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High-silica CHA-type aluminosilicates (Si/Al molar ratio > 100) were
synthesized hydrothermally in the absence of fluoride media,
where the seed-assisted aging treatment played an important role
on the crystallization. These aluminosilicates showed a long
catalytic lifetime with high selectivity toward lower olefins in the
methanol-to-olefins reaction.

Zeolites, which are porous crystalline materials, have been
widely used as solid acid catalysts in the petrochemical field.?
Their acidity originates from the bridging OH group between Si
and Al atoms in their aluminosilicate framework. The demand
for 8-ring (8R) zeolites and zeotype materials has been
increasing in recent decades because their small pores exhibit
unique shape selectivity toward small molecules.’* Among
them, CHA-type zeolites, represented by chabazite, are well-
known cage-structured 8R zeolites that have been industrially
applied as adsorbents, gas-separators, and catalysts. 1¢2
Chabazite, the type material of CHA-type zeolites, was
discovered as a naturally occurring aluminosilicate by Dent and
Smith in 1958 and is a typical low-silica zeolite (Si/Al molar ratio
of 2).3 In general, zeolite synthesis methods that enable control
of the Si/Al ratio are attractive for industrial applications
because the Si/Al ratio for zeolites is strongly related to their
hydrophilicity, acidity, and hydrothermal stability.!

SSZ-13, which is a high-silica CHA-type aluminosilicate,* has
been developed by numerous research groups, and the
controllable range of its Si/Al molar ratio has been expanded to
ca. 100 using organic-structure-directing agents (OSDAs) and
seed crystals.> SSZ-13 is often used as a catalyst for the
methanol-to-olefins (MTO) reaction because it can convert
methanol at low temperatures (ca. 300 °C) and with high
selectivity to ethene and propene as a consequence of its small
pores and strong Brgnsted acid sites.® However, there are some
disadvantages to using CHA-type aluminosilicates as catalysts
for the MTO reaction:>¢7 1) a large amount of paraffin is
generated at the initial stage, and 2) the catalyst lifetime is
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short. These drawbacks arise from the excessive progression of
consecutive reactions due to the CHA-type aluminosilicates'
high density of active sites and strong acidity. To address these
issues, increasing the Si/Al molar ratio (i.e., decreasing the
number of acid sites) is an effective approach that leads to
improvements in hydrothermal stability, selectivity toward
lower olefins, and catalyst lifetime. However, increasing the
Si/Al molar ratio for CHA-type zeolites to greater than 100
requires some specific synthesis conditions.® Such CHA-type
zeolites can be synthesized in the presence of fluoride media
with an extremely low H,0/SiO, ratio in the starting gel (Table
S1, ESIT); however, the use of fluoride species should be
avoided because of their adverse environmental effects. Also,
the addition of fluoride species promotes crystal growth,
resulting in relatively large particles.? These large particles
retard molecular diffusion and cause excessive progression of
consecutive reactions.’® Recently, Jabri et al. reported the
synthesis of a high-silica SSZ-13 in the absence of fluoride media
using a dry-gel conversion technique, achieving a maximum
Si/Al ratio of 182.%¢ In addition, Zhang et al. successfully
synthesized CHA-type using N,N,N-
trimethylisobutylammonium hydroxide as an OSDA.8? These
methods, however, require a complicated multistep
preparation that is difficult to conduct industrially. Thus, a novel

aluminoborosilicates

and easy-to-handle method for synthesizing high-silica CHA-
type simple
crystallization conditions is desired.

aluminosilicates under fluoride-free and
The fluoride-free hydrothermal synthesis method used in
most previous related studies results in undesirable phases such
as AFl and MWW in addition to high-silica CHA-type zeolite.>?
The types of silicate species dissolved in the starting gel are
generally regarded as the critical factor for controlling the
resultant zeolite structure. Besides, the addition of seed crystals
into the gel is a well-known effective method of inducing
crystallization of the desirable zeolite phase because the seed
lead to the
construction of the target zeolite framework.!! However, the
method of synthesizing high-silica CHA-type
aluminosilicates by adding seed crystals immediately before a

crystals provide specific building units that

conventional

hydrothermal treatment cannot provide a starting gel with a
sufficient amount of the preferred units for the CHA phase.
Therefore, in our synthetic strategy developed in the present
study, the formation of the preferred building units for the CHA
phase in the starting gel is induced by an aging treatment of the
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(A) XRD patterns

(B) Si/Al ratio and solid yield

(C) SEM images
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Fig. 1 (A) XRD patterns, (B) Si/Al molar ratio and solid yield, and (C) SEM images of the synthesized CHA-type aluminosilicates.

gel containing seed crystals (hereinafter referred to as "seed-
assisted aging"), which is a novel approach to crystallizing high-
silica CHA-type aluminosilicates. In addition, the catalytic
performance of the obtained high-silica CHA-type
aluminosilicate toward the MTO reaction was compared with
that of the conventional SSZ-13 zeolite.

Using our aforementioned synthesis strategy, we synthesized
high-silica CHA-type aluminosilicates with various Si/Al molar
ratios via seed-assisted aging in the absence of fluoride media.
Prior to the synthesis of the high-silica CHA-type
aluminosilicates, seed crystals of SSZ-13(10) (where the number
in parentheses indicates the Si/Al molar ratio of the starting gel)
was prepared via a previously reported method.’? For the
synthesis of the high-silica CHA-type aluminosilicates, a seed
crystal (2 wt% to SiO,) was added to starting gels that contained
all the raw materials; the gel was then aged at room
temperature for 24 h to create preferred building units for the
CHA phase (e.g., 6-6, 6, 4-2, 4, d6r, and cha, see Fig. S1, ESIT).
The thus-prepared gels were hydrothermally treated at 170 °C
for 48 h. The obtained samples are designated as CHA(X), where
X indicates the Si/Al molar ratio in the starting gel. The
experimental details are described in the Experimental section
(ESIT). To investigate the formation of the preferred units for
the CHA phase in the starting gel, we used electrospray
ionization mass spectroscopy (ESI-MS) to analyze the dissolved
aluminosilicate species in the liquid phase of the starting gels
(Fig. S2, ESIt). A comparison of the ESI-MS spectra of the gels
with and without seed crystals added during the aging
treatment reveals that the amount of even-ring species!'?13 in
the gel aged with a seed crystal was greater than that in the gel
aged without seed crystals (Table S2, ESIT). These results
indicate that the seed-assisted aging treatment could provide
preferable building units for the CHA phase, the even-ring
species, in the starting gel.

Fig. 1(A) shows the XRD patterns of the synthesized H*-form
samples. When the Si/Al molar ratio in the gel was in the range
from 50 to 300, the diffraction peaks corresponding to the CHA-
type structure were observed as a single phase. By contrast,
AFI-type and amorphous phases were detected in the CHA(400)
and CHA(500) samples, respectively. Moreover, the diffraction
peaks for the high-silica CHA-type aluminosilicates were more
intense than those for the SSZ-13(10), suggesting that the

This journal is © The Royal Society of Chemistry 20xx

synthesized high-silica CHAs exhibit better crystallinity than the
SSz-13.

The effect of the seed-assisted aging time was investigated.
The XRD patterns of CHA(300) with different aging times are
compared in Fig. S3 (ESIt). The single CHA-type phase was
confirmed in the samples aged for 3 h or longer, whereas a halo
due to an amorphous phase and much lower intensity of the
diffraction peaks derived from the CHA phase were observed in
the sample without the seed-assisted aging. In addition, the
Si/Al ratio increased with increasing the aging time. These
results clearly indicate the positive effect of the seed-assisted
aging treatment on the crystallization of high-silica CHA-type
aluminosilicates. Consistent with these results, Kong et al. also
reported the importance of the aging time on the crystallization
of all-silica CHA zeolites with fluoride media.8¢

The actual Si/Al molar ratios for the synthesized samples, as
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) measurements, are summarized in
Table 1. The highest Si/Al ratio was 156, which was obtained for
CHA(300). This Si/Al ratio is the highest ever reported for a CHA-
type aluminosilicate synthesized under fluoride-free conditions.
The Si/Al molar ratios and the solid yields for each sample are
plotted in Fig. 1(B), where the Si/Al ratio for the product
increased with increasing Si/Al ratio in the starting gel.
However, the solid yields decreased with increasing Si/Al ratio
in the gel. Given the difference in the Si/Al molar ratio between
the starting gel and the product, the decrease in the solid yield
might be caused by poor Si incorporation into the framework,
which is a common phenomenon observed in the synthesis of
CHA-type aluminosilicates.!* An interesting finding was also
observed in the particle morphology (Fig. 1(C)). In the general
synthesis conditions using fluoride media, the particle size was
micrometer order.?»15 In contrast to previously reported
studies, small cubic particles (ca. 500 nm) were observed in the
samples synthesized by the seed-assisted aging treatment,
suggesting that the presence of seed crystals promoted the
nucleation and the absence of fluoride media inhibited
unnecessary crystal growth. In addition, compared with the SSzZ-
13(10), the as-prepared CHA(X)s contained a greater amount of
OSDAs (Table 1), which is also one of the origins of the high Si/Al
ratio.

J. Name., 2013, 00, 1-3 | 2
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Table 1 Physicochemical properties of each sample.

ChemComm

. Amount of o Specific Micropore o

Si/AlR Solid yield Number of acid sites®
Samples OSDAP surface area® volume?

/- / mmol g / molecules cage® /% /m2g? /cm3 gt / mmol g / sites cage™
SSz-13(10) 9 0.76 0.57 73 751 0.26 0.77 0.57
CHA(50) 42 1.09 0.82 67 885 0.32 0.34 0.23
CHA(100) 75 1.18 0.89 63 881 0.33 0.18 0.13
CHA(200) 128 1.13 0.85 60 868 0.33 0.09 0.07
CHA(300) 156 1.18 0.89 58 878 0.30 0.05 0.03

Determined by 2ICP-AES, PTG-DTA, <N, physisorption, and eNH5-TPD.

The physicochemical properties of the synthesized samples
were characterized. N, physisorption measurements resulted in
in typical type-l isotherms for all the samples (Fig. S4, ESIT). The
(BET) specific surface area and
micropore volume of a series of CHA(X) were larger than those
of SSZ-13(10), which might be attributable to the difference in
crystallinity of the samples (Fig. 1). The coordinating structure

Brunauer—Emmett—Teller

of Al atoms was investigated by 27Al magic-angle-spinning
(MAS) NMR spectroscopy. In the 27Al MAS NMR spectra shown
in Fig. S5(A) (ESIT), the peak at 59 ppm, which is assignable to
tetrahedrally coordinated Al species (i.e., intra-framework Al
species),’® was observed, along with minor peaks at 0 ppm
corresponding to the octahedrally coordinated Al species (i.e.,
extra-framework Al species).’® These spectra indicate that Al
atoms incorporated into the framework are major species.

The number of acid sites and their strength were examined
by temperature-programmed desorption with NH; (NHs-TPD)
(Fig. S5(B), ESIt). The peaks observed at approximately 250-550
°C can be assigned to the NH; desorbed from Brgnsted acid
sites.’” The numbers of Brgnsted acid sites calculated on the
basis of the amount of NH; desorbed at approximately 250-550
°C are summarized in Table 1. A decrease in the number of
Brgnsted acid sites due to the decrease in the amount of
framework Al atoms was observed. The acid strength can be
discussed on the basis of the desorption temperatures, where
the peaks associated with the desorption of NH3 from Brgnsted
acid sites shifted to lower temperature with increasing Si/Al
molar ratio, indicating a lower acid strength for the CHA(X)s
compared with that for the SSZ-13. This difference in the acid
strength likely originates from the positions of the Brgnsted acid
sites. FT-IR spectra of SSZ-13(10) and CHA(200) are shown in Fig.
S6 (ESIT). The bands observed at 3660—3500 cm™! are attributed
to the O—H stretching vibration of the acidic OH groups.'’
Katada et al. reported that four types of O-H stretching
vibrations occur in the CHA-type structure depending on the
position of the acidic OH groups.'” In the present study, the
peak-top frequency for the acidic OH groups differs between
SSZ-13(10) and CHA(200); the peak-top frequency for the main
band of the acidic OH groups on SSZ-13(10) was 3612 cm™,
whereas that for the acidic OH groups on CHA(200) was 3538
cm™. According to a previous report, the bands at 3612 and
3538 cm™! are attributable to acidic OH groups in 6R and 8R
zeolites, respectively, and the acid strength for the former
species is weaker than that for the latter species.'” This result is
consistent with the NHs-TPD results. That is, the proposed

This journal is © The Royal Society of Chemistry 20xx

synthesis method can control the number of acid sites and their
acid strength. In addition, the FT-IR spectra suggest the specific
crystallinity of CHA(200). Although silanol nests are observed as
broad bands at 3500-3300 cm™ in the FT-IR spectra of
conventional high-silica CHA-type zeolites,'® they were not
observed in the spectrum of CHA(200), indicating that the
CHA(200) sample is highly crystalline. Such high crystallinity was
also proved by 2°Si MAS NMR spectra (Fig. S7 and Table S3),
where the peaks attributed to Q3 species,® Si(0Si);OH, were
observed at —101 ppm with extremely low intensity for all the
samples.

Finally, the catalytic performance of the synthesized CHA-
type aluminosilicates in the MTO reaction was evaluated. Fig. 2
shows the time courses of the catalytic activity over each
sample at 350 °C. In the case of SSZ-13(10), the conversion
dramatically decreased at ca. 5 h because of the large number
of acid sites. The catalyst lifetime improved with increasing Si/Al
molar ratio; CHA(50) exhibited the longest catalytic lifetime
among the investigated catalysts, suggesting that an excessive
reduction of the number of acid sites adversely affects the
catalyst lifetime for the CHA-type zeolites. The dual-cycle
hydrocarbon-pool mechanism has been proposed for the MTO
reaction over cage-type zeolites.!»20 According to this
mechanism, aromatic-based compounds are regarded as
reaction intermediates that cannot pass through the pores of
an 8R zeolite. Decreasing the number of acid sites to ca. 0.2 per
cha cage (Table 1) is sufficient to suppress consecutive reactions.
Therefore, an excessive reduction of the amount of acid sites
might be an ineffective approach to improving the catalyst
lifetime, rather causing a lack of catalytically active sites for the
MTO reaction. Reducing the number of acid sites improved not
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Fig. 2 Time courses of the MTO reaction at 350 °C over SSZ-13 and high-
silica CHA-type aluminosilicates. Reaction conditions: 100 mg catalyst, 5
vol% methanol in Ar gas, W/Fy.eon = 68 g h mol2.
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only the catalyst lifetime but also the selectivity toward lower
olefins from the beginning of the reaction. The catalytic
performance of the samples at 10 min of time on stream (TOS)
is summarized in Table S2 (ESIT). In general, a large amount of
paraffins was generated at the initial stage because of the high
density of acid sites and high acid strength in the CHA-type
aluminosilicates.”??! Indeed, for SSZ-13(10), the selectivity
toward paraffins reached 43%, whereas the total selectivity
toward the lower olefins (C,- + C3- + C4-) was as low as 51%. By
contrast, the selectivity toward ethene and propene was
improved by increasing the Si/Al molar ratio; this improvement
originates from the suppression of the consecutive reaction to
paraffins. Moreover, the selectivity toward ethene was further
increased over CHA(200) and CHA(300). Between them,
CHA(200) achieved the highest total selectivity toward lower
olefins (93%). This selectivity is the most important benefit
induced by the extremely high-silica CHA-type aluminosilicates.

In conclusion, extremely high-silica CHA-type aluminosilicates
(Si/Al molar ratio > 100) with good crystallinity were
successfully synthesized using seed-assisted aging treatment in
the absence of fluoride media, where the highest Si/Al ratio
achieved was 156. The fluoride-free conditions resulted in
relatively small particles. In addition, the decrease in the
number of framework Al atoms led to a decrease in not only the
number of acid sites but also the acid strength. In addition, the
synthesized high-silica CHA-type aluminosilicates exhibited
excellent catalytic performance in the MTO reaction. Compared
with the conventional SSZ-13 zeolite, the CHA-type
aluminosilicates showed a longer catalyst lifetime and a greater
selectivity toward the lower olefins. The novel synthetic method
for the extremely high-silica CHA-type aluminosilicates
reported in the present work is expected to contribute to
upgrading the industrial chemical processes.
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