [6,7], methanol to propene
[8], ethanol to propylene [9], and so forth. Directly synthe-
sized Zn-ZSM-11 also shows excellent performance in cata-
lyzing methanol to hydrocarbons [10] and superior catalytic
properties to Zn-b zeolite in cracking of low-density poly-
ethylene [11]. H-ZSM-11esupported Zn was also used to
catalyze the activation of methane [12,13], the trans-
formation of ethane into aromatic hydrocarbons [14], and so
forth. Especially, ZSM-11 exhibits superior catalytic proper-
ties in some reactions to ZSM-5, such as higher paraffin
hydroisomerization [15], dehydration of glycerol to acrolein
ll rights reserved.
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[16], catalytic pyrolysis of heavy oil [17], conversion of
methanol to light olefins [18] or hydrocarbons [19,20],
aromatization and isomerization of 1-hexene [21], alkylation
of benzene [22], ethanol conversion to light olefins and ar-
omatics [23], and so forth.

ZSM-11 zeolite is commonly prepared by using tetra-
butylammonium ions (TBAþ) as template (also called
structure directing agent) ever since its discovery [3
e5,11,14e48]. Fine ZSM-11 particles can be synthesized by
low temperature crystallization [32]. Pure silica ZSM-11,
silicalite-2 (S-2), can be synthesized from the clear gel so-
lution with tetraethyl orthosilicate (TEOS) hydrolyzed in
aqueous TBAOH [24,38]. However, in the absence of TBAþ,
ZSM-11 cannot be synthesized with SiO2 as silica source.
Instead, pure magadiite was produced [37]. Of course, it has
been found that the ZSM-11 zeolite synthesized with
TBAOH as template is actually a ZSM-11/5 composite or
intergrowth [25]. Pure phase ZSM-11 can be prepared
with special templates such as 3,5-dimethylpiperidinium
[49] and piperidine derivatives [50], 2,2-diethoxyethyl-
trimethylammonium [27,51], N,N-diethyl-3,5-dimethylpi-
peridinium hydroxide [27,52], and so forth. Jablonski and
Sand [26] reported that to obtain a high content of ZSM-11
composite (>5% intergrowths), the synthesis should be
carried out at low temperatures and with a high K/K þ Na
ratio [26]. Tsapatsis and co-workers [40,41] reported that
the MFIeMEL intergrowth was an origin of orthogonal
intergrowth leading to the formation of self-pillared hier-
archical zeolite. Nevertheless, it is the ZSM-11 synthesized
using TBAOH as template, that is, ZSM-11/5 intergrowth or
composite that exhibits the above-mentioned superior
catalytic properties in some reactions.

Although ZSM-11 zeolite shows excellent catalytic
properties in many reactions, the narrow channels
(0.53 � 0.54 nm) limit the accessibility of large molecules.
Synthesis of zeolites with a hierarchical architecture of
porosity is one of the most powerful methods to increase
the accessibility of the internal surface area of zeolites
because of the presence of mesopore and short diffusion
path [53]. There have been several ways to introduce
mesopores into the zeolitic crystals. To obtain hierarchical
composite ZSM-11/5 zeolite, Song et al. [54] reported a
solvent evaporationeinduced self-assembly assisted by
hexadecyltrimethoxysilane to produce a preformed dry gel,
followed by its subsequent transformation into zeolite via
steam-assisted crystallization. Chen et al. [55] used a
diamine with linear carbon chains as a single template to
obtain hierarchical ZSM-5 and ZSM-11 microspheres
aggregated by nanocrystallines with mesopore after a long
period (5e10 days) of crystallization at 448 K. When the
carbon chains are C8 and C10, the product is ZSM-11. Yu
et al. [17] synthesized hierarchical composite ZSM-11/5
zeolite using a small amount of TBABr combined with
various crystallization modes. In this process, the small
amount of TBABr was believed to direct the formation of
both ZSM-11 framework and its intergrowth morphology,
whereas the crystallization modes including one- and two-
stage temperature-varying crystallization were mainly
responsible for the adjustable particle size andmesoporous
properties of the samples. With this method, hierarchical
Zn-ZSM-11 can also be synthesized [56]. Xu and co-workers
obtained hierarchical ZSM-11 zeolite by alkaline treatment
with NaOH [57] or mixed solution of NaOH and cetyl-
trimethylammonium bromide (CTAB) [29]. Li et al. [22] also
obtained mesoporous ZSM-5/11 composite zeolite bonded
with alumina through alkaline treatment. Chen et al. [35]
synthesized mesoporous ZSM-11 zeolite using binary
templates of cetyltrimethylammonium tosylate and tetra-
butylammonium hydroxide. Mesoporous ZSM-11 was also
synthesized with TBAþ as template and polyvinyl butyral
[42] or carbon black [43,44] as mesopore generators.

In synthesizing zeolites with templates, after the syn-
thesis, the templates must be removed through combus-
tion, which releases a large amount of NOx-containing
gases. So, a great effect has been made to synthesize zeo-
lites using seed-induced methods [58]. Seeds have been
added to accelerate the crystallization rate of ZSM-11 [30].
Micron ZSM-11 microspheres were used to assist seed-
induced synthesis of hierarchical submicron ZSM-11 with
intergrowth morphology [31]. However, in the absence of
template, ZSM-11 cannot be synthesized. At least a small
amount of TBABr is necessary which was believed to direct
the formation of both ZSM-11 framework and its inter-
growth morphology [17]. In fact, it was reported that in the
absence of template, ZSM-11 seeds resulted in the forma-
tion of ZSM-5 [59].

Our previous results showed that with ZSM-11 as seed
in the absence of template TBAþ ions or other specific
templates, ZSM-5 was formed. However, by the addition of
CTAB, ZSM-11/5 composite zeolite can be synthesized. The
ZSM-11/5 composite zeolite with a SiO2/Al2O3 ratio of 50
possesses hierarchical pores and shows excellent catalytic
properties in the reaction of methanol conversion to gas-
oline [60].

Generally speaking, with seed-induced methods for
the synthesis of zeolites, the higher the amount of the
seed is added, the easier for the zeolites to form. However,
when we used the seed-induced method for the synthesis
of ZSM-11/5 composite with a high SiO2/Al2O3 ratio, the
results were not straightforward. In this article, we report
that in synthesizing ZSM-11/5 composite zeolite with a
high SiO2/Al2O3 ratio of 170 in the absence of TBAþ, the
amount of ZSM-11 added plays a pivotal role in the for-
mation of ZSM-11/5 with hierarchical pores and the
composite zeolite exhibits excellent catalytic perfor-
mance in the MTO reaction, which is a potential route to
replace petroleum with coal for the production of olefins
[61e63].
2. Experimental section

2.1. Materials

Sodium aluminate (NaAlO2, Analytical reagent (AR)),
CTAB (AR), sodium hydroxide (NaOH, AR), and methanol
(AR) were purchased from Tianjin Guangfu Fine Chemical
Research Institute Co., Ltd. TEOS of 99 wt % was purchased
from Tianjin Kemiou Chemical Reagent Co., Ltd. TBAOH
(35 wt % in water) was purchased from Shanghai Cairui
Chemical Co., Ltd. Silica sol (40 wt % suspension in water)
was purchased from Qingdao Haiyang Chemical Co., Ltd.
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Ammonium nitrate (NH4NO3, AR) was purchased from
Guangdong Xilong Chemical Co., Ltd.

2.2. Synthesis of ZSM-11/5 composite zeolite with TBAOH as
template

Silicalite-2 (S-2) was synthesized using a hydrothermal
method according to Ref. [64e66]. ZSM-11/5 composite
zeolite with a SiO2/Al2O3 ratio of 170 was synthesized as
follows: NaAlO2 and NaOH were added to deionized water
under vigorous stirring. After the solution became clear,
tetrabutylammonium hydroxide was added. After the so-
lution turned clear again, silica sol was added under
vigorous stirring. Finally, S-2 was added. The gel molar
composition was 8Na-100SiO2-0.588Al2O3-2.5S-2-
0.15TBAOH-2500H2O. The resulting slurry was left under
stirring at room temperature for 4 h, and then transferred
into a PTFE-lined autoclave, held first at 363 K for 24 h and
then at 443 K for 48 h without stirring. After crystallization,
the sample was cooled to room temperature and the pre-
cipitate was separated and washed with water until pH 7.5.
The recovered solid was dried at 363 K for 12 h and then
calcined at 823 K for 6 h in static air. To change the zeolite
into H-form, the sample was stirred in 1 M solution of
NH4NO3 (16.5 mL/g of solid) at 353 K for 2 h, then cooled,
separated, and washed with deionized water through
centrifugation until pH ¼ 7.5. This ion exchange was
repeated three times. The recovered sample was again
dried at 363 K for 12 h and calcined at 823 K for 6 h in static
air. The sample after calcination was denoted as SZ.

2.3. Synthesis of hierarchical ZSM-11/5 composite zeolites
with a high SiO2/Al2O3 ratio

Hierarchical ZSM-11/5 composite zeolites with a SiO2/
Al2O3 ratio of 170 were synthesized with addition of CTAB
and calcined SZ as seeds in the absence of TBA ions. NaAlO2
and NaOH were added to one-half of the deionized water
required under vigorous stirring. After the solution became
clear, SZ was added and then CTAB dissolved in another half
of the deionizedwaterwas added. After the solution became
clear again, silica sol was added dropwise under vigorous
stirring. The final molar composition was 8Na-100SiO2-
0.588Al2O3-xSZ-2CTAB-2500H2O. The moles of SZ were
calculated by combining both silicon and aluminum. The
resulting slurry was left under stirring at room temperature
for 4 h and then transferred into a PTFE-lined autoclave, held
first at 363 K for 24 h and then at 443 K for 48 h without
stirring. After crystallization, the autoclave was cooled to
room temperature and the precipitate was separated and
washed with water until pH ¼ 7.5. The recovered solid was
dried at 363 K for 12 h and then calcined at 823 K for 6 h in
static air. The samples were also ion-exchanged, dried, and
calcined as for SZ and are denoted as ZSM11-xSZ-2C,where x
is the molar percentage of SZ relative to SiO2.

2.4. Characterization

X-ray diffraction (XRD) patterns were obtained at room
temperature using a Rigaku D/max2500 diffractometer
employing the graphite filtered Cu Ka radiation
(l ¼ 0.1542 nm) with a scanning rate of 8� min�1 in the 2q
ranges from 5� to 55�. The relative crystallinities were
calculated by comparing the combination of the intensities
of the four strong reflection peaks at 2q of 7.92�, 8.78�,
23.14�, and 23.98�and taking that of SZ as 100%.

Secondary electron images (scanning electron micro-
scopy [SEM]) were recorded using an S-4800 field emission
scanning electron microscope of Hitachi with an acceler-
ating voltage of 15 kV.

Solid-state magic angle spinning nuclear magnetic
resonance (MAS NMR) was performed on a Varian infinity
plus 300 MHz NMR spectrometer equipped at a field
strength of 7.0 T. 27Al MAS NMR spectra were recorded at
78.134 MHz at a spinning frequency of 8 kHz and 3 s in-
tervals between successive accumulations. 29Si MAS NMR
spectra were recorded at 59.565 MHz at a spinning fre-
quency of 4 kHz and 25 s intervals between successive
accumulations.

SiO2/Al2O3 ratios were measured using a Bruker AXS S4
Pioneer X-ray fluorescence spectrometer.

Nitrogen adsorption and desorption isotherms of the
samples were measured at liquid N2 temperature (77 K)
using aMicromeritics TriStar 3000 automated physisorption
instrument. Before the measurements, all the samples were
degassed at 573K for 4 h. The total specific surface area (SBET)
was derived from the BrunauereEmmetteTeller (BET)
equation. The external surface area (Sext) was derived using
the t-plot method, and the micropore surface area (Smicro)
was calculated by subtracting Sext from SBET. The total pore
volume (Vtotal) was obtained from the absorption amounts
calculated at p/p0¼ 0.99. Themicropore volume (Vmicro) was
also derived using the t-plot method, and the mesopore
volume (Vmeso) was calculated by subtracting Vmicro from
Vtotal.

Temperature-programmed desorption of ammonia
(NH3-TPD) measurements were recorded using a TP-5076
chemical adsorption instrument from Tianjin Xianquan
Co., Ltd. The samples were pretreated in heliumwith a flow
rate of 30 cm3/min at 773 K for 1 h, then cooled down to
373 K, and ammonia was introduced with helium as the
carrier gas. After 10 min of adsorption, the flow was
switched to helium again, and the sample was heated to
973 K at a rate of 10 K min�1. The desorbed ammonia was
monitored using a thermal conductivity detector. The ac-
curacy of the ammonia desorption amount measurement
was within 3%.

Carbon deposition after the reaction was evaluated by
thermogravimetric analysis (TGA) using a Shimadzu TGA-
50 apparatus. The temperature was first kept at 550 K
until the weight became constant and then increased to
1023 K at a heating rate of 10 K min�1 in oxygen atmo-
sphere. The accuracy of the deposited carbon amount
measurement was within 2%.

2.5. ZSM-11/5 composite zeolite-catalyzed MTOs

TheMTO reactionwas tested in a continuous flow fixed-
bed reactor at 743 K under atmospheric pressure. The
zeolite was pressed under 10 metric tons of pressure,
crashed, and sieved into mesh size of 20e40 and 0.5 g of it
was mixed with equal weight and the same size of quartz
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and loaded into the middle section of a quartz tubular
reactor with 20 mm of internal diameter and total length of
400 mm. A thermocouple was positioned in the center of
the catalyst bed to monitor the temperature. The catalyst
was first activated at 743 K for 1 h under high purity N2 at a
flow rate of 60 mL min�1, before the start of the MTO re-
action. Then, a liquid solution of methanol in water
(50 mol %) was fed with an HPLC micropump, which was
vaporized together with a flow rate of 60 mL min�1 of high
purity nitrogen controlled using a mass flow controller. To
compare the catalysts quickly, the reaction was conducted
at a high weight hourly space velocity (WHSV) of methanol
of 8 h�1. An online gas chromatograph (GC-SP-3420)
equipped with a flame ionization detector and a 50 m
capillary column (HP-PLOT-Q) was used to analyze the
products. To avoid possible condensation of high boiling
point hydrocarbons, the temperature of the effluent line
was constantly maintained at 453 K. The reaction perfor-
mance results, including methanol conversion and product
selectivity, were subsequently calculated by Eqs. (1) and
(2), respectively.

Methanol conversion ð%Þ¼Ni
MeOH�

�
No

MeOHþ2No
DME

�

Ni
MeOH

�100

(1)

Selectivity ð%Þ ¼
x� Ni

CxHy

Ni
MeOH � �

No
MeOH þ 2No

DME

�� 100 (2)

whereN is the number of moles, superscripts i and o are the
components at the inlet and outlet of the reactor, respec-
tively, and x is the number of carbon atoms. DME (dimethyl
ether) was considered as a reactant.
3. Results and discussion

3.1. Characterization

Fig. 1 shows the XRD patterns of SZ and the samples
synthesized by the addition of SZ as seed in the presence of
Fig. 1. XRD patterns of samples synthesized with different amounts of SZ as
seed.
CTAB. The XRD pattern of SZ prepared with TBAOH as
template exhibits the characteristic diffraction peaks of
ZSM-11 at 2q ¼ 7.92�, 8.78�, 23.14�, and 23.98�, without
strong reflections at 2q of 23.38�, 23.82�, and 24.47�

[17,19,42,43], confirming that the seed is ZSM-11. Addition
of SZ at a seed/SiO2 molar ratio of 1, the intensity of the
sample is very low. With an increase in the amount of seed
added, the relative crystallinities increase. The reflections
at 2q of 23.38� and 23.82� are nearly indiscernible and only
the one at 24.47� is apparent, indicating that the zeolite
contains limited amount of the ZSM-5 phase. Nevertheless,
the zeolite is called ZSM-11/5 composite. However, when
the amount of seed added is up to the seed/SiO2 molar ratio
of 6, the shoulders at the higher angle side of the peak of
2q ¼ 23.14� and the lower angle side of the peak of
2q ¼ 23.98� split apparently, indicating that the proportion
of ZSM-5 is appreciable.

Generally speaking, with the seed-induced method for
the synthesis of zeolites, themore the amount of the seed is
added, the easier for the zeolites to form. However, for the
synthesis of ZSM-11/5 composite with a high SiO2/Al2O3
ratio (170), the present results demonstrate that the
amount of ZSM-11 seed added plays a pivotal role in the
formation of the ZSM-11/5 composite zeolite, with too
much seed resulting in the formation of high proportion of
ZSM-5 in the composite.

In the absence of CTAB, SZ itself causes the formation of
pure ZSM-5 at much lower temperature than that required
for the formation of ZSM-11 [60]. It implies that ZSM-5 is
much easier to form than ZSM-11. CTAB has the function of
intercalation. The head groups of CTAþ cations are
anchored to the surface aluminosilicate by strong electro-
static interaction with uniform distribution [67]. The tail
alkyl groups would prevent the other aluminosilicate ions
approaching, deterring the formation of ZSM-5. So, the
ZSM-11 seed has the chance to promote the formation of
ZSM-11. When the amount of SZ is increased, the function
of CTAB weakens and the growth rate of ZSM-5 increases.
So, when the amount of seed added is up to the seed/SiO2
molar ratio of 6 or above, higher proportion of ZSM-5 is
formed in the composite. Addition of more CTAB does not
work, probably because of its low solubility, especially in
the presence of a large amount of inorganic materials,
which further decreases its solubility.

Fig. 2 shows the SEM images of samples synthesized
with the different amounts of seeds. SZ has small particle
sizes of about 850 nm. The particle sizes of the samples
synthesized with SZ and addition of CTAB are much larger
than the seed SZ prepared with TBAOH as template. How-
ever, this does not mean that the crystallites of the samples
are large. In fact, the particles are aggregates of small
zeolite crystallites. With the addition of SZ at a low level
(seed/SiO2 molar ratio of 1), there are some amorphous
materials, agreeing with the XRD results that the materials
are not fully crystallized into the zeolite. This is the reason
why the intensity of the sample is low. With an increase in
the amount of seed, the sizes of the aggregates increase to
some extent.

The SiO2/Al2O3 ratios and the relative crystallinities are
given in Table 1. The SiO2/Al2O3 ratios are slightly lower
than the nominal ones (170), but there are no much



Fig. 2. SEM images of samples synthesized with different amounts of SZ as seed: (a) SZ; (b) ZSM11-1SZ-2C; (c) ZSM11-2SZ-2C; (d) ZSM11-4SZ-2C; (e) ZSM11-6SZ-
2C; and (f) ZSM11-8SZ-2C.
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differences among all the samples. The relative crystallin-
ities of the ZSM-11/5 composite zeolites are lower than that
of SZ, which is taken as 100%. The results demonstrate that
although the aggregate sizes of the ZSM-11/5 composite
zeolites are much larger than that of SZ, the primary crys-
tals in these ZSM-11/5 composite zeolites may be much
smaller and/or the aggregates may be more porous than
those of SZ.

27Al MAS NMR and 29Si MAS NMR spectra are shown in
Fig. 3. 27AlMASNMR spectrum can verify if the aluminum is
incorporated in the zeolite framework. In general, the
resonance centered at around 54 ppm is commonly
assigned to four-coordinated framework aluminum,
whereas the peak at 0 ppm refers to nonframework octa-
hedral aluminum. There is no discernible peak at 0 ppm in
any of the samples, implying that aluminum is in the
framework of the zeolites, and nononframework aluminum
exists. The 29Si MAS NMR spectra show clearly the Si(0Al)
species and discernible Si(1Al) species. No Si(2Al) species
are discernible because the SiO2/Al2O3 ratio is high.

The N2 adsorptionedesorption isotherms of the syn-
thesized ZSM-11/5 composite zeolites are shown in Fig. 4,



Table 1
Textural properties of ZSM-11/5 composite with different amounts of seed.

Sample SiO2/Al2O3 ratios RCa Surface area (m2/g) Pore volumes (cm3/g)

SBET SMicro SExt VTotal VMicro VMeso

ZSM11-8SZ-2C 162 93 371 239 132 0.196 0.108 0.088
ZSM11-6SZ-2C 165 87 385 229 156 0.236 0.126 0.110
ZSM11-4SZ-2C 167 85 397 234 163 0.251 0.130 0.121
ZSM11-2SZ-2C 164 76 373 235 138 0.233 0.116 0.117
ZSM11-1SZ-2C 162 71 347 215 132 0.187 0.099 0.088
SZ 164 100 211 165 46 0.191 0.122 0.069

a Relative crystallinity.

Fig. 3. 27Al MAS NMR (a) and 29Si MAS NMR (b) spectra of samples synthesized with different amounts of SZ as seed.
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and the textural properties of these samples are summa-
rized in Table 1. SZ exhibits type I isotherm according to the
IUPAC classifications, indicating that the composite zeolite
is absolutely microporous. For those samples synthesized
in the presence of CTAB, with the addition of SZ as seed, the
adsorption and desorption isotherms exhibit hysteresis
loops, which are hybrid of types I and IV, indicating that the
samples also contain mesopores. So, the ZSM-11/5
Fig. 4. N2 adsorptionedesorption isotherms of samples synthesized using
different amounts of SZ as seed.
composite zeolites should be called hierarchical ZSM-11/5
composite zeolites. The horizontal hysteresis loop could
relate to some secondary porosity that is in contact with
the exterior though channels of zeolite. With the addition
of more SZ, the loops become larger.

Because the head groups of CTAþ cations are anchored
to the aluminosilicate surface by strong electrostatic
interaction [67], they would also prevent further conden-
sation of the same crystals and finally lead to the formation
of aggregates of ZSM-11/5 composite zeolite with hierar-
chical pores. Garcia-Martinez et al. [68,69] successfully
introduced controlled mesoporosity into zeolite crystals
using a surfactant templating approach. The zeolites were
treated with a CTAB solution in NH4OH (or other bases such
as NaOH, Na2CO3, and so on) to introduce mesoporosity. A
crystal rearrangement mechanism for the mesopore for-
mation was proposed: the mesopores form when the sur-
factant molecules self-assemble inside the framework
structure and the crystal structure rearranges to accom-
modate them. Although CTAB was added in the gel for the
synthesis of the ZSM-11/5 composite zeolite in this work,
rather than post-treatment with CTAB solution in alkaline,
the presence of both CTAB and alkaline may also cause the
formation of mesopores to some extent through the crystal
rearrangement mechanism.

The specific surface areas, external surface areas, total
pore volumes, and mesopore volumes also increase with
the addition of SZ above the seed/SiO2 molar ratio of 1 and
reach to the highest values at the seed/SiO2 molar ratio of 4.



Table 2
Acid amounts of ZSM-11/5 composite with different amounts of seed.

Samples Acid amounts (mmol/g)a

Total acidity Weak acidity Strong acidity

ZSM11-8SZ-2C 0.299 0.120 0.179
ZSM11-6SZ-2C 0.326 0.134 0.192
ZSM11-4SZ-2C 0.368 0.157 0.211
ZSM11-2SZ-2C 0.319 0.135 0.184
ZSM11-1SZ-2C 0.315 0.144 0.171
SZ 0.211 0.086 0.125

a Calculated by NH3-TPD.
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This obviously can be attributed to the hierarchical pores
caused by the addition of CTAB. This may also be one reason
why the aggregates with large particle sizes have lower
intensity in the XRD reflections. The results also imply that
these ZSM-11/5 composite zeolites may be good catalysts
for some reactions because more acid sites could be
accessible by large molecules and the mesopores can
accommodate more deposited carbons. With further in-
crease in the amount of SZ, the specific surface areas,
external surface areas, total pore volumes, and mesopore
volumes decrease to some extent. This can be ascribed to
the increase in the proportion of ZSM-5 in the ZSM-11/5
composite.

Fig. 5 shows the NH3-TPD profiles of the ZSM-11/5
composite zeolites. The acid densities derived from the
NH3-TPD profiles are tabulated in Table 2. There are two
desorption peaks in NH3-TPD curves for each sample. The
low temperature peaks and the high temperature peaks are
attributed to weak and strong acid sites, respectively. The
peak temperatures of both the low and the high tempera-
ture peaks are very close on each sample. The results
demonstrate that the ZSM-11/5 composite zeolites with
hierarchical pores by our method do not alter the acidic
strength of both the weak and strong acids. This is under-
standable because the acid strength of structurally similar
aluminosilicate-type zeolites mainly depends on the
framework SiO2/Al2O3 ratios [6], not to mention for the
same zeolite, and the SiO2/Al2O3 ratios of all the zeolites
including the seed SZ are almost the same. However, with
increase in the amount of SZ, both the weak and strong acid
densities as well as the total acid densities all increase
markedly. Obviously, the results arise from the mesopore
formation and the acid densities increase with the specific
surface areas. It seems that the total acid densities, the
weak acid densities, and the strong acid densities all in-
crease in proportion. Again, this is understandable because
the SiO2/Al2O3 ratios of all the zeolites are almost the same.
However, when the amount of seed added is up to the seed/
SiO2 molar ratio of 6 or above, the total acid densities, the
Fig. 5. NH3-TPD of samples synthesized with different amounts of SZ as
seed.
weak acid densities, and the strong acid densities all
decrease to some extent. Liu et al. [23] reported that ZSM-
11 zeolite exhibits lower acid density compared to ZSM-5
with the same SiO2/Al2O3 ratio. With the increase in SiO2/
Al2O3 ratios, the acid densities should decrease because
they come from the aluminum in the zeolite framework.
However, Zhang et al. [21] reported that ZSM-11 with the
SiO2/Al2O3 ratio of 80 exhibits even more acid densities
than ZSM-5 with the SiO2/Al2O3 ratio of 50. Considering
that very similar structure between ZSM-5 and ZSM-11, if
the SiO2/Al2O3 ratios are the same, the number of the acid
densities should be related to the specific surface area.
When the amount of seed added is up to the seed/SiO2
molar ratio of 6 or above, the proportion of ZSM-5 in the
composite increases, whereas the specific surface area de-
creases. This might be the reason why the total acid den-
sities, the weak acid densities, and the strong acid densities
all decrease to some extent.
3.2. ZSM-11/5 composite zeolite-catalyzed MTOs

Fig. 6 shows the changes of methanol conversions and
selectivities of olefins in the MTO reaction with reaction
time catalyzed by samples synthesized with different
amounts of seed. There are no appreciable differences in the
selectivity of the olefins among all the catalysts, around 37%
selectivity of propene and 70% selectivity of C2eC4 olefins.
ZSM11-4SZ-2C has a slightly higher selectivity of C2eC4
olefins. This obviously can be attributed to the same acidic
strength, further to the same SiO2/Al2O3 ratio, and to the
proportional increase in the total acid densities, the weak
acid densities, and the strong acid densities of the hierar-
chical ZSM-11/5 composite zeolites compared with SZ.

Methanol conversions and hydrocarbon distributions of
samples synthesized with different amounts of seed in
methanol to olefins reaction are given in Table 3. The se-
lectivities to C1-4 alkanes on the hierarchical ZSM-11/5
composite zeolites (6.9e8.4%) are higher than those of SZ
(4.2%). It is well known that shorter diffusional paths, for
example, small particle sizes of the zeolites or more
accessible domains of zeolites decrease the probability of
saturation of olefins via hydride transfer reactions, even-
tually helping to increase light olefins yields [70]. The
VMicro/VMeso ratio of SZ is about 2, about two times of those
of the hierarchical ZSM-11/5 composite zeolites. Presum-
ably, the selectivities of C1-4 alkanes on SZ should be higher
than those on the hierarchical ZSM-11/5 composite zeo-
lites. However, the selectivities of aromatics on SZ are also



Fig. 6. Changes in methanol conversions and selectivities of olefins in the MTO reaction with reaction time catalyzed by samples synthesized with different
amounts of SZ as seed. (a) Methanol conversions and (b) selectivities of olefins.
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higher. On one hand, ZSM-11 is a good catalyst for aroma-
tization, which converts alkanes into aromatics [12e14]. On
the other hand, after 3 h online, SZ deactivates to some
extent. The conversion of methanol is 99.2%, while the hi-
erarchical ZSM-11/5 composite zeolites have not deacti-
vated. The deposited carbon may prevent the hydride
transfer reactions, and therefore leads to the lower selec-
tivities of C1-4 alkanes on SZ.

The initial methanol conversions of all the samples
under the present conditions are 100%. With the reaction
proceeds online, the methanol conversions gradually
decrease. For the catalyst stability, there are much differ-
ences among the catalysts. Here, the catalyst life is defined
as the time from the beginning of the reaction to the point
when the methanol conversion just drops below 95%. SZ
has a catalyst life of only 6.0 h. With an increase in the seed
in the synthesis of the ZSM-11/5 composite zeolites, the
catalyst life increases markedly, that is, from about 15.9 h
on ZSM11-1SZ-2C to 19.2 h on ZSM11-2SZ-2C and to 26.1 h
on ZSM11-4SZ-2C. It should be reiterated that to compare
the zeolite catalysts quickly, the reactions were conducted
at a high WHSV (8 h�1) rather than below 1 h�1 used in
industry. A few hours longer of the catalyst life in the
testing means much longer of the operating time in the
industrial reactor. Under the same conditions, a commer-
cial ZSM-5 with the same SiO2/Al2O3 ratio has the catalyst
life of only 7.5 h [66]. However, with further increase in the
amount of SZ in the synthesis, the catalyst life decreases,
Table 3
Methanol conversions and hydrocarbon distributions of samples synthe-
sized with different amounts of seed in the MTO reaction (Time on stream
¼ 3 h, 743 K, 0.1 MPa, WHSV ¼ 8 h�1).

Samples Methanol
conversions (%)

Selectivity (%)

C1-4 C2
] C3] C4] C5þ

ZSM11-8SZ-2C 100 8.4 13.8 34.2 19.8 23.8
ZSM11-6SZ-2C 100 8.0 13.6 34.7 20.8 22.9
ZSM11-4SZ-2C 100 6.9 9.9 35.9 21.4 25.9
ZSM11-2SZ-2C 100 7.0 13.3 35.4 21.3 23.0
ZSM11-1SZ-2C 100 6.9 14.1 37.1 20.1 21.8
SZ 99.2 4.2 6.4 36.7 25.6 27.1

C5þ: hydrocarbons with five or above carbons.
that is, to about 19.1 h on ZSM11-6SZ-2C and 15.6 h on
ZSM11-8SZ-2C.

After the catalytic evaluations, the deactivated zeolites
were further characterized by TGA and the results are given
in Fig. 7. The mass losses of the catalysts in air flow over the
temperature range of 470e950 K are related to combustion
of the coke deposited on the deactivated zeolites. The coke
contents occurred in the hierarchical ZSM-11/5 composite
zeolites are higher than that in SZ because the former runs
for longer time than the latter. However, if the coke con-
tents are divided by the reaction time online, the carbon
deposition rates, as shown in Fig. 8, on the hierarchical
ZSM-11/5 composite zeolites, especially on ZSM11-4SZ-2C,
are much lower than that on SZ.

In comparisonwith ZSM-5, ZSM-11 has not been studied
much for the MTO reaction. In the few reports [6,7,18e20],
the purposes for the end products were different with the
zeolite of different SiO2/Al2O3 ratios and different reaction
conditions used,whichmake it difficult to comparewith the
present results. Dyballa et al. [6] investigated the MTO re-
action on zeolites ZSM-5 and ZSM-11 and found that both
Fig. 7. TGA profiles of samples synthesized with different amounts of SZ as
seed after the MTO reaction.



Fig. 8. Carbon deposition rates in the MTO reaction on samples synthesized
with different amounts of SZ as seed.
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zeolites showed similar propene selectivity and reaction
time. Bleken et al. [20] reported that IM-5, TNU-9, ZSM-11,
and ZSM-5, with Si/Al ¼ 14e24 and crystal sizes below
2 mm, gave initially full methanol conversion and showed
strikingly similar effluent product selectivities. However,
their lifetime duration differed significantly, and decreased
in the following order: ZSM-11 > ZSM-5 � TNU-9 > IM-5.
Meng et al. [18] reported that pure silica zeolite with MEL
structure (Si-ZSM-11) was an efficient MTO catalyst, with
propene yield of 14 wt % and propene/ethene ratio of 5.9,
higher than those over H-ZSM-11 zeolitewith a Si/Al ratio of
26, which was attributed to the hydrogen-bonded silanol
groups in Si-ZSM-11, which are weakly acidic and act as
active sites in methanol conversion that predominantly
promote propene production and inhibit side reactions. The
catalytic testing was carried out at 723 K. They also studied
the methanol to light olefins catalyzed by ZSM-11 with the
SiO2/Al2O3 ratio of 65 in a circulating fluidized-bed unit at
the temperature of 773 K. The hierarchical ZSM-11 catalyst
was highly resistant to coking on the external surface due to
the formation of mesopores in the conversion of methanol.
ZSM-11 showed better property than ZSM-5 in the forma-
tion of light olefins [7]. Conte et al. [19] reported that the
intergrowth composite zeolites ZSM-5/11with a SiO2/Al2O3
ratio of 137 displayed selectivity to propene of up to 50%,
and a relative increase over ZSM-5 of ca. 80%under the same
reaction conditions.

The high stabilities of the hierarchical ZSM-11/5 com-
posite zeolites can be ascribed to the higher specific surface
areas, higher external surface areas, more mesopore vol-
umes, and more acid sites than SZ. With the increase in the
amounts of SZ, the specific surface areas, external surface
areas, mesopore volumes, and acid sites all increase
markedly. On one hand, the larger the specific surface area,
the external surface area, and the mesopore volume are,
the more acid sites are exposed to the reactants. More acid
sites mean slower coverage by deposited carbon. On the
other hand, the large mesopore volume can also accom-
modate more deposited carbon.
With further increase in the amount of SZ in the syn-
thesis to the seed/SiO2 molar ratio of 6 or above, the cata-
lyst life decreases. At the same time, the proportion of ZSM-
5 in the ZSM-11/5 composite zeolite also increases appre-
ciably. ZSM-11 has similar pore size as ZSM-5. However,
ZSM-5 has intersecting straight and sinusoidal channels,
whereas ZSM-11 has intersecting straight channels, and
therefore bigger intersection spaces. It is conceivable that
the bigger intersection spaces of ZSM-11 can also accom-
modate more deposited carbon than ZSM-5. Therefore,
with the addition of too much of SZ, the catalyst life de-
creases because the proportion of ZSM-5 in the ZSM-11/5
composite zeolite increases appreciably. Interestingly, it
was reported that ZSM-11 can also catalyze ethanol to
propene reaction with high selectivity [9,23]. Liu et al. [23]
found that compared to ZSM-5 with the same SiO2/Al2O3
ratio, ZSM-11 possesses higher stability, which was also
ascribed to the larger size of the intersections.

4. Conclusions

Hierarchical ZSM-11/5 composite zeolite with a high
SiO2/Al2O3 ratio was successfully synthesized using a seed-
induced method in the presence of CTAB. The amount of
seed added plays a key role in the formation of the ZSM-11/
5 composite with hierarchical pores. With the increase in
the amount of seed, the composite zeolites exhibits larger
specific surface areas, larger external surface areas, larger
mesopore volumes, and more acid sites than ZSM-11 syn-
thesized by the conventional method with tetrabuty-
lammonium ions as template and show excellent catalytic
properties in the reaction of MTOs.

Contrary to the conventional point of view, addition of
too much seeds results in the formation of the ZSM-11/5
composite zeolite with a high proportion of ZSM-5.
Although the composite zeolite still has a large specific
surface area, a large external surface area, a large mesopore
volume, and a large number of acid sites, the catalytic
performance decreases drastically.
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