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Chloromethane (CH3Cl), a reactive C; molecule, has been underexplored compared to traditional C; molecules
like CO, CO,, CHy4, and CH3OH that have long been at the center of C; chemistry. Herein, the catalytic chlor-
omethane-to—olefin (CMTO) reaction was investigated with zeolite-based heterogeneous acid catalysts. H-ZSM-5
zeolites with controlled Si/Al ratios were investigated, revealing that CH3Cl conversion, catalyst lifetime, and
light olefin (C5_,) selectivity depended on zeolite acidity and MgO addition. While MgO alone enabled CH3Cl
activation via Lewis acid-base interactions, its independent catalytic play pales compared to the superior per-
formance of zeolites. However, balancing the zeolite acidity with MgO loading doubled or even tripled CH3Cl
conversion compared to the independent performance of zeolites, achieving nearly 100 % CH3Cl conversion with
86.5 % C;_, selectivity without deactivation. In-situ diffuse reflectance infrared Fourier transform spectroscopy
showed that both zeolite acid sites and MgO activated CH3Cl simultaneously, during which MgO induced a CH3Cl
spillover to the zeolite acidic site, resulting in the boosted CH3Cl conversion. This study establishes a new road to
efficient and selective C; molecular conversion using CHsCl boosted by CHsCl spillover, which would be
extended to methyl spillover-mediated catalytic conversion to various chemicals.

1. Introduction

Light olefins (C;_,) including ethylene, propylene, and butylene are
essential building blocks for synthesizing a wide range of chemical
products [1]. In modern chemical industries, light olefins are typically
produced via key processes such as steam cracking, fluid catalytic
cracking (FCC), and dehydrogenation. These methods are primarily
petroleum-based top-down approaches that often generate various un-
desirable carbonaceous byproducts, including C;-based small molecules
such as CO,, CO and CHy, which contribute to greenhouse gas emissions
[1]. Both steam cracking and dehydrogenation are highly energy-
intensive processes, requiring extremely high reaction temperatures
that result in significant CO, emissions and high operational costs [1-5].
While FCC is being widely used, it primarily produces gasoline with
lower propylene yields and is challenged by issues like catalyst
contamination, necessitating frequent replacements [5]. In contrast, the
methanol-to-olefin (MTO) process represents a bottom-up approach
that activates methanol (CH3OH) to produce light olefins. This process
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requires zeolite catalysts and a stable methanol supply, typically via
steam methane reforming (SMR) [1,6-9]. With rapidly rising crude oil
prices and the steady depletion of fossil fuel reserves, traditional
petroleum-based methods cannot meet the growing demand for light
olefins, especially in the context of current energy shortages [1,4,8-10].

A two-step process for converting CHy4 to light olefins via chloro-
methane (CH3Cl) as an intermediate is emerging as a promising, sus-
tainable alternative for efficient light olefin production in the chemical
industry [6,11-15]. In the first step, CH4 undergoes oxychlorination
[11,16,17] or chlorination [18-23] to produce CH3Cl, achieving high
CH3Cl selectivity over 90 % through the selective monochlorination of
CH4 using an acidic catalyst [21-23] Subsequently, CH3Cl can be con-
verted to olefins in the chloromethane-to-olefins (CMTO) process using
zeolite-based acidic catalysts, [12-15,24-37] which parallels the MTO
process but substitutes CH3OH with CH3Cl. The CMTO has gained sig-
nificant research attention from both academia and industry due to its
efficiency in forming C-C bonds from CHs3Cl derived from energy-
efficient CH4 chlorination [6,12,13,24]. A major advantage of the
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CMTO process is its lower operational costs due to lower reaction tem-
peratures [6,12-15,25-37]. It achieves high olefin yields with excellent
selectivity, resulting in minimal byproducts and simpler separation re-
quirements [12-15,25-37]. Additionally, HCI produced as a byproduct
during the CMTO reaction can be recycled for reuse in the Deacon
process or oxyhydrochlorination process, [6,11,16,17,38,39] contrib-
uting to the construction of a sustainable chlorine-mediated CH4 utili-
zation cycle.

The reaction mechanism of the CMTO closely resembles that of the
MTO process, primarily due to the similar molecular structures and
chemical properties of CH3OH and CH3Cl [14,25]. Consequently, much
of the research on CMTO has drawn inspiration from MTO researches,
advancing catalyst preparation, modification, and mechanistic under-
standing [14,25]. For instance, Corma et al. [40] and Gao et al. [41]
found that AEI-type SAPO-18 zeolites yield higher amounts of propylene
and butylene, whereas CHA-type SAPO-34 zeolites achieve the highest
ethylene yields. Later, Chae et al. reported that AEI-type zeolites pro-
duced a higher propylene/ethylene ratio, attributed to the larger cage
volumes of the AEI-type structures compared to CHA-type structures
under CMTO reaction conditions [26]. This aligns with the well-
established impact of shape selectivity based on hydrocarbon pool
(HCP) mechanism in MTO research [7,9,42-46]. It was also reported
that fast mass transfer rates in hierarchical zeolites enhanced the overall
reaction rate while minimizing secondary reactions and coke formation,
both of which contribute to extended catalyst lifetime [27]. The intro-
duction of mesopores or hierarchical pores improves reactant access to
catalytic sites, thereby enhancing the reactant conversion. Liu et al. [47]
demonstrated that hierarchical H-ZSM-5 catalysts achieved higher olefin
selectivity and prolonged catalyst lifetime compared to solely micro-
porous, conventional zeolites. Beyond structural optimization, zeolite
acidity also plays a crucial role in reaction results. High-temperature
steaming has been found to reduce the total acidity and alter the
Brgnsted/Lewis acid site ratio in H-ZSM-5 catalysts, while generating
secondary pores, collectively resulting in increased olefin yields [48].

Despite these advances, many intrinsic challenges persist in the
CMTO reaction. For example, the conversion rate of CH3Cl is typically
slower than that of CH3OH under similar reaction conditions [49].
Castano et al. and Olsbye et al. observed significantly reduced CH3Cl
conversion compared to CH3OH over ZSM-5 catalysts [12,28]. This
could be attributed to lower proton affinity of CH3Cl (647 kJ/mol) than
that of CH3O0H (754 kJ/mol), leading to slower CH3Cl adsorption on
Brgnsted acid sites (BAS) and hence slower CH3Cl conversion [28,29].
To overcome this limitation and enhance CH3Cl conversion, higher re-
action temperatures and stronger acidic catalysts are required. However,
unlike the MTO process, the CMTO reaction generates HCl as a
byproduct, which can induce the dealumination of the zeolite frame-
work [29,30,50]. Although stronger acidic catalysts can increase CH3Cl
conversion, they may also accelerate undesired secondary reactions,
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such as cracking and hydrogen transfer, potentially leading to the
excessive conversion of olefins into paraffins and heavier compounds
like polycyclic aromatics. This not only increases coke formation but
also reduces catalyst lifetime [29,30]. To develop a more reactive, se-
lective, and sustainable CMTO process, extensive research is required to
optimize catalysts with finely tuned acidic properties and to deepen our
understanding of their impact on the CMTO process.

Table 1 summarizes representative studies on CMTO reactions using
zeolite-based catalysts modified with metal salts. Similarly, we also re-
ported SnOy-impregnated SSZ-13 zeolite catalysts for the CMTO reac-
tion, [13] wherein SnO5 nanocrystals modified the acidic properties of
SSZ-13 zeolite, enhanced the CH3Cl affinity, and thereby achieved su-
perior CH3Cl conversion and light olefin selectivity. This study demon-
strated that optimizing the zeolite acidity and increasing CH3Cl affinity
to the catalytic sites are crucial to afford a high CH3Cl conversion with
high C5_, selectivity. Although the addition of metal salts has been
shown to create catalytic synergies, their specific catalytic contributions
remain incompletely understood. While we are exploring further to
understand the origin of catalytic synergies from the addition of basic
metal oxides based on alkaline earth metals, we discovered systematic
CH3Cl activation based on the different basicity of metal oxides during
CMTO reaction (Figs. S1 and S2). Inspired by such systematic changes
depending on the basicity of metal oxides, we assumed that there should
be a certain interaction between CH3Cl and metal oxides, which may
govern the catalysis. Of the tested metal oxides, MgO exhibited the most
superior performance, wherein the specific interaction between MgO
and CH3Cl boosted CH3Cl activation by MgO-mediated CH3Cl spillover
to the catalytic sites (i.e., acid sites in zeolite framework). The specific
CH3Cl spillover with the balanced interplays of zeolite acid sites and
MgO boosted CMTO conversion with increasing light olefin selectivity.
Herein, we investigated a series of H-ZSM-5 zeolites with varying Si/Al
ratios, in the presence of MgO at various loadings for the CMTO reaction,
to investigate the roles of different acidity originated from zeolite lattice
and different basicity originated from MgO. Through the systematic
controlled study, the catalytic roles of MgO-impregnated H-ZSM-5 ze-
olites in the CMTO reaction were elucidated with comprehensive char-
acterizations, including in-situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS).

2. Experimental section

Please refer to the “Supplementary Materials” for this section.
3. Results and discussion
3.1. Characterization of MgO-impregnated zeolite catalysts

The basicity of the series of H-ZSM-5 zeolites (Si/Al ratio = 40,

Table 1
Summary of the performances of the catalysts developed in this study and those of representative reported catalysts.
Catalyst CH3Cl Selectivity (%) Ref.
Cony. CH, c G for oy G c, BTX Cs, Total
(%)
Olefin
1 wt%MgO/H-ZSM-5 (Si/Al = 40) 99.9 1.6 28.8 29.7 9.9 0.6 8.1 9.7 6.6 5.0 68.4 this work
5 wt%MgO/H-ZSM-5 (Si/Al = 40) 97.8 1.4 5.8 64.5 16.2 0 0.1 4.7 0.1 7.2 86.5 this work
15Sn02/H-SSZ-13 98.1 1.8 34.5 50.3 2.3 Cy; ~C4 33 7.8 87.1 [13]
CoAPSO-34 78.8 2.4 63.1 29.7 - 1.2 3.7 — - - 92.8 [25]
MgAPSO-34-C1 99.7 1.4 44.7 37.0 6.4 0.2 0.9 2.2 - 5.8 88.1 [15]
7 %Mg-H-ZSM-5 (Si/Al = 25) 99.0 1.1 12.2 60.3 17.8 0.1 0.1 0.1 4.4 90.3 [36]
5 %Mg-H-ZSM-5 (Si/Al = 40) 89.8 — 8.0 65.4 17.2 0.2 — — 5.3 90.6 [371
5 %Mg-H-ZSM-5 (Si/Al = 15) 87.5 - 3.7 59.0 21.4 0.1 - - - 7.2 84.1 [37]
0.33 %Mg-APSO-34 98.0 3.1 15.3 19.3 11.5 4.1 30.4 3.4 129 46.1 [35]
Mg-ZSM-5 (Si/Al = 15) 95.0 — 17.2 25.1 6.8 — 12.4 - — 49.1 [32]
5 %MnAPSO—34 99.0 2.3 18.5 19.7 15.1 1.8 21.1 2.8 - 18.7 53.3 [34]
Mn2*-ZSM-5 (Si/Al = 25) 99.4 0.6 - 13.7 9.0 8.8 17.4 15.7 16.6 18.2 22.7 [31]
1.8 %Mn-APSO-34 96.5 - 41.2 30.5 8.7 C; ~Cs 84 11.2 80.4 [33]
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denoted as Z40) impregnated with various alkaline earth metal oxides
was characterized by CO2-TPD analysis (Fig. S1 and Table S1), which
revealed systematically controlled basic properties. Each catalyst
exhibited a distinct CO, desorption profile depending on the type of
metal oxide, with the exception of the 1BaO/Z40. The 1BaO/Z40
showed no discernible CO2 desorption peak, which may be attributed to
the high thermal stability of BaCOs. Since BaCO3; decomposes into BaO
and CO5 at temperatures above 1300 °C, [51] CO5 desorption from
1Ba0O/Z40 may occur beyond the upper limit of the TPD measurement
range (950 °C). Based on CO»-TPD results, particularly the desorption
temperatures, the relative basic strength of the catalysts follows the
order: 1BaO/Z40 > 1SrO/Z40 > 1CaO/Z40 > 1MgO/Z40 > Z40.

A series of H-ZSM-5 zeolites with alkaline earth metal oxides,
featuring systematically controlled basicity, were tested for the CMTO
reaction (Fig. S2). The results indicate that catalytic performance varies
significantly depending on the type of impregnated metal oxide. In
particular, the CH3Cl conversion (Xcyscy) showed a strong inverse cor-
relation with base strength. The 1BaO/Z40 catalyst (Tpax > 950 °C),
having the strongest basicity (CO2 desorption temperature: not detected
under CO5-TPD condition), exhibited the lowest CH3Cl conversion of
49.4 %. This was followed by 1SrO/Z40 (Tyax = 902 °C) at 71.7 %,
1Ca0/Z40 (677 °C) at 86.1 %, and 1MgO/Z40 (125 °C) at 99.9 %.
Interestingly, the CH3Cl conversion of 1BaO/Z40 was even lower than
that of the unmodified Z40 catalyst (56.8 %), which may be attributed to
excessive interaction between the basic BaO sites and the acidic CH3Cl
molecules. Such interaction likely inhibits CH3Cl at BAS, thereby sup-
pressing catalytic turnover. The correlation between CO, desorption
temperature and Xcpsc) highlights the critical role of base strength in
influencing CHsCl activation, suggesting that an optimal level of basicity
is essential for efficient CH3Cl conversion. In terms of product selec-
tivity, all catalysts impregnated with alkaline earth metal oxides
exhibited similar distributions compared to Z40, implying that the basic
sites primarily influence the activation of CH3Cl, but do not significantly
alter the subsequent HCP mechanism. Among the tested metal oxides,
MgO showed the best overall performance and was therefore selected for
further investigation.

A series of H-ZSM-5 zeolites with varying Si/Al ratios and MgO
loadings were characterized using XRD, TEM-EDS, N, physisorption
analysis, NH3-TPD, and CO,-TPD (Figs. S7-S14, and Tables S3-S4).
Fig. 1 shows representative characterization data of Z40 zeolites with
different MgO loadings. XRD confirmed the typical MFI structure
(JCPDS card no. 44-0003) that was fully maintained without structural
changes upon MgO addition (Figs. 1a and S8b). No distinct MgO peaks
were observed in the 20 region of 42-44°, suggesting effective
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dispersion of MgO nanoparticles without the formation of bulk MgO.
TEM-EDS imaging further verified that the MgO nanoparticles were
well-dispersed throughout the Z40 crystal (Figs. 1b and S10).

The structures of H-ZSM-5 zeolites with different Si/Al ratios and
MgO loadings were similarly characterized by XRD (Figs. S7-S8) and
TEM-EDS (Figs. S9-S11), confirming the preservation of the pristine MFI
structure and effective MgO dispersion without formation of bulk MgO
crystals regardless of MgO loadings. As MgO loading increased, both the
BET surface area and the pore volume decreased gradually (Fig. 1c, and
Table S3). The acidic properties varied significantly, as demonstrated by
NH;3-TPD (Fig. 1d, and Table S4). Higher Si/Al ratios, indicating reduced
Al content in the framework, corresponded with a decrease in the
number and strength of acidic sites (Fig. S13a, and Table S4). For each
H-ZSM-5 zeolite, an increase in MgO loading led to a progressive
reduction in both the amount and strength of acid sites
(Figs. S13b-S13d, and Table S4). The basic properties were character-
ized by COo-TPD (Fig. S14), which revealed distinct CO, desorption
peaks correlated with MgO loading. The pristine zeolites without MgO
exhibited no discernible CO, desorption peaks due to the absence of
basic sites, regardless of the Si/Al ratios of each zeolite. In contrast,
MgO-loaded zeolites showed a distinct CO2 desorption peak within the
temperature range of 115-125 °C, with peak intensity increasing as MgO
loading increased to 5 wt%. However, zeolites with 10 wt% MgO
exhibited smaller CO5 desorption peaks compared to those with 5 wt%
MgO loading, indicating that there is an optimal MgO loading for
achieving the desired basic properties in the zeolites. It could also imply
that the optimal capacity of zeolites used in this work for supporting
MgO with good dispersion would be around 5 wt%.

3.2. CMTO reaction using MgO-impregnated zeolite catalysts

Fig. 2 shows the reaction results for H-ZSM-5 zeolites with various
Si/Al ratios and MgO loadings in comparison with corresponding H-
ZSM-5 zeolites without MgO. The time-dependent Xcpsc profiles
(Figs. 2a—c) and the mean Xcys3c values during an initial 4-hour reaction
period with the mean selectivity values for various products are
graphitized for comparison (Figs. 2d-f, and Table 2). The results indicate
that catalytic performance varies significantly with the Si/Al ratios of
zeolites and the levels of MgO loading. To examine the influence of Si/Al
ratios on activity and product selectivity, we first compared the per-
formance of H-ZSM-5 zeolites with varying Si/Al ratios in the absence of
MgO. As the Si/Al ratio increased from 15 to 40 and then to 140 (Z15,
740, and Z140, respectively, in Fig. 2), the mean Xcysc value decreased
from 90.4 % to 56.8 % and then to 25.5 %, respectively (entries 1, 5, and
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Fig. 1. (a) XRD patterns of Z40 zeolites with varying MgO loadings, with vertical (hkl) lines indicating peaks corresponding to Mg(OH), (blue) and MgO (red)
obtained from the JCPDS database. (b) TEM images of Z40 zeolites with varying MgO loadings (left column) and corresponding EDS mapping of the Mg K series
(purple, right column) showing the dispersion of MgO throughout the Z40 zeolite crystal. (c) N, adsorption/desorption isotherms, and (d) NH3 TPD profiles of Z40
zeolites with varying MgO loadings. The corresponding porosity and acidity data are summarized in Tables S2 and S3, respectively.
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Fig. 2. (a—c) Time-dependent CH3Cl conversion (Xcuscp) profiles of H-ZSM-5 zeolites with various Si/Al ratios and MgO loadings, and (d-f) their corresponding
averaged Xcusc (black circle) and product selectivity (bar graph with different colors). Mean values were obtained by averaging the reaction results observed during

initial reaction period of 4 h, which is also summarized in Table 2.

Table 2

Reaction results of H-ZSM-5 zeolites with various Si/Al ratios and MgO loadings in comparison with corresponding H-ZSM-5 zeolites without MgO under flow rates of
2.0 cm® min~ for CH3Cl and 48.0 cm® min~ for Ny. The table presents mean values obtained by averaging the reaction results observed during initial reaction period

of 4 h.
Entry Catalyst Xcuac (%) Selectivity (%)
CH,4 C; C; (on Cy oy C, C; (on Cyy BTX Cs, Total

1 Z15 90.4 10.9 32.0 20.4 4.7 57.1 0.9 13.1 6.4 20.4 4.0 7.6 100
2 1M/Z15 99.9 1.6 28.8 29.7 9.9 68.4 0.6 8.1 9.7 18.4 6.6 5.0 100
3 5M/Z15 98.6 0.8 13.9 55.4 16.6 85.9 0 0.7 5.2 5.9 0.6 6.8 100
4 10M/Z15 79.5 3.0 14.0 58.9 12.6 85.5 0.1 1.5 4.9 6.5 0.3 4.7 100
5 Z40 56.8 7.3 21.1 47.9 11.0 80.0 0.1 1.3 4.8 6.2 0.9 5.6 100
6 1M/Z40 99.9 1.1 20.3 47.7 16.5 84.5 0.1 1.2 6.7 8.0 1.1 5.3 100
7 5M/Z40 97.8 1.4 5.8 64.5 16.2 86.5 0 0.1 4.7 4.8 0.1 7.2 100
8 10M/Z40 89.3 1.3 5.1 64.5 16.2 85.8 0 0.1 4.6 4.7 0.1 8.1 100
9 7140 25.5 10.6 10.9 55.9 12.2 79.0 0.1 0.2 3.1 3.4 0.9 6.1 100
10 1M/Z140 78.0 2.8 4.0 61.5 16.9 82.4 0 0.1 4.9 5.0 0.2 9.6 100
11 5M/Z140 59.1 5.2 7.0 57.9 15.9 80.8 0 0.6 6.0 6.6 0 7.4 100
12 10M/Z140 36.6 2.9 7.6 61.6 12.2 81.4 0.1 1.1 9.2 10.4 0.1 5.2 100

9, respectively, in Table 2). This suggests that the acidic sites in the
zeolite framework play a major role in catalyzing CH3Cl conversion.

Product selectivity was also strongly influenced by zeolite acidity.
The Z15 zeolite, which exhibited the highest Xcyscy, produced signifi-
cantly more paraffinic and aromatic products, with 20.4 % of C;_, and
4.0 % of BTX, respectively. In contrast, Z40 and Z140 zeolites produced
less than 10 % of paraffinic C,_, and less than 1 % of BTX (entries 1, 5,
and 9, respectively, in Table 2). Regarding olefinic products, Z15 pro-
duced only 57.1 % of C;_,, while Z40 and Z140 produced significantly
more C;_, with 80.0 % and 79.0 %, respectively (entries 1, 5, and 9,
respectively, in Table 2). The product distribution, with a dominant
formation of C5_, on H-ZSM-5 zeolites, aligns with the HCP mechanism
previously reported in MTO and CMTO studies using MFI zeolites
[52,53].

Erichsen et al., as well as our own research, have shown that the dual

cycles (HCP mechanism) are influenced by the acidic properties of the
catalyst [13,54,55]. Specifically, weaker acid strength and lower acid
density favor the alkene cycle, promoting the formation of C3 and Cj
rather than C; [13,52,55]. In this work, both the strength and the
density of acid sites decreased with increasing Si/Al ratios (Fig. S13a,
and Table S4). Consistent with these observations, C5 and C; selectivity
increased, while C5 selectivity decreased with the following order of
715, Z40, and Z140 zeolites (entries 1, 5, and 9, respectively, in Table 2).
In terms of total light olefin (C5_,) selectivity, both Z40 and Z140 cat-
alysts exhibited considerably higher selectivity than Z15 catalyst, indi-
cating that variations in olefin and paraffin selectivity with different Si/
Al ratios are primarily influenced by secondary reactions, such as
hydrogen transfer and aromatization, occurring on the strong BAS [52].

Compared to bare H-ZSM-5 zeolites without MgO, the addition of
MgO led to dramatic changes in Xcysc and product selectivity.
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Regardless of MgO loadings in H-ZSM-5 zeolites, all MgO-impregnated
H-ZSM-5 samples commonly exhibited higher Xcusc and C;_, selec-
tivity, and a decrease in CH4 selectivity, compared to the bare H-ZSM-5
zeolites without MgO (Fig. 2, and Table 2). Specifically, at an MgO
loading of 1 wt%, the 1M/Z15, 1M/Z40, and 1M/Z140 catalysts ach-
ieved mean Xcysc) values of 99.9 %, 99.9 %, and 78.0 %, respectively
(entries 2, 6, and 10, respectively, in Table 2). Notably, the addition of
only 1 wt% MgO nearly doubled and tripled the mean Xcy3c) values for
1M/Z40 and 1M/Z140, respectively. However, further increase in MgO
loading did not correspond to proportional enhancements in Xcusc.
Mean Xcpysc) values decreased as MgO loading increased further to 5 and
10 wt%, and this trend was observed in all MgO-impregnated H-ZSM-5
samples. This suggests the existence of an optimal MgO loading for
promoting catalytic interplays between MgO and the zeolite.

Catalyst lifetime was dramatically affected by the Si/Al ratios of
zeolites and the MgO loadings. In most cases, the addition of MgO to the
H-ZSM-5 zeolites increased the deactivation rate (Figs. 2a—c). Specif-
ically, the slopes of the time-dependent Xcysc) profiles became more
negative as MgO loading increased from 1 wt% to 5 wt% and then to 10
wt%, indicating a faster deactivation rate with higher MgO loadings.
Although appreciable deactivation was not observed in the 1M/Z15
(pink profile in Fig. 2a, and Fig. S15d) and 1M/Z40 catalysts (pink
profile in Fig. 2b, and Fig. S15e), the 1M/Z140 catalyst showed a
gradual decrease in Xcpsc) over 8 h of reaction (pink profile in Fig. 2c,
and Fig. S15f). Compared to the 1 wt% of MgO loading, 5 wt% loading
increased the deactivation rate higher, in which the 5M/Z140 catalyst
showed the fastest deactivation among 5M/Z catalysts (yellow profile in
Fig. 2¢, and Fig. S15i). When the MgO loading was further increased to
10 wt%, all catalysts showed significantly faster deactivation, with the
10M/Z140 catalyst displaying an especially rapid deactivation rate,
marked by an exponential decline in Xcysc during the initial reaction
period (green profile in Fig. 2c, and Fig. S151). These trends indicate that
while optimal MgO loading can positively impact catalytic performance,
excessive MgO loading decreases catalyst activity and accelerates
deactivation. The corresponding characterizations of spent catalysts,
including XRD, TGA, and ICP analyses, are presented in Fig. S16,
Fig. S17, and Table S5, respectively. The XRD and TGA results suggest
that deactivation is primarily attributed to carbon deposition, which
became more pronounced with increasing MgO loading. In contrast, the
ICP results confirm that there was no significant Mg loss, indicating that
the Mg content was well retained after the reaction.

In terms of product selectivity, with a 1 wt% MgO loading, all 1M/Z
catalysts commonly exhibited a notable shift in product distribution,
showing increased selectivity for C3 and C; and decreased selectivity for
CHy, C;, C3, and C;, compared to bare H-ZSM-5 zeolites without MgO.
For example, the 1M/Z15 catalyst showed decreases in selectivity for
CH4 (10.9 % — 1.6 %), C; (0.9 % — 0.6 %), C5 (13.1 % — 8.1 %), and
C3 (32.0 % — 28.8 %), along with increases in selectivity for C5 (20.4 %
— 29.7 %) and C; (4.7 % — 9.9 %) (entries 1-2 in Table 2). In overall,
C5_, selectivity increased from 57.1 % to 68.4 % (entries 1-2 in Table 2).
The selectivity shift towards higher olefins with decreased C; selectivity
is consistent with the systematic changes in product selectivity observed
with varying acid strength and density among Z15, Z40, and Z140 cat-
alysts, as discussed above. Notably, the 1 wt% MgO addition to Z15
decreased both the strength and density of acid sites (Fig. S13b, and
Table S4), altering the product selectivity. This suggests that MgO
impregnation modified the acidic properties of the catalyst, thus
affecting the CMTO reaction mechanism and shifting selectivity ratios
among light olefins.

However, compared to 1M/Z15 zeolite, the addition of MgO to the
7140 zeolite resulted in much smaller changes in product distribution,
even at a 10 wt% of MgO loading (Fig. 2f, and entries 10-12 in Table 2).
This can be attributed to the weaker acid strength and lower acid density
of the Z140 framework relative to Z15 (Fig. S13a, and Table S4). In
contrast, the Z15 and Z40 zeolites, which possess higher acid densities
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than Z140, exhibited increases in selectivity for C; and C; as MgO
loading increased from 1 wt% to 5 wt% (Figs. 2d, e, and entries 3 and 7
in Table 2). Interestingly, when the MgO loading was further increased
to 10 wt%, the product distribution for the 10M/Z40 catalyst remained
almost unchanged (Fig. 2e, and entries 7-8 in Table 2), whereas the
10M/Z15 catalyst exhibited a noticeable change, with approximately
fourfold increase in selectivity for undesirable CHy (Fig. 2d, and entries
3-4 in Table 2). NH3-TPD analysis confirmed that MgO addition led to a
notable reduction in zeolite acidity compared to the pristine zeolites
without MgO (Fig. S13, and Table S4). These findings suggest that the
impact of MgO on product selectivity is more pronounced in zeolites
with higher acid densities, while the impact of MgO is relatively less
pronounced in zeolite with lower acid density.

Among the 12 catalyst sets with varying Si/Al ratios and MgO
loadings (Table 2), the enhancement in Xcy3c due to MgO addition was
most pronounced in the 1M/Z140 zeolite, where Xcpsc) nearly tripled
from 25.5 % to 78.0 % (entries 9-10 in Table 2). In contrast, the impact
of MgO addition on the Z15 zeolite was minimal, as the stronger, denser
acid sites overwhelmed the contribution of MgO (entries 1-4 in Table 2).
Interestingly, the addition of 5 wt% MgO to the Z40 zeolite resulted in a
high Xcpscr of 97.8 % and the highest C5_, selectivity of 86.5 % (entry 7
in Table 2), likely due to the balanced catalytic interplays of MgO and
acid sites in the 5M/Z40 zeolite. Consequently, this balance effectively
bypassed the typical trade-off, achieving simultaneous improvements in
CH3Cl conversion, catalyst lifetime, and C;_, selectivity.

3.3. Origin of MgO-promoted CMTO reaction

The addition of MgO to the H-ZSM-5 zeolites significantly enhanced
their intrinsic catalytic performance, breaking typical trade-offs by
simultaneously improving CH3Cl conversion, catalyst lifetime, and light
olefin selectivity. To understand the origin of MgO-promoted CMTO
reaction, controlled catalyst sets were constructed and characterized
comprehensively. Based on the 5M/Z40 zeolite showing the best-
balanced catalytic performance, two additional catalysts (i.e., 5Mext/
740, and 5M&Z40) were additionally prepared by supporting 5 wt% of
MgO selectively on the external surface of Z40, or by physically mixing
5 wt% of MgO with Z40, respectively (Fig. 3). The distinct XRD reflec-
tion at a 20 of 43° for 5Mex/Z40 and 5M&Z40 catalysts indicates the
presence of bulky MgO crystals (Figs. 3a, b). The adsorbed N3 volume of
5Mext/Z40 at relative pressures below 0.01 was almost identical to that
of the Z40 zeolite, suggesting that the micropores were kept vacant
without significant micropore filling by MgO (Fig. 3c, and Table S6).
TEM-EDS imaging of 5Mex/Z40 further confirmed that most MgO par-
ticles were primarily dispersed on the external surface of Z40 (Fig. 3d).
The resultant 5Mext/Z40 and 5M&Z40 catalysts enable an investigation
into the effect of distance between MgO and BAS on the catalytic per-
formance, in comparison with the 5M/Z40 catalyst.

To investigate the role of zeolite acid sites, PFA;,/Z40 was also
prepared by polymerizing furfuryl alcohol selectively within the mi-
cropores of Z40. This approach not only filled the zeolite micropores but
also screened BAS on the zeolite surface. As a result of the micropore-
filling by PFA, PFAjn/Z40 exhibited a marked decrease in peak in-
tensity in the XRD reflection at a 20 range of 8-10°, compared to the
original Z40 zeolite (Fig. 3a). Additionally, PFA;,/Z40 exhibited
negligible Ny adsorption at relative pressures below 0.01, further con-
firming effective micropore filling by PFA (Fig. 3c, and Table S6). By
screening the BAS in the zeolite framework, the resultant PFA;,/Z40
catalyst enables the evaluation of BAS effects on catalytic performance,
offering a comparative basis against other Z40-based catalysts.

Fig. 4 shows the time-dependent Xcysc) profiles and mean product
selectivity for the tested catalyst sets (see also Fig. S18, and Table S7 for
details). Depending on the Xcyscy, the catalysts can be categorized into
two groups: those with Xcusc < 3 %, and those with Xcusc > 20 %. The
former group, with Xcysc < 3 %, includes (i) the blank test without
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initial reaction period of 4 h and summarized in Table S7.

catalyst, (ii) S-1 without MgO, (iii) MgO alone without zeolite, and (iv)
5M/S-1 (entries 1-4 in Table S7). Here, S-1 refers to purely siliceous
silicalite-1, a zeolite with the same MFI structure as Z40 but without
aluminum, and thus without acid sites. This allows S-1 to be a
comparative material for distinguishing the catalytic effects of MgO and
BAS of the Z40 zeolite. The latter group, with Xcysc > 20 %, comprises
six different Z40-based catalysts (Fig. 4b, and entries 5-10 in Table S7).
The primary difference between the former and the latter groups ap-
pears to be the respective absence or presence of BAS.

The BAS-absent group generally exhibited low activity (Xcusa < 3
%) with CHy as the major product (Fig. 4b, and entries 1-4 in Table S7),
whereas the BAS-present group achieved higher activity with Xcysc
values ranging from 22.6 % to 97.8 % depending on the Z40-based
catalyst structure (Fig. 4b, and entries 5-10 in Table S7). The Z40
catalyst alone showed a mean Xcysc) of 56.8 %, but this decreased by
more than half to 22.6 % in PFA;,;/Z40 catalyst (Fig. 4b, and entries 5-6
in Table S7). In addition, PFA;,;/Z40 catalyst exhibited a lower C;_,
selectivity of 61.5 %, and a higher CHy selectivity of 25.2 % compared to
other Z40-based catalysts. This decrease in Xcpusc) alongside higher CHy4
selectivity suggests that PFA filled in the Z40 micropores screened BAS
considerably, thus reducing the catalytic contribution of BAS. These
findings indicate that the significant performance difference between
the two catalyst groups can be attributed to the presence of BAS, which
facilitates CH3Cl dissociation during CMTO reaction.

Interestingly, compared to the Z40 alone, which achieved a mean

Xcusc of 56.8 % (Fig. 4b, and entry 5 in Table S7), MgO-supported Z40
catalysts prepared using various incorporation methods showed signif-
icantly higher mean Xcysc) values above 90 %, regardless of the method
for MgO incorporation (Fig. 4b, and entries 7-9 in Table S7). Only slight
differences in Xcuac and C5_, selectivity among MgO-incorporated Z40
catalysts were observed (Fig. 4b, and entries 7-9 in Table S7), indicating
that the specific method for MgO incorporation is not critical factor for
making enhancements in catalytic performances. However, the presence
of MgO clearly contributed to remarkable improvements in both Xcpsc
and C;_, selectivity within the Z40 catalyst system. The similar CH3Cl
conversion and product selectivity observed among 5M/Z40, 5SM&Z40,
and 5Mex/Z40 catalysts suggest that the CMTO reaction proceeds via a
comparable HCP mechanism, regardless of the dispersion position of
MgO. Despite the modification of the spatial proximity between MgO
and the Brgnsted acid sites, no significant differences in catalytic per-
formance, implying that MgO does not directly participate in or alter the
acid catalyzed-HCP mechanism itself. In other words, MgO does not
function as an independent base catalyst for the HCP pathway. Instead,
its role is primarily to interact with CH3Cl, facilitating the formation of
activated CH3Cl species, which are subsequently transferred to Brgnsted
acid sites where the HCP mechanism proceeds. This interaction en-
hances CH3Cl conversion and promotes higher light olefin selectivity,
particularly under conditions where the balance between acid and base
sites is optimized.

To further validate the proposed role of MgO in CH3Cl activation and
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its non-involvement in the HCP mechanism itself, a comparative MTO
reaction was conducted using Z40 and 5M/Z40 catalysts (Fig. S20).
Based on the CMTO reaction results, MTO reactions were carried out at
two different temperatures: a relatively low temperature (300 °C) to
evaluate changes in CH30OH conversion under conditions where CH30H
activation is moderately facilitated, and a higher temperature (350 °C)
to evaluate the potential contribution of MgO to the HCP mechanism
under complete CH3OH conversion. At 300°C (Figs. S20a and b), a sig-
nificant difference in CH30H conversion was observed. The pristine Z40
catalyst showed moderate CH3OH conversion that decreased during
480 min of reaction, whereas the 5M/Z40 catalyst exhibited a dramat-
ically low conversion (below 5 %). At 350°C (Figs. S20c and d), while
the pristine Z40 catalyst maintained complete CH3OH conversion
without deactivation, the 5M/Z40 catalyst showed decreased conver-
sion of 60 %. Regarding product selectivity, although the results at
300 °C showed differences depending on the presence of MgO, the
extremely low CH3OH conversion with 5M/Z40 catalyst makes the
product selectivity data unreliable and unsuitable for meaningful dis-
cussion. In contrast, the results at 350 °C, where sufficient CH3O0H
conversion was achieved for both catalysts, provide a more valid basis
for comparison. Under these conditions, product selectivity was not
significantly different in Z40 and 5M/Z40 regardless of MgO, suggesting
that the presence of MgO did not alter the reaction pathway or the HCP
mechanism. Collectively, these MTO reaction results support the sug-
gestion that MgO does not alter or initiate the HCP mechanism itself but
rather facilitates CH3Cl activation thereby promoting subsequent olefin
formation on BAS of the zeolite framework.

To clarify the promoting role of MgO, we further characterized spent
catalysts after CMTO reaction. First, the crystallinity of the 5Mey/Z40
zeolite after the CMTO reaction was analyzed in comparison with 5M/
740 zeolite (Figs. 5a—c). The MFI structures of both 5M/Z40 and 5Mext/
740 zeolites were preserved without significant alterations after the
CMTO reaction (Fig. 5a). In addition, any appreciable peak corre-
sponding to MgCl; was not observed after the CMTO reaction (Fig. 5b).
However, a distinct XRD peak in the 26 range of 42 — 44°, corresponding
to MgO [200], which was visible in the pristine 5Mey/Z40 catalyst,
nearly disappeared completely after the reaction (Fig. 5¢). Given that 5
wt% of MgO should still be present on Z40, the disappearance of XRD
reflection may infer that MgO may have re-dispersed throughout the
Z40 crystal, likely forming MgO nanocrystals or their derivative
nanostructures.
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Second, XPS analysis further supported the observations in XRD, in
which an Mg 2p peak in the pristine 5Mex(/Z40 catalyst was observed at
binding energy of 50.5 eV with the highest intensity (Fig. 5d). Compared
to the Mg 2p peaks of other catalysts, the highest intense Mg 2p peak of
the pristine 5Mey/Z40 catalyst suggests that the majority of MgO was
highly concentrated and exposed on the external surface of Z40 catalyst.
However, after the CMTO reaction, this peak was shifted to a higher
binding energy of 51.2 eV with significant decrease in intensity. This
shift indicates that the large MgO crystals on the external surface of Z40
zeolite were re-dispersed throughout the Z40 framework, thereby
significantly reducing the concentration of MgO on the external surface.
A similar increase in binding energy for the Mg 2p XPS peak with sig-
nificant decrease in intensity was also observed in 5M/Z40 (50.0 — 51.4
eV) catalyst after the CMTO reaction (Fig. 5d), indicating changes in
chemical bonding around Mg atoms. It should be noted that all the
components of Si, Al, and Mg were preserved in the 5M/Z40 catalyst
after CMTO reaction, indicating that the disappearance of the MgO
peaks in the XRD and XPS spectra was not due to the loss of Mg in the
catalyst (Table S5).

The changes in chemical environment of Mg atoms could be clarified
more by the appearance of a new XPS peak in the Cl 2p XPS region,
observed in both 5M/Z40 and 5Me/Z40 catalysts after the CMTO re-
action (Fig. 5e). The presence of the Cl 2p XPS peak suggests that CH3Cl,
its dissociated species, and/or chlorinated products accumulated on the
catalyst surface during the CMTO reaction. The electronegative ClI spe-
cies likely bind to MgO, probably through the formation of MgCl; and/
or (MgO)Cl, species, which decreased electron density around Mg atoms
and thereby shifted the Mg 2p binding energy higher. If MgCl, species
was dominantly formed, the catalytic cycle of MgO-impregnated Z40
zeolites might be terminated, since the chemical bond of Mg — Cl is too
strong to be dissociated. In contrast, if (MgO)Cl, species was dominantly
formed, it would be expected that the catalytic cycle would be main-
tained since the chemical bond of (MgO) — Cl is weak so that the
adsorption/desorption of Cl species could be reversible. Based on this,
the promoted catalytic activity with sustainable performance of Z40
zeolites with 5 wt% of MgO loadings (Fig. 4a) could imply that the
MgCly species was rarely formed during the CMTO reaction. Further-
more, we extended the reaction time further to 80 h using 5M/Z40
catalyst, which confirmed sustainable catalytic performance without
deactivation and structural changes of catalyst (Fig. S19). XRD patterns
of the pristine and spent 5M/Z40 catalysts show no significant
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difference, indicating that the overall crystalline structure was preserved
during the reaction. In the FT-IR analysis, the pristine 5M/Z40 catalyst
exhibits a characteristic Mg—O stretching vibration band at 606 cm .
After the reaction, the intensity of this band decreased noticeably, sug-
gesting a partial transformation of MgO. The fact that the Mg-O vibra-
tion did not completely disappear implies that MgO was not fully
converted into MgCl, during the reaction but may instead have formed
(MgO)Cly species, providing indirect evidence for their presence. In
particular, when we tested 5MgCl,&Z40 in the CMTO reaction, its cat-
alytic activity (Xcusc) and the product distribution were similar with
those of pure Z40 zeolite without MgO (Fig. 4, and entry 10 in Table S7),
indicating that the synergistic role of MgCl, is almost negligible while
the BAS on Z40 zeolite is governing the catalysis. The associated inter-
pretation of XRD, XPS, FT-IR, and reaction data could conclude that the
MgO was not converted to MgCl, species but dominantly converted to
(MgO)Clk species, which could contribute the sustainable catalytic
performance with enhanced activity.

3.4. Mechanistic view of MgO-promoted CMTO reaction

The formation of C-C bonds in the CMTO reaction is generally
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understood to proceed via the HCP mechanism, involving methylation,
oligomerization, and cyclization steps over BAS, as widely accepted in
previous studies [13-16,50,53]. In this study, we do not aim to propose a
new reaction pathway beyond the HCP, but rather to control the
established mechanism through the introduction of acid-base
bifunctionality.

To better understand the CMTO reaction process, we monitored
changes occurring on the catalyst surface in real-time using the DRIFTS
technique. Fig. 6 shows the DRIFTS spectra for the 5M/Z40 (Figs. 6a—c),
5Mext/Z40 (Figs. 6d-f), Z40 (Figs. 6g-i), and MgO (Figs. 6j-1) catalysts in
three wavenumber regions under CMTO reaction conditions. This
approach enables real-time tracking of the dynamic interactions of
reactant and intermediate species to the catalyst surface during the re-
action. Among the tested catalysts, the most dramatic color changes in
the DRIFTS contour map were observed for 5M/Z40 -catalyst
(Figs. 6a-c), indicating significant alternations in the chemical envi-
ronment on its surface compared to the other catalysts. Specifically, in
the 3400-3800 cm ™! range, negative absorption peaks were observed
(blue color in Fig. 6a), which is attributed to the strong adsorption of
CH3Cl on the hydroxyl (-OH) group of BAS [56-58]. The electronegative
Cl in CHsCl may bind to the BAS, substantially affecting the intrinsic
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vibration of the hydroxyl. In the 2800-3000 cm ™! range, positive ab-
sorption peaks with yellow to red colors appeared, likely due to the
vibrations of C-H bonds in methyl or terminal aliphatic groups, [56-58]
suggesting dynamic CHg3Cl activation on the surface of the 5M/Z40
catalyst (Fig. 6b). In the 1500-1600 cm ' and 1600-1700 cm ™! ranges,
which correspond to C=C bonds in alkylated aromatics or olefins,
respectively, [57,58] strong positive absorption peaks with yellow and
red colors were observed predominantly in the olefin-based region
(1600-1700 cm™'), whereas less intense peaks appeared in the
aromatic-based region (1500-1600 cm ™) (Fig. 6¢). This suggests that
olefins were more concentrated on the surface of the 5M/Z40 catalyst
than aromatic compounds, consistent with the high olefin selectivity
achieved by 5M/Z40 (Fig. 4, and entry 7 in Table S7).

Compared to the 5M/Z40 catalyst, the absorption peak intensities for
5Mext/Z40, Z40 and MgO were notably weaker. First, in the 3400-3800
cm™! range, weak absorption peaks were observed only for the 5Mey/
740 (Fig. 6d) and Z40 (Fig. 6g) catalysts, whereas no absorption peak
was observed for MgO (Fig. 6j). The BAS on Z40 may facilitate Cl~
dissociation from CH3Cl, altering the intrinsic vibration of the hydroxyl
group on BAS. This observation strongly supports the role of BAS on Z40
as a primary catalyst for CH3Cl activation, with the strongest CH3Cl
activation observed in the 5M/Z40 catalyst (Fig. 6d). Second, in the
2800-3000 cm ! range, all tested catalysts exhibited positive absorption
peaks with yellow color. Although the peak for MgO was the weakest
with bright yellow color (Fig. 6k), this absorption peak suggests the
presence of C-H vibrations from methyl or terminal aliphatic groups
generated during the CH3Cl activation on MgO. Specifically, the MgO
surface, acting as a Lewis base due to its oxygen anions, can interact with
Lewis acids. Therefore, similar to the catalytic role of BAS on Z40
zeolite, CH3Cl seemed to be dissociated heterolytically on MgO into CH3
and Cl~, acting as Lewis acid and base, respectively, to form methoxy
(-OCH3) and (MgO)Cly species on the MgO surface. Note that the for-
mation of (MgO)Clk was also suggested by catalytic reactions and XPS
analysis (Figs. 4 and 5d, e). The evidence of CH3Cl activation on MgO
observed in the DRIFTS spectra may explain why MgO alone can facil-
itate CMTO reaction, although its activity is much lower than that of the
zeolite-based catalysts (Fig. 4, and entry 3 in Table S7).

The comprehensive characterization above clarified that both MgO
and BAS of Z40 zeolite contributed synergistically to CH3Cl activation,
resulting in enhanced catalytic performance. The catalytic interplays
between these active sites are crucial for promoting the CMTO reaction.
Through additional controlled FT-IR studies below (Fig. 7), we further
explored how MgO enhances catalytic performance while the BAS on
740 zeolite serves as the primary catalytic site. It has been reported that
supported transition metal catalysts can induce a spillover of methyl
species, analogous to the hydrogen spillover phenomenon observed on
the noble metal nanoparticle supported on transition metal oxides
[59,60]. Similarly, we hypothesized that MgO enabled spillover of
activated methyl species originating from the CH3Cl activation on the
MgO surface. To test this hypothesis, we investigated CH3Cl activation
onssilicalite-1 (i.e., S-1) with and without MgO using FT-IR spectroscopy.
When CH3Cl was introduced to S-1 alone, no appreciable peaks
appeared in the 2600-3200 cm™! region (compare yellow and grey
spectra in Fig. 7), indicating that S-1 alone did not activate CH3Cl,
consistent with the reaction test shown above (Fig. 4, and entry 2 in
Table S7). However, when CH3Cl was introduced to MgO supported S-1
(i.e., 5M/S-1), new FT-IR peaks appeared (compare green and black
spectra in Fig. 7). Previous studies have shown that S-1 can activate
CH30OH by forming Si—O-CHjs on its surface, as evidenced by FT-IR (blue
spectra in Fig. 7). By comparing the FT-IR spectra of CH3OH-activated S-
1 with those of CHsCl-activated 5M/S-1, we identified the new peaks as
C-H stretching modes in Si-O-CHg, suggesting that the CH3Cl activation
on 5M/S-1 also involves the formation of Si-O-CHj by spillover of
methyl species from MgO to SiO5 (compare green and blue spectra in
Fig. 7).

Summarizing the controlled FT-IR studies alongside the evidence in
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DRIFTS, we could conclude that CH3Cl is initially activated on the MgO
surface, with the resultant activated methyl species subsequently
spilling over to the S-1 surface, as indicated by the formation of
Si-O-CHjs, while Cl species remains as a (MgO)Cly species. Similarly,
MgO activates CH3Cl via Lewis acid-base interaction and enables the
spillover of activated methyl species to the BAS on the Z40 zeolite, while
740 also independently activates CH3Cl (Scheme 1). This synergistic
activation may significantly enhance the overall catalytic performance.

4. Conclusions

This study elucidated the synergistic catalytic acid-base interplay
between Brgnsted acid sites (BAS) in ZSM-5 zeolites and Lewis basic sites
in MgO for the efficient conversion of chloromethane (CH3Cl) to light
olefins. Through systematic catalyst design and comprehensive charac-
terization, we demonstrated that MgO plays a crucial role in CH3Cl
activation, facilitating methyl species spillover to BAS, which enhances
overall catalytic performance. The optimal incorporation of MgO
effectively balanced catalytic activity, catalyst lifetime, and olefin
selectivity, overcoming the conventional trade-offs in CMTO reactions.
Notably, only 1 wt% MgO addition significantly boosted CHsCl con-
version from 56.8 % to 99.9 %, while 5 wt% MgO yielded an unprece-
dented 86.5 % selectivity for C;_, olefins, confirming the synergistic role
of MgO in promoting catalytic activity of zeolite. DRIFTS and FT-IR
analyses provided direct evidence of CH3Cl activation on MgO, with
subsequent methyl spillover onto BAS, a process reminiscent of
hydrogen spillover in metal-catalyzed reactions. The findings reveal that
MgO incorporation does not merely alter acidity but introduces a
cooperative reaction mechanism that sustains catalytic activity while
minimizing deactivation. These insights pave the way for a new
approach in C; chemistry, where controlled spillover phenomena can
enhance catalyst performance for selective hydrocarbon
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Scheme 1. Schematic representation of the synergistic activation of CH3Cl on the MgO/H-ZSM-5 catalyst. The CH3Cl-BAS interaction represents the activation of
CH3Cl on the Brgnsted acid sites of ZSM-5 zeolite, forming ~OH-CICH3; bond. The CH3Cl-MgO interaction represents the activation of CH3Cl on the surface of
magnesium oxide, forming Mg-Cl bond and O-CHj3 bond and then, CHs- spills over to zeolite surface to form methoxy species. During the process of the CH3Cl-MgO
interaction, MgO is redispersed on the zeolite surface, forming (MgO)Cly species. The CH3Cl-(MgO)Cly interaction represents the activation of CH3Cl on (MgO)Cly
species. Electronegative Cl and O species bind to CH3Cl, resulting in the formation of hydrocarbon pool species (CHy) and HCI.

transformations. Future studies may extend this concept to other C;
molecules, further broadening the scope of spillover-mediated catalytic
processes in sustainable olefin production.
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