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ABSTRACT: This work describes the use of CO2 plasma as an active directing
agent toward high-density polyethylene (HDPE) decomposition to synthetic fuels.
We present for the first time the possibility of taking advantage of the electric field
when using perovskites, a material responsive to such types of electrical
inducement. Perovskites are observed to provide control of the reactive species
by increasing the adsorption of the plasma-polarized CO2 due to their polar
crystallographic unit cell that can generate an electric polarization modulated by
the external electric field. Moreover, the plasma exposure charges the perovskite
surface, and the accumulation of electrons promotes the generation of oxygen
vacancies and thus a high conversion of CO2. The perovskite then leads to an
improved intensity of the plasma-generated species prone to initiating HDPE decomposition such as O atoms and CO. This plasma-
generated initiator directs random scissions, resulting in condensates that have the potential to be used as synthetic fuels as our
product stream contains C5−C11 hydrocarbons similar to naphtha, which can be blended into gasoline; C9−C20 hydrocarbons with
higher cetane numbers, similar to diesel; and C20+ waxes, which can also be converted into alternative fuel diesel through
hydrocracking. We expect this work to initiate the development of tailored materials responsive to electric fields for important
sustainable applications, where CO2 might play an important role.

1. INTRODUCTION
Carbon dioxide is a major air pollutant released into the
Earth’s atmosphere by the combustion of fossil fuels and is an
unavoidable byproduct of a carbon-based economy.1,2 It
contributes to global warming, ocean acidification, and loss
of coastal habitat.3 Future strategies to combat global warming
must focus on energy security while reducing greenhouse-gas
emissions.4 Because greenhouse gases have a cumulative e!ect,
a simple reduction in CO2 emissions will not su"ce. Rather, an
active removal of CO2 and new utilization pathways are
potentially required.5
Another important source of environmental contamination

in recent years includes plastics. The use of plastics has
increased dramatically and is expected to surge. Plastics are
common synthetic polymers extensively employed in industrial
sectors and commercial goods.6 Plastics are composed of a
carbon backbone with repeating subunits. Di!erent types of
plastics are divided based on their application, such as the
family of polyolefins, consisting of polyethylene (high-density
polyethylene, HDPE), low-density polyethylene (LDPE), and
polypropylene (PP). Based on a 2017 report, out of 6300 Mt
of generated plastic waste, 79% was disposed of in landfills,
around 9% was recycled, and the remaining 12% was
incinerated. Moreover, considering the current production
trend, approximately 12,000 Mt of plastic waste will end up in
landfills by 2050.7 The accumulation of plastics has resulted in
detrimental environmental e!ects,8 with important negative
impacts on marine life.9 It is then essential to find a sustainable
route to an e"cient plastic deconstruction process. Plastic

products made from HDPE are highly convenient due to their
versatility, lightweight, and low price. As a result, their use has
increased by 20-fold in the past 60 years and has resulted in a
corresponding increase of waste.10 In terms of environmental
impact, the EPA (U.S. Environmental Protection Agency)
estimates that the global carbon footprint of plastic waste is
somewhere between 100 and 300 million tonnes of CO2
equivalent. To put those figures into context, the plastic
waste carbon footprint is equivalent to the carbon emissions of
21−63 million cars driven for one year.11 Specifically,
municipal plastic waste (MPW) comprises a mixture of
thermoplastics (high- and low-density polyethylene, HDPE
and LDPE; polypropylene, PP; polystyrene, PS; and poly-
(ethylene terephthalate), PET). Currently, there is a critical
need to explore alternative routes for repurposing commodity
plastics such as HDPE due to its ubiquity, as it is used in water
bottles, piping, milk jugs, and many other common goods.
Intensive e!orts have been made to recycle HDPE plastic
waste. In fact, the current dominant technology for HDPE
reprocessing is mechanical recycling, which has been
commercialized successfully.12 However, the global recycling
rate is not as high as needed to be environmentally and
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economically impactful.13 For example, the end-of-life
recycling rate of PE plastic wastes in the United States is
only around 9%.14 The main reason for this low percentage is
the limited use of HDPE recycled plastic since it cannot be
used in its original applications.15−17 Therefore, novel
approaches that can generate high-value products are desired
to spur interest in the reuse of HDPE waste.
Advanced upcycling involves the transformation of waste

plastic into value-added products such as hydrogen, light
hydrocarbons, and monomers, which can be used either as
direct fuels for power generation or as intermediates for the
synthesis of chemicals. In fact, raw materials are responsible for
60−90% of the production costs of a chemical industry
process. Inexpensive feedstocks produced from chemical
recycling could enable a new pathway to lower the
manufacturing costs.18,19
Specifically, the popularity of HDPE is due to its malleability

(low melting point of around 130 °C), resistance to corrosion,
and a high strength-to-density ratio. Furthermore, looking at
the chemical structure of HDPE, (C2H4)n, its potential for
creating a variety of fuel products is clear since it is composed
of hydrogen and carbon.
Chemical upcycling has played a promising role in the

degradation of plastic waste in recent years.20−25 In this
respect, conventional thermal catalytic pyrolysis is a mature
technology with extensive literature, well-reported optimum
operating parameters,26−30 kinetic simulations,31−35 and
optimum operating conditions and product composition,
specifically to produce waxes, long-chain hydrocarbons, and
solid residues.36−39 Such intensive studies demonstrate that
pyrolysis can successfully convert HDPE waste into wax/
liquid/oil, although these products require further upgrading to
replace fossil fuels. The distribution of hydrocarbons in the wax
fraction from thermal pyrolysis makes it a low-quality product
due to the high viscosity and high boiling point temperature
range, which is not suitable to be used as a fuel without further
processing. Further, the high viscosity of the wax fraction
prevents its flow downstream and may cause blockages along
pipelines unless heated, therefore increasing operation costs.
Recently, the use of catalytic cold plasma-assisted decom-

position of HDPE has been reported as a promising alternative
for the enhanced production of ethylene at mild (pressure,
temperature, and power) conditions.40 Moreover, nonthermal
plasma is well-recognized as one of the feasible technologies
that can tailor the pyrolysis product selectivity.24,41 Non-
thermal plasma reactors are lightweight, o!er high automation,
excellent safety operation, and great potential for scale-up.42,43
More importantly, nonthermal plasma systems are operated
with an electricity source and, thereby, can be e"ciently
integrated with renewable sources such as wind and solar.
These integrated processes can be foreseen as a means for
chemical energy storage by using excess electricity from
renewable energy sources to produce chemicals from plastic
waste. In a plasma reactor, a vast number of excited and
dissociated species are generated, and by interaction with an
active surface, targeted products can be obtained.44,45 When
comparing the plasma pathway versus the pyrolysis and the
thermal catalytic pathway in terms of HDPE activation (chain
length reduction), the di!erences become evident. In the
conventional pyrolysis pathway, there is a random chain
scission during the carbocation mechanism,32,46,47 while in
catalytic pyrolysis, the β-scission step is dominant and
promotes the formation of smaller chains,47−49 which enhances

the formation of lighter compounds, i.e., increases the gas
yield. However, for the case of plasma catalysis, it has been
recently reported that reduced chain length hydrocarbons,
when employing a silica porous-based catalyst, result in the
e"cient synthesis of light compounds such as alcohols and
aldehydes.50 Hence, herein, we present the use of CO2 plasma
to aid with the production of synthetic fuels from HDPE by
random scission favored by the presence of a plasma enhancer.
Previous works have explored the plasma catalytic

decomposition of HDPE with nonthermal atmospheric DBD
plasma when employing an acid catalyst HZSM-5 zeolite,
which favored the formation of light or gaseous hydro-
carbons.51 This motivated us to pursue the understanding of
the product formation in a more homogeneous plasma
environment (radio frequency plasma) using a greenhouse
gas (GHG) CO2, a mild oxidant, by exploring various alkaline
earth metal perovskites (MgTiO3, CaTiO3, SrTiO3, BaTiO3)
as plasma enhancers. The main driving force behind using the
presented materials is the absence of acid sites, which has been
shown to produce high yields of liquid hydrocarbons.52 Also,
perovskites have a polar crystallographic unit cell (due to a
distorted dimensional structure in the bulk)53 and thus can
generate spontaneous, electric polarization, whose direction
can be modulated by an external electric field.54−56 Other
plasma-response-boosting properties include a high absorption
coe"cient, long-range ambipolar charge transport, low exciton-
binding energy, high dielectric constant, and ferroelectricity.
These properties could improve the perovskite interaction with
the RF plasma-generated polarized CO2 species, which could
improve the e"ciency of the CO2 dissociation reaction as the
plasma-generated species might be employed e"ciently by a
plasma-activated material.57,58 Chemical properties that make a
perovskite attractive for plasma-driven CO2 conversion include
their readiness to dissolve hydrogen, which can ease
reducibility, resulting in improved catalyst lifetime;59 high
chemical stability; high oxygen mobility, which is important in
reducing carbon deposition;60 and a porous crystalline
structure accessible for guest molecule di!usion. Moreover,
as plasma exposure charges a solid dielectric surface, in
perovskites, the accumulation of electrons on the surface could
lead to oxide reduction, generation of oxygen vacancies, and
thus a high reduction of CO2.61 Hence, our major focus in this
work is to experimentally investigate the evolution of
condensates formed during plasma CO2-mediated HDPE
decomposition and further apply predictive models (artificial
neural networks) to verify combustion properties. The
investigations into synthetic fuel (liquid fraction) using
alternative electrified methods are presently critical as a
major strategy to mitigate anthropogenic CO2 emissions.62
Interestingly, one of the common applications of the presented
work is the synthesis of sustainable aviation fuel,63 where the
presence of aromatic compounds (aromatic range 8−25%)64 is
critical. The importance of chemical upcycling has already
been highlighted. This work presents the utilization of CO2, a
major GHG, toward HDPE decomposition with low-temper-
ature plasma processing for promoting carbon circularity65 by
reducing the carbon footprint and thus having a positive
impact on climate change.66 It presents the use of a material
that can uniquely take advantage of the plasma environment,
helping us set the initial steps to address the question about the
use of the same traditional materials employed in thermal
catalysis to be applied in plasma catalytic processes.
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2. EXPERIMENTAL SECTION
2.1. Materials. Pure HDPE pellets were purchased from

Sigma-Aldrich, with melt index 12 g/10 min (190 °C/2.16 kg)
and CAS number 427985. The employed catalysts were
purchased from Alfa Aesar and ACROS Organics: MgTiO3
(Alfa Aesar, 11 398, magnesium titanium oxide, 99% (metal
basis)), CaTiO3 (Alfa Aesar, 11 397, calcium titanium oxide,
99+% (metal basis)), SrTiO3 (Alfa Aesar, 11 399, strontium
titanium oxide, 99+% (metal basis)), and BaTiO3 (barium
titanate(IV), 99%, ACROS Organics).
The tailored CaTiO3 samples were synthesized by a

hydrothermal method adapted from elsewhere.67 Briefly,
calcium nitrate (Ca(NO3)2·4H2O) (2.362 g) was dissolved
in 50 mL of water in a beaker and continuously stirred at 25
°C. 3.4 mL of tetrabutyl titanate (Ti(C4H9O)4) was added
dropwise into the solution under vigorous stirring, proceeded
by the minor addition of NaOH (0.6 g) for mineralization and
homogeneous crystal size.68 The mixture was stirred at 25 °C
for 1 h before being transferred to a Teflon-lined stainless steel
vessel with 30% headspace. Afterward, it was treated at 200 °C
for 24 h. After natural cooling, the precipitates were recovered
by centrifugation for 10 min at 5000 rpm, washed three times
with deionized water, and further dried under a vacuum at 90
°C for 12 h.
2.2. Perovskite Characterization. The employed cata-

lysts were degassed at 150 °C under a vacuum for 3 h for
commercial catalysts and 9 h of lab-synthesized catalysts.
Nitrogen physisorption isotherms were conducted at 77 K
(ASAP 2020 Plus, Micrometrics) to determine the Brunauer−
Emmett−Teller (BET) surface area and particle size (μm) for
fresh and plasma-exposed catalysts with nitrogen isotherms
(please see Table S1 and Figures S1−S2). The average crystal
size for MgTiO3 and SrTiO3 showed a slight increase for the
spent catalysts as compared with the fresh catalysts. However,
a smaller decrease was observed in the cases of CaTiO3 and
BaTiO3. The commercial and tailored perovskites were
characterized by powder X-ray di!raction (XRD), with a
Bruker Discovery D8 HR-XRD, with the Cu Kα radiation (λ =
1.54 Å) ranging from 10 to 90° angles for confirming the XRD
pattern on the employed catalyst. The scale for intensity (au)
was homogenized for all of the employed catalysts for
determining their accurate crystallinity (see Supporting
Information Figure S3). The morphology of the catalysts was
characterized via scanning electron microscopy (SEM) by
using a TESCAN Vega3 SEM. The SEM images were collected
at an accelerating voltage of 10 kV (please see fresh catalyst in
Figure 1 and spent catalyst in Figure S4).
2.3. CO2 Plasma HDPE Decomposition Setup. The

experiments were performed in an in-house-built RF plasma
reactor (see Figure 2(a)). The reaction was carried out using
CO2 (Airgas, 99.99%) at di!erent flow rates ranging from 5 to
100 sccm; the reaction chamber was fed using a mass flow
controller (MFC). The plasma was generated using an RF
power supply with a Matching Network from Seren IPS, Inc.
The typical reaction plasma power, pressure, and temperature
were 150 W, 0.3 Torr, and 250 °C, respectively, consistent for
all experiments. The mentioned parameters were selected
based on a preliminary experimental study to achieve the lower
input to carry out the decomposition reaction for the presented
setup. The vacuum was maintained using an Edwards Dry
scroll pump (nXDS6i). The plasma excitation was initiated
when the furnace reached the desired temperature. The mass

of the HDPE and perovskite loaded was 1 g each, consistent
for all reactions. In this study, two di!erent stage setups were
constructed for plasma catalytic HDPE decomposition. In the
first one, di!erent perovskites with HDPE were loaded into
soda-lime glass pipettes plugged with glass wool (see Figure
2(b)); in an alternative setup, di!erent perovskites and HDPE
were packed in a porcelain combustion boat (see Figure 2(c)).
The vacuum pump’s exit was connected to a series of
condensers (ice traps) for the collection of liquid condensates,
which were further quantified using an Agilent MSD 5975 MS
using MassHunter software. The CO2 conversions were
quantified during the reaction using an online Agilent 8860
A GC connected with an HP-PLOTU column (30 m × 0.32
mm × 10 μm) and hydrogen as the carrier gas. All experiments
were repeated in triplicates. All-important plasma species were
analyzed using optical emission spectroscopy (OES), the light
emitted from the discharge was led through an optical system,
and the emission spectra of the glow region were measured at
the center of the tube, where the reaction was taking place
(perovskite + HDPE). The measurements were recorded by
using a dual-channel ultraviolet−visible−nearinfrared (UV−
vis-NIR) spectrophotometer in the scope mode (Avantes Inc.,
USB2000 Series). The spectral range was from 200 to 1100
nm, using a line grating of 600 lines/mm and a resolution of
0.4 nm. A bifurcated fiber optic cable of 400 μm was employed.
Based on the optimum spectroscopy collection, the integration
time was set at 5 s with 100 averaging on AvaSoft software,
consistent with our previous works.69

2.4. Fuel Property Predictions. Computational ap-
proaches have been used extensively to predict molecular
properties, including those related to fuels and combustion.
Ignition properties, such as cetane number (CN), were initially
predicted through linear or nonlinear models for di!erent
molecular classes.70 However, the accuracy and applicability of
these models have been quickly surpassed by approaches based
on machine learning, especially those that employ artificial

Figure 1. SEM images of fresh (pristine) commercial perovskites
employed in this study: (a) MgTiO3, (b) CaTiO3, (c) SrTiO3, and
(d) BaTiO3.
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neural networks (ANNs).71 Inputs for such models can include
physical properties, spectroscopy, and functional groups.72−74

An e!ective approach includes the use of quantitative
structure−property relationship (QSPR) descriptors as inputs
for molecules of interest. QSPR descriptors are quantifiable
characteristics used to describe various chemical and physical
properties of a given compound, such as molecular weight, the
number of carbon atoms, and the frequency of rings for a given
compound. The approach has been used to predict the CN,75
the yield sooting index (YSI),76 the flash point,70 kinematic
viscosity (KV),77 and cloud point (CP)78 of individual species.
Models that leverage machine learning techniques have used

di!erent approaches, including artificial neural networks
(ANNs), graph neural networks (GNNs), and convolutional
neural networks.79−81 GNNs are generally more interpretable
with respect to input-target relationships, while ANNs typically
have a higher degree of accuracy. The ANN-based approach
presented here has been detailed in several previous
publications, including data preprocessing, QSPR descriptor
generation, QSPR descriptor downselection, and ANN train-
ing.82,83
Predictive models can be used in series with known

equations to model the behavior of multicomponent blends
during combustion. While properties like CN, LHV, and YSI
are proportionally linear with respect to the volume fractions of
the individual components, KV and CP are shown to be
inversely logarithmic and inversely exponential, respectively,
with respect to volume fraction. The specific equations used, as
well as an outline of the overall predictive pipeline, are
available in a previously published work.84

3. RESULTS AND DISCUSSION
3.1. Plasma Catalytic Performance. Figure 3 shows the

CO2 conversion as a function of time. The CO2 conversions

were calculated using eq 1; prior to experimental data
collection, the CO2 calibration curve was developed to
quantify the unknown flow rates (sccm).

◊CO conversion (%)
CO (inlet) CO (outlet)

CO (inlet)
100

(%)

2

2 2

2

(1)

It is evident that CO2 plasma activation is very e!ective to
promote the degradation reaction of HDPE. In all cases, we
could observe a CO2 conversion above 70%. While the plasma-
only system achieves the lowest conversion, it is not far behind
that of the perovskite systems. To analyze the impact of the

Figure 2. (a) RF plasma HDPE decomposition schematics, (b) stage setup with HDPE and catalyst packed inside a glass capillary, and (c) stage
setup with HDPE and catalyst packed on a combustion boat.

Figure 3. CO2 conversion as a function of time for plasma-only and
di!erent perovskites at a total flow rate of 10 sccm, pressure of 0.3
Torr, plasma power of 150 W, and temperature of 250 °C.
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plasma-activated materials, it is important to look further into
the product distribution of the condensates.85−90

Table 1 shows the main products obtained from the analysis
of condensates during plasma decomposition of HDPE when
commercial alkaline earth perovskites. For a systematic
analysis, the products obtained from the plasma decomposition
of HDPE were grouped as medium fraction (containing C5−
C9) and diesel/fuel fraction (containing C10+ hydro-
carbons).92−99

3.2. Time-Resolved Product Analysis. We performed
the HDPE decomposition under a CO2 plasma environment
using di!erent alkaline earth commercial perovskites including

MgTiO3, CaTiO3, SrTiO3, and BaTiO3 at di!erent reaction
times, i.e., 30, 60, 90, and 240 min (see Figure 4). For
comparison, we performed the plasma-only reaction or the
reaction in the absence of perovskites. From the gas
chromatography−mass spectrometry (GC−MS) analysis of
the liquid sample as a general trend, we observed that the
generation of most of the products was seen to increase in the
presence of the perovskites compared with plasma only.
Interestingly, when using a perovskite, the formation of all
products except for nonadecane (C19H40) showed higher
values at a longer time (240 min).100−105 Furthermore, it is
possible to observe that our presented route generates straight-

Table 1. Liquid Condensate Product Analysis via GC-MS

^Applications represent the utilization of the presented liquid condensate reported in the literature. #ref. represents the citations for applications
and liquid condensate reported in the literature.
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chain hydrocarbons, which can be further processed into diesel
via hydrocracking reactions.106 The higher yield observed for
straight chains could be due to the interaction of the
intermediaries with the electric field and the polarized
perovskite, thus enhancing the stabilization of the charged
species.107 Specifically, synthetic fuel can be produced from the

current product streams generated, comprising C5−C11

naphtha, which can be blended into gasoline; C9−C20 diesel,
which has a high cetane number; and C20+ waxes, which can
also be converted into diesel through hydrocracking.
Interestingly, the mixture obtained shows the presence of

Figure 4. Time-resolved kinetic analysis on HDPE decomposition with various commercial perovskites: MgTiO3, CaTiO3, SrTiO3, and BaTiO3.
Compounds listed are (a) 2-methyl-octane, (b) 2-ethyl-1,4-dimethyl-benzene, (c) naphthalene, (d) dodecane, (e) 2,3,6-trimethyl-decane, (f)
tetradecane, (g) 2,4-di-tert-butylphenol, (h) tetracosane, (i) 9-methyl-nonadecane, and (j) nonadecane.
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benzene, which could possibly influence the octane number
and performance characteristics of a fuel.108
Moreover, when looking at the plasma-only results (Figure

S5, Supporting Information), it is possible to observe that the
decomposition of HDPE is doable; however, it benefits by the
presence of the perovskite. Specifically, a maximum enhance-
ment in the production of C9 compounds of approximately 5.6
times more is observed for the tailored CaTiO3 perovskite
compared with only plasma.
3.3. E!ect of Residence Time. Considering the

remarkable behavior of CaTiO3 toward the production of
important chemicals such as 2-methyl-octane, along with the
availability and lower cost of Ca-based catalysts, we performed
a detailed analysis at di!erent flow rates, i.e., 5, 10, 15, 20, 50,
and 100 scm, at a fixed time of 60 min. For this purpose, we
employed commercial CaTiO3 and CaTiO3 tailored or
synthesized in our lab. It should be noted that the commercial
sample has a BET surface area of 4.95 m2/g, while the tailored
sample shows a BET surface area of 17.51 m2/g, which is
approximately 3.6 times higher than the commercial perov-
skite. Interestingly, at high flow rates, i.e., 50 sccm, the tailored
CaTiO3 perovskite outperforms the commercial one specifi-
cally for less than 12 carbon structures such as 2-methyl-
octane, 2-ethyl-1,4-dimethyl-benzene, dodecane, and 2,3,6-
trimethyl-decane. Values for these products increased at higher
flow rates, i.e., from 5 to 50 sccm. The increment for these

products (less than 12 carbons in the structure) from 5 sccm to
50 sccm was approximately 1.8 times for the tailored
perovskite. The commercial CaTiO3 perovskite with a lower
surface area performed the best at the low flow rate of 5 sscm
and for the production of long carbon chain products (C14+).
Specifically, the generation of products such as 2,4-di-tert-
butylphenol, tetradecane, tetracosane, 9-methyl-nonadecane,
and nonadecane was approximately 2 times higher at 5 sccm
than at 50 sccm. It should be noted that the tailored CaTiO3
has a larger surface area and leads to shorter chain products at
higher flow rates. It is evident from Figure 5(a,b) that the
product distribution is a!ected by both the residence time and
the surface area of the perovskite. The disparity in product
distribution with the aid of a catalyst has been widely reported
in the literature for thermal and plasma catalysis; please see
Table S2.

3.4. Analysis of Liquid Condensates. As shown in Table
1, most of the produced species have been observed in fuels
ranging from diesel to jet fuel. Properties relevant to
combustion systems for each of these species are given in
Table 2. Note that in the absence of literature-reported
experimental data, predictive models (see Section 2.4) are
employed to fill in data gaps. In order to better understand
how processing parameters (catalyst type and reaction time)
a!ect bulk properties, several key combustion properties are
then predicted for the blends outlined previously. As shown in

Figure 5. E!ect of the perovskite on product distribution for HDPE decomposition when employing (a) commercial vs (b) tailored perovskite
(CaTiO3) at various flow rates for 60 min of reaction time.

Table 2. Experimental and Predicted Combustion Properties for Species Present in Liquid Condensatesa

s. no. compound CN (−) LHV (MJ/kg) YSI (−) KV (cSt)
1 2-methyl-octane 39.00 44.29b 57.09b 0.66
2 2-ethyl-1,4-dimethyl-benzene 3.51b 42.28b 376.90b 0.98b

3 naphthalene 22.00 43.83b 466.10 1.75b

4 dodecane 72.90 44.43b 71.70 1.55
5 2,3,6-trimethyl-decane 41.42b 44.47b 110.29b 1.47b

6 tetradecane 85.10 44.50b 85.31b 2.25
7 2,4-di-tert-butylphenol 8.71b 36.02b 468.53b 5.29b

8 tetracosane 89.84b 44.65b 193.72b 8.29b

9 9-methyl-nonadecane 67.50b 44.61b 154.53b 4.70b

10 nonadecane 110.0b 44.59b 125.32b 4.70
diesel fuel84 40−55 42.6 235−250 1.9−6.0

aKey - CN, cetane number; LHV, lower heating value; YSI, yield sooting index; KV: kinematic viscosity. bDenotes a predicted property; see
Section 2.4.
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Table S3, the inclusion of the catalyst consistently produces
blends with higher CN, high LHV, and lower YSI.
Furthermore, a comparison between commercial and tailored
catalysts is shown in Table 3. Predictive model errors,
determined by measuring the median absolute errors for
unseen test subsets, are expected to be within 5% of the
experimental values for all properties given the experimental
property ranges.
Based on the single-component data shown in Table 2, it is

evident that processes that favor the production of 2-ethyl-1,4-
dimethyl-benzene or 2,4-di-tert-butylphenol will ultimately be
less desirable as a diesel fuel due to their extremely low CN
and high YSI values. Conversely, processes that are biased
toward creating dodecane and nonadecane, compounds
already found in diesel fuel, have an advantage due to their
high CN and low YSI. Overall, however, the blends possess
favorable overall properties, clearing the baseline values for
CN, LHV, and YSI shown in Table 2. High CN mixtures are
favorable in blending scenarios since they can be used to raise

the CN of lower-quality fuels into the desired range while
improving the sooting propensity (lower YSI) without an
energy density penalty.

3.5. Mechanistic Insight. To understand better the
plasma gas phase, we performed emission spectra collection
(see Figure 6 and Table 4). Interestingly, the intensity of the
detected plasma species was observed to be higher when a
perovskite is placed inside the reaction chamber than in its
absence; this enhancement in the plasma-generated species is
due to the strong electric field-perovskite-CO2 plasma. Such an
improvement in the reactive species leads to a higher
production of condensates when a perovskite is in the reactor.
The decomposition of HDPE aided by the perovskite-

plasma e!ect can be explained by the carbocation rearrange-
ments, which are common in organic chemistry. They are
defined as the movement of any cation containing an even
number of electrons, in which a significant portion of the
positive charge resides on a carbon atom, from an unstable
state to a more stable state through various structural

Table 3. Properties Obtained with Commercial vs Tailored Catalysts (Constant Reaction Time of 60 min)a

commercial CaTiO3 tailored CaTiO3

flow rate
(sccm)

predicted
CN

predicted LHV
(MJ/kg)

predicted
YSI

predicted KV
(cSt)

predicted
CN

predicted LHV
(MJ/kg)

predicted
YSI

predicted KV
(cSt)

5 53.50 42.45 205.65 2.37 50.05 42.64 190.70 1.91
10 52.01 42.77 190.67 2.00 49.20 42.98 173.19 1.64
15 51.53 42.86 185.99 1.90 48.98 43.10 168.34 1.56
20 50.52 43.07 175.80 1.70 48.37 43.24 157.98 1.44
50 49.99 43.29 167.64 1.59 47.53 43.57 145.23 1.28

aKey - CN, cetane number; LHV, lower heating value; YSI, yield sooting index; KV, kinematic viscosity.

Figure 6. Emission spectra collected during plasma HDPE decomposition for all perovskites (MgTiO3, CaTiO3, SrTiO3, BaTiO3) and plasma only
at a 10 sccm flow rate of CO2; (a) main spectra from 200 to 900 nm; (b) major peaks of important plasma species (CO, CO2) from 250 to 400 nm;
(c) major peaks of important plasma species (CO, CO2, CH) from 400 to 600 nm; (d) individual peak for the CH band (431.4 nm); (e) individual
peak for the Hα band (656.3 nm); and (f) individual peak for molecular oxygen bands (777 and 844 nm).
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reorganizational “shifts” within the molecule. Once rearranged,
the resultant carbocation will react further to form a final
product that has a di!erent alkyl skeleton than the starting
material. Our starting hypothesis is that the plasma-generated
radicals (CO and O) observed in the OES analysis will initiate
the HDPE attack, and the chain rupture will lead to
carbocation rearrangements within the newly created sections
of the polymer and result in medium-size hydrocarbon chains
(shorter than the mother HDPE chain). Moreover, the
employed materials are considered paraelectric perov-
skites.120,121 A paraelectric material becomes polarized under
an applied electric field, and it loses the polarization when the
electric field is removed. In this case, such polarization can help
enhance the interaction of the perovskite surface with the polar
CO2. Moreover, looking at the chemical nature of the
perovskite employed, i.e., CaTiO3, Ca shows the highest
CO2 adsorption of the alkaline earth metals.122
Hence, the enhanced activated species we observed can be

formed by the dissociation reaction of the CO2 adsorbed
species123−126 on the perovskite surface (CO2 (ads) → CO* +
O*). The improved interaction of the plasma-formed active
species with the perovskite polarized surface is evident from
the higher production of the main compounds in the
condensate with the tailored CaTiO3 that o!ers a higher
surface area. Furthermore, recently, density functional theory
(DFT) modeling has shown that accumulated surface charge

on di!erent surfaces increases the CO2 adsorption strength and
decreases the CO2 dissociation barrier.127
To observe experimentally the benefit of the perovskite, we

calculated the contribution of the perovskite by subtracting the
intensity of some selected species in the perovskite-plasma
system from the intensity of the plasma-only system (see
Figure 7). Interestingly, for the same catalyst and di!erent
stage setup, the intensity of plasma species was slightly lower in
the gas phase for a boat setup compared to the capillary setup,
which correlates directly with the experimental observations,
suggesting the involvement of these important plasma species
on the surface of perovskites, leading to better performance
(see Figure 7b). It is evident that the tailored CaTiO3
perovskite, with a higher surface area, improves the intensity
of the activated species (both CO and O), which we propose
as initiators of polymer decomposition by random scission that
led to linear hydrocarbons and aromatics. These are most
probably formed by secondary reactions such as hydrogen and
carbon transfer within intermediate alkenes, resulting in
rearranged hydrocarbon chains that can be used as plat-
forms/specialty chemicals or fuel. While much work still needs
to be done, this preliminary understanding can help set up the
basis for future studies using plasma-responsive materials such
as perovskites.

3.6. E!ect of Stage Setup. Based on the best perform-
ance, commercial and tailored CaTiO3 were employed for
studying the e!ect of stage setup on HDPE decomposition,
previously presented in Figure 2(b,c), at two di!erent flow
rates of 10 and 50 sccm. The boat setup exhibited a higher
amount of condensates compared to the capillary setup for
both commercial and tailored CaTiO3 (see Figure 8(a,b)). The
comparative analysis was also investigated on the gas phase
using optical emission spectroscopy. Interestingly, the gas
phase showed a lower intensity (au) for important plasma
species such as the CH band, Hα band, and O band for the
boat setup compared to the capillary setup, suggesting
increased activity on the perovskite surface, enhancing the
condensate yield (see Figures 7(b) and S6). When compared
to tailored vs commercial CaTiO3, it can be seen that the
tailored perovskite enhanced the yield for C13 and a lower
carbon number, and the higher catalytic performance for
tailored CaTiO3 can be observed due to the higher surface area
(m2/g). The higher catalytic performance of the tailored

Table 4. Important Species Detected during CO2 Plasma
HDPE Decomposition

species wavelength transition state refs
CO 283 b3∑+ → a3∏r (0,0) 109
CO2

+ 289 B3∑+u2∑+→ X2∏g 110,111
CO 297 b3∑+ → a3∏r (0,1) 110
CO2

+ 353.2 A2Π → X2Π 112
CH 431 A2Δ → X2Π 113
CO 451 B1∑ → a1∏ (0,0) 114
CO 484 B1∑ → a1∏ (0,1) 115
CO 519 B1∑ → a1∏ (0,2) 115
CO2 559 B1∑ → a1∏ (0,3) 115
Hα 656.3 Balmer series 3d2D → 2p2P0 116−119
O 777.5 3s5S0 → 3p5P 116,117

844.7 3s3S0 → 3p3P 116,117

Figure 7. Comparison of the intensity of selected plasma-generated species when employing (a) conducted for a capillary stage setup with
commercial vs tailored CaTiO3, (b) for capillary vs boat stage setup with tailored CaTiO3.
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material can be further supported by the XRD analysis, which
shows that the tailored CaTiO3 has a lower crystallinity leading
to plane defects on the perovskite structure that o!er more
active sites for reactions to occur (see Figure S3(b)). These
textural properties directly correlate with the e!ect of residence
time, as the di!erent stage setup o!ers enhancement toward
selective products, such as a lower residence time leading to a
high fraction of shorter chain carbon (C9−C13 products) and
a higher residence time leading to more long-chain carbon
(C14+ products).
3.7. Technology Maturity. To the best of our knowledge,

in comparison to conventional thermal pyrolysis, which occurs
at high temperatures (500−800 °C),91 the main advantage of
the presented work is the possible decomposition of HDPE at
a lower temperature (250 °C) compared to the thermal route.
(1) This, based on the literature, is generally favorable for
decomposing toxic gases from mixed plastic waste;128 and (2)
this mild energy process can limit the production of free
chlorine from HCl.128 An added advantage also is the use of a
material that can respond to an electric field, in this case, a
perovskite. A possible main disadvantage is the high electricity
requirement being RF plasma.128 However, it is important to
note that electron-mediated technologies (such as plasma) can
be turned on/o! instantly and are compatible with renewable
power sources, such as solar or wind, making this process
sustainable and economical when pairing with renewables for
carbon restoration.2 A particular advantage of the conversion
process developed in this research is the direct production of
molecules that possess favorable fuel properties. A common
drawback in biofuel production, whether using chemical or
biological approaches, is the need to conduct additional steps
(such as hydrogenation) to convert the molecules into more
suitable candidates. Herein, we presented a one-pot, low-
temperature, and fast process to upcycle HDPE. The presented
process can help set up the basis for future optimization for
scale-up and deployment when using novel materials
responsive to electric field disturbances. Currently, there is a
demand for technology maturity in association with plasma
decomposition; however, we are still in the very early stages.
Nevertheless, the capability of plasma is well-acknowledged by
the industry and scientific community.129

4. CONCLUSIONS
Herein, we present the possibility of taking advantage of CO2
plasma-generated species when perovskites are used, a material
responsive to electrical inducement. We demonstrated that
CO2 plasma degradation of HDPE leads to high CO2
conversions and is enhanced by the presence of perovskites,
which greatly a!ect the product distribution. We observed an
increase in the presence of plasma-activated species when the
perovskite is in the reaction chamber. The e!ect of the
perovskite led to an improved intensity of the species prone to
initiating the HDPE decomposition such as O atoms and CO.
These CO2 plasma-generated initiators direct random
scissions, resulting in condensates with potential use as
synthetic fuel since the product stream comprises C5−C11
naphtha, which can be blended into gasoline; C9−C20 diesel,
which has a high cetane number; and C20+ waxes, which can
also be converted into diesel through hydrocracking. We
expect this work to enable the development of tailored
materials that are responsive to electric fields.
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