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Considerable energy consumption and high CO, emissions of steam cracking have driven the exploration
of alternative methods for light olefins production from naphtha. In this context, we propose a novel
dehydrogenation cracking approach as an alternative route for naphtha conversion. By employing
a perovskite-based redox catalyst, CaMnOz@Na,WO,, in combination with zeolite-based catalyst, model
compound n-octane undergoes dehydrogenation to form octene, significantly reducing the activation
energy required for C-C bond cleavage. This approach enhances the yield and selectivity of light olefins.
When mixing ratio of dehydrogenation catalyst in tandem catalysis is 5%, the conversion reaches 90.07%,
and the total light olefins yield is 47.90%. The influence of factors such as reaction temperature, coupling
mode and mixing ratio were also demonstrated. Comparing to standalone zeolites, 15% higher olefin
yields were obtained with tandem mixed catalysts, demonstrating the excellent dehydrogenation
cracking ability. The optimized dehydrogenation temperature at 450 °C, could provide an optimal
reaction environment for this elementary dehydrogenation reaction and decrease the energy
consumption. Synergetic effect of zeolite-based catalyst with different mixing ratio of CaMnOz@Na, WO,
also leads to tunable P/E ratio. Theoretical calculations of reaction routes provided valuable insights for
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1 Introduction

As fundamental building blocks in the petrochemical industry,
light olefins such as ethylene and propylene are valuable feed-
stocks to produce polymers, oxygenates, and various other
chemical products.® In recent years, the demand for ethylene
and propylene in the market has been steadily increasing.> The
steam cracking of naphtha is the primary technology for the
production of ethylene and propylene.® Recent studies highlight
development of olefin polymerization process and offer
sustainable routes for olefin production.*™> However, the high
energy consumption and CO, emissions associated with steam
cracking necessitate the exploration of alternative methods for
producing light olefins from naphtha."® Furthermore, the goals
of carbon peaking and carbon neutrality in China have placed
pressure on the refining industry to transform from a fuel-based
to a chemical-based model****

In comparison to conventional steam cracking, the oxidative
dehydrogenation (ODH) represents a promising alternative due
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the further development and optimization of naphtha conversion processes.

to the exothermicity of the reaction and its potential to achieve
high single-pass conversion.'®” However, the expensive air
separation step and safety concerns arising from the co-feeding
of hydrocarbons and oxygen make ODH challenging to imple-
ment on an industrial scale.”® To address these limitations,
chemical looping oxidative dehydrogenation (CL-ODH) has
been proposed as a solution. Unlike steam cracking and
conventional ODH, CL-ODH can operate autothermally, elimi-
nating the need for low-temperature air separation and pre-
venting direct contact between hydrocarbons and oxygen. In CL-
ODH, a redox catalyst is continuously circulated between two
reactors. The redox catalyst serves as the oxygen carrier and
donates its lattice oxygen to convert hydrogen from dehydro-
genation reaction into water, resulting in favorable light olefins
yield.

The selection of oxygen carriers is one of the most important
factors for good performance of ODH process. The advantages
of perovskite-based metal oxides include their structural flexi-
bility and compositional versatility to accommodate significant
oxygen vacancies at relatively low operating temperatures.>***
CaMnOj;-based perovskite materials are promising options in
ODH processes. Alberto Abad and coworkers have explored the
thermochemical properties of CaMnO;-based material for
a better prediction of non-stoichiometry ¢, which is a function
of temperature and oxygen partial pressure.”* Na,WO,-
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promoted CaMnO; showed steady selective hydrogen
combustion (SHC) performance in CL-ODH of ethane with 89%
H, conversion and 88% selectivity at 850 °C over 50 redox
cycles. 0.5 wt% Rh promoted CaMnO; achieved over 80%
syngas selectivity at 600 °C from methane partial oxidation.>***
Despite multitude of studies demonstrating the capability of
various CaMnOj-based materials,* systematic studies on
dehydrogenation cracking of naphtha with promoted CaMnOs,
have yet to be performed.

Dehydrogenation cracking of naphtha, which combines
catalytic dehydrogenation and cracking reactions, is a prom-
ising approach to reduce the energy consumption and carbon
emissions in the production of light olefins from naphtha. By
the use of a dehydrogenation catalyst such as Pt-Sn/Ca-ZnAl,O,
prior to cracking, yields of ethylene and propylene were
improved over those obtained by using rare earth-loaded
cracking catalyst.> It was found that the dehydrogenation
cracking reaction effectively proceeds by the tandem reaction.
The hydrogen atoms of the alkane first interact with the metal
sites of the dehydrogenation catalyst, promoting the dissocia-
tion of C-H bonds to form hydrogen and alkenes.** Subse-
quently, the cracking catalyst selectively catalyzes the cracking
of the olefins. Since the activation energy for the C-H and C-C
bond cleavage during alkenes catalytic cracking is lower than
that of alkanes, this process enhances the yield and selectivity of
light olefins.

In the current study, a highly selective redox perovskite
catalyst, CaMnO;@Na,WO,, was employed in the oxidative
dehydrogenation reaction. Furthermore, CaMnO;@Na,WO,
was coupled with zeolite-based catalysts. Fixed bed experiments
were performed to confirm the synergetic effect of zeolite-
perovskite composites for enhanced production of light
olefins. n-Octane was used as a model compound for dehydro-
genation cracking of naphtha. The effects of reaction tempera-
ture, coupling mode, and mixing ratio on the reaction were
investigated in detail. Theoretical calculations of reaction path
and modified reaction parameters were also proposed.

2 Experimental
2.1 Materials

CaMnO; was synthesized using the modified Pechini method.
To synthesize CaMnOj;, a certain stoichiometric amount of
Mn(NOs),-4H,0 and Ca(NOs),-4H,0 was dissolved in deion-
ized water and stirred for 30 min, and then citric acid was added
to the solution with the metal ions (Mn>* and Ca®") in a molar
ratio of 3:1. The mixture was stirred at 500 rpm for 30 min.
Then, ethylene glycol and citric acid in a molar ratio of 2 : 1 were
added to the mixture to promote gel formation. The solution
was heated to 80 °C with constant stirring until a viscous gel was
formed, and then the beaker was dried in an oven at 120 °C
overnight.** The dried precursors were first pretreated in
a muffle furnace at 450 °C for one hour to burn off the nitrate
and then calcined in a tube furnace at 1000 °C with an airflow of
about 100 mL min " for ten hours.

Promotion of the as-obtained CaMnO; materials with
20 wt% Na,WO, was done by wet impregnation. Finally, the
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sample CaMnO;@Na,WO, were calcined at 1000 °C for eight
hours under air. All the catalysts were sieved in the size range
300-425 um and used for the reaction tests.

The commercial zeolite-based MMC catalysts were obtained
from Sinopec Catalyst Co., Ltd (Beijing, China), with 30 wt% of
HZSM-5 zeolite (Si/Al ratio = 21) as an active component.
Mn(NOj3),-4H,0, Ca(NOj3),-4H,0, ethylene glycol, and citric
acid were purchased from Aladdin Reagent Co. Ltd (Shanghali,
China).

2.2 Characterization

The crystallinity of catalysts was determined using a D5005 X-
ray diffractometer manufactured by Siemens, Germany. The
N, adsorption-desorption experiments were carried out using
an automatic adsorption meter, model ASAP2420, manufac-
tured by Micro metric Instruments, USA, and the specific
surface area and pore volume were calculated using the Bru-
nauer-Emmett-Teller (BET) equation. The transmission elec-
tron microscopy (TEM, Tecnai G2 F20) was conducted using the
field emission transmission electron microscope that was
manufactured by FEI Company. The elemental composition of
the catalyst was measured using an inductively coupled plasma
optical emission spectrometer (ICP-OES) on an Agilent 720
instrument, USA.

2.3 Catalytic performance test

A fixed-bed reactor was used for the dehydrogenation reaction
and dehydrogenation cracking reaction. Standalone
CaMnO;@Na,WO, perovskite was employed in dehydrogena-
tion reaction. CaMnO;@Na,WO, and zeolite-based MMC cata-
lysts mixed in physical or tandem mode in
dehydrogenation cracking reaction. Before the reaction, the
whole system was purged with N,. When feeding, the reactants
were diluted with N,, preheated to 150 °C, and then injected
into the reactor. The reaction temperatures were set at different
reaction temperatures. The products were separated into gas
and liquid phases by a cooling bath (—19 °C). The gas phase
products were analyzed using an online gas chromatograph
model GC7890A from Agilent, USA, and the mass of the gas
phase was calculated using the ideal gas equation. The liquid
phase products were analyzed using an off-line gas chromato-
graph model 7890B from Agilent, USA. Moreover, the fixed-bed
reaction could be divided into two stages, which makes the
separated reaction temperatures possible.

were

2.4 Computational studies

DFT calculations were performed using the DMol® software
developed by Accelrys Inc. The geometries of the metal oxide
and zeolite cluster models used in this work were obtained from
the framework structure obtained from Material Studio 2019.
Relativistic effects were taken into account using an all-electron
scalar relativistic method. All calculations were performed
using the DNP basis set. The convergence criteria (energy, force,
and displacement) were set at 0.05 k] mol ', 10'*> N, and 5 x
10" m, respectively.
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Table 1 BET specific surface area, pore size, and pore volume of CaMnOz@Na, WO, catalyst

BET surface area/m” g~ Pore volume/(cm® g™ ")

Mesopore volume/(cm® g~ ")

Micropore volume/(cm?® g™ ") Average pore size/nm

2.81 0.006 0.006
© Na2WO4
CaMnOs
CaMnO3@Na2WO04
° °o o
©
Naz2WO4 © o
©

l u N W N
CaMnO3 | } l j
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20 (degree)

Intensity (a.u.)

Fig. 1 XRD patterns of perovskite metal oxides CaMnOsz and
CaMnO3@N32WO4.

3 Results and discussion
3.1 Physical and chemical structure of catalysts

As shown in Table 1, the specific surface area of the perovskite
dehydrogenation catalyst is 2.81 m* g~ . The catalyst material does
not provide high pore volume. The average pore size is 8.53 nm.

As shown in Fig. 1, the XRD patterns showed the character-
istic peaks of CaMnO; phases in both samples. The character-
istic peaks of the Na,WO, were also observed in the
CaMnO;@Na,WO, sample, confirming its successful synthesis.

CaMnO; was synthesized using the modified Pechini method.
The Pechini process calls for forming a chelate between mixed
cations (dissolved as salts in a water solution) with a hydrox-
ycarboxylic acid (citric acid is preferred). The cations are chelated
and then, with the aid of polyalcohols, the chelates are cross-
linked to create a gel through esterification. This has the
distinct advantage of allowing the use of metals that do not have
stable hydroxo species. This method has been extensively applied
toward the synthesis of a variety of multicomponent oxides. All
the studies reported have clearly indicated that the Pechini
method is quite suitable for producing highly pure and homo-
geneous oxides at reduced temperatures.*

0.0002 8.53

The morphologies of CaMnO;@Na,WO, catalyst was examined
by transmission electron microscopy in Fig. 2. As indicated by
TEM, Na,WO, promotion on CaMnO; forms a core-shell struc-
ture. Surface enrichment of Na,WO, was shown to have a signifi-
cant suppression effect on surface cation and oxygen species,***
which resulted in greater olefin selectivity and improved yields.

3.2 Theoretical thermodynamic analysis of n-octane
dehydrogenation reaction

From the perspective of thermodynamics, the reaction equi-
librium of octane dehydrogenation reaction was calculated in
Table 2. Methane appeared at temperatures above 600 °C, as
a symbolic product of thermal cracking reaction. Different
ratios of alkanes/alkenes were obtained at various temperature.
It could be observed that thermal cracking happened from 600 °©
C, and reaction rates increased above this temperature. To avoid
thermal cracking, dehydrogenation temperature should be kept
under 600 °C. More discussion will be added with the following
experimental data together.

The thermodynamics calculation of n-octane dehydrogenation
reaction conversion was showed in Fig. 3. The conversion
increases with reaction temperature, and the equilibrium conver-
sion achieved 90% when reaction temperature above 600 °C. The
dehydrogenation reaction of long-chain alkanes is not limited by
thermodynamic equilibrium at high temperatures. For the endo-
thermic reaction of alkane dehydrogenation, AH does not change
much with the temperature increase. The equilibrium constants
for the dehydrogenation reactions of n-octane to form straight-
chain olefin were small. Temperature is a sensitive thermody-
namic parameter, and the equilibrium conversion of n-octane
shows a significant increase with reaction temperature. Octene is
thermodynamically unstable, and the dehydrogenation of octane
is quickly followed by further dehydrogenation and cyclization.

3.3 CaMnO;@Na,WO, perovskite for n-octane
dehydrogenation reaction

A series of tests were conducted to assess the applicability of the
redox catalyst to n-octane dehydrogenation reaction and the

Fig. 2 TEM images of CaMnOz@Na,WO,. (A) 10 nm, (B) 50 nm.
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Table 2 Theoretical thermodynamic calculation of n-octane dehy-
drogenation reaction equilibrium

Temperature (°C) 350 400 450 500 550 600 650

H, 0.001 0.003 0.007 0.011 0.014 0.016 0.018
CH,4 0.000 0.000 0.000 0.000 0.000 0.003 0.010
C,H, 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C,Hy 0.000 0.000 0.000 0.001 0.006 0.033 0.124
C,Hg 0.000 0.000 0.000 0.000 0.001 0.007 0.027
Cz= 0.000 0.000 0.000 0.000 0.003 0.016 0.059
Cs 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C4—Cg 0.000 0.000 0.000 0.001 0.005 0.025 0.083
Aromatics 0.000 0.000 0.000 0.000 0.002 0.017 0.074
Octane 0.917 0.806 0.615 0.375 0.180 0.073 0.022
Octene 0.082 0.190 0.378 0.612 0.788 0.810 0.584

100+

80+

60+

Conversion rate/%

04

0 100 200 300 400 500 600 700 800
Temp /°C

-100

Fig. 3 Thermodynamics calculation of n-octane dehydrogenation
reaction conversion.

resulting product distributions. The dehydrogenation reaction
was carried out on a fixed-bed micro-reactor device using
CaMnO;@Na,WO, as the dehydrogenation catalyst and n-
octane as the raw material. Fig. 4 illustrates the relationships
between n-octane conversion and reaction temperature. The
redox catalyst serves as the oxygen carrier and donates its lattice
oxygen to oxidation reaction with hydrogen, resulting in favor-
able ethylene and propylene yields.>* It is observed that the
conversion of n-octane significantly increases with higher
reaction temperature. At 500 °C, the dehydrogenation conver-
sion was only 6.8% due to the relatively low reaction tempera-
ture. However, as the temperature increased, the conversion
improved significantly, reaching 42.9% at 675 °C. This indicates
that the activity and selectivity of oxygen species in the
CaMnO;@Na,WO, catalysts are highly temperature dependent.
At higher temperatures, more lattice oxygen is transported to
the redox catalyst surface at higher rates. This leads to increased
active oxygen species on the redox catalyst surface for higher
conversion.® The redox catalyst serves as the oxygen carrier and
donates its lattice oxygen to convert hydrogen from n-octane
dehydrogenation into water, resulting in favorable light olefins
yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of reaction temperature on the conversion of the n-
octane dehydrogenation reaction with CaMnOz@Na, WO, perovskite.

Dehydrogenation of n-octane is an endothermic reaction.
Higher temperature is beneficial for C-H bonds cleavage and
the following H, combustion, promoting the conversion of n-
octane. n-Octane undergoes catalytic cracking with acid active
sites on zeolites and forms light olefins and hydrogen in the gas
phase. The hydrogen is then combusted on the gas-molten
Na,WO, interface to form water under a redox scheme. The
removal of H, can increase n-octane conversions by shifting the
cracking reaction equilibrium. The addition of Na,WO, on
CaMnO; allows the H, combustion to occur at the gas-molten
shell interface by the lattice oxygen transported by WO,>~
which undergoes WO;~ and WO,>~ transition.?*3*

Effect of reaction temperatures on the yields of ethylene and
propylene in n-octane dehydrogenation reaction was presented in
Fig. 5. The detailed production distribution was presented in
Table 3. With the gradual increase in reaction temperature, the
yield of ethylene and propylene in n-octane dehydrogenation
reaction products increased. At 500 °C, yields of ethylene and
propylene were 1% and 0.9%, respectively. At 700 °C, the ethylene
and propylene yields were 13.1% and 6.5%, respectively. Octene,
as one component in gasoline product, is thermodynamically
unstable. It trends to crack into smaller molecules at high
temperature. The yields of octene decreased from 0.83% to 0.43%,
when reaction temperature increased from 500 °C to 700 °C. The
carbon balance was calculated to be 95-103%.

As reported by Gao et al., the olefin yield is below 2% at 550 °C
with n-hexane as feedstock.* This is consistent with our results. A
standalone redox catalyst requires high operating temperature
(>750 °C) to exhibit satisfactory olefin yields. Na,WO, modifies
the oxygen donation behavior of CaMnO; and provides a catalyt-
ically active surface. The oxygen species were transported
through the molten Na,WO, layer to participate in oxidative
dehydrogenation.*® Melting point of Na,WO, is 698 °C.

As shown in Fig. 6, octene selectivity decreases continuously
with temperature, with 9% octene selectivity at 500 °C and 1% at
675 °C. This could be attributed that octene is very thermody-
namically unstable and highly susceptible to cracking reactions

RSC Adv, 2025, 15, 19034-19042 | 19037


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02427g

Open Access Article. Published on 05 June 2025. Downloaded on 9/6/2025 2:51:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

20
700 C
18 650 C
16 600 C
550 C
14+ B 500 C
121
=
%10-
$ 8-
6.
4.
2.
ol M ™

Ethyllene prop'ylene

Fig. 5 Effect of reaction temperatures on the yields of ethylene and
propylene in n-octane  dehydrogenation reaction  with
CaMnOz@Na,WOy,.

at high temperature. This is consistent with the previous ther-
modynamic calculations. The propylene selectivity does not
vary much with temperature. The ethylene selectivity is highest
at 700 °C with 31.3%. Lower operating temperatures have the
effect of lowering the oxygen capacity of the redox catalyst.

3.4 Synergetic effect of dehydrogenation and cracking active
sites

Due to the relatively stable structure of n-octane and the high
C-C bond energy, the reaction temperature required for the
catalytic conversion of n-octane with perovskite catalysts is
usually above 700 °C.** To lower the required reaction temper-
ature, the dehydrogenation catalyst could be coupled with
zeolite cracking catalysts. In our previous study, n-octane is
firstly dehydrogenated at the dehydrogenation site, and the
resulting octene is cracked at the acidic site of zeolite catalysts,
which improves the conversion and olefin selectivity of n-
octane.”” In this study, two common coupling methods, directly
mechanical mixing and tandem mixing were chosen to compare
the different effects.

Tandem catalysis continues to expand the realm of hetero-
geneous catalysis in enabling sustainable alternatives for

View Article Online
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Fig. 6 Effect of different reaction temperatures on selectivity of n-
octane dehydrogenation reaction products.

chemical and fuel production. Typically, it provides promising
alternatives to circumvent the thermodynamic challenge of
direct dehydrogenation of light alkanes as an on-purpose route
for olefin production via coupling dehydrogenation and
cracking active sites.*” As shown in Fig. 7, for the n-octane
dehydrogenation cracking reaction, the dehydrogenation cata-
lyst was mechanically or tandem mixed with the cracking
catalyst. The different ratios of dehydrogenation catalysts
include 1%, 3% and 5%. Both coupling methods show conver-
sion of n-octane that was consistently lower than the cracking
background (given by the dashed line). The conversion
increased with the proportion of dehydrogenation catalyst, but
it was lower than that of the cracking reaction alone. When 5%
dehydrogenation catalyst was added and mechanically mixed
with the cracking catalyst, the conversion was 86.1%. When 5%
dehydrogenation catalyst was tandem mixed, the conversion
was 90.7%.

As shown in Fig. 8, after physical mixing of CaMnOz;@Na,-
WO, dehydrogenation catalyst and zeolite-based cracking
catalyst, the yields of ethylene and propylene were enhanced
with the increasing proportion of dehydrogenation active sites.

Table 3 The product distribution of n-octane dehydrogenation reaction with CaMnO-@Na, WO,

Yields (wt%)

Reaction temperature (°C) 500 550 600 650 700
Dry gas Hydrogen 0.01 0.02 0.01 0.01 0.02
Methane 0.16 0.32 0.89 1.70 2.11
Ethane 0.22 0.47 1.32 1.92 1.26
Ethylene 1.00 1.57 3.82 8.08 13.10
LPG Propane 0.13 0.19 0.36 0.53 0.53
Propylene 0.90 1.27 3.59 4.48 6.50
n-Butane 0.15 0.23 0.51 0.41 0.22
Isobutane 0.00 0.00 0.00 0.00 0.00
Butylene 0.73 1.00 2.02 3.39 4.76
Gasoline product 96.71 94.93 84.76 79.49 69.89
Octene 0.83 0.67 0.51 0.48 0.43

19038 | RSC Adv, 2025, 15, 19034-19042
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Fig. 7 Effect of different coupling methods and mixing ratios on the
conversion of n-octane dehydrogenation cracking reaction.

With the addition of 1% perovskite dehydrogenation catalyst,
the ethylene yield is 12.9%, propylene yield is 19.9%. When
additional 5% perovskite dehydrogenation catalyst was physi-
cally mixed, the ethylene and propylene yields increased to
16.3% and 27.9%. The detailed product distribution was shown
in Table S1.¥

For tandem mixed catalysts, with the addition of 1% dehy-
drogenation catalyst in tandem mixing, the ethylene yield was
15.0%, propylene yield was 19.6%. With the addition of 5%
perovskite dehydrogenation catalyst in tandem mixing, the
ethylene and propylene yield were 20.3% and 27.6%.
Comparing to standalone zeolites, 15% higher olefin yields
were obtained with tandem mixed catalysts, demonstrating the
excellent dehydrogenation cracking ability. Synergetic effect of
zeolite catalyst with different mixing ratio of CaMnO;@Na,WO,
also leads to tunable P/E ratio.

The combination of zeolite and CaMnO;@Na,WO, perov-
skite are bi-functional: zeolite catalyzes light alkane cracking via
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its acid sites. CaMnO;@Na,WO, selectively oxidizes hydrogen
into H,O, providing the heat required for n-octane vaporization
and the endothermic cracking reactions. Meanwhile, zeolite
facilitates higher n-octane conversions. Standalone catalytic
cracking with zeolite is highly endothermic, whereas selective
hydrogen combustion becomes mildly exothermic, allowing
auto-thermal operation with improved overall process effi-
ciency. Resulting from the synergistic effect between zeolite and
perovskite, high single-pass olefin yield was observed along
with and tunable P/E ratio.

3.5 Interplay of dehydrogenation and cracking active sites

The main challenge for the industrial dehydrogenation
cracking process is that the reaction temperature of fluid cata-
Iytic cracking (FCC) is generally around 550-600 °C, which is
more favorable for cracking reaction but undesirable and
unsuitable for dehydrogenation elementary reaction. From the
perspective of thermodynamics, the reaction equilibrium of
dehydrogenation reaction was calculated in above discussion.
From the above theoretical thermodynamics calculation, it
could be observed that thermal cracking happened from 600 °C,
and reaction rates increased above this temperature. The
dehydrogenation temperature should be under 600 °C to avoid
thermal cracking.

The theoretical reaction routes and kinetics of n-octane
dehydrogenation cracking reaction were presented in Fig. 9
(Path II), compared with traditional cracking routine (Path I) as
a reference. Path I indicated the reaction path of n-otane
cracking reaction, which is an endothermic reaction. In Path II,
it could be observed that the modified reaction path from
octane to octene is an exothermic reaction via dehydrogenation.
The following formation of ethylene and propylene is an
endothermic reaction. It could be hypothesized that high
temperature is not beneficial for the dehydrogenation elemen-
tary reaction. In our previous research, it indicated that if the

30
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281 == Propylene

26+
244

221

Yields/%
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144

12
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Fig. 8 Yields of ethylene and propylene in physically and tandem mixed dehydrogenation cracking reaction with mixing ratios of 1%, 3% and 5%.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 19034-19042 | 19039


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02427g

Open Access Article. Published on 05 June 2025. Downloaded on 9/6/2025 2:51:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

700 -

600 - TS
= _—
S 500 = AR
£ [ \ TS
S 400+ M i
< 300 <z ™ 4 \ £
e BN A i =

———”’ SNAS ! \cH 10
% 2004 ¢ - R A =" pathI TSi T, ‘a
2 ; : P A W ) s
w 100 fuf ST LTS, ; IS NG NESl v
g 0 - I_ Yo S8 TR i../...‘, _______ | TS, ! TS, “—," x
w T ads \ ,—~TS? M,/ X Q, : S / +Q
o) -100 VIM, S \ o~ AF pr— " .
Lt % \ 5 S, (P T U0 T S . )

(0 -200- VM, ,* des|

-300- PathII-1 PathII-2

Reaction Path

Fig. 9 The reaction routes and kinetics of n-octane dehydrogenation cracking reaction and standalone cracking reaction.

Yicld(“u)
= % B 2

N

450 500 550 600

0 ‘ ‘ ‘
300 350 400

Dehydrogenation Temperature (°C)
m Ethylene ™ Propylene

Fig. 10 Yields of ethylene and propylene with decreasing dehydro-
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reaction pathways could be modulated to convert n-octane to
octene via dehydrogenation, the energy barrier would decrease.
The formation of olefins can accelerate the formation of a car-
benium ion and suppress the alkane intermediates, thus
promoting the conversion of n-octane to produce light olefins.?”
Following this hint, the dehydrogenation and cracking
systems were decoupled. The cracking temperature was kept
constant at 600 °C. The mixing ratio of dehydrogenation cata-
lysts CaMnO;@Na,WO, in tandem catalysis was 2%. The
dehydrogenation temperature was gradually decreased from
600 °C to 300 °C. As Fig. 10 shown, decreasing the dehydroge-
nation temperature can increase ethylene and propylene yields.
Maximum yield was achieved at 450 °C. This means that by
lowering the dehydrogenation temperature, we could provide
an optimal reaction environment for this elementary dehydro-
genation reaction and decrease the energy consumption.

4 Conclusion

In summary, we demonstrated the novel dehydrogenation
cracking approach for the conversion of naphtha to light
olefins. Theoretical thermodynamic analysis proposed that
dehydrogenation temperature should be kept under 600 °C to
avoid thermal cracking. Fixed-bed experiments are performed
to prove the effectiveness of CaMnO;@Na,WO, for n-octane

19040 | RSC Adv,, 2025, 15, 19034-19042

dehydrogenation reaction. Furthermore, tandem catalysis of
CaMnO;@Na,WO, redox catalysts and zeolite-based catalyst
exhibited satisfactory olefin yields under milder reaction
conditions, establishing the feasibility of dehydrogenation
cracking process in the context of olefin production. When the
catalysts were coupled in tandem catalysis, the synergetic effect
occurred with 5% of the dehydrogenation catalyst, achieving n-
octane conversion of 90.07% and total light olefin yields of
47.90%, with ethylene and propylene yields of 20.30% and
27.60%, respectively. Synergetic effect of zeolite catalyst with
different mixing ratio of CaMnO;@Na,WO, also leads to
tunable P/E ratio. These findings not only provide an effective
method for the production of light olefins from naphtha, but
also offer insights for reactor design and optimizations of redox
catalysts.
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