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ABSTRACT

Zeolites are widely used as catalysts in olefin conversion, methanol-to-hydrocarbons (MTH), and aromatics production. Brensted
acid sites (BAS) confined within zeolite frameworks critically facilitate olefin isomerization, oligomerization, cracking, and ar-
omatization via carbocation-mediated mechanisms. However, the formation and evolution of intermediates, particularly under
working conditions, remain challenging to observe. Here, we developed an operando system integrating 244-nm UV-Raman
spectroscopy with gas chromatography and a multisampler, enabling simultaneous spectroscopic analysis and product quan-
tification. We demonstrate that olefin adsorption mechanisms on zeolites depend on the Si/Al ratio and reaction temperature.
Raman spectroscopy identified distinct adsorbed species: -complexes (1640cm™1), olefinic carbocations (1615cm™!), and aro-
matic carbocations (1605cm™"). During 1-butene and methanol conversion, the transition from olefinic to aromatic carbocations
depends on temperature. This study presents a Raman-based approach for the identification of BAS-stabilized carbocations in
zeolites, offering mechanistic insights essential for the optimization of zeolite-catalyzed processes. The combination of Raman
spectroscopy with online chromatography technology enables more comprehensive and reliable insights into the principles gov-
erning heterogeneous catalysis.

1 | Introduction drives reactivity [4-7]. Olefins (e.g., ethylene and propylene) and

aromatics (e.g., benzene, xylene) are not only critical products

Zeolites—microporous aluminosilicates (or silicoaluminophos-
phates)—are widely employed in the chemical industry owing to
their exceptional catalytic properties [1-3]. These materials play
a central role in hydrocarbon transformation processes such as
catalytic cracking, hydrocracking, and aromatization, where the
catalysis from Brensted acid sites (BAS) in zeolite frameworks
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in petrochemical processes but also serve as feedstocks for syn-
thesizing high-value chemicals [8-10]. Furthermore, they act
as key intermediates in hydrocarbon and methanol conversion
reactions, enabling precise control over product distributions
[11-14]. Understanding the mechanistic interplay between ole-
fins and BAS—particularly during adsorption and catalytic
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transformation—is essential for modulating the catalyst and
optimizing industrial processes such as petroleum refining and
chemical synthesis.

At low temperatures, olefins undergo isomerization and oligo-
merization over acid zeolite catalyst, complicating the interpre-
tation of adsorption-desorption experiments. The interaction
between olefins and BAS in zeolites is widely described as a
two-step process: (i) initial formation of a m-complex (phy-
sisorbed state), where the m-electrons of the olefin double bond
interact with BAS through hydrogen bonding to the acidic
proton, followed by (ii) potential proton transfer to generate
chemisorbed species [5, 15]. However, the identity of these
chemisorbed intermediates remains contentious due to the
scarcity of in situ characterization techniques. Proposed struc-
tures range from covalently bound alkoxy species (e.g., Si-O-C
bonds) to carbocation-ion pairs (e.g., [H-ZSM-5]"-R*) [16, 17].
Furthermore, the catalytic mechanism of olefin conversion—
particularly the role and evolution of adsorbed intermedi-
ates—remains unresolved, highlighting the need for advanced
spectroscopic methods to track dynamic species under reaction
conditions [18, 19].

Extensive studies combining experimental and theoretical ap-
proaches have explored olefin interactions with diverse zeolite
catalysts [20-24]. Domen et al. observed stable m-complexes
and double-bond isomerization during butene adsorption on H-
ZSM-5 and mordenite at 230K [25, 26]. In contrast, Lercher et al.
[18] demonstrated that pentenes on ZSM-5 preferentially form
alkoxy species rather than carbocations. Computational studies
by Speybroeck et al. further revealed that carbocation stability
depends on both olefin structure (e.g., butene vs. pentene) and
temperature, highlighting the nuanced interplay of physico-
chemical factors [27]. While these works elucidate the complex-
ity of olefin adsorption and transformation in zeolites, critical
gaps persist: The reactivity of adsorbed intermediates under op-
erando conditions remains ambiguous. Advancing in situ char-
acterization techniques is essential to resolve these challenges
and unify mechanistic understanding.

Among the various operando characterization techniques,
Raman spectroscopy has emerged as a powerful tool for probing
the evolution of hydrocarbon species on zeolite catalysts, owing
to its direct sensitivity to skeletal vibrations of surface organics
[28-30]. In particular, its strong response to C=C (and other con-
jugated) vibrational modes makes it especially suitable for iden-
tifying aromatics, olefins, and coke precursors, offering clear
advantages over infrared spectroscopy, which is more effective
in probing OH groups and zeolite framework vibrations [19, 31].
However, Raman studies of zeolite-catalyzed organic trans-
formations often encounter challenges related to fluorescence
effects [32, 33]. To overcome this limitation, Speybroeck et al.
previously employed a unique Gaertner laser, which utilizes the
latency of the fluorescence process to bypass this issue [34]. A
more general strategy, however, is the use of deep-ultraviolet ex-
citation (UV-Raman), which effectively suppresses fluorescence
from aromatics and coke species and enables high-sensitivity,
high signal-to-noise detection under complex flow reaction
conditions. Beyond its superior anti-fluorescence capability,
UV-Raman offers an intrinsic resonance enhancement effect
(m— m* transitions), greatly amplifying the spectral response

of conjugated systems and carbocations, and thus allowing re-
liable detection of low-concentration and short-lived interme-
diates [35-37]. This advantage has been clearly demonstrated
by Signorile et al., who systematically employed UV-Raman to
identify aromatic and cyclopentadienyl conjugated intermedi-
ates in SAPO-34 and H-ZSM-5, thereby elucidating the aroma-
tization pathways and stepwise accumulation of polyaromatic
species during the methanol-to-hydrocarbons (MTH) process
[28, 31, 38].

In this study, we established a 244-nm UV-Raman system cou-
pled with gas chromatography to enable real-time tracking of
the transformation of adsorbed hydrocarbon species on zeolites
(Figure S1). To analyze the complex transformed gas products
simultaneously, we employed a 16-position valve capable of
storing up to 15 different reaction effluents at 15-s intervals for
subsequent analysis. The simultaneous integration of in situ
Raman spectroscopy and product analysis enables us to identify
active intermediates and elucidate their reaction mechanisms.
This system offers a novel approach to studying heterogeneous
catalytic reactions, advancing mechanistic understanding of
the transformation processes of surface organic species. This
study aims to elucidate the adsorption behavior and catalytic
conversion mechanisms of olefins (e.g., 1-butene) and metha-
nol in MFI-type zeolites by developing an integrated platform
including operando UV-Raman spectroscopy and real-time gas
chromatography, enabling the comprehensive dissection of
heterogeneous catalytic cycles spanning reactant adsorption,
surface reactions, and product formation/desorption. Through
systematic investigation of acidity modulation, butene adsorp-
tion, and conversion processes, we seek to unravel the interac-
tion mode of olefins with BAS within zeolite channels, including
the progression from physical adsorption states to m-complex
formation, carbocation generation, and their subsequent trans-
formation into olefins and aromatics. By correlating reaction
temperature with carbocation speciation (allylic vs. aromatic)
and related pathway (polymerization, cracking, and aroma-
tization), we aim to establish structure-activity relationships
between zeolite acidity (Si/Al ratio) and product distribution.
These findings will deepen the molecular-level understanding
of zeolite-catalyzed hydrocarbon transformations, providing
theoretical foundations for optimized catalyst design and im-
proved processes in the petroleum and chemical industries.

2 | Experimental Section

2.1 | Integrated System of Continuous-Flow
UV-Raman With 16-Position GC Autosampler

Operando Raman spectroscopy was performed on a custom-built
UV-Raman system integrated with online gas chromatogra-
phy. The excitation source was a single-frequency 488-nm laser
(Genesis CX488, Coherent) frequency-doubled to 244nm by an
external cavity doubler (Wavetrain, Spectra-Physics). The laser
output (1 W) was attenuated to ~5mW at the sample to avoid pho-
todegradation. The beam was collimated and focused onto the
catalyst bed using a set of quartz lenses. The scattered light was
collected with a parabolic mirror, passed through a dichroic beam
splitter and bandpass filters to suppress Rayleigh scattering, and
then directed into a Shamrock 500i spectrograph (Andor) coupled
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to a Newton DU940 CCD detector (Andor). The spectral resolution
was ~2cm™!, with a typical acquisition time of 15s per spectrum.

Reactions were carried out in a commercial in situ Raman cell
(Xiamen Tuosi Technology Co. Ltd.) with a maximum heating
rate of 20K:min~! and an operating limit of 873K. The sample
was loaded in a zirconia ceramic sample tube (4.5-mm diameter,
8-mm length) supported by quartz wool. The cell housing and
windows were water-cooled to maintain stability and suppress
excess vapor pressure of volatile feeds such as methanol.

To analyze the complex transformed gas products simultane-
ously, we employed a 16-position valve capable of storing up to
15 different reaction effluents at 15-s intervals for subsequent
analysis. This setup ensured that Raman-detected surface inter-
mediates could be directly correlated with GC-detected product
distributions, providing true operando mechanistic insight.

2.2 | Catalyst Pretreatment

Before each operando UV-Raman measurement, the catalyst sam-
ple (0.02g) was subjected to calcination in air at 600°C for 2h. The
system was subsequently purged with N, to remove residual O,.

2.3 | Adsorption of 1-Butanol on MFI Zeolites

The temperature was stabilized at 25°C, and 1-butanol in N,
gas (WHSV of 0.5h™!) was introduced. After 5min, stop the
1-butanol injection and switch to directly introduce N, gas.

2.4 | Temperature-Programmed 1-Butene
Conversion Reaction Over MFI Zeolites

The temperature was stabilized at 50°C, and 0.5% 1-butene in N,
gas (WHSV of 0.5h™!) was introduced. After 10min, the tempera-
ture was raised to 500°C at a rate of 10°C-min~! and maintained.
The gas mixtures were stored in a 16-position valve and then ana-
lyzed by an online gas chromatograph (Agilent GC 7890B).

2.5 | Methanol-to-Olefins (MTO) Reaction Over
ZSM-5 Zeolites

When the temperature is stable, methanol in N, gas (WHSV of
0.5h7) is introduced. The temperature-programmed experi-
ment starts with cooling to 50°C; after 10min, the temperature
is raised to 600°C at a rate of 10°C-min~' and maintained. The
gas mixtures are stored in a 16-position valve and then analyzed
by an online gas chromatograph (Agilent GC 7890B).

3 | Results and Discussion
3.1 | Properties of MFI Zeolites
The XRD patterns of the three zeolites used in this study exhibit

same crystal structure, showing characteristic peaks at 7°-9° and
23°-24° (Figure S2), consistent with the MFI framework. The

NH,-TPD analysis reveals distinct acidity profiles for each zeolite
(Figure S3). ZSM-5(38) exhibits two prominent desorption peaks
at approximately ~230°C and ~450°C, corresponding to NH, ad-
sorption at the weak and strong acid sites, respectively. In contrast,
ZSM-5(100) displays two desorption peaks at ~200°C and ~410°C,
with smaller peak areas than ZSM-5(38), indicating fewer weak/
strong acid sites and lower overall acidity. The infrared spectra
(Figure S4) reveal that in ZSM-5(38), the silanol band at ~3740cm™!
is weaker, whereas the Bronsted acid hydroxyl band at ~3610cm™!
is much more intense compared to ZSM-5(100), in good agreement
with the NH,-TPD results. In contrast, S-1 displays only the silanol
band and virtually no BAS. For S-1, only minor desorption peaks
are observed, confirming negligible BAS. These acidity differ-
ences correlate with Si/Al ratios: higher aluminum content results
in the formation of more BAS. SEM images of S-1, ZSM-5(38), and
ZSM-5(100) are presented in Figures S5-S7, respectively. The XRF
analysis results of the three zeolites are presented in Tables S1-S3,
which provide detailed information on their elemental composi-
tion and distribution.

3.2 | Adsorption of 1-Butene and 1-Butanol on MFI
Zeolites

Figure 1illustrates the operando Raman spectroscopic changes ob-
served in zeolite catalysts with varying Si/Al ratios during the ad-
sorption of 1-butene or 1-butanol at 50°C. A persistent Raman band
at 2320cm™! is ascribed to the N, carrier gas signal (Figure S8).
To mitigate laser power fluctuations, this band serves as an inter-
nal reference. Adsorption of 1-butene on MFI zeolites is marked
by a dominant band at 1600-1640-cm~! range, corresponding to
C=C bond stretching vibrations [28, 35, 39]. Additional bands near
2900cm™, linked to C-H bond stretching vibrations, are also ob-
served [30]. Since S-1 lacks BAS, 1-butene adsorption on S-1 yields
a physical adsorption band at 1636 cm™ (Figures 1a and S9 black)
[18, 40]. In contrast, ZSM-5(38) exhibits abundant BAS. The initial
absorption band appears at 1640cm™ attributed to 7-complexes
[18, 25, 26], while after 180s, a band at 1615cm™ emerges, coin-
ciding with 2-butene detection in products, indicating double-
bond isomerization. The dual Raman bands suggest two distinct
adsorbed species (Figures 1b and S10). To validate these assign-
ments, 1-butanol adsorption trials were conducted. On S-1, buta-
nol remains inert in a molecularly adsorbed state, with a band at
1448 cm™! attributed to methyl C-H vibrations (Figures 1c and S9
red) [39, 41]. No C=C stretching bands near 1600cm™! were ob-
served, confirming no dehydration occurs. Conversely, ZSM-5(38)
adsorption of 1-butanol generates a band at 1640cm™, signal-
ing dehydration to butene. Under N, purging, this band shifts to
1615cm™!, suggesting initial 7-complex formation followed by
carbocation generation. During butanol dehydration and butene
isomerization, the tert-butyl carbenium ion serves as the crucial
intermediate. Owing to its relative stability in the zeolite environ-
ment, this species promotes skeletal rearrangement, resulting in
the generation of butene isomers [42, 43].

3.3 | Temperature-Programmed 1-Butene
Conversion Reaction Over MFI Zeolites

When increasing the temperature of the 1-butene reaction over
S-1 from 50 to 400°C, Raman spectroscopy reveals a shifted
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FIGURE1 | The adsorption of 1-butene on S-1 and ZSM-5 (Si/Al=38) is presented in panels (a) and (b), respectively, at 50°C. Similarly, the adsorp-
tion of 1-butanol on S-1 and ZSM-5 (Si/Al = 38) is shown in panels (c) and (d), respectively, at the same temperature.

band center at 1600 cm™, indicating aromatic compound forma-
tion (Figures 2a and S11) [43, 44]. Although only minor aromatic
products are detected chromatographically, the intense 1600-
cm™! band demonstrates Raman spectroscopy's exceptional
sensitivity and low detection limit for aromatic species. At lower
temperatures (50°C-150°C), gas chromatography identifies only
trace 2-butene (Figure 2b,c), indicating limited isomerization
occurrence. The absence of BAS on S-1 restricts 1-butene to
physical adsorption, as evidenced by the sharp 1636-cm™! band
attributed to adsorbed species. As temperature increases from
50°C to 150°C, this band attenuates markedly, with less than
10% 1-butene conversion. Simultaneously, double-bond isomeri-
zation occurred at 150°C, increasing the proportion of 2-butene
and causing a red shift of the 1636-cm™! band toward lower wav-
enumbers. Throughout the studied temperature range, the lack
of BAS in S-1 suppresses propylene selectivity in oligomerization
and cracking pathways, leaving double-bond isomerization as
the dominant reaction.

Unlike S-1, ZSM-5(100)—which shares the MFI framework
but contains BAS—enables chemisorption of 1-butene. Upon
adsorption initiation, a Raman band appears at 1640cm™!
(Figures 2d and S12), similar to physical adsorption band of
1-butene on S-1, suggesting dominate spectral differences
stemming from acidity. Gas chromatographic analysis reveals
60% 1-butene conversion to 2-butene at 50°C (Figure 2e,f). At
175°C, polymerization initiates with C,* formation, accompa-
nied by attenuation of the 1640-cm~! band and intensification
of the 1615-cm~! band, alongside a redshift. Gas chromato-
graphic analysis revealed the formation of C.* products, which
can be attributed to the oligomerization of 1-butene followed
by subsequent cracking, accompanied by minor amounts of
propylene. During this process, the Raman features of higher

olefins overlap with those of 1-butene, making it difficult
to unambiguously distinguish polymeric species from mo-
nomeric olefins by Raman spectroscopy. Such species may
manifest in UV-Raman spectra as broadened C=C stretching
bands, which at elevated temperatures undergo further crack-
ing to produce light olefins and aromatics. By 225°C, near-
complete 1-butene conversion yields isobutene, propylene,
and C4* products, with the 1640-cm™ band fully disappear-
ing and the spectral center shifting to 1615cm™! (Figure 2d,e).
To decouple isomerization effects, isobutene adsorption on
ZSM-5(100) at 50°C produced a distinct 1615-cm™ band
(Figure S15), contrasting the 1640-cm™" signal of physisorbed
species. Computational studies confirm the tert-butyl carbo-
cation is more stable than m-complexes or alkoxy species at
room temperature [27], aligning the 1615-cm~! band with this
intermediate. However, contributions from other carboca-
tions at this wavenumber cannot be excluded. At 350°C, the
1615-cm~! band diminishes while the 1605cm™! intensifies,
coinciding with reduced C.* products, increased propane, and
aromatic generation. Despite aromatics formation, the low
BAS density favors cracking over aromatization, resulting in
limited aromatic yields.

The product distribution from butene conversion over
ZSM-5(38) is highly complex (Figure 2g-i). Upon initial
adsorption, Raman bands at 1640 and 1615cm™! appear
(Figure 2g), mirroring the behavior observed on ZSM-5(100).
At 50°C, 71% of 1-butene converts to 2-butene via double-bond
isomerization, with both bands coexisting. As temperature
rises to 175°C, the 1640-cm~! band diminishes, and the spec-
tral center shifts to 1615cm™, coinciding with C.* product
formation through carbocation-driven polymerization. By
225°C, isobutylene emerges alongside abundant C.* products

4
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FIGURE 2 | UV-Raman spectra, corresponding gas chromatographic diagrams, and product distribution during temperature-programmed
1-butene conversion reaction over S-1 (a, b, ¢), ZSM-5(100) (d, e, f), and ZSM-5(38) (g, h, i).

and minor propylene (Figures 2h and S13). At 300°C, a new
1605-cm~! band develops, accompanied by toluene and eth-
ylene detection. By 350°C, xylene appears, and the 1605-cm™!
band surpasses 1615cm™! in intensity. At 400°C, further spec-
tral shifts to 1605cm™~! correlate with aromatic species and
ethylene generation. Finally, at 500°C, concurrent catalytic
cracking and aromatization yield 17% ethylene, 36% propyl-
ene, and 21% aromatics. The higher BAS density in ZSM-5(38)
compared to ZSM-5(100) enhances aromatization propensity
[45]. Previous studies have demonstrated that strong BAS pref-
erentially facilitate secondary reactions of carbocationic inter-
mediates, including hydride transfer and condensation, which
in turn promote the formation of alkanes and aromatics. By
contrast, weaker acid sites predominantly favor the olefin
methylation/cracking pathway (olefin cycle), thereby sup-
pressing the aromatic cycle, lowering the frequency of hydride
transfer events, and consequently enhancing the propylene-
to-ethylene ratio [46-48]. In the present study, the ZSM-5(100)
sample exhibited a markedly higher propylene/ethylene ratio
than ZSM-5(38) under identical reaction conditions, corrob-
orating the notion that a predominance of weaker acid sites
constrains the aromatic cycle and enhances propylene selec-
tivity. Notably, the two catalysts with different Si/Al ratios did

not exhibit an appreciable shift in the temperature regime re-
quired for aromatic formation, implying that the onset of the
aromatic cycle is not governed solely by the density of BAS.

3.4 | Temperature-Programmed MTO Reaction
Over ZSM-5 Zeolites

Operando Raman spectroscopy was employed in the mech-
anistic study of MTO reaction and proves highly effective
for probing the mechanistic details of the reaction. During
methanol conversion over ZSM-5(38), Raman spectra ex-
hibit temperature-dependent evolution (Figures 3 and S14).
Figure 3a,d reveals progressive red-shifting of Raman bands
with rising temperature, correlating with shifts in product
distribution and conversion rates. At temperatures below
200°C, a Raman band at ~1005 cm™! corresponding to the C-O
vibration was observed, which can be assigned to hydrogen-
bonded methanol, indicating that methanol adsorption is
the dominant process in this regime [44, 49, 50]. As the tem-
perature increased to ~250°C, the 1005-cm™' band dimin-
ished and eventually disappeared, while a new band emerged
at ~1178cm™!, attributable to the methyl rock of methoxy
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FIGURE 3 | The UV-Raman spectra and corresponding product distributions of the methanol-to-olefins reaction over ZSM-5(38) were analyzed
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species, signifying the formation of surface methoxy groups. where aromatic carbocations in the hydrocarbon pool mediate
This stage is accompanied by the generation of dimethyl ether indirect methanol-to-olefin transformation via phenyl carbo-
as the primary product [51-53]. Although the overall conver-  cation intermediates [59].

sion remains low between 250°C and 300°C, previous studies

have shown that unsaturated hydrocarbon species begin to

accumulate in this temperature regime. These species, con- 3.5 | Correlating the Dynamic Evolution

sidered as precursors to polycyclic aromatic hydrocarbons  of the Catalyst Surface to the Products Generation
(PAHs), establish the foundation for the hydrocarbon pool  Through the Continuous Flow UV-Raman

and contribute to the accelerated reaction kinetics observed Reaction System

at higher temperatures [54]. Between 300°C and 400°C, meth-

anol conversion surges from 1% to >99%. At 300°C, gas chro- By integrating Raman spectroscopy and chromatographic
matography detects primarily methanol and dimethyl ether analysis, we observe analogous reaction intermediates for
(<1% conversion, Figure 3e), while the 1615-cm~' Raman butene and methanol conversion over ZSM-5 catalysts. The
band signals carbocation formation (Figure 3b), marking the characteristic Raman band positions are governed by active

MTO induction period where hydrocarbon pool species accu- carbocation species: The band center resides at 1615cm™!
mulate. At ~350°C, a Raman band at approximately 148-cm™! under olefinic carbocation dominance and shifts to 1605cm™!
emerges, which can be attributed to the ring stretching vibra-  when aromatic carbocations prevail. Temperature critically
tions of cyclopentadienyl species, suggesting the transient for- dictates reaction selectivity by varying the carbocation for-
mation of cyclopentadiene-derived intermediates [35, 36, 55]. mation and transformation. The Raman band appears near

With further heating to 400°C, this band diminishes and ul- 1640cm™! at 50°C-150°C which is attributed to the forma-
timately disappears. Cyclopentadiene has been proposed as tion of m-complexes of butene on S-1 and ZSM-5 (Scheme 1).

a crucial intermediate within the hydrocarbon pool mecha- These Raman observations are consistent with previous IR
nism, where it undergoes ring contraction and expansion pro- studies that reported similar adsorption states of olefins on
cesses that facilitate the buildup of aromatic cycles, thereby zeolites; 1-butene initially forms n-complexes and undergoes
serving as a key precursor to polyaromatic hydrocarbon spe- double-bond migration on H-ZSM-5 [25, 26]. Between 50°C
cies [56-58]. By 400°C, methanol conversion exceeds 99%, and 250°C, olefins undergo polymerization, cracking, and

with olefins and aromatics dominating (Figure 3f). Main isomerization reactions on ZSM-5, with olefin carbenium
hydrocarbon product shifts from C,* species to propylene ions acting as active intermediates, as evidenced by a char-
and aromatics over time. After 600s, products comprise 16% acteristic Raman band at 1615cm™. At elevated tempera-
ethylene, 19% propylene, and 12% aromatics, accompanied tures (300°C-400°C), aromatic carbenium ions dominate
by a 1605-cm™! band diagnostic of aromatic intermediates as reactive intermediates, driving the formation of aromatic
(Figure 3c). This phase represents efficient MTO conversion, compounds, with a characteristic Raman band observed at
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SCHEME 1 | The influence of temperature and zeolites acidity on
the organics over catalyst surface detected by operando UV-Raman.
Stage 1, olefin double-bond isomerization. Stage 2, the process with ole-
fins skeleton isomerization, cracking, polymerization, and aromatiza-
tion. Stage 3, generation of aromatic hydrocarbon species.

1605cm™!. These results are in line with IR reports of the pro-
gressive transformation from m-complexes to protonated spe-
cies and aromatics under higher temperatures [40, 50]. The
advantage of Raman spectroscopy lies in its ability to reveal
the dynamic processes of carbocations, while gas chromatog-
raphy is capable of separating different butene isomers and
olefinic products. The combination of these two techniques si-
multaneously detects reactions on the catalyst surface and the
formation of products provides complementary mechanistic
insights for butene conversion and MTO reaction. This study
underscores temperature's pivotal role in steering selectivity
and highlights the synergistic power of Raman spectroscopy
and gas chromatography in mechanistic elucidation of cata-
lytic reactions.

4 | Conclusions

In summary, we developed an advanced experimental system
integrating in situ Raman spectroscopy with online gas chro-
matography to enable real-time monitoring and mechanistic
analysis of intermediate species adsorption and transforma-
tions during MFI molecular sieve-catalyzed reactions. This
combined technique approach captures dynamic catalytic
process evolution with unprecedented temporal resolution.
Specifically, butene exhibits distinct adsorption behaviors: on
BAS-free S-1, it forms physisorbed states, while on ZSM-5, it
generates 7-complexes. Temperature-programmed studies
further delineated butene reaction pathways on MFI materi-
als, directly linking selectivity to framework acidity. Notably,
double-bond isomerization requires 200°C on S-1 (BAS-
deficient) but proceeds at 50°C on acidic ZSM-5. Furthermore,
ZSM-5's BAS promotes carbocation formation, driving sub-
sequent cracking and aromatization. This system advances
mechanistic understanding of molecular sieve acid catalysis,
offering critical insights into reaction dynamics and selectiv-
ity control. Real-time monitoring of catalyst surface interme-
diates and effluent products simultaneously enhance strategy
development for improved catalytic efficiency and pathway
optimization.
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