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The whole reaction course of methanol-to-olefins (MTO) conversion over SAPO-34 catalyst with crystal
size 7-10 um has been investigated by multiple spectroscopic techniques. The reaction and deactivation
of methanol conversion are closely correlated to the amount, size, and location of coke formed in the CHA
nanocages. A nonuniform spatial distribution of these coke species in the individual SAPO-34 crystals is
revealed by a combination of hyperpolarized (HP) '?°Xe NMR and confocal fluorescence microscopy
(CFM) techniques. Combined with acidic properties and diffusion performance, the bulky coke species

f\(/fé/tvt‘ig;ﬁ:—to-oleﬁns conversion formed at the shell layer of the crystals led to an increase of intracrystalline diffusion resistance and a
SAPO-34 decrease in accessible acidic sites in the deactivated catalyst. The overall catalyst deactivation mode of
Coke the MTO reaction is presented in terms of coke formation and location, mass transport variation, and

Intracrystalline diffusion
Acidity

accessibility of Brensted acid sites in the SAPO-34 catalyst.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The production of light olefins (ethene and propene) via a non-
petroleum route of methanol-to-olefins (MTO) reaction over solid
acid catalysts has attracted widespread attention from the acad-
emy and industry [1-3]. The MTO reaction is catalyzed by shape-
selective zeolites with well-defined micropores and catalytical
active sites [2,4-7]. The SAPO-34 molecular sieve with chabazite
(CHA) topology and moderate acidity is the optimum catalyst for
the MTO process. The spacious cavities in CHA-type SAPO catalysts,
interconnected by narrow eight-membered ring windows, favor
the formation and accommodation of large aromatic species, which
obstruct the diffusion of higher hydrocarbon products, leading to
extremely high selectivity toward light olefins. Over the past four
decades, extensive efforts have been devoted to the MTO reaction
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mechanism and there is a consensus that the hydrocarbon pool
mechanism, proposed by Dahl and Kolboe, is responsible for the
formation of light olefins during the steady-state reaction stage
[8-12]. Previous studies on the identification and the role of hydro-
carbon pool species have concluded that methylbenzenes and their
protonated counterparts form in the cavities as catalytic active
intermediates over SAPO-34 [10,11]. However, these intermediates
could grow into heavier carbonaceous deposits on the acidic sites
of catalysts, termed “coke,” which eventually lead to quick catalyst
deactivation in the MTO reaction [12-14]. Catalyst deactivation by
coke formation depresses the raw material utilization efficiency in
the industrial application of the MTO process.

Many efforts have been made to illustrate catalyst deactivation
in terms of the nature, role, and spatial distribution of coke formed
on SAPO-34 catalysts [12,15-18]. Catalyst deactivation pathways
vary with catalyst topology and reaction temperature
[13,17,19,20]. On one hand, the location of coke depends on the
zeolite topology. SAPO-34 shows pronounced formation of coke
deposits inside the cavities of crystals in comparison with ZSM-5
[12,21]. On the other hand, the chemical composition of coke var-
ies with reaction temperature. At lower temperatures, less than
623 K, rapid deactivation is closely related to the generation of
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adamantane hydrocarbons, which are inactive for methanol
conversion as confined organics inside the cavities of SAPO-34
catalysts [17,18]. At higher temperatures, more than 673 K, metha-
nol conversion tends to form polymethylbenzenes, which behave
not only as important intermediates for olefin production, but also
as precursors for forming polyaromatics, such as methylnaphthale-
nes, phenanthrene, and pyrene, as coke species [12,16]. Also,
methylbenzenes and methylnaphthalenes are capable of acting as
important intermediates during the steady-state reaction period
[10,11,22,23]. Additionally, a lower coking rate is presented in
the temperature range of 673-723 K than at higher (773 K) or
lower (573 K) temperature and leads to mild catalyst deactivation
over SAPO-34 during the MTO reaction [18]. The formation of these
bulky carbonaceous deposits as coke species within the cavities of
SAPO-34 is known to depress the conversion of methanol and limit
mass transport by blocking pore entrances in the course of cat-
alytic processes [16]. Mass transport in porous catalysts could
affect the overall reaction rate or even product selectivity [24-
27]. Small SAPO-34 crystals have been reported to show a longer
lifetime and a lower coke rate due to reduced diffusion limitation
in the MTO process [24-26,28,29]. In addition, the acidic properties
of catalysts strongly influence the catalytic performance [30-32]
and the accessibility of acidic sites of the catalyst is closely associ-
ated with coke deposition. The number of accessible Brgnsted acid
sites of the SAPO-34 catalyst was greatly reduced due to coke for-
mation [26,33-35].

Catalyst deactivation is considered a crucial problem to be
resolved to improve catalytic performance. The formation and evo-
lution of retained organics, including the active intermediates and
coke species, induce the process of methanol reaction and catalyst
deactivation, and in this dynamic process, coke formation also
influences olefin product generation. The whole recognition of
the spatial distribution of coke species and the effect of their
accommodation on mass transport and the acidic properties of
the catalyst is of great importance for further optimizing MTO pro-
cesses and catalysts. Therefore, a comprehensive investigation of
catalyst deactivation is highly desirable.

In the present work, methanol conversion was performed over a
SAPO-34 catalyst with crystal size 7-10 um under mild reaction
conditions at 673 K for further deactivation analysis. The dynamic
processes of reaction and catalyst deactivation were studied by
multiple techniques such as gas chromatography-mass spectrom-
etry (GC-MS), thermogravimetric analysis (TGA), hyperpolarized
(HP) '?°Xe NMR, confocal fluorescence microscopy (CFM), ultravi-
olet-visible spectroscopy (UV-vis), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), and 'H pulsed field gradi-
ent (PFG) nuclear magnetic resonance (NMR). Confocal fluores-
cence microscopy has been successfully applied to monitor coke
formation and distribution on individual crystals during the MTO
reaction, and the emergence of this technique has contributed
notably to the understanding of catalyst deactivation [15,36,37].
129%e NMR spectroscopy is a technique with particular use in prob-
ing the internal pore structure and different local chemical envi-
ronments of porous materials due to the high sensitivity of the
large electron cloud of xenon [38-40]. After hyperpolarization by
optical pumping, its sensitivity is be enhanced by 4-5 orders of
magnitude, which allows the highly sensitive detection of very
small numbers of adsorption sites in sample and the reduction of
acquisition time [40,41]. In addition, pulsed field gradient (PFG)
NMR, a very effective technique for the measurement of guest
molecular diffusion in confined nanoporous materials, has been
used to study the self-diffusion coefficients of molecules in
SAPO-34 catalysts [16,42-44]. Based on these techniques, we have
clarified how coke formation and distribution affect methanol
reaction and product generation by modifying the acidity and mass
transport of SAPO-34 catalysts in the MTO reaction.

2. Experimental
2.1. Catalyst synthesis

SAPO-34 was hydrothermally synthesized using the triethy-
lamine (NEt3) as an organic template. Pseudoboehmite
(67.5 wt%), phosphoric acid (85 wt%), and silica sol (30 wt%) were
used as aluminum, phosphorus, and silicon sources, respectively.
The initial gel ratio of SAPO-34 was 1.0 Al;05:1.0 P,05:0.4 SiO;:3
NEt5:80 H,0. Typically, the mixture of pseudoboehmite, phospho-
ric acid, silica sol, and deionized water was stirred for 1 h to form a
homogeneous aqueous solution and then triethylamine was added
into the aqueous solution. The resulting gel was transferred into a
stainless steel autoclave and crystallized at 473 K for 15 h. The
solid product was washed with deionized water and dried at
393K for 12 h. The catalyst for the MTO reaction was calcined at
873 K for 4 h to remove the template.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) pattern of the calcined
SAPO-34 catalyst was recorded on a PANalytical X'Pert PRO X-
ray diffractometer with CuKo radiation (A =1.5418 A) to deter-
mine the crystallinity and purity of SAPO-34. The morphology
of SAPO-34 crystals was obtained using a Hitachi SU8020 field
emission scanning electron microscope. The chemical composi-
tion of the synthesized SAPO-34 molecular sieve was determined
with a Philips Magix-601 X-ray fluorescence (XRF) spectrometer.
X-ray photoelectron spectroscopy (XPS) was performed on a
Thermo ESCALAB 250Xi using a monochromatic AlKo X-ray
source (1486.6eV, 15KkV, 10.8 mA). The surface atomic ratio
was determined from the peak areas of Si2p, Al2p, and P2p,
respectively.

Nitrogen adsorption-desorption was employed to determine
the BET surface area and micropore volume of fresh and spent cat-
alysts at 77 K (Micromeritics ASAP 2020). Fresh and spent catalysts
were pretreated from 298 to 673 K and 473 K under vacuum,
respectively.

2.3. Catalytic test

A MTO reaction was performed over SAPO-34 in a fixed-bed
quartz reactor under atmospheric pressure. Catalyst particles
(20-40 mesh) of 500 mg were loaded into the middle of the reac-
tor and supported by quartz wool. The ratio of the height of the
catalyst bed to the diameter of the reaction tube was 0.33. The cat-
alyst was activated at 773 K for 1 h in a flow of helium gas prior to
the reaction test. Then the temperature of the reactor was
adjusted to 673 K for the methanol reaction. Methanol was fed
by passing carrier gas through a saturation evaporator containing
methanol at 32.5°C, which gave a weight hourly space velocity
(WHSV) of 4.0 h~! and a He/methanol ratio of 3.1. A high gas flow
rate (83 mL/min) of carrier gas and a thin catalyst bed (0.5 cm) in a
reactor with large diameter (ca. 1.5 cm) used in the MTO reaction
ensured the uniformity of catalyst deactivation along the catalyst
bed for further catalyst characterization. The products were ana-
lyzed quantitatively using an online gas chromatograph (Agilent
GC 7890A) equipped with an FID detector and an HP-PLOT Q cap-
illary column. The reactions were performed under the same reac-
tion condition and stopped at time on stream of 5, 10, 18, 49, and
96 min. After quenching with liquid nitrogen to stop the reaction,
the spent catalyst particles taken from the whole catalyst bed
were mixed and used for coke analysis, acidity, and diffusion
measurements.
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2.4. Coke amount, identification, and location

The coke amount of spent SAPO-34 catalysts after reaction was
analyzed by thermogravimetric analysis (TGA) on a TA SDTQ600.
The catalysts were heated from 298 to 1073 K at 10 K/min under
an air flow of 100 mL/min. The chemical composition of coke spe-
cies trapped in SAPO-34 was determined based on an approach
described in the literature [33]. Spent catalysts (50 mg) were dis-
solved in a 20% HF solution; then the organic phase were extracted
using CH,Cl, solvent with internal standard C,Clg and analyzed by
GC-MS (Agilent 7890/MSD).

The spatial distribution of coke species deposited on SAPO-34
catalysts with various reaction times was studied by combining
HP '>°Xe NMR with confocal fluorescence microscopy. The HP
129%e NMR experiments were performed on a Varian Infinity-plus
400 spectrometer at the resonance frequency of 110.6 MHz. Prior
to NMR tests, the fresh and spent samples were dehydrated under
high vacuum for at least 12 h at 673 and 473 K, respectively.
Continuous-flow hyperpolarized ?°Xe gas (a 1% Xe-1% N,-98%
He mixture) was obtained in an optical pumping cell with a laser
in the experiments as depicted in the literature [38,40]. In the
NMR measurement, a constant flow of gas mixture was delivered
directly into the NMR tube at a rate of 150 mL/min. For each exper-
iment, the same amount of catalyst particles (20-40 mesh) was
loaded into the middle of the NMR tube and supported by quartz
wool (Scheme S1 in the Supplementary Material). Temperature-
dependent HP ?°Xe NMR spectra were obtained at 193, 233, and
293 K. Typically, one pulse sequence with a recycle delay of 2s
and 64 scans was used. Ultraviolet-visible (UV-vis) spectra of
spent catalysts were recorded on a VARIAN Cary-5000 UV-Vis-
NIR spectrophotometer equipped with an integration sphere in
the range of 200-800 nm. For each experiment, the same amount
of catalyst and the same test conditions were used. The fluores-
cence tests were conducted on an IX81 microscope (Olympus,
Japan) coupled with an EMCCD camera (DU-897U-CSO-#BV, Andor,
UK). The excitation wavelength was set to 700 nm, and emission in
the range 760-840 nm was collected.

2.5. Pulsed field gradient NMR

The intracrystalline diffusion coefficients of molecules in fresh
and spent catalysts were studied with 'H PFG NMR experiments,
which were carried out on a Bruker Avance Il 600 spectrometer
equipped with a Bruker diff50 diffusion probe and a maximum
magnetic field gradient strength of 1800 G/cm in the z-direction.
Considering the narrow eight-ring windows (3.8 x 3.8 A) of the
CHA topology, methane and ethene with small kinetic diameters
of ca. 3.8 and 3.9 A, respectively, were chosen for diffusion studies
in 'H PFG NMR [45]. The basic principle of PFG NMR is reported in
detail elsewhere [42,46]. To avoid the effects of internal magnetic
field gradients in the porous materials, a stimulated echo sequence
with bipolar-gradient (13-interval sequence, PGSTEBP) was
applied in all our experiments [47]. The spin-echo attenuation I
(2)/1(0) could be obtained by linearly increasing a series of gradient
strength g in 16 steps, while the gradient duration § and the diffu-
sion time A were kept constant. Self-diffusion coefficients of
adsorbed molecules can be obtained according to the Stejskal-Tan-
ner equation,

It&) = 10)exp |~ (rog"D(8 - 5) . 1)

where I(0) and I(g) are the signal amplitude using g = 0 and variable
g, respectively, 7 is the gyromagnetic ratio, § is the effective gradient
pulse duration, g is gradient strength, A is the diffusion time, and D
is the self-diffusion coefficient. Under these conditions, the back-

ground signals of the diffusion probe and hydrocarbon species
trapped in SAPO-34 were completely excluded due to their immo-
bility. Temperature-dependent experiments were performed at
298, 308, 318, and 328 K to obtain the apparent diffusion activation
energies, E,.

Prior to "H PFG NMR tests, approximately 300 mg of catalysts
was pretreated at 673 K for fresh and 473 K for spent catalysts
under vacuum to completely remove adsorbed water in pore space.
Subsequently, the samples were transferred into 5 mm NMR tubes
in a Ny glove box. Then the required adsorbate was introduced
quantitatively into the NMR tube on a homemade uptake appara-
tus, and the tubes were sealed off. All data were acquired under
equilibrium conditions. The loadings of adsorbed molecules are
calculated according to the ideal gas equation.

2.6. Diffuse reflectance infrared Fourier transform spectroscopy

The Brensted acidity of SAPO-34 catalysts with different reac-
tion times was studied by DRIFTS on a Bruker Vextex70 spectro-
scope equipped with a MCT detector. For each experiment, the
same amount of catalyst and the same test conditions were used.
Prior to characterization, fresh and spent catalysts were heated at
723 and 473 K respectively for 3 h in the diffuse reflectance infra-
red chamber with a ZnSe window under helium to remove
adsorbed water; then the DRIFT spectra were recorded by collect-

ing 16 scans at resolution 4 cm™'.

3. Results and discussion

3.1. Catalytic performance of methanol-to-olefins reaction over SAPO-
34

The catalytic performance of methanol conversion over SAPO-
34 with a crystal size of 7-10 um (Fig. S2) at 673 K is presented
in Fig. 1. Almost 100% methanol conversion over the SAPO-34 cat-
alyst at the beginning of the reaction (0-18 min) indicated a stage
of complete conversion of methanol in which the reactant passed
through the whole catalyst bed. After this efficient reaction period,
the decline of methanol conversion from 99.8% to 56% corresponds
to obvious penetration of the reactant, which cannot be completely
converted over the deactivated catalyst bed. After reaction for
96 min, most of the catalyst particles were seriously deactivated
and methanol conversion was lower than 20%. Typically, ethene,
propene, and higher olefins were produced as the main products,
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Fig. 1. Methanol conversion and product selectivity over SAPO-34 during the MTO
reaction at 673 K.
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and light alkanes, such as methane, ethane, and propane, are also
generated. Among all the products, propene exhibited the highest
yield among the gaseous products.

3.2. Evolution of the confined organic species over SAPO-34

3.2.1. The amount and chemical composition of coke species trapped
inside catalysts

The amounts of coke formed on SAPO-34 catalyst after metha-
nol reaction for various reaction times were quantified by TGA
experiments. As shown in Fig. 2, initial reaction with complete
methanol conversion for the beginning 5 min generated only a
small amount of coke (coke amount 2.5 wt%). After reaction for
18 min, a significant enhancement of coke deposition occurred
and the coke amount attained to 8.1 wt%; at the same time, a slight
decrease was observed in methanol conversion. Further prolonging
the reaction time to 49 min gave rise to coke growth in the catalyst
and a decrease in methanol conversion. After reaction for 96 min,
the catalyst was severely deactivated and the coke amount
attained 15.8 wt%. These results clearly show that the decrease in
the conversion rate becomes remarkable when the coke amount
is more than 8.1 wt%; however, it is almost not affected by cata-
lysts with small coke amounts.

A detailed study indicated that the coke species (Fig. S3) and
their proportions (Fig. 2) in SAPO-34 catalyst vary with reaction
time. The aromatic compounds are the main components of coke
species retained on the catalysts. At 5 min, methylbenzenes (89%)
were more predominantly formed on the catalyst than other
organic components, in particular tetramethylbenzene, and a small
amount of methylnaphthalenes (11%) also formed simultaneously
(Fig. 2). It has been reported that methylbenzenes and methyl-
naphthalenes can act as hydrocarbon pool species and the latter
has lower activity in SAPO-34 [23]. After reaction for 10 min,
phenanthrene and pyrene were also detected at very low intensity.
Furthermore, the proportions of bicyclic aromatics (methylnaph-
thalenes) and polycyclic aromatics (phenanthrene and pyrene)
continued to increase with increased coke amount, especially
methylnaphthalene hydrocarbons. The proportion of retained
hydrocarbons shifted from 65% monocyclic, 34% bicyclic, and 1%
polycyclic arenes after 18 min on stream to 35% monocyclic, 60%
bicyclic, and 5% polycyclic arenes after 96 min on stream. Combin-
ing the coke composition with the coke amount, it could be
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Fig. 2. Coke amounts of the spent SAPO-34 catalysts and the relative distribution of
coke components of methylbenzenes, methylnaphthalenes, phenanthrene, and
pyrene after reaction for different times.

concluded that the formation and accumulation of more con-
densed aromatics are responsible for the increased coke amount
in catalysts with TOS and the reduction of MTO activity.

3.2.2. Spatial distribution of coke species trapped inside catalysts

Fig. 3 displays the relationship between textural properties
(micropore volume and BET surface area) of catalysts and coke
amount with the aid of N, adsorption-desorption measurements.
Obviously, the variation of surface area and micropore volume
showed the same trend with increasing coke amount. From 0 to
10 min, although the coke amount increased from 0 to 7.4 wt%,
which is nearly half of the total coke increment during the whole
reaction, the loss of surface area or micropore volume was only
12%, and high activity of the catalyst was retained during this reac-
tion period. During this period, the formation of methylbenzenes
and methylnaphthalenes, which were regarded as active interme-
diates, may slightly affect the intracrystalline mass transport and a
large number of cages of crystal were still accessible for reactants.
A sharp reduction in micropore volume and BET surface area of cat-
alysts was observed at reaction times from 10 to 18 min, in which
the catalyst went through a very slight increase in coke amount
(from 7.4 to 8.1 wt%), indicating that very small incremental for-
mation of organics leads to enhanced pore blockage during this
short period. This change in textural properties could be related
not only to the coke amount but also to the spatial distribution
of coke species. For deactivated catalyst at 49 min, the micropore
volume and BET surface area of the catalyst represent approxi-
mately 10% of the total micropore volume and BET surface area,
respectively. This indicates that the accessible cages, which can
be detected with nitrogen adsorption-desorption measurements,
are greatly reduced by coke formation and accumulation. There-
fore, coke formation and distribution on the catalyst strongly affect
its porosity.

To obtain detailed insight into the coke distribution at the
microscopic level, the temperature-variation HP !2°Xe NMR
approach was followed to probe the heterogeneity of the porosity
in the SAPO-34 catalysts with coke deposition during the MTO
reaction. '>°Xe NMR spectroscopy proved to be a valuable tool
for probing the internal channels or external surfaces of coked zeo-
lites [48]. As shown in Fig. 4, the NMR peak at around O ppm rep-
resents xenon in the gaseous phase. The broad peak at higher
chemical shift corresponds to adsorbed xenon in CHA nanocages
of SAPO-34. When temperature decreased from 293 to 193 K, the
chemical shift of adsorbed xenon increased with lower tempera-
ture and its peak width broadened, resulting from strong Xe-Xe
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Fig. 3. The micropore volume and BET surface area of SAPO-34 catalysts as
functions of coke amount.



310 S. Gao et al./Journal of Catalysis 367 (2018) 306-314

293K 233K 193K

84
49minx1o.~b~»‘ x1o-<\.. ‘ X10 o, ‘
18min q l ,. I ‘

Oomin

300 200 100 0 300 200 100 0 300 200 100 O
ppm ppm ppm

Fig. 4. Temperature-dependent HP '2°Xe NMR spectra of xenon adsorbed in fresh
and spent SAPO-34 catalysts after MTO reaction at 673 K for various reaction times.

interaction [38,39]. The chemical shifts of xenon adsorbed in CHA
nanocages of spent catalysts remain unchanged compared to those
for fresh catalysts at the same temperature, and the intensities of
these signals decreased obviously after reaction for a longer time.
Thus the signal of adsorbed Xe does not come from coke-
containing cages but from empty cages. This reveals that the distri-
bution of coke is not uniform and some CHA cages in the crystal
remain unoccupied during the reaction. As shown in Fig. S4, the
variation of the relative intensity of adsorbed Xe at 293 K with
the coke amount in SAPO-34 catalysts does not follow a linear rela-
tionship. Especially for the catalysts at 10 and 18 min, the coke
amount only increased from 7.4 to 8.1 wt%; however, the relative
intensity of the adsorbed Xe signal decreased fastest. This implies
that coke formation during this period will greatly affect the
adsorption performance of the catalyst, which leads to a sharp
reduction in the accessibility of CHA nanocages. Based on TGA,
GC-MS, and N, adsorption-desorption results, it is reasonable to
speculate that the formation and accumulation of coke species in
the cavities in the outer layer of the crystal induce a rapid decrease
in the intensity of adsorbed xenon from 10 to 18 min and prevent
xenon from entering the internal cavities. It is worth noting that
the peak of adsorbed Xe was almost invisible at a reaction time
of 49 min, indicating that the path of mass transport of xenon
was severely obstructed by the coke formation. The cavities in
the core of the crystal cannot be probed by xenon atoms in the
deactivated catalyst after reaction for 49 min.

To further verify the aforementioned inferences, the confocal
fluorescence imaging technique was applied to investigate the spa-
tial distribution of fluorescent species, which has contributed to
the direct observation of coke’s location on large crystals
[15,36,37]. Weckhuysen and co-workers investigated the absorp-
tion and fluorescence properties of coke species in H-ZSM-5 and
H-SAPO-34 and then used fluorescence microscopy to monitor
the in situ formation of coke during the MTO process [15,36]. It
has been revealed that coke species in SAPO-34 crystals could exhi-
bit fluorescence at A =510-550 and 565-635 nm in the visible-
light region using different laser lights (A =488 and 561 nm)
[15,36]. The UV-vis spectra of spent catalysts reveal a pronounced
band at 400 nm, which is ascribed to the charged highly methy-
lated benzene species at this moment (Fig. S5) [15]. Two broad
absorbance peaks around 470 and 630 nm appeared at prolonged
reaction time, which can be ascribed to bulky aromatics, such as
charged methylated naphthalene species and polyaromatics

[19,49,50]. The UV-vis absorption band at higher wavelengths
can be rationalized by the formation of bulky organic species
[15,36,50]. These organics are also detected in GC-MS
chromatograms.

In the present work, since fresh catalyst did not fluoresce with
excitation by 700nm light in the analysis of fluorescence
microphotographs, the background fluorescence signal from the
SAPO-34 crystal could be excluded (Fig. 5b). The coke species
within SAPO-34 also exhibited near-infrared (NIR) fluorescence
(A =760-840 nm), which was then applied as a signal to study
the bulky coke formation (Fig. 5). Therefore, fluorescence emis-
sions were collected in the range 760-840 nm, which was excited
by 700 nm light to detect polycyclic aromatic hydrocarbons. As
shown in Fig. 5a, with the proceeding of the reaction and coke
deposition, the crystals changed from colorless to yellow and
became dark yellow after 49 min on stream in bright field images.
Fig. 5b shows the fluorescence images of SAPO-34 crystals as a
function of time on stream, in which the bright region represents
the presence of fluorescent species. For the catalyst after reaction
for 5 min, few fluorescent species were detected. When the reac-
tion time was prolonged, the fluorescence presented at the edges
and the diagonal of the crystal, as shown in Fig. 5b. The occurrence
of fluorescence at the margin of the crystal originates from the con-
tact and conversion of the reactant. The obvious crosslike feature
fluorescence in the core of the crystal is mainly attributed to the
heterogeneity of the internal structure of the crystal [51]. The com-
plex intergrowth structure of the crystal may strongly affect the
intracrystalline mass transport and cause preferential reaction
and coke deposition at the interfaces of subunits with crosslike fea-
ture fluorescence; therefore, the cavities in the pyramid-shaped
region of SAPO-34 crystals are less accessible for reactants
[52,53]. After reaction for 18 min, a broadened fluorescent region
was observed in the edges and cores of crystals. Based on the
GC-MS and '?°Xe NMR analysis of the deactivated catalysts, it is
reasonable to assume that the larger conjugated aromatic species,
which deactivate SAPO-34 catalysts, are responsible for the
observed fluorescence on the crystals.

This nonuniform spatial distribution of fluorescent coke species
in the individual crystal correlates closely with the variation of the
intracrystalline mass transport properties during the catalytic
reaction. During the early reaction period, a small amount of coke
precursor readily formed at the outer layer of the crystal and
caused less intracrystalline diffusion limitation for reactants.
Meanwhile, the spatial distribution of these fluorescent organic
species presented crosslike pattern in the center of crystal along
the interfaces of subunits. With the progress of methanol conver-
sion, reactants moved forward into the core of the crystal and
heavier coke compounds formed within the cavities due to sec-
ondary reaction. Thus, fluorescent region gradually expanded into
square-shaped in the core of crystal. Simultaneously, fluorescent
species located at the outer layer of the crystal became more dom-
inant, arising from the accumulation of the majority of bulky coke
species. Finally, the coke accumulation and complete pore blockage
at the outer layer of the crystal prevented methanol from diffusing
into the interior of the crystal, resulting in rapid catalyst deactiva-
tion with a yolk-shell-like spatial distribution of coke. This is also
consistent with the results of HP 12°Xe NMR spectroscopy or nitro-
gen adsorption-desorption measurement, in which xenon or N,
adsorption decreased obviously at 49 min. SAPO-34 catalyst deac-
tivation by cutting off the reactant at the outer layer of the crystal
also was observed in previous studies of the MTO process [15,36].
On the other hand, it has been reported that a nonuniform distribu-
tion of Si exists in SAPO molecular sieves and Si content increases
from the core to the surface of crystals, resulting in higher acid
density or strength at the outer layers of the crystals [54,55].
According to the results of XPS and XRF (Table S1), the Si content
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Fig. 5. Bright field images (a)
from the interior of the crystal.

of the external surface, determined by XPS, is higher than that in
the bulk, determined by XRF. Therefore, the Si enrichment phe-
nomenon is also observed on the surfaces of SAPO-34 crystals used
in this work, which indicates that Brgnsted acid sites are enriched
on the external surfaces of crystals. Thus, the preferential location
of coke species on the external surface also probably benefits from
Si enrichment on the surfaces of crystals. On the basis of this anal-
ysis, it can be concluded that the heterogeneity of Bronsted acidity
and the intracrystalline mass transport limitation eventually lead
to a nonuniform spatial distribution of coke species within SAPO-
34 catalyst. The formation and location of bulky organic species
have a strong impact on the reaction via the indirect pathway
mediated by the trapped organics and also strongly influence the
mass transfer of reactants and products in the catalyst, which are
of great significance for the proceeding of MTO [5,12,56].

3.3. The effect of coke species trapped inside SAPO-34 catalysts on
acidic properties and mass transport

3.3.1. Acidic properties

Coke species located in the SAPO-34 catalyst, especially in the
shell layers of the crystals, may reduce the accessibility of inner
acidic sites due to strong intracrystalline diffusion limitations. In
the present work, DRIFTS was used for the quantitative detection
of unoccupied acidic sites of coked catalysts. The DRIFT spectra
of all the spent catalysts after methanol conversion over SAPO-34
at 673 K present the stretching variation of the absorbance of
hydroxyl groups and retained organics (Fig. S6). Two bands at
around 3618 and 3596 cm™! are assigned to two distinct families
of bridging hydroxyl groups (Brensted acid sites) [57,58]. The IR
bands at 1564, 1510, and 1460 cm™! are ascribed to the stretching
vibrations of the C—C bonds of aromatics. The bands at 2956, 2930,
and 2872 cm™! represent the stretching vibration of the C—H bond,
which show the formation of alkyl groups on aromatics [59,60].
Clearly, the bands related to aromatics showed enhanced intensity
with reaction time. Due to interactions between hydroxyl groups
and organics trapped within cavities, a sustained formation and
accumulation of coke species caused the coverage of acidic sites
and resulted in a pronounced reduction in the relative intensity
of Brensted acid sites with absorbance at both 3618 and
3596 cm~! in the stage of 0-49 min (Fig. 6). More than 65% of
bridge hydroxyl groups were still detected over the catalyst after
reaction for 96 min. Combined with the result of nonuniform dis-
tribution of coke formed on crystals, this result could be explained
by the fact that the growth of coke species toward larger polyaro-
matics became significant at the outer layer of the catalyst and the

%%QP%‘@ %’ C’doﬁ
szmL.’ o
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& o, P oo ==

) and confocal fluorescence microscopy images (b) of SAPO-34 crystals after MTO conversion at 673 K for various reaction times. Fluorescence
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Fig. 6. The changes in relative intensity of Brensted acid sites in spent catalysts
with coke amount. The intensity of the bands of fresh SAPO-34 catalyst at 3618 and
3596 cm™! was set as 1.00.

acidic sites located in the centers of crystals were difficult for the
reactants to contact due to strong diffusion limitation. Hence, this
result also implies that the catalyst deactivation mainly derives
from the blockage of mass transfer paths at the shell layers of
SAPO-34 crystals.

To verify this view, the fully deactivated SAPO-34 catalyst after
reaction for 96 min was ground into smaller crystal particles in a
mortar to expose the internal acidic sites in the catalyst. XRD pat-
terns and SEM images of unbroken catalyst (sample A) and broken
catalyst (sample B) are shown in Figs. S7 and S8, respectively. The
ground sample still maintained the CHA topological structure,
although the grain size of the sample was reduced. A comparative
study of the MTO reaction was performed to evaluate the catalytic
performance of fresh, unbroken, and broken catalysts under the
same reaction conditions. As shown in Fig. S9, among the three cat-
alysts, methanol can be completely converted over fresh SAPO-34,
while methanol conversion over sample A (deactivated and unbro-
ken catalyst) was only 11.7%. A relatively high methanol conver-
sion (87%) was exhibited in the methanol reaction over sample B,
the deactivated and broken SAPO-34 catalyst. These results con-
firmed that in the interior of the deactivated SAPO-34 catalyst, a
large number of acidic sites were inaccessible for the reaction of
methanol. The bulky coke species located at the outer layer of
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the crystal led to a stronger limitation of reactant diffusion into the
internal cavities of the catalyst. This finding of the accessible cavity
reduction with coke formation is in agreement with the observa-
tions by HP '?°Xe NMR and confocal fluorescence spectroscopy.

3.3.2. The diffusion performance of the SAPO-34 catalyst during the
methanol-to-olefins reaction

Detailed studies of the formation and distribution of coke as
well as of acidic properties have shown that bulky coke species for-
mation in the cavities of SAPO-34 reduced molecular mobility in
the catalyst during the MTO reaction. Hence, in this section, a pow-
erful technique, '"H PFG NMR spectroscopy, was employed to eval-
uate the quantitative variation of mass transport in SAPO-34 with
coke deposition from the microscopic perspective, using methane
and ethene as probe molecules. A 7-10 um SAPO-34 crystal
(Fig. S2) was used in the PFG NMR experiment in the present study.
The square roots of the mean squared displacement for methane
and ethene are smaller than the crystal size, using a diffusion time
of 15-20 ms and PFG NMR diffusion coefficients in the order of
107! and 107!2 m?/s for methane and ethene, respectively, based
on the Einstein equation [61],

6Dt = (%), (2)

where D is the self-diffusion coefficient, t is the diffusion time, and
(r?) is the mean squared displacement.

Fig. S10 shows the decay of spin-echo attenuation of 'H PFG
NMR for methane and ethene in SAPO-34 catalyst recorded at
298 K with increasing the gradient strength. Self-diffusion coeffi-
cients were determined by fitting the PFG NMR data with Eq. (1).
Initially, at the reaction stage of 0-18 min, in which the catalyst
possessed high reactivity with complete methanol conversion, a
decrease of the diffusion coefficient was exhibited for methane in
the SAPO-34 catalyst with a loading of 0.5 molecules per cage at
298 K, as shown in Fig. 7a. During this period, the formation of
methylbenzenes and methylnaphthalenes in the catalyst gave rise
to a decline of the diffusion coefficient, from 4.11 x 10~"" m?[s for
fresh catalyst to 3.53 x 10~ m?/s at a TOS of 10 min and further
to 2.71 x 107" m?/s at a TOS of 18 min. When the reaction was
prolonged to 49 min, the diffusion coefficient of methane declined
to 3.08 x 1072 m?/s in the deactivated catalyst with a coke
amount of 13.9 wt%. When the reaction time was further pro-
longed, the diffusion coefficient of methane was found to decrease
slowly to 1.92 x 107!2 m?[s at 96 min. This trend in methane diffu-
sivity could be attributed to pore modification and cavity occupa-
tion by the formation and accumulation of aromatic species inside
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SAPO-34. A very low self-diffusion coefficient at 49 min could be
ascribed to severe pore modification with bulky coke species; com-
paratively, the reduction in diffusivity during the stage of 49-
96 min was less remarkable with the slowdown of coke deposition.
A similar evolution was also seen for detectable micropore volume
and BET surface area of the catalyst in nitrogen adsorption-desorp-
tion measurements. Cavity occupation and channel blockage by
coke species directly lead to mass transport reduction. Similarly,
ethene, as one of the most important products, was also used to
probe the diffusivity in the MTO reaction. The intracrystalline dif-
fusion coefficient of ethene, with a larger diameter than that of
methane, showed lower diffusivity than that of methane in the
coked catalyst at a loading of 0.5 molecules per CHA cage
(Fig. 7a). Especially, it is found that ethene exhibited a sharper
reduction in the diffusion coefficient than methane from 0 to
5min on stream. The lower ethene diffusivity could also be
rationalized by its greater molecular size, and the SAPO-34 catalyst
with eight-membered ring windows and cavity structure imposes
a stronger diffusion limitation effect on ethene than on methane in
a confined environment. The self-diffusion coefficient of ethene
decreased significantly after reaction for 18 min and the diffusion
was too slow to measure reliably at reaction times of 49 and
96 min. During this procedure, stronger diffusion limitation also
occurred for hydrocarbon products generation, corresponding to
the gradual variation of the product distribution and the deactiva-
tion of the catalyst.

The apparent intracrystalline diffusion activation energies (E,)
of adsorbate (CH4 and C,Hy4) (Fig. 7b) in the fresh and spent cata-
lysts were calculated on the basis of the Arrhenius law:

D = Doexp(—Eq/RT). (3)

The Arrhenius plots of adsorbed molecules recorded in the tem-
perature range 298-328 K are presented in Fig. S11. As indicated in
Fig. 7b, the apparent intracrystalline diffusion activation energies
of methane in spent catalysts increased slightly from reaction
times of 5-18 min, and attained a high value at 49 min on stream,
representing strong intracrystalline diffusion limitation with coke
formation in the catalyst and corresponding well to the variation
of the diffusion coefficient of methane. The apparent diffusion acti-
vation energies of ethene with TOS also increased with coke forma-
tion on the catalyst. Therefore, coke formation and deposition are
the main cause for intracrystalline diffusion limitation by modify-
ing pores or cavities during the MTO reaction over SAPO-34. In a
heavily deactivated catalyst, pore blockage and cavity occupation
become significant and mass transport of reactants and products
is strongly restricted.
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Fig. 7. The variation in intracrystalline self-diffusion coefficients of CH, and C,H,4 at 298 K (a) and diffusion activation energies determined in the temperature range
298-328 K (b) in fresh and spent SAPO-34 as a function of coke amount. A loading of 0.5 molecules per cage is used.
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4. Conclusions

In the present work, the complete course of methanol reaction
and deactivation over SAPO-34 with a crystal size of 7-10 um
has been studied. The nature and the spatial location of confined
coke species and the variation of mass transport and accessible
active sites with coke deposition in SAPO-34 catalysts shed more
light on the complicated deactivation mode of methanol conver-
sion over cavity-type and eight-membered-ring SAPO catalysts.

The evolution of confined organics in SAPO-34 during methanol
conversion, from methylbenzenes and methylnaphthalenes at the
beginning of the reaction to polyaromatics such as phenanthrene
and pyrene during deactivation, corresponds to the process of
MTO reaction and deactivation. The decrease in micropore volume
probed by nitrogen adsorption--desorption or xenon adsorption
measured by HP ?°Xe NMR results from the occupation of CHA
cavities by coke species. A nonuniform spatial distribution of the
fluorescent organic species in SAPO-34 crystals was presented by
CFM with a yolk-shell-like feature. The occupation of the cavities
in the shell layers of the crystals causes a great reduction in mass
transport of reactant and products, characteristic of the decreased
self-diffusion coefficient and the increased diffusion activation
energy, which are evaluated by PFG NMR measurement using
methane and ethene as probe molecules. With the formation and
accumulation of bulky coke species in the shell layers of the crys-
tals, the acidic sites in the inner parts of the catalyst crystals would
be shielded and become inaccessible for the reactant methanol.
The evolution of initially formed confined organics to coke species,
the nonuniform coke formation in SAPO-34 crystals, and the
reduced molecular diffusion behavior and accessible acidic sites
caused by the spatial heterogeneity of coke formation in the
SAPO-34-catalyzed MTO reaction all lead to the deactivation of
the MTO reaction in cavity-type SAPO catalysts with narrow pore
openings.
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