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ABSTRACT: In this work, we systematically investigated the size effect of
silicoaluminophosphate molecular sieve catalysts SAPO-34 on the catalytic performance

of methanol-to-olefin (MTO) reactions. Four highly crystalline SAPO-34 molecular &ion
sieves with different crystallite sizes were synthesized under hydrothermal conditions "
carried out in conventional or microwave ovens with the same starting gel composition

using TEAOH as the structure-directing agent. The as-prepared SAPO-34s have similar ~ \_
composition, and their average crystal size can be controlled between 20 nm and 8 ym.
Textural properties and chemical environments of framework atoms as well as acid
concentration were characterized by N, adsorption and NMR measurements. The MTO
reactions were carried out over these four SAPO-34 catalysts to study their catalytic | -
performances dependent on the crystal size. The occurrence of catalyst deactivation 250 nm

varied considerably with the crystal size of SAPO-34s. Significantly, the nanosized

catalysts, especially the sheetlike SAPO-34 catalyst with 20 nm thickness, exhibited the longest catalyst lifetime and lowest coking
rate in MTO reactions. On the basis of the measurement of coke formation and the determination of retained coke species, a
scheme is proposed to elucidate the reduction in coke deposition and consequently the remarkably enhanced lifetime on the
nanosized SAPO-34 catalysts in methanol conversion.

Nano sheet-like SAPO-34
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1. INTRODUCTION and acidity, to prolong the lifespan of the catalyst in MTO
reactions. Previous studies revealed that deactivation of
catalysts in catalytic reactions mainly stemmed from the
restriction in mass transfer with coke deposition, while the
catalysts with small crystallite size showed their advantage in
the enhancement of mass transfer and the reduction in coke
formation.'#"> As for the effect of SAPO-34 particle size on its
performance in MTO reactions, in an early work reported by
Chen and co-workers, the fractions of SAPO-34 molecular
sieves with various crystallite sizes were separated, and their
performance in MTO reactions exhibited the effects of crystal
size on the product selectivity and coke deposition rate.'®
Recently, Chen et al. emphasized that the use of SAPO-34 with
small size in MTO reactions can achieve a low coke selectivity
and low deactivation due to reduce of diffusion limitation."”
With the development of nanoscale molecular sieve synthesis,
nanosized SAPO-34s'® were employed as the catalysts of
methanol conversion, and improved methanol conversion
efficiency and prolonged catalyst lifetime were exhibited,
compared to the catalysts with ordinary crystal size.'”>* The

The rapid increase in the price of crude oil and its shortage in
the foreseeable future make the alternative route for the
production of some important petrochemical products, such as
light olefins, more attractive than ever before."” The methanol-
to-olefin (MTO) process has proven to be the most successful
nonpetrochemical route for the production of light olefins, such
as ethylene and propylene, from the abundant resources of
natural gas or coal’ Aluminosilicate zeolite ZSM-5*"° and
silicoaluminophosphate molecular sieve SAPO-34""" are
excellent catalysts for the MTO reactions. In comparison
with ZSM-5, the selectivity toward light olefins is significantly
improved by the application of SAPO-34 with CHA cage and
eight-ring pore opening. Under an optimized reaction
condition, selectivity to light olefins over SAPO-34 may exceed
90%.'° However, during methanol conversion, SAPO-34
catalyst with large cavities connected by narrow channels also
accommodates a large amount of organic species as retained
materials, which cause rapid catalyst deactivation. Fluidized-bed
reaction with recycling reaction-regeneration technique has

been applied in the industrial MTO process with SAPO-34 as short diffusion length in nanoscale catalyst, resulting in the
the catalyst to maintain the reactivity of catalyst in the

reactor.'”'? Some strategies have also been considered in Received: December 30, 2012

depressing the coke generation, such as optimizing the Revised:  March 18, 2013

operating conditions'® or modifying the zeolite pore structure Published: March 25, 2013
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Table 1. Synthesis Conditions of SAPO-34s and Measurement Results of XRF and SEM

synthesis conditions XRF SEM
catalysts Si source heating method T /°C time/h molar composition particle size/um morphology
SP-S colloidal silica microwave-assisted 180 1 Sig.15Aly 45P0.4002 0.02 X 0.25 X 0.25 flake
SP-F TEOS microwave-assisted 180 1 Sig11Aly.45P0.4102 0.08 nanosphere”
SP-M Na,SiO; microwave-assisted 200 2 Sig.10Aly.50P0.400: 1x1x1 cube
SP-C Na,SiO; conventional method 200 72 Sip 1ALy 40P 4002 8X8X38 cube

“SP-F is an 80 nm spherical aggregation of the smallest crystals of ca. 20 nm, as shown in the TEM image in Figure S1.

reduction of residence time of reactant and products of MTO
reactions, was used to explain the long catalyst lifetime of
nanocrystals.'” The increase in the accessible cages near
external surface for the SAPO-34 nanoscale catalyst was proved
very helpful in improving the conversion efficiency of the
SAPO-34 catalyst in the methanol conversion.”>*> However,
Jang et al. found that the smallest nanocrystallites of SAPO-34
(<150 nm) tested in their work had a detrimental effect on the
catalyst lifetime due to the severe pore blockage by coke
deposited on the external surfaces of the nanoparticles.”

The SAPO-34 catalysts with different particle size distribu-
tions were obtained mainly through fractionation or synthe-
sized with different structure-directing agents (SDAs) in the
above-mentioned reports.'®'¥**** In the present study, four
highly crystalline SAPO-34 catalysts with different crystallite
sizes (between 20 nm and 8 ym) were synthesized from the
starting gel with the same composition under conventional
hydrothermal and microwave-assisted heating conditions, using
TEAOH as the sole SDA. Methanol conversion was performed
over the synthesized SAPO-34s to investigate the influence of
crystallite size on the catalytic performance. The differences in
the textural properties, chemical environments of framework
atoms, and acid site distributions of the four catalysts were
correlated to the catalyst lifetime and product selectivity. The
deactivation behavior and mechanism over the four SAPO-34s
with different crystal sizes were studied in combination with
catalytic test and confined organics analysis. Our study clearly
demonstrated the remarkably enhanced lifetime of nanosized
SAPO-34 catalysts in MTO reactions. The catalytic perform-
ance dependent on the crystallite size has been elucidated. This
work will provide useful guidance for the improvement of
methanol conversion process by utilizing nano SAPO-34
catalysts.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The reagents used were aluminum
isopropoxide (AlI(OPr');, 99.5 wt %, Beijing Reagents
Company), phosphoric acid (H;PO,, 85 wt %, Beijing
Chemical Works), tetraethylammonium hydroxide solution
(TEAOH, 35 wt %, Alfa Aesar), colloidal silica (30 wt %,
Aldrich), tetraethylorthosilicate (TEOS, 28 wt % SiO,, Beijing
Chemical Works), and sodium silicate solution (Na,SiO;, 26.5
wt % SiO,, Changling Refining Company).

The SAPO-34 crystals with varied crystallite sizes were
synthesized from the starting gel with the same molar
composition of 1.0Al,03-2.0P,0;-4.0TEAOH:0.6SiO,-
140H,0. The nanosized SAPO-34 catalysts were prepared
under microwave radiations following previously reported
method by using colloidal silica or TEOS as the silicon
source.”* The SAPO-34 catalysts with medium and ordinary
size were obtained with Na,SiO; solution as the silicon source
under hydrothermal or microwave-assisted conditions. Typi-
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cally, the finely ground Al(OPr'); was first mixed with TEAOH
solution and deionized water at room temperature until
dissolved completely. Na,SiO; solution was then added,
followed by continuous stirring for 4 h. Finally, phosphoric
acid was added dropwise to the resultant solution. The reaction
mixture was further stirred for 2 h prior to being transferred
into a Teflon-lined autoclave. The crystallization was conducted
in a microwave oven (Milestone ETHOS-D) with preprog-
rammed heating profiles at 200 °C for 2 h for the synthesis of
SAPO-34 with medium size and in a conventional oven at 200
°C for 3 days under static conditions for the synthesis of SAPO-
34 with coarse particles. The synthesis conditions are detailed
in Table 1. According to the crystallite size and morphology,
the synthesized SAPO-34 were named as SP-S, SP-F, SP-M,
and SP-C, representing the sheetlike, fine, medium, and coarse
particles. The as-synthesized solid products were centrifuged,
washed with water and ethanol several times, and then dried at
room temperature overnight, followed by calcination at 550 °C
for 6 h.

2.2. Characterization. The crystallinity and phase purity of
the samples were characterized by powder X-ray diffraction on
a PANalyticalX’Pert PRO X-ray diffractometer with Cu Ka
radiation (4 = 0.154 18 nm). The crystal size and morphology
were measured by scanning electron microscopy (SEM) using a
JSM-6700F electron microscope operating at 5.0 KV and
transmission electron microscopy (TEM) examined with a
JEM-2100 TEM operated at 200 kV. Chemical composition
was determined with an X-ray fluorescence (XRF) spectrom-
eter (Philips Magix-601). Nitrogen adsorption—desorption
measurement was carried out on a Micromeritics 2020 analyzer
at 77.35 K after the sample was degassed at 350 °C under
vacuum.

26i, YAl 3P, and 'H MAS NMR experiments were
performed on a 600 MHz Bruker Avance III equipped with a
4 mm MAS probe. *Si MAS NMR spectra were recorded using
high-power proton decoupling with a spinning rate of 10 kHz.
A total of 1024 scans were accumulated with a /2 pulse width
of 3 us and a 10 s recycle delay. The chemical shifts were
referenced to DSS (4,4-dimethyl-4-silapentane sulfonate
sodium) at 0 ppm. *’Al MAS NMR spectra were recorded
using a one-pulse sequence with a spinning rate of 12 kHz.
One-hundred scans were accumulated with a 7/8 pulse width
of 0.75 us and a 2 s recycle delay. The chemical shifts were
referenced to (NH,)AI(SO,), 12H,0 at —0.4 ppm. *>'P MAS
NMR spectra were recorded using high-power proton
decoupling with a spinning rate of 12 kHz. Forty-eight scans
were accumulated with a 7/4 pulse width of 2 ys and a 10 s
recycle delay. The chemical shifts were referenced to 85%
H;PO, at 0 ppm.

'"H MAS NMR spectra were recorded using a 4 mm MAS
probe. The pulse width was 2.2 us for a 7/4 pulse, and 32 scans
were accumulated with a 4 s recycle delay. Samples were spun
at 12 kHz, and chemical shifts were referenced to adamantane
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at 1.74 ppm. The software Dmfit was employed for
deconvolution using fitting of Gaussian—Lorentzian line shapes.
Before 'H MAS NMR measurements of adsorption of
perfluorotributylamine (analytical standard, from Sigma-Al-
drich) on SAPO-34 samples, the samples were dehydrated
typically at 693 K under pressure below 10~ Pa for 20 h before
adsorption. Selective adsorption of perfluorotributylamine was
performed by exposing the dehydrated sample to saturated
vapor at room temperature for 30 min. After equilibration, the
samples were degassed at 298 K to remove the physical
adsorbate on the surface.

2.3. Catalytic Test and Retained Coke Analysis.
Methanol conversion was performed in a quartz tubular fixed-
bed reactor at atmospheric pressure. The catalyst (100 mg)
loaded in the quartz reactor was activated at 500 °C in a He
flow of 30 mL/min for 1 h before starting each reaction run,
and then the temperature was adjusted to a reaction
temperature of 400 °C. The methanol was fed by passing the
carrier gas (4.2 mL/min) through a saturator containing
methanol at 33 °C, which gave a WHSV of 2.0 h7L. The
reaction products were analyzed using an online gas chromato-
graph (Agilent GC 7890N), equipped with a flame ionization
detector (FID) and Plot-Q column. The conversion and
selectivity were calculated on CH, basis. Dimethyl ether
(DME) was considered as reactant in the calculation.

The amount of generated coke in SAPO-34 catalysts after the
reactions of methanol was determined by thermal analysis (TG-
DTA) on a TA Q600 analyzer at the temperature range of 50—
800 °C with a heating rate of 10 °C/min under an air flow of
100 mL/min. The retained organics in the deactivated SAPO-
34 catalysts with different particle sizes after the reaction of
methanol were analyzed according to the procedure introduced
by Guisnet.>>*® Typically, after dissolving the completely
deactivated catalyst with a HF solution (20 wt %), the confined
organic compounds of the deactivated catalysts were extracted
in a CH,Cl, solution and analyzed by a gas chromatograph
equipped with a FID detector and a mass sensitive detector
(Agilent 7890A/5975C) using a capillary column of HP-S.

3. RESULTS AND DISCUSSION

3.1. Crystallinity, Textural Properties and Morphology
of Synthesized SAPO-34s with Varied Particle Sizes. As
shown in Figure 1, all the XRD patterns of as-synthesized
SAPO-34s match well with that simulated from the CHA
framework type. The intensities and the width of the Bragg
reflections peaks vary with the crystal size. The diffraction peaks
are sharp and intensified for the SAPO-34 with medium-sized
and coarse particles (SP-M and SP-C), while for the nanoscale
crystallites, they are relatively broad and weak. Figure 2 shows
the SEM images. Except the nanosheet-like SAPO-34 (SP-S, 20
X 250 X 250 nm) and the nanosphere SP-F (dia. ~80 nm,
formed by aggregation of the smallest crystals of ca. 20 nm, as
shown in Figure S1), both SP-M and SP-C exhibit a similar
cubic morphology with the average crystallite sizes of 1 and 8
um, respectively. It can be seen that microwave heating resulted
in the formation of crystal particles in nanosize, much smaller
than those synthesized by conventional heating.

The compositions of the prepared SAPO-34s, determined by
XRF spectrometer, are shown in Table 1. The composition of
SAPO-34 is expressed as ALP,Si,0,, where x, y, z represent the
mole fractions of aluminum, phosphorus, and silicon,
respectively, with x + y + z = 1. The contents of Al, P, Si of
all the samples are very close because of the same starting gel
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Figure 1. XRD patterns of synthesized SAPO-34s with different crystal
particle sizes.
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Figure 2. SEM images of synthesized SAPO-34s with different crystal
particle sizes.

composition and the use of TEAOH as the only SDA.>’ Very
slight difference in composition implies that heating method,
conventional or microwave-assisted method, i.e., which resulted
in the difference in crystallite size, has no remarkable influence
on the framework element composition.

The textural properties of calcined SAPO-34s were
determined with nitrogen adsorption—desorption measurement
and tabulated in Table 2. From the table, it can be summarized
that the surface areas vary with the crystal sizes of the
synthesized SAPO-34s. With the decrease of the particle size,

Table 2. Variation of Textural Properties of Synthesized
SAPO-34s with Different Crystal Particle Sizes

catalysts Stotal (m?/ g) Simiceo (m?/ g) Sexe (m?/ g) Viniero (em®/ g)
SP-S 599 508 91 0.24
SP-F 535 394 141 0.18
SP-M 433 408 25 0.19
SP-C 386 343 42 0.16
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the surface area is greatly enhanced. Accordingly, SP-S with the
smallest particle size has the largest surface area, while SP-C
with the largest particle size presents the smallest surface area.
It is notable that nanosized SAPO-34s possess more external
surface than the SAPO-34s with ordinary size. The adsorption
at the high relative pressure (Figure S2) indicates the existence
of some mesoporous or macroporous surface in nanosized
particles, contributing to the increase of surface area, especially
the external surface area. Even with the difference in surface
area, the four samples, regardless of their crystallite size, all
exhibit micropore volume around 0.2 cm?/ g

3.2. Chemical Environments of Framework Atoms
and Acidity Measurements by Solid-State NMR. Solid-
state *°Si, *'P, and *’Al MAS NMR spectroscopies were
employed to investigate the chemical environments of
framework atoms. *’Al MAS NMR spectra in Figure 3a present
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Figure 3. (a) 77Al, (b) *'P, (c) ¥Si, and (d) "H MAS NMR (solid line)
spectra of the calcined SAPO-34 catalysts. In (d), dash dots represent
the spectrum of the samples after adsorption of perfluorotributyl-
amine. The asterisk (*) represents the spinning sidebands.

two peaks at 39 and —10 ppm for the four calcined SAPO-34s.
The strong peak at low field with chemical shift of 39 ppm
arises from tetrahedrally coordinated aluminum atoms.”*™>°
The other one at —10 ppm with low intensity is attributed to
the octahedrally coordinated aluminum atoms, formed by the
additional coordination of two water molecules to tetrahedrally
coordinated framework aluminum atom.*®

All the *'P MAS NMR spectra in Figure 3b exhibit the sharp
peak at —29 ppm representing the tetrahedrally coordinated
phosphorus atom in the coordination state of (P(OAl),).>* The
appearance of a very weak and broad peak at —11 ppm suggests
the possible existence of a small amount of phosphorus atoms
which are additionally coordinated to water molecule to form
(P(OAl),(H,0)).*" The peak at 20 ppm is from spinning
sidebands.
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Si incorporation into the AIPO framework is of great
significance for the generation of acid sites and acid-catalytic
properties of SAPO molecular sieves.*>*> As indicated in Table
1, the synthesized SAPO-34s with different crystal sizes possess
very close Si contents. Their detailed chemical environments of
the Si atoms and corresponding acid site formation of these
four samples were investigated by >’Si MAS NMR and 'H MAS
NMR.

In the *Si MAS NMR spectra of SAPO-34s (Figure 3c), six
resonance signals appear in the spectra. The signals with
chemical shift of —90 and —94 ppm, stemming from the
coordination states of Si(4Al) and Si(3Al), respectively, show
relatively high intensity. The signals at 100, —108, and —113
ppm, originated from the coordination states of Si(2Al),
Si(1Al), and Si(0Al), respectively, are present in relatively low
intensity. In particular, those signals at —108 and —113 ppm in
the spectra of SP-M and SP-C are hardly visible. Even in low
intensity, for the SAPO-34s with nanoscale crystal size, the
signals at —100, —108, and —113 ppm are more prominent in
intensity than those of medium-sized and coarse SAPO-34s
(SP-M and SP-C). It is worthy to note that a signal appears
around —85 ppm in the spectra of nanosized SAPO-34s, SP-S,
and SP-F. Previous work ascribed it to the silanol group in
amorphous aluminosilicates or the breaking of some Si—OH—
Al bonds.>*7® Considering the high crystallinity of the
synthesized SAPO-34s and their rich external surface, we
tentatively attribute it to Si(OAl),(OH),_, from the breaking
of some Si—OH—AI bonds, locating in the defect sites or on the
outer surface.

It is known that Si atoms incorporate into the AIPO,
framework by two substitution mechanisms: the first
mechanism (SM2) is one Si substitution for one P to form
Si(4Al) entities, which gives rise to negatively charged
framework and correspondent one Bronsted acid site. On the
other hand, the simultaneous occurrence of two Si incorpo-
ration way-SM3 (the double substitution of neighboring Al and
P by two Si atoms) would generate multiple chemical
environments of Si atom, Si(nAl) (n = 3—0) structures,
which leads to the formation of complex acidic bridge hydroxyl
groups.®” Usually, the Si coordination states of SAPO molecular
sieves depend on the content of Si incorporation or the
crystallization condition. For the four samples studied here,
which have very close amounts of incorporated Si, the
difference in their coordination states (Table 2) is very possibly
related to the crystal sizes of the synthesized SAPO-34s
resulting from the application of microwave or ordinary heating
method. Actually, from the *’Si NMR spectra, in spite of
roughly the very similar Si content of these samples, Si(nAl) (n
= 0—2) coordination states of the nanosized SAPO-34 samples
are more remarkable than that in the medium-sized and coarse
SAPO-34s. At the same time, for nanosized samples, the
fraction of Si atoms located in Si(4Al) and Si(3Al) chemical
environment is less than that of SAPO-34s with relatively
bigger sizes. The difference in the coordination states of
incorporated Si atoms, which is detailed in Table 3, implies that
Si incorporation in the nanosized SAPO-34s may generate less
acidic bridge hydroxyl groups than the SAPO-34s with larger
particle sizes. More Si atoms in the two nanosized SAPO-34s
are located in Si(OAl),(OH),_, as terminal silanols, which
implies more external Bronsted acid sites or silanols may exist
in them.

The Bronsted acid sites of the SAPO-34s were characterized
by means of '"H MAS NMR spectroscopy. The obtained spectra
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Table 3. '"H MAS NMR and **Si MAS NMR Deconvolution
Using Gaussian—Lorentzian Function

catalysts SP-S SP-F SP-M SP-C
Si MAS Si(OAl),(OH),_, 20.0 203 13.8 8.5
NMR (%)
Si(4Al) (%) 329 224 62.5 45.1
Si(3A1) (%) 23.6 21.0 12.3 27.9
Si(2Al) (%) 13.4 233 5.5 10.8
Si(1A1) (%) 7.8 1.4 3.5 43
Si(0AL) (%) 2.4 11.7 2.4 3.4
'H MAS Si(OH)AIl (mmol/g)  0.57 0.56 0.69 0.79
NMR Si—OH (mmol/g) 0.18 0.20 0.03 0.06
external B acid sites 26 20 15 7.5

(%)

are shown in Figure 3d. Signals at 3.6 ppm are ascribed to
bridge hydroxyl groups (Si(OH)Al), indicating the presence of
Bronsted acid sites of the synthesized SAPO-34s. Signals at 0—
2.4 ppm are assigned to P—OH, Si—OH, and Al-OH groups
on the outer crystal surface and framework defects.”” When
quantifying the concentration of hydroxyl groups with the
signal intensity (see Table 3), it is found that in comparison
with the SAPO-34s with ordinary size, silanols (Si—OH at 1.6
ppm) from nanosized catalysts present higher concentration,
but bridge hydroxyl groups (Si(OH)Al at 3.6 ppm) appear
with lower concentration, implying relatively low Brensted acid
concentration. This is consistent with the results of *Si MAS
NMR, in which the spectra of SP-S and SP-F show relatively
weak signal at —90 ppm compared to SP-M and SP-C, which is
attributed to Si(4Al) silicon atoms and responsible for the most
effective formation of bridge hydroxyl groups of Si(OH)AL

Perfluorotributylamine [(n-C,F,);N] is utilized for quantify-
ing external acidity.®® It is a weak basic molecule with a
diameter of 0.94 nm, much larger than the pore size of SAPO-
34 crystals. Therefore, when used as a probe molecule in 'H
NMR spectroscopy, perfluorotributylamine can only be
adsorbed on the Bronsted acid sites located on the external
surface, while those on the internal surface are not accessible
for the probe molecule. The intensities of the signal
representing the Bronsted acid sites in the 'H MAS NMR
spectra of SAPO-34s before and after perfluorotributylamine
adsorption are utilized for quantifying the content of the acid
sites located on the external surface. The amounts of external
Bronsted acid sites follow the sequence as SP-S > SP-F > SP-M
> SP-C (see Table 3), which indicate more acid sites located on
the outer surface of the nanosized SAPO-34 than those of the
SAPO-34 crystals with ordinary size.

3.3. Catalytic Performance of SAPO-34 Catalysts with
Different Crystal Sizes in Methanol Conversion. Catalytic
tests of methanol conversion were carried out at 400 °C in a
fixed-bed reactor over the four SAPO-34s with different crystal
sizes, and the results of conversion and selectivity of the
products are given in Figures 4 and S. The conversion evolution
as a function of reaction time shows that at the beginning
period of the reaction, the conversion of methanol is 100% for
all the four SAPO-34 catalysts, indicating the high initial activity
of four samples, but the catalyst lifespan, in which 100%
methanol conversion can be kept, and the occurrence of
catalyst deactivation vary considerably by the usage of SAPO-34
with different crystal sizes. The methanol conversion over
nanoscale SAPO-34s presents very long catalyst lifetime. Over
the catalyst of SP-F aggregated by crystals of ca. 20 nm, 100%
methanol conversion could be kept for more than 650 min,

8218

—m®—SP-S-—® SP-F-—4ASP-M- ¢ SP-C

lOO-Wﬂmln-n
N (]
°
954 P’ A
~ onl [}
N 90 A
=1
2 851 *
g A
Z 804 °
8 *
754
A
704
0 200 400 600 300
TOS(min)

Figure 4. Methanol conversion variation with time-on-stream over the
SAPO-34 catalysts with different crystal particle sizes. Experimental
conditions: WHSV = 2 h™), T = 673 K, catalyst weight = 100 mg.
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Figure 5. Products distribution over the SAPO-34 catalysts with
different crystal particle sizes. Experimental conditions: WHSV = 2
h™, T = 673 K, catalyst weight = 100 mg.

while the deactivation occurs over the catalysts of SP-M and
SP-C after time-on-stream of 350 and 150 min. Particularly, the
nanosheet-like SP-S with thickness of 20 nm shows the longest
catalyst lifetime of 786 min, which is even longer than that of
spherical nanocrystal SAPO-34 (SP-F). Our study clearly
demonstrates that the stability of nanosized catalysts can be
remarkably enhanced compared with the catalysts with bigger
sizes, in contrast to the previous work showing that SAPO-34
with the smallest crystallites (<150 nm) deactivated rapidly.'*
It is noticed that the lifetime of SP-F aggregated from ca. 20 nm
is lower than SP-S nanosheets of 20 nm in thickness. Lifetime is
in fact influenced by multiple factors, such as the acidity,
porosity, crystal size, and reaction conditions. As indicated in
Table 2, SP-S presents more accessible microporous surface
than SP-F for methanol conversion, which is also important for
the high reactivity and long-term stability of the catalysts. On
the other hand, the relatively rich external surface of SP-F
compared with SP-S may negatively influence the long-term
operation of methanol conversion due to the possible
deposition of large coke species on the outer surface. In
addition, aggregation of SP-F crystals may also influence the
diffusion of reactant and products and thus cause its lower
lifetime than SP-S with well-separated nanosheet nanocrystals.
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As depicted in Figure 5, for all the four catalysts, light
alkenes, such as ethene and propene, are the main products
(70—80% in total), indicating that even in different sizes, all the
synthesized SAPO-34 catalysts are very selective for the
production of light alkenes from methanol. The selectivity of
all the generated products varies with time on stream. During
the beginning period, the selectivity of ethene and propene is a
little low (55—62%) and then increases with prolonging the
reaction time. Before the occurrence of the deactivation, the
generated light olefins account for about 80% of the
hydrocarbon products over the four catalysts. The time course
of methanol conversion and product distribution indicate that
over SP-C, propane, which is regarded as the byproduct
stemming from hydrogen-transfer reaction of olefin products, is
more predominantly formed than that over other catalysts.> At
the same time, over SP-F and SP-S, the selectivity of long-chain
hydrocarbons of C,—Cg products is relatively high. This may
result from the olefin methylation-cracking route of special
product formation, which usually brings about the hydrocarbon
products higher than propene.*” The occurrence of methanol
conversion via olefins methylation-cracking route is closely
related to the structure and acidity of the catalysts, and the
acidity concentration is also of great significance in hydrogen-
transfer reaction and coke formation. Therefore, the size effect
and acid properties over these four catalysts will be considered
in the following discussion to give a reasonable explanation of
the substantial prolongation of catalyst life with the reduction
of crystal size of SAPO-34 catalysts.

After reaction, the SAPO-34 catalysts were discharged and
the coke formation over the deactivated catalysts was measured
by thermal analysis. As detailed in Table 4, the weight loss from

Table 4. Variation of Coke Formation in Methanol
Conversion over SAPO-34s with Different Crystal Particle
Sizes

catalysts SP-S SP-F SP-M SP-C
coke (%, g/gcat) 19.81 17.46 19.74 12.98
Ry (mg/min) 0.033 0.036 0.073 0.106
P,y (g/gMeOH) 0.023 0.025 0.050 0.073

the combustion of the retained coke species is 19.81%, 17.46%,
19.74%, and 12.98% for the four SAPO-34 catalysts of SP-S,
SP-F, SP-M, and SP-C, respectively. Due to the deactivation
occurrence at different time on stream, such as 100% methanol
conversion maintained for 786 min for SP-S, 606 min for SP-F,
346 min for SP-M, and 146 min for SP-C, the amount of the
coke deposited on the four catalysts corresponds to different
duration of methanol conversion. In the present work, to
compare the coke formation over the four catalysts with
different crystal sizes, the average coking formation rate and the
portion of reactant cost on coke generation were also evaluated
with the consideration of time on stream and total feeding
amount of methanol in the reaction. Coke formation rate
(Reke) and the fraction of methanol consumption on coke
formation (P_,,) in the present work are described as eqs land
2. Methanol feeding is calculated on CH, basis. R ., and P,
of the four catalysts are compared in Table 4 together with coke
amount from thermal analysis.

R e (g/min) = coke amount (g)/reaction time (min)

(1)
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P . (g/g) = coke amount (g)/methanol feedstock (g)
)

Even the coke amount over medium-sized SP-M (19.74%) is
close to that over nanosized SP-S and SP-F, and the catalyst
with largest size, SP-C, presents the lowest coke amount, their
coking rate and the fraction of methanol consumption on coke
are much higher than that of SP-S and SP-F. This means very
slight coke deposition over nanosized catalysts during methanol
conversion, and the cost of methanol feedstock on coke
deposition is also lower than those of the catalysts with bigger
particle sizes. Slight coke deposition ensures the operation of
long-term methanol conversion and makes nanosized SAPO-
34s very effective catalysts with high activity and stability for
light olefin production.

Besides the difference in lifetime over the four catalysts,
continuous coke deposition during methanol conversion also
varied the product selectivity. Usually, coke formation and
accommodation in the catalyst give rise to the reduction of
mass transfer of reactant and products, which causes the
reactivity loss of the catalysts and at the same time the
generation of smaller products, such as ethene.*” Actually, in
our present study, for all the four catalysts, ethene selectivity is
improved with time on stream, and the formation of long-chain
alkenes, C,—C; alkenes, is depressed due to the diffusion
hindrance with coke deposition when prolonging the reaction
time. Compared to the bigger size catalysts, SP-C and SP-M,
the nanosized catalysts, SP-F and SP-S, present slightly lower
ethene selectivity and higher C,—C¢ products selectivity even
though the ethene selectivity increases with time on stream.
This indicates the difference of catalyst modification with coke
generation. Severe coke deposition over SP-C and SP-M results
in the modification of the catalyst and leads to the formation of
more ethene products, and less C,—C¢ products, while slight
coke formation over SP-F and SP-S has no remarkable
influence on the product diffusion; therefore, relatively high
C,—Cg products selectivity is presented.

After reactions, the deposited coke species in the deactivated
catalysts were analyzed following the method introduced by M.
Guisnet.”?¢ Figure 6 compares the chromatograms of the
extracted hydrocarbons from the four deactivated catalysts.
Methyl-substituted benzenes (MBs) and methyl-substituted
naphthalenes (MNs) appear among the confined organic
species for all the four catalysts after deactivation. The
formation of polycyclic aromatics, such as phenanthrene and
pyrene, varies with the catalyst used. Phenanthrene and pyrene
are the most intensified organic species in the chromatogram,
implying polycyclic aromatics are predominantly formed as
confined coke species over SP-C and SP-M, especially over SP-
M. But for nanosized SAPO-34s, SP-F, and SP-S, the intensity
of polyaromatics is very low. Notably, over SP-S, even MBs,
MNs, and polyaromatics are observed among the confined coke
species as the other three SAPO-34 catalysts, and the low
intensity of these organic species indicates very slight coke
deposition after long-term methanol conversion, which has
been confirmed by thermal analysis and coking rate evaluation.
Previous studies have proven that methanol conversion over
SAPO-34 is based on a hydrocarbon pool mechanism with
polymethyl-substituted benzenes as the reaction center and
catalyst deactivation is generally accompanied by the
progressive formation of methylnaphthalenes and further
aging to form the polycyclic aromatic molecules, such as
phenanthrene derivatives and pyrene.*'~* The accommoda-
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Figure 6. GC-MS chromatograms of occluded organic species retained
in the catalysts after methanol conversion at 400 °C. The structures
annotated onto the chromatograms are peak identifications in
comparison with the mass spectra to those in the NIST database,
and the asterisk (*) represents the internal standard (C,Clg).

tion of large polyaromatic species in the nanocages of the
catalyst causes the great reduction in mass transfer of reactants
and products. Once a significant fraction of the cages of SAPO-
34 are occupied by polycyclic aromatics, the deactivation of
methanol conversion occurs. The predominant formation of
phenanthrene derivatives and pyrene indicates that the
deactivation of methanol conversion over SAPO-34 with crystal
size of 1 ym (SP-M) and 8 um (SP-C) should be attributed to
mass transfer difficulty caused by the formation polycyclic
aromatics in the cage of SAPO-34 catalysts. Over nanosized SP-
F and SP-S, the long-term methanol conversion benefits from
slight coke deposition or the absence of polycyclic aromatics
accommodation in the nanocages. It is worthy to note that
some aromatic species appear at retention time of 40—50 min
in low intensity, which should be attributed to polycyclic
aromatics with more than four fused rings, such as terphenyl
derivatives and some other big coke species. These retained
compounds are too big to be accommodated in the CHA cage
of SAPO-34, so they may form through the conversion of
methanol or the secondary reactions of olefins products
catalyzed by the external acid sites and locate at the outer
surface of the nanosized catalysts, especially over the catalyst of
SP-F. The rich external surface and acid sites of SP-S and SP-F
have been proved by the measurements of nitrogen adsorption
and 'H MAS NMR.

Catalyst deactivation during methanol conversion occurs in a
different way. Previous work indicates that acid site coverage or
channel blockage resulting from external coke formation is the
main reason for the deactivation of ZSM-S catalyzed MTO
reaction.** But when this reaction is performed over SAPO-34
with cage structure, huge coke deposition and accommodation
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in the CHA cage will cause the enhanced diffusion restriction,
and therefore internal coke formation is the main reason for
deactivation. As the main coke species of SAPO-34, polycyclic
aromatics were suggested to be generated from the aging of
polymethyl-substituted benzenes and methylnaphthalenes with
the hydrogen transfer reaction between primary olefins and
these hydrocarbon pool species.*> On the other hand, propene
and other light olefins, as the main g)roducts of MTOQ, are also
highly reactive in acid catalysis.*® On acid catalyst, these
molecules may also possibly undergo oligomerization to form
heavy products and further undergo cyclization and hydrogen
transfer to form the aromatic coke molecules.>° Therefore,
deactivation is closely related to side reactions, such as
hydrogen transfer. Hydrogen transfer index (HTI, C;Hg/
C;Hg) was employed in the present study to evaluate the
hydrogen transfer level of secondary transformation of olefins
products. Figure 7 compares the HTI value of steady-state
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Figure 7. Hydrogen transfer index (HTIL C;Hg/C;H() value of
methanol conversion over SAPO-34 catalysts.

MTO reactions over the four SAPO-34s with different crystal
sizes. Low HTI level over SP-S and SP-F corresponds to the
low coking rate, indicating that the reduction of crystal size of
the SAPO-34 catalyst depresses the polycyclic aromatics
formation from the reduction of reaction between the olefin
products and the confined methylbenzenes and methylnaph-
thalenes. In this way, coke formation over SP-F and SP-S is
eliminated, and the catalyst life can be prolonged remarkably.

In the 'H MAS NMR measurement, the four SAPO-34
catalysts present different Bronsted acid concentrations.
Roughly more bridge hydroxyl groups appear on SP-M and
SP-C than those over nanosized catalysts of SP-S and SP-F.
The bimolecular reaction, such as hydrogen transfer, is
depressed over the catalysts with low Brensted acid
concentration. But in the present work, it is worthy to note
that the silicon content is very close for the four catalysts and
the slight reduction of acid sites over SP-F and SP-S cannot
satisfyingly explain the extremely long catalyst life presented
over the two nanosized catalysts. The size effect may play a
more important role in varying the performance over the four
catalysts. The enhancement of mass transfer of reactant and
products of methanol conversion and the improved exposure of
catalyst surface to the reactant ensure the high reactivity and
long-term stability of nanosized SAPO-34s.

A compressed, two-dimensional view of catalyst particle with
confined organics in the CHA cage of SAPO-34 is depicted in
Scheme 1 to demonstrate the location of retained coke species
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Scheme 1. Coke Location and Deactivation Mode of SAPO-
34 Catalysts: (a) SP-S, (b) SP-F, and (c) SP-M and SP-C

after methanol conversion. The four SAPO-34 catalysts vary
with crystal sizes, and their deactivation also occurs in different
ways. As indicated in the confined organic analysis of the
deactivated catalysts of SP-M and SP-C with GC-MS, the
formation and accommodation of big aromatic products block
the diffusion path of methanol and cause mass transfer difficulty
in accessing the active reaction center of methanol conversion.
When deactivation occurs, due to the entrance blockage of the
catalyst particles, some reactive CHA cages in the central part
of SAPO-34 crystal particles leave no contact with the reactant
during methanol conversion. Consequently, low catalytic
efficiency presents in the reaction over SP-M and SP-C
accompanied by the quick deactivation and short catalyst
lifetime. For the nanosized crystal particles of SAPO-34s, SP-S,
and SP-F, small size and rich outer surface give rise to
remarkably enhanced mass transfer of reactant and generated
products. Most of the reactive centers in the cage are accessible
during the methanol conversion, and the usage of these
nanosized catalysts is very efficient. At the same time, quick
leaving of products, such as the active olefin products, also
reduces the occurrence of hydrogen-transfer reaction between
olefin products and confined aromatics, and the formation of
hydrogen-unsaturated products, such as polycyclic aromatics
which cause deactivation, are also depressed. SP-S presents the
shortest diffusion length at the vertical direction for methanol
and generated olefins, so the longest catalyst life and highest
reaction stability are observed over this sheetlike nanosized
SAPO-34. Some polycyclic aromatics with bigger size than
pyrene are observed over the nanosized SAPO-34s after
reaction, which may stem from the coke species deposited on
the rich external surface of nanosized catalysts.

4. CONCLUSION

Four highly crystalline SAPO-34 molecular sieves with different
crystallite sizes varying from 20 nm to 8 um were synthesized
from the gel with the same composition using TEAOH as the
structure directing agent. Catalytic test of MTO reactions over
these SAPO-34s demonstrates that the catalyst deactivation and
the catalyst lifetime are strongly dependent on the crystallite
sizes. The nanosized SAPO-34 catalysts exhibit longer lifetime
in the methanol conversion reactions compared with those with
ordinary crystallite size. Particularly, the nanosheet-like SAPO-
34 with thickness of 20 nm gives rise to remarkably enhanced
lifetime. The evaluation of coking rate and the fraction of
methanol consumption on coke indicate very slight coke
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deposition over nanosized SAPO-34s during methanol
conversion, which ensures the operation of long-term methanol
conversion. It is believed that the enhancement of mass transfer
of reactant and generated products during methanol conversion
as well as the improved exposure of catalyst surface to the
reactant contribute to the remarkably enhanced lifetime of
nanosized SAPO-34 catalysts.
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