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ABSTRACT: Development of sustainable routes for
synthesis of zeolites is very important because of wide
applications of zeolites at large scale in the fields of
catalysis, adsorption, and separation. Here we report a
novel and generalized route for synthesis of zeolites in the
presence of NH,F from grinding the anhydrous starting
solid materials and heating at 140—240 °C. Accordingly,
zeolites of MFI, BEA*, EUQO, and TON structures have
been successfully synthesized. The presence of F~ drives
the crystallization of these zeolites from amorphous phase.
Compared with conventional hydrothermal synthesis, the
synthesis in this work not only simplifies the synthesis
process but also significantly enhances the zeolite yields.
These features should be potentially of great importance
for industrial production of zeolites at large scale in the

future.

Z eolites, a family of microporous silica-based and alumi-

nophosphate-based crystals, have been widely used as
catalysts and adsorbents in industrial processes of oil refining and
production of fine chemicals due to their high surface area, large
pore volume, uniform micropores, and good thermal and
hydrothermal stabilities." Usually, zeolite synthesis is performed
under hydrothermal, solvothermal, and ionothermal conditions,
where a large amount of solvents such as water are necessary.” >
The use of the water solvent leads to losses of the nutrients of
silicates, aluminosilicates, and aluminophosphates dissolved in
the wastewater. As a result, the zeolite yields per given reactor
volume are significantly reduced. To overcome this issue, dry gel
conversion** and dry synthesis**® have been successfully
developed by Xu’s group and Schiith’s group. Both routes
significantly increase zeolite product yield, but the preparation of
starting precursor in the synthesis still requires a large amount of
water solvent. The removal of the water solvent in the synthesis
still produces polluted wastes. More recently, it has been
reported a solvent-free route for synthesis of zeolites, in which
the water as solvent could be completely avoided. This route not
only effectively increases the zeolite yields but also greatly
reduces the production of polluted wastes. However, it is worth
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noting that this solvent-free synthesis has to use the hydrated
form of the solid silica sources.® This feature strongly limits
industrial applications of conventional anhydrous silica sources
in the synthesis of zeolites.® Currently, it still has a challenge for
solvent-free synthesis of zeolites from anhydrous starting raw
solids.

Initially, hydrothermal synthesis of zeolites was carried out in
alkaline media.” With the employment of fluoride as mineralizing
agent, the hydrothermal synthesis of zeolites was extended to
nearly neutral aqueous conditions.® In addition, the use of
fluoride turned out to be also helpful for the synthesis of silica-
rich zeolites.>

Here we report a solvent-free synthesis of zeolites from
anhydrous starting raw solids in the presence of NH,F. When
tetrapropylammonium bromide (TPABr), tetraethylammonium
bromide (TEABr), hexamethonium bromide (HMBr,), and 1-
ethyl-3-methylimidazolium bromide (C¢H,;,BrN,) were em-
ployed, pure silica zeolites with MFI, BEA*, EUO, and TON
structures can be obtained, respectively. Compared with
hydrothermal synthesis, this synthesis route has obvious
advantages from a sustainability point of view with respect to
simple procedures, high zeolite yields, conventional silica
sources, and low-cost organic templates with bromide form.

In a typical run, the solvent-free synthesis of silicalite-1 (S-
silicalite-1) from anhydrous starting raw solids in the presence of
NH,F was performed by mechanically grinding of solid silica gel,
TPABr, and NH,F, followed by heating in an autoclave at 180 °C
for 15 h. Figure la shows the X-ray diffraction (XRD) pattern of
the as-synthesized S-silicalite-1, exhibiting the typical peaks
associated with MFI-type structure. Figure 1b shows the
scanning electron microscopy (SEM) image of the as-
synthesized S-silicalite-1, exhibiting almost perfect crystals with
uniform morphology. Thermal analysis (TG-DTA) of the as-
synthesized S-silicalite-1 displays major exothermic peaks at
250—500 °C accompanied by a weight loss at about 12.37%,
which is related to the decomposition of TPABr molecules in the
framework (Figure S1). After calcination at 550 °C for S h, the
calcined S-silicalite-1 shows a typical Langmuir adsorption curve
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Figure 1. (a) XRD pattern, (b) SEM image, (c) N, sorption isotherms,
and (d) **Si NMR spectrum of S-silicalite-1 zeolite. The measurement of
the N, sorption isotherms is obtained from the calcined S-silicalite-1,
and the other measurements are obtained from the as-synthesized S-
silicalite-1.

(Figure 1c), which is due to the filling of nitrogen in the
micropores of the MFI zeolite. Accordingly, the micropore
surface area and micropore volume are estimated to be 423 m*/g
and 0.18 cm®/g, respectively, which are the same as those of the
corresponding zeolite synthesized under hydrothermal con-
ditions. Figure 1d displays the *Si MAS NMR spectrum of the
as-synthesized S-silicalite-1 consisting of signals at —117.6,
—115.6, —113.3, —112.5, —110.0, and —108.8 ppm. The former
five peaks are assigned to Q* silica species [Si(SiO),], while the
peak at —108.8 ppm is attributed to Q° silica species
[Si(SiO);(OH)]. The much lower content of Q’ silica species
in the sample suggests that the sample exhibits high crystallinity.
The '’F MAS NMR spectrum (Figure S2) displays a major signal
at —62.7 ppm, indicating that the fluoride species are almost
totally located in the [4'$?6*] cage of the S-silicalite-1
framework.”

In the synthesis of S-silicalite-1, it is found that the ratios of
NH,EF/SiO, and TPABr/SiO, strongly influence the zeolite
crystallization. When the NH,F/SiO, is lower than 0.05 or
TPABr/SiO, is lower than 0.02, the obtained product contains
amorphous phase (Figure S3). The suitable NH,F/SiO, and
TPABr/SiO, ratios for the synthesis of S-silicalite-1 are 0.15 and
0.035 (Table S1).

Figure S4 shows XRD patterns and *’Si MAS NMR spectra
before and after grinding the mixture of solid silica gel, TPABr,
and NH,F. Interestingly, simple grinding at room temperature
results in a weak peak at 18.2° in the XRD pattern, which is
assigned to (NH,),SiFs (Figure S4Ad). Obviously, this
compound resulted from an interaction of the solid silica gel
with NH,F. At the same time, an obvious change is observed in
the **Si NMR spectra of the sample before and after grinding at
room temperature. After grinding, a large amount of Q* silica
species is converted into Q silica species in the sample. These
results indicate that grinding the anhydrous starting solids leads
to a chemical reaction rather than a simple physical mixture,
which differs from the report found in the solvent-free synthesis
from a hydrated silica source® and the dry synthesis in the
presence of NH,F.* In addition, the XRD peaks associated with
TPABr completely disappear, suggesting a high dispersion of
TPABr molecules in the mixture,” which is in good agreement
with the literature.®

Figure 2 displays XRD patterns and *°Si and '°F NMR spectra
during the crystallization of S-silicalite-1. The photographs of the
samples crystallized at various time in a closed glass tube (Figure
SS) show that the samples would always be present as solid phase
during the crystallization process, indicating the solid conversion.
XRD patterns (Figure 2A) show that weak peaks associated with
the MFI structure appear in the sample after heating at 180 °C for
2.5 b, indicating the formation of a small amount of S-silicalite-1,
confirmed by the SEM image (Figure S6¢). By increasing the
crystallization time from 3 to 15 h, the intensity of the XRD peaks
gradually increases (Figure 2Ad—h). When the crystallization
time exceeds 15 h, no further change in the peak intensity was
visible anymore. These results indicate full crystallization at 15 h,
confirmed also by SEM (Figure S6h). Figure S7 shows the
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Figure 2. (A) XRD patterns and (B) *Si and (C) '°F MAS NMR spectra of S-silicalite-1 zeolites crystallized for (a) 0, (b) 2, (c) 2.5, (d) 3, (e) 4.5, (f) 6,

() 9, (h) 15, and (i) 18 h, respectively.
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dependence of S-silicalite-1 crystallinity over the crystallization
time.

Furthermore, Si NMR spectra demonstrate the gradual
transformation of the Q° silica species into Q* silica species
during the crystallization. '"F NMR spectra show that the
anhydrous starting solid mixture exhibits a signal at —126.6 ppm,
which is related to the presence of SiFs*~ ions. However, after
crystallization time over 2.5 h, an additional new peak at —62.7
ppm appears, which is assigned to the presence of F~ ions in a
[4'5%6*] cage of the MFI structure.” Interestingly, this peak
intensity gradually increases with the crystallinity, demonstrating
the importance of this species for the synthesis of S-silicalite-1.
Probably, the transformation of SiFs*~ ions to F~ ions in the
[4!5%6%] cages drives the crystallization of S-silicalite-1 zeolite.
The detailed role of the F~ ions during crystallization is currently
under investigation.

Figure S8 displays the '*C MAS NMR spectra of the
crystallized samples treated with deionized water. This treatment
removes the TPABr molecules without interacting with silica
species. After crystallization for 2.5 h, the sample exhibits
noticeable peaks at 11.4, 16.2, and 63.3 ppm, which are assigned
to the presence of TPA" ions in the MFI channel. These results
indicate that the TPA" ions direct the formation of MFI zeolite
structure.

After synthesis of S-silicalite- 1, this solvent-free synthesis route
has been extended to incorporate heteroatoms such as B and Fe
into the MFI framework. Figure S9 displays the XRD patterns of
heteroatom (such as B and Fe)-substituted ZSM-S zeolites,
showing that these samples have good crystallinity. The
coordination of B and Fe atoms in S-B-ZSM-5 and S-Fe-ZSM-
S are studied by solid-state NMR MAS technique and UV—vis
spectroscopy, respectively. Figure S10 shows the ''B MAS NMR
spectrum of S-B-ZSM-S zeolite, exhibiting a narrow and
symmetric peak at —3.9 ppm, which is typically assigned to
B(SiO), units in the framework of zeolites.” This result
unambiguously suggests that the boron atoms have been
incorporated into the zeolite framework of S-B-ZSM-5.” ICP
analysis shows that the Si/B ratio of S-B-ZSM-5 is about 50.
Figure S11 shows the UV—vis spectrum of S-Fe-ZSM-S. The
sample exhibits a strong band at 241 nm, which is assigned to
Fe®* at isolated tetrahedral framework sites (charge transfer
bands).'” Furthermore, three weak absorption bands at 372, 408,
and 435 nm could be observed in the magnification spectrum,
which are attributed to the weak spin forbidden d—d transitions
of Fe** ion in tetrahedral symmetry.'® Therefore, the observation
of these bands is usually considered as a strong indication for a
tetrahedral environment of Fe®" species in the framework of
zeolites.'® ICP analysis shows that the Si/Fe ratio of S-Fe-ZSM-5
is about 31. These results suggest that this synthesis route is also
effective for incorporating heteroatoms such as B and Fe into the
zeolite framework, which should be important for catalytic
applications.

This solvent-free synthesis route has also been employed to
prepare other zeolites with BEA*, EUO, and TON structures.
The studied syntheses yielded perfect crystals with high
crystallinity (Figure 3). After calcination, the organic templates
can be removed, allowing access to the microporous structure.
After calcination at 550 °C for 5 h, for example, pure silica S-beta
exhibits a typical Langmuir-type sorption curve (Figure S12)
with a surface area of 511 m?/ g and a pore volume of 0.23 cm?/ g
These values are comparable with those of pure silica-beta
synthesized via conventional hydrothermal route. Currently, this
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Figure 3. XRD patterns (left) and SEM images (right) of (a) BEA*, (b)
EUO, and (c) TON zeolites.

solvent-free synthesis route is applied to synthesize various other
zeolite structures employing different organic templates.

Compared to conventional hydrothermal synthesis, the
synthesis route here has obvious advantages as follows: (1)
very simple procedures for the synthesis, consisting of only
grinding and heating; (2) very high zeolite yield due to full
utilization of the autoclave volume, for example, when 3.20 g of
SiO, sources was crystallized in 15 mL of an autoclave, 3.06 g of
S-silicate-1 product was obtained; (3) the use of conventional
anhydrous silica sources such as solid silica gel; (4) the use of
low-cost organic templates. Pure silica zeolites in general were
typically synthesized using the hydroxide form of the organic
templates. However, in this work all pure silica zeolites could be
synthesized in the presence of the bromide form of the organic
templates. The bromide form has much lower cost than the
hydroxide form of the organic templates owing to their easier
production, making this route also highly attractive from an
economic perspective. For example, pure silica BEA* structure
has not been successfully synthesized in the bromide form of the
organic templates except for this work. These features are
favorable for sustainable synthesis of zeolites.

In summary, zeolites with MFI, BEA*, EUO, and TON
structures have been successfully synthesized via solvent-free
synthesis including a grinding step at room temperature,
followed by crystallization at 140—240 °C of the anhydrous
solid mixture consisting of solid silica gel, NH,F, and organic
templates. As a typical example, the synthesis of S-silicalite-1
zeolite with MFI structure was investigated in detail. The ’F
NMR spectroscopy demonstrates that the transformation of
SiFs*~ ions to F~ ions located in the [4'5%6%] cages of the
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framework plays an important role for the crystallization of S-
silicalite-1.
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