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ABSTRACT: Water, as a co-feed and decoking agent for catalyst regeneration,
is increasingly recognized as a crucial component in methanol to olefins (MTO)
catalysis over zeolites. In this study, water-controlled coking dynamics and
improved diffusion efficiency have been revealed in a high-pressure MTO
reaction over the SAPO-34 zeolite catalyst. Through gas chromatograph−mass
spectrometry (GC-MS), matrix-assisted laser desorption/ionization Fourier-
transform ion cyclotron resonance mass spectrometry (MALDI FT-ICR MS),
and ultraviolet−visible spectroscopy (UV−vis), the kinetic behavior of water-
delayed coking has been confirmed mainly in two aspects: suppressing the aging
of active hydrocarbon pool species (HCPs, e.g., phenyl, naphthyl species) to
form polyaromatic hydrocarbons (PAHs) within the CHA cages and hindering
the cross-linking of PAHs between CHA cages. For the deactivated SAPO-34
catalyst, the restoration of methanol conversion from 5% to 40% upon switching
from methanol to water−methanol co-feed and from 5% to 100% after high-pressure steam treatment further confirms the in situ
coke decomposition capability of high-pressure water under the real MTO reaction conditions. Moreover, structured illumination
microscopy (SIM) offers a direct visualization of the retained organic species and their spatiotemporal distribution within individual
SAPO-34 crystals under the influence of water, thereby providing visual evidence for water-delayed coking dynamics and the
improved diffusion process. Thus, the mechanistic insights into water-controlled coking and diffusion dynamics unveiled in this
study provide a crucial theoretical foundation for the application of water-related techniques in the MTO industry.
KEYWORDS: SAPO-34, Water co-feeding, Methanol-to-olefins, Water-delayed coking and promoted diffusion dynamics

■ INTRODUCTION
Water, an essential material for the survival of life on earth,
plays a crucial role in the physical, chemical, and biochemical
processes of nature.1−3 With technology advancement, water
has been widely applied in materials science and engineering.
Zeolites, as a significant class of microporous materials, are
extensively utilized in adsorption and separation, ion exchange,
and catalysis due to their acidity and shape selectivity.4−6 In
catalytic applications, water influences the entire lifecycle of
zeolite catalysts�from hydrothermal synthesis7−9 and post-
synthetic modification10−12 to catalytic reaction13,14�by being
involved in the host−guest interactions between zeolites and
water and participating in catalytic reaction kinetics. This, in
turn, affects the zeolite topology, acidity, and catalytic
performance. Therefore, a comprehensive understanding of
the host−guest interactions between zeolites and water,
especially elucidating water-mediated catalytic reaction kinetics
and water-induced structural dynamics of zeolites under
working conditions, is crucial for advancing zeolite chemistry
and catalysis science.

The methanol-to-hydrocarbons (MTH) reaction, catalyzed
by zeolite materials, provides a novel route for producing light

olefins and aromatics from nonpetroleum feedstocks.15−18

SAPO-34 molecular sieve, a representative zeolite catalyst, has
been widely studied and successfully applied for the methanol
to olefins (MTO) industrial process.16,19,20 Water is ubiquitous
in MTO catalysis as a stoichiometric byproduct, co-feedstock,
and even a regeneration agent for deactivated catalyst. The
host−guest interactions between SAPO-34 and water and the
influence on the MTO catalytic performance have been noted.
Froment and Anthony reported that water can affect the
product distribution, methanol conversion efficiency, and coke
formation during MTO reaction over SAPO-34.21,22 Ruiz-
Martińez et al. found that co-feeding water could prolong
catalytic lifetime, attributing this to the occupation of acidic
sites by water.23 They further discussed the role of water in
different reaction stages of MTO catalysis, focusing on
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competitive adsorption with methanol and olefins at Brønsted
acid sites (BASs). In our study, the deactivated SAPO-34
catalyst can be effectively regenerated through steam treatment
under high temperature, a method with great potential in
MTO industrial processes.24−26 Spectroscopic evidence
suggested that co-feeding water promotes the formation and
retention of naphthyl species within the CHA cages of SAPO-
34, and DFT calculations further confirm the role of water in
proton transfer and transition state stabilization, which are
crucial for selective light olefin production, especially ethene.27

In our recent study, a superlong catalytic lifetime in high-
pressure MTO reactions was achieved by co-feeding water and
hydrogen, demonstrating significant synergistic effects.28

Compared with atmospheric pressure, the high-pressure
water co-feeding is more conducive to the extension of
catalytic lifetime. Therefore, the impact of high-pressure water
co-feeding on MTO catalytic performance and the underlying
mechanisms remain unclear, necessitating further investigation.
Additionally, the application of steam-assisted deactivated
catalyst regeneration in the MTO industry requires a
fundamental understanding of water-controlled coking dynam-
ics and diffusion behaviors.

In this study, water-delayed coking by inhibiting the ring-
fusing of aromatics within the CHA cages and cross-linking of
polyaromatic hydrocarbons (PAHs) between CHA cages has
been revealed by GC-MS, MALDI FT-ICR MS, and UV−vis
spectroscopy during high-pressure MTO reaction on SAPO-34
zeolite catalyst. Furthermore, for the deactivated SAPO-34
catalyst, both the partial recovery of catalytic performance
(methanol conversion increasing from 5% to 40%) after
switching methanol to water−methanol co-feed and the
significant recovery (methanol conversion rising from 5% to
100%) after high-pressure steam treatment have validated the
in situ coke decomposition capability of high-pressure water

under real MTO reaction conditions. Further, the enhance-
ment of BAS utilization efficiency within the SAPO-34 catalyst
was revealed by Fourier transform infrared (FTIR) spectros-
copy, and the structured illumination microscopy (SIM)
visualizations of the individual SAPO-34 crystals demonstrated
a more uniform coke distribution and enhanced crystal
utilization efficiency. These improvements in crystal utilization
are attributed to the reduction in diffusion limitations of
reactant molecules within the SAPO-34 micropores, resulting
from the depressed growth of coke species facilitated by water.
Therefore, our findings elucidate the pivotal role of water in
controlling coke growth and distribution over the SAPO-34
catalyst in high-pressure MTO reaction, providing spectro-
scopic evidence for the water-delayed coking dynamics and
promoted diffusion process. The profound insights into the
role of water establish a theoretical foundation for further
promoting the reaction with implementation of the strategy by
co-feeding water to delay coke deposition and steam assistance
for deactivated catalyst regeneration in the MTO industry.

■ RESULTS AND DISCUSSION
Water-Delayed Coking in High-Pressure MTO Reac-

tion. Under atmospheric pressure MTO reaction, co-feeding
water has been confirmed as an unobvious impact on the
catalytic lifetime of SAPO-34 in previous studies.21,22

However, the simultaneous co-feeding of water and hydrogen
demonstrated a synergistic effect in delaying coking, thus
leading to an order of magnitude increase in catalytic lifetime
in high-pressure MTO reaction on SAPO-34 zeolites.28

According to Bhan et al., even methanol−hydrogen co-feeding
alone can also exhibit excellent catalytic lifetime extension.29

Therefore, to elucidate the potential role of water in the high-
pressure MTO reaction on SAPO-34 (the characterizations are
shown in Figure S1), we initially investigated the impact of

Figure 1. Catalytic performance of methanol conversion and product selectivity under the condition of co-feeding high-pressure water on SAPO-34
zeolite catalyst: (a) methanol conversion, (b) ethene selectivity, (c) propene selectivity, (d) ethane plus propane selectivity. Reaction conditions:
723 K, Ptotal = 4.0 MPa, PMeOH = 0.13 MPa, methanol WHSV = 1.0 h−1.
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water−methanol co-feed on the MTO performance at 723 K,
with water partial pressure ranging from 0.13 to 2.5 MPa at the
total pressure of 4 MPa (Figure 1). Considering the
stoichiometric water generation during methanol conversion
on zeolite catalysts, the partial pressure of water in this study
refers to the combined pressure of both the reaction-generated
water and the added co-feed water. Figures 1(a) and S2
illustrate the MTO product selectivity and catalytic lifespan of
SAPO-34 under different water partial pressures. At a low
water partial pressure of 0.13 MPa, SAPO-34 rapidly
deactivated, with the methanol conversion dropping to around
20% within 2 h. Generally, under the high-pressure MTO
reaction conditions, a relatively long contact time between
methanol/initial hydrocarbon products and SAPO-34 catalyst
exacerbated the secondary reaction (e.g., hydrogen transfer,
aromatization) and led to a rapid accumulation of PAHs on
SAPO-34 catalyst, causing the pore blockage and coverage of
acidic sites and a fast deactivation of catalyst.30−32 However,
when water was introduced as a co-fed material, the MTO
catalytic lifetime of SAPO-34 catalyst significantly increased

from 2 h to 70 h with the increase of water partial pressure
from 0.13 MPa to 2.5 MPa. In this high-pressure water co-
feeding MTO reaction, the observed enhancement of MTO
catalytic lifetime is positively correlated with the water partial
pressure. In previous studies, it is recognized that water co-
feeding can inhibit secondary reaction of alkenes by
competitively adsorbing on BASs, thus enhancing the alkenes’
selectivity and extending the catalytic lifetime.21−23 The
extremely high selectivity of alkanes (ethane and propane,
about 60%) in the early reaction stage was attributed to the
severe secondary reactions of alkenes in the high-pressure
MTO reaction, which is well consistent with previous results.28

Meanwhile, unlike the increase in alkene selectivity observed in
atmospheric-pressure MTO reaction with water co-feed-
ing,21−23 the selectivity of ethene and propene slightly
decreased with increasing water partial pressure from 0.13
MPa to 2.5 MPa (Figures 1(b) and 1(c)). These results
indicated that the water presents little effect on inhibiting
secondary reaction of alkenes under the high-pressure and
high-temperature MTO reaction condition. As observed by

Figure 2. Effect of high-pressure water on the formation of coke over the SAPO-34 catalyst after 2 h of methanol conversion with different water
partial pressures. (a) Coke content. (b) Chromatograms of CCl4-soluble fractions of the retained organics extracted. (c) Detailed distribution of
CCl4-soluble fractions (methylbenzene (MB), methyl naphthalene (MN), phenanthrene (PH), pyrene (PY)) of the retained organics extracted
among total coke. (d) The multinuclear PAHs detected by MALDI FT-ICR MS. (e) Differential thermogravimetry (DTG) profiles. (f) UV−vis
spectra. (g) The molecular model of water-controlled coke growth under the high-pressure MTO reaction. Reaction conditions: 723 K, Ptotal = 4.0
MPa, PMeOH = 0.13 MPa, methanol WHSV = 1.0 h−1.
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Qian et al. in the ethene aromatization reaction catalyzed by
HZSM-5 zeolite, the co-feed water lost its competitive
adsorption advantage at temperatures above 623 K.33 There-
fore, although there exists severe hydrogen transfer reaction
during the initial reaction stages, the observed significant
extension of MTO catalytic lifetime under the high-pressure
water co-feeding condition suggests that water may play a
crucial role in delaying coking and varying coke species
formation and distribution. In addition, the special dynamic
catalytic mechanism of the zeolite-catalyzed MTO reaction and
the resulting cross-talk effects between diffusion and reaction
occurring at multiple scales need to be considered.34 Thus, a
more detailed molecular-level understanding is crucial for

elucidating the mechanism of water-delayed coking in a high-
pressure MTO reaction.
Molecular Insights into Water-Suppressed PAH

Formation within a CHA Cage and Cross-Linking of
PAHs between CHA Cages. The retained species on SAPO-
34 during the MTO reaction have been extensively studied in
previous reports. Structural analyses revealed that there are
primarily two types: one includes phenyl, naphthyl, phe-
nanthryl, and pyrenyl species that can be accommodated
within a CHA cage, while the other consists of multinuclear
structural PAHs formed through the cross-linking of
polyaromatics between CHA cages.26,35 Therefore, we first
performed qualitative and quantitative analyses of the retained
species on SAPO-34 catalyst after 2 h of methanol conversion

Figure 3. Coke decomposition by high-pressure water under a practical reaction temperature. (a) The reactivity of the deactivated SAPO-34
catalyst upon switching the feed from methanol to water−methanol co-feed with a water partial pressure of 2.5 MPa. (b) The textual property and
coke content of the deactivated SAPO-34 catalyst after high-pressure steam treatment. The retained coke species of the deactivated catalyst after
steam treatment was detected by GC-MS (c) and MALDI FT-ICR MS (d). The MTO reactivity (pure methanol feeding (e) and methanol−water
co-feeding with a water partial pressure of 2.5 MPa (f)) of the steam-treated deactivated catalyst. (g) The molecule model of water-assisted
decomposition of multinuclear PAHs over the deactivated catalyst and the recovery of methanol conversion under high-pressure water. Reaction
conditions: 723 K, Ptotal = 4.0 MPa, PMeOH = 0.13 MPa, methanol WHSV = 1.0 h−1.
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at different water partial pressures. As shown in Figure 2(a),
the total carbonaceous content decreased from 21.4 wt % to
16.0 wt % as the water partial pressure increased from 0.13
MPa to 2.5 MPa, indicating that water effectively suppressed
the coke deposition on SAPO-34. It is noteworthy that active
hydrocarbon pool species (HCPs) such as phenyl and
naphthyl species, which are also retained within the CHA
cages due to the restrictions of the eight-membered-ring pores,
are included in the measurements. Thus, strictly speaking, the
detected species are not exclusively inert carbonaceous species
(phenanthryl, pyrenyl, and multinuclear structural PAHs
species), and further classification of these species is required.
The soluble coke species were detected by GC-MS and shown
in Figure 2(b). The CCl4-soluble fractions obtained from all
samples were quite similar, primarily consisting of phenyl,
naphthyl, phenanthrene, and pyrene species. This similarity
indicates that the co-feeding of water during the high-pressure
MTO reaction does not significantly alter the fundamental
evolution pathways of the cage-confined aromatic species and,
consequently, the associated deactivation mechanisms. Inter-
estingly, the proportions of these cage-confined aromatics
among total coke deposits were significantly affected by the
water partial pressure (Figure 2(c)). With the water partial
pressure increasing from 0.13 MPa to 2.5 MPa, the proportions
of phenanthrene and pyrene decreased from 11.8 and 10.3 wt
% to 2.7 and 1.9 wt %, respectively, while the proportions of
phenyl and naphthyl species increased from 1.6 and 13.0 wt %
to 6.0 and 24.8 wt %, respectively. The previous researches
indicated that the phenyl and naphthyl species are active HCPs
that facilitate the efficient methanol conversion,27,36−39 but
they also act as coke precursors to form the inert phenanthrene
and pyrene.40,41 More specifically, the naphthyl species can
undergo a series of reaction such as hydride transfer and
deprotonation to form phenanthrene, which can further
transform into pyrene through similar pathways.40,41 There-
fore, the significant increase in naphthyl species and the
concurrent decrease in phenanthrene and pyrene species under
higher water partial pressure suggest that water inhibits the
growth of PAHs from ring-fusing of naphthyl species within
the CHA cages, thereby maintaining prolonged efficient
methanol conversion. Moreover, the growth of multinuclear
PAHs is also effectively suppressed under higher water partial
pressure, as evidenced by the MALDI FT-ICR MS. As shown
in Figure 2(d), the fragment ion groups in m/z ranges of 320−
400, 500−600, 680−780, 860−940 Da, etc., are attributed to
the multinuclear PAHs via cage-passing growth as identified in
our previous studies.26,35 With the increase of water partial
pressure, the decreased signals of multinuclear PAHs
demonstrate a suppressed growth of cross-linking PAHs
between CHA cages. This inhibition of the cross-cage bonding
is primarily due to the strongly suppressed multinuclear PAH
precursors, such as phenanthrene and pyrene, within the CHA
cages by high-pressure water co-feeding. Additionally, this
suppression is intrinsically controlled to some extent by the in
situ coke decomposition capability of water under the
experimental conditions of high temperature and elevated
water partial pressure, which will be discussed in detail in the
next section. This suppression is further supported by the
thermogravimetric analysis (TGA) (Figure 2(e)), showing that
the maximum temperature of differential curves (TG,max, the
TG,max can reflect the H-unsaturation of coke, i.e., the lower the
TG,max, the higher the H/C ratio of coke25,26,42) decreased from
904 K to 874 K with the water partial pressure increasing from

0.13 MPa to 2.5 MPa. Moreover, UV−vis spectroscopy (Figure
2(f)) revealed that as the water partial pressure increased, the
broad absorption peak at ∼550 and ∼630 nm related to the
phenanthrene and pyrene species43−45 decreased markedly
with the increase of water partial pressure. In contrast, the
signal at ∼270 nm and ∼390 nm attributed to neutral
(methylated) benzenes and benzene cation,46,47 and the signal
at 415−450 nm and ∼470 nm assigned to naphthalene and its
carbocation species43−45 showed no obvious changes. These
results provide additional spectroscopic evidence that the
transformation of naphthyl species to condensed PAHs is
effectively inhibited in high-pressure water co-feeding MTO
reaction over SAPO-34 catalyst. Figure 2(g) presents a
molecular model of water-controlled coke growth under the
high-pressure MTO reaction based on the above spectroscopic
observations. It is suggested that the co-feeding of water in
high-pressure MTO reaction not only controls the growth of
aromatics within the CHA cages, particularly the trans-
formation of naphthyl into phenanthrene and pyrene, but
also inhibits the cross-linking of PAHs between CHA cages,
thereby delaying the coking process of SAPO-34 zeolite
catalyst in MTO reaction.
Water-Assisted in Situ Decomposition of Coke

Species. At elevated temperatures of 923−953 K, our
laboratory has developed a novel regeneration approach
wherein steam-assisted cleavage converts inert coke species
on SAPO-34 catalyst into naphthyl species which can work as
HCPs for MTO reaction.24−26 Inspired by this development,
we sought to determine whether high-pressure steam could
facilitate in situ decomposition of coke species under practical
MTO reaction conditions of 723 K. To address this, we have
designed a series of experiments focusing on water switching
and steam-assisted cleavage and conducted detailed inves-
tigations into coke species evolution. As shown in Figure 3(a),
after methanol conversion for 150 min with the occurrence of
catalyst deactivation, upon switching the feed from methanol
to water−methanol co-feed with a water partial pressure of 2.5
MPa, the methanol conversion gradually recovered from 5% to
43%. This result preliminarily suggests that the coke species
blocking or covering the active sites were partially decomposed
by water to realize the activation of the catalyst to some extent,
leading to a partial restoration of the MTO catalytic activity of
SAPO-34. Further investigation involves steam treatment of
the deactivated SAPO-34 catalyst at the actual MTO reaction
temperature (723 K) under varying water partial pressures
(1.5−2.5 MPa). As shown in Figure 3(b), a slight reduction in
coke content from 21.6 to 20.4 wt % and concurrent increase
in the accessible porosity/cavity (micropore volume and
micropore surface area measurable by the N2-adsorption
technique) can be observed over the samples after steam
treatment. Meanwhile, the results of NH3-TPD showed that
the active acidic sites were also partially recovered (Figure S3).
These findings demonstrated that under MTO reaction
conditions high-pressure steam can partially decompose the
coke species on SAPO-34 in situ, with this decomposition
ability positively correlated with water partial pressure. This
observation aligns with the extended catalytic lifetime of
SAPO-34 under water co-feeding with higher partial pressure,
as shown in Figure 1(a).

Furthermore, coke species confined in SAPO-34 after steam
treatment under 723 K were detected by GC-MS and MALDI
FT-ICR MS, as shown in Figures 3(c) and 3(d). GC-MS
analysis revealed a significant reduction in the number of
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Figure 4. Visualization of water-controlled coking dynamics and the improvement in diffusion efficiency with different water partial pressures. (a)
The total coke content of deactivated catalysts. (b) Detailed distribution of CCl4-soluble fractions of the retained organics extracted among total
coke over the deactivated catalysts. (c) The FTIR spectra of deactivated catalysts. The spatiotemporal distribution and fluorescence intensities of
aromatic species obtained from SIM on deactivated SAPO-34 catalyst are 0.13 MPa (d), 1.5 MPa (e), 2.0 MPa (f), and 2.5 MPa (g). The
distribution and fluorescence intensities of aromatic species in the MTO dynamic evolution process with water partial pressures of 1.5 MPa (h−j)
and 2.5 MPa (k−m). Reaction conditions: 723 K, Ptotal = 4.0 MPa, PMeOH = 0.13 MPa methanol, WHSV = 1.0 h−1.
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aromatic species with alkyl side chains (Figure 3(c)).
Specifically, the naphthyl species exhibited significant signal
changes, with alkyl-substituted naphthalenes decreasing and
naphthalene increasing after steam treatment. These results
suggest that high-pressure water has promoted the degradation
of soluble aromatic species within the CHA cages, primarily
reflected in the elimination of alkyl side chains from the
aromatics, which has been proved by our recent work.26 As
steam pressure was increased, a significant attenuation around
the 900 Da signal in the MALDI FT-ICR MS spectroscopy was
observed, indicating the impact of steam treatment on coke
species (Figure 3(d)). This decrease is likely due to the
hydrolytic action of water molecules at the cross-cage
junctions, which disrupts the compact structure of the
multinuclear PAHs. At 723 K, although steam treatment
does not completely remove these multinuclear PAH coke
species, the shearing effect of water molecules induces a
structural transition from dense PAHs to dispersed aromatics
accommodation. This transition undoubtedly facilitates the
diffusion and transport of water and reactant molecules within
the SAPO-34 zeolite matrix. The differential TG curves
showed a decrease in the maximum temperature (TG, max)
from 907 K to 899 K (Figure S4), and the color of the CCl4
organic extract (solution lower layer) gradually changed from
brown to light yellow during HF solution dissolution (Figure
S5), further indicating the cleavage of highly H-unsaturated
coke species by high-pressure steam. Consequently, at the
reaction temperature of 723 K, the deactivation trend of
SAPO-34 catalyst can be partially neutralized or reversed,
confirming the in situ coke decomposition capability of high-
pressure water during the MTO reaction.

Water partial pressure is a pivotal factor in water-assisted
deactivated catalyst regeneration. The recovery of methanol
conversion on regenerated SAPO-34 has been investigated
after steam treatment at various pressures, as depicted in
Figure 3(e). The methanol conversion can be recovered from
5% to 100% on the deactivated SAPO-34 catalyst after steam
treatment at water partial pressures of 2.0 and 2.5 MPa, while
those treated at 1.5 MPa recovered only to 65%. In contrast,
the argon-treated sample showed no significant change
compared to the pretreatment levels. The restoration of
methanol conversion substantiates the in situ coke decom-
position capability of high-pressure water in the MTO reaction,
yet it is insufficient to counteract the growth trend of coke
species. In the absence of high-pressure water, pure methanol
feed leads to the rapid re-establishment of PAHs within and/or
between the CHA cages of SAPO-34, resulting in swift re-
deactivation. Compared to pure methanol feeding, the water−
methanol co-feeding onto the steam-treated SAPO-34 catalyst
exhibited a reduced rate of coke deposition and an extended
catalytic lifetime (Figure 3(f)), which further supports the
inhibitory effect of high-pressure water on coke formation and
growth. Figure 3(g) exhibits the molecular model of water-
assisted decomposition of multinuclear PAHs over the
deactivated catalyst and the recovery of methanol conversion
under the high-pressure MTO reaction based on the above
spectroscopic results. It is noteworthy that the coke
decomposition capability increases with the water partial
pressure at the real MTO reaction temperature, as well as the
more significant recovery of methanol conversion, thereby
offering both parametric and theoretical support for the steam-
assisted regeneration strategy for the reaction-regeneration
technology of the MTO process.

Visualization of Water-Controlled Coking Dynamics
and the Improvement in Diffusion Efficiency. SAPO-34
molecular sieve drives efficient methanol conversion through
the confinement of aromatic species within CHA cages, and
these confined species dynamically evolve with MTO
reaction.48,49 As these aromatic species undergo intensified
polycondensation, their occupation or modification of CHA
cages will inevitably lead to severe diffusion and transport
limitations for reactant and product molecules.32,34,50 There-
fore, these confined aromatics and their evolution are crucial
for the diffusion of methanol and light olefins within the
SAPO-34 crystallites.

As shown in Figure 4(a), the coke content of the deactivated
catalysts (the catalysts with methanol conversion dropping to
about 80%) significantly increased from 21.4 to 29.7 wt % with
the water partial pressure increasing from 0.13 to 2.5 MPa,
suggesting that more coke species are accommodated on the
deactivated SAPO-34 catalyst under the high-pressure water
co-feeding MTO reaction. In addition, the ratio of methanol
consumption on coke formation decreased from 10.5 to 0.45
wt % with the water partial pressure increasing from 0.13 to 2.5
MPa (Figure 4(a)). This result demonstrates that the high-
pressure water suppresses the transformation of methanol feed
to coke deposition, which is consistent with the above-
mentioned results of high-pressure water inhibiting the coke
deposition formation, thus extending the catalytic lifetime. GC-
MS analysis of soluble coke species on the deactivated SAPO-
34 catalyst (Figures 4(b) and S6) showed that as the water
partial pressure increased from 0.13 to 2.5 MPa, the
proportions of phenyl and naphthyl species in the total coke
gradually decreased from 1.6 and 13.0 wt % to 0.1 and 1.4 wt
%, respectively, while the proportion of pyrene significantly
increased from 10.3 to 22.8 wt %. This is consistent with the
observed higher proportion of insoluble substances during HF
solution dissolution (Figure S7, the insoluble and black
substances gradually appearing and increasing in the upper
layer) and the higher TG,max detected by the TGA (Figure S8,
the TG,max increased from 904 to 948 K) over the deactivated
SAPO-34 catalyst with the increase of water partial pressure.
An FTIR spectrometer was employed to detect the unoccupied
or unused bridging hydroxyl groups on the deactivated SAPO-
34 catalyst. Due to the consumption or occupation of bridging
hydroxyl groups, there is a pronounced reduction in the
intensity of the absorbance at both 3618 and 3596 cm−1

(characteristic peak for bridging hydroxyl groups51,52) with the
water partial pressure increase (Figure 4(c)). Normalized to
the signal intensity obtained from the fresh SAPO-34 catalyst,
the utilization factor of BASs increased from 75% to 95% as the
water partial pressure increased from 0.13 to 2.5 MPa.
Therefore, these results preliminarily indicate that the water
co-feeding in high-pressure MTO reaction ultimately enhances
the utilization efficiency of BASs within SAPO-34 catalyst,
allowing more coke species to be accommodated within a
single crystal.

More intuitively, advanced super-resolution structured
illumination microscopy (SIM) was conducted to visualize
the spatiotemporal distribution of coke species within
individual SAPO-34 crystals during the MTO reaction with
different water partial pressures. The previous studies
confirmed that characteristic UV−vis adsorption bands of
benzene-, naphthalene-, phenanthrene- and pyrene-based
carbenium ions were around 390, 480, 560, and 640 nm,
respectively, with corresponding emission wavelengths in the
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ranges of 480−490, 500−520, 620−630, and 670−700
nm.43−45,50,53 At a low water partial pressure of 0.13 MPa,
the constrained species were concentrated in the crystal rim,
predominantly phenanthrene and pyrene (Figure 4(d)). These
inert polyaromatics occupied and blocked the CHA cages at
the crystal edges, inhibiting the diffusion of methanol into the
inner core regions, leading to rapid catalyst deactivation. As
observed in the FTIR (Figure 4(c)), significant BASs remain
unutilized under low water partial pressure conditions.
However, as the water partial pressure increased to 1.5, 2.0,
and 2.5 MPa (Figures 4(e−g)), the coke species gradually
extended from the crystal edges toward the core regions.
Particularly at 2.5 MPa, a relatively uniform distribution
throughout the whole SAPO-34 crystal suggests that the crystal
space and/or acidic sites were almost fully utilized, indicating
the accommodation of more coke deposits. More specifically,
the dynamic evolution of coke growth and distribution during
the MTO reaction at water partial pressures of 1.5 and 2.5
MPa was monitored using SIM, as shown in Figures 4(h−j)
and 4(k−m), respectively. For the visualization at a water
partial pressure of 1.5 MPa, naphthyl species were distributed
over the greatest area of SAPO-34 crystals and the fluorescence
intensity gradually decreased, while the intensity of phenan-
threne and pyrene increased with time on stream (TOS) from
2 h to 5 h and to 10 h, indicating the accumulation of the inert
coke species. For the visualization at a water partial pressure of
2.5 MPa, a more uniform distribution of naphthyl species can
be observed during the TOS from 2 to 5 h and gradually
transformed to phenanthrene at the TOS of 10 h. Through the
observation by SIM, we have gained direct insights into the
coking dynamics and spatial structural evolution of coke
species within individual SAPO-34 crystals during MTO
reaction under high-pressure water co-feeding conditions.
Water controls the growth and cross-linking of coke within
and between the CHA cages, improving the diffusion and
transport of methanol and hydrocarbon products within the
SAPO-34 crystals. The cross-talk of water-controlled coking
and diffusion dynamics enhances the utilization efficiency of
BASs and micropores within SAPO-34 crystals, resulting in a
more uniform coke distribution and an extended catalytic
lifetime of the MTO reaction.

■ CONCLUSION
In summary, our study elucidates the critical role of water as a
co-feed and decoking agent in high-pressure MTO reaction
over SAPO-34 zeolite catalyst. Through a suite of analytical
techniques, we have demonstrated that water significantly
influences the coking dynamics and diffusion efficiency within
SAPO-34. Specifically, co-feeding high-pressure water sup-
presses the polycyclization of active HCPs within the CHA
cages and hinders the cross-linking of PAHs between CHA
cages. In situ water-switching and steam treatment experiments
further validate the capability of water to decompose coke
species under real MTO reaction conditions, with methanol
conversion rates recovering significantly upon water co-feeding
and high-pressure steam treatment. These improve the
diffusion and transport of reactants and products into the
inner core regions of SAPO-34 crystals, resulting in a more
uniform coke distribution and enhancing the utilization of
active sites within the micropores. The water-controlled coke
growth, water-assisted in situ decomposition of coke species,
and water-promoted utilization efficiency of SAPO-34 crystals
together enhance the catalytic performance and extend the

catalytic lifetime of the SAPO-34 catalyst. The mechanistic
insights gained from this study provide a crucial theoretical
foundation for the application of water-related techniques in
the MTO industrial processes. These findings underscore the
potential of integrating water co-feeding and steam-assisted
regeneration strategies to optimize MTO catalysis, ultimately
contributing to more efficient and sustainable industrial
practices.
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