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In the production of low density polyethylene (LDPE), the presence of oxygen may induce the decompo-
sition of supercritical ethylene, thereby affecting the stability of equipment operation and potentially
leading to safety hazards. This study investigated the inducing and promoting effects of oxygen on the
runaway decomposition of supercritical ethylene. The reaction mechanism of oxygen-induced supercritical
ethylene was explored through ReaxFF molecular dynamics simulation, and the reaction network was
systematically constructed. It was found that the minimum oxygen concentration required to initiate
ethylene decomposition at 240 °C and 240 MPa was 0.0042% (mass). The coupling of oxygen and ethylene
to form the intermediate C;HxO- promoted the cleavage of the C—C bond in ethylene. Under the condition
of oxygen absence, ethylene mainly underwent polymerization reactions. As the oxygen concentration
increased, unstable intermediates such as CoH,O- were generated, and the dominant reaction pathway of
ethylene shifted from polymerization to decomposition. This study provided a theoretical basis for un-
derstanding the oxygen induced supercritical ethylene decomposition in low density polyethylene process.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

Low density polyethylene (LDPE) a thermoplastic resin char-
acterized by a significant number of branched chains, which is
polymerized by ethylene at 200—300 °C, 200—300 MPa. Due to its
excellent transparency, insulation properties, corrosion resistance,
and other characteristics, low density polyethylene is widely
employed in the packaging and manufacturing of electrical insu-
lation materials [1—3]. The global market value of LDPE is expected
to exceed 170 billion dollars in 2029, with a large market scale and
development prospects [4].

Ethylene polymerization is a highly exothermic reaction. Under
conditions of 235 MPa and 150—300 °C, the specific heat capacity of
ethylene is 2.51-2.85 J-(g-°C)"L If the heat released during
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polymerization is not completely dissipated, the polymerization of
only 1% of ethylene can raise the temperature by 12—-13 °C [5-7].
Such heat accumulation may subsequently trigger the decomposi-
tion of ethylene. The decomposition process of ethylene produces
methane and hydrogen, accompanied by the release of heat [8],
which is a significant thermal runaway process [9]. Thermal
runaway leads to a sharp increase in temperature and pressure in the
reaction system, leading to significant operational losses [10,11].
Albert et al. [12] clearly recorded the decomposition of ethylene
polymerization caused by thermal runaway. The research showed
that the initial pressure and temperature of ethylene polymerization
were the key factors affecting ethylene decomposition. In the rele-
vant reports on the cause statistics of unplanned shutdown of low
density polyethylene process, ethylene decomposition is the direct
cause of unplanned shutdown [13,14]. Oxygen can induce ethylene
decomposition in ethylene polymerization, which is one of the main
reasons for ethylene decomposition in industrial production [15].
As ethylene decomposition occurs exclusively under ultra-high
pressure and temperature conditions, there is limited research in
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this area. Several studies have examined the mechanism of hy-
drocarbon decomposition using molecular simulations, which
provide valuable insights for simulating ethylene decomposition.
Zhou et al. [16] investigated the influence mechanism of ethanol
on ethylene pyrolysis through numerical simulation, and the
research indicated that oxygen in ethanol promoted the formation
of C1 product. Song et al. [17] employed ReaxFF molecular dy-
namics simulations to investigate the mechanisms of high-
temperature cracking and oxidation of ethylene and ethanol.
Song et al. found that the polymerization of pure ethylene in the
oxygen free environment mainly occurred with carbon chain
growth and produced long-chain carbon. The addition of ethanol
inhibited the production of long-chain carbon in ethylene poly-
merization, and the inhibition effect was more obvious with the
increase of ethanol concentration. Oxygen in ethanol was finally
released in the form of CO, CO, and H,0. Martin and Akih Kumgeh
[18] applied ReaxFF to the methane oxygen spontaneous com-
bustion process at 20 MPa, and successfully captured the ignition
delay time and main intermediate products using the NVT + NVE
hybrid ensemble, verifying the reliability of ReaxFF in high-
pressure combustion simulations. Chen et al. [19] simulated the
pyrolysis of n-hexadecane under high pressures of 10, 30, 50, 70,
and 90 MPa using ReaxFF molecular simulation. The calculated
product data and kinetic data showed a high degree of agreement
with experimental values. In the production of low density poly-
ethylene, ethylene is in a supercritical state, which can be simply
understood as increasing the pressure to promote intermolecular
collisions. Although these studies can not directly reflect the
decomposition mechanism of supercritical ethylene, they provide
a reference for the molecular simulation of supercritical ethylene
decomposition.

However, due to the high requirements of the ultra-high pres-
sure ethylene reaction runaway testing device, the publicly avail-
able ultra-high pressure research is limited, and the influence of
trace oxygen on ethylene in the low density polyethylene system
has not been studied [20]. In addition, the lack of experimental data
has hindered the exploration of the ethylene decomposition
mechanism in the low density polyethylene system.

Based on the above problems, this work investigated the
decomposition behavior of supercritical ethylene under oxygen-
containing conditions through the ultra-high pressure ethylene
decomposition runaway test characterization platform. The effects
of oxygen concentration and ethylene density on the decomposi-
tion temperature, decomposition pressure and decomposition
products of supercritical ethylene were investigated. The evolution
mechanism network of oxygen concentration induced supercriti-
cal ethylene decomposition was constructed by ReaxFF simulation.
This article aims to develop a comprehensive understanding of
oxygen-induced decomposition of supercritical ethylene through
experimental and simulation studies.

2. Experimental and Simulation
2.1. Materials
The experiment used 99.999% ethylene as raw material to
explore the evolution mechanism of ethylene decomposition. The
air cylinders contained 20.9% oxygen to provide oxygen environ-
ment for the system.
2.2. Ethylene decomposition test device and operation process
Before ethylene entered the reactor, it needed to be liquefied in

the ethylene raw material tank under the set condition of —10 °C
and 4 MPa. The liquefied ethylene was delivered to the reactor

through the liquid pump once the reactor temperature reached the
set temperature. Due to the high temperature in the reactor, the
liquefied ethylene underwent phase change expansion after
entering the reactor, causing the pressure in the reactor to rise. The
set pressure of the reaction system was reached by continuously
adding ethylene to the reactor. Ethylene in the reactor was initi-
ated by tungsten wire, and the temperature and pressure changes
during ethylene decomposition were collected through the DCS
control system. The ethylene decomposition products were
collected for further research and analysis. The ethylene decom-
position device was shown in Fig. 1.

2.3. Experiments for the decomposition of ethylene

The experimental conditions of ethylene decomposition were
240 °C and 240 MPa, which were closer to actual production. The
effect of oxygen concentration on the evolution mechanism of
ethylene decomposition was investigated. The oxygen concentra-
tion range was 0.001%—1.0% (mass). The decomposition condition
of ethylene was named Ox, where x represented oxygen
concentration.

The research on ethylene decomposition mainly included
maximum decomposition pressure (Ppax) and maximum decom-
position temperature (Tpax). The ethylene decomposition curve
was divided into three stages: energy accumulation, violent
decomposition, and stability after decomposition, to reflect the
evolution of ethylene decomposition under different oxygen
concentrations.

2.4. Characterization

The composition and content of the gas generated after ethylene
decomposition were characterized by gas chromatography-mass
spectrometry (GC-MS). GC-MS is composed with two Agilent
7890BGC instruments equipped with FID and TCD detectors and
MolsieveSA, HayeSep Q, PoraBOUND U, and HP-AL/S column [21].

The surface morphology of derived carbon powder was
observed by S-4800 scanning electron microscopy (SEM) (Hitachi,
Ltd., Japan) combined with energy dispersive X-ray spectroscopy
(EDS) [22,23].

The X-ray diffraction (XRD) analysis was performed on an
X'Pert Pro MPD X-ray diff; ractometer (PANalytical B.V.) equipped
with a Cu K, radiation. The scan rate was set to 10(°)-min~' with a
step size(260) of 0.017°, and the scan range was between 5° and 75°.
XRD provided the stacking order degree of carbon powder and
lattice stacking parameters, such as interlayer spacing dgo2,
stacking height Lc and stacking layer number N. The stacking
height Lc was calculated according to the Scherrer formula and the
interlayer spacing dgg, was calculated by Bragg formula. The
stacking layer number N was calculated by the formula: N = (L¢/
doo2) + 1 [24-26].

Raman spectra were tested by using a Labram 10 Raman
spectrometer with a He-Ne laser as excitation source and were
performed with the Gaussian curve-fitting method as a reasonable
method to judge the structural defect and ideal graphite degree of
the derived carbon powder. Five Raman bands were divided ac-
cording to the Gaussian curve-fitting method: 1580 cm™! of G
band represented ideal graphitic lattice (Epg-symmetry);
1350 cm™~! of D1 band represented disordered graphitic lattice
(graphene layer edges, Aig symmetry); 1620 cm~! of D2 band
represented disordered graphitic lattice (surface graphene layers,
Ezg-symmetry); 1500 cm~! of D3 band represented amorphous
carbon (Gaussian line shape); 1200 cm~! of D4 band represented
disordered graphitic lattice (A1g symmetry), polyenes, ionic im-
purities [27].
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Fig. 1. The decomposition device of ethylene.

Fourier transform infrared spectra (FTIR) of the decomposition
carbon powder were measured by using an FTIR spectrometer
(NEXUS FT-IR, Nicolet), the resolution for operation was 2 cm™,
while the scan range was from 400 to 4000 cm ™. The FTIR spectra
was mainly used for determining the functional group structure

after the decomposition of ethylene [28].

2.5. Construction of three-dimensional models

Materials Studio software was used to model the oxygen
induced ethylene decomposition system. Four oxygen systems
with the number of oxygen molecules 0, 20, 40 and 60 were
constructed, as shown in Fig. 2, and each system contained 60
ethylene molecules. Periodic boundary conditions were applied in
all directions to minimize surface effects and to approximate bulk-
phase behavior with a finite number of molecules. Under super-
critical conditions, where intermolecular interactions are mainly
short-ranged, periodic boundary conditions ensure that each

molecule experiences an environment representative of an effec-
tively infinite system. This approach enables a reasonable repre-
sentation of the supercritical ethylene system at the selected
simulation scale. The initial density of the system was set to
0.478 g-cm >, corresponding to the experimentally measured
density of ethylene at 200 MPa and 200 °C.

2.6. Reaction force field

Reaction Force Field (ReaxFF) is a force field based on the
concept of bond order. By dynamically calculating the distance
between atoms to update the bond order in real time, the breaking
and formation of chemical bonds during chemical reactions can be
precisely described, and the bonding and non-bonding in-
teractions in complex systems can be captured. The parameters of
ReaxFF mainly come from quantum chemistry calculation data,
combining the precision of quantum chemistry with the compu-
tational efficiency of molecular dynamics, and are suitable for the

&ITN‘

<

Fig. 2. Ethylene decomposition system: (a) no oxygen; (b) 20 oxygen molecules; (c) 40 oxygen molecules and (d) 60 oxygen molecules.
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simulation of large-scale systems. Its application fields cover the
research on complex reaction mechanisms such as pyrolysis,
oxidation, catalytic reactions, and combustion processes [29,30].

Esystem = Epond + Eover + Eunder + Eval + Epen + Etors + Econj
+ EvdW + ECoul
(1)

where Epong is the bond energy, Eover is the over coordination,
Eunder is the under coordination, Ey, is the valence angle energy,
Epen is the penalty energy, Eiors is the torsion angle energy, Econj is
the conjugation effects on molecular energy, Eyqw is the van der
Waals interaction, and Ecqy is the Coulomb interactions.

2.7. Computational details

The simulation of this study was realized by LAMMPS software
and the reaction force field was CHO-2016 [31]. Ethylene decom-
position simulation was carried out under NVT ensemble, and
Berendsen thermostat was used for temperature control. Due to
the slow decomposition of ethylene at low temperature, a lot of
computing resources were required. Increasing the reaction tem-
perature could accelerate the process of ethylene decomposition
reaction without changing the ethylene decomposition mecha-
nism. After testing various temperature conditions, the simulation
temperature was selected as 4000 K based on the accuracy and
efficiency of the simulation. The simulation time step was 0.1 fs,
and the total simulation time was 200 ps.

3. Results and Discussion
3.1. The decomposition of ethylene

3.1.1. The effect of oxygen concentration on ethylene decomposition
Fig. 3 reflected the effect of oxygen concentration on the
maximum pressure (Ppax) and the maximum temperature (Tpax)
of ethylene decomposition at 240 °C and 240 MPa. It is found that
both Ppax and Tmax showed upward trends with the increase of
oxygen concentration in the system. When the oxygen concen-
tration was 1.0% (mass), the Ppax of ethylene decomposition
reached 1107 MPa and the Ty of decomposition was up to
1236 °C. As the oxygen concentration was 0.0042%, the Ppax and
Tmax after ethylene decomposition were 532 MPa and 553 °C,
respectively. The oxygen concentration of 0.0042% was the lower
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Fig. 3. Pmax and Trax changing trends for ethylene decomposition with the increase of
oxygen concentration at 240 °C and 240 MPa.

limit of ethylene decomposition under the reaction condition of
240 MPa and 240 °C. Oxygen free radical accelerated ethylene
polymerization to produce more hot spots, leading to proceeding
ethylene decomposition. As the oxygen concentration increased,
the ethylene decomposition produced a greater gas volume
expansion, a faster gas expansion rate, and a more intense energy
release. The explosion wave generated by ethylene decomposition
reached extremely high pressure in an instant, which greatly
aggravated the explosion effect.

The density of ethylene had an apparent influence on ethylene
decomposition, the variation curves of Py and Trax with ethylene
density were exhibited in Fig. 4. It is found that the Ppax and Typax of
ethylene decomposition increased with the rise of ethylene density.
While the oxygen concentration was 0.01%, the density of 0.3 g-m >
possessed the lowest Pyax and Tipax of 307 MPa and 387 °C, and the
density of 0.55 g- m 3 had the highest Ppax and Tpax of 532 MPa and
579 °C. The increase in the initial density of ethylene reduced mo-
lecular spacing, thereby increasing the probability of molecular
collisions, improving heat and mass transfer efficiency between
molecules, and ultimately accelerating the ethylene decomposition
reaction. In addition, the rising initial density enhanced reactants
concentration, and the decomposition of ethylene generated more
gas and heat, resulting in a higher rise in pressure and temperature.

3.1.2. Research on decomposition behavior of ethylene

The decomposition behavior primarily focused on the changing
trends of decomposition pressure and temperature, as well as the
time points during the decomposition evolution process. Fig. 5
demonstrated the pressure changing curve of ethylene decompo-
sition evolution process at 240—240 MPa with the oxygen con-
centration of 0.1%. According to the evolution characteristics of
pressure in the process of ethylene decomposition, the ethylene
decomposition process was split into three stages: energy accu-
mulation, instantaneous pressure rise and pressure stabilization.
Energy accumulation stage referred to the stage from the start of
ignition until the sharp change of ethylene decomposition pres-
sure, and this period was represented by Ti. In instantaneous
pressure rise stage, the ethylene decomposition pressure rose
sharply and reached the maximum pressure, and the time for this
stage was T,. The final stage was pressure stabilization, and the
ethylene decomposition pressure decreased from the highest
point to stable, and the time taken was represented by Ts. More-
over, tpy and try were the time corresponding to pressure and
temperature change respectively.

Table 1 listed the time nodes of ethylene decomposition evolution
process at 240—240 MPa. The results showed that the increase of
oxygen concentration reduced the time of ethylene decomposition
energy accumulation, and the ethylene decomposition evolution
process was more rapid. While the oxygen concentration increased
from 0.0042% to 1.0%, the tp; decreased from 14 s to 2 s, and the tpy
lowered from 8 s to 0.6 s. Oxygen free radicals produced by oxygen
decomposition provided a large number of active sites for ethylene
reaction, which aggravated the ethylene decomposition behavior and
worsened the degree of ethylene decomposition.

In addition, as the oxygen concentration was relatively low, the
ethylene decomposition temperature changed first, and the
decomposition pressure had a lag variation. The lag variation of
pressure gradually weakened with the increase of oxygen con-
centration. tp; and tt; were 14 s and 9 s respectively under the
0.0042% of oxygen concentration, and while the oxygen concen-
tration was increased to 1.0%, tp; and tt; were both 2 s. This is
because while the oxygen concentration was low, ethylene first
underwent a short polymerization reaction. As the polymerization
heat reached the critical point of ethylene decomposition, a mass
of gases were generated from ethylene decomposition, leading to
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Fig. 4. Pmax and Tmax changing trends for ethylene decomposition with the increase of oxygen concentration and ethylene density: (a) Pmax; (b) Tmax-

the pressure to rise. The increase of oxygen concentration inten-
sified the reaction activity of ethylene. Ethylene directly reacted
with a significant number of oxygen free radicals to decompose,
generating a substantial amount of heat and gas simultaneously,
indicating that the decomposition temperature and pressure of
ethylene tend to change concurrently.

3.2. Analysis of ethylene decomposition products

3.2.1. Analysis of gas products after ethylene decomposition

The relative content of gas produced by ethylene decompo-
sition under different oxygen concentrations at 240—240 MPa
was displayed in Fig. 6. The gaseous products of ethylene
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Fig. 5. The pressure changing curves of ethylene decomposition at 240—240 MPa
with oxygen concentration of 0.1%.

Table 1

The decomposition time nodes for ethylene decomposition at 240—240 MPa.
Co,[% tp1/s tr1/s tpa/s trafs
0.0042 14 9 8 5
0.01 13 8 8 5
0.05 13 7 8 5
0.1 11 6 6 3
0.2 8 6 6 3
0.4 4 4 3 2
0.6 3 3 2 2
0.8 3 2 1 1
1.0 2 2 0.6 0.62

Note: Co,, Oxygen concentration; tp;, Energy accumulation time of decomposition
pressure; tr;, Energy accumulation time of decomposition temperature; tps,
Instantaneous pressure rise time of decomposition pressure; tr;, Instantaneous
temperature rise time of decomposition temperature.

decomposition primarily consisted of methane, hydrogen, and
small amounts of carbon monoxide and carbon dioxide. The re-
sults demonstrated that the relative contents of methane, carbon
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Fig. 6. The gas product composition of ethylene decomposition at 240—240 MPa.
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monoxide, and carbon dioxide increased with increasing oxygen
concentration. When the oxygen concentration was 1.0%, the
maximum relative content of methane was 80.92%, and the
relative contents of carbon monoxide and carbon dioxide were
also highest, though each remained below 2%. The elevated ox-
ygen concentration enhanced ethylene decomposition,
increasing the frequency of C—C bond cleavage, which led to an
increase in methane, carbon monoxide, and carbon dioxide. The
relative content of hydrogen decreased with increasing oxygen
concentration, and the peak relative hydrogen content of 29.03%
occurred at the oxygen concentration of 0.01%. The primary
reason for the reduction of hydrogen was that oxygen reacted
with hydrogen to form water.

3.2.2. Characteristics analysis of solid products after ethylene
decomposition

Fig. 7 illustrated the morphology and structural characteriza-
tion of carbon powder produced by ethylene decomposition at
240 °C, 240 MPa and oxygen concentration of 0.1%. Fig. 7 (a) clearly
demonstrated that the carbon powder had a microspherical
structure with a smooth surface and high sphericity. Fig. 7 (b) and
(c) illustrated the uniform distribution of carbon (C) and oxygen
(0) elements on the carbon powder, as revealed by EDS mapping.
The XRD fitting curves of the carbon powder were presented in
Fig. 7 (d), displaying a distinct 26 peak at approximately 26° cor-
responding to crystalline carbon, along with two additional peaks
indicative of amorphous carbon. The Raman fitting curves shown
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Fig. 8. (a) Influence curve of oxygen concentration on ethylene decomposition rate; (b) the change curves of reactants and products during ethylene decomposition under the

oxygen molecular number of 40.
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in Fig. 7 (e) reflected the degree of graphitization and disorder in
the carbon powder lattice. The results indicate that the structural
defects in decomposed carbon powder primarily occur at the
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Fig. 10. Variation curves of chemical bond number during ethylene decomposition process under different oxygen concentrations: .

edges of the graphene layers. The analysis results of FTIR in Fig. 7
(f) displayed distinct C=0 and C—O peaks, indicating that the
primary cause of the structural defects in carbon powder was the
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stretching vibrations of C—0O and C=0 bonds, generated by the
interaction of ethylene and oxygen. The oxygen-containing groups
exhibited significant steric hindrance, leading to uneven stacking
of the lattice layers and defects in the pore structure.

3.3. Mechanism of ethylene decomposition

3.3.1. Product distribution

Fig. 8 illustrated the impact of oxygen concentration on the
ethylene decomposition rate and the temporal variations of re-
actants and products during the decomposition. It was evident that
an increase in oxygen concentration accelerated the ethylene
decomposition rate in Fig. 8 (a). In the absence of oxygen in the
simulated system, ethylene decomposed completely at 139 ps.
While the number of oxygen molecules in the system was 60,

corresponding to a molar ratio of 1:1 for ethylene to oxygen,
ethylene decomposed completely at 37 ps. Fig. 8 (b) showed the
changes of reactants and products with time during ethylene re-
action in the system of oxygen molecular number 60. The time of
ethylene consumption was the time of CyH3 radical generation.
While the number of C;H3 radical reached the peak, CoH; radical
began to produce. In addition, the results showed that the dehy-
drogenation rate of ethylene was faster than oxygen to produce
oxygen free radicals. This indicated that the dehydrogenation of
ethylene mainly occurred in the initial stage of ethylene reaction
and less oxygen free radicals directly attacked ethylene to
decarburize.

By analyzing the carbon content of ethylene reaction products,
the pathway of ethylene consumption could be determined. The
variation of carbon containing products from ethylene reaction
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with oxygen concentration was reflected in Fig. 9 (a). The
maximum carbon content in the ethylene reaction products
decreased with increasing oxygen concentration, while the pro-
portion of gas products (C;—Cy4) rose. In the oxygen-free system,
the maximum carbon content in the ethylene reaction products
was 120, indicating that ethylene in the system underwent poly-
merization to produce LDPE with a degree of polymerization of
120. In the system with 60 oxygen molecules, the maximum car-
bon content in the product was 5, and the proportion of products
with fewer than 5 carbon atoms accounted for more than 99%. This
indicated that ethylene directly reacted with oxygen to decompose
into small molecular products. Fig. 9 (b) showed that the number
of Cy and C; in ethylene decomposition products was the largest
while the number of oxygen molecules was 60, which further
indicated that the highly reactive oxygen groups provided by ox-
ygen aggravate the fracture of carbon-carbon bonds in ethylene.

3.3.2. Chemical bonds and and key species evolution behavior

To further investigate the reasons for the differences in
ethylene decomposition products induced by oxygen. Fig. 10
showed the changes in the number of chemical bonds during the
oxygen induced ethylene decomposition evolution process.
Comparing the changes in chemical bonds between systems with
oxygen concentrations of 20 and 60, as shown in Fig. 10 (a) and (b),
respectively, and disregarding the variations in oxygen—oxygen
single and double bonds due to oxygen concentration, significant
differences were observed in the behavior of carbon—carbon single
bonds. In the initial stage of the ethylene reaction, the
carbon—carbon double bonds first dissociated into carbon—carbon
single bonds. In low oxygen concentration, the number of
carbon—carbon single bonds continued to increase even after the
double bond reached its minimum. At this stage, the increase in
carbon—carbon single bonds was primarily attributed to the
polymerization reaction between ethylene radicals. In contrast, in
high oxygen concentration, the number of carbon—carbon single
bonds initially increased and then decreased, suggesting that
ethylene formed active intermediates with oxygen free radicals
after the double bonds were broken. The dissociation energy of the
carbon—carbon bonds in this active intermediate was low, effec-
tively facilitating the decomposition of ethylene.

|:| Consumption

- Production
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By extracting key intermediate products during the ethylene
decomposition process, the decomposition pathway of ethylene
was further analyzed. The variation curves and differences of key
products were presented in Fig. 11. In Fig. 11 (a), the production of
CO was associated with a decrease in the quantities of C;HO and
CyH0 radicals. Around 50 ps, the concentration of CO began to
increase, corresponding to a decrease in the number of CoH,0. On
one hand, C;H,0 underwent C—C bond broken to produce CO, and
on the other hand, C;H,0 underwent a dehydrogenation reaction
to form C,HO. Subsequently, C;H,0 underwent further C—C bond
broken to generate CO. The differences in the variation of key in-
termediate products with oxygen concentration, as shown in
Fig. 11 (b), indicated that played a promoting role in ethylene
decomposition. This to some extent highlighted the mechanistic
influence of key intermediates in driving the shift of ethylene
reactivity from polymerization-dominated processes toward
decomposition-dominated pathways. The oxygen change the
identity of the initial/final states and enable O-assisted activation
channels (i.e., o-bond metathesis/oxidative-addition with
reductive-deprotonation or proton-coupled electron transfer),
thereby lowering transition-state energies compared with direct
cleavage routes [32—34]. At low oxygen concentrations, oxygen
mainly reacted with ethylene to produce CHs free radicals to
initiate the reaction. As the oxygen concentration increases,
however, abundant oxygen-centered radicals were generated,
which significantly accelerated chain reactions and shifted the
mechanism from polymerization-induced decomposition toward
oxidative pyrolysis.

3.3.3. Major product reaction pathways

The proportion of reaction pathways for key products is shown
in Fig. 12. CO was generated by the decomposition of groups
containing carbonyl C—O, e.g., CHO — CO + H, CHO, — OH + CO,
among which CHO — CO + H was the most important reaction
path. In addition, it could be directly decomposed into two CO
through the cleavage of the C—C bond of the C;0,. During the
simulation process, the gas produced by the reaction cannot be
released in a timely manner. Since CO is generated in the early
stage of the reaction, it readily combines with a large amount of
free H and itself within the system, leading to a higher frequency of
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Fig. 12. Proportion of formation and consumption reactions of key reactants and products.
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Fig. 13. Ethylene decomposition reaction transformation pathways.

such reactions. As expected, most of the CH; molecules were
generated from the additive reaction of CH3 and CHj, e.g., CH3 +H
— CHy, CHy +2H — CHy, whose inverse reaction was also the main
consumption pathway. By constructing the reaction network, the
specific pathway of oxygen induced ethylene decomposition re-
action would be revealed.

The ethylene decomposition reaction network was shown in
Fig. 13. Ethylene initially broke the carbon-carbon double bond
and underwent dehydrogenation. While the two carbon atoms in
ethylene became saturated or lack hydrogen atoms, the carbon-
carbon bond was more likely to break. Due to the high bond
dissociation energy of the carbon-carbon bond, a significant
amount of energy was required, and multiple intermediates were
traversed for it to break. The bond dissociation energy of the
carbon-oxygen bond in the oxygen-containing intermediate was
lower than that of the carbon-carbon bond, making the oxygen-
containing intermediate more likely to break the carbon-carbon
bond and promote more thorough ethylene decomposition, facili-
tating the generation of CHg. In addition, compared to produce CHy,
oxygen-containing groups needed undergo multi-step reactions,
while fewer reactions were required to generate CO. This resulted in
a significantly higher CO content compared to CH, in the simulation
results. The oxygen content in the experiment was minimal. Once
the chain reaction of ethylene decomposition was successfully
initiated by oxygen, anaerobic decomposition became dominant,
resulting in a high CHy4 content in the experimental results.

4. Conclusions

This study focused on the impact of oxygen on the decomposition
and evolution mechanism of ethylene, the decomposition mechanism
of ethylene was revealed, the evolution law of oxygen-induced su-
percritical ethylene decomposition was clarified, and the reaction
network of supercritical ethylene decomposition was constructed. The
results indicated that at 240 °C and 240 MPa, an oxygen concentration
of 0.0042% could initiate the decomposition of supercritical ethylene,
leading to a maximum pressure of 532 MPa and a maximum tem-
perature of 553 °C. The increase in oxygen concentration has short-
ened the time required for the decomposition of supercritical ethylene
from 14 s to 2 s. The main products of ethylene decomposition were
methane, hydrogen, and spherical solid carbon. Oxygen and the ox-
ygen atoms generated from its decomposition exist in a triplet state,
providing active sites for subsequent reactions with ethylene. These
species readily interacted with ethylene to form unstable in-
termediates such as C;HyO-, which promoted the breaking of C—C
bond and thereby intensified ethylene decomposition. In contrast,
under oxygen-free conditions, ethylene predominantly underwent
polymerization reactions accompanied by carbon-chain growth. This
study provided data support and the theoretical basis for ensuring the
safe and stable production of low density polyethylene.

The supercritical ethylene decomposition process was
extremely complex, and the underlying mechanism of ethylene
decomposition required further description and investigation. The
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accuracy of ReaxFF molecular dynamics simulation was affected by
the reaction force field. To conduct more precise and detailed
mechanism research, force field training should be conducted on
the system of supercritical ethylene.
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