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1 | INTRODUCTION

Hua Li? |

Abstract

In industrial zeolite catalysis, high-temperature (>650°C) air combustion is commonly
used to restore the activity of catalysts deactivated by coke deposition. Herein, we
propose a low-temperature (440-500°C) air regeneration strategy that harnesses
spatially restructured coke in SAPO-34 catalysts for enhanced performance in the
methanol-to-olefins reaction. The resulting “tight-outside, loose-inside” coke distri-
bution expands accessible reaction volumes, improves product transport, and
enhances exposure of confined naphthalene species, key intermediates for ethylene
formation. Compared to conventional high-temperature air regeneration that sub-
stantially removes coke, the proposed strategy repurposes it as a functional pro-
moter, enabling prolonged catalyst lifetime and markedly improved ethylene
selectivity. The practical viability of this strategy was further confirmed by pilot-scale
fluidized bed reactor-regenerator experiments and process simulations in terms of
both catalyst stability and thermal utilization efficiency. This work reveals an alterna-
tive approach to enhance shape-selective zeolite catalysis via rationally modulating

coke by controlling the regeneration strategy.

KEYWORDS
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common regeneration practice is air combustion of the deposited

coke in order to recover zeolite catalyst activity and maintain continu-

Zeolite catalysts, owing to their distinctive structures, favorable
micro-environment, and excellent shape selectivity, have been widely
used in industrial processes that convert oil- and/or coal-based feed-
stocks into a variety of fuels and chemicals.!® One of the big chal-
lenges in zeolite-catalyzed industrial processes, including fluid
catalytic cracking (FCC), methanol-to-olefins (MTO), and others, is the
rapid deactivation of catalysts due to the deposition of coke species,
that is, heavy aromatic molecules, in zeolites.*® The coke species
would cover the active sites or block the nanopores within zeolite

crystals, significantly reducing catalytic activity and product yield. A

ous industrial operation.”~** Normally, catalyst regeneration in industrial
processes is carried out at a temperature higher than 650°C to enhance
the combustion rate and promote regeneration capability.”*?> However,
the presence of zeolite catalysts in a high-temperature steam environ-
ment inevitably induces irreversible hydrolysis of Si-O-Al bonds, result-
ing in partial framework collapse and structural degradation.’®*> Air
combustion of coke deposited in zeolites at such high temperatures
compromises hydrothermal stability and thus shortens the lifespan of
zeolite catalysts as the flue gas is essentially steam-containing.*6-1®

Developing an effective regeneration strategy which can alleviate the
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hydrothermal stress and at the same time maintain comparable efficacy
in removing coke species and restoring catalyst activity is of practical
importance for zeolite catalysis such as MTO.

It is widely accepted that the MTO reaction operates via a
dynamic autocatalytic hydrocarbon pool (HCP) mechanism, wherein
active intermediates such as polymethylbenzenes and the correspond-
ing carbenium ions orchestrate a multi-cycle network for efficient ole-
fins generation.>?2° The coke species, typically polyaromatics, are
formed in MTO as a result of gradual transformation of HCP species.
Essentially, coke not only causes catalyst deactivation but also
imposes  shape-selective constraints that modulate product
selectivity.?*™2* This dual role of coke, as both a deactivating agent
and a selectivity mediator, has stimulated industrial practices such as
pre-coking and controlled incomplete regeneration to maintain opti-
mal coke levels for maximizing light olefins yields.2>~2 Removing coke
deposited in spent catalyst in the aforementioned practices, however,
still relies on high-temperature air combustion. A recently emerging
steam cracking technique, which converts inactive species to active
naphthalene intermediates in molecular sieves, can simultaneously
enhance ethylene selectivity and produce valuable flue gas compo-
nents, highlighting its potential to replace conventional air regenera-
tion methods. A constraint for this technique, however, is that the
steam cracking of coke species takes place at an even higher tempera-
ture (650-700°C) in the presence of a large fraction of steam.

In this work, we, for the first time, propose a low-temperature
regeneration strategy based on air combustion at a temperature of
440-500°C for MTO over an industrially significant SAPO-34 zeolite
catalyst. This proposal builds our understanding of the mechanistic
intricacies of the MTO process and the multifaceted role of coke in
catalysis. Importantly, we found that the moderated decoking kinetics
at low temperature enable the formation of a more favorable coke dis-
tribution within the zeolite crystals, which in turn facilitates methanol
conversion and promotes the diffusion of light olefin products. In addi-
tion to the expected enhancement of hydrothermal stability in the
industrial MTO process, this strategy also leads to a notable elevation
of ethylene selectivity and catalyst lifespan, while effectively restoring
catalytic activity. The practical viability of this strategy was confirmed
by pilot-scale fluidized bed reactor-regenerator experiments and pro-
cess simulations in terms of both catalyst stability and thermal utiliza-
tion efficiency. Crucially, the proposed low-temperature regeneration
technique might mitigate the limitations of current high-temperature air
regeneration in precisely controlling combustion temperature and coke
content distribution within the regenerator, thereby holding significant

potential for enhancing the MTO process.”'1?

2 | METHODS SECTION

21 | Catalysts and their structural
characterizations

The catalyst particles used in the microfluidized bed reactor primarily

comprise SAPO-34 molecular sieve as the active component, along
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with adhesives and other dispersed components within the matrix,
which were procured from Catalyst & Catalysis Technology Co. Ltd.
of Chinese Academy of Sciences (CAS). The SAPO-34 molecular sieve
crystals with an average particle size of 6 um used for structured illu-
mination microscopy (SIM) were purchased from Tianjin Yuanli Chem-
ical Co., Ltd. Phase structural information and the microscopic
morphology of these catalysts were characterized using PANalytical
X'Pert PRO x-ray X-ray diffraction (XRD) and scanning electron micro-
scope (SEM, Hitachi SU8020), as depicted in Figures S1 and S2. The
Brunauer-Emmett-Telle (BET) surface area and micropore volume of
all catalysts (including fresh, deactivated, and partially regenerated)
were measured through nitrogen physical adsorption-desorption
experiments at 77 K using a Micromeritics ASAP 2020 analyzer.

2.2 | Catalytic reaction and air regeneration
treatment

In this experiment, the preparation of deactivated catalysts and
the evaluation of regenerated catalysts for the MTO reaction were
performed in a microfluidized bed reactor with an inner diameter
of 19 mm. Prior to the reaction, the selected catalyst particles,
ranging from 80 to 120 mesh in size, were pre-treated in a muffle
furnace at 600°C for 6 h to remove the organic template for
unblocking the pores. Subsequently, 3.0 g catalysts were intro-
duced into the microfluidized bed, and at 470°C under atmo-
spheric conditions, the reaction mixture of methanol and water
(in a 4:1 mass ratio) was pumped into the tube at a weight hour
space velocity (WHSV) of 2 guveon gcar + h™1. Fresh catalysts
were activated at 500°C for 30 min under a nitrogen atmosphere
before coming into contact with methanol, following which they
are then cooled to the desired temperature for the MTO reaction.
When the methanol conversion drops below 80%, the catalyst is
considered inactive.

The deactivated catalysts were introduced into either a microflui-
dized bed reactor or a fixed bed reactor with a 4 mm inner diameter,
and heated under a nitrogen atmosphere to target temperatures of
440, 470, 500, and 600°C. Subsequently, air was introduced for vary-
ing reaction durations, at an air weight hourly space velocity (WHSV)
of approximately 2 h~! for the fluidized bed and 4 h~* for the fixed
bed. The distribution of gaseous effluent products was calculated on a
CH2 basis, using methanol and DME as reactants, by using an online
Agilent 7890 gas chromatography with a PLOT-Q capillary column
and flame ionization detector.

2.3 | Identification of types and quantification of
carbonaceous deposits

The overall coke content of deactivated and partially regenerated cat-
alysts was measured using a thermogravimetric analyzer (TGA) per-
formed on a TA SDTQ 600 analyzer: 10 mg of the sample was loaded
into an alumina crucible and heated from room temperature to 900°C
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Lin an airflow of 100 mL min~1. The weight

at a rate of 10°C min~
loss within the 300-900°C range as a percentage of the net catalyst
weight was calculated as the coke content.

The chemical composition of carbonaceous deposits within
molecular sieve cages and those extending across cages was analyzed
through gas chromatography-mass spectrometry (GC-MS, Agilent
7890A/5975C) and matrix-assisted laser desorption ionization
Fourier-transform ion cyclotron resonance (MALDI FT-ICR) MS,
respectively. Initially, 20 mg of coked and regenerated catalysts
was dissolved in 1 mL of 10% hydrogen fluoride (HF) to dissolve
the framework and release carbonaceous species. Subsequently,
extraction was conducted using dichloromethane containing
100 ppm of hexachloroethane as an internal standard, and the
lower organic phase was separated through liquid-liquid extrac-
tion. These extraction phases were introduced into a GC-MS fitted
with an HP-5 column and a flame ionization detector (FID) detec-
tor, and the species composition was ultimately identified by
matching against the National Institute of Standards and Technol-
ogy (NIST) database. MALDI FTICR MS can provide carbonaceous
species with molecular weights ranging from 150 to 2000 Da,
complementing the limited information provided by GC-MS. The
extracted organic phase was blended with a 1,8,9-anthracenetriol
(dithranol) matrix, and then 1 uL of this mixture was applied to the
sample holder for drying, and was introduced into the ion source
of the mass spectrometer for analysis. The 15-T FT-ICR MS
(Bruker Daltonics, Bremen, Germany) is equipped with an Nd:YAG
laser emitting a 355 nm laser to ionize molecules, and employs a
reflection-mode time-of-flight mass analyzer to record the MS
signals.

The quantitative analysis of coke species, including oxygen-
containing species grown within cages was determined by the internal
standard method. Toluene, phenanthrene, and 1H-Phenalen-1-one
(PO) were chosen as model compounds to represent light carbona-
ceous deposition. A series of standard solutions containing different
concentrations of model compounds with a 100 ppm internal stan-
dard were prepared and analyzed via GC-MS to determine the mass
correction factors for the FID signal integration area of these spe-
cies.?? The resulting standard curve is depicted in Figure $34, with the
horizontal axis showing the area ratio of the test species to the inter-
nal standard (A;/Astq), and the vertical axis indicating the concentration
of the test species. The mass of larger heavy carbonaceous deposits
grown spanning multiple cages is determined by subtracting the mass
of light deposits within the individual cages from the total coke con-
tent measured by TGA.

The evolution of chemical bond information for coke species in
deactivated catalysts under an air atmosphere was recorded using
in situ diffuse reflectance infrared Fourier-transform (DRIFT) spectros-
copy on a Bruker Tensor 27 device, which was equipped with a dif-
fuse reflector and mercury cadmium telluride (MCT) detector. SAPO-
34 molecular sieve crystals, containing varying levels of coke after
being regenerated at different temperatures, were subjected to
Raman spectroscopy using a 405 nm excitation source to monitor

changes in Raman signals at the crystal scale. A 100x long working

distance objective lens (Olympus, 0.5 NA) was employed to focus on
the sample surface, while ensuring that the laser power remained
below 2 mW to preserve the integrity of the molecular sieve samples.
Spectral acquisition on the molecular sieve crystals occurred at a fre-
quency of approximately 6 s, covering a wavelength range of 50-
2500 cm™ 2.

24 | Isotope labeling experiment of *3C-methanol

The regenerated catalysts, still containing a specific amount of coke,
were placed in a fixed bed reaction tube with an inner diameter of
4 mm and activated for 30 min under a nitrogen atmosphere at
500°C. Subsequently, the temperature was reduced to 470°C, and
13C labeled methanol, with a WHSV of 2 gueon 8car T h™%, was
introduced into the reaction tube via nitrogen carrier gas at a specific
flow rate. The reaction was sustained for durations of 30s and
10 min. Immediately upon completion of the reaction, the *°C-
methanol feed was discontinued, and the catalysts were quenched
with liquid nitrogen. Finally, the isotopic distribution of coke species
within the catalyst was analyzed using the mentioned dissolution-

extraction method.

2.5 | Structured illumination microscopy

SIM is capable of acquiring super-resolution images depicting the
spatiotemporal distribution of coke species with varying concen-
trations following air regeneration. Super-resolution imaging was
conducted with the Nikon N-SIM super-resolution microscope sys-
tem, which includes an electric inverted microscope ECLIPSE
Ti2-E, a 100x/NA 1.49 oil-immersed total internal reflection fluo-
rescence (TIRF) objective (CFlI HP), and an ORCA Flash 4.0s
CMOS camera (Hamamatsu Photonics K.K.). Imaging was carried
out with multi-laser sources at 405, 488, 561, and 640 nm, with
excitation emissions captured by four photomultiplier tubes within
the ranges of 435-485, 500-545, 570-640, and 663-738 nm,
respectively. The acquired images were analyzed with NIS Ele-
ments Ar and N-SIM Analysis software, and super-resolution

images were reconstructed through computational processes.

2.6 | Intelligent gravimetric analyzer

The uptake isotherms of methanol and propane were determined on a
high-precision intelligent gravimetric analyzer (IGA) (IGA100, Hiden
Isochema Ltd., Warrington, UK). Prior to sorption measurements,
approximately 20 mg of samples were loaded into the micro-
balance bucket and outgassed at 300°C under a vacuum of less than
107® mbar for over 4 h. The sample temperature was regulated to
within 0.1°C by a furnace. Once the sample quality stabilizes, the pre-
treatment is considered complete. To facilitate thorough contact

between the gas in the system and the catalyst sample, a mesh sample
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cell is chosen. Adjust the reaction system temperature to the target
levels of 25°C for methanol and 30°C for propane. Conduct gas adsorp-
tion experiments under the specified pressures of 0.6 mbar for metha-
nol and 5 mbar for propane. Record the catalyst's mass change over
time until it stabilizes, indicating system equilibrium, before advancing
to the next step. It is essential to eliminate the effects of external diffu-
sion during this experimental procedure to ensure the catalyst's quality

does not influence the adsorption experiment results.

3 | RESULTS AND DISCUSSION

3.1 | MTO reaction over low-temperature
regenerated catalyst

To address the challenge of rapid deactivation of SAPO-34 molecular
sieve-based catalysts in the MTO process, a fluidized bed regenera-
tor typically burning coke deposits with air at a high temperature
over 650°C is connected to the reactor for in situ restoring catalyst
activity. Such a high regeneration temperature is chosen to boost
the air combustion rate and enhance regeneration capability. In real

practices, however, this could pose a potential hydrothermal

(A) (©)
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stability issue as the flue gas is basically steam-containing. Further-
more, air regeneration at high temperature over 650°C might also
indiscriminately eliminate both active and inactive coke because of
the rapid combustion rate (Figure S3), and eventually lead to the loss
of original “active sites.”

In this work, deactivated samples were first prepared by subject-
ing commercially available SAPO-34 catalysts to a microfluidized
bed reactor for MTO reaction under industrial conditions (see
Figure S4 for the typical product distribution). Subsequently, the
deactivated catalysts were then regenerated in air at varying tem-
peratures to investigate the changes in MTO performance.
Although lowering the regeneration temperature prolongs the
regeneration time required, progressive coke removal restores
activity and extends lifetime, thereby demonstrating that effective
regeneration can be achieved within the low temperature range of
440-500°C (Figures S5-S8). As can be seen, the decline in coke
content would result in a decrease in initial olefins selectivity for
the regenerated catalyst in MTO reaction, further highlighting the
dual role of coke. The trade-off between catalytic lifespan and
selectivity of light olefins that is typical of conventional high-
temperature air combustion is somewhat mitigated under low-

temperature conditions. A detailed observation shows that the
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FIGURE 1 Performance metrics of partially regenerated catalysts in the methanol-to-olefins (MTO) reaction, including catalyst lifetime,

maximum ethylene selectivity, and ethylene-to-propylene (E/P) ratio. Deactivated catalysts were subjected to air regeneration at different
temperatures and subsequently evaluated under standard MTO conditions. (A-D) Time-on-stream methanol conversion profiles comparing
catalysts regenerated at 600 and 470°C with similar coke contents, highlighting differences in catalyst lifetime. (E) Maximum ethylene selectivity
and (F) E/P ratio were extracted from product distributions at various time points (see Figures S5 and S7). MTO reactions were performed at
470°C with a weight hourly space velocity (WHSV) of 2 guveon geat + h™1 and a methanol/water mass ratio of 4:1. Regeneration was carried out
in air at either 600 or 470°C with WHSV of 4 g, g+ h~L. All experiments were conducted in a microfluidic reactor. The notation
“ReCAT@600-5 min-9.6%" denotes shaped catalyst regenerated at 600°C for 5 min with a post-regeneration coke content of 9.6%, with similar

interpretations applying to other notations.
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catalysts regenerated at 470°C exhibit a remarkable extension of
lifespan in MTO reaction, surpassing that of catalysts regenerated
at 600°C by up to 2.4 times (Figure 1A-D). Additionally, it also
demonstrates higher ethylene selectivity and an elevated ethylene-
to-propylene ratio (Figure 1E,F). A marked increase in ethylene selectiv-
ity was observed, accompanied by a decrease in propylene selectivity,
while the total light olefin selectivity showed only a slight increase.
Overall, across a wide range of coke contents, regeneration at 470°C
enhanced both ethylene selectivity and the ethylene-to-propylene ratio,
with the improvement being particularly pronounced at relatively high
residual coke levels. Further comparisons with other low-temperature
regeneration conditions (440 and 500°C) reveal that regeneration at
440°C yields comparable but slightly inferior results compared to that
at 470°C, while regeneration at 500°C fails to achieve a discernible
improvement (Figures S10 and S11). These findings collectively under-
score that low-temperature air regeneration at 470°C is not only feasi-

ble but also superior to conventional high-temperature methods in

terms of both catalyst longevity and product selectivity under coke-rich

conditions.

3.2 | Spatial distribution of coke species in
low-temperature regenerated catalyst

The transition from high to low-temperature regeneration is accompa-
nied by a shift in the decoking kinetics, evolving from an approxi-
mately constant rate to a progressively declining one (Figure S12).
This trend is further reflected in an increasing reaction order with
respect to coke content (Figure 2A), indicating a growing dependence
of the regeneration process on the amount and nature of carbona-
ceous deposits. This behavior can be attributed to the coexistence of
multiple coke species, including both light and heavy fractions
(Figure S13). More detailed quantitative analysis of coke revealed

that, at 600°C, both heavy and light coke components are removed
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FIGURE 2 Comparative analysis of decoking behavior at both the catalyst particle and single-crystal levels. (A) Apparent reaction order with
respect to coke content as a function of regeneration temperature, derived from kinetic analysis of air regeneration experiments. (B, C) Evolution of
light and heavy carbonaceous species (Figure S13) during regeneration at 600 and 470°C, respectively, characterized by thermogravimetric analysis.
(D, E) Spatial distribution of the Raman D-band to G-band intensity ratio within single zeolite crystals regenerated at 600°C (ReZEO@600-10.5%) and
470°C (ReZEO@470-10.2%), reflecting differences in coke structure. (F-1) Super-resolution fluorescence images (SIM) of individual zeolite crystals
after regeneration at varying coke contents and temperatures: ReZEO@600-10.5%, ReZEO@600-8.0%, ReZEO@470-10.2%, and ReZEO@470-7.2%.
(J-M) Corresponding fluorescence intensity profiles along selected line scans in panels (F-1). SIM imaging was performed using four excitation/
emission channels: 405 nm (435-485 nm, blue), 488 nm (500-545 nm, green), 561 nm (570-640 nm, orange), and 640 nm (663-738 nm, red), with
false-color representation. All zeolite crystals were first deactivated in the methanol-to-olefins (MTO) reaction and subsequently regenerated in air.
The MTO reaction was conducted at 470°C with a weight hourly space velocity (WHSV) of 2 gueon cat + h™2 under N, flow. Regeneration was
performed at 470 or 600°C with WHSV of 4 g, gc¢ + h™ 1. The notation “ReZEO@600-10.5%" denotes a zeolite regenerated at 600°C with a post-
regeneration coke content of 10.5%, with similar interpretations applying to other notations.
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simultaneously. In contrast, as the regeneration temperature
decreases, their removal rates become decoupled: light coke is elimi-
nated relatively quickly, whereas heavy coke is removed much more
slowly (Figures 2B,C and S14). This unmatched elimination behavior
was further investigated using Raman spectroscopy (a powerful tool

30-32) Despite fluorescence

for characterizing carbonaceous materials
interference, visible-light excited Raman spectra (Figures S15 and
S$16) successfully capture the characteristic vibrational modes of coke

species confined within the zeolite framework during air regeneration.

AI?BII:'J R NALJ‘S;f11

The evolution of coke properties on catalyst crystals during regenera-
tion at 600 and 470°C differs markedly (Figures 2D,E and S17). In the
early stage of regeneration, catalysts treated at 600°C exhibit rela-
tively higher D/G intensity ratios across the entire crystal, indicative
of a larger fraction of less graphitized, lighter coke species. In contrast,
regeneration at 470°C results in zeolite crystals uniformly coated with
coke of lower D/G ratios, corresponding to more graphitized, heavier
carbon deposits. These observations highlight the temperature-

dependent reactivity of oxygen toward different coke types: at high
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polymethylbenzenes, naphthalene, and fluorene detected after a 10 min methanol-to-olefins (MTO) reaction using **C-methanol, following
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conversion. (C) In situ diffuse reflectance infrared Fourier-transform (DRIFT) spectra illustrating the evolution of surface species during
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2 gmeon Eeat T ™% The use of *3C-labeled methanol enables differentiation between newly formed and residual carbon species.
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temperatures, coke is removed in a relatively uniform, heavy-to-light
sequence (Figure 5$18)3%%* whereas at low temperatures, oxygen
preferentially oxidizes lighter coke species, leaving behind more
refractory, heavy coke. Nonetheless, irrespective of regeneration tem-
perature, both strategies ultimately leave behind persistent, oxidation-
resistant carbon species—predominantly located in the crystal interior
(Figure S17).

Furthermore, the influence of regeneration temperature on the
spatiotemporal evolution of light coke species can be directly visual-
ized via SIM.27:283536 |n contrast to the relatively uniform fluores-
cence observed in fully deactivated zeolites (Figure S19a), two
distinct spatial depletion patterns of light polycyclic aromatic hydro-
carbons (PAHs) emerge under high and low-temperature oxidative
conditions. At 600°C, the early stage regeneration (Figure 2F,G,J,K)
is characterized by a bell-shaped intensity profile with a bright cen-
tral region in the center of zeolites, indicative of a classical
shrinking-core mechanism in which coke is combusted progressively
from the external surface inward. In contrast, during regeneration at
470°C, the heavier cross-linked coke species are mainly distributed
on the periphery of the zeolite crystals, allowing oxygen to pene-
trate into the crystal interior and preferentially oxidize the lighter
coke located inside. As a result, the fluorescence intensity profile of
coke species exhibits a concave distribution (Figure 2H,I,.LLM). As
regeneration progresses, both systems exhibit a gradual conver-
gence in coke distribution profiles (Figure S19). Notably, naphtha-
lene consistently exhibits the highest content regardless of
temperature, highlighting its stability, as corroborated by the previ-
ous analysis.?” The heterogeneity in coke composition, coupled with
the temperature-dependent oxidation behavior, gives rise to marked
differences in the spatial distribution of residual carbon. Essentially,
the reduction in temperature reduces oxygen's ability to uniformly
combust coke, resulting in a more pronounced “hollow” carbon
deposition pattern at 470°C, which endows regenerated catalysts
with a longer lifespan and higher ethylene selectivity compared to
those regenerated at 600°C. The subsequent section will delve into
the underlying causes of the enhanced MTO performance attributed
to this spatial configuration.

3.3 | Accessibility of active species in
low-temperature regenerated catalyst

As previously discussed, the spatial configuration of residual coke
formed under low-temperature regeneration plays a critical role in
enhancing MTO catalytic performance. Unlike conventional high-
temperature regeneration, selective combustion at 470°C preferen-
tially removes light coke species, resulting in a significant restruc-
turing of the accessible pore space. As shown in Figures 3A
and S20, catalysts regenerated at 470°C exhibit higher specific surface
area and restored micropore volume. The expanded porosity facilitates
greater methanol conversion (i.e., prolonged catalyst lifetime) and
accommodates a greater amount of newly formed coke. Specifically,

after identical durations of exposure to °C-methanol, catalysts

regenerated at 470°C generated higher levels of *C-labeled poly-
methylbenzenes, naphthalene, and fluorenes than their 600°C counter-
parts (Supplementary Note 1.1, Figure 3B).

To elucidate the origin of enhanced ethylene selectivity, we
focused on the role of catalytically active species regenerated under
different conditions. In situ DRIFT spectroscopy was employed to
monitor the evolution of surface species during regeneration
(Figure 3C). Upon regeneration, characteristic OH vibrational bands
(~3610 and 3590 cm™?) re-emerged, indicating progressive restora-
tion of Brgnsted acid sites, alongside the appearance of various C=0
functional groups (~1850 and 1700-1800 cm™%) and the gradual
attenuation of PAH-related C-H signals (~3050, 2930, and
2870 cm1).3773? Complementary GC-MS analysis after dissolution-
extraction further confirmed the generation of oxygenated species,
such as ketones, lactones, and anhydrides, in the regenerated catalysts
(Table S1, Figures S21 and S22). While the chemical identities of these
oxygenates are largely consistent across temperatures (Figure 3D),
their relative abundances within light coke were significantly higher at
470°C (Figure S23). Intuitively, it can be hypothesized that the higher
relative content of oxygen-containing compounds could contribute to
enhancing ethylene selectivity. However, 13C-methanol tracing exper-
iments revealed that these oxygenates did not undergo carbon
exchange reactions within their frameworks (Supplementary Note 1.1,
Figures 3E, S24, and S25), suggesting that oxygenates are catalytically
inert with respect to ethylene formation.
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FIGURE 4 Effective diffusion coefficients of methanol and

propane on catalysts with varying residual coke contents. Diffusion
coefficients of methanol (measured at 25°C and 0.6 mbar) and
propane (30°C and 5 mbar) were quantitatively determined via
mathematical modeling for three pairs of regenerated catalysts with
similar coke contents: ReCAT@470 to 13 min to 10.0%

vs. ReCAT@600 to 5 min to 9.6%; ReCAT@470 to 1 h to 7.6% vs.
ReCAT@600 to 15 min to 7.4%; ReCAT@470 to 2 hto 4.5%

vs. ReCAT@600 to 22 min to 4.8%. The data reveal the influence of
regeneration temperature and coke morphology on molecular
diffusion behavior within the microporous framework.
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The distinct coke distribution profiles governed by oxidation
capacity modulate catalyst longevity, and should contribute to the
enhancement of ethylene selectivity through accessible active species.
Although low-temperature regeneration yields a lower total amount
of naphthalene (Figure S26a), its spatial distribution may be more
favorable for reaction and diffusion, namely, more readily interact-
ing with methanol because of the limited restored acid sites
(Figure 3F). 3C-methanol labeling revealed that naphthalene
behaves as a catalytically active species, undergoing carbon incor-
poration reactions that are absent in oxygen-containing species
(Supplementary Note 1.1, Figure 3G). During the early stages of
13C-methanol conversion, the 600°C-regenerated samples exhibit
a 13C overall embedding degree (OED) of 1.32%—close to natural
abundance—compared to 2.49% for the 470°C sample. Upon
extended reaction time, this value rises to 14.1% for the 600°C

sample, but remains markedly lower than the 40.1% observed for

AI?BII:'J R NALJBLf11

incorporation within the naphthalene molecule was more exten-
sive and widespread in the low-temperature regenerated sample
(Figure 3G,H). The pronounced *3C incorporation into naphthalene
directly correlates with enhanced ethylene selectivity.

The coking process within SAPO-34 crystals enhances the diffu-

sion of light olefins,?44°

while the spatial distribution of residual coke
during the decoking process inevitably affects product selectivity by
introducing mass transfer limitations. This section examines the diffu-
sion behavior of methanol and propane as adsorbates on catalysts
with varying residual coke content. Previous findings suggest that
lower regeneration temperatures promote a platform-like arrange-
ment of naphthalene and an increased accumulation of peripheral
heavy deposits, thereby altering molecular motion trajectories. To
analyze diffusion, a single-resistance mass transfer model—excluding
surface barriers at crystal interfaces—is employed for spherical cata-

lyst particles (Supplementary Note 1.2 for details). As illustrated in

the 470°C-regenerated catalyst. Furthermore, °C atom Figure 4, the effective diffusion coefficient of methanol remains
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FIGURE 5 Pilot-scale evaluation and process exergy analysis of the low-temperature air regeneration strategy. (A, B) The stability test of

catalysts regenerated at 600 (AirREG@600) and 470°C (AirREG@470) in a pilot-scale fluidized bed reactor-regenerator setup during the
methanol-to-olefins (MTO) reaction (the initial 2 h were a pretreatment stage for preparing the deactivated catalyst without cycling).

(C) Comparison of average product selectivities in MTO reactions using catalysts regenerated at 470°C (AirREG@470) and 600°C (AirREG@600).
(D) Exergy analysis of the regeneration system under three simulated regeneration scenarios, performed using ASPEN Plus. Pilot-scale reaction
conditions: Reaction temperature of 470°C, regeneration temperatures of 470 and 600°C (average coke content of 4.3% and 5.3%, respectively),
weight hour space velocity of 2 gueon 8t~ h~ %, catalyst circulation rate of 680 g h™%, and total catalyst inventory of 5 kg.
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SCHEME 1 Schematic diagram of different spatial distribution structures of coke within SAPO-34 crystal.

nearly constant regardless of regeneration temperature or coke con-
tent, indicating that methanol, being a small molecule, diffuses freely
through the catalyst. Consequently, its diffusion is unaffected by the
spatial distribution of carbonaceous deposits, allowing complete con-
version in the MTO reaction. In contrast, the diffusion coefficient
of propane, representative of larger product molecules, varies sig-
nificantly during the regeneration process (Figure 4). With
increased free reaction space, propane diffusion improves, reduc-
ing mass transfer resistance. However, at equivalent coke levels,
catalysts regenerated at 470°C exhibit lower diffusion
coefficients—and consequently higher intragranular resistance—
compared to those regenerated at 600°C. Molecular dynamics
(MD) simulations have indicated that naphthalene's steric hin-
drance favors ethylene diffusion by limiting the mobility of larger
olefins.?” Therefore, the “tight-outside, loose-inside” coke distri-
bution resulting from low-temperature regeneration enhances the
diffusion of small molecules like ethylene, which is regarded as one

of the reasons for enhanced ethylene selectivity.

3.4 | Pilot-scale experiments of MTO with
low-temperature regeneration

After stability evaluation of 10 consecutive reaction-regeneration cycles
in a microfluidized bed reactor (Figure S29), a pilot-scale experimental
facility, consisting of a fluidized bed reactor-regenerator setup
(Figure S30), was employed to further validate the proposed low-
temperature regeneration strategy. As shown in Figure 5A,B, catalysts

treated with air at 470°C in the regenerator demonstrated sustained
complete methanol conversion and high selectivity for light olefins
(~80.6%) over extended operational periods. Notably, under comparable
average coke content, catalysts regenerated at 470°C achieved signifi-
cantly higher ethylene selectivity compared to those regenerated at
600°C (Figure 5C). This finding highlights the effectiveness of the strategy
for optimizing coke distribution in circulating flow reaction systems. How-
ever, it is important to note that the circulating catalysts exhibit a specific
coke distribution, which remains a contributing factor in this context.

To further assess the implications of reduced regenerator tem-
peratures on heat utilization, the regeneration system and waste
heat recovery system of an industrial-scale MTO process
(Figure S31) were simulated using the exergy analysis method
(Supplementary Note 1.3). Three scenarios were considered: par-
tial regeneration with residual coke contents of 3% and 8%, and
complete regeneration, performed at 470 and 600°C. As shown in
Table S3, high-temperature regeneration consistently produces
higher levels of CO, facilitating the generation of greater quantities
of superheated steam. In contrast, low-temperature regeneration
primarily yields saturated steam. This distinction in heat utilization
is visually represented in the system's exergy flow (Figure S33):
low-temperature regeneration favors saturated steam production,
while high-temperature regeneration supports superheated steam
generation. Interestingly, as the residual coke content increases—
indicating a higher degree of incomplete regeneration—the overall
exergy efficiency of the regeneration process improves
(Figure 5D). Moreover, the low-temperature regeneration method
exhibits superior energy efficiency, reflecting a more effective
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utilization of energy resources. These simulation results align with
the observed correlation between ethylene selectivity and residual
coke content, confirming that air regeneration at 470°C is a more

efficient and effective approach for the MTO process.

4 | CONCLUSION

In industrial zeolite-catalyzed processes, the air regeneration strategy at
high temperatures over 650°C has been traditionally implemented, aiming
to restore catalyst activity while ensuring stable and continuous opera-
tions. Air combustion of coke species at such a high temperature would
influence hydrothermal stability and ultimately shorten the lifetime of the
catalyst. In this study, we demonstrate that a low-temperature air regen-
eration (440-500°C) strategy can be successfully applied to SAPO-34
catalyzed MTO process. It can strategically modulate the spatial architec-
ture of residual coke, generating a “tight-outside, loose-inside™ configura-
tion that balances effective coke removal with catalyst preservation
(Scheme 1). This unique spatial pattern promotes naphthalene exposure,
enhances methanol conversion, and selectively favors ethylene formation.
Unlike conventional high-temperature regeneration practices that rely on
indiscriminate air combustion, this approach leverages the temperature-
tuned oxidation capacity of air to selectively restructure carbonaceous
deposits at the microscale, preserving key active intermediates while
reopening transport pathways. The convergence of spatial coke engi-
neering and selective oxidation chemistry underscores a powerful con-
ceptual shift from mere coke elimination to rational coke modulation in
zeolite catalysis. Pilot-scale experiments confirmed the long-term stabil-
ity and enhanced olefins selectivity of the regenerated catalysts, while
process simulations revealed higher exergy efficiency under low-
temperature conditions. Together, these findings not only highlight the
industrial viability of this regeneration strategy, but also contribute to
the fundamental understanding of how spatially confined carbon spe-
cies can be harnessed to direct reaction selectivity in microporous
materials. This work thus offers a mechanistic framework for spatially
guided regeneration in shape-selective catalysis, bridging the gap
between fundamental coke chemistry and applied process design.
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