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Abstract The co-reaction of methanol with C—C,¢
n-alkanes was investigated over microsphere catalysts with
varying surface acidity and ZSM-5 as the active
components. The results indicate that, as the carbon
number of alkanes increases, the formation of C,—-C,
alkanes decreases while the production of C,—C, alkenes
increases on the catalyst with weak outer surface acidity.
This suggests that side reactions such as alkene
aromatization and hydrogen transfer are suppressed.
Conversely, on the catalyst with strong outer surface
acidity, further reaction of olefins significantly increases,
leading to a gradual decrease in light olefin yield and a
corresponding increase in benzene, toluene, xylene, and
heavy aromatics. Additionally, it is observed that long-
chain n-alkanes (the kinetic diameter of n-hexadecane
exceeds the pore size of ZSM-5 zeolite, the active
component in the microspherical catalyst) cannot enter the
internal pores of ZSM-5, resulting in primary cracking due
to the acidic sites on the outer surface. However, long-
chain n-alkanes can adjust their molecular orientation on
pure ZSM-5 zeolites and enter the pore structure, leading
to alkane cracking influenced by both internal and external
surface acidity. These findings provide valuable guidance
for the design of industrial catalysts, particularly in terms
of pore size and acidity.
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1 Introduction

Catalytic cracking has solidified its role as a cornerstone
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technology for light olefin production, particularly in the
context of heavy oil processing, which serves as a vital
industrial pathway for synthesizing propylene, butene,
and environmentally friendly transportation fuels [1—4].
In recent years, methanol conversion and hydrocarbon
cracking have emerged as key technologies in the
petrochemical and energy sectors, achieving significant
advancements in catalyst design process optimization. In
China, representative technologies include the DMTO
process developed by the Dalian Institute of Chemical
Physics, Chinese Academy of Sciences. After improve-
ments this process achieves 100% methanol conversion
and 90% selectivity for light olefins (C,—C,) [5]. In
catalyst development, various metals, such as manganese,
calcium, potassium, strontium, lanthanum, gallium, and
cerium-have been applied to modify ZSM-5 zeolites
[6—9], enhancing the catalytic performance and stability
of MTO catalysts. Xia et al. [10] prepared a strontium-
modified ZSM-5 catalyst for naphtha catalytic cracking
and found that the modification reduced the number of
acid sites on the zeolite, inhibiting hydrogen transfer
reactions while promoting dehydrogenation cracking.
Hydrocarbon cracking, inherently a highly endothermic
process, stands in stark contrast to the methanol-to-olefins
reaction [11—-13], a thermodynamically exothermic, non-
petroleum-based route to light olefins [14—17]. Both
reactions occur on acidic zeolite catalysts, and their co-
feeding can enable efficient energy utilization while
allowing precise regulation of the product distribution to
enhance selectivity toward high-value-added chemicals
such as aromatics and light olefins. ZSM-5 molecular
sieves, distinguished by their three-dimensional micro-
porous architecture, shape-selective catalysis, and modi-
fiable acid properties, remain the catalyst of choice for
large-scale applications such as fluidized catalytic crack-
ing [18—22]. Jung et al. [23] investigated the catalytic
cracking of n-octane using several types of zeolite
catalysts and demonstrated that ZSM-5 zeolite exhibits
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high catalytic activity for light olefin production. Resear-
chers have reported the influence of reactant carbon
number (i.e., chain length) on branched hydrocarbon
formation during the isomerization of linear alkanes
catalyzed by metal-loaded zeolite catalysts [24]. Despite
these insights, critical gaps persist in understanding the
co-conversion of methanol with long-chain r-alkanes
(Cyp4), and the effect of carbon number of n-alkanes on
the production of propylene and ethylene by catalytic
cracking has not been reported. Addressing these
challenges is pivotal for advancing integrated catalytic
systems that maximize olefin yields while minimizing
energy penalties and secondary reactions.

This study systematically investigates the co-
conversion behaviors of m-alkanes with methanol over
microspherical catalysts, with emphasis on elucidating the
cracking reaction pathways of mn-alkanes with varying
carbon chain lengths. Furthermore, it clarifies the
characteristics of the cracking of long-chain alkanes
catalyzed by ZSM-5 zeolite. The fundamental principles
established in this work provide crucial foundations for
the rational design of high-efficient catalysts and
processes in the coupling conversion applications.

2 Experimental

2.1 Catalyst preparation and reagents

ZSM-5 samples were obtained from the Nankai
University Catalyst Factory. The microsphere catalysts
with different surface acidity were prepared by combining
ZSM-5 zeolites with different binders and calcined at
600 °C for 4 h. The samples were labeled as Cat.1* and
Cat.2”, and screened 80—120 mesh for reaction test. The
catalysts after n-octane and n-hexadecane feed reactions
were designated as Cat.1%-Cg, Cat.1%-C ,, Cat.2%-C,, and
Cat.2"-C,,, while Cat.1*P and Cat.2*-P represent the
pristine samples. The ZSM-5 zeolites after n-hexadecane
feed reactions were designated as ZSM-5-C,,, while
ZSM-5-P represents the pristine samples. Methanol
(> 99.8%) and n-alkanes (> 98%) were purchased from
the Bonuo Biochemical Reagent Factory in Dalian, China.

2.2 Characterization of catalysts and molecular sieves

The morphological characteristics of microsphere
catalysts and molecular sieves were characterized by a
Hitachi SU8020 scanning electron microscope (SEM) and
a Hitachi TM3000 tabletop microscope.

The crystal structure and phase information of micros-
phere catalysts and ZSM-5 molecular sieve were analyzed
by the X’Pert Pro X-ray diffractometer (XRD) of the
PANalytical company. Specific test conditions: copper
target, Ka ray (4 = 1.54187 nm), Ni filter, voltage 40 kV,

tube current 40 mA, scanning range: 5°—60°, scanning
speed: 5°min”!.

The surface area, pore volume, and pore structure of the
samples were measured by an ASAP 2020 adsorption
analyzer manufactured by Micromeritics, USA. The test
procedure was as follows: 0.1 g of 40—-60 mesh molecular
sieve particles were weighed and loaded into the sample
tube, and the samples were pretreated for 4 h at a
temperature of 623 K under vacuum conditions to remove
the water in the samples. Nitrogen physical adsorption
and desorption experiments were carried out at a
temperature of 77 K in liquid nitrogen. The specific
surface area of the samples was obtained according to the
Brunauer-Emmett-Teller formula, and the total pore
volume was determined by the adsorption at a single
point of pressure P-P, "' = 0.975. The microporous area
and pore volume of the samples were determined by the
t-plot method.

The acid strength of the samples was analyzed by the
Autochem II 2920 Chemisorption Analyzer manufactured
by Micromeritics, USA, using ammonia as a probe. The
test procedure was as follows: first, 0.15 g of the sample
to be tested (particle size 40—60 mesh) was loaded into a
U-shaped quartz tube, and the temperature was increased
from room temperature to 623 K in a helium gas stream
of 30 mL-min~! before the test in order to remove the
water in the sample. After cooling down to 423 K,
ammonia was introduced until the sample was saturated
with adsorption, and switched to helium purge to remove
ammonia in the physically adsorbed state. Finally, the
temperature was increased to 923 K using a ramp rate of
10 K'min~!, and the signal of ammonia concentration
desorbed during the ramp was recorded in real time by a
thermal conductivity detector.

The external surface acidity of the catalyst
microspheres was analyzed using an XF808-4 infrared
spectrometer with 2,6-di-tert-butylpyridine as the probe
[25]. The process included: pressing 15 mg of sample
powder into a 13 mm diameter pellet, dehydrating the
pellet at 673 K under vacuum for 2 h, cooling to 423 K,
introducing excess 2,6-di-fert-butylpyridine for 5 min,
evacuating physically adsorbed probe molecules,
desorbing at 423 K for 30 min, cooling to room
temperature, and acquiring the result of Fourier transform
infrared spectroscopy (FTIR). The difference spectrum
between the adsorbed and original samples was used to
analyze the surface acidity.

In situ diffuse reflectance infrared Fourier transform
spectroscopy was obtained using a Bruker Tensor 27
infrared spectrometer equipped with an MCT detector.
The spectral acquisition parameters were set as averag-
ing 16 scans at a resolution of 4 cm™!. The sample was
first pretreated at 600 °C for 30 min, and then n-octane
was introduced via a nitrogen carrier (N, flow rate:
20 mL-min~!, saturation tube temperature: 293.15 K).
Finally, the infrared difference spectrum was obtained by
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subtracting the spectrum of the sample holder from the
collected spectra.

First, 0.1 g of the recovered catalyst or molecular sieve
was dissolved in 1 mL of 20% HF solution. Organic
species were extracted with 1.5 mL of CH,Cl,, and the
carbonaceous extract in the organic phase was subjected
to mass spectral recording in positive ion mode on a
Solarix XR 15-T FT-ICR mass spectrometer (Bruker
Daltonics, Germany). The instrument was equipped with
an Nd:YAG laser (A = 335 nm), and the ionization laser
signal frequency was set at 200 Hz.

The amount of carbon buildup in the catalyst after the
reaction of alkanes was determined by a thermal analyzer
model SDTQ600 from TA, USA. Specific test procedure:
15 mg catalyst sample was taken and increased from
room temperature to 900 °C at a rate of 10 °C-min"! in an
air flow of 100 mL-min"!. The amount of carbon accu-
mulation was determined by the calculation of Eq. (1):

X = (Mpp-c — Mogy-c)/Mipp-c X 100%, (1)
where X denotes the mass fraction of carbon deposited on

the catalyst; M,y o« and My, o represent the catalyst
mass at 100 °C and 900 °C, respectively.

2.3 Catalytic reaction

The catalytic reaction was conducted in a U-shaped
quartz fluidized bed reactor. The catalyst was activated at
550 °C in a nitrogen (N,) atmosphere for 30 min, and
then cooled down to the desired reaction temperature.
Once the required temperature stabilized, two microin-
jection pumps were employed to introduce various raw
material components, which were transported to the
catalyst bed via a carrier gas (N,) with an initial flow rate
of 100 mL-min"!. An Agilent GC 7890A gas chromato-
graph was utilized for automatic online sampling and
analysis of the reaction product composition. The data
were processed using the area normalization method.
Analytical conditions included hydrogen flame ionization
detector (FID), HP-FFAP (50 m x 0.320 mm) and PlotQ-
HT (27.5 m x 0.53 mm X 20 pum) capillary columns, with
the column oven temperature programmed from 60 to
220 °C.

3 Results and discussion

3.1 Crystal structure, acidity, and morphology of the
samples

The SEM images of the catalyst microspheres and ZSM-5
zeolite employed in this study were given in the Fig. S1
(cf. Electronic Supplementary Material, ESM). The XRD
patterns of the two catalysts as well as the two ZSM-5
molecular sieves are given in Fig. S2 (cf. ESM). The four
samples showed obvious diffraction peaks representing

the MFI structure at 7.9°, 8.9°, 23.1°, 23.3°, and 23.9°,
with good crystallinity, which indicates that the two
microsphere catalysts and the two ZSM-5 molecular
sieves have similar crystal structures.

The acidity of the catalyst is the key factor affecting the
reaction performance. The temperature programmed
desorption of ammonia (NH;-TPD) results of two
catalysts with different acidity are given in Fig. S3(a) (cf.
ESM), in which there are significant ammonia desorption
signal peaks near 236 and 427 °C, which correspond to
the weak and strong acid sites of the microsphere
catalysts, respectively. There is a great degree of decrease
in the weak acid sites and almost disappearance of the
strong acid sites of Cat.2" compared to the Cat.1?. This
phenomenon is ascribed to the reduced Al-site density in
the catalyst, leading to a gradual decline in both strong
and weak acid concentrations, particularly exhibiting a
more significant attenuation in weak acid site abundance.
Due to the obvious acidity difference, it is hypothesized
that it has a greater impact on the yield of the product and
the feedstock conversion during the catalytic cracking
process of the model compounds. Similarly, as given in
Fig. S3(b) (cf. ESM) for ZSM-5 molecular sieves with
different silica-aluminum ratios, ZSM-5(131) showed a
different degree of decrease in the amount of acid in both
weak and strong acidic sites compared to ZSM-5(50).

Brensted (B) acid sites serve as the active centers for
the catalytic cracking of alkanes [26,27]. To further
elucidate the Bronsted acidity on the external surfaces of
the two microsphere catalysts, 2,6-di-tert-butylpyridine, a
probe molecule with a molecular size significantly larger
than the pore diameter of microsphere catalyst, was
employed for FTIR characterization. As shown in Fig. S4
(cf. ESM), a distinct vibrational peak near 1616 cm™ ' was
observed in the FTIR spectra, which corresponds to the
interaction between 2,6-di-fert-butylpyridine and the acid
sites. The intensity of this peak reflects the number of
accessible surface acid sites capable of adsorbing the
probe molecule, with higher intensity indicating stronger
Bronsted acidity on the external surface. Based on the
FTIR spectral analysis, the relative strength of surface
Bronsted acidity between the two catalysts could be
conclusively determined.

The detailed pore structure parameters of the two
different outer surface acid catalysts are given in Table S1
and Fig. S5 (cf. ESM) from which the corresponding
parameters of specific surface area, microporous surface
area, outer surface area (except micropores), pore
volume, microporous volume, and pore size distribution
of the two fresh samples can be seen.

3.2 Effect of feedstock ratio on the co-feeding reaction
performance of methanol and #n-octane

Under reaction conditions of 500 °C, atmospheric
pressure, n-octane/methanol carbon ratios of 100/0,
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75/25, 50/50, 25/75, and 0/100 (for example, the n-
octane/methanol ratio of 75/25 means that the carbon
molar content of methanol in the feed is 25% and that of
n-octane is 75%, and so the corresponding n-
octane/methanol molar ratio is 3:8), weight hourly space
velocity (WHSV) of 0.98 g-g”!-h™!, and a time-on-stream
of 5.5 min, the effect of feedstock ratio on the co-feeding
reaction performance of methanol and n-octane over
Cat.1” was investigated. As shown in Fig. 1, methanol
was completely converted throughout the process, and the
conversion of n-octane gradually increased with the
increasing methanol content in the feed, indicating that
methanol promotes the activation of n-octane. Mean-
while, due to the autocatalytic properties of methanol, the
presence of n-octane also accelerates methanol conver-
sion, reflecting the synergistic effect between the two
reactants. In the single n-octane cracking reaction, the
dominant mechanism is monomolecular cracking, yield-
ing mainly low-carbon hydrocarbons (C,—C,). Upon
methanol addition, the cracking of n-octane shifts to a
bimolecular mechanism, with isobutane as a typical
product. During the reaction, intermediate olefins are
prone to deep reactions to form higher hydrocarbons,
which can either crack into light olefins or be converted
into aromatics and alkanes. As the methanol content
increases, the yields of benzene and toluene in the
aromatic products gradually decrease, while those of
xylene and C,, aromatics increase. This is likely due to
the strong methylation ability of methanol, which can
directly react with benzene and toluene to form xylene
and polymethylbenzenes.

3.3 Reaction patterns of co-feeding n-alkanes with
methanol over microsphere catalysts

The reaction behavior of co-feeding C—C,, n-alkanes
with methanol over Cat.1* and Cat.2” was investigated
under the following conditions: a mass ratio of alkane to
methanol of 9, a reaction temperature of 600 °C,
atmospheric pressure, a total WHSV of 1 g-g”!-h™!, and a
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nitrogen carrier gas flow rate of 100 mL-min"!. As shown
in Figs. 2(a) and 2(c), the conversion of n-alkanes over
both microsphere catalysts increased with higher carbon
numbers, consistent with previous studies on n-alkane
isomerization [28]. In this experiment, the dominance of
the bimolecular cracking mechanism was driven by the
combined effects of a relatively high proportion of
alkanes, a relatively low feed space velocity, and the
synergistic action of methanol. Meanwhile, monomole-
cular cracking also plays a secondary role: the light
components (H,0) generated from methanol decomposi-
tion may locally dilute the alkane concentration [29],
slightly inhibiting the bimolecular pathway. Additionally,
a small fraction of short-chain alkanes (e.g., n-pentane
and n-hexane) may undergo direct monomolecular crack-
ing to produce C,—C, products (methane and ethylene),
particularly near the strong acid sites of the catalyst.

As illustrated in Figs. 2(a) and 2(b), over the Cat.1?
with strong acidity and high acid density, the yields of
C,—C, alkanes progressively diminish with increasing
carbon number of n-alkanes. This trend is attributed to the
enhanced propensity of olefinic products to undergo
secondary reactions, including cracking, disproportiona-
tion, oligomerization, and hydrogen transfer. Significant-
ly, ethylene can be generated not only from the primary
cracking of alkanes but also via secondary reactions of
C;—C, olefins. Consequently, the ethylene yield increases
progressively throughout the reaction and remains
significantly higher than that of propylene. Moreover, the
ethylene and propylene yield rise further with increasing
carbon numbers of n-alkanes. Longer n-alkanes substanti-
ally enhance the likelihood of secondary reactions occurr-
ing on the strong acid sites of the catalyst, leading to
increased yields of BTX (benzene, toluene, xylene) and
Cy, hydrocarbons, as well as accelerated carbon depo-
sition. To better elucidate the cracking patterns of the
feed system, the Cat.2* with weaker surface acidity was
selected for comparison. As shown in Table SI1 (cf.
ESM), Cat.1* and Cat.2” demonstrate comparable micro-
pore volumes, while Cat.2" exhibits a significantly higher
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Fig. 1 Effect of feedstock ratio on the co-feeding reaction performance of methanol and n-octane. (a) C,—Cs product yields and
(b) reactant conversion and benzene, toluene, and xylene (BTX) yields. Reaction conditions: 7= 500 °C, atmospheric pressure,
WHSVcy, = 0.98 g g’l ‘h7L, the total number of carbon atoms in the system is held constant, water content in methanol balanced by

reducing the flow rate of carrier gas (N,), reaction time = 5.5 min.
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Fig.2 The conversion and product yields of co-feeding n-alkanes and methanol. Changes in reactant conversion and product yield
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WHSV =0.1 g-g"-h, carrier gas (N,) flow rate of 100 mL-min~!, TOS = 5.5 min.

total pore volume than Cat.1”. Previous studies have
demonstrated that introducing mesoporous or macropo-
rous structures can regulate the mass transfer capability of
catalysts [30—32]. As illustrated in Fig. 2(c) and 2(d), the
probability of secondary reactions such as oligomeriza-
tion and cyclization of olefin products is significantly
reduced on Cat.2”. Notably, the yields of BTX and Co,
hydrocarbons are extremely low for n-alkanes of varying
carbon numbers, while the yields of C,—C; alkanes are
relatively small. Instead, the yields of C,—Cs hydroca-
rbons are higher, and the products are dominated by
C,~C, olefins. Unlike the behavior observed on Cat.1%,
propylene is less prone to secondary cracking over weak-
ly acidic catalysts, and its yield surpasses that of ethylene
as the carbon number of alkanes increases. In summary,
higher acid density promotes alkane cracking and ethy-
lene formation but inhibits propylene production, whereas
moderate acid density favors enhanced propylene yield.

3.4 Cracking of long-chain alkanes over ZSM-5 zeolite

ZSM-5 zeolite is characterized by a distinctive framework
comprising two intersecting 10-membered ring channel
systems, with pore apertures of 0.51 nm x 0.55 nm
(straight channels) and 0.53 nm x 0.56 nm (sinusoidal
channels), respectively [33]. However, the minimum-
energy conformation of n-hexadecane (n-C,) exhibits
cross-sectional dimensions of 0.621 nm X 0.699 nm [34],

exceeding the nominal pore size of ZSM-5. To
systematically explore the structure-activity relationship,
n-hexadecane was selected as a model compound for
investigating the catalytic cracking behavior of long-
chain n-alkanes over ZSM-5 zeolite. According to Fig.
S3(b) (cf. ESM), the ZSM-5(131) zeolite exhibits
significantly weaker acidity compared to ZSM-5(50). As
shown in Figs. 3(a) and 3(d), the insufficient acidity of
ZSM-5(131) fails to provide high catalytic activity,
leading to a rapid decline in n-hexadecane conversion
with prolonged reaction time. In contrast, ZSM-5(50)
zeolite possesses higher acidity, resulting in superior
catalytic performance and slower deactivation rates.
Previous studies have indicated that the deactivation
mechanism of ZSM-5 zeolites during alkane cracking is
primarily attributed to coke deposition on the external
surface [35—43]. Table S2 (cf. ESM) reveals the pore
structures of ZSM-5 zeolites with different silicon-
aluminum ratios before and after the reaction.

Molecular dynamics simulations demonstrate that
alkanes undergo dynamic conformational adjustments at
elevated temperatures, such as partial chain folding or
torsional distortion, thereby reducing their effective cross-
sectional area to enter pores. These findings align with
experimental observations in industrial diesel dewaxing
processes, where n-alkanes larger than n-C,, have been
reported to access ZSM-5 channels through thermally
activated conformational adaptations.
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3.5 Cracking of n-alkanes with different carbon chain over
microsphere catalyst

To investigate the cracking behavior of n-alkanes with
different carbon numbers over microsphere catalysts,
n-octane and n-hexadecane were selected as model
reactants to examine the cracking performance of
differently sized n-alkanes over Cat.2”. Figure 4 shows
the product yields and alkane conversion over Cat.2”. As
shown in Figs. 4(a) and 4(b), with prolonged reaction
time, the yields of C,—C; hydrocarbons gradually
decreased, while those of Cg, hydrocarbons increased,
and the conversion rate of n-octane progressively
declined. From Figs. 4(c) and 4(d), the initial conversion
of m-hexadecane was 53%, which rapidly dropped to
approximately 2% (attributed to thermal cracking), and
similar trends were observed for all product yields. Based
on these results, we infer that the molecular size of the
model compounds significantly impacts catalytic
performance. Specifically, long-chain n-alkanes larger
than the pore size of microsphere catalyst cannot enter the
pores and rely solely on external acidic sites for cracking.
In contrast, short-chain normal alkanes that are smaller or
comparable in size to the catalyst pore diameter can
undergo cracking either via the external acidic sites, they
can also enter the catalyst pores and be cracked by the
acidic sites within the pores.

Nitrogen physical adsorption-desorption characteriza-
tion was performed on fresh catalyst and the catalysts
after reaction with model compounds and the results are
shown in Table S3 (cf. ESM). Compared to the fresh
catalyst, the m-octane-reacted catalyst exhibited varying
degrees of reduction in specific surface area, micropore
surface area, total pore volume, and micropore volume.
However, the reduction in the pore structure of the
catalyst after the reaction with n-hexadecane was less
significant than that after the reaction with n-octane.
These results indicate that n-octane and its cracking
products can readily access the pore system of Cat.2",
whereas n-hexadecane molecules, experience restricted
diffusion, allowing only a small fraction of their cracked
derivatives to enter the Cat.2”. The confinement effect
and deep reactions within the pores likely promoted
carbon deposition, which occupied the pore channels.
These characterization results further confirm that
n-hexadecane, due to its larger molecular dimensions,
cannot diffuse into the catalyst pores. Instead, it
underwent initial cracking via acid sites on the external
surface. The primary products subsequently underwent
cyclization and condensation reactions, rapidly forming
carbon deposits that either covered the external acid sites
or blocked pore entrances (Fig. S6 (cf. ESM) carbon
deposition results obtained by TGA). NH;-TPD results
(Fig. S7 (cf. ESM)) revealed a gradual decrease in acid
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site concentration after reaction, attributed to acid site
coverage by carbon deposits. Consequently, n-hexade-
cane failed to utilize the remaining acid sites for primary
cracking, leading to rapid catalyst deactivation.

Similarly, the aforementioned cracking reaction was
also conducted on Cat.1# (which exhibits stronger
external surface acidity than Cat.2”) to further deepen the
understanding of the reaction mechanism. As shown in
Figs. 5(a) and 5(b), within the entire reaction interval,
there is no significant fluctuation in the conversion of
n-octane and the yields of various products as reaction
time increases. Figures 5(c) and 5(d) reveal that, as the
reaction time increases, n-hexadecane on the Cat.1* can
still maintain a conversion of approximately 85% at
260 min. Additionally, the entire reaction process remains
largely stable, with the yields of various products
remaining almost unchanged. Table S4 (cf. ESM)
summarizes the pore structure parameters of fresh and
used catalysts after n-octane and n-hexadecane reactions.
Compared to fresh catalysts, the used catalysts exhibited
reduced specific surface area, micropore surface area,
external surface area (excluding micropores), pore
volume, and micropore volume. This phenomenon can be
attributed to the strong external acidity of Cat.1¥, where
alkane molecules continuously interact with acid sites on
the catalyst surface, undergoing cracking. The resulting
smaller cracked products, with dimensions below the pore
size of microsphere catalyst, diffuse into the catalyst
channels. The confined pore space and diffusion

limitations promote deep reactions such as condensation
and cyclization, leading to significant carbon deposition
and partial pore blockage. Furthermore, as the carbon
number of the alkanes increases, the pore blockage
becomes more severe.

Through in situ FTIR spectroscopy analysis, the
dynamic evolution of key intermediate products during
the conversion of m-octane over microsphere catalysts
was clearly observed (Fig. 6). As shown in Figs. 6(b) and
6(d), the characteristic peaks located at 1579/1583,
1434/1456, and 1349/1386 cm™! are assigned to the C=C
stretching vibration of the aromatic ring skeleton, the
antisymmetric bending vibration of methylene groups,
and the symmetric scissoring bending vibration of methyl
groups, respectively [44]. This indicates the formation of
alkyl-substituted aromatic hydrocarbon intermediates
during the reaction. Furthermore, the intensity of these
intermediate peaks continuously increased over time,
signifying their continuous generation and accumulation
on the catalyst surface or within the system. As shown in
Figs. 6(a) and 6(c), the characteristic peaks at 2966/2967,
2931/2933, and 2871/2875 cm™! are assigned to the C—H
vibrational peaks of physically adsorbed n-octane [45,46].
The peaks at 3062 and 3066 cm ' are assigned to the
C-H stretching vibrations on aromatic rings [44].
Critically, the wvibrational intensity was significantly
higher for microsphere Cat.1# compared to Cat.2”. This
demonstrates that microsphere catalysts with stronger
external surface acidity are more prone to the formation
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of polycyclic aromatic hydrocarbons.

High-resolution Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR-MS) analysis of
heavy coke components deposited on microspherical
catalysts and ZSM-5 zeolite following n-hexadecane
reaction revealed detectable coke species within a mass
range of 200-1200 Da. As illustrated in the correspond-
ing Fig. 7, the microspherical catalysts exhibited a greater
propensity to form higher-carbon-number unsaturated
hydrocarbons compared to the ZSM-5 zeolite. Further-
more, the strength of surface acidity on the microspheri-
cal catalysts demonstrated a positive correlation with the
carbon number of the generated coke species. This
observed trend aligns with results obtained from in situ
FTIR characterization monitoring the conversion of
alkanes over the microspherical catalysts. Thus, it is
inferred that the microsphere catalyst with strong external
surface acidity deactivates slowly but generates more
polycyclic aromatic hydrocarbons, because the acidic
sites on the external surface of the microspheres dominate
the entire reaction chain from long-chain alkanes to
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Fig.7 FT-ICR-MS results. Reaction conditions: 7' = 600 °C,
WHSV of n-hexadecane = 5 g-g”1-h™!, atmospheric pressure. The
microspherical catalysts and zeolite were removed after 2 h of
reaction.
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PAHs, and the sites themselves have certain tolerance to
deep carbon deposition or can promote the conversion of
partial intermediates. In contrast, the microsphere catalyst
with weak external surface acidity deactivates rapidly but
produces less PAHs, which is attributed to the fact that its
weak acidic sites are difficult to drive deep aromatization
and are extremely easily covered by heavy intermediates
generated in the initial stage of the reaction, leading to the
rapid loss of active sites and hindering subsequent
reactions.

Based on the experimental observations and discussion,
we propose a rational mechanistic model for the cracking
of different chain-length n-alkanes on catalyst micros-
pheres, as illustrated in Fig. 8. The model demonstrates
distinct reaction pathways governed by molecular
dimensions: the conversion of long-chain n-alkanes over
microsphere catalysts proceeds through two consecutive
stages: initially, the reactant molecules undergo primary
cracking at the surface acidic sites of the microspheres,
generating intermediate products with reduced molecular
weight. Subsequently, these secondary products diffuse
into the internal pore channels through molecular diffu-
sion, where they undergo further deep cracking reactions
at the acidic active sites within the nanoconfined
environments. This spatially differentiated reaction
pathway ultimately achieves efficient conversion of large
alkane molecules through hierarchical catalytic processes
[47-50].

4 Conclusions

The cracking behavior of co-feeding methanol and
n-alkanes with different carbon numbers over micros-
phere catalysts was investigated, along with the cracking
characteristics of n-alkanes with varying kinetic diame-
ters on microsphere catalysts and ZSM-5 zeolites. The
key conclusions are summarized as follows.

In the co-feeding system of methanol and n-alkanes, the
conversion and olefins yield increased with the increasing
of alkane carbon numbers. The weaker external surface

e Continuous cracking

The cracking mechanism of long-chain n-alkanes over microspherical catalysts.
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acidity of microsphere catalyst reduces the relative pro-
portion of by-products (C,—C, alkanes) while enhancing
the yield of C,—C, olefins, effectively suppressing
secondary reactions such as olefin aromatization and
hydrogen transfer reaction. Conversely, stronger external
surface acidity significantly promotes secondary reactions
(for example, isomerization, hydrogen transfer, and
cyclization), leading to increasing yields of BTX
aromatics at the expense of olefin production.

The kinetic diameter of n-hexadecane exceeds the pore
size of the active ZSM-5 zeolite component in the
microspherical catalyst, preventing its entry into the
internal pores. Consequently, its cracking predominantly
occurs on the external surface of the catalyst. The
resulting cracked products may subsequently diffuse into
the pore channels, where they could undergo further
reactions at internal acid sites. In contrast, n-octane
exhibits a kinetic diameter comparable to or slightly
larger than the pore size of ZSM-5 zeolite. This enables a
dual cracking mechanism: a portion of n-octane
molecules undergo surface-initiated cracking on the
external catalyst surface, while others penetrate the pore
channels to access internal acid sites. Both external and
internal acid sites thereby synergistically contribute to the
cracking process of n-octane. Therefore, in the industrial
catalytic treatment of heavier naphtha fractions, it is
recommended to enhance the external surface acidity of
catalyst microspheres. By implementing a hierarchical
catalysis mechanism, stepwise conversion of the
feedstock can be achieved, thereby improving the
selectivity of target products. Additionally, appropriate
enlargement of pore size can enhance the mass transfer
rate of macromolecular substances, reducing carbon
deposition caused by their retention in the pore channels
and thus prolonging the service life of the catalyst.

Distinct differences exist between ZSM-5 zeolites and
microsphere catalysts in catalyzing long-chain n-alkanes
(n-C,¢). For catalysts, binders, and other substances are
added to the molecular sieve powder during the
manufacturing process, which changes the original active
sites and pore size of the molecular sieve, so the outer
surface acidity and pore size are particularly important in
catalyzing alkanes with different chain lengths. In
contrast, pure ZSM-5 zeolites allow long-chain alkanes
(> C,,) to adjust their molecular configurations at
elevated temperatures, facilitating entry into the zeolite
pores for internal cracking.
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