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Abstract

The pyrolysis process of high-density polyethylene (HDPE) was investigated using molecular dynamics
simulation with the reactive force field ReaxFF. The aim was to determine the qualitative and quantitative
composition of the gaseous pyrolysis products and to identify the optimal temperature regimes that maximize
the yield of valuable products while minimizing environmental impact. The simulations were carried out using
the Materials Studio and LAMMPS software packages. An atomistic model of HDPE with added oxygen
molecules was created, followed by geometry optimization, energy minimization, and equilibration in the NVT
ensemble at 300 K. Pyrolysis was simulated at temperatures ranging from 600 °C to 2000 °C. The results
suggest that 1000 °C is the optimal temperature for the thermal decomposition of HDPE. These findings
confirm the effectiveness of ReaxFF in analyzing the chemical processes of pyrolysis and can be used in the
development of polymer waste recycling technologies.
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The problem of polymer waste disposal, particularly high-density polyethylene (HDPE), is highly relevant
due to environmental threats and the continuously increasing use of polymer materials in industry, agriculture,
construction, and daily life. Every year, millions of tons of plastic waste are generated worldwide, a significant
portion of which is not further recycled. One of the promising methods of recycling is pyrolysis — the thermal
decomposition of polymers in an oxygen-free environment [1]. This process enables the production of gaseous,
liquid, and solid products [2], which can be used as secondary energy resources or raw materials for the
chemical industry.

Modern approaches to studying pyrolysis are based on numerical modeling using molecular dynamics
(MD) and reactive force fields such as ReaxFF. This allows for the analysis of molecular behavior at the
atomistic level and the prediction of chemical reaction pathways with high accuracy and relatively low
computational cost.

Preparation for MD modeling included constructing the initial atomistic configuration, consisting of ten
polyethylene chains (CigpoH202) and 100 oxygen (O:) molecules randomly placed in a cubic cell with a set
density of 0.99 g/cm*. Random amorphous structures of PE—O: are presented in Figure 1. Model creation and
preprocessing were carried out in the Materials Studio software environment [3]. To obtain the conformation
of physical significance, geometric optimization, energy minimization and structural relaxation was performed
for 5 ns using the canonical NVT ensemble at temperature 300 K. To enable large-scale reactive molecular
dynamics simulations, the optimized structures were exported from Materials Studio and converted into the
LAMMPS [4] data format using the msi2lammps interface. This included the generation of topology, atomic
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coordinates, and force field assignments compatible with the ReaxFF potential. Pyrolysis modeling was
conducted using LAMMPS with the ReaxFF reactive potential, which accounts for interactions among carbon,
hydrogen, and oxygen atoms. The use of a reactive force field made it possible to dynamically track bond
formation and breaking events, capturing the chemical evolution of the system in real time. Custom input
scripts were then prepared to define simulation
parameters such as ensemble settings, temperature
control, and data output intervals. These scripts also
specified the use of the reaxff module to monitor species
evolution during the pyrolysis process, providing
detailed insights into reaction pathways and product
formation dynamics.
A The calculations were performed at six
- temperatures: 600 °C, 800 °C, 1000 °C, 1400 °C, 1800
. °C, and 2000 °C. Each simulation lasted 250 ps with a
(3" time step of 0.5 fs. To maintain a stable temperature in
the system, a Nose—-Hoover thermostat with a damping
constant of 50 fs was used [5]. Data on molecule
formation was recorded every 1000 steps and processed
to construct time-dependent concentration profiles of
the gaseous products.
. Based on the simulation results, time and
crslc , temperature-dependent profiles of the main gaseous
8" products (Hz, CHa, CO, C:H2, C2Ha) were built. The
analysis showed that after the initial phase (up to 60 ps),
the molecular system enters a phase of active molecular
decomposition. During this period, a sharp increase in
the amount of hydrogen, ethylene, and other compounds is observed, resulting from the breakdown of polymer
chains and subsequent reactions. A comparison of the results at different temperatures revealed that the highest
hydrogen yield occurs at 1800 °C and 2000 °C, while the optimal compromise between energy consumption
and product quality is achieved at 1000 °C.

An increase in temperature beyond this point leads to a decrease in the amount of methane and carbon
monoxide, which can be attributed to their further decomposition and participation in secondary reactions. At
2000 °C, the yield of carbon monoxide (CO) drops substantially—by about 79% relative to 1000 °C, while at
1800 °C it decreases by approximately 37% compared to 1000 °C, indicating a clear inverse relationship
between temperature and CO production at higher thermal conditions. The amount of methane (CHa) also
shows a slight decrease, suggesting the presence of active secondary reactions. In contrast, no significant
temperature-dependent trend was observed in the yield of ethylene (C:Ha). At 600°C and 800 °C, no
significant degradation of the polyethylene matrix was observed, which is explained by the high thermal
stability of HDPE and insufficient energy to activate chemical reactions within the given simulation timescale.
These temperatures proved ineffectiveness for generating gaseous products over the 250 ps simulation period.

In result, the application of molecular dynamics modeling with the ReaxFF force field enables a highly
detailed study of the pyrolysis processes of high-density polyethylene. It was established that the most optimal
temperature regime is 1000 °C, as it provides the most favorable results in terms of product yield - such as Ho,
CHa, C2Ha, and CO - while maintaining moderate energy consumption and limiting the formation of harmful
byproducts compared to other temperature regimes. The obtained results open prospects for the practical use
of numerical modeling in the development and optimization of industrial processes for the thermal recycling
of polymer waste. Future research will include the analysis of the pyrolysis of other polyethylene and
polystyrene products, as well as simulations that consider the presence of other polymers and additives.

Figure 1. Random amorphous structures of
PE—O: constructed in Materials Studio
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AHoTanis

JocmipkeHo mpoiiec mipodizy nodieTuiieHy Brcokoi miutsHocTi ([IBILl) 3a momomororo MonekymsipHO-
JUHAMIYHOTO MOJEJIOBaHHSA 3 BHKOPUCTaHHSAM peakuidHoro cuioBoro nons ReaxFF. Meroo Oyno
BHU3HAYEHHS SIKICHOTO Ta KUIBKICHOTO CKIaay Ta3oMoAiOHMX NPOAYKTIB MipoJi3y Ta ONTUMAIbHHX
TEMIIepaTypHUX PEXHUMIB Ul MaKCHMi3allii BUXOAy WIHHUX NPOAYKTIB 1 MiHIMi3awii MIKiAJMBOTO BIUIUBY Ha
JOBKiLISA. MojenmoBaHHs BUKOHAHO B MPOTpaMHUX KoMiuiekcax Materials Studio ta LAMMPS. CtBopeno
aromictuuny mogens IIBI] i3 nogaBaHHSM MOJEKYJ KHCHIO, MPOBEAEHO il reOMETpHYHY ONTHMI3allilo,
eHepreTHyHy MiHimizaniro ta BpiBHOBakeHHA B NVT ancam6mi mpu 300 K. Iliponiz monemtoBaBcst npu
temmneparypax Big 600 °C go 2000 °C. OtpumaHi pe3yJibTaTi A03BOJISIOTH peKOMEHAyBaTy Temmeparypy 1000
°C sk onTUMaJIbHY 115 TepMidHOro poskiany [1BI. PesynsraTu migrBepmkytoTs edextuBHicTs ReaxFF ms
aHaJi3y XIMIYHUX MPOLECIB MipOJi3y Ta MOXYTh OyTH BHKOPHUCTaHI JUIA pO3pOOKM TEXHOJOTiH yTHii3amii
MOJIIMEPHHX BiIXOIB.

Kiro4oBi ci1oBa: miposi3, moJieTHIIeH BUCOKOI IITFHOCTI, MOJIEKyIsipHa ArnHaMika, ReaxFF, razomoioHi
MPOITYKTH.

Proceedings of the XXV International Science Conference
«Ecology. Human. Society» dedicated to the memory of Dr. Dmytro STEFANYSHYN
308 (June 12 2025, Kyiv, Ukraine)





