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Synthesis of nano-S5Z-13 and its application in the reaction of

methanol to olefins

Z.Li*", M. T. Navarro®, J. Martinez-Triguero®, J. Yu®, and A. Corma®®*

Nanosized SSZ-13 has been obtained from a one-pot synthesis procedure with the addition of CTAB to the synthesis

precursor solution. Nano-SSZ-13 zeolite showed high intracrystalline mesoporosity and comparing to standard SSZ-13

presented much longer lifetime and higher conversion capacity for the reaction of methanol to olefins. The improved

properties were attributed to a more efficient utilization of microporosity by easier diffusion of reactants and products and

slower deactivation by coke. A higher C2/C3 ratio was found for nano-SSZ-13 pointing to a lower deactivation of the

aromatics cycle

Introduction

Methanol to olefins (MTO) is an important reaction for
producing ethylene and propylene which are principal
chemicals for the polymer industry. This is specially so with the
development of shale gas and low price of natural gas.
Currently, the most widely used materials for MTO are zeolites
ZSM-5(10 member-ring) and SAPO-34 (8 member-ring). ZSM-5
offers the versatility to be used to yield mainly propylene
(MTP) or aromatics (MTG) depending on the reaction
conditions and the framework Si/Al ratio of the zeolite.”?
SAPO-34 due to the size of the channels that hinder the
diffusion of aromatics, it mainly yields ethylene and propylene.
However, diffusion limitations for reactants and products and
the formation of coke deposits in the cages of SAPO-34, results
in faster deactivation and lower catalyst efficiency.

To overcome the diffusion problems, two main approaches
have been proposed: a) to reduce the crystallite size of the
catalyst to increase the external surface area and shorten the
diffusion path length, and b)the generation of mesoporosity in
the microporous zeolites. Mesopores in zeolites should favor
the formation of molecules larger than the micropores, while
offering mesoporous channels for fast diffusion and mass
transport to avoid the coke deposition on the catalytic sites.

All that results in an improvement of the catalyst lifetime and
reactant conversions.? Following this, much effort has been
devoted, especially with ZSM-5, on the direct synthesis of
hierarchical zeolites, by means of: a)dual templating with hard
soft secondary SDAs,”® b)single multifunctional
templates,g’ 10 c)varying synthesis conditions to decrease the
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of the hydrocarbon pool.
size of the crystalsll' 2 or by postsynthesis leaching
treatments.” ¢ In the case of SAPO-34, its performance has

improved by developing mesopores”’22 and by
synthesizing crystals of smaller size.?3!

The use of dual templates, which implies small organic struture
directing agent for the formation of micropores and large
organic molecular surfactants for developing mesopores as a
strategy to prepare meso-MFI, has been proposed 323 The
large molecular surfactant hexadecyl trimethyl ammonium
bromide (CTAB) firstly used to prepare MCM-41 has been
employed to the synthesis of hierarchical zeolites in the dual
template method. However, the addition of CTAB to the
synthesis gel can lead to a separation between the zeolitic
phase and a mesoporous material®** or can yield just a
mesoporous phase®® ¥. To prevent that, CTAB is added to a
preformed solution of zeolite precursors containing primary
units of  zeolite seeds, nanocrystals, nanoparticles and
subnanocrystals. With the addition of CTAB, the process of
assembling and growth of the precursors is delayed permitting
the control of the size of the crystals.38

SSZ-13 the aluminosilicate homologue of SAPO-34 with CHA
topology”’ 4 offers an alternative for MTO. Due to its higher
acidity strength, the reaction of methanol to olefins could
starts at lower temperature or to allow a shorter contact time
or higher throughput.40’ *' However, SSz-13 presents similar or
even faster deactivation than SAPO-34."° In order to improve
the pore accessibility and diffusion to reduce the deactivation,
Olsbye and co-authors modified SSZ-13 by alkaline treatment
to form mesopores in the zeolite crystals. However, the
success was very limited and lifetime of the material was not
improved.42 In contrast, the catalytic performance of SSZ-13
was enhanced after neutron irradiation that induced structural
defects.”® The use of CTAB (hexadecyl trimethyl ammonium
bromide) as growth modifier in the synthesis of SSZ-13 has
been recently explored by Kumar et al.* resulting in a
decrease in the size of the crystal, and, Hensen et al. have
applied different co-templates for the synthesis of SSZ-13,
showing increased mesoporosity and lifetime for $Sz-13.4>4¢

been



In this work, we have prepared nano-SSZ-13 by direct (one-
pot) synthesis strategy. This was done by CTAB when the
zeolite precursors have already been formed, resulting in
nanosized SSZ-13 crystallites. Then, the catalytic performance
of that nanosized zeolite for methanol to olefins has been
compared with the conventional SSZ-13. It will be shown how
the reduced size of the crystallites affects selectivity, acidity,
and lifetime.

Experimental
Catalyst synthesis

Conventional SSZ-13 was synthesized with the following gel
composition: 0.1Na,0:1Si0,:0.025A1,03:0.2N,N,N-trimethyl-1-
adamantanammonium hydroxide(TMAdOH):44H,0. TMAdOH
was firstly mixed with NaOH and deionized water at room
temperature until it was dissolved completely. Then, SiO,
(Aerosil) was added to the TMAdOH solution. Finally, Al,0; was
dissolved into the solution mentioned above. The resulting gel
was stirred at room temperature for 1 hour to obtain a
homogeneous gel, which was then transferred into a Teflon-
lined steel autoclave and kept statically in an oven at 160°C for
6 days. The product was separated by filtration, washed with
deionized water and dried at 100°C. The catalyst was calcined
in air at 580°C to remove the template. H-SSZ-13 was obtained
by ion exchange of calcined sample with 2.5M NH,4CI solution
(80°C and liquid to solid ratio of 10) for 2 hours and then
calcined at 500 °C for three hours in air.

Nano-SSZ-13 was synthesized following the same procedure
and gel composition as for SSZ-13. Then, the initial gel was
located in the autoclave at 1602 for 1 day and after that time
CTAB (molar ratio CTAB/SiO,=0.12 in the final gel) was mixed
completely with the solution. The resultant gel, now
containing CTAB, was transferred into the Teflon-lined
autoclave again and heated at 160°C for 9 days. The product
was recovered by filtration, washed with deionized water,
dried, calcined at 580°C, ion exchanged with NH,Cl solution
and calcined at 500°C.

Characterization

The crystallinity of the samples was followed by X-ray powder
diffraction (XRD) with a Panalytical CUBIX diffractometer with
monochromatic CuKal,2 radiation (A=1.5406, 1.5444 A; Ka2 /
Kal intensity ratio=0.5). The morphology and particle size of
the zeolite were characterized by Scanning Electron
Microscope (SEM, JEOL JSM-6300) and Transmission Electron
Microscopy. The MAS NMR spectra were recorded with a
Bruker AV400 spectrometer. »si MAS NMR spectra were at
79.459 MHz with a 60° pulse length of 4us and 60s repetition
time, spinning the sample at 5kHz. > Al MAS NMR spectra were
recorded at 104.218 MHz with a spinning rate of 10 kHz at a
90° pulse length of 0.5 us with 1 s repetition time. %S and Z'Al
chemical shifts are reported relative to tetramethylsilane and
Al(H,0)s, respectively. Elemental composition was determined
by inductively coupled plasma atomic absorption spectroscopy
(ICP-OES) using a Varian 715-ES. The BET surface area,

micropore volume and pore volume distribution were
measured by N, adsorption and desorption in a Micromeritics
ASAP2000. For low-temperature CO adsorption experiments,
the samples were cooled to 77 K followed by CO dosing at
increasing pressure (0.4-8.5 mbar) and recording the IR
spectrum after each dosage. After CO dosing, the samples
evacuated and the spectra collected. NH;3-TPD
experiments were carried out in a Micromeritics 2900
apparatus. A calcined sample (100 mg) was activated by
heating to 400°C for 2 h in an oxygen flow and for 2 h in argon
flow. Subsequently, the samples were cooled down at 176°C,
and NH; was adsorbed. The NH; desorption was monitored
with a quadrupole mass spectrometer (Balzers, Thermo Star
GSD 300T) while the temperature of the sample was ramped
at 10°C min" in helium flow. Total ammonia adsorption was
measured by repeated injection of calibrated amounts of
ammonia at 176°C until saturation. Ammonia desorption was
recorded by means of the mass 15, since this mass is less
affected by the water desorbed.

were

Catalytic experiments

The catalyst was pelletized, crushed and sieved into 0.2-0.4
mm particle size. 50 mg of sample were mixed with 2 g quartz
(Fluka) before being introduced into the fix-bed reactor (7mm
diameter). N, (30mL/min) was bubbled in methanol hold at -
17°C, giving a WHSV=0.8 h™. The catalyst was first activated
with a nitrogen flow of 80 mL/min for 1 h at 540°C, and then
the temperature was decreased to reaction conditions (350°C).
Each experiment was analyzed every 5 minutes with two
online gas chromatographs (BRUKER 450GC, with PONA and
Al,O3-Plot capillary columns, and FID detectors). After
reaction, the catalyst was regenerated at 540°C in 80 ml of air
for 3h and the reaction was repeated again. Conversion and
selectivities were considered in carbon basis and methanol
and dimethylether were lumped together for calculation of
conversion.

Results and discussion
Characterization

The XRD patterns of the synthesized standard SSZ-13 and
nano-SSZ-13 after template removal by calcination are shown
in Fig.1. The nano-SSZ-13 sample shows same peaks position
and shapes as the standard SSZ-13, which correspond to the
CHA topology type structure. However, the intensity of the
peaks in the nano-SSZ-13 is lower, which could be assigned to
partial loss of micropore volume and/or to a decrease in the
size of the crystal. Fig.2 shows the SEM and TEM images of the
standard and the nano-SSZ-13. The standard SSZ-13 presents
highly overlapped growth and irregular crystals with size in the
range of 1.5-2.5um, while the nano-SSZ-13 shows different
morphology with aggregates of nanoscale size in the range of
50-200 nm. The TEM images confirm that with the addition of
surfactant the size of the crystallites of nano-SSZ-13 is much
smaller than standard SSZ-13 and presents interparticle
mesoporosity.
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Figure 1. The XRD patterns of the synthesized standard SSZ-13 and nano-SSZ-13.

Further information can be obtained from the N, adsorption
isotherms showed in Fig.S1, and the textural properties of the
samples are summarized in Table 1. Fig.S1 shows that SSZ-13
synthesized in the traditional way exhibits a type | isotherm

due to the microporosity. On the other hand, nano-SSZ-13
presents characteristic isotherm of type IV with the initial
stage of steep uptake due to the micropore and another sharp
inflection at P/P°=0.8-1.0 which is assigned to condensation in
the interparticles. The final uptake at high pressure agrees
with an interparticle mesoporosity due to the small
nanocrystals of nano-SSZ-13. Pore size distribution (PSD) of
nano-SSZ-13 (Fig. S1) presents a narrow peak at 3nm typical of
mesoporous materials®. The isotherm is very similar to that
obtained with nano-SAPO-34 with crystal size of 20 nm as
presented in our previous work®.

Both samples show similar BET surface areas, though the
nano-SSZ-13 sample presents much higher external surface
area (129 mz/g), much larger mesopore and lower micropore
volume than the standard SSZ-13 (see Table 1). The high
external surface of nano-SSZ-13 should offer increased
accessibility, with the corresponding impact on the catalytic
performance in the reaction of methanol to olefins.

Acidity of samples measured by adsorption of ammonia is
shown in Fig.S2. When comparing the shape of the NH;
desorption curves (Fig.S2), the two samples present a main
desorption band with a maximum in the range from 337 to
407°C corresponding to Bronsted acidity. The lower intensity
of the nano-SSZ-13 corresponds to a lower amount of acid

Figure 2. SEM images of the standard SSZ-13, a, b); nano SSZ-13, ¢, d) and TEM images of Standard SSZ-13, e); nano SSZ-13, f).

K

Table 1. Textural properties of the standard-SSZ-13 and nano-SSZ-13.

. t BET Amicro AExt Vmicro Vmeso
SAMPLE Si/Al SDA T(°C)
(d) (m’/g)  (m’/g)  (m’/g)  (cm’/g) (cm*/g)
SSz-13 15.3 TMAJOH 160 6 520 517 3 0.253 0.093
nano-SSZ-13 17 TMAdOH+CTABr 160 1+9 530 401 129 0.204 0.446




Table 2. Framework Si/Al ratio from 2Si NMR deconvolution and acidity

measured by adsorption of NH; at 175°C of calcined samples.

Sample Si/Al Si-OH defects NH;
(framework) (wt%) (mmol/g)

SSZ-13 16.5 5.6 0.66

Nano-SSZ-13 25.6 8.2 0.43

sites compared with standard SSZ-13, which agrees with its
lower aluminum content. The shoulder at 650°C corresponds
to interference with water due to dehydroxylation at high

Nano SSZ-13

octahedral aluminum close to O ppm that is sharper for
standard SSZ-13.

Information about the structural defects and different Si
coordination is given in the 2si NMR spectra (Fig.S4). The
samples show resonances at -112, -106 corresponding to
Si(4Si), Si(3Si 1Al), and other signal at -102 that has been
assigned to Si-OH(defects)”. The presence of mesoporosity in
nano-SSZ-13 is reflected in a decrease in the -106 signal while
the signal at -102 ppm due to structural defects increases
comparing to the standard SSZ-13(see in Table 2). The
adsorption of CO at low temperature has been carried out to
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The Al NMR MAS spectra of all samples are shown in Fig.S3.
All spectra present a dominant signal at 57 ppm characteristic
of tetracoordinated framework aluminum and a low intensity
peak at around -2 ppm due to the presence of octahedral
extra-framework aluminum. The signal at 57 of nano-ssz-13 is
more asymmetrical and also presents a small broad band of

2100 2050

Wavenumber (cm)

T T
2200 2150
characterize the acidity of standard and nano-SSZ-13, and the
results are presented in Fig.3. For both samples the bands
assigned to HF and LF Bronsted acid sites™ (3615 and 3583 cm’
1) decrease after adsorption due to the interaction of CO with
bridging hydroxyl groups, that produces a shift in the bands to
a single signal at 3295cm™. At higher CO pressures, the
external silanols also interact with CO and shift from 3747-

Figure 3. FTIR of standard and nano-S5Z-13 after increasing doses of CO at 77K in the OH and the CO (substracted spectra) stretching regions.

should be related to a higher contribution of the aromatics cycle into the final product distribution.



3706 cm™ to a doublet at 3649 and 3587 cm™. The band
associated to silanol nests band (or internal defects) at 3480
cm™ shifts to 3445 cm™. The band associated to the interaction
of CO with silanols in nano-SSZ-13 is larger than for standard-
SSZ-13 in agreement with its higher amount of defects as
determined by 2Si NMR (see Table 2). After CO adsorption,
the signal in the CO stretching region appearing at 2174cm™
(Fig. 3 right), is a characteristic band assigned to CO interacting
with Bronsted sites. At higher pressures of CO, signals of
interaction with silanols groups appear at lower frequencies.
The shift of the bands corresponding to Bronsted acidity in the
OH region and the position of the characteristic band in the CO
region is the same for standard and nano-SSZ-13. Therefore,
from CO adsorption we cannot see any differences in acid
strength between the two samples.

Catalytic performance

The activity of the samples for the reaction of methanol to
olefins at WHSV=0.8 h™ and 350 °C is shown in Fig.4. These

reaction conditions have been used recently by Wu et al.*34¢
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Figure 4. Conversion of methanol at 350°C and WHSV=0.8 h™ on standard and
nano-SSZ-13.

Table 3. K, a, half lifetime, breakthrough time and conversion capacity
values of SSZ-13 and nano-S5Z-13 from the fitting of the Janssens’ model."”

Sample K a tos o8 R
P (mol/gcath)  (g/mol)  (min)  (min) (8meon/8cat)
S§Sz-13 10.05 0.00260 314 165.8 4.2
nano-SSZ-13 6.52 0.00104 783 2123 10.4

for testing mesoporous SSZ-13 samples obtained by adding
mesoporogen agents to the synthesis gel and hence, the
results obtained with nano-SSZ-13 can be compared with
those mesoporous SSZ-13 samples previously reported. As it
can be seen, all samples show initial 100% conversion. After a
certain period, the conversion decreases with time on stream
due to catalyst deactivation. It is important to note that nano-
SSZ-13 obtained here shows much longer lifetime than the
standard SSZ-13. This would be in agreement with the
presence of intercrystalline mesoporosity and lower path
length in the crystals, which improves the diffusion rate and
decreases the negative effect of coke in the channels. Indeed,
in the case of standard SSZ-13 conversion decreases to 50%
after 310 min, while for nano-SSZ-13 50% conversion is
obtained at 760 min.
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Figure 5. Yields to C2, C3, C4 and C5+ hydrocarbons in the conversion of standard
and nano-SSZ-13 at 350°C and WHSV=0.8 h™.
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Figure 6. The hydrogen transfer index of the samples in the conversion of methanol.

The conversion values have been fitted to the kinetic model
proposed by Janssens™ to describe the evolution of activity for
the conversion of methanol with ZSM-5. We previously tested
30, 4% that the kinetic equation can also be applied to the
reaction of methanol to olefins on SAPO-34, which is
isomorphous with SSZ-13. This model has also been applied
successfully when working with SAPO-18°. The equation has
two parameters, “K” and “a” for the contribution of activity
and deactivation respectively. As shown in Table 3, both
kinetic parameters “K” and “a” for standard SSZ-13 are twice
larger than for nano-SSZ-13. This indicates that standard-SSz-
13 presents higher activity (K) and faster deactivation (a) than
nano-SSZ-13. The results agree with the fact that nano-SSz-13
possesses lower number of acid sites as determined by NH;-
TPD (lower K value), while its higher external surface facilitates
diffusion of reactants and products, being less affected by
coking (lower (a) value, slower deactivation). The calculation of
the methanol conversion capacity “R” allows the comparison
with the nano-SAPO-34 previously reported,30 and shows that
SAPO-34 materials convert more methanol than SSzZ-13 (28.4
and 10.4 g,\,,eng'lcatawSt respectively), before deactivation.

The activity of the deactivated nano-SSZ-13 was restored by
oxidation of the coke by passing air at 540°C for 3h. Several
cycles (five) reaction-regeneration were carried out and the
activity remained the same.

Yields to different products are compared at constant
conversion in Fig.5, and the true selectivity of the hydrocarbon
pool is isolated from the thermodynamic equilibrium, as we
showed before in the case of SAPO-34%. It is important to
notice that differences in yields do not depend on conversion
during the deactivation of the catalyst being the deactivation
“non-selective” as was found for SAPO-34°. Consequently, we
could conclude that the vyields to different products are not
controlled by diffusion during deactivation.
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When comparing selectivities at constant conversion (Fig. S5) it
can be seen that the C2/C3 ratio increases in the nano-S5Z-13
with respect to standard SSZ-13. More specifically, the results
have shown an effective increase in the selectivity to ethylene,
while the distribution among the other olefins is not affected.
The different behavior of C2 for nano and standard SSZ-13,
while C3, C4 and C5 are very similar, points out the existence
of a dual reaction cycle .i.e. the aromatic and the olefin cycles
(see scheme S1) to explain the yield of products obtained. The
two cycles have also been proposed for reaction of methanol
with ZSM-5%. The two mechanisms, the olefin and the
aromatics cycle yield different distribution of products. The
aromatic cycle mainly produces ethylene while the olefin cycle
yields C3 to C5 olefins by methylation-cracking of an adsorbed
olefin. In the case of 8R zeolites as SAPO-34, SSZ-13 and others
it appears that the aromatic cycle is predominant,® without
discarding completely the contribution of the olefin cycle 3334,
If that is so, the higher selectivity to ethylene of nano-SSZ-13
should be related to a higher contribution of the aromatics
cycle into the final product distribution.

The values for the hydrogen transfer index (HTI, C3/C3~
C2/C27) are given in Fig.6. The result clearly shows that
standard-SSZ-13 presents higher amount of hydrogen transfer
reactions compared to nano-SSZ-13. Since hydrogen transfer is
closely related to the formation of coke, it follows that the
standard-SSZ-13 should deactivate faster, which is in
agreement with the results obtained in the reaction of
methanol. Moreover, the higher hydrogen transfer and the
faster deactivation of standard-SSZ-13 could also explain a
lower contribution of the aromatic cycle in the dual cycle
concept of the reaction. In this way, the aromatics that are
part of the hydrocarbon pool in standard-SSZ-13 are more
prone to grow and develop coke by successive methylation,
cyclization and hydrogen transfer, becoming deactivated. On



the contrary, in the case of nano-SSZ-13, the aromatic cycle,
once formed, because of the slower deactivation, contributes
more to the formation of products than in the case of S5Z-13.

Conclusions

We have demonstrated that a nanosized SSZ-13 zeolite can be
obtained from one-pot synthesis procedure by addition of
surfactant to conventional synthesis precursor. The material
exhibits much longer lifetime than the standard SSZ-13. This is
mainly due to the presence of smaller crystallites and
intercrystalline mesoporosity, which facilitates a more efficient
use of the catalyst. A higher C2/C3 ratio was found in the

nano-SSZ-13, which can be explained due to a lower

contribution of hydrogen transfer reactions leading to lower
deactivation of the aromatics-based hydrocarbon pool.
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