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Abstract

A new organic template, 1,3-cyclohexanedimethanamine (1,3-CDA), is found to be effective in directing the crystallization
of ZSM-11 zeolite. Phase transformation from ZSM-11 to ZSM-5 was observed when varying the molar ratios of OH7/SiO,,
Na*/SiO, and SiO,/Al,05. ZSM-11/ZSM-5 intergrowth zeolites with ZSM-5 contents from 10 to 100% were synthesized.
The structural intergrowth was evidenced by TEM, and its formation may be ascribed to the competition between ZSM-11
and ZSM-5 zeolite in the system. The morphology of zeolite varies with the change of composition of the starting gel. The
particle sizes of the products decrease with the increase of 1,3-CDA/SiO, and Na*/SiO, ratios. With the increase the OH™/
Si0, ratio, the sizes decrease at first and then increase. Meanwhile, the morphologies change from cross-like aggregates of
orthotropic rods to aggregates of nano-rods, and then to irregular bulk crystals. With the decrease of SiO,/Al,O; ratios from
100 to 40, the particle sizes decrease from 200 to about 50 nm, resulting in the formation of nanosized ZSM-11/ZSM-5

intergrowth zeolite.
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1 Introduction

Zeolites are important microporous crystalline materials
and have been found applicable in a wide range of areas,
such as catalysis, adsorption, separation, and ion-exchange
[1]. Since the pioneering work by Barrer in the early 1960s
[2], numerous organic compounds, usually known as the
structure-directing agents (SDAs) or organic templates, have
been extensively used for the synthesis of novel zeolites and
related microporous materials [3, 4]. Up to now, it is still
the most important and effective way to obtain materials
with new pore structures, morphologies and/or properties.
Recently, research on the preparation of intergrowth zeo-
lites has drawn much attention, because the combination of
two structural phases may offer possibilities to obtain better
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adsorbents and catalysts [5—7]. Seeking for the special prop-
erties of those materials has motivated the discovery of a
series of zeolites with intergrowth structures, such as zeolite
beta [8], MTT/TON [9], EMT/FAU [10], RTH/ITE [11],
CHA/AEI [12], and ERI/OFF [13]. A multitude of studies
have illustrated that the precondition for the formation of
these zeolitic materials is that the intergrown frameworks
should have at least part of or all of the basic structure build-
ing units in common [14].

ZSM-5 (MFI) and ZSM-11 (MEL) zeolites are very
important members of the pentasil zeolite family. The frame-
work structures of these two zeolites are closely related to
each other and they can be depicted using a stacking manner
of pentasil sheets. The adjacent pentasil sheets of MFI struc-
ture are related to one another by an inversion manner, while
those of MEL structure are connected by mirror symmetry
[15, 16]. The minor difference in pore structure makes pos-
sible the preparation of ZSM-11/ZSM-5 intergrowth zeolite,
which was first reported by Mobil Oil Corporation in 1979
[17]. Since then, it has become an attractive research object
for its unique catalytic and adsorptive properties. At present,
ZSM-11/ZSM-5 intergrowth zeolite has been commercial-
ized in ethylbenzene production through vapor-phase alkyla-
tion of benzene with FCC off-gas [18]. Meanwhile, it also
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shows excellent catalytic properties in n-decane cracking [7]
and methanol to hydrocarbons reactions [6].

For the preparation of intergrowth zeolite, the key point
is the formation of two different structures in one synthetic
system at the same time. So, competitive hydrothermal
synthetic system is usually utilized, which contains two
structure-directing agents (two organic templates or alkali
cations) [19, 20]. Each template facilitates the crystalliza-
tion of one structure. ZSM-11/ZSM-5 intergrowth zeo-
lite is most commonly synthesized in such system using
binary organic templates of tetrabutylammonium (TBA)
and tetrapropylammonium (TPA). However, the content of
ZSM-11 can hardly be tuned due to the dominating forma-
tion of the MFI structure. The MEL structure would not
appear until the content of TBA was greater than 90%, but
there still exists a great amount of MFI in the final prod-
uct even the relative amount of TBA is higher than 98%
[21]. Tt is of great desire to develop an effective strategy
for the synthesis of ZSM-11/ZSM-5 intergrowth zeolite
with adjustable content of the ZSM-11 phase. Compared
with quaternary ammonium cations, some templates such
as amines, which result in various zeolite topologies, pos-
sess better molecular flexibility and display a less specific
relationship with synthesized products [22-24]. Therefore,
using amines as templates to construct a competitive crys-
tallization system for the synthesis of intergrowth zeolites
may show advantage in tuning the compositions of inter-
growth zeolites due to their relatively weak templating
effects.

Herein, a brand new organic template, 1,3-cyclohexaned-
imethanamine (1,3-CDA), was used to synthesize ZSM-11/

ZSM-5 intergrowth zeolite. The composition and morphol-
ogy of the intergrowth zeolite can be easily controlled by
varying the initial OH7/Si0, and SiO,/Al,0; ratios of the
reaction mixture.

2 Experimental
2.1 Zeolite synthesis

ZSM-11/ZSM-5 intergrowth zeolite was synthesized by
hydrothermal crystallization using silica sol (40 wt% SiO,,
Jiangyin LDK technology & trade Co., Ltd.), sodium hydrox-
ide (96.0 wt%, China Medicine (Group) Shanghai Chemical
Reagent Co., Ltd.), sodium aluminate (43 wt% Al,O5, 35
wt% Na,O, Zibo Lier Chemical Co. Ltd.), sodium chloride
(99.5 wt%, China Medicine (Group) Shanghai Chemical
Reagent Co. Ltd.), 1,3-CDA (99 wt%, TCI shanghai) and
distilled water as starting materials. The samples synthe-
sized under different crystallization conditions are listed in
Table 1. The typical procedure for the synthesis of ZSM-11/
ZSM-5 intergrowth was as follows: NaOH, NaAlO,, NaCl
(if necessary) and 1,3-CDA were successively added into
deionized water under stirring until they were dissolved
thoroughly, and then the silica sol was added dropwise.
And the starting mixture was obtained after 30 min’s stir-
ring at room temperature. ZSM-11 zeolite synthesized using
tetrabutylammonium bromide (TBABT, 99 wt%, Shanghai
Chemical Reagent Co., Ltd.) as an organic template was
used as the reference sample. The molar composition of the

Table 1 The products synthesized using 1,3-CDA as organic templates under various conditions

Run Si0,/Al,04 OH7/Si0, 1,3-CDA/ H,0/SiO,  NaCl/SiO,  Products ZSM-5 contents®  Particle size (um)®
Sio,

1 70 0.09 0.20 25 0 Amorphous - -

2 70 0.09 0.30 25 0 ZSM-11/ZSM-5 <10% 2.0x2.0%x1.5°

3 70 0.09 0.40 25 0 ZSM-11/ZSM-5 <10% 1.6x1.6x0.95

4 70 0.09 0.50 25 0 ZSM-11/ZSM-5 <10% 1.0x1.0x0.56

5 70 0.08 0.30 25 0 Amorphous - -

6 70 0.15 0.30 25 0 ZSM-11/ZSM-5 20% 0.5

7 70 0.18 0.30 25 0 ZSM-11/ZSM-5 50% 0.2

8 70 0.35 0.30 25 0 ZSM-5 100% 0.8

9 70 0.09 0.30 25 0.03 ZSM-11/ZSM-5 10% 1.8x1.8x1.2

10 70 0.09 0.30 25 0.09 ZSM-11/ZSM-5 15% 1.5x1.5%1.0

11 30 0.18 0.30 25 0 Amorphous - -

12 40 0.18 0.30 25 0 ZSM-11/ZSM-5 20% 0.06

13 60 0.18 0.30 25 0 ZSM-11/ZSM-5 30% 0.08

14 100 0.18 0.30 25 0 ZSM-5 +magaditte ~ — 4.5%4.5%x2.5

*Estimated from the X-ray diffraction data
"Determined from the SEM images
“length x length X thickness of cross-like particles
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starting mixture for its synthesis was 1 Si0,:1/70 Al,05;:0.06
Na,0:0.20 TBABr:25 H,0.

All of the above reaction mixtures were subsequently
transferred into teflon-lined stainless steel autoclaves and
crystallized dynamically (20 rpm) at 150 °C under autog-
enous pressure for 3 days. When the crystallization was over,
the autoclaves were quenched using cold water and the sam-
ples were separated by centrifugation, washed using deion-
ized water, and dried at 110 °C for 12 h. Finally, the organic
template was removed by calcination at 550 °C for 5 h in air.

2.2 Characterization

X-ray powder diffraction (XRD) patterns were recorded on
a D8 Advance SS X-ray diffractometer using CuKa radia-
tion, operating at 40 kV and 40 mA. The data were collected
from 2° to 50° with a sampling interval of 0.020° at a scan-
ning rate of 5°/min. Quantification of the ZSM-5 content
in the ZSM-11/ZSM-5 intergrowth structure was carried
out by comparing the experimental XRD patterns with the
simulated patterns [7, 25]. Scanning electron microscopy
(SEM) images are taken on a field emission XL30E scan-
ning electron microscopy (FEI Company). Surface areas and
pore volumes were obtained from N, adsorption/desorption
isotherms using multipoint BET and t-plot methods. Prior
to analysis, each sample was degassed under vacuum at 350
°C for 10 h. The experiments were performed on Micromer-
etic ASAP2020M physisorption apparatus at a liquid nitro-
gen temperature of —196 °C. The SiO,/Al,O5 molar ratios
of crystal samples were quantified by inductively coupled
plasma (ICP) on a Varian 725-ES instrument. The solid state
2A1 MAS-NMR measurements were performed on a Bruker
Avance III 400 MHz spectrometer at 104.26 MHz. All sam-
ples were fully hydrated before >’ Al MAS-NMR studies. The
TGA curves were obtained by a SDT Q600 V20.9 Build 20
thermal analyzer. Samples were exposed to air atmosphere
where temperature was elevated from 30 to 900 °C at a rate
of 10 °C/min.

3 Results and discussion

3.1 Influence of the 1,3-CDA/SiO, ratio
on the synthesis of ZSM-11/ZSM-5 intergrowth
zeolite

Previous literatures [26—28] have reported that the reflection
peaks at 20 of 7.92°, 8.78°, 23.14°, 23.98° and 45.20° are
typical characteristic peaks of ZSM-11 zeolite. It is believed
that when two peaks appeared at 20 of 22.4-24.8° and single
peak occurred at 20 of 45.2°, the ZSM-11 framework is free
of ZSM-5 [29]. Therefore, ZSM-11 zeolites synthesized with
TBAY cations were always seen as pure phase in most works.
However, Davis et al. [30] have demonstrated that those
materials are actually ZSM-11/ZSM-5 intergrowth zeolites
(ZSM-5 content < 5% [19]). Because the XRD patterns of
those materials are absent of reflection peaks of (110) and
(330), and companied with a shoulder peak appeared at 26
range of 22.4-24.8°. In principle, the X-ray diffraction of
pure ZSM-11 is much different from that of pure ZSM-5 in
20 range of 22.4-24.8° and 44.5-46.0° (differences in these
regions are shown in Table 2). To facilitate the comparison
and discussion, diffraction peaks at 20 region of 22.4-24.8°
and 44.5-46.0° are presented as insert.

The influence of the organic template content on products
was studied by changing the molar ratio of 1,3-CDA to SiO,
(1,3-CDA/Si0,) in the reaction mixture. The composition
of starting gel was: 1 Si0,:1/70 Al,05:0.045 Na,O:x 1,3-
CDA:25 H,0, where x=0.2, 0.3, 0.4 and 0.5 (runs 1-4 in
Table 1). Figure 1 shows the XRD patterns of the reference
sample synthesized with TBABr (Fig. 1a) and samples pre-
pared using 1,3-CDA with different 1,3-CDA/SiO, molar
ratios (Fig. 1b—d). It can be seen that the XRD patterns in the
20 region of 22.4-24.8° (Fig. 1b) and 44.5-46.0° (Fig. 1¢) of
products synthesized with 1,3-CDA compare well with the
pattern of the reference sample synthesized using TBABT,
which was regarded as the pattern of pure ZSM-11 zeolite
(absent (110) and (330) reflections). Typical (501), (303)
and (10,0,0) reflections attributed to ZSM-11 were expected
to be presented in those regions. Though the (051), (151),
(133) and (0,10,0) reflections associated with MFT structure
do not appear, a shoulder peak in the 26 region of 22.4-24.8°
is visible. Therefore, products synthesized using 1,3-CDA

Table 2 Reflections of different

Zeolite 20=224-24.8° 20=44.5-46.0°
planes of ZSM-5 and ZSM-11
Occu”eC}) at20=22.4-24.8°and  7gM.5 20 23.2 23.3 23.7 24.0 24.4 453 45.6
44.5-46 hik 501 051 151 303 133 10,0,0 0,10,0
ZSM-11 20 23.1 - - 23.9 - 452 -
hik 501 - - 303 - 10,0,0 -

Data collected from “Collection of Simulated XRD Powder Patterns for Zeolites”
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Fig. 1 XRD patterns of reference sample synthesized with a TBABr
and samples prepared using 1,3-CDA as templates with different 1,3-
CDA/SiO, ratios of b 0.3, ¢ 0.4, d 0.5

are typical ZSM-11/ZSM-5 intergrowth zeolite, the same
as that synthesized using TBABr. With the increase of 1,3-
CDA/SiO, from 0.3 to 0.5, there is no obvious change in the
XRD patterns, and the ZSM-5 contents of ZSM-11/ZSM-5
intergrowth zeolites are less than 10%. However, when the
1,3-CDA/SiO, ratio is less than 0.3, the obtained product is
amorphous (run 1 of Table 1). Synthesis of pure ZSM-11
zeolite using 1,3-CDA was also carried out. Unfortunately,
only ZSM-11/ZSM-5 intergrowth zeolites were obtained.
As reported previously, pure ZSM-11 zeolite is difficult to
be synthesized [30]. Up to now, 2,2-diethoxyethyltrimethyl-
ammonium hydroxide and 3,5-dimethylpiperidinium deriva-
tives are the only two organic templates that are claimed to
be efficient in the synthesis of pure ZSM-11 zeolite [30].
Figure 2 shows the SEM images of samples synthesized
using TBABr and 1,3-CDA. All the products are well crys-
tallized zeolites, and no obvious amorphous phase and impu-
rities are observed, which indicates that the obtained mate-
rials are intergrowths of ZSM-11 and ZSM-5, not physical
mixtures. The morphologies of ZSM-11/ZSM-5 intergrowth
zeolites synthesized using 1,3-CDA as template are all cross-
like aggregates of bulk crystals, and the crystals interact with
one another in an orthotropic manner (Fig. 2b—d). Unlike the
crystallizations following an ‘oriented attachment pathway’
with the addition of organic growth modifiers [31] or orga-
nosilane [32], here the aggregations of small crystals may
follow a random, not oriented, pathway. The reference sam-
ple synthesized with TBABTr is aggregates of nano-zeolite
crystals with spindle-like shape (Fig. 2a). With the increase
of 1,3-CDA/SiO, ratio, the outlines of the cross-like parti-
cles became a little indistinct. In the meanwhile, a decrease
in crystal length from 2 to 1 yum was observed. The texture
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Fig.2 SEM images of the reference sample synthesized with a
TBABr and samples prepared using 1,3-CDA as templates with dif-
ferent 1,3-CDA/SiO, ratios of b 0.3, ¢ 0.4, d 0.5

properties of ZSM-11/ZSM-5 zeolite (run 2) derived from
N, adsoption-desorption test are listed in Table 3. Its surface
area and microporous volume are 346 m?/g and 0.13 cm?/g,
respectively.

TGA curves of the as-made ZSM-11/ZSM-5 intergrowth
zeolites synthesized using TBABr and 1,3-CDA (run 2) are
shown in Fig. 3. The total weight loss of ZSM-11/ZSM-5
synthesized using 1,3-CDA (11.97%) is less than that of
TBABr (14.43%) from room temperature to 700 °C. The
weight loss below 200 °C is assigned to adsorbed water, and
the loss from 200 to 700 °C corresponds to the decomposi-
tion of the organic species. The data originated from TGA
is presented in Table 4. The average number of organic mol-
ecules per unit cell (R/u.c.) of ZSM-11/ZSM-5 intergrowth
zeolite was calculated by thermal analysis [33]. The num-
bers of H,O/u.c. and TBABr1/u.c. of the reference sample
are 7.3 and 2.7, respectively. They are in good agreement
with the data reported in previous work [33]. Meanwhile,
the numbers of H,O/u.c. and 1,3-CDA/u.c. of Run 2 are 6.9
and 4.7, respectively. It shows that the number of H,O/u.c
of the reference sample is almost the same as that of ZSM-
11/ZSM-5 (run 2). The number of R/u.c. of run 2 is nearly
twice as many as that of the reference sample synthesized
using TBABr. TBA™ cations balanced some of the frame-
work charges derived from the incorporations of Al into the
framework. When 1,3-CDA was used, the organic molecule
mainly acted as pore filler, and almost all the framework
charges were balanced by Na* cations.

These results indicate that well crystallized ZSM-11/
ZSM-5 intergrowth zeolite (ZSM-5 content < 10%) can be
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Table 3 Texture properties of

; Samples Si0,/Al,04
ZSM-11/ZSM-5 intergrowth *

SBETb (m2/g) Smicrob (mZ/g) Scxth (m2/g) \]micmb (CmS/g)

351 236 115 0.12
363 255 108 0.12
350 249 101 0.12
346 267 78 0.13

zeolites Gel Product®
run 12 40 32
run 13 60 47
run 7 70 54
run 2 70 65
4Given by ICP

®Given by N, adsorption
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S
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o
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1,3-CDA
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Temperature (°C)

Fig.3 TGA carves of ZSM-11/ZSM-5 intergrowth zeolites synthe-
sized using 1,3-CDA and TBABr

synthesized using 1,3-CDA as an organic template with a
wide range of 1,3-CDA/SiO, molar ratios. The increase in
1,3-CDA/SiO, ratio didn’t exhibit obvious effects on the
composition of the final products. On the contrary, it would
facilitate the nucleation of ZSM-11/ZSM-5 and result in the
decrease in the particle size.

3.2 Influence of the OH7/SiO, and Na*/SiO, ratios

The alkalinity of the reaction mixture has a dramatic influ-
ence on the nucleation and crystallization of silicon-alu-
minum zeolites. With the increase of hydroxide concen-
tration, the numbers of silicate species such as monomers,

liner and branched polymers increased, and the manner of
polymerization between silicate species and aluminate spe-
cies was consequently changed during the crystallization
[34-36]. Herein different amounts of sodium hydroxide were
used to evaluate the effect of OH™/Si0, molar ratio on the
crystallization of ZSM-11/ZSM-5. However, the addition
of sodium hydroxide not only provides OH™ anions but also
introduce Na™ cations. In order to eliminate the interference
of Na™ cations, which may act as a structure-directing agent
and/or charge-balancing agent [37-39] in the nucleation
process of zeolites, NaCl was added. Moreover, crystalliza-
tions with different NaCl content but constant OH™/SiO,
ratio were also carried out to investigate the influence of
Na*/Si0, ratio.

XRD patterns of samples prepared with different
OH7/Si0, and Na*/SiO, ratios are presented in Fig. 4A.
When the OH7/Si0, molar ratio is less than 0.09, the
obtained products is amorphous (run 5 of Table 1). With
the increase of OH7/Si0O, ratio from 0.09 to 0.35, dif-
fraction peaks corresponding to (051), (151), (133) and
(0,10,0) facets of MFI structure began to emerge and the
intensities gradually increased (Fig. 4B(a—d)). The evolu-
tion of the diffraction peaks indicated the changes in the
amount of ZSM-5 component. As exhibited in Table 1 (run
2,6-8), the percentages of ZSM-5 intergrowth in the ZSM-
11/ZSM-5 intergrowth zeolite increased dramatically from
10 to 100% with the increase of OH7/SiO, ratio. The rea-
son may lie in the fact that the alkali condition facilitates
the crystallization of MFTI structure, since the attempt to
synthesize ZSM-5 zeolite in organic template free system
was successfully carried out under high alkali conditions
[38, 40, 41]. In the synthesis of ZSM-11/ZSM-5 inter-
growth zeolite using 1,3-CDA as templates, OH™ and Na™*

Table 4 ICP and TGA analysis

. Zeolite precursor
of ZSM-11/ZSM-5 intergrowth

ICP analysis (Prod- TGA analysis

. . ;i ucts)
zeolites synthesized using
TBABr and 1,3-CDA Organic template  SiO,/Al,0;  SiO,/Al,O; Si/Na H,O content R content
(start gel)
Wt. loss (%) Mol./u.c. Wt.loss (%) Mol./u.c.
TBABr 70 67.5 67.1 19 7.3 12.5 2.7
1,3-CDA 70 65.4 1355 1.9 6.9 10.1 4.7
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Fig.4 A XRD patterns of ZSM-11/ZSM-5 intergrowth zeolites syn-
thesized with different OH7/SiO, (x) and NaCl/SiO, (y) ratios of (a)
x=0.09, y=0, (b) x=0.15, y=0, (¢) x=0.18, y=0, (d) x=0.35,
y=0, (e) x=0.09, y=0.03 and (f) x=0.09, y=0.09. B Enlarged 20
region around 22.4-24.8° and 44.5-46.0° of XRD patterns of ZSM-

may also facilitate the crystallization of MFI structure.
The competitive templating effect may be responsible for
the formation of ZSM-11/ZSM-5 intergrowth zeolite, so
that the amount of MFI phase increased with the rise of
alkalinity.

When NaCl was added (run 9 and 10 in Table 1), the crys-
tallization of ZSM-11/ZSM-5 intergrowth zeolites was not
significantly affected, and no obvious changes were observed
in the XRD patterns (Fig. 4B(e, f)). Figure 5 shows the SEM
images of the obtained samples and different morphologies
are exhibited. ZSM-11/ZSM-5 intergrowth zeolites (run 2,
6 and 7 in Table 1) are large aggregates of nano-crystals,
and the nano-crystals seem like perpendicular to each other.
With the increase of OH7/Si0, ratio from 0.09 to 0.18, the
size of the aggregates gradually decreased. The morphology
of ZSM-5 zeolite (run 8, OH7/Si0,=0.35) differs signifi-
cantly to ZSM-11/ZSM-5. As shown in Fig. 5d, the shape of
the crystals is irregular, while the size is about 200-500 nm.
When extra NaCl was introduced into the synthetic system,
no obvious changes were observed from the SEM images
(Fig. 5a, e, f) except for a slight decrease in the size of nano-
crystals that formed the aggregates.

Alkalinity and sodium cations would influence the rates
of nucleation and crystal growth during hydrothermal crys-
tallization, which in turn would cause morphology diversity.
Therefore, it would be effective to obtain various morpholo-
gies through proper control of alkalinity and sodium cations
(especially alkalinity) [20, 42, 43]. Herein, the amount of
ZSM-5 component of the ZSM-11/ZSM-5 intergrowth zeo-
lites increased with the increase of OH7/SiO,, while the size
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11/ZSM-5 intergrowth zeolites synthesized with different OH™/SiO,
(x) and NaCl/SiO, (y) ratios of (a) x=0.09, y=0, (b) x=0.15, y=0,
(c) x=0.18, y=0, (d) x=0.35, y=0, (e) x=0.09, y=0.03 and (f)
x=0.09, y=0.09

of the nano-crystals decreased with the rise of alkalinity and
Na™* content.

3.3 Influence of Si0,/Al,0; molar ratio

Based on the typical crystallization mechanism of zeolite
stated previously, the aluminum has great influence on the
crystallization of zeolite [20, 44]. Therefore, the influence
of Si0,/Al,0; molar ratio on the crystallization of ZSM-11/
ZSM-5 intergrowth zeolite was investigated. As shown in
Table 1, when the SiO,/Al,05 is lower than 30 (run 11), only
amorphous product is produced, When the ratio is higher
than 100 (run 14), ZSM-5 zeolite together with magadiite
impurity (Fig. 6d, marked with asterisks) is obtained. As
for Si0,/Al,05 ratio in the range of 40-70 (runs 12,13,7),
all samples show typical diffraction peaks corresponding to
ZSM-11/ZSM-5 intergrowth structures (Fig. 6a—c), which
means that the proper SiO,/Al,0; molar ratio for the synthe-
sis of ZSM-11/ZSM-5 ranges from 40 to 70. Differences in
the intensities of the diffraction peaks can be clearly identi-
fied in the inserted parts As listed in Table 1, the amount of
ZSM-5 increased from 20 to 50% with the increase of SiO,/
Al,O; (Fig. 6b, c), indicating the differences in the amount
of molar ratio from 40 to 70. It suggests that the reaction
mixture with high SiO,/Al,05 molar ratio also facilitates the
formation of MFI structure in the competitive crystallization
system. This trend is highly consistent with those reported
elsewhere before [45].

As the SEM images shown in Fig. 7, with the increase of
Si0,/Al,05 molar ratio, ZSM-11/ZSM-5 intergrowth zeolites
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Fig.5 SEM images of ZSM-11/ZSM-5 intergrowth zeolites syn-
thesized with different OH™/SiO, (x) and NaCl/SiO, (y) ratios of a
x=0.09, y=0, b x=0.15, y=0, ¢ x=0.18, y=0, d x=0.35, y=0, e
x=0.09, y=0.03 and f x=0.09, y=0.09
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Fig.6 XRD patterns of products synthesized with SiO,/Al,O; ratios
of a40, b 60, ¢ 70 and d 100

with various morphologies are observed. Aggregates of nano-
crystals and well-dispersed nano-crystals are obtained with
lower SiO,/Al,O5 molar ratios (Fig. 7a, b), while bulky aggre-
gates of nano-rods are synthesized with higher SiO,/Al,0;
molar ratios (Fig. 7c, d). The sizes of nano-crystals and bulky
aggregates increase gradually with the increase of Si0,/Al,04
molar ratio. Interestingly, when the product was synthesized
with Si0,/Al,0;=100, the arrangement of the orthotropic
rods in the cross-like aggregate was similar to that of the ortho-
tropic channel system of MEL. Meanwhile, a few plate-like
magadiite crystals were expected in the product. TEM images
of the ZSM-11/ZSM-5 intergrowth crystal synthesized with
Si0,/Al,05 ratio of 70 are presented in Fig. 7e. The inter-
growth crystal is well crystallized, as indicated by the distinct
lattice fringes. It is worth noting that some disorder regions
of the lattice fringe are clearly observed at the edge of this
crystal (marked by ellipses in Fig. 7e and enlarged image of
Fig. 7f). As presented in Fig. 7g, the corresponding fast Fou-
rier transform image of the disorder region (Fig. 7f) further
indicates the intergrowth character of this crystal [16]. The
TEM images and comparison of the experimental diffraction
data provide compelling evidence for the intergrowth character
of these materials.

Figure 8 showed the N, adsorption-desorption isotherms
of samples synthesized with different Al contents. In addi-
tion to the typical adsorption behavior of microporous zeo-
lites, N, adsorption also occurred at higher relative pres-
sures, this may correspond to the inter-particle space of the
zeolite aggregates of nano-crystals and was evidenced by
the BJH pore size distribution in the region of 2—10 nm. The
textural properties of ZSM-11/ZSM-5 intergrowth zeolites
with different SiO,/Al,0; ratios are listed in Table 3. It is
found that the SiO,/Al,O; ratio of the product is lower than
that of the starting gel. This may result from the high alkalin-
ity of the crystallization condition.

The ?’Al MAS-NMR spectra of all the ZSM-11/ZSM-5
samples synthesized with different SiO,/Al,05 molar ratios
show clearly two sets of signals (Fig. 9): a broader band
with a maximum at 54 ppm due to tetrahedrally coordi-
nated framework Al and a low frequency signal around O
ppm which is attributed to the extra-framework aluminum
of octahedral coordination [46]. Although the amount of
extra-framework aluminum showed a slightly increase with
the decrease of SiO,/Al,0; ratio, most of the aluminum
atoms in the synthesized zeolites were incorporated into the
framework.

4 Conclusions
In summary, ZSM-11 zeolite and ZSM-11/ZSM-5 inter-

growth zeolites with different morphologies and composi-
tions were successfully synthesized using 1,3-CDA. The
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Fig.7 SEM images of products synthesized with different SiO,/
Al,Oj; ratios of a 40, b 60, ¢ 70 and d 100. e TEM image of a ZSM-
11/ZSM-5 intergrowth crystal synthesized with SiO,/Al,O; ratio of
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Fig.8 N, adsorption-desorption isotherms and BJH desorption pore
size distributions of ZSM-11/ZSM-5 intergrowth zeolites synthesized
with different SiO,/Al,05; ratios of (a) 40, (b) 60 and (c) 70

brand new organic template is more likely to direct the
formation of ZSM-11 zeolite, while OH and Na™ facilitate
the formation of ZSM-5 zeolite. The competition between
ZSM-11 and ZSM-5 may be responsible for the structural
intergrowth.

@ Springer

70. f Enlarged TEM image of the intergrowth regions marked by a
square in (e) shows obvious intergrowth boundary. g The correspond-
ing fast Fourier transform image of (f)

150 100 50 0  -50
Chemcal Shift / ppm

-100

Fig.9 *’Al MAS-NMR spectra of products synthesized with SiO,/
Al,O; ratios of (a) 40, (b) 60 and (c) 70
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