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ABSTRACT: While plastic materials offer many benefits to society, the slow
degradation and difficulty in recycling plastics raise important environmental and
sustainability concerns. Traditional recycling efforts often lead to materials with
inferior properties and correspondingly lower value, making them uneconomical to
recycle. Recent efforts have shown promising chemical pathways for converting
plastic materials into a wide range of value-added products, feedstocks or
monomers. This is commonly referred to as “chemical recycling”. Here, we use
reactive molecular dynamics (MD) simulations to study the catalytic process of
depolymerization of polyethylene (PE) using platinum (Pt) nanoparticles (NPs) in
comparison to PE pyrolysis (thermal degradation). We apply a simple kinetic model
to our MD results for the catalytic reaction rate as a function of temperature, from
which we obtain the activation energy of the reaction, which shows the that the Pt
NPs reduce the barrier for depolymerization. We further evaluate the molecular
mass distribution of the reaction products to gain insight into the influence of the Pt

NPs on reaction selectivity. Our results demonstrate the potential for the reactive MD method to help the design of recycling

approaches for polymer materials.

1. INTRODUCTION

The relative low cost and utility of plastic materials have led to
a steady increase in the production and use of these materials
in a wide range of applications, including packaging, home and
personal products, diverse materials associated with health care
and automotive materials, and increasingly in structural
materials when plastics are compounded with carbon fibers
and other materials that allow the composite materials to be
tuned over a large range.l’2 However, the low rate at which
these materials degrade in the environment, combined with the
limited economic incentive to recycle plastic materials, has led
to accumulated polymer waste materials and an associated
ecological problem when that waste is mismanaged; these
factors have helped motivate organized efforts to address this
growing societal concerns.’” Geyer et al.* have recently
reviewed the history of the production, the range of uses,
and the ultimate fate of plastic materials.

Current strategies to address the plastic waste problem
include recycling postconsumer plastics using either mechan-
ical or chemical recycling.” While mechanical recycling, which
often involves collecting, sorting, washing, and grinding of the
post-consumer plastics, remains the most common method,
the difficulty in separating various kinds of plastics and other
foreign materials makes this approach less economically viable.
In particular, mixed plastics have different melting and
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processing temperatures that lead to the thermal degradation
of some plastics, resulting in poor product quality.
Furthermore, the immiscibility of plastic blends can also
decrease the mechanical strength of the polymers, though it
can be mitigated by compatibilizers,” which can be designed to
mix a specific pair of polymers.” On the other hand, chemical
recycling aims to recover a significant fraction of the monomer
material or value-added materials such as lubricants and
waxes.””'* Typical chemical recycling processes include
chemolysis (or depolymerization), pyrolysis, fluid catalytic
cracking, and others.>*!2

The present work considers the degree to which reactive
molecular dynamics (MD) simulations can be used to help
develop a better theoretical understanding of the depolyme-
rization of waste plastics using a heterogenous catalyst. This
method transforms polymers into new “feedstock” materials
from which new polymeric or other organic materials can be
synthesized.'"”'® The goal of this chemical recycling is to

Received: February 17, 2022 %sll;c;%

Revised:  April 25, 2022 ~ 7
Published: May 9, 2022

/Q:WM J\

https://doi.org/10.1021/acs.jpca.2c01167
J. Phys. Chem. A 2022, 126, 3167—-3173


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wengang+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francis+W.+Starr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kathryn+L.+Beers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+F.+Douglas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.2c01167&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01167?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01167?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01167?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c01167?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/126/20?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/20?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/20?ref=pdf
https://pubs.acs.org/toc/jpcafh/126/20?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.2c01167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

recover excess value from polymers that have passed through a
wide range of uses. In particular, it is useful for plastics that are
not suitable for mechanical pathways, such as multilaminates,
textiles, previously mechanically recycled products, and
environmentally degraded materials (for example, marine
debris). It has been estimated that 90% of all chemical
manufacturing processes make use of heterogeneous catal-
ysis,'”'® accounting for about 1/3 of the world’s gross
domestic product.'”*® More specifically, the majority of
industrial catalysts involve metal particles supported on
nonreactive supporting materials with high-surface area.'””’
Thus, this approach to the catalysis of materials at a large scale
has a proven record in industrial utility and scalability.

Realizing the goal of chemically recycling otherwise
challenging plastic materials and product formats requires an
understanding of the catalytic conversion of polymers of
diverse types using an economically viable process. Recently,
significant progress in this direction was provided by Zhang et
al,” and the present work aims to model this type of
heterogeneous catalysis process by reactive MD simula-
tion.””*° These simulations offer a proof of the viability of
reactive MD techniques to capture the depolymerization of
polyethylene, and in doing so, understand the fundamental
nature of the catalytic reaction processes in relation to the
ultimate aim of offering design rules that could enhance the
economic feasibility of this process.

We note at the outset that because of the limitations on
accessible time scales in MD, our simulations are performed at
temperatures (T) above the range envisioned for reprocessing
polymer waste to facilitate the reactions (=300 °C). We find
that we can reproduce many of the qualitative aspects of the
observed experimental trends in this type of catalysis by our
reactive MD simulations, putting us in a good position to
explore new approaches for further catalytic optimization, for
example, the control of particle size, shape, “promotor” or
“poisoning” additives, and so forth,”’ = physical attributes of
catalytically active NPs that are known to greatly influence
reactivity. The fundamental origin of these variations in
reactivity are currently poorly understood. Pan et al.*° review
attempts to understand the nature of the specific active sites
that are presumably the origin of this variability of catalytic
reactivity,”’* physical attributes of catalytically active NPs
that are known to greatly influence reactivity. There are many
physical aspects of heterogeneous catalysis using nanoparticles
that require further significant research to optimize reactivity
and the economic viability of this approach to the large-scale
remediation of plastic waste materials to make polymers a
renewable resource.

In the present work, we focus on a computational model for
the depolymerization polyethylene (PE) using Pt NP
supported by a graphene oxide substrate using reactive MD
simulations. In doing so, we first contrast the depolymerization
of PE with and without the Pt NP and demonstrate that the Pt
NP is effective in catalyzing the depolymerization to form
shorter chains. We next evaluate the average number of carbon
atoms in each chain over the reaction time and establish a
kinetic model from which we obtain the reaction rate for both
PE with and without Pt NP. Because the reaction rates obey an
Arrhenius relation, we can estimate the activation energy for
depolymerization and show the reduction of the energy with
the presence of the catalyst.
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2. MODELING AND SIMULATION

Our results are based on the atomistic MD simulations of
polyethylene and platinum nanoparticles supported by
graphene-oxide. We use a reactive force field (ReaxFF),** in
which the bond order is instantaneously dependent on the
local atomic environment, and it is parametrized using the
electronic structure methods. This force field can describe the
energetics along the reaction path, allowing for the modeling of
chemical reactions. In particular, we utilize ReaxFF for Pt/C/
O/H?>>%¢ implemented in LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator).”” Our simulations are
performed within the canonical ensemble (NVT) with T
ranging from 1900 to 2400 K and density 0.63 g/cm? excluding
Pt. Although these temperatures are significantly higher than
those used in experiments, it is a common practice in
computational studies to use higher temperatures to allow
for reactions to occur in accessible computational time scale on
the order of a few nanoseconds®® ™" and still provides insight
into the catalytic reactions from a molecular level. Previous
work*"** have shown that despite higher temperatures used in
simulations, the estimated activation energy from simulations
is similar to that from experiments and the results we shall
show support this trend. In general, the ReaxFF method
provides a reasonable trade-off between computationally more
expensive quantum methods and less realistic coarse-grained
methods. That said, it is still computationally prohibitive to
simulate the chemical reaction for macromolecules at temper-
atures close to experimental conditions using ReaxFF.
Moreover, our study more focuses on contrasting the relative
performance of polyethylene with and without platinum
nanoparticles rather than the absolute degree of depolymeriza-
tion at various temperatures. Previously, this reactive force field
has been successfully used to simulate the catalytic reaction of
combustion,**** fuel decomposition,” and pyrolysis,*>*' with
accuracy comparable to that from the electronic structure
method. For more details on this force field, Senftle et al.**
reviewed the recent development and application of ReaxFF.

In each simulation, we use 40 polyethylene molecules, each
consisting of 30 monomers (CgH,y,). For the simulations
with the catalysts, the Pt NP is supported by graphene oxide.
We also performed catalytic simulations of polyethylene
without graphene oxide to contrast its (lack of) influence on
the reaction. In simulations with the catalyst, we use Pt NP
that are on the order of 2 nm. We performed at least three
independent molecular configurations for each set of
simulations to obtain better averages. We show a representa-
tive simulation snapshot for truncated octahedron NP with
polyethylene in Figure 1.

3. RESULTS AND DISCUSSION

We first demonstrate the ability of the reactive MD approach
to reproduce the catalytic effect of a Pt NP on the
decomposition of polyethylene. Figure 2 shows the percentage
of polyethylene that no longer retains its original chain length
as a function of time at T = 2200 K. We observe that in the
presence of a Pt NP, PE decomposes faster to shorter alkanes
than simple thermal degradation of pure polyethylene (black
curve), indicated by the higher conversion percentage of the
catalytic system (red curve). Polyethylene with a Pt NP, but
without graphene oxide (green curve), shows a similar
conversion rate compared to the case of PE with the Pt NP
alone. This result is in contrast to the catalytic fuel
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Figure 1. A simulation snapshot of polyethylene molecules with a
platinum nanoparticle supported on graphene oxide. Only two
representative PE chains are rendered as the ball-and-stick model, and
the rest are rendered as translucent wireframe molecules for visual

clarity.
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Figure 2. Percentage of the original polyethylene chains converted to
shorter chains at T = 2200 K. Each curve data are averaged over at
least two molecular trajectories.

decomposition using graphene-supported Pt NPs,” where
graphene oxide enhances the reaction rate. The difference
might be due to the higher molecular mass and density of
hydrocarbons used in our simulations. Specifically, both the
longer polymer chains and higher density significantly lower
molecular mobility, resulting in the slower turnover rate for the
polymers near the Pt surface. Additionally, considering one of
the main purposes of the supporting substrate is to decrease

the change of NP aggregation, and because we eliminate the
possibility of NP aggregation by using single NP in our
simulations, it is reasonable to see that simulations either with
or without graphene oxide shows the same PE conversion
percentage. We also examine the conversion rate for other NP
shapes, such as square pyramid and cube, and we do not find
statistically significant differences between them, presumably a
result of the high temperature used in our simulations.

Having demonstrated the effectiveness of Pt NPs to facilitate
the decomposition of polyethylene, we next examine the time
evolution of the average molecule size of the decomposed PE
at various T in Figure 3. Specifically, we evaluate the ensemble-
averaged number of carbon atoms (average carbon number) in
each polyethylene molecule as a function of time, as shown in
Figure 3. Consistent with the PE conversion percentage shown
in Figure 2, the average carbon number decreases significantly
over time in the presence of Pt NP (Figure 3a). As for the
temperature dependence of the average carbon number shown
in Figure 3b, we see that the average carbon number decreases
more significantly over time as T increases. Although it would
be ideal if we could simulate the catalytic reaction of
polyethylene at a lower temperature to avoid the complicating
influence of pyrolysis, we are constrained by the fact that below
T = 1800 K, polyethylene does not depolymerize with or
without a catalyst in the accessible timescale. Nevertheless, our
results show the improved depolymerization of polyethylene
with a catalyst. Having shown the time dependence of the
average carbon number, we next utilize this information to
establish a kinetic model to describe the rate constant of the
depolymerization process.

3.1. Reaction Kinetic Model. The catalytic reaction of the
depolymerization of PE is assumed to be a zero-order reaction
because of the attractive interaction between PE and Pt NP,
and the surface of Pt NP is typically saturated with polymer
chains. The reaction rate Y., is approximately estimated
from the change of the number of polymer chains with time ¢,

dN(t) _
dt - ydepoly

(1)

where N is the number of molecules, and y4e is the rate of
depolymerization (or the rate of C—C bond breakage). ¥gepoy
is a constant, and it is only dependent on the fraction of Pt in
the system. By the integration of eq 2 over time, we obtain
N(t) = Ny + Ygepoly t, where Ny is the initial number of polymer
chains. The average number of carbons per chain M, as a
function of time ¢ is expressed as

Carbon number per chain
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Figure 3. (a) Comparison between the decomposition of pure PE and depolymerization using Pt NP at T = 2200 K. (b) Time dependence of the
average carbon numbers per chain for various temperatures T ranging from 1900 to 2400 K. The presence of Pt NPs significantly facilitates the

depolymerization of PE. The smooth curves are the fits using eq 2.
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NM,(0)

<Mc(t)> = N+ ¢

@)

We use eq 2 to fit the time evolution of the average carbon
number of PE chains, as shown in Figure 3b, from which we
obtain the rate of depolymerization y4y,0, as a fitting
parameter. Because the mass of Pt nanoparticles remains the
same for all simulations considered, the rate of depolymeriza-
tion Ygepoly 18 proportional to the reaction rate constant k (or
Ydepoly = mpek). Using this method, we obtain rate constants k
for all temperatures and systems considered and plot this
quantity against the inverse temperature 1/T in Figure 4.
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Figure 4. Rate constant k as a function of inverse temperature (1000/
T). The “crossover temperature” or “isokinetic temperature” for the
two Arrhenius curves is near 2500 K, where In A = 40.42 with Pt and
In A = 49.03 for pure PE.

The Arrhenius plot in Figure 4 shows that the presence of Pt
NP facilitates the catalytic reactions lowering the activation
energy. To quantify the activation energy, we fit the rate
constant in Figure 4 using the Arrhenius equation,

a

E
Ink=InA —
RT

where A is the prefactor, E, is the activation energy, and R is
the gas constant. We find that the activation energies are
approximately 108.4 and 70.9 kcal/mol for the pure PE and PE
with Pt NPs, respectively. Evidently, the Pt NP lowers the
activation energy for breaking down PE. In comparison, the
effective activation energy of PE pyrolysis in experiments is
estimated to be 89 kcal/mol for low-density polyethylene
(LDPE), while the catalytic activation energy is approximately
80 kcal/mol,* although zeolite is used as the catalyst. Thus,
our simulation estimates are consistent with those of
experiments. Moreover, we do not observe a significant degree
of adsorption of hydrogen atoms onto the catalyst surface that
would result in a reduction in the reactivity. This is consistent
with the reaction kinetic model, which assumes that poly-
ethylene is always in contact with the catalyst; the reaction rate
(Figure 3b) is well-described using this model. Experiments
also find that the degradation of the catalyst is minimal."?

3.2. Reaction Product Analysis. Having quantified the
activation energy for the reaction, we next examine the
composition and mass distribution of reaction products. We
group hydrocarbon products into several intervals based on the
number of carbon atoms in the molecule for all cases studied
and evaluate the ensemble average for the mass fraction of
molecules in each carbon number interval shown in Figure 5.
This carbon number distributions are evaluated at the same
simulation time (0.8 ns) across all cases. It should be noted
that the mass fraction here only accounts for the fraction of
carbon atoms in each interval among all carbon atoms in the
simulation. In other words, hydrogen, platinum, and oxygen
atoms are not considered in the mass fraction.

Figure Sa shows the carbon mass fraction for each group at
various temperatures in the case of pure PE. At the lowest T
considered (T = 2000 K), nearly all PE chains fall in the Cj;-
Cgo category, meaning almost no pyrolysis reactions occurred.
We also see that, within each carbon group, the mass fraction
increases with increasing temperature, except for the highest
carbon group Cs;-Cg,. This is expected because the degree of

(©) pyrolysis increases with increasing T. Furthermore, because
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Figure S. Distribution of the mass fraction of reaction products for pure PE (a) and Pt with PE (b). (c) The difference between the mass fraction of

Pt + PE and only PE.
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pure PE only has a somewhat mild degree of pyrolysis overall,
the mass fraction in the Cj-Cg, category has the highest
weight fraction (the initial carbon number for each chain is Cy
before the reaction). With the addition of Pt NPs (Figure Sb),
the depolymerization of PE increases significantly with the
increasing carbon mass fractions in the lower range category
compared to the case shown in Figure Sa.

At higher T, we find that the mass fraction is generally
higher at lower carbon number groups (Figure Sb) because the
catalytic behavior of Pt NPs and pyrolysis in tandem further
enhance depolymerization, especially the pyrolysis, which has
the tendency to breakdown PE into smaller and nonuniformly
distributed hydrocarbons."”* In contrast, at lower temper-
atures, the mass fraction distributions over all carbon intervals
have a peak, indicating the Pt NP is selective on the product
molecular mass and that selectivity depends on T (Figure Sb).
Another way to quantify these effects is through taking the
difference between the mass fraction of PE with Pt and PE only
in Figure Sa,b, and the result is shown in Figure Sc. The
presence of Pt NPs selectively produces a certain range of
hydrocarbons depending on T. For example, at T = 2200 K
(orange bar), the mass fraction difference peaks in the C;;-Cy
range.

To further examine the potential effects of the supporting
substrate graphene oxide, we next consider the volatile content
of the reaction. Specifically, we study the fraction of hydrogen
molecules for various T in all cases studied in Figure 6. The

0.12F T T T T ™
PE + Pt
[_H_] PE + Pt + graphene oxide
= 0.08F b
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=
oAl d
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Temperature T

1
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Figure 6. Hydrogen molecules in the reaction products at various T.
The H, fraction is evaluated from the ratio of H, molecules to all
hydrogen atoms in the system.

fraction of hydrogen molecules is evaluated as the fraction of
hydrogen atoms in hydrogen molecules among all hydrogen
atoms in the simulation. We find that as T increases, more H,
gas is generated, as expected because the Pt NP attracts and
removes hydrogen from the hydrocarbons during the catalytic
dehydrogenation process, and the adsorbed hydrogen atoms
“roam” on the Pt surface, forming hydrog;en molecules, and
subsequently desorb from the Pt surface.” Furthermore, we
find that simulations with graphene oxide yield more H, than
those without graphene oxide. It is thought that the migration
of hydrogen atoms to the graphene oxide surface facilitates the
desorption of H,.>”*%*" Indeed, the activation energy barrier
from density function theory calculations*>*” shows that the
energy barrier is estimated to be greater than 60 kcal/mol,
smaller than the activation energy for the depolymerization
estimated in this work. An experimental study of depolyme-
rization of PE by Pt NPs at lower T (280 °C) by Zhang et al."
indicated that alkylaromatic compounds are formed in the
products. While the aromatization of n-alkane by the Pt NPs
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results in H, gas, these reactions are favorable under the mild
conditions (“lower” temperature and ambient pressure), while
we only observe trace amounts of aromatic compounds in the
reactive depolymerization of PE in the presence of Pt NPs at
relatively high temperature.

4. CONCLUSIONS

One of the emerging methods for mitigating the plastic waste
problems is to use catalytic processes to breakdown the long
polymer chains of plastic molecules, such as PE, into smaller,
more valuable oligomers and small molecules. In this work, we
use reactive MD simulations to model the catalytic chemical
conversion of PE using Pt NPs. Specifically, we combine PE
molecules with the catalyst, Pt NP supported by graphene
oxide, and confirm that the simulations can capture a catalytic
effect that facilitates the hydrogenolysis reaction. We also
evaluate the activation energy of both the catalytic reaction and
PE pyrolysis and find that the activation energy is indeed lower
for the catalytic reaction as expected. Furthermore, we show
the selectively in the molecular mass distribution of the
catalytic reaction products. While using Pt NP to catalyze the
hydrogenolysis of PE has been shown experimentally, to our
knowledge, this work represents the first use of reactive
atomistic MD simulations to demonstrate this phenomenon
for PE. This work paves the road for further understanding the
dynamics of Pt NP under the catalytic conditions and the
detailed reaction mechanism. This computational model is
well-suited for large-scale exploration in the design space of
various sizes and spacing of NPs to find the optimal
configuration for the desired composition of the reaction
products. We anticipate that this computational methodology
will be a useful tool in the design and characterization of new
catalysts when combined with experiments.
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