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Compared with static hydrothermal synthesis, the crystallization rate of an AIPO4-5 molecular sieve has

been accelerated distinctly by a rotating hydrothermal synthesis route with obviously decreased crystal
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particle size, which is assumed to be ascribed to the increased nucleation centers, accelerated crystal

nucleation and growth processes; five-coordinated Al is dominant in the initial reaction gel, and the
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Zeolites and molecular sieves, an important class of micropo-
rous crystal materials, have wide applications in chemical
industry as the most important sorbent and separator, ion
exchanger, catalyst, and functional materials."® Various
methods have been developed to synthesize zeolites with novel
structure, tunable composition, and unique morphology based
on different applications.

For the consideration of sustainable development and
energy conservation, rapid and efficient synthesis of zeolite
materials has aroused great interest. Various methods, such as
microwave-assisted ~ hydrothermal,”®  ultrasound-assisted
hydrothermal,®*® and seed-assisted synthesis methods,****
have been proven to be efficient for promoting the synthesis of
zeolite. Moreover, hydroxyl free radicals are also found to have
important influence on accelerating the crystallization of
zeolites."*** Recently, rotating synthesis route is found to be
efficient for the fast crystallization of zeolites and can result in
different crystal morphology and size.'**® It is noteworthy that
there are no stirring devices such as stirring blades (rods,
propellers) and no stirrers in the ‘rotating’ crystallization
device. Although the research on the crystallization process of
molecular sieves under static or dynamic stirring condition has
been reported, the crystallization process under ‘rotating’
condition is not reported systematically.

Herein, fast crystallization of AIPO,-5 is successfully realized
by rotating hydrothermal method (Fig. S17), and the crystalli-
zation process of which has been discussed systematically.
Compared with static hydrothermal route, both the nucleation
and growth processes have been accelerated distinctly.
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assembly from amorphous Al species to long-range ordered crystals is mainly contributed by the
conversion from five-coordinated Al to four-coordinated Al.

Moreover, five-coordination Al species in the initial reaction gel
is the dominant Al species. The conversion from amorphous
phase to AFI crystal phase accompanies the fast conversion
from five-coordination state Al species to four-coordination
state Al species accelerated by rotating effect, different from
static hydrothermal synthesis route.

Rotating hydrothermal synthesis of AIPO,-5 is conducted
under different rotation rate level, and powder XRD measure-
ment is employed to monitor the crystallization of AIPO4-5. As
shown in Fig. 1, obvious AFI diffraction peaks have been
observed for samples R-180(30)-20, R-180(30)-60, R-180(30)-100,
and R-180(30)-140. Noticeably, crystallization at 180 °C for
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Fig. 1 Powder XRD patterns of AIPO4-5 prepared by rotating hydro-
thermal route.
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20 min is not enough for the formation of AFI phase under
rotation rate of 20 rpm (sample R-180(20)-20), but sufficient
under rotation rate of 60-140 rpm (sample R-180(20)-60, R-
180(20)-100, and R-180(20)-140). Surprisingly, by crystalliza-
tion at 180 °C for merely 10 min under rotation rate of 60—
140 rpm, obvious AFI diffraction peaks have emerged, which
has been verified by repeated experiments. Obviously, the
crystallization time for the formation of long-range ordered
crystal structure from amorphous phase has been shortened
distinctly, and relatively higher rotating rate of the autoclave
(60-140 rpm) is believed to play an important role in acceler-
ating the crystallization of AIPO,-5.

The morphology of AIPO,-5 samples by rotating hydro-
thermal method is illustrated in Fig. 2 and S2 (ESI).t For sample
R-180(10)-60, the majority of particles are cylindrical
morphology, and the particle size is in the range from 1.3 to 5.0
pm. The mixture of smaller crystal particles and aggregation are
observed for sample R-180(10)-100. For sample R-180(10)-140,
the mixture of small particles without regular shape and
aggregation are observed, similar to that of sample R-180(10)-
100.

The XRD patterns of AIPO,-5 samples synthesized by static
hydrothermal method are shown in Fig. S3(a).T No AFI diffrac-
tion peak is observed for sample S-180(30). Weak AFI diffraction
peaks are observed when heating the gel at 180 °C for 45 min
(sample S-180(45)). The morphology of samples S-180(45) and S-
180(60) are the mixture of spherical crystal particles and
amorphous phase, and samples S-180(120) and S-180(180) are
well-crystallized spherical crystal particles, as shown in
Fig. S3(b).T

In addition, crystallization temperature is also investigated
for the synthesis of AIPO,-5 under rotation rate of 60 rpm, and

Fig. 2 SEM images of AIPO4-5 prepared under rotating hydrothermal
condition (heating the gel at 180 °C for 10 min).
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the powder XRD patterns are shown in Fig. S4.F The relative
crystallinity of AIPO,-5 calculated (based on the XRD diffraction
peaks in Fig. S5t) as a function of the crystallization time at
specified crystallization temperatures is shown in Fig. S6.f
When the temperature is higher than 170 °C, crystallization rate
has been increased sharply. Moreover, the conversion from
amorphous phase to ordered crystal structure under 180-190 °C
happened between 8 and 10 min, during which about 72-76%
relative crystallinity have been contributed in merely a period of
2 min. However, the following period of 50 min (between 10 and
60 min) only contributes about 28% and 24% relative crystal-
linity of AIPO,-5 under 180 °C and 190 °C, respectively.

The comparison of relative crystallinity of samples synthe-
sized under rotating and static condition as a function of crys-
tallization time is shown in Fig. 3. Under rotation rate of
60 rpm, heating the reaction gel for a period of 52 min (from 8 to
60 min) can contribute 100% relative crystallinity of AIPO,-5;
however, under static condition, a period of 1400 min (from 40
to 1440 min) contributes only about 96% relative crystallinity of
AlPO,-5. Based on the crystallization rate, the growth of crystal
can be divided into two stages: Stage I, 72% contribution to
relative crystallinity; Stage II, 28% contribution to relative
crystallinity. The comparison of crystallization rate between
rotating and static synthesis shows that the heating time for the
contribution of 100% relative crystallinity under rotating
condition is about 1/27 (52/1400) of that under static condition,
suggesting the high efficiency of rotating synthesis.

Because of the T-O-T (T, tetrahedral site) bending vibra-
tions being sensitive to the ring structures in zeolite frame-
work, the Raman spectra of samples prepared under rotation
rate of 60 rpm at various stages were recorded. As shown in
Fig. 4, a weak peak at 498 cm™ " is observed for initial reaction
gel, which is ascribed to 4-membered ring (4-MR) structure.
It implies that 4-MRs have formed in amorphous phase.
Samples R-180(5)-60 and R-180(8)-60 have the similar peaks
with that of R-180(0)-60. When the heating time at 180 °C is
prolonged to 9 min (sample R-180(9)-60), the intensity of the
peaks at 498 cm™ ' and at 412 cm ™" increase significantly, and
one peak at 260 cm ™' emerges, which is attributed to the 12-
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Fig. 3 Comparison of relative crystallinity of samples synthesized
under rotating and static condition as a function of heating time at 180
°C.
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Fig. 4 Raman spectra of AlPO,4-5 prepared under rotation rate of
60 rpm.

MR structure. As the crystallization time is increased from 9 to
30 min, the intensity of these three peaks (498, 412, and
260 cm ) is gradually enhanced, suggesting that 12-MR, 6-MR
and 4-MR structures are well constructed through the trans-
formation of amorphous species.

Local chemical environments of Al and P atoms in the
samples prepared under rotating condition at various stages
were further investigated by solid-state *’Al and *'P MAS NMR
measurements. As shown in the >’Al MAS NMR spectra (Fig. 5,
left), one signal at 7 ppm and two broad signals at 38 and
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Chemical shift (ppm)

Fig. 5 Solid-state 2’Al and 3P MAS NMR spectra of as-synthesized
AlPO4-5 under rotation speed of 60 rpm.
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—12 ppm are observed for the initial reaction gel, which is
respectively assigned to five-coordinated Al species Al(OP),(-
OH,), four-coordinated Al species Al(OP),, and six-coordinated
Al species Al(OP),(OH,),, respectively.?>>> The percentage of
various Al coordinated states determined by quantitative data of
%7 Al MAS NMR spectra is listed in Table S4.} Obviously, the five-
coordinated Al species are prominent, which is about 70% of
the total Al species in the sample. This is different from the
static hydrothermal synthesis route® and DGC route* reported,
in which four-coordinated Al is prominent. It implies that the
stable coordination state of Al species in the initial reaction gel
is influenced by the crystallization routes;*** five-coordinated
Al(OP),(OH,) species is more easier to be formed under
rotating hydrothermal condition, for comparison, four-
coordinated Al(OP), is easier to be formed under static
synthesis route, including static “hydrothermal or DGC” route.
The peak shape of >’Al MAS NMR spectra for samples R-180(5)-
60 and R-180(8)-60 has no obvious difference with that of
starting reaction gel, implying that intermediate phases R-
180(5)-60 and R-180(8)-60 have the similar Al chemical envi-
ronment with that of initial gel. However, different peak shape
is shown in the spectrum of R-180(10)-60, in which prominent
Al species is four-coordinated Al (ca. 82%). The percentage of
four-coordinated Al in sample R-180(20)-60 reaches the
maximum (ca. 87%). From the quantitative data listed in Table
S4,T the percentage of six-coordinated Al in all samples is lower
than 6.5%. Based on the above analysis, it is assumed that the
assembly from amorphous Al species to long-range ordered
crystals with AFI framework is mainly contributed by the
conversion from five-coordinated Al to four-coordinated Al.

The *'P MAS NMR spectra of the corresponding samples are
shown in Fig. 5 (right). A broad resonance centered at around
—21 ppm is observed in the *'P MAS NMR spectra of R-180(0)-
60, R-180(5)-60 and R-180(8)-60, implying the similar chemical
environment of P with wide distribution, consistent with the
amorphous nature of the materials. In the *'P MAS NMR
spectrum of R-180(10)-60, a narrow peak centered at around
—29 ppm is observed, which is ascribed to P(OAl), environment
and consistent with the reported result.*?> The *'P MAS NMR
peak shape of R-180(20)-60 looks nearly identical with that of R-
180(10)-60, which is consistent with the reported results,>*
implying that R-180(10)-60 has the similar P chemical envi-
ronment with well-crystallized AIPO4-5 (R-180(20)-60).

Based on the above analysis, the conversion from amor-
phous phase to long-range ordered crystals under rotating
hydrothermal condition can be completed in minute scale,
different from the crystallization process of AIPO,-5 prepared by
other methods, inclusive of static hydrothermal method,*
DGC,* and solvent-free synthesis.”® The crystallization process
of AIPO,-5 under rotating hydrothermal route in time scale is
shown in Fig. 6. Based on the liquid phase transition mecha-
nism,? the formation of nuclei and the formation of zeolite
crystals both result from the reaction of some species (Al species
and P species in this work) dissolved in the liquid phase of the
reaction mixture and derived from the amorphous substrate;
compared with static crystallization mode, rotating crystalliza-
tion mode probably accelerates the dissolution and derivation
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Fig. 6 Crystallization process of AIPO4-5 under rotating hydrothermal
route.

process, which enhances the

consequently.

crystallization  process

Conclusions

Rapid synthesis of AIPO,-5 molecular sieve is successfully real-
ized by rotating hydrothermal route, which is proven to be an
efficient, time-saving and energy-conservation method.
Different from static hydrothermal synthesis, five-coordinated
Al species is dominant in the reaction gel prepared by
rotating hydrothermal route, and the assembly from amor-
phous Al species to long-range ordered crystals is mainly
contributed by the conversion from five-coordinated Al to four-
coordinated Al. The high crystallization efficiency of AlPO4-5
under rotating condition is assumed to be ascribed to the
increased nucleation centers, accelerated crystal nucleation and
growth processes.
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