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Two-Step Hydrothermal Synthesis of Submicrometric and
Hierarchical Hollow SAPO-34 with Superior Catalytic Performance in
Methanol to Olefin (MTO) Reaction
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ABSTRACT: A submicrometric and hierarchical hollow SAPO-34 molecular sieve was synthesized by an easy and low-cost two-
step hydrothermal method. First, the crystallized mixture was obtained by direct drying after a first-step hydrothermal reaction.
Then, the SAPO-34 product was obtained by adding the crystallized mixture to silicon-free gel and using cheap and common
template agents. Compared to conventional SAPO-34, the submicrometric and hierarchical hollow SAPO-34 exhibits superior

catalytic activity in the MTO reaction.

1. INTRODUCTION

Silicoaluminophosphate molecular sieve SAPO-34, as a class of
inorganic porous materials, shows excellent catalytic perform-
ance in MTO reaction as it possesses medium acidity, a unique
CHA topological structure with eight ring pore openings (3.8
A x 3.8 A) and a large cavity (9.4 A in diameter), and high
hydrothermal stability." However, SAPO-34 molecular sieves
suffering from limitations of mass transport and rapid coke
formation can result in partial coverage of the active sites in a
short time. Therefore, the catalytic lifetime of SAPO-34
molecular sieves will be shortened.” To overcome the diffusion
limitation and prolong the catalytic lifetime of molecular sieves
in MTO reaction, researchers found that decreasing the crystal
size, introducing a hierarchical structure, or a combination of
both methods can shorten the diffusion path length and retard
the formation of coke, thereby reducing the influence of
diffusion limitation, prolonging the catalyst lifetime of SAPO-
34 molecular sieves.

Previous researchers have found a variety of methods to
reduce crystal sizes, such as microwave-assisted synthesis,4
ultrasonic-assisted synthesis,” crystal growth inhibitor-assisted
synthesis,’ dry gel conversion synthesis,” and adjustment of
template agents.” The preparation of hierarchical SAPO-34
molecular sieves usually uses postsynthesis treatments such as
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dealumination or desilication methods’ or uses soft-templates
or hard templates.'” However, the catalytic performance
improvement by a single way to reducing the diffusion is not
satisfied. Recently, small-sized and hierarchical SAPO-34 were
studied extensively due to them possessing better catalytic
performance. Some researchers have prepared hierarchical
SAPO-34 nanocrystals.'' However, the prices of the raw
materials like organic template or cotemplate they used are
higher than that of the traditional recipe. Besides, compared to
nanosized hierarchical SAPO-34, submicrometric and hier-
archical SAPO-34 is easy to be separated, thus reducing the
cost of industrial production.''™"* Although the hydrothermal
method is a common method for preparing SAPO-34, it is
difficult to prepare submicrometric and hierarchical SAPO-34
only by the hydrothermal method and using the cheap and
common template agent. Therefore, it is desirable to develop
an easy and low-cost hydrothermal method to prepare
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submicrometer and hierarchical hollow SAPO-34 molecular
sieves.

In this work, submicrometric and hierarchical hollow SAPO-
34 have been prepared by a two-step hydrothermal method.
The crystallized mixture obtained by direct drying after the
first-step hydrothermal process can be used as the Si source
and part of the Al and P sources in the hydrothermal process of
the second step. The submicrometric and hierarchical hollow
SAPO-34 exhibits long catalytic lifetime and superior
selectivity for light olefin compared to conventional SAPO-
34 molecular sieves in the MTO reaction.

2. EXPERIMENTAL SECTION
2.1. Synthesis of SAPO-34 Molecular Sieves. The

precursor was synthesized with the molar composition of
AL 0;:P,04:Si0,: TEA:DEA:H,0 = 1:1:X:2.6:0.72:45 (X =
0.6,1.2,1.8) under hydrothermal conditions at 200 °C for 24 h.
The crystallized mixture was prepared by drying the precursor
overnight at 120 °C, which was named Z1-0.6, Z1-1.2, and Z1-
1.8 according to the ratio of SiO,/Al,O;. Submicrometric and
hierarchical hollow SAPO-34 was synthesized by adding the
abovementioned crystallized mixture of different compositions
into the synthesis of Si-free gels with the molar compositions
of Al,04:P,04:TEA:DEA:H,0 = 1:1:2.6:0.72:45 under hydro-
thermal conditions at 200 °C for 24h. The solid products were
collected by centrifugation, washed with deionized water, dried
at 120 °C, and then calcined at 650 °C for 5 h. The obtained
samples were named Z2-0.2, Z2-0.4, and Z2-0.6 according to
the ratio of SiO, in the total solution. For comparison, the Z3-
0.2 sample was synthesized with the molar composition of
AL O5:P,04:Si0,:TEA:DEA:H,0 = 1:1:0.2:2.72:0.75:45 by
using the traditional optimized one-step hydrothermal method
under the hydrothermal conditions at 200 °C for 24 h. Then,
the solid product was collected by centrifugation, washed with
deionized water, dried at 120 °C, and then calcined at 650 °C
for Sh.

The yield of the products was calculated by the following
equation:

yield(%) = M e X 85% X 100/ (Myp031p20s+si02)€el

where M, 85%, and (Manos+p20s+sio2) gel represent the
product weight, the value estimation of the framework
components in the sample, and the dried quantity of the
inorganic oxides in the gel at the very beginning,

2.2. Characterization. The crystalline structure of the
products before calcination was analyzed by powder X-ray
diffraction (XRD) on a Bruker D8A (Bruker AXS GmbH,
Karlsruhe, Germany) with monochromatic Cu Kal radiation
(4 = 1.5406). The crystallinity is calculated by DIFFRAC.EVA
software that divides baseline-corrected area into global area in
the XRD patterns.

SEM photographs were obtained on an FEI Nova NanoSEM
450 scanning electron microscope (FEI Co., Hillsboro,
Oregon, USA).

The chemical composition of the sample was determined by
X-ray fluorescence (XRF) on an XRF-ZSX Primus II
spectrometer (Rigaku Co., The Woodlands, Texas, USA).

The acidity of the samples was also studied by NH;
temperature-programmed desorption (NH;-TPD) on an
AutoChem II 2920 TPD analyzer. 0.2 g of sample was first
pretreated at 550 °C for 30 min in He flow to remove
adsorbed water. Subsequently, the sample was cooled to 100
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°C and maintained for 30 min. Then, NH; (10%, He) was
adsorbed to the sample for 60 min, followed by a flow of He
for 20 min. The NH; desorption from the samples was
detected, while the samples were heated from 100 to 600 °C at
10 °C/min.

The BET surface areas of the samples degassed at 350 °C for
12 h were determined by the N, adsorption—desorption
method at —196 °C on a Micromeritics ASAP 2460 surface
area and pore size analyzer (Micromeritics Instrument Co.,
Norcross, Georgia, USA).

2.3. Catalytic Activity Evaluation. Methanol to olefins
(MTO) reaction was performed in a fixed-bed microreactor
(see Figure S1 in the Supporting Information) at atmospheric
pressure. The samples were pressed to slice, crushed, and
sieved into 0.4—0.8 pm particle size. 0.8 g samples were
introduced into the reactor and conditioned at 450 °C for 1 h
using N, flow. Then, 80% methanol, preheated to 280 °C, was
introduced into the reactor with a weight-hourly space velocity
(WHSV) of 3.5 h™". The reaction products were analyzed by
an online gas chromatograph (Agilent GC 7890A) (Agilent
Technologies, Santa Clara, California, USA) equipped with
flame ionization (FID) and thermal conductivity (TCD)
detectors.

3. RESULTS AND DISCUSSION

The XRD patterns of all samples are displayed in Figure 1. In
the diagram, we can see that every sample shows an obvious
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Figure 1. XRD patterns of all of the samples.

diffraction peak of the CHA. Although Z1 samples and Z3-0.2
were prepared by a one-step hydrothermal method, unsepa-
rated Z1 samples lead to the coexistence of SAPO-34 and
impurities, causing their crystallinity to be much lower than
that of Z3-0.2 (see Table 1). No obvious characteristic peaks

Table 1. Composition, Acid, Crystallinity, and Yield of Z2
Samples and Z3-0.2 Sample

acid (mmol/g)

sam- molar weak strong  crystallinity  yield
ples composition acid acid (%) (%)
71-0.6 67.13

Z1-1.2 62.22

Z1-1.8 65.75

72-02  AlyyoPoassSiges 0491  0.848 78.79 49
7204 Aly,ssPosoSioo 0814 1185 83.92 72
7206  AlyyPysoiSioss 1033 1.334 83.94 86.5
7302 AlpsgoPoueSiooss 0534 0912 72.66 415
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of the impurities have been found in the XRD pattern, because
the impurities are amorphous before calcining, and the content
is low with full reaction when high silicon has been added."
The crystallinity of Z2 samples and Z3-0.2 is also shown in
Table 1. Z3-0.2 sample crystallinity is lowest, the crystallinity
of Z2 samples increasing with the increasing addition of the Si
content.

XRF was used to measure the composition of Z2 samples
and Z3-0.2, and the results are shown in Table 1. As we can see
from Table 1, with the ratio increase of SiO,/Al,O; in the
crystallized mixture, the silicon content in Z2 samples
increased in turn. When the ratio of SiO,/Al,O5 is the same,
0.2, the Si content is almost the same in the Z2-0.2 and Z3-0.2
samples, indicating that the crystallized mixture is completely
involved in the reaction and allows for better control of the Si
content.

The SEM images of the Z1, Z2, and Z3 samples are shown
in Figure 2. As we can see from these images, all samples

Figure 2. SEM images of Z1-0.6 (a), Z1-1.2 (b), Z1-1.8 (c), Z2-0.2
(d), Z2-0.4 (e), Z2-0.6 (f), and Z3-0.2 (g).

exhibit a cubic-like morphology. Z1 and Z3 samples were
prepared by the conventional one-step hydrothermal method,
and the size ranged from 10 to 15 pm. Z1 samples were
directly dried without separation after hydrothermal treatment;
this results in a large number of impurities mixing with the
SAPO-34 molecular sieves. Moreover, there was a lot of
butterfly-like morphology on the surface of the Z3 sample, but
the surface of Z1 samples did not show the same morphology,
suggesting that the lower silicon content favors the formation

of the butterfly-like morphology. The particle size of Z2
samples ranged from 400 to 900 nm, which is obviously
smaller than that of the Z3 sample. Besides, there were a lot of
hierarchical hollows on the surface. As the ratio of SiO,/Al,04
decreased in the crystallized mixture, more hollows appeared
on the surface of the Z2 samples but the yield of the samples
gradually decreased. In addition, the yield of Z2-0.2 was higher
than that of Z3-0.2 (the result is shown in Table 1), which is
probably because the addition of the crystallized mixture allows
for better dispersion of the raw in the gel and thus facilitates a
more adequate reaction.

The acidity of Z2 samples and Z3-0.2 were measured by the
NH;-TPD technique; the result is shown in Figure 3. We can

a
=—b

=d

Intensity (a.u.)

100 200 300 400 500 600
Temperature (°C)

Figure 3. NH;-TPD profiles of Z2-0.2 (b), Z2-0.4 (c), Z2-0.6 (d),
and Z3-0.2 (a).

visually see that all samples show two distinct desorption peaks
at 150—250 °C and 350-500 °C, corresponding to the
desorption of NH; from the weak and strong acid sites. As the
ratio of SiO,/Al,O; increases in the crystallized mixture, the
acid amount of the Z2 samples gradually rises. As shown in
Table 1, the weak acid amount and the strong acid amount of
72-0.2 are slightly lower than those of Z3-0.2. At the same
time, this also corresponds to the Si content value measured by
XRF, which indicates that the Si content affects the acid
strength and amount of the molecular sieves.

The N, adsorption—desorption test results are shown in
Figure 4, and the porosity values are displayed in Table 2. All
the samples show the type I N, adsorption/desorption
isotherm characteristics with almost no hysteresis loop
appearing at P/P0 = 0.3 to 0.7. However, some upticks
above P/P0 = 0.8 can be observed in the Z2 samples. It is
illustrated that slit mesopores or macropores exist in the Z2
samples. The BJH pore size distributions of the samples are
shown in Figure 4b and Figure S2. The Z2 samples have broad
pore size distributions ranging from 2 to 100 nm, especially
Z2-0.2, so that the distribution is uniform throughout the
range. As shown in Table 2, the Z2-0.2 sample with a smaller
particle size obtained by two-step hydrothermal synthesis
shows higher surface area and volume, especially external
surface area and volume, than those of Z3-0.2 with the same
SiO,/ALO; ratio. Besides, sample Z2-0.6 shows the highest
micropore area (1300 m* g™') and microporous volume (0.48
cm® g7') compared to Z2-0.2 (723 m* ¢! and 0.28 cm® g™')
and Z2-0.4 (825 m®* ¢! and 0.30 cm® g™'). The probable
reason is that Si atoms introduced into the framework are
beneficial for the formation and stabilization of the pore in the
CHA structure.'* As the Si content increases, the crystallinity
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Figure 4. N, adsorption—desorption isotherms (a) and the

corresponding BJH pore size distributions (b) of Z2 samples and
73-0.2.

Table 2. Porosity of Z2 Samples and Z3-0.2 Sample

Sper Sytce Sk View Vs
samples (m*g™") (m*g!) (m’g!) (@g") (m'g)
72-0.2 863 723 140 0.51 0.28
72-0.4 881 825 56 0.45 0.30
72-0.6 1386 1300 86 0.64 0.48
73-0.2 848 742 106 0.39 0.27

and the number of micropores increase. However, further
research is needed to explore the relationship between the pore
structure and the constituent.

Through the above characterization analysis, the crystallized
mixture plays an important role as a Si source and part of raw
material for the synthesis of submicrometric and hierarchical
hollow SAPO-34. We have made a supposition toward the

synthesis of submicrometric and hierarchical hollow SAPO-34,
and it is illustrated in Scheme 1. The crystallized mixture was
partly dissolved in the precursor solution in the second step.
The fully dissolved crystallized mixture was dispersed in the gel
as raw, and the incomplete dissolved crystallized mixture was
used as a crystal nucleus to induce the formation of SAPO-34.
Subsequently, as the crystallization reaction proceeds, the raw
material will begin to form crystal nuclei in solution while the
nuclei obtained by dissolution begin to grow.15 At this point,
the two form a competitive relationship for the Si source,
thereby inhibiting the development of the crystal. Moreover,
the gel etches out hierarchical structures due to the slow
growth rate of the crystals. Therefore, inhibition of rapid
crystal growth facilitates the formation of submicrometer and
hierarchical hollow SAPO-34.

The MTO catalytic performances of the Z2 samples and Z3-
0.2 sample were tested at 723 K and a methanol WHSV of 3.5
h™' on a fixed-bed reactor. The catalytic lifetimes and
selectivities of light olefins are shown in Figure 5. The catalyst
lifetime is defined as the reaction duration with more than 99%
methanol conversion. As compared with the micron-sized Z3-
0.2 sample, the submicrometric and hierarchical hollow Z2-0.2
sample synthesized by the two-step method exhibits a
prolonged catalytic lifetime and enhanced selectivity to light
olefins. The catalytic lifetime of Z2-0.2 reaches up to 253 min,
which is prolonged by about 63 min compared to that of Z3-
0.2. The highest light olefin selectivity of Z2-0.2 reaches up to
85.27%, which is nearly 2% higher than that of Z3-0.2. This
can be attributed to the smaller particle size and the
hierarchical structure, which can help to reduce the length of
the intracrystalline diffusion path and overcome diffusion
limitations of the reactant and products effectively, thus
extending the catalytic lifetime and increasing the selectivity of
light olefins. The MTO reaction is a typical acid-catalyzed
reaction, and the acidity of the molecular sieve catalyst plays an
important role on the lifetime and the selectivity of light olefins
in the MTO reaction. As reported by Pajaie et al,'® the
conversion of methanol to DME occurs mainly on the weak
acid sites and there is a great relationship between conversion
of DME (and methanol) to light olefins and strong acid sites.
Thus, it is more beneficial for the conversion of methanol with
stronger acidity of catalysts. However, the stronger acidity and
higher acid density in the samples can cause serious side
reactions, such as hydrogen transfer reactions and coke
deposition. As reported by Dai et al,'” the Brgnsted acid
site density is affected by the Si content. As the Si content
increases, the Brgnsted acid site density increases and the large

Scheme 1. Possible Process for the Formation of Submicrometric and Hierarchical Hollow SAPO-34.
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Figure S. (a) Lifetimes and (b) selectivity of ethylene and propylene.

compounds like poly methylbenzene or even the polycyclic
aromatics can be rapidly formed followed by formation of the
initial intermediates, which can lead to deactivation of the
MTO catalysts eventually. As shown in Table S1, with the
increase of Si content in the samples, more methane, ethane,
propane, and C,, are generated at the initial stage of the MTO
reaction and the lifetime and light olefin selectivity of the
samples in the MTO reaction present decreasing trends.
Besides, the deposited coke species gradually formed during
the reaction can decrease the cage size of the molecular sieves
and the acid site density and reduce the generation and
diftusion rates of the molecules with larger diameters. Thus,
the selectivity of light olefin especially ethylene increases with
the reaction time at high methanol conversion. This is more
obvious for the samples with stronger acidity and faster coke
deposition in the MTO reaction, such as the Z2-0.6 sample.
Therefore, the submicrometric and hierarchical hollow SAPO-
34 with a low and tunable Si content is an ideal MTO catalyst
that can well balance the catalyst activity and deactivation.
However, as the ratio of SiO,/ALO; in the synthesis gel is as
low as 0.18, some big aggregates containing tiny crystals of
SAPO-34 and amorphous component can be observed in the
SEM images (see Figure S3 in the Supporting Information).
Thus, it is difficult to reduce SiO,/Al,O; further by the two-
step hydrothermal synthesis described above. However, it
should be noted that the catalytic performance of Z2-0.2 is still
superior in the MTO reaction ever reported by our team under
similar conditions.'® Besides, more optimal methods to
regulate the efficiency of Si incorporation are being
investigated.

4. CONCLUSIONS

Submicrometric and hierarchical hollow SAPO-34 was
synthesized by an easy and low-cost two-step hydrothermal
method. The crystallized mixture was obtained by direct drying
after a first-step hydrothermal reaction. Then, the SAPO-34
product was obtained by adding the crystallized mixture to
silicon-free gel and using cheap and common template agents.
The acidity of submicrometer and hierarchical hollow SAPO-
34 was controlled by the Si content in the crystallized mixture.
Moreover, the product synthesized by the two-step hydro-
thermal method has higher crystallinity, similar composition,
and acidity compared to the product synthesized by the
common one-step hydrothermal method under the same SiO,/
Al,Oj; ratio. Compared to the traditional SAPO-34 molecular
sieves, the submicrometric and hierarchical hollow SAPO-34
shows a 31% longer catalytic lifetime and 2% higher light olefin
selectivity due to the reduced diffusion resistance. Significantly,
this study demonstrates a simple synthesis method and
provides a new idea for the preparation of small size and
hierarchical hollow structures in the synthesis process.
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