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Highlights

Post pyrolysis is characterized by the decreasing of gaseous pyrolysis products.
Heating rates play an important role in the carbon number distribution of products.
Temperature range for optimal recovery of CoHs and C3Hg is identified.
Re-aggregation of gas into oil results in reduced generation of gas at high temperatures.

The effect of reaction time depends on the pyrolysis temperature.

Detailed pathways are identified and analyzed for reactions of CoH4 and C3He.

ABSTRACT

Pyrolysis, one method of chemical recycling, has been an effective and clean way for processing
plastic solid waste (PSW), which is a heavy burden for sustainable development. Series of molecular
dynamic simulations are carried out for detailed pyrolysis of polyethylene (PE) waste using reactive
force field (ReaxFF) for both non-isothermal and isothermal conditions. The results show that the PE
pyrolysis at non-isothermal conditions can be divided into four stages. The last stage (post pyrolysis)
is analyzed in depth, which shows decreasing of short-chain products and increasing of relatively
long-chain components at high temperatures. Pyrolysis of PE at high heating rates reduces oil
cracking and results in high yield of oil. The effect of reaction time depends on the pyrolysis
temperature. In addition, under isothermal pyrolysis conditions, the simulated temperature range of
2500-2750 K is optimal for more recovery of C:Hs and C3Hg due to its high yield and mild influence
of reaction time. Finally, detailed mechanisms of generation and consumption of CoHs and C3He of
PE pyrolysis are demonstrated. The regeneration of long-chain oil in the late stage of PE pyrolysis
and the corresponding mechanisms are illustrated. The results in this study can be used to guide the
design of systems for PSW processing with recovery of chemicals and fuels.
Keywords: Molecular dynamic simulation; Polyethylene waste; ReaxFF; Pyrolysis; Reaction

mechanisms.
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1. Introduction

More and more plastic solid wastes (PSWs) are a heavy burden for sustainable development and
environmental protection, although plastics used to be one of the greatest inventions [1]. It has been
fully recognized that landfill or incineration of PSW is not an environmentally friendly way for plastic
waste disposal because of the extremely slow degradation of the underground PSW or the generation
of hazardous burning products [2-4]. On the other hand, chemical recycling using pyrolysis or
gasification provides an effective, clean and economic way for PSW processing, which gets more and
more attention [5-7]. In recent years, the conversion of PSW into valuable fuels and chemicals by
pyrolysis has been considered as a promising approach to processing PSWs [8, 9]. Pyrolysis is the
thermochemical decomposition of the waste materials in the absence of oxygen, leading to the

formation of gases, liquids, and solid residuals that can be used as chemicals and fuels.

Waxes, light olefins and oils are the main products currently expected to be obtained by PE
pyrolysis. Many researchers focused on the evaluation of the influence parameters such as the
pyrolysis reactors [10, 11], temperature [12-14], residence time [14, 15], and catalysts [16, 17] on
improving the selectivity of the target products. Elordi et al. [18] carried out continuous pyrolysis of
high-density polyethylene (HDPE) in a conical spouted bed reactor and found that the optimum
temperature for wax production was a relatively low temperature of 500°C with a wax yield of 70%.
Some previous works have shown that relatively low temperature and short residence time are
conducive to producing high yields of oil [13, 19]. Hernandez et al. [20] used fluidized bed reactor
for PE pyrolysis from 400 to 800°C, and found that the yields of the main gas fractions ethylene
(C2H4) and propylene (CsHs) both increased with increasing pyrolysis temperature and reached a
maximum yield of 16.5% and 10.5% respectively at 800°C. Similar results were obtained by Conesa
et al. [21], who also found that the yield of CoHs and C3Hg decreases significantly if the temperatures
were higher than 800 °C. Mastral et al. [14] identified a significant effect of residence time on PE
pyrolysis. When the residence time varied from 0.99 to 1.46 s at 650 °C, the C2Hs yield increased
from 2.6% t07.5%. Meanwhile, when the temperature reached 850 °C, C2Hy yield began to decrease
with increasing residence time (>0.86 s). Therefore, it is considered that high temperature (>700 °C)
and short residence time are highly advantageous for more recovery of light olefins. However, the
combined effects and the relationships of various parameters of the pyrolysis process (such as the
dependence of residence time on pyrolysis temperature) have not been fully understood. In addition,
very limited analyses were reported for the overall pyrolysis stages, the corresponding distributions

of fuel products and the reaction mechanisms involved at each stage. The detailed information about



the formation and further consumption of olefin monomers, the role of radicals, and the influence of
heating conditions are still not clear for optimal design of plastics pyrolysis in engineering

applications.

Recently, molecular simulations have been used in pyrolysis due to their ability to observe the
details of chemical reactions directly at the atomic level, which is beyond the capabilities of
experimental measurements. Quantum mechanics / chemistry are powerful tools for understanding
chemical reactions, but the high computing cost prohibits their broader application to the pyrolysis of
polymer systems [22]. Classical molecular dynamics (MD) simulation can be used to study models
with more than tens of thousands of atoms. However, classical MD cannot be used to obtain
information on chemical bond breakage and formation [23]. Reactive force field molecular dynamics
(ReaxFF MD), which was developed by van Duin et al. [24], has been increasingly used because of
the precise depiction of the particulars in chemical reactions. It is worth noting that, conditions used
in MD simulations are often not the same as those in laboratory experiments. It is a common strategy
to use relatively higher temperature in ReaxFF MD simulation to increase the collision rate, thereby
making reactions occur at picosecond scale [25]. Nevertheless, there may be a correspondence
between the experimental and computational values used in MD simulation. It has been validated
extensively that pyrolysis kinetics and products distribution of ReaxFF MD simulation correlate well
with experimental results for a wide range of chemical substances such as polyvinyl chloride, coal,
PE, cellulose and lignin [26-29]. Based on ReaxFF MD simulations, Liu et al. [30] discovered that
the major reactions of high-density polyethylene (HDPE) pyrolysis process included homolysis, -
scission, radical addition and H-abstraction etc. were observed. Wang et al. [31] investigated the co-
pyrolysis process and mechanism of cellulose and PE using ReaxFF MD simulations. It was found
that co-pyrolysis facilitated the generation of alcohols and hydrocarbon products, and the presence of
PE significantly enhanced the quality of the products. Hong et al. [26] explored the co-pyrolysis of
Zhundong coal with polyethylene (PE) and polystyrene (PS) using ReaxFF. The results showed that
coal promoted the pyrolysis of PE at low temperatures but had little effect at high temperatures, while
PE had an opposite effect on the pyrolysis of coal. The previous studies provided insightful
information on pyrolysis mechanism of plastics at high temperatures, which also indicated the
efficacy of using ReaxFF MD for simulating pyrolysis of different materials such as plastics, biomass
and coal. In general, previous studies have demonstrated that the reaction paths and intermediate

processes of PE pyrolysis can be revealed by using ReaxFF MD.

In this study, aiming at improving the selectivity for the target products (oil and light olefins),

series of ReaxFF MD simulation were carried out to investigate the detailed pyrolysis of PE under



both isothermal and non-isothermal conditions. Based on ReaxFF MD simulations, the thermal
cracking behaviours of PE at different heating stages and the corresponding products distribution
were analysed. The reaction mechanism leading to a decrease in the yield of light olefins (C2Hs and

C3Hp) at high temperatures was also investigated.
2. Method of ReaxFF MD
2.1. Molecular model of PE

The first step of the ReaxFF MD simulation is the construction of a suitable molecular structure
model for characterizing the PE material. The degree of polymerization, which represents the
molecular weight of polymer molecule, plays an important role in MD simulation of PE pyrolysis.
Here, each PE molecule (Ci20H242) is designed as a polymerization by 60 monomers after considering
the representation of PE molecular characteristics, pyrolysis complexity and computational cost. A
previous study [26] suggested that this polymerization degree is sufficient for the pyrolysis analyses

of PE and other polymers through ReaxFF MD simulation.

Specifically, a pyrolysis system consisting of 10 PE chains was built in a computational box with
periodic boundaries. To eliminate overlapping of atoms, the original density of the PE system was set
as 0.6 g/cm’. Then, five annealing cycles from 300 to 1000 K were performed in the constant-
temperature, constant-volume (NVT) ensemble for geometric optimization of the system.
Subsequently, to achieve the desired PE density of 0.8 g/cm?, the isothermal—isobaric (NPT) ensemble
was used to modify the molecular system for 200 ps at 0.1 MPa and 300 K. Finally, the energy
minimization of the model was performed. In this way, as shown in Fig. 1, an optimized PE molecular
system with 3620 atoms and a density of 0.8 g/cm® was finally constructed. It should be noted that
the density of PE molecular system obtained in the ReaxFF MD simulations cannot be exactly the
same as but as close as possible to the actual one based on the geometric optimization of the NVT
and NPT ensembles. The system density is consistent with that of the PE molecular system in recent

studies [26, 31].



Fig. 1. PE molecular system with 10 chains (n=60) in the computational box.

2.2. Cases for PE pyrolysis

Based on the constructed PE molecular system, the pyrolysis behavior can be simulated in the
NVT ensemble at various heating conditions. Here two series of ReaxFF MD simulation were carried
out for PE pyrolysis at non-isothermal and isothermal heating conditions. For the non-isothermal
cases, after a series of pre-simulations, three viable heating rates (2, 10 and 20 K/ps) were chosen to
analyze the impact of heating rate on PE pyrolysis and to investigate the pyrolysis mechanisms in
detail. The case of 2 K/ps represents the PE pyrolysis at a low heating rate while the other two cases
represent the cases at higher heating rates. Additionally, the temperature of simulations increased
from 300 to 3000 K. For the isothermal pyrolysis cases, the constant temperatures were set as 2000,
2250, 2500, 2750, 3000, 3500 and 4000 K respectively with the pyrolysis time of 250 ps. In this way,
the effects of the heating rate, temperature and the corresponding reaction time (similar to the
residence time in the experiment) on the pyrolysis evolution can be analyzed through comparison.
The high temperature setting in ReaxFF simulations was used to speed up the reaction kinetics and
to compress the reaction time scale [32]. Furthermore, the simulation results in previous work

achieved at high temperatures are very close to the experimental data [29, 33, 34].
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All the MD simulations here are conducted in the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) [35] using the ReaxFF reactive force field for hydrocarbon [36].
Periodic boundary conditions were imposed in all directions of the cubic box with the edge length of
32.7 A. The Nose-Hoover thermostat with a damping constant of 100 fs was used to govern the
simulation temperature. The atom movements were updated with a time step of 0.25 fs for all
simulations. Finally, a bond order cutoff distance of 0.3 A was used to identify the product

components.

3. Results and discussion
3.1. Non-isothermal pyrolysis of PE

In this study, the first step was to establish a mapping between the conditions used in MD
simulation and (TG) experiment of pyrolysis. The data of the non-isothermal simulations was
obtained from three independent pyrolysis simulations at 2 K/ps. It was shown that the difference
between the results of repeated cases was very small, which suggested the reliability of ReaxFF MD
simulations for PE pyrolysis. Drawing on the approach in previous research, the mass loss
characteristics of non-isothermal simulations are compared with our TG experimental results as
illustrated in Fig. 2(a). As shown in Fig. 2(b), the activation energy for PE pyrolysis is estimated to
be 383.65 kJ/mol (ReaxFF MD) and 390.87 kJ/mol (TG experiment) according to the first order
reaction model [26, 29], which can be expressed in the following equation

In | =52 =In (55) - (1)

where o is the conversion, 7 represents the temperature, 4 is the pre-exponential factor, R represents
the universal gas constant, and £ denotes the heating rate. In Fig. 2(b), the activation energy (E.) was
calculated by plotting In[-In(1-a)/T?] versus 1/T. It can be seen from Fig. 2 that the experimental
temperature range of 650 to 825K with heating rate of 2 K/min corresponds to a MD simulated
temperature range of 1750 to 3000K with heating rate of 2 K/ps, while the activation energy values
are very close to each other. The closeness of the activation energies between the simulations and
experiments is due to the calculation method of the activation energy using the slope of the graph.
For the mass loss curves, their similarity is mainly the result of the corresponding mapping between

the thermal pyrolysis in molecular systems and that in the microscale level.
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Fig. 2. Comparison of ReaxFF MD simulation and TG experiment results: (a) Mass loss of PE pyrolysis;
(b) Plots of In[-In(1-a)/T?] versus 1/T of main mass loss stage of PE.

Based on the mapping information shown in Fig. 2, non-isothermal pyrolysis MD simulations
were carried out to investigate the effect of heating rates on PE pyrolysis. Normally, the products of
PE thermal cracking are divided into gas (Co-Cas), 0il (Cs-C20) and wax (>Cazo), respectively [18, 37].
Fig. 3 presents the evolution of gas, oil and wax during PE pyrolysis in 300-3000 K at the heating
rates of 2, 10 and 20 K/ps, respectively. The stages of the PE pyrolysis process are divided based upon
the continuous observation of the product evolution and molecule trajectories. As shown by the
regions with different colors in Fig. 3(a), at the heating rate of 2 K/ps, the PE pyrolysis evolution can
be mainly divided into four stages: structure adjustment and activation, initial pyrolysis, deep
degradation and post pyrolysis. The first stage (Stage 1) is mainly in the temperature range of 300-
1988 K. A few long chains break and small molecules (such as C;Hs and some radicals) are generated
in this stage. The main molecular behaviors are the configuration adjustment and activation of PE
long-chain structures. At temperatures of 1988-2460 K in Stage 2, more and more oil and gas
components are generated with the consumption of wax fractions as the temperature further increases.
At the end of Stage 2, the oil yield basically reaches a stable value. In Stage 3 with temperatures in
2460-2730 K, many gas components are rapidly produced through the degradation of oil and waxes.
The weight percentage increase of gas is almost 50%. Therefore, the division boundary between initial
pyrolysis (Stage 2) and deep degradation (Stage 3) is the transition of the generation into consumption
for the oil group. This specific temperature point is supposed to be important for the fuel recovery of

plastics in practical applications.

For the last pyrolysis stage (Stage 4) in the temperature range of 2730-3000 K, wax is completely
pyrolyzed into oil and gas. The weight percentages of the oil and gas are relatively steady with
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percentages of about 10% and 90% throughout this stage despite the further increasing of temperature.
However, at the end of this stage, it seems that some gas products are transformed into oil products.
The unexpected results suggest that the enhanced activity of monomer molecules at such high
temperatures might result in addition reactions between the short-chain gas components and radicals

in the stage of post pyrolysis at high temperatures.

As shown in Figs. 3(b) and (c), for the heating rates of 10 and 20 K/ps, many characteristics
during the pyrolysis evolution, such as the decrease of wax, the increases of oil and gas with the
increasing of temperature, are similar to those in Fig. 3(a). There are also some differences for the PE
pyrolysis results among varied heating rates. Firstly, the critical temperatures for the adjacent stages
shift towards high temperatures, which are mainly induced by the thermal hysteresis. In this way,
there are only three pyrolysis stages (no post pyrolysis stage) for the heating rates of 10 and 20 K/ps
in the temperature range of 300-3000 K. Secondly, as shown in Fig. 3(d), the peaks for oil products
are higher for the non-isothermal pyrolysis cases with higher heating rates at relatively higher
temperatures, which are 26.7%, 24% and 32.5% at 2460 K, 2865 K and 2865 K, respectively. Finally,
for the pyrolysis in Stage 2, as shown in Fig. 3(b) and (c), the yields of the oil are higher than gas for
heating rates of 10 K/ps and 20 K/ps, which is different in Fig. 3(a). Further analyses of the detailed

pyrolysis of PE at different heating rates are presented subsequently.
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(a) 2 K/ps; (b) 10 K/ps; (¢) 20 K/ps; (d) Peak of oil and the corresponding temperatures.

In order to gain more details of the PE pyrolysis mechanism at varied heating rates, Fig. 4 shows
the distribution of products with various carbon numbers (Cs-Cao) at typical temperatures (2000, 2250,
2500, 2750 and 3000 K). As shown in Fig. 4(a), in the case of 2 K/ps, the result suggests that more
short-chain components are generated. At the temperature of 2500 K, there are hardly any Cao+
compounds. In addition, most of the oil products are Cs-Cio fractions as the temperature increases to
2750 K. However, more products with longer chains (Cs-Cis) are generated during the temperature
increase from 2750 to 3000 K, which is also illustrated by the specific increase of oil products at the
same temperature range in Fig. 3(a). For the case of 10 K/ps, as shown in Fig. 4(b), at the temperatures
0f 2500 and 2750 K, comparing with those in Fig. 4(a), the distribution of oil products with different
carbon numbers is relatively uniform. The uniform distribution of Cs-Ca4o products against carbon
numbers is more obvious when the heating rate is further increased to 20 K/ps, as shown in Fig. 4(c¢).
Therefore, the combined results in Figs. 3 and 4 indicate that not only the production rates of oil and
gas, but also the detailed composition of the products are strongly affected by the heating rates during

the PE non-isothermal pyrolysis. A higher heating rate promotes the production of more oil with a



uniform carbon number distribution. The results here also indicate the necessity for MD simulation

in isothermal conditions to investigate the pyrolysis mechanism of PE at typical high temperatures
for a sufficiently long time.

Y
=]
i
hY

TN
4
\

! ‘ =5
(a) 2 K/ps 3 “(b) 10 K/ps . '

15 & 15 ‘ P |
K %
2 o
2! 51
%
3
A
z

3\

z
2
%
Z
~
=

aaaiadl WER N

(oY Jhoy

Fig. 4. Detailed distribution for products (Cs-Ca0) during non-isothermal PE pyrolysis at typical

temperatures: (a) 2 K/ps; (b) 10 K/ps and (c) 20 K/ps.

Statistical analyses of the specific gas products during PE pyrolysis suggest that the primary

products are CoHs4, C3Hs, CHs and Hz. Normally, light olefins (CoHs and C3Hs) are important
chemicals for PE pyrolysis recovery. Fig. 5 shows the evolution of these gases in 300-3000 K for PE

pyrolysis at different heating rates. As shown in Fig. 5(a), more C;H4 i1s generated at lower

temperatures at lower heating rates. Additionally, for the case of 2 K/ps, the molecular number of
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C>Hy increases to the peak at around 2600 K and decreases with the further increase of temperature.
However, there is no decrease stage of C2Hg for the cases of 10 K/ps and 20 K/ps. Similarly, as shown
in Fig. 5(b), the evolutions of C3He under the three heating rates are similar to those for CoHs in Fig.
5(a), except for lower molecule numbers. It can be seen that the peak yields of both C2Hs and CsHg
occur in the middle of the pyrolysis process at the heating rate of 2K/ps, while the corresponding
maxima of the higher heating rates (10 K/ps and 20 K/ps) are both at the final temperature of 3000
K. Also, the peak yields of both C2H4 and C3Hgs are higher at the lower heating rate. Fig. 5(c) and 5(d)
indicate that there are also more H> and CH4 generated at lower temperatures for lower heating rates.
In addition, their molecular numbers keep increasing throughout the temperature range with higher
rates of increase at higher temperatures. Finally, the reason for the molecular number decreasing of
C>Hs and CsHg at high temperature of 2600-3000K under 2 K/ps is supposed to be the addition

reactions with radicals.
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Fig. 5. Evolution of typical gas products in 300-3000 K for PE pyrolysis at different heating rates: (a) C2Ha;
(b) C3H6; (C) H; and (d) CH..

3.2. Isothermal pyrolysis of PE

The above analyses of the non-isothermal pyrolysis of PE suggest that the temperature and
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reaction time play an important role in detailed compositions of the products, which was also
illustrated in previous studies [37, 38]. Therefore, isothermal pyrolysis of PE is further conducted at
typical high temperatures (2000, 2250, 2500, 2750, 3000, 3500 and 4000 K) for 250 ps. Fig. 6 shows
the evolution of wax, oil and gas for PE pyrolysis at different temperatures, as well as the peak oil
and the corresponding time. The results indicate that more oil is generated than gas in the early stages
for all the isothermal pyrolysis conditions, which is different from the non-isothermal case of 2 K/ps.
For the temperature as low as 2000 K, the gas and oil are slowly generated in 250 ps, as shown in Fig.
6(a). Much oil is generated rapidly in the early stage at higher temperatures and then further pyrolyzed
into gas for the cases of 2500-3500 K. However, it is shown that the generated gas would decrease
after reaching the peak value during the PE pyrolysis for those isothermal cases with constant
temperatures higher than 2750 K. In Figs. 6(e)-(g), the trends are clearly shown for those with
temperatures of 3000, 3500 and 4000 K. Finally, as shown in Figs. 6(f) and (g), the generated oil is
about 30% in the later stage, which is clearly higher than that in Fig. 6(d). The results indicate that
the generated gas might transformed into oil if the pyrolysis time is too long in high temperatures. As
depicted in Fig. 6(h), the peaks of the oil are higher and appear earlier for the isothermal pyrolysis at

higher temperatures.
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Fig. 7 shows the detailed distributions of Cs-Cao fractions at typical time instants during PE
pyrolysis at temperatures of 2250, 2500, 2750 and 3000 K, respectively. The products with varied

carbon numbers uniformly distributed can be generated under isothermal conditions with different

temperatures, which is obviously different from those in Fig. 4 for non-isothermal cases. The
corresponding pyrolysis time for the cases at higher temperatures is shorter. As shown in Fig. 7, the

times are 250, 50, 12.5 and 5 ps fore pyrolysis temperatures of 2250, 2500, 2750 and 3000 K,
respectively. Figs. 7(b)-(d) indicate that most of the long-chain components are further pyrolyzed into

short-chain products in the later stage. In addition, as shown in Fig. 7(d), there are more products with

longer chains at 250 ps than those at 50 ps, which suggests the growth of carbon chain in the later
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stage at high temperatures again. For example, Fig. 7(d) illustrates that the weight percentage of Ce
products increases from 2.87% to 6.24% between 50 and 250 ps. As indicated in both Figs. 6 and 7,
the critical temperature for the second increase of oil products is about 2750 K, which is similar to

the results of non-isothermal pyrolysis at 2 K/ps.

Fig. 8 shows the evolution of the primary gases (C2H4, C3Hs, CH4 and H>) during the isothermal
PE pyrolysis at different temperatures for 250 ps. For CoHa, as shown in Fig. 8(c), the product
molecular numbers decrease appreciably after reaching the peak for the cases with temperatures
higher than 2750 K. Therefore, the final CoH4 generated in cases of 2750 to 4000 K is less than that
at 2500 K, associated with the re-aggregation reactions in the later stage at high temperatures. The
result is similar for the evolution of C3Hg generation, as shown in Fig. 8(a). It also indicates that the
isothermal pyrolysis of PE at 2750 K is favorable for production of C3;Hs. Finally, as shown in Figs.
8 (b) and (d), more CH4 and H» will be generated quickly at higher temperatures. For the PE pyrolysis
at isothermal conditions, the generated CH4 and H; are comparable with CoH4 and even more than
C3Hs, which is different from those at non-isothermal conditions. For the highest temperature of 4000
K, the obvious oscillation of the molecular number curves for the above four gases illustrates the
strong reactions in the later stage of PE pyrolysis. Based on the above analyses, the isothermal
pyrolysis of PE at 2500 or 2750 K is optimal for the generation of C;H4 and C3Hg, which are the most

important monomers recovered from PE waste.
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3.3. Comprehensive analysis of enhancing production of C:Hy and C3Hs

In the above sub-sections, the evolution of PE pyrolysis products is analyzed separately for non-
isothermal and isothermal conditions. Here the main parameters are further evaluated using light
olefins (CoH4 and C3He) as the target products, which are important for the recovery of fuels from PE
waste. Fig. 9(a) shows a comprehensive comparison of the peak and final values of the CoHs and
C3Hg yield for various cases (both non-isothermal and isothermal conditions). It can be seen that at
temperatures greater than 2500 K, the final yields of C2H4 and C3Hg are lower than the corresponding
peak values due to the secondary reactions. The differences between the two values are greater for
the isothermal cases with higher temperatures, especially at 3000, 3500 and 4000 K, which indicates
the strong effect of reaction time. Temperature and reaction time are significant factors affecting the
pyrolysis products in isothermal pyrolysis. Based on the results in Figs. 8(a) and (c), a decreasing
trend was observed after reaching the peak yield with increasing reaction time in isothermal pyrolysis

at comparatively high constant temperatures (=2500 K), due primarily to the secondary reactions of

light olefins. In this study, the difference between the peak and final values is used to characterize the
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negative effects of secondary reactions in continuous pyrolysis on the yield of light olefins.
Specifically, the distributions of the peak C2H4 and C3Hg at different temperatures suggest that more
C>Hs and C3Hg can be generated for the isothermal cases with temperatures in the range of 2500-3000
K. However, the obvious difference between the peak and final values at 3000 K indicates a
significant adverse impact of the reaction time in the later stage of pyrolysis, especially for CoHa.
Therefore, it can be concluded that 2500-2750 K is the optimal temperature range for isothermal
pyrolysis for C2Hs and C3Hg recovery. Meanwhile, the temperatures for the peaks of C;Hs and C3He
for non-isothermal pyrolysis with the heating rate of 2 K/ps are also in the range of 2500-2750 K.
Previous works [21, 39] suggested that high temperature and short reaction time are helpful for
obtaining high yields of light olefins. Fig. 9(b) illustrates the times corresponding to the peak yields
of CoHs and CsHs at different temperatures (=2000 K) for isothermal pyrolysis. The effect of reaction
time on light olefins depends on temperature. When the temperature is lower than 2500 K, the
maximal production of CoH4 and C3Hs occurs at the end of pyrolysis. Once the temperature was
increased to about 2500 K, the higher the temperature, the shorter the time corresponding to the peak
yield. Overall, 2500-2750 K is the optimum temperature range for the recovery of light olefins by PE

pyrolysis because of its high yield and mildly affected reaction time.

500  Isothermal Isothermal 490
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Fig. 9. (a) Comparison among the peak and final C;H4 and C3;He products during the isothermal pyrolysis at
different temperatures and non-isothermal one at 2 K/ps; (b) Corresponding times of peak yields of C,H4 and

CsHgunder isothermal pyrolysis conditions.

3.4. Reaction pathways of C2Hy and C3Hs

It is important to examine the mechanisms of CoHs and C3Hs generation and consumption for the
recovery of light olefins during PE pyrolysis. The detailed reactions during pyrolysis are identified

and analyzed using the ReacNetGenerator software [40] based on the bond order information output
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at 0.25 ps intervals during the simulations. Detailed information on the PE pyrolysis process and
mechanisms are obtained for the cases at relatively low heating rates. The typical reactions for the
generation and consumption of CoH4 and C3Hg are statistically analyzed at each stage. Fig. 10 shows
the statistical analyses for the typical reactions of generation and consumption for CoHs and C3He
during PE non-isothermal pyrolysis at 2 K/ps. As shown in Figs. 10(a)-(c), B-fragmentation and its
reverse radical addition are dominant elementary reactions related to C2Ha. All reactions occur more
frequently with the pyrolysis progress, mainly as a result of the temperature increase. Specifically,
Fig. 10(b) indicates a decrease in reactions of B-fragmentation in Stage 3 compared to Stage 2,
especially for Co;H4. Combining Fig. 3(a), Fig. 5(a) and Fig. 10, it can be seen that B-fragmentation is
more likely to occur in the long carbon chains (>Cx) than in the medium length carbon chains (Cs-
C20). Fig. 10(d) presents the typical reactions for the generation and consumption of C;Hs4 and C3Hs,
where some of them were also observed in previous studies [30, 41]. It should be noted that G-1~G-
4 refer to the generation reaction pathways, while C-1~C-4 refer to the consumptions. The reactions
of C3Hg are similar to those of C2H4, except that the H-abstraction is more significant. As illustrated
in Fig. 10(c), more radical additions and H-abstraction reactions in Stage 4 lead to a decrease in the
yield of C2Hs and C3He, which are the main components of the gaseous products. These reactions are
closely related to the free radicals, and the high temperature conditions in Stage 4 contributed to the
large number of free radicals in the system. The consumption of C2H4 and C3He at high temperatures
is mainly associated with their secondary reactions, where most of them are H-abstraction and radical

addition reactions.
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Fig. 10. Statistical analyses for the reactions of generation and consumption for C;Hs and C3Hg during PE
non-isothermal pyrolysis at 2 K/ps: (a) Stage 2; (b) Stage 3; (c) Stage 4; and (d) Typical reactions for

generation and consumption of C;Hs and CsHe.

The growth of carbon chains in the late stage at high temperature may be associated with the
consumption of light olefins (C2H4 and CsHs). In the reaction process of PE pyrolysis, the growth of
carbon chains due to free radical reactions mainly includes: (1) radical polymerization reaction with
olefin monomers containing unsaturated double bonds [41] or (2) mutual coupling to form
macromolecules [42]. Fig. 11 shows an example of the formation of long chain oil (C10His) in Stage
4 during the non-isothermal pyrolysis at 2 K/ps. At 2953.5 K, CsH7- and C3H3- are produced by C2H4
through radical additions. Then, CsH7- is transformed to C4Hs- at 2970 K after the processes of radical
addition, H-abstraction, and f-fragmentation. Because of the easy breaking of the double bond of
ethylene at high temperatures, ethylene radicals can be produced through free radical reactions. After
that, at 2975 K, the ethylene radical is converted to C¢Hi1-, which couples with C4Hs- and finally

generates CioHi6. Another example is the detailed production pathways for Ci2Hi2, as shown in Fig.

19



12. It indicates that through dehydrogenation, free radical reaction and H-transfer, ethylene is finally
converted to CioHi2 at 2965 K. Then, C4Hs, C3Hs and CioHo- are generated through the f-
fragmentation, H-abstraction and H-transfer of CioHi2 and C7H7- at 2993.5 K. Finally, Ci2Hi2 is
produced by the interactions among CioHo, C3Hg and H- at about 2998 K.

________________________
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Fig. 11. An example of the detailed pathways for the formation of long-chain CioH;¢ through consuming
C,H4 and C;He at the later stage of non-isothermal pyrolysis (2 K/ps).
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Fig. 12. An example of the detailed pathways for the formation of long-chain C;,H;> through consuming
C,H4 and C;He at the later stage of non-isothermal pyrolysis (2 K/ps).

The generation of relatively long-chain components in the late stage in isothermal pyrolysis at
3000 K is similar to the example pathways in Figs. 11 and 12. Fig. 13 shows an example of the
detailed pathways for the formation of Ci2Hi2 and the consumption of C,Hs and C3He. Over there,
CsHs- and CsHs- are firstly generated through several dehydrogenation and H-abstraction reactions
of CsHs. Then, at 216 ps, they are further synthesized into CsHs. After dehydrogenation, C¢Hg is
converted to C¢Hse-. In this case, Ci12H12 is generated through the radical addition between two CsHe- at
248.75 ps. Another example of the formation of CiiHis- is given in Fig. 14. At 244 ps, C4Hg is
converted to CoHii- after several radical additions, demethylation and H-abstraction, etc. Finally,

C11His: is produced through the synthesizing of CoHii- and CoHg at 245.68 ps.

Based on the above analyses of the detailed pathways of the consumption of C2H4 and CsHs, as

well as the generation of long-chain compounds, it can be deduced that there are mainly two paths
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leading to the decreasing of these olefin monomers in the later pyrolysis stage whether in non-
isothermal (2 K/ps) or in isothermal (=2750 K) conditions. One is the H-abstraction reaction of C2Hs4
and C3Hgs at high temperatures, in which compounds such as CoH3z- and C3Hs- etc. are generated. The
other one is the activity increasing and the opening of carbon-carbon bonds of these monomers at
high temperatures, which can be polymerized with radicals or each other. In this way, the
polymerization of active monomers and radicals promotes the chain growth. On the whole, the
secondary reactions (H-abstraction and radical addition) of C2H4 and C3Hg at high temperatures is the
main reason for the decreasing of gas group and the increasing of oil as shown in the final stage in

Fig. 3(a) and Figs. 6(d) - (g).
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lH2C Ic-l: CHs%yHZC C=CH, o> HC=C= CH

--------------------------------  Heabstraction Radical addition Hc—=C—= CH,
H2C C CH3 WHZC c— CH2—>Hzc c— J>Hz

_________________

Dehydrogenation
230.6 ps \ H,

_________________________________________ \HZCCCCCCHZ

H
H2C =C— C =C= CH2 l/Radlcal addition

248 75 ps

Fig. 13. An example of the detailed pathways for the formation of long-chain C;2H> through consuming
C,H,4 and C3Hs at the later stage of isothermal pyrolysis (3000 K).
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Fig. 14. An example of the detailed pathways for the formation of long-chain C;;H;s* through consuming
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C,H,4 and C3Hs at the later stage of isothermal pyrolysis (3000 K).

4. Concluding remarks

This study is focused on understanding the process and chemical reactions in PE pyrolysis, in

order to achieve optimal chemicals and fuels recovery from plastic wastes. The detailed pyrolysis

process and product distribution are studied for PE waste using ReaxFF MD simulation for both non-

isothermal and isothermal conditions. The major conclusions are:

(1)

(2)

3)

(4)

()

The PE pyrolysis at non-isothermal conditions can be divided into four stages. The last stage
(post pyrolysis) is analyzed in depth, which shows decreasing of short-chain products and

increasing of relatively long-chain components at high temperatures.

The heating rate plays an important role in both the evolution of gas and oil and the detailed
distribution of products with different carbon numbers during the PE non-isothermal pyrolysis.
Pyrolysis at higher heating rate reduces the cracking of the oil and leads to a higher oil yield,

and promotes the Cs-Cy4o products with a uniform carbon number distribution.

The PE pyrolysis at isothermal conditions shows that much oil is generated rapidly in the early
stage at higher temperatures and then further pyrolyzed into gas for the cases of 2500-3500 K.
Additionally, the amount of gas products would decrease after reaching the peak for the case

with temperatures higher than 2750 K, which is caused by the secondary reactions of olefins.

The effect of reaction time on yields of light olefins depends on pyrolysis temperatures. Under
isothermal pyrolysis conditions, 2500-2750 K is the best pyrolysis temperature range for PE

pyrolysis recovery C2Hs and C3He due to its high yield and mild negative effect of reaction time.

Finally, detailed generation and consumption pathways of CoHs and C3He and generation of
long-chain fractions of PE pyrolysis are investigated. The statistics of the main reactions of
ethylene production and consumption in non-isothermal pyrolysis at 2 K/ps are analyzed. The
results suggest that H-abstraction and radical additions are the main reactions for the yield
decrease in the later stages of pyrolysis. The reaction pathways illustrate the mechanisms of the
transformation of CoH4 and C3Hg into long carbon chain molecules at high temperatures for

both non-isothermal and isothermal conditions.

The molecular understanding of the process and chemical reactions in PE pyrolysis obtained by

the MD simulation provides useful insight into the combined effects and the relationships of various

parameters of the pyrolysis. In order to achieve optimal chemicals and fuels recovery from plastic

wastes in practical applications, a complete mapping of the parameters between the conditions used
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in MD simulation and experimental study of pyrolysis needs to be further investigated.
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	Highlights
	 Post pyrolysis is characterized by the decreasing of gaseous pyrolysis products.
	 Heating rates play an important role in the carbon number distribution of products.
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	ABSTRACT
	Pyrolysis, one method of chemical recycling, has been an effective and clean way for processing plastic solid waste (PSW), which is a heavy burden for sustainable development. Series of molecular dynamic simulations are carried out for detailed pyrolysis of polyethylene (PE) waste using reactive force field (ReaxFF) for both non-isothermal and isothermal conditions. The results show that the PE pyrolysis at non-isothermal conditions can be divided into four stages. The last stage (post pyrolysis) is analyzed in depth, which shows decreasing of short-chain products and increasing of relatively long-chain components at high temperatures. Pyrolysis of PE at high heating rates reduces oil cracking and results in high yield of oil. The effect of reaction time depends on the pyrolysis temperature. In addition, under isothermal pyrolysis conditions, the simulated temperature range of 2500-2750 K is optimal for more recovery of C2H4 and C3H6 due to its high yield and mild influence of reaction time. Finally, detailed mechanisms of generation and consumption of C2H4 and C3H6 of PE pyrolysis are demonstrated. The regeneration of long-chain oil in the late stage of PE pyrolysis and the corresponding mechanisms are illustrated. The results in this study can be used to guide the design of systems for PSW processing with recovery of chemicals and fuels.
	Keywords: Molecular dynamic simulation; Polyethylene waste; ReaxFF; Pyrolysis; Reaction mechanisms.
	1. Introduction
	More and more plastic solid wastes (PSWs) are a heavy burden for sustainable development and environmental protection, although plastics used to be one of the greatest inventions [1]. It has been fully recognized that landfill or incineration of PSW is not an environmentally friendly way for plastic waste disposal because of the extremely slow degradation of the underground PSW or the generation of hazardous burning products [2-4]. On the other hand, chemical recycling using pyrolysis or gasification provides an effective, clean and economic way for PSW processing, which gets more and more attention [5-7]. In recent years, the conversion of PSW into valuable fuels and chemicals by pyrolysis has been considered as a promising approach to processing PSWs [8, 9]. Pyrolysis is the thermochemical decomposition of the waste materials in the absence of oxygen, leading to the formation of gases, liquids, and solid residuals that can be used as chemicals and fuels.
	Waxes, light olefins and oils are the main products currently expected to be obtained by PE pyrolysis. Many researchers focused on the evaluation of the influence parameters such as the pyrolysis reactors [10, 11], temperature [12-14], residence time [14, 15], and catalysts [16, 17] on improving the selectivity of the target products. Elordi et al. [18] carried out continuous pyrolysis of high-density polyethylene (HDPE) in a conical spouted bed reactor and found that the optimum temperature for wax production was a relatively low temperature of 500°C with a wax yield of 70%. Some previous works have shown that relatively low temperature and short residence time are conducive to producing high yields of oil [13, 19]. Hernandez et al. [20] used fluidized bed reactor for PE pyrolysis from 400 to 800°C, and found that the yields of the main gas fractions ethylene (C2H4) and propylene (C3H6) both increased with increasing pyrolysis temperature and reached a maximum yield of 16.5% and 10.5% respectively at 800°C. Similar results were obtained by Conesa et al. [21], who also found that the yield of C2H4 and C3H6 decreases significantly if the temperatures were higher than 800 °C. Mastral et al. [14] identified a significant effect of residence time on PE pyrolysis. When the residence time varied from 0.99 to 1.46 s at 650 °C, the C2H4 yield increased from 2.6% to7.5%. Meanwhile, when the temperature reached 850 °C, C2H4 yield began to decrease with increasing residence time (>0.86 s). Therefore, it is considered that high temperature (>700 ℃) and short residence time are highly advantageous for more recovery of light olefins. However, the combined effects and the relationships of various parameters of the pyrolysis process (such as the dependence of residence time on pyrolysis temperature) have not been fully understood. In addition, very limited analyses were reported for the overall pyrolysis stages, the corresponding distributions of fuel products and the reaction mechanisms involved at each stage. The detailed information about the formation and further consumption of olefin monomers, the role of radicals, and the influence of heating conditions are still not clear for optimal design of plastics pyrolysis in engineering applications.
	Recently, molecular simulations have been used in pyrolysis due to their ability to observe the details of chemical reactions directly at the atomic level, which is beyond the capabilities of experimental measurements. Quantum mechanics / chemistry are powerful tools for understanding chemical reactions, but the high computing cost prohibits their broader application to the pyrolysis of polymer systems [22]. Classical molecular dynamics (MD) simulation can be used to study models with more than tens of thousands of atoms. However, classical MD cannot be used to obtain information on chemical bond breakage and formation [23]. Reactive force field molecular dynamics (ReaxFF MD), which was developed by van Duin et al. [24], has been increasingly used because of the precise depiction of the particulars in chemical reactions. It is worth noting that, conditions used in MD simulations are often not the same as those in laboratory experiments. It is a common strategy to use relatively higher temperature in ReaxFF MD simulation to increase the collision rate, thereby making reactions occur at picosecond scale [25]. Nevertheless, there may be a correspondence between the experimental and computational values used in MD simulation. It has been validated extensively that pyrolysis kinetics and products distribution of ReaxFF MD simulation correlate well with experimental results for a wide range of chemical substances such as polyvinyl chloride, coal, PE, cellulose and lignin [26-29]. Based on ReaxFF MD simulations, Liu et al. [30] discovered that the major reactions of high-density polyethylene (HDPE) pyrolysis process included homolysis, β-scission, radical addition and H-abstraction etc. were observed. Wang et al. [31] investigated the co-pyrolysis process and mechanism of cellulose and PE using ReaxFF MD simulations. It was found that co-pyrolysis facilitated the generation of alcohols and hydrocarbon products, and the presence of PE significantly enhanced the quality of the products. Hong et al. [26] explored the co-pyrolysis of Zhundong coal with polyethylene (PE) and polystyrene (PS) using ReaxFF. The results showed that coal promoted the pyrolysis of PE at low temperatures but had little effect at high temperatures, while PE had an opposite effect on the pyrolysis of coal. The previous studies provided insightful information on pyrolysis mechanism of plastics at high temperatures, which also indicated the efficacy of using ReaxFF MD for simulating pyrolysis of different materials such as plastics, biomass and coal. In general, previous studies have demonstrated that the reaction paths and intermediate processes of PE pyrolysis can be revealed by using ReaxFF MD. 
	In this study, aiming at improving the selectivity for the target products (oil and light olefins), series of ReaxFF MD simulation were carried out to investigate the detailed pyrolysis of PE under both isothermal and non-isothermal conditions. Based on ReaxFF MD simulations, the thermal cracking behaviours of PE at different heating stages and the corresponding products distribution were analysed. The reaction mechanism leading to a decrease in the yield of light olefins (C2H4 and C3H6) at high temperatures was also investigated.
	2. Method of ReaxFF MD
	2.1. Molecular model of PE
	The first step of the ReaxFF MD simulation is the construction of a suitable molecular structure model for characterizing the PE material. The degree of polymerization, which represents the molecular weight of polymer molecule, plays an important role in MD simulation of PE pyrolysis. Here, each PE molecule (C120H242) is designed as a polymerization by 60 monomers after considering the representation of PE molecular characteristics, pyrolysis complexity and computational cost. A previous study [26] suggested that this polymerization degree is sufficient for the pyrolysis analyses of PE and other polymers through ReaxFF MD simulation.
	Specifically, a pyrolysis system consisting of 10 PE chains was built in a computational box with periodic boundaries. To eliminate overlapping of atoms, the original density of the PE system was set as 0.6 g/cm3. Then, five annealing cycles from 300 to 1000 K were performed in the constant-temperature, constant-volume (NVT) ensemble for geometric optimization of the system. Subsequently, to achieve the desired PE density of 0.8 g/cm3, the isothermal–isobaric (NPT) ensemble was used to modify the molecular system for 200 ps at 0.1 MPa and 300 K. Finally, the energy minimization of the model was performed. In this way, as shown in Fig. 1, an optimized PE molecular system with 3620 atoms and a density of 0.8 g/cm3 was finally constructed. It should be noted that the density of PE molecular system obtained in the ReaxFF MD simulations cannot be exactly the same as but as close as possible to the actual one based on the geometric optimization of the NVT and NPT ensembles. The system density is consistent with that of the PE molecular system in recent studies [26, 31].
	/
	Fig. 1. PE molecular system with 10 chains (n=60) in the computational box.
	2.2. Cases for PE pyrolysis
	Based on the constructed PE molecular system, the pyrolysis behavior can be simulated in the NVT ensemble at various heating conditions. Here two series of ReaxFF MD simulation were carried out for PE pyrolysis at non-isothermal and isothermal heating conditions. For the non-isothermal cases, after a series of pre-simulations, three viable heating rates (2, 10 and 20 K/ps) were chosen to analyze the impact of heating rate on PE pyrolysis and to investigate the pyrolysis mechanisms in detail. The case of 2 K/ps represents the PE pyrolysis at a low heating rate while the other two cases represent the cases at higher heating rates. Additionally, the temperature of simulations increased from 300 to 3000 K. For the isothermal pyrolysis cases, the constant temperatures were set as 2000, 2250, 2500, 2750, 3000, 3500 and 4000 K respectively with the pyrolysis time of 250 ps. In this way, the effects of the heating rate, temperature and the corresponding reaction time (similar to the residence time in the experiment) on the pyrolysis evolution can be analyzed through comparison. The high temperature setting in ReaxFF simulations was used to speed up the reaction kinetics and to compress the reaction time scale [32]. Furthermore, the simulation results in previous work achieved at high temperatures are very close to the experimental data [29, 33, 34].
	All the MD simulations here are conducted in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [35] using the ReaxFF reactive force field for hydrocarbon [36]. Periodic boundary conditions were imposed in all directions of the cubic box with the edge length of 32.7 Å. The Nose-Hoover thermostat with a damping constant of 100 fs was used to govern the simulation temperature. The atom movements were updated with a time step of 0.25 fs for all simulations. Finally, a bond order cutoff distance of 0.3 Å was used to identify the product components. 
	3. Results and discussion
	3.1. Non-isothermal pyrolysis of PE 
	In this study, the first step was to establish a mapping between the conditions used in MD simulation and (TG) experiment of pyrolysis. The data of the non-isothermal simulations was obtained from three independent pyrolysis simulations at 2 K/ps. It was shown that the difference between the results of repeated cases was very small, which suggested the reliability of ReaxFF MD simulations for PE pyrolysis. Drawing on the approach in previous research, the mass loss characteristics of non-isothermal simulations are compared with our TG experimental results as illustrated in Fig. 2(a). As shown in Fig. 2(b), the activation energy for PE pyrolysis is estimated to be 383.65 kJ/mol (ReaxFF MD) and 390.87 kJ/mol (TG experiment) according to the first order reaction model [26, 29], which can be expressed in the following equation 
	ln−ln⁡(1−𝛼)𝑇2=ln⁡𝐴𝑅𝛽𝐸𝑎−𝐸𝑎𝑅𝑇⁡                              (1)
	where α is the conversion, T represents the temperature, A is the pre-exponential factor, R represents the universal gas constant, and β denotes the heating rate. In Fig. 2(b), the activation energy (Ea) was calculated by plotting ln[-ln(1-α)/T2] versus 1/T. It can be seen from Fig. 2 that the experimental temperature range of 650 to 825K with heating rate of 2 K/min corresponds to a MD simulated temperature range of 1750 to 3000K with heating rate of 2 K/ps, while the activation energy values are very close to each other. The closeness of the activation energies between the simulations and experiments is due to the calculation method of the activation energy using the slope of the graph. For the mass loss curves, their similarity is mainly the result of the corresponding mapping between the thermal pyrolysis in molecular systems and that in the microscale level.
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	Fig. 2.  Comparison of ReaxFF MD simulation and TG experiment results: (a) Mass loss of PE pyrolysis; (b) Plots of ln[-ln(1-α)/T2] versus 1/T of main mass loss stage of PE.
	Based on the mapping information shown in Fig. 2, non-isothermal pyrolysis MD simulations were carried out to investigate the effect of heating rates on PE pyrolysis. Normally, the products of PE thermal cracking are divided into gas (C0-C4), oil (C5-C20) and wax (>C20), respectively [18, 37]. Fig. 3 presents the evolution of gas, oil and wax during PE pyrolysis in 300-3000 K at the heating rates of 2, 10 and 20 K/ps, respectively. The stages of the PE pyrolysis process are divided based upon the continuous observation of the product evolution and molecule trajectories. As shown by the regions with different colors in Fig. 3(a), at the heating rate of 2 K/ps, the PE pyrolysis evolution can be mainly divided into four stages: structure adjustment and activation, initial pyrolysis, deep degradation and post pyrolysis. The first stage (Stage 1) is mainly in the temperature range of 300-1988 K. A few long chains break and small molecules (such as C2H4 and some radicals) are generated in this stage. The main molecular behaviors are the configuration adjustment and activation of PE long-chain structures. At temperatures of 1988-2460 K in Stage 2, more and more oil and gas components are generated with the consumption of wax fractions as the temperature further increases. At the end of Stage 2, the oil yield basically reaches a stable value. In Stage 3 with temperatures in 2460-2730 K, many gas components are rapidly produced through the degradation of oil and waxes. The weight percentage increase of gas is almost 50%. Therefore, the division boundary between initial pyrolysis (Stage 2) and deep degradation (Stage 3) is the transition of the generation into consumption for the oil group. This specific temperature point is supposed to be important for the fuel recovery of plastics in practical applications.
	For the last pyrolysis stage (Stage 4) in the temperature range of 2730-3000 K, wax is completely pyrolyzed into oil and gas. The weight percentages of the oil and gas are relatively steady with percentages of about 10% and 90% throughout this stage despite the further increasing of temperature. However, at the end of this stage, it seems that some gas products are transformed into oil products. The unexpected results suggest that the enhanced activity of monomer molecules at such high temperatures might result in addition reactions between the short-chain gas components and radicals in the stage of post pyrolysis at high temperatures. 
	As shown in Figs. 3(b) and (c), for the heating rates of 10 and 20 K/ps, many characteristics during the pyrolysis evolution, such as the decrease of wax, the increases of oil and gas with the increasing of temperature, are similar to those in Fig. 3(a). There are also some differences for the PE pyrolysis results among varied heating rates. Firstly, the critical temperatures for the adjacent stages shift towards high temperatures, which are mainly induced by the thermal hysteresis. In this way, there are only three pyrolysis stages (no post pyrolysis stage) for the heating rates of 10 and 20 K/ps in the temperature range of 300-3000 K. Secondly, as shown in Fig. 3(d), the peaks for oil products are higher for the non-isothermal pyrolysis cases with higher heating rates at relatively higher temperatures, which are 26.7%, 24% and 32.5% at 2460 K, 2865 K and 2865 K, respectively. Finally, for the pyrolysis in Stage 2, as shown in Fig. 3(b) and (c), the yields of the oil are higher than gas for heating rates of 10 K/ps and 20 K/ps, which is different in Fig. 3(a). Further analyses of the detailed pyrolysis of PE at different heating rates are presented subsequently.
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	Fig. 3. Evolution of product groups (wax, oil, gas) for PE pyrolysis in 300-3000 K at different heating rates: (a) 2 K/ps; (b) 10 K/ps; (c) 20 K/ps; (d) Peak of oil and the corresponding temperatures.
	In order to gain more details of the PE pyrolysis mechanism at varied heating rates, Fig. 4 shows the distribution of products with various carbon numbers (C5-C40) at typical temperatures (2000, 2250, 2500, 2750 and 3000 K). As shown in Fig. 4(a), in the case of 2 K/ps, the result suggests that more short-chain components are generated. At the temperature of 2500 K, there are hardly any C20+ compounds. In addition, most of the oil products are C5-C10 fractions as the temperature increases to 2750 K. However, more products with longer chains (C5-C15) are generated during the temperature increase from 2750 to 3000 K, which is also illustrated by the specific increase of oil products at the same temperature range in Fig. 3(a). For the case of 10 K/ps, as shown in Fig. 4(b), at the temperatures of 2500 and 2750 K, comparing with those in Fig. 4(a), the distribution of oil products with different carbon numbers is relatively uniform. The uniform distribution of C5-C40 products against carbon numbers is more obvious when the heating rate is further increased to 20 K/ps, as shown in Fig. 4(c). Therefore, the combined results in Figs. 3 and 4 indicate that not only the production rates of oil and gas, but also the detailed composition of the products are strongly affected by the heating rates during the PE non-isothermal pyrolysis. A higher heating rate promotes the production of more oil with a uniform carbon number distribution. The results here also indicate the necessity for MD simulation in isothermal conditions to investigate the pyrolysis mechanism of PE at typical high temperatures for a sufficiently long time.
	Fig. 4. Detailed distribution for products (C5-C40) during non-isothermal PE pyrolysis at typical temperatures: (a) 2 K/ps; (b) 10 K/ps and (c) 20 K/ps.
	Statistical analyses of the specific gas products during PE pyrolysis suggest that the primary products are C2H4, C3H6, CH4 and H2. Normally, light olefins (C2H4 and C3H6) are important chemicals for PE pyrolysis recovery. Fig. 5 shows the evolution of these gases in 300-3000 K for PE pyrolysis at different heating rates. As shown in Fig. 5(a), more C2H4 is generated at lower temperatures at lower heating rates. Additionally, for the case of 2 K/ps, the molecular number of C2H4 increases to the peak at around 2600 K and decreases with the further increase of temperature. However, there is no decrease stage of C2H4 for the cases of 10 K/ps and 20 K/ps. Similarly, as shown in Fig. 5(b), the evolutions of C3H6 under the three heating rates are similar to those for C2H4 in Fig. 5(a), except for lower molecule numbers. It can be seen that the peak yields of both C2H4 and C3H6 occur in the middle of the pyrolysis process at the heating rate of 2K/ps, while the corresponding maxima of the higher heating rates (10 K/ps and 20 K/ps) are both at the final temperature of 3000 K. Also, the peak yields of both C2H4 and C3H6 are higher at the lower heating rate. Fig. 5(c) and 5(d) indicate that there are also more H2 and CH4 generated at lower temperatures for lower heating rates. In addition, their molecular numbers keep increasing throughout the temperature range with higher rates of increase at higher temperatures. Finally, the reason for the molecular number decreasing of C2H4 and C3H6 at high temperature of 2600-3000K under 2 K/ps is supposed to be the addition reactions with radicals. 
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	Fig. 5. Evolution of typical gas products in 300-3000 K for PE pyrolysis at different heating rates: (a) C2H4; (b) C3H6; (c) H2 and (d) CH4.
	3.2. Isothermal pyrolysis of PE
	 The above analyses of the non-isothermal pyrolysis of PE suggest that the temperature and reaction time play an important role in detailed compositions of the products, which was also illustrated in previous studies [37, 38]. Therefore, isothermal pyrolysis of PE is further conducted at typical high temperatures (2000, 2250, 2500, 2750, 3000, 3500 and 4000 K) for 250 ps. Fig. 6 shows the evolution of wax, oil and gas for PE pyrolysis at different temperatures, as well as the peak oil and the corresponding time. The results indicate that more oil is generated than gas in the early stages for all the isothermal pyrolysis conditions, which is different from the non-isothermal case of 2 K/ps. For the temperature as low as 2000 K, the gas and oil are slowly generated in 250 ps, as shown in Fig. 6(a). Much oil is generated rapidly in the early stage at higher temperatures and then further pyrolyzed into gas for the cases of 2500-3500 K. However, it is shown that the generated gas would decrease after reaching the peak value during the PE pyrolysis for those isothermal cases with constant temperatures higher than 2750 K. In Figs. 6(e)-(g), the trends are clearly shown for those with temperatures of 3000, 3500 and 4000 K. Finally, as shown in Figs. 6(f) and (g), the generated oil is about 30% in the later stage, which is clearly higher than that in Fig. 6(d). The results indicate that the generated gas might transformed into oil if the pyrolysis time is too long in high temperatures. As depicted in Fig. 6(h), the peaks of the oil are higher and appear earlier for the isothermal pyrolysis at higher temperatures.
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	Fig. 6. Evolution of product groups (wax, oil and gas) for PE pyrolysis at different temperatures and the corresponding time for complete pyrolysis of char: (a) 2000 K; (b) 2250 K; (c) 2500 K; (d) 2750 K; (e) 3000 K; (f) 3500 K and (g) 4000 K; (h) Peak of oil and the corresponding time.
	Fig. 7. Detailed distribution for products (C5-C40) during isothermal PE pyrolysis at typical time instants: (a) 2250 K; (b) 2500 K; (c) 2750 K and (d) 3000 K.
	Fig. 7 shows the detailed distributions of C5-C40 fractions at typical time instants during PE pyrolysis at temperatures of 2250, 2500, 2750 and 3000 K, respectively. The products with varied carbon numbers uniformly distributed can be generated under isothermal conditions with different temperatures, which is obviously different from those in Fig. 4 for non-isothermal cases. The corresponding pyrolysis time for the cases at higher temperatures is shorter. As shown in Fig. 7, the times are 250, 50, 12.5 and 5 ps fore pyrolysis temperatures of 2250, 2500, 2750 and 3000 K, respectively. Figs. 7(b)-(d) indicate that most of the long-chain components are further pyrolyzed into short-chain products in the later stage. In addition, as shown in Fig. 7(d), there are more products with longer chains at 250 ps than those at 50 ps, which suggests the growth of carbon chain in the later stage at high temperatures again. For example, Fig. 7(d) illustrates that the weight percentage of C6 products increases from 2.87% to 6.24% between 50 and 250 ps. As indicated in both Figs. 6 and 7, the critical temperature for the second increase of oil products is about 2750 K, which is similar to the results of non-isothermal pyrolysis at 2 K/ps. 
	Fig. 8 shows the evolution of the primary gases (C2H4, C3H6, CH4 and H2) during the isothermal PE pyrolysis at different temperatures for 250 ps. For C2H4, as shown in Fig. 8(c), the product molecular numbers decrease appreciably after reaching the peak for the cases with temperatures higher than 2750 K. Therefore, the final C2H4 generated in cases of 2750 to 4000 K is less than that at 2500 K, associated with the re-aggregation reactions in the later stage at high temperatures. The result is similar for the evolution of C3H6 generation, as shown in Fig. 8(a). It also indicates that the isothermal pyrolysis of PE at 2750 K is favorable for production of C3H6. Finally, as shown in Figs. 8 (b) and (d), more CH4 and H2 will be generated quickly at higher temperatures. For the PE pyrolysis at isothermal conditions, the generated CH4 and H2 are comparable with C2H4 and even more than C3H6, which is different from those at non-isothermal conditions. For the highest temperature of 4000 K, the obvious oscillation of the molecular number curves for the above four gases illustrates the strong reactions in the later stage of PE pyrolysis. Based on the above analyses, the isothermal pyrolysis of PE at 2500 or 2750 K is optimal for the generation of C2H4 and C3H6, which are the most important monomers recovered from PE waste.
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	Fig. 8. Evolution of typical gas products in 250 ps for isothermal PE pyrolysis at different temperatures: (a) C3H6; (b) CH4; (c) C2H4 and (d) H2.
	3.3. Comprehensive analysis of enhancing production of C2H4 and C3H6
	In the above sub-sections, the evolution of PE pyrolysis products is analyzed separately for non-isothermal and isothermal conditions. Here the main parameters are further evaluated using light olefins (C2H4 and C3H6) as the target products, which are important for the recovery of fuels from PE waste. Fig. 9(a) shows a comprehensive comparison of the peak and final values of the C2H4 and C3H6 yield for various cases (both non-isothermal and isothermal conditions). It can be seen that at temperatures greater than 2500 K, the final yields of C2H4 and C3H6 are lower than the corresponding peak values due to the secondary reactions. The differences between the two values are greater for the isothermal cases with higher temperatures, especially at 3000, 3500 and 4000 K, which indicates the strong effect of reaction time. Temperature and reaction time are significant factors affecting the pyrolysis products in isothermal pyrolysis. Based on the results in Figs. 8(a) and (c), a decreasing trend was observed after reaching the peak yield with increasing reaction time in isothermal pyrolysis at comparatively high constant temperatures (≥2500 K), due primarily to the secondary reactions of light olefins. In this study, the difference between the peak and final values is used to characterize the negative effects of secondary reactions in continuous pyrolysis on the yield of light olefins. Specifically, the distributions of the peak C2H4 and C3H6 at different temperatures suggest that more C2H4 and C3H6 can be generated for the isothermal cases with temperatures in the range of 2500-3000 K. However, the obvious difference between the peak and final values at 3000 K indicates a significant adverse impact of the reaction time in the later stage of pyrolysis, especially for C2H4. Therefore, it can be concluded that 2500-2750 K is the optimal temperature range for isothermal pyrolysis for C2H4 and C3H6 recovery. Meanwhile, the temperatures for the peaks of C2H4 and C3H6 for non-isothermal pyrolysis with the heating rate of 2 K/ps are also in the range of 2500-2750 K. Previous works [21, 39] suggested that high temperature and short reaction time are helpful for obtaining high yields of light olefins. Fig. 9(b) illustrates the times corresponding to the peak yields of C2H4 and C3H6 at different temperatures (≥2000 K) for isothermal pyrolysis. The effect of reaction time on light olefins depends on temperature. When the temperature is lower than 2500 K, the maximal production of C2H4 and C3H6 occurs at the end of pyrolysis. Once the temperature was increased to about 2500 K, the higher the temperature, the shorter the time corresponding to the peak yield. Overall, 2500-2750 K is the optimum temperature range for the recovery of light olefins by PE pyrolysis because of its high yield and mildly affected reaction time.
	/
	Fig. 9. (a) Comparison among the peak and final C2H4 and C3H6 products during the isothermal pyrolysis at different temperatures and non-isothermal one at 2 K/ps; (b) Corresponding times of peak yields of C2H4 and C3H6 under isothermal pyrolysis conditions.
	3.4. Reaction pathways of C2H4 and C3H6 
	It is important to examine the mechanisms of C2H4 and C3H6 generation and consumption for the recovery of light olefins during PE pyrolysis. The detailed reactions during pyrolysis are identified and analyzed using the ReacNetGenerator software [40] based on the bond order information output at 0.25 ps intervals during the simulations. Detailed information on the PE pyrolysis process and mechanisms are obtained for the cases at relatively low heating rates. The typical reactions for the generation and consumption of C2H4 and C3H6 are statistically analyzed at each stage. Fig. 10 shows the statistical analyses for the typical reactions of generation and consumption for C2H4 and C3H6 during PE non-isothermal pyrolysis at 2 K/ps. As shown in Figs. 10(a)-(c), β-fragmentation and its reverse radical addition are dominant elementary reactions related to C2H4. All reactions occur more frequently with the pyrolysis progress, mainly as a result of the temperature increase. Specifically, Fig. 10(b) indicates a decrease in reactions of β-fragmentation in Stage 3 compared to Stage 2, especially for C2H4. Combining Fig. 3(a), Fig. 5(a) and Fig. 10, it can be seen that β-fragmentation is more likely to occur in the long carbon chains (>C20) than in the medium length carbon chains (C5-C20). Fig. 10(d) presents the typical reactions for the generation and consumption of C2H4 and C3H6, where some of them were also observed in previous studies [30, 41]. It should be noted that G-1~G-4 refer to the generation reaction pathways, while C-1~C-4 refer to the consumptions. The reactions of C3H6 are similar to those of C2H4, except that the H-abstraction is more significant. As illustrated in Fig. 10(c), more radical additions and H-abstraction reactions in Stage 4 lead to a decrease in the yield of C2H4 and C3H6, which are the main components of the gaseous products. These reactions are closely related to the free radicals, and the high temperature conditions in Stage 4 contributed to the large number of free radicals in the system. The consumption of C2H4 and C3H6 at high temperatures is mainly associated with their secondary reactions, where most of them are H-abstraction and radical addition reactions.
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	Fig. 10. Statistical analyses for the reactions of generation and consumption for C2H4 and C3H6 during PE non-isothermal pyrolysis at 2 K/ps: (a) Stage 2; (b) Stage 3; (c) Stage 4; and (d) Typical reactions for generation and consumption of C2H4 and C3H6.
	The growth of carbon chains in the late stage at high temperature may be associated with the consumption of light olefins (C2H4 and C3H6). In the reaction process of PE pyrolysis, the growth of carbon chains due to free radical reactions mainly includes: (1) radical polymerization reaction with olefin monomers containing unsaturated double bonds [41] or (2) mutual coupling to form macromolecules [42]. Fig. 11 shows an example of the formation of long chain oil (C10H16) in Stage 4 during the non-isothermal pyrolysis at 2 K/ps. At 2953.5 K, C5H7· and C3H3· are produced by C2H4 through radical additions. Then, C5H7· is transformed to C4H5· at 2970 K after the processes of radical addition, H-abstraction, and β-fragmentation. Because of the easy breaking of the double bond of ethylene at high temperatures, ethylene radicals can be produced through free radical reactions. After that, at 2975 K, the ethylene radical is converted to C6H11·, which couples with C4H5· and finally generates C10H16. Another example is the detailed production pathways for C12H12, as shown in Fig. 12. It indicates that through dehydrogenation, free radical reaction and H-transfer, ethylene is finally converted to C10H12 at 2965 K. Then, C4H6, C3H4 and C10H9· are generated through the β-fragmentation, H-abstraction and H-transfer of C10H12 and C7H7· at 2993.5 K. Finally, C12H12 is produced by the interactions among C10H9, C3H6 and H· at about 2998 K.
	Fig. 11. An example of the detailed pathways for the formation of long-chain C10H16 through consuming C2H4 and C3H6 at the later stage of non-isothermal pyrolysis (2 K/ps).
	Fig. 12. An example of the detailed pathways for the formation of long-chain C12H12 through consuming C2H4 and C3H6 at the later stage of non-isothermal pyrolysis (2 K/ps).
	The generation of relatively long-chain components in the late stage in isothermal pyrolysis at 3000 K is similar to the example pathways in Figs. 11 and 12. Fig. 13 shows an example of the detailed pathways for the formation of C12H12 and the consumption of C2H4 and C3H6. Over there, C3H3· and C3H5· are firstly generated through several dehydrogenation and H-abstraction reactions of C3H6. Then, at 216 ps, they are further synthesized into C6H8. After dehydrogenation, C6H8 is converted to C6H6·. In this case, C12H12 is generated through the radical addition between two C6H6· at 248.75 ps. Another example of the formation of C11H15· is given in Fig. 14. At 244 ps, C4H8 is converted to C9H11· after several radical additions, demethylation and H-abstraction, etc. Finally, C11H15· is produced through the synthesizing of C9H11· and C2H4 at 245.68 ps.
	Based on the above analyses of the detailed pathways of the consumption of C2H4 and C3H6, as well as the generation of long-chain compounds, it can be deduced that there are mainly two paths leading to the decreasing of these olefin monomers in the later pyrolysis stage whether in non-isothermal (2 K/ps) or in isothermal (≥2750 K) conditions. One is the H-abstraction reaction of C2H4 and C3H6 at high temperatures, in which compounds such as C2H3· and C3H5· etc. are generated. The other one is the activity increasing and the opening of carbon-carbon bonds of these monomers at high temperatures, which can be polymerized with radicals or each other. In this way, the polymerization of active monomers and radicals promotes the chain growth. On the whole, the secondary reactions (H-abstraction and radical addition) of C2H4 and C3H6 at high temperatures is the main reason for the decreasing of gas group and the increasing of oil as shown in the final stage in Fig. 3(a) and Figs. 6(d) - (g).
	Fig. 13. An example of the detailed pathways for the formation of long-chain C12H12 through consuming C2H4 and C3H6 at the later stage of isothermal pyrolysis (3000 K).
	Fig. 14. An example of the detailed pathways for the formation of long-chain C11H15· through consuming C2H4 and C3H6 at the later stage of isothermal pyrolysis (3000 K).
	4. Concluding remarks
	 This study is focused on understanding the process and chemical reactions in PE pyrolysis, in order to achieve optimal chemicals and fuels recovery from plastic wastes. The detailed pyrolysis process and product distribution are studied for PE waste using ReaxFF MD simulation for both non-isothermal and isothermal conditions. The major conclusions are:
	(1) The PE pyrolysis at non-isothermal conditions can be divided into four stages. The last stage (post pyrolysis) is analyzed in depth, which shows decreasing of short-chain products and increasing of relatively long-chain components at high temperatures. 
	(2) The heating rate plays an important role in both the evolution of gas and oil and the detailed distribution of products with different carbon numbers during the PE non-isothermal pyrolysis. Pyrolysis at higher heating rate reduces the cracking of the oil and leads to a higher oil yield, and promotes the C5-C40 products with a uniform carbon number distribution.
	(3) The PE pyrolysis at isothermal conditions shows that much oil is generated rapidly in the early stage at higher temperatures and then further pyrolyzed into gas for the cases of 2500-3500 K. Additionally, the amount of gas products would decrease after reaching the peak for the case with temperatures higher than 2750 K, which is caused by the secondary reactions of olefins. 
	(4) The effect of reaction time on yields of light olefins depends on pyrolysis temperatures. Under isothermal pyrolysis conditions, 2500-2750 K is the best pyrolysis temperature range for PE pyrolysis recovery C2H4 and C3H6 due to its high yield and mild negative effect of reaction time.
	(5) Finally, detailed generation and consumption pathways of C2H4 and C3H6 and generation of long-chain fractions of PE pyrolysis are investigated. The statistics of the main reactions of ethylene production and consumption in non-isothermal pyrolysis at 2 K/ps are analyzed. The results suggest that H-abstraction and radical additions are the main reactions for the yield decrease in the later stages of pyrolysis. The reaction pathways illustrate the mechanisms of the transformation of C2H4 and C3H6 into long carbon chain molecules at high temperatures for both non-isothermal and isothermal conditions. 
	The molecular understanding of the process and chemical reactions in PE pyrolysis obtained by the MD simulation provides useful insight into the combined effects and the relationships of various parameters of the pyrolysis. In order to achieve optimal chemicals and fuels recovery from plastic wastes in practical applications, a complete mapping of the parameters between the conditions used in MD simulation and experimental study of pyrolysis needs to be further investigated.
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