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Tailoring the Morphology of MTW Zeolite Mesocrystals: Inter-
twined Classical/Non-classical Crystallization

Yang Zhao,” Hongbin Zhang,"* Peicheng Wang,® Fangqi Xue,* Zhaoqi Ye,” Yahong Zhang, Yi
Tang™*
*Department of Chemistry, Laboratory of Advanced Materials, Collaborative Innovation Center of Chemistry for

Energy Materials and Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University,
Shanghai, 200433, China.

ABSTRACT: Morphology and porosity of zeolite play a significant role on the activity and selectivity of catalytic reactions.
It is a dream to optionally modulate zeolite morphology by regulating the crystallization process on the basis of compre-
hensively understanding mechanisms. Herein, a series of MTW zeolite mesocrystals can be consciously fabricated with
the morphologies from dense structure to loose one of oriented nanocrystallite-aggregate by changing H20/SiOz2 ratio.
Their intertwined classical/non-classical crystallization processes are investigated comprehensively. The results indicate
that the crystallization of MTW zeolite takes place by a chain of events including the formation of worm-like particles
(WLPs), their aggregation and crystallization of aggregates. MTW with loose structure mainly crystallizes by an internal
reorganization after a fast aggregation of WLPs in a concentrated system. On the other hand, the dense structure of MTW
is obtained due to the co-occurrence of a coalescence of the participating WLPs during its crystal growth with slower rate
in a dilute system. Moreover, the advantages of MTW with loose structure are confirmed through cumene cracking and
1,2,4-trimethylbenzen transformation. This method could pave a way for the synthesis of other zeolites with diverse mor-

phologies/mesoporosities via subtle regulation of crystallization pathway.

1. INTRODUCTION

Zeolites are a class of aluminosilicate crystals with specific
microporous frameworks, which are significant candidates
for catalysis, separation and adsorption,” particularly, in
petrochemical industry due to their distinctive acidity, shape
selectivity and high hydrothermal stability.* Due to diffusion
limitation in the sole micropores of zeolites, the performanc-
es of catalytic reactions or adsorption often strongly depend
on their crystal size, morphology and porosity.>® Especially
for the zeolites with one-dimensional (1D) pore system, they
usually suffer from a long diffusion path for the high crystal
aspect ratios (length/width),” such as MTW, TON, MOR, etc.
In recent years, many efforts have been made to rationally
design the crystal morphology/porosity of a given zeolite.®
Post-treatments are the conventional methods to tailor po-
rosities of diverse zeolites.”"* Alternatively, designing excep-
tional templates is pervasively popular for directing the for-
mation of zeolites with distinctive structures.>™ In addition,
adding some exotic additives, such as crystal-growth modifi-
ers”™ or seed crystals,”* can also fine-tune the crystal size
and morphology through inhabiting some specific lattice
planes or inducing the distinct dissolution-recrystallization
process. Despite these elegant achievements, scientists are
devoting themselves to develop a prospective approach for
zeolite morphology modulation via directly controlling the
crystallization kinetics by solely changing the synthesis con-
ditions, such as sol composition, aging time, crystallization
temperature and so on, as it is not only facilely executable
but also economically feasible.”**

The crystallization mechanism of zeolite so far is still con-
troversial because it is affected by multifactor during the
multiple pathways.” However, the systematic understanding
of crystallization mechanism is extraordinarily vital for subtle
and controllable synthesis of zeolite. Based on the species of
crystal-grown nutrients, crystallization mechanisms can be
divided into two categories: classical and non-classical
(Scheme 1).>**® In a classical process, single crystal zeolites
with smooth surface are formed generally via layer-by-layer
addition of simple species to a pre-formed nucleus (path
i).?3° On the other hand, in a non-classical one, a special
crystallization occurs by nanoparticle-by-nanoparticle at-
tachment, where the nanoparticles could be crystalline (path
ii)* or amorphous (path iii).** Interestingly, the aggregative
nucleation and growth usually produce a mesoscopically
structured crystal (i.e., “mesocrystal”’).®®> Such non-classical
process has been reported for the formation of diverse three-
dimensional (3D) ordered mesocrystals such as metal ox-
ides,** magnetite® and proteins.3® Recently, it has also been
proposed as one of dominant mechanisms for elaborating the
formation of polycrystalline or single-crystal-like zeolites by
random- (RA)™ or oriented-attachment (OA)**° of nanopar-
ticles, respectively. However, these two pathways of classical
and non-classical mechanisms may overlap or co-exist to
some extent and the relative magnitudes may vary. For ex-
ample, during crystallization, the amorphous nanoparticles
can dissolve into simple species or even molecules and then
add onto the pre-formed crystal nucleus (path iv);*" And the
disordered and ordered polycrystallites formed via paths ii
and iii perhaps act as the intermediates for the formation of
zeolite crystals with diverse morphologies/mesoporosities,
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even forming an intact single crystal via rearrangement of
nanocrystals or addition of molecules (path v).** Recently,
Rimer et al. have thoroughly investigated the crystallization
process of silicalite-1 and the dual mechanisms of classical
and non-classical crystallization have been demonstrated
during the whole process using in situ AFM.”” However, in
situ data are relatively difficult to obtain for directly tracking
the changes of structure and morphology because of the rig-
orous environments and long duration for crystallization,®
therefore, much valuable information for crystallization
mechanism has been acquired by some ex situ characteriza-
tions.>*>**# For instance, Suboti¢ et al. and Rimer et al. have
investigated the aggregative growth of zeolites ZSM-5,”
LTL* and S$SZ-13,°° and the crystal morphology and size of
SSZ-13 could be changed with the addition of
organic modifiers.*

Scheme 1. Possible pathways of zeolite crystallization.

Classical

1 1 Non-classical

OA: Oriented attachment ~ RA: Random attachment
' Molecule @® Amorphous particle @ crystal

MTW Zeolite possesses a 1D channel system composed of
parallel 12-membered ring (12-MR) micropores along the b
[o10] direction.”” However, the 1D channelled zeolite always
tends to form anisotropic crystal with the longest axis along
the orientation of its channels, so that the morphology and
size of MTW crystals are of critical importance for their ad-
sorption and catalytic applications.®** Generically, MTW
zeolite can be synthesized with several organic structure
directing agents (OSDAs), and the product morphologies are
related to the kind of OSDAs.*** Among these OSDASs, tet-
raethylammonium hydroxide (TEAOH) is commercial and
the most widely used for the synthesis. Recently, effects of
different parameters such as Si source, Al source, alkalinity,
Si/Al ratio, H,0O/SiO, ratio and so on are carefully studied
using this OSDA to control the size and morphology of MTW
zeolite.”” The comprehensive understanding of the formation
mechanism is significant for more scientifically regulating its
morphology. To the best of our knowledge, the crystalliza-
tion mechanism of MTW zeolite is still equivocal.

In this study, MTW zeolite mesocrystals with morpholo-
gies from loosely-attached nanocrystallite assembly to that
one with relative dense structure have been obtained by de-
liberately changing H,O/SiO, ratio to adjust the crystalliza-
tion kinetics. The crystallization processes of typical prod-
ucts have been systematically investigated by monitoring the
whole evolution process using X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES), Raman spectra, *’Al magic an-
gle spinning nuclear magnetic resonance (Al MAS NMR)

and dynamic light scattering (DLS). Furthermore, two typical
probe reactions of cumene cracking and 1,2,4-
trimethylbenzene (TMB) transformation are carried out not
only to explore the detailed catalytic performance and possi-
ble application but also to further confirm the effectivity of
this method for tailoring the crystal morphology.

2. EXPERIMENTAL SECTION

Materials. TEAOH (25wt%, aqueous solution), silica sol
(LUDOX HS-40, 40wt%, aqueous solution), cumene (GC)
and 1,2,4-TMB (AR) were purchased from Sigma-Aldrich.
Sodium aluminate (54wt% Na,O, 41wt% ALO,, swt% H,0)
and ammonium nitrate (NH,NO,) were purchased from Si-
nopharm Chemical Reagents Co., LTD. All chemicals were
used as received without any purification.

Preparation of zeolite MTW. Zeolite samples were synthe-
sized in the systems of 0.0173Na,0: 0.0083AL,0,: 016TEAOH:
SiO,: xH,0, where x = 5-40. The resulted samples are denot-
ed as MTW-x-t, where x is H,0/SiO, ratio and t is the heat-
ing time. Typically, 7.09 g of TEAOH solution was added as
OSDA into 1.44 g of H,O in a bottle under stirring for 10 min
and then o.15 g of NaAlO, was added into the system under
stirring until the NaAlO, has been completely dissolved.
Next, 11.31 g of silica sol solution was added dropwise. After-
wards, the clear solution after agitation for 3 h at room tem-
perature was transferred into a Teflon-lined autoclave, and
then the autoclave was sealed and heated at 160 °C under
static condition for 120 h. The resulted products were collect-
ed by filtering with filter paper, washing with deionized wa-
ter and drying at 8o °C. Finally, the products were calcined at
550 °C for 6 h in air to remove OSDA. Similar procedures are
used for the samples of x = 20~40 but with more amount of
water added in TEAOH, while for that with x = 5, the exces-
sive water was evaporated at 80 °C. The products separated
by filtration are denoted as MTW-x-12of. For studying the
crystallization mechanism, some products were extracted at
predetermined crystallization time. For the intermediate
products, we adopted the centrifugation to separate the solid
and liquid phases. The typical samples for catalytic reactions
were ion exchanged by NH,NO; solution at 8o °C for three
times followed by a calcination step at 550 °C for 6 h.

Materials characterization. XRD patterns of the products
were recorded on a Bruker D8-Advanced diffractometer (Cu-
K, 40 kV, 40 mA). SEM images were obtained on Hitachi S-
4800 operated at 10 kV within a 1.5 mm working distance.
TEM experiments were performed on JEOL JEM-2on and
Tecnai G2 F20 S-Twin operated at a voltage of 200 kV. Fast
Fourier transform (FFT) images were obtained from the se-
lected areas using DigitalMicrograph software. The ultrathin
cross sections with a thickness of 70-80 nm were prepared on
a UC-7 (Leica, Germany) ultra-microtome by using a
DIATOME 45° diamond knife at cutting speed of 0.5 mm s™.
Atomic force microscopy (AFM) images of products were
obtained in tapping mode on Dimension ICON controller
(Bruker Instruments) with sharp silicon cantilever probes
(OTESPA, Bruker). The N,-sorption experiments were con-
ducted on a Quantachrome autosorb iQ-2 instrument at 77
K. Raman spectra were obtained from a Horiba Jobin Yvon
XploRA confocal microscope with a 532 nm laser. Al MAS
NMR was determined on Bruker DSX 300 spectrometer. DLS
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was measured on a Nano-ZSqo zetasizer. The particle size
distribution was measured for the products after three kinds
of separation methods: without centrifugation, with low
speed centrifugation (LSC, 10000 rpm for 3 min with a rela-
tive centrifugal force of 10277 g), and with high speed cen-
trifugation (HSC, 15000 rpm for 60 min with a relative cen-
trifugal force of 19u8 g). The samples were dispersed and
ultrasonically treated in deionized water with concentrations
about 0.2 wt%. The supernatant liquids separated from the
mixture after LSC or HSC were analyzed by ICP-AES for de-
tecting the concentration changes of species in the system.
All the supernatant liquids were diluted 100 times prior to
analyzation. The chemical compositions of final products
were determined by X-ray fluorescence (XRF) with a Bruker
AXS spectrometer. The acidities of typical samples were ob-
tained by NH,-temperature programmed desorption (NH;-
TPD) experiment on Micromeritics AutoChem II 2920.

Catalytic experiments. Cumene cracking was conducted in
a micro-fixed bed reactor by pulse injection with 1 pl every
time. The reaction condition was 300 °C under atmosphere
pressure. 0.03 g of catalyst (20-40 mesh) was pre-heated at
450 °C for 1 h prior to cumene cracking under a He carrier
flowing at 40 ml min™. The products were analyzed by an on-
line gas chromatograph (GC) equipped with a thermal con-
ductivity detector (TCD) and packed column (PEG-20M).
Transformation of 1,2,4-trimethylbenzene was conducted in a
continuous fixed-bed reactor under atmospheric pressure.
The weight hourly space velocity (WHSV) was o.5 h™ and
reaction temperature was 300 °C. Prior to the reaction, all the
catalysts were activated in N, atmosphere at 300 °C for 2 h.
Moreover, the products were analyzed per 40 min using an
online GC equipped with a flame ionization detector (FID)
and high-solution capillary column (HP-INNOWAX).

3. RESULTS AND DISCUSSION

3.1 Synthesis of MTW zeolites with diverse morphol-
ogies.

A series of zeolite products are synthesized under different
H,0/SiO, ratios from 5 to 40 at 160 °C for 120 h using
TEAOH as OSDA. XRD patterns (Figures 1A and S1A) show
that the pure MTW phase with high crystallinity can be syn-
thesized under H,0O/SiO, ratios of 10~30. Once that is lower
than 10, BEA with impurity of MTW (%) is mainly produced
(Figure 1A-a); while MFI phase with a few of MTW (%) is
mainly obtained as H,O/SiO, larger than 30 (Figure 1A-e).
The porosities of three pure phase MTW zeolites are charac-
terized by N,-sorption experiment. Their isotherms (Figure
1B) combining both I and IV types indicate the coexistence of
micro- and mesopores. The uptake of isotherms at high rela-
tive pressure (P/P,) increases when lowering H,0/SiO, ratio,
implying the gradual enrichment of mesoporosity. The mes-
opore size distributions estimated by BJH method (inset,
Figure 1B) show that MTW-10-120f contains rich mesopores,
while no obvious mesopore is detected in MTW-30-120f ex-
cept a pseudo-peak at 3.8 nm, indicating its relatively dense
structure. The detailed data on V., and S, (Table S1) also
confirm this result. They decrease from 0.311 to 0.133 cm® g
(Vimeso) and from 101 to 62 m* g” (Sey), respectively, as
H,O/SiO, ratio increases from 10 to 30 (Figure 1C). Consider-
ing the similar values of Sger and Vi, for these samples
(Table S1), it suggests that high crystalline MTW zeolite can
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Figure 1. XRD patterns (A), N,-sorption isotherms (B), mes-
opore size distribution (inset) of the samples for MTW-5-120f
(a), MTW-10-120f (b), MTW-20-120f (c), MTW-30-120f (d),
and MTW-40-120f (e). The changes of V ,.s, and Sy prepared
at various H,0/SiO, ratios (C).

be facilely obtained with tunable mesopores and well-
maintained zeolitic micropores.

The product particles of zeolite MTW have the sizes in the
range from about 350 to 1000 nm or more with slightly in-
creased mean diameter, from about 600 to 750 nm with the
increase of H,0/SiO, ratio, as determined by DLS measure-
ments (Figure S1B). As SEM images shown, all of these sam-
ples are nanoparticle aggregates (Figure S2), but some differ-
ences could be displayed in surface morphology (Figures 2A-
C). MTW-10-120f and MTW-20-120f exhibit a rough surface
composed of highly-aggregated 20~30 nm nanocrystallites
(Figures 2A and 2B), whereas some relatively smooth surfaces
could be found for MTW-30-120f (Figure 2C). AFM topo-
graphical image further confirms the rough surface of MTW-
10-120f with large step heights exceeding 20 nm (Figures 3A
and 3C), while the relatively smooth surface of MTW-30-120f
could be observed besides rough parts (Figures 3B and 3D).
The detailed structures of the samples are identified from

Figure 2. SEM (A-C) and TEM (D-I) images of MTW-10-120f
(A, D, G), MTW-20-120f (B, E, H) and MTW-30-120f (C, F, I).
The insets of (G, I) are the FFT images.
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Figure 3. AFM amplitude mode images for MTW-10-120f (A)
and MTW-30-120f (B) and their height mode images (insets).
(C) and (D) are the section analysis along the lines ab and cd
in the insets of (A) and (B), respectively. The ultrathin spec-
imen TEM images of MTW-10-120f (E) and MTW-30-120f (F).

TEM images. A structure with loosely-aggregated nanocrys-
tallites can be observed in the sample of MTW-10-120f (Fig-
ure 2D), which is consistent with its TEM image of ultrathin
cross section (Figures 3E and S3A) and N, adsorption result
with high mesoporosity (Table S1). HRTEM and FFT images
present its feature of mesocrystal with b-axis oriented aggre-
gated nanocrystallites of zeolite MTW polymorphs®® (Figures
2G and inset, S3B). However, MTW-30-120f exhibits a denser
center as shown in TEM image (Figure 2F), which is further
confirmed through ultramicrotomy (Figures 3F and S3C) and
N,-soprtion with relatively lower mesoporosity (Table S1).
The single crystal-like diffraction pattern of monoclinic
MTW zeolite** is displayed at the edge of particles in HRTEM
and FFT images (Figures 2I and inset, S3D). For MTW-20-
120f, its particulate properties are at the mid-level (Figures 2E
and 2H).

Despite the zeolite MTW mesocrystals are harvested under
all of these conditions, some differences on the morphology
and porosity could be witnessed, indicating these physical
properties can be well controlled by adjusting the H,0/SiO,
ratio. The crystallization behaviours of two typical products
(MTW-10-t and MTW-30-t) are further investigated in the
following sections via comprehensively tracing the evolu-
tions of gel state, particle size, crystallinity, morphology,
composition, and framework structure of the intermediate
products.

3.2 Investigation on MTW zeolite crystallization.
(1) Crystallization process of MTW-10-t.

The MTW zeolite mesocrystals of loosely-aggregated nano-
crystallites with abundant mesopores and rough macrostep

surfaces are harvested as H,0/SiO, = 10 (Figures 1, 2 and 3).
These phenomena suggest that MTW-10-t is formed probably
by nanoparticle self-assembly.* Such zeolite crystallization
via nanoparticle aggregation or attachment has been report-
ed in the previous literatures,”””" and recently is termed as a
non-classical pathway.>*®

DLS results of the whole products without centrifugation
display a peak during the crystallization process, and a jump
is found from about 8o to 550 nm when the heating time is
prolonged from 26 to 27 h (Figure S4A). Two different speed
of centrifugations (LSC and HSC) are further employed to
separate the products, and the corresponding results of pho-
tograph and DLS are shown in Figures S5 and S6, respectively.
Almost the same phenomena are observed after LSC and
HSC for photographs and DLS. The nanoparticles in the ini-
tial clear solution quickly aggregate into bulk network of
hydrogel after heating for 6-24 h from its photographs (Fig-
ure S5A), which could present as small worm-like aggregated
nanoparticles (WLPs) after ultrasound pretreatments for DLS
(Figure S4A) and SEM/TEM (Figures S7A and S7B) experi-
ments. As prolonging the crystallization time over 26 h, the
hydrogel could shrink and collapse, and then rapidly transfer
to large particles accompanied by the emergence of liquid
phase (Figures SsA and S6A). After 27 h, only one peak with
the size about 550-600 nm in DLS are exhibited for the prod-
ucts after both LSC and HSC, and little difference between
them is observed from photographs. The crystallinity of ob-
tained solid is determined by XRD, which displays an induc-
tion period of about 26 h for MTW-10-t crystallization (Fig-
ure S4B). Interestingly, the particle size of MTW-10-28 is
similar to that of the final product, but its crystallinity at this
time is much lower than that of the latter, indicating that
crystallization of the sample mainly takes place after the
formation of larger particles.

Electron microscopes (EM) are applied to visually track the
morphological evolutions of intermediates. After hydrother-
mal treatment for 26 h, plenty of amorphous small WLPs
collapsed from hydrogel can be observed (Figures 4A and S8),
and TEM images show that these WLPs are composed of
several 20 nm nanoparticles (Figures S8C and S8D). This is
consistent with the results of recent studies of ZSM-5 crystal-
lization.”>* Besides, a very few of aggregated particles

»ﬁ“ ‘x; _ % )*"‘);r’».‘,{’ /

LR -0, ERIP 3§
2 %ﬁ'ﬁgﬁlﬁ,@é «r:i\*\’\t { Saoursen
Figure 4. SEM images of products MTW-10-t crystallized
with different hydrothermal treatment time, where t is 26 (A-
C); 27 (D-F) and 28 h (G-I).
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with relatively larger size can be found (Figures 4B and 4C).
In the next 2 h, large aggregated particles with the size simi-
lar to that of final product are fast formed via nanoparticle
aggregation (Figures 4D-I), and their diameter fiercely in-
creases even faster than the crystallinity (Figures S4A and
S4B b-d). TEM characterization further confirms the fast
aggregation of nanoparticles for the formation of zeolite
MTW. Few aggregates with partially crystalline nanoparticles
can be discovered in MTW-10-26 (Figures 5A, 5B and inset).
At prolonged hydrothermal treatment (t = 27 h), the size of
aggregated particles obviously increases via aggregation of
nanoparticles (Figures 5C, 5D and inset). After heating for
another 1 h (MTW-10-28), larger regular particles with the
mean size ca. 600 nm are formed (Figures 5E, S9A and SgB).
However, the edge of each aggregated particle is much looser
and some amorphous nanoparticles still exist (Figure 5F and
inset), implying that the crystallization is not complete. It is
consistent with the result of XRD. These results indicate that
the aggregation of small nanoparticles mainly occurs from 26
to 28 h with a certain extent of crystallization. Prolonging the
heating time to 32 even 48 h, the size of as-prepared prod-
ucts has a slight change but the crystallinity rises greatly with
clear lattice fringes (Figures SA4, S4B, S9C and SgD). Finally,
an aggregated MTW zeolite mesocrystal is formed with a
little shrinkage of particle size and a very slight increase of
crystallinity.

The compositions of supernatant liquid separated by cen-
trifugations at different speeds are analyzed using ICP-AES
(Figure S10). The concentrations of Si and Al components
exhibit the same tendency of significant decrease under both
LSC and HSC conditions. Their concentrations in the initial
clear solution are as high as 107.8 (Si) and 2.1 (Al) g L™ (Figure
Si0, red dot). These values drop to only 49.1 and 0.6 g L™ at
27 h after LSC and 42.8 and o.2 g L™ after HSC, respectively
(Figure S10). With prolonging the heating time, the nutri-
ments concentrations in the supernatant liquid are similar
for these two different speed centrifugations. At 28 h, the
concentrations of Si and Al decrease to ca. 35.0 and 0.5 g L
respectively, which are about 32% and 23% of their initial
concentrations (Figures S10A-d and 10B-d). It indicates that

Figure 5. TEM images and HRTEM images of products
MTW-10-t crystallized with different hydrothermal treat-
ment time, where t is 26 (A, B); 27 (C, D) and 28 h (E, F). The
blue and red cycles display the typical amorphous and crys-
talline regions, respectively. The insets are the FFT images of
the corresponding regions.

Chemistry of Materials

much of nutrition in the liquid has been transferred into the
solid phase by nanoparticle aggregation at this time. Subse-
quently, the concentration of Si slightly decreases to ca. 20.0
(19%, 40 h) and 16.8 g L™ (16%, 48 h), which might be due to
the somewhat Ostwald ripening in the final stage of crystalli-
zation. Meanwhile, the changes of solid productivity (m./m,)
during the whole crystallization process are also tracked
(Figure S10C), where m is the mass of extracted products
after LSC at predetermined heating time (t), and m, is the
total contents of Si and Al added into the system at the be-
ginning. It is clear that the productivity is ca. 64% after 27 h
(Figure S10C) and the value increases to about 75% after fur-
ther crystallization to 28 h. In consideration of the final solid
productivity (85%), it implies that majority of nutrition has
been fixed in the solid phase at this time, which is in accord-
ance with the results of ICP-AES.

Raman spectroscopy is an excellent technique to charac-
terize the short-range order of zeolite.”® After heating for 24
h, there is no obvious band for MTW zeolite, indicating the
absence of short-range order (Figure Su-a). During the crys-
tallization period, the short-range order can be observed
with distinct bands at 370, 400 and 800 cm™ (Figure Sn),
which are ascribed to v, (Si-O-Si) symmetry vibration.>** It
is noted that the intensities of bands at 28 h are almost the
same to the final products (Figure Su-d), although the crys-
tallinity is considerably low (Figure S4B-d). It suggests that
the short-range order has been mostly built up at this time,
similar to the observations in other zeolites.” Figure Si2 is
the *’Al MAS NMR of the samples, in which only a signal is
found at ca. 50-55 ppm corresponding to tetrahedrally coor-
dinated aluminium atoms in the framework.>®* Moreover, this
signal gradually becomes narrow (Figure S12B), reflecting the
improvement in the homogeneity of framework aluminium
atoms.”” The above results indicate that MTW-10-t is formed
mainly via fast aggregation of nanoparticles followed by an
internal reorganization.

(2) Crystallization process of MTW-30-t.

MTW-30-t presents some different behaviors in its crystalli-
zation process comparing with MTW-10-t. Bi-modal distribu-
tion of particle size is witnessed for whole products in DLS
results after heating for 54 h (Figure S4C). In order to distin-
guish the particles with different size in the products, LSC
and HSC are adopted for the separation. If the centrifugation
is conducted at a high speed, two peaks can be observed
(Figure S6D), similar to that of the whole products (Figure
S4C). Howbeit, only one peak corresponding to the larger
particles is exhibited after LSC (Figure S6C). These phenom-
ena certify the existence of small nanoparticles of about 100
nm during the crystallization process. Photographs of differ-
ent centrifugation conditions can visually present this fact
(Figure S5B). Comparing with LSC, a much clearer superna-
tant liquid can be obtained if the samples are separated by
HSC, implying the presence of small nanoparticles in the
solution. Thus, a two-step centrifugation method is adopted
to collect the small nanoparticles, and TEM images as well as
XRD result confirm that they are amorphous WLPs (Figure
S13). To conveniently gain insight into its crystallization pro-
cess, the solid products obtained by LSC are further charac-
terized for eliminating the interference of small WLPs. XRD
patterns display that the crystallization rate of MTW-30-t is

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Chemistry of Materials Page 6 of 12

obviously slower than that of MTW-10-t. Its induction period
prolongs to ca. 54 h (Figure S4D). This is because that the
lower concentrations of nutriments and alkalinity in reaction
system could decelerate its crystallization.>®

The crystallization process of MTW-30-t is further detailed
by other characterizations. As shown in Figure S5B, the sol
becomes more and more turbid from o to 48 h but no solid
phase can be separated by LSC. Through directly observing
the sol with SEM, the primary nanoparticles in the initial
solution gradually aggregate into small WLPs with a slight
increased size during 12-48 h (Figure Si4), in agreement with
DLS results (Figure S4C). As such, the concentrations of Si
and Al components in the sol vary gently in the first 48 h
after LSC (Figures S15A and Si5B), but their concentrations
decrease dramatically after HSC (Figures S15D and Si5E) due
to the separation of small WLPs from supernatant liquid
under this condition (Figure S5B). When the heating time is
prolonged to 54 h, plenty of precipitates are formed and can
be collected even at LSC, so that the m,/m, is ca. 80%. The
concentrations of nutrition in the supernatant liquid after
LSC decrease to the value (Figures Si5A and Si5B b) even
similar to those after HSC (Figures Si5D and SisE b). DLS
experiment shows the particle size in solid is ca. 180 nm
(Figure S4C-b), and SEM images (Figures 6Al and S16A) indi-
cate that these obtained precipitates virtually are small ag-
gregated WLPs formed by chain aggregation of primary na-
noparticles.” In addition, there are very few particles of
about 300 nm with some relatively smooth terraces (Figure
6All) in the product. And TEM images show that they are
crystalline with relatively denser structure (Figures 7A and
7B), which are different from loose structure of MTW-10-t
(Figures 5A and 5B). It might be because that a slower rate of
crystallization in such a dilute system causes the easier fu-
sion of aggregated WLPs.

It is surprising that m,/m, value decreases accompanied
with the increase of particle size and crystallinity from 54 to
72 h (Figures S15C, S4C and S4D b-e), and the concentrations
of Si and Al components rapidly increase in supernatant lig-
uid correspondingly after LSC (Figures Si15A and Si5B b-e).
However, after HSC in which both small and large particles
could be removed, the concentrations of nutrition in the
supernatant liquid still keep low values (Figures Si5D and
Si5E b-e). It indicates that the pre-formed precipitates at 54 h
could gradually disaggregate into smaller sized WLPs refer-
ring to DLS results, in which the peak corresponding to rela-
tively small nanoparticles reappears (Figure S4C). Moreover,
a tiny rebound could also be tracked after HSC, probably due
to the generation of some simple species during this stage.
After 72 h, the concentrations of nutrition in supernatant
liquid reach to a low value after HSC with slight changes
afterwards (Figures Si15D and Si5E e-g), while their concen-
trations after LSC decrease consecutively (Figures Si5A and
S15B e-g). Correspondingly, the solid productivity (m/m,)
increases accompanied with a little improvement of crystal-
linity (Figures S4D and S15C e-g), suggesting the migration of
nutrients from liquid to solid.

SEM/TEM and DLS experiments are applied to further
monitoring of the evolution of zeolite crystals after 54 h. The
sample obtained before 54 h mainly exists as amorphous
WLPs. However, at crystallization of 60 h, the zeolite crystals

Figure 6. SEM images of MTW-30-t crystallized with differ-
ent hydrothermal treatment time, where t is 54 (A), 60 (B),
72 (C) and 96 h (D). The red circles display the relatively
smooth terraces.

Figure 7. Representative TEM images of MTW-30-t crystal-
lized with different hydrothermal treatment time, where t is
54 (A, B), 60 (C, D) and 66 h (E, F). The inset of (D) is the
FFT image and the red rectangles display a relatively com-
plete lattice.
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Scheme 2. Crystallization pathways of MTW zeolite: MTW-10-t (i) and MTW-30-t (ii).
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could be easily observed with nanoparticle aggregated mor-
phology and some smooth terraces in their SEM images (Fig-
ure 6B). The DLS profile shows the obvious peak correspond-
ing to the product particle diameter centered at ca. 500 nm
(Figure S6C) which is ca. 68% of the crystal size of final
product (i.e., MTW-10-120f). Their TEM images present a
relatively dense structure with continuous lattice fringes at
the edge of the particles (Figures 7C and 7D), and a single
crystal-like pattern of monoclinic MTW zeolite can be ob-
served from FFT image (inset, Figure 7D). These results indi-
cate that the coalescence of the participating WLPs happens
accompanied with their aggregation during crystallization
process, probably intertwined with the addition of simple
species. Afterwards, the mean particle size of zeolite crystal
continuously increases to ca. 730 nm as prolonging the heat-
ing time over 60 h (Figure S6C). Meanwhile, the smooth ter-
races are more obvious from the SEM images (Figures 6C,
6D, S16B and S16C) and their TEM images show the crystal
quality is more perfect with the continuous lattice fringes
observed from the edge of the crystal (Figures 7E and 7F).
These results imply that the co-occurrence of addition and
merging of WLPs/simple species during crystal growth pro-
cess. As a result, a dense crystalline MTW zeolite with some
smooth terraces is obtained (Figures 6C, and 2C).

The intermediate solid products of MTW-30-t are also
characterized by Raman spectroscopy and *’Al MAS NMR.
When precipitates produce from sol solution at 54 h, Raman
spectrum has shown some weak peaks corresponding to the
short-range order of MTW framework (Figure Si17A-b) with
appearance of weak peaks in XRD pattern (Figure S4D-b),
indicating the formation of a few crystalline nuclei. Subse-
quently, the intensity of Raman peaks for zeolite continuous-
ly improve accompanied with the increase of crystallinity and
particle size. Meanwhile, the gradual improvement of zeolite
framework quality is also reflected from the narrowing of the
signal for tetrahedrally coordinated aluminium atoms in *’Al
MAS NMR (Figure S17B) with prolonging the crystallization
time.

3.3 Crystallization mechanism of MTW zeolite.

The above experimental results show that MTW zeolites
follow the similar particle aggregation and crystallization
processes under different H,0O/SiO, ratios but with some
different behaviors. It can be summarized in Scheme 2.

The crystallization of MTW-10-t takes place by a chain of
events, shown as Path i in Scheme 2: (1) The formation of
precursor particles with size about 20 nm after aging for 3 h
(as determined by DLS, Figure S18), and after heating for 1 h
they aggregate into WLPs with size ca. 40 nm. (2) The
formed WLPs aggregate into a loosely-hold hydrogel net-
work after heating for 6-24 h, which will disaggregate into
small WLPs at 26 h. (3) Then these WLPs quickly re-
aggregate into the large and loose particles with mean size
up to about 600 nm (similar to that of final product) at ca.
27~28 h, but with low crystallinity. The processes (1) - (3) are
consistent with the recently described mechanism of the
formation and evolution of WLPs during crystallization of
zeolites ZSM-5,2 LTL* and SSZ-13.”° (4) The main part of
crystallization takes place by internal reorganization from 28
to 32 h. Finally, a high crystalline mesocrystal MTW zeolite is
obtained with b-axis oriented-aggregated structure, rough
surface and abundant mesoporosity, which are regarded as
the indicators of non-classical crystallization mechanism.***’

MTW-30-t prepared in a dilute system also follows the ag-
gregation-crystallization process but with some different
features compared with MTW-10-t, summarized as Path ii in
Scheme 2: (1) The WLPs are gradually formed with an in-
creasing size via aggregation of nanoparticles in induction
period. (2) The WLPs aggregate into larger aggregated pre-
cipitates at 54 h rather than hydrogel network due to the
considerably smaller specific number of WLPs in this system,
and a few of crystalline nuclei are generated at this time. The
processes (1) and (2) are consistent with the recently de-
scribed mechanism of the formation and evolution of WLPs
during short-time hydrothermal treatment of dilute TPA-
aluminosilicate reaction mixture.”® The precipitates could
then gradually disaggregate/dissolve into small WLPs or
simple species which may act as nutrition in the subsequent
crystallization period. (3) The dense zeolite crystal of about
500 nm (ca. 68% of final product in diameter) is formed via
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co-occurrence of aggregation and coalescence of WLPs in the
period of 54-60 h. (4) The size and crystallinity of particles
continuously increase via addition and merging of WLPs in
the following time, probably accompanied with addition of
some simple species. Finally, a product with relatively dense
structure and some smooth terraces could be collected.

In a short summary, the crystallization of MTW zeolite fol-
lows a series of events including the formation of WLPs, ge-
lation via aggregation of WLPs, and disaggregation of gel
(induction period), followed by formation of aggregates ac-
companied with crystallization (crystallization/growth peri-
od). In the induction period, a hydrogel could be generated
in a concentrated system via the aggregation of pre-formed
WLPs due to the high collision frequency.”® With the de-
crease of nutriments concentrations, the precipitates are
formed due to the considerably smaller specific number of
WLPs. After gelation, the hydrogel/precipitates can dis-
aggregate into WLPs as the nutriments for the following
crystallization process.

In the following crystallization/growth period, it seems
that the formation of about 500-600 nm sized aggregates is a
critical step for the intense transformation of amorphous to
crystalline phase due to higher “concentration” of alumino-
silicate materials, which is favorable for the formation of
nuclei and their growth.®*® In a concentrated system, an
internal reorganization or crystallization process takes place
after the fast formation of aggregates to produce a loosely-
aggregated zeolite product. With the decrease of nutrition
concentrations, the coalescence of the participating WLPs is
more notable due to the lower crystallization rate in a dilute
system, thus a relatively denser MTW zeolite is obtained.
Moreover, the addition of WLPs/simple species could also
occur due to a slower rate of aggregation. Therefore, we can
facilely regulate the textural properties of MTW zeolite
products by adjusting the compositions of initial mixtures to
control the crystallization kinetics.

3.4 Evaluation of acidity and catalytic performance.

The acidity and catalytic performance of different morpho-
logical MTW zeolites are evaluated. As shown in Figure 8A
and Table S2, both samples possess almost the same TPD
profiles with similar acid site distribution and total amount
of acids (MTW-10-120f: 0.428 mmol g"; MTW-30-120f: 0.412
mmol g”), which is consistent with their similar Si/Al ratio
(Table S1). Cumene cracking is reported as a model reaction
to characterize the Bronsted acid sites resulted from frame-
work aluminium in zeolite.>® Both samples have very similar
catalytic performance for this reaction (Figure Si9). At the
first dose, the conversions of cumene are 71.5% and 68.4% on
MTW-10-120f and MTW-30-120f, respectively, and then both
of them present a slowly decreasing trend due to the for-
mation of coke. This result further indicates the similar acid-
ic properties of MTW-10-120f and MTW-30-120f.

The transformation of 1,2,4-trimethylbenzen (1,2,4-TMB) is
further applied as a probe reaction to research the relation-
ships between morphology and catalytic property of MTW
zeolite for its special reaction network containing
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Figure 8. NH,-TPD profiles, which have been vertically off-
setted (A); conversion of 1,2,4-trimethylbenzene (B); the ratio
of 1,2,4,5-isomer in TeMB (C); the ratio of 1,3,5-isomer in
TMB products (D) of MTW-10-120f (a) and MTW-30-120f (b).

isomerization and disproportionation pathways (Scheme
3).60’61 As shown in Figure 8B, the conversions on both cata-
lysts decay quickly in the first 40 min followed by a slowly
declining trend. However, the conversion on MTW-10-120f is
always higher than that of MTW-30-120f during the whole
reaction process. Due to the similar acidic property of both
samples, the higher conversion of MTW-10-120f is deter-
mined by its larger mesoporous volumes and larger external
surface  areas.  Accordingly, the  disproportiona-
tion/isomerization ratios (Sg;) of both samples also drop
down very rapidly in the first 8o min, but the Sy; of MTW-10-
120f is always higher than that of MTW-30-120f (Table S3).
This phenomenon can be explained by the different mesopo-
rosities of both samples. The disproportionation of 1,2,4-TMB
occurs via a bimolecular mechanism, which produces a bulky
biphenylmethane carbocation intermediate.®® Therefore,
MTW-10-t with open structure shows a relative higher Sy
value. With prolonging the reaction time, the selectivity of
disproportionation decays rapidly while that of isomerization
increases. It is attributed to the heavier influence of coking
on the disproportionation with bimolecular route.”"

Scheme 3. Disproportionation and isomerization of
1,2,4-TMB.
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The different porosities of these samples can be further re-
flected by the product distributions of 1,2,4-TMB transfor-
mation. Both samples yield the xylene isomers in the similar
ratio of thermodynamic equilibrium due to the smaller sizes
of these molecules (Table S3). However, for tetramethylben-
zene (TeMB), another kind of disproportionation products, a
very different behaviour is observed (Figure 8C). For MTW-
10-120f, 1,2,4,5-TeMB with a relative smaller kinetic diameter
presents a lower ratio in all of TeMB products than on MTW-
30-120f. As have been reported in literatures,”** amongst all
TeMB isomers, 1,2,4,5-TeMB could be generated in the mi-
cropore channel of zeolite for its smaller size and then it
would isomerize consecutively into its isomers with relative
larger size on the external surface or mesopores, such as
1,2,3,4- or 1,2,3,5-TeMB. Due to the enhanced mesoporosity of
MTW-10-120f, isomerization of TeMB would take place easier
on its enriched external surface, leading to the lower ratio of
1,2,4,5-TeMB. A different trend is observed on the distribu-
tion of trimethylbenzene (TMB) isomers (Figure 8D). MTW-
10-120f displays a higher 1,3,5-TMB ratio than MTW-30-120f.
It can also be explained by the different mesoporosities of
these samples. Due to the larger size of 1,3,5-TMB, it mainly
yields from reactant of 1,2,4-TMB on the external surface or
in mesopores.®® The open structure of MTW-10-120f bene-
fits its generation. The same phenomenon has been reported
on NU-87 with similar micropore size.

4. Conclusions

A series of zeolite MTW mesocrystals with oriented nano-
crystallites and morphologies from dense to loose structures
are obtained just by deliberately regulating the crystalliza-
tion kinetics. The crystallization of MTW zeolite follows the
intertwined classical/non-classical mechanism under differ-
ent H,0/SiO, ratios, including the formation of WLPs, ag-
gregation of WLPs and crystallization of aggregates. The
formation of about 500-600 nm sized aggregates is a critical
step for the intense transformation of amorphous to crystal-
line phase. Remarkably, some different features in crystalli-
zation processes could be found under concentrated and
dilute systems. The b-axis oriented nanocrystallite-
aggregated MTW zeolite with abundant mesopores and
rough surfaces is obtained under the condition of concen-
trated solution (H,O/SiO, = 10), which is formed by a fast
aggregation of WLPs to the size of final product, followed by
an internal reorganization process. Nonetheless, in a dilute
system (H,O/SiO, = 30), the aggregates with the size smaller
than the final product (< 70%) are firstly observed via aggre-
gation/coalescence of WLPs accompanied by crystallization.
Thereafter, the zeolite crystal continuously grows via addi-
tion and coalescence of WLPs, probably with some simple
species. As a result, a dense MTW zeolite with some relative-
ly smooth terraces is harvested. Moreover, two typical sam-
ples are evaluated through cumene cracking and transfor-
mation of 1,2,4-TMB. The conversions and distribution of
products with different molecular sizes further confirm the
features of zeolites and their effects on catalytic reactions.
These results can guide us to simply and effectively design
MTW zeolite with different morphologies for meeting the
practical demands of various catalytic reactions in the chem-
ical industry. It also sheds light on the facile and economical
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synthesis of other zeolites with diverse morpholo-
gies/porosities by rationally controlling the kinetics of inter-
twined classical/non-classical crystallization.
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