
Compositional Analysis of Oxygenates and Hydrocarbons in Waste
and Virgin Polyolefin Pyrolysis Oils by Ultrahigh-Resolution Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry
Yannick Ureel, Martha L. Chacón-Patiño, Marvin Kusenberg, Anton Ginzburg, Ryan P. Rodgers,
Maarten K. Sabbe, and Kevin M. Van Geem*

Cite This: https://doi.org/10.1021/acs.energyfuels.4c03835 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The linear plastic lifecycle is unsustainable. Mechanical recycling of mixed plastic waste remains challenging, making
chemical recycling necessary. Polyolefins, the largest share of plastic waste, can be chemically recycled through thermal pyrolysis.
However, the impact of the feedstock type on pyrolysis oil composition remains unclear. Only very advanced analytical techniques
allow to assess the detailed composition of these oils, which is crucial to evaluate their economic potential. Therefore, in this work,
the hydrocarbon and oxygenate contents of three pyrolysis oils derived from postconsumer waste polyethylene, polypropylene,
mixed polyolefins, and virgin polyethylene are characterized by ultrahigh-resolution Fourier transform ion cyclotron resonance mass
spectrometry. Both positive-ion atmospheric-pressure photoionization and negative electrospray ionization were employed to
identify oxygenates and hydrocarbons. It was found that the presence of trace polymers, metals, and polymer defects in
postconsumer waste oils resulted in a higher fraction of complex polycyclic aromatic hydrocarbons compared to virgin pyrolysis oils.
Furthermore, clear sources of oxygenates (polymer additives, trace polymers, or organic residues) could be identified in all four
samples. Suspected thermal dissociation products of polymer additives such as Irganox 1010 and diethylhexyl phthalate (DEHP)
were observed, indicating the various reactions occurring upon pyrolysis of these complex blends. The fact that a variety of additive-
derived contaminants were found in pyrolysis oil from virgin polyolefins further indicates that pyrolysis oil contaminants do not
exclusively accumulate during the plastics’ lifetime but could potentially be limited on the manufacturing side. This unprecedented
level of molecular detail in the compositional analysis of plastic pyrolysis oils will aid in the development of improved recycling
strategies, which can help close the loop to a circularized lifecycle for polyolefin waste.

1. INTRODUCTION
Around 10% of all fossil hydrocarbons are used for the
production of plastics, corresponding to a production of 350
Mt annually.1,2 While plastics are an incredibly lightweight
versatile material, their end-of-life is a huge burden on the
environment.3,4 Globally, only 10% of the plastics in the world
are recycled, with 19% being incinerated for energy recovery,
and the majority ends up as landfill (49%) or is lost to the
environment (22%).5 This linear plastic economy results in
plastic pollution of the environment (e.g., the great Pacific
garbage patch), a huge emission of greenhouse gases, and the
need for fossil feedstocks to produce new polymers. By

transitioning from linear to a circular plastics economy, where
end-of-life polymers are recycled to new materials in a closed
loop, all three problems can be alleviated. While mechanical
recycling has the largest carbon avoidance potential of all
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recycling techniques, closed-loop recycling is challenging for
heterogeneous polymer mixtures. Especially for polyolefins
(polyethylene (PE) and polypropylene (PP)), closed-loop
mechanical recycling is unfeasible, even though this waste
stream accounts for 60% of plastic waste.6 Mechanical
recycling suffers from three fallbacks: thermomechanical
degradation, polymer immiscibility, and the presence of
additives and waste contaminants.6,7 Mechanical recycling
utilizes a principal thermoplastic character of the polymer,
where it is brought back to the molten state and subjected to
high shears during the reprocessing. This results in severe
thermomechanical chain degradation, which yields products
with deteriorated material properties. Furthermore, due to the
very similar density, separation of PE and PP fractions via
conventional sorting techniques such as sink-float separation is
nearly impossible. Furthermore, removal of all the polymer
additives present in the plastic waste is impossible with
conventional techniques, resulting in a recycled product of
inferior quality.8 Thus, a technique to improve the closed-loop
recycling rates of polyolefin waste is hence chemical recycling
in which the polymers are converted into chemical feedstocks,
which can subsequently be used to produce new virgin-grade
polymers. It is estimated that over 655 Mt CO2 annually can be
saved by chemical recycling of plastic waste compared to the
current plastic end-of-life, corresponding to 1.87 t CO2 per ton
of recycled plastic.6,9 However, of the global 9% of recycled
polymers, the majority are still mechanically recycled, while
chemical recycling is almost entirely absent in the current
recycling industry.1

Thermal or catalytic pyrolysis of waste plastics is one of the
most preferred options to recycle complex polyolefin waste
fractions.10−12 During thermal pyrolysis of plastic waste, the
plastics undergo cracking to produce pyrolysis oils. These oils
are subsequently refined downstream into plastic monomers
and other base chemicals through either steam or fluid catalytic
cracking.13−15 With catalytic pyrolysis, the aim is to promote
this cracking further either in situ or ex situ, to increase the
fraction of valuable products.16,17 The produced plastic
pyrolysis oils are a complex mixture of hydrocarbons, which
contain contaminants comprising nearly the whole periodic
system.18,19 These contaminants originate from polymer
additives, traces of nonpolyolefinic polymers due to imperfect
sorting, and organic waste accumulated during the lifetime of
the plastics. The presence of contaminants hampers down-
stream processing of plastic pyrolysis oils in the current
chemical industry.15,20 The heteroatoms present in the
pyrolysis oils can induce coking and reduce the carbon
efficiency in steam cracking and thermal pyrolysis. For
example, an excessive presence of nitrogen, halogens, or
metals will result in catalyst poisoning during fluid catalytic
cracking or other downstream catalytic processes.21,22 The
most abundant heteroatom in plastic pyrolysis oils is oxygen,
which originates from various plastic additives, ill-sorted
polymers, and organic residues.18,23 The oxygenates present
in the plastic pyrolysis oil can react further with the
hydrocarbon matrix resulting in various impurities upon
further chemical processing. Moreover, when steam cracking
the plastic pyrolysis oils, the oxygen present will primarily end
up under the form of carbon dioxide and carbon mon-
oxide.24,25 This production of carbon oxides decreases the
carbon efficiency of the steam cracker, creates issues in the
separation section, and thus makes the pyrolysis oil less
valuable for the chemical industry.

The prevention of impurities in the plastic waste starts by
thorough sorting and washing of the waste feed. The
postconsumer plastic waste runs through several sorting and
purification steps prior to recycling.3,26 This sorting comprises
the removal of glass, metals, and other foreign materials based
on size (sieves), magnetic properties (magnetic attraction or
induced magnetic repulsion), or optical properties (infrared
spectra).26 Subsequently, the polymers can be separated
further by various approaches based on gravity or optical
properties. As the density of polymers differs depending on the
polymer type (PP or PE, 900 kg m−3; PET or PVC, 1400 kg
m−3), a sink-float separation can be employed by using water.27

Furthermore, sorting based on infrared, ultraviolet, or X-rays is
a potential strategy to refine these polymer streams further and
reduce the fraction of contaminants. However, pure polyolefin
streams are currently not achievable by sorting. Next to these
mechanical strategies to improve the purity of the solid waste
feedstock, different potential chemical decontamination
methods of the obtained pyrolysis oil are known. For instance,
techniques such as hydrotreating, dehalogenation, and
membrane filtration exist today to decontaminate the
produced pyrolysis oils.28 Importantly, fundamental knowledge
of the molecular compositions of the plastic pyrolysis oil and
its contaminants is essential to determine the optimal
decontamination strategy.
Several analytical techniques have been employed to

examine the composition of plastic pyrolysis oils. Since these
oils primarily consist of hydrocarbons, much research has been
dedicated to elucidating the intricate hydrocarbon composition
within these complex mixtures.29,30 The hydrocarbon matrix
has been frequently investigated by one-dimensional gas
chromatography (1DGC) coupled to various detectors;
however, these techniques typically only allow identification
of low-molecular-mass compounds and lump C5+ species.

31 On
the other hand, two-dimensional comprehensive gas chroma-
tography (GC × GC) has become one of the most popular and
efficient methods to determine the hydrocarbon composition
of complex mixtures. Especially, GC × GC coupled to a flame
ionization detector (GC × GC-FID) is valuable as it allows a
quantification of the detected compounds facilitating the
determination of the PIONA (paraffins, isoparafins, olefins,
naphthenes, and aromatics) composition.18,29,30 These anal-
yses have shown the major differences between plastic
pyrolysis oils and conventional crude oil feedstocks as the
plastic oils have an increased fraction of (di)olefins and
aromatics and span a wider carbon range up to C80. Although
GC × GC-FID, especially equipped with reversed phase
columns, is highly powerful to characterize complex mixtures,
it still struggles with the detailed separation of the complex
heavy tail of pyrolysis oils.30 High-magnetic-field ultrahigh-
resolution mass spectrometry, known as Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS), can
complement GC × GC-FID analysis for plastic pyrolysis oils,
especially as it can analyze high-molecular-weight com-
pounds,32 assess species with a high heteroatom content,33,34

and differentiate between complex unsaturated hydrocar-
bons.35 In recent years, FT-ICR MS has already been used
for the analysis of plastic pyrolysis oils.36−44 However, these
studies focused on the hydrocarbon content of one mixed
plastic waste pyrolysis oil and less on heteroatom-containing
components.
Indeed, in addition to hydrocarbons, plastic waste pyrolysis

oils typically contain between 1 and 5 wt % of heteroatoms of
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which oxygen is the most prevalent.18,29,31 During pyrolysis,
these heteroatoms partly transfer into the pyrolysis oils. The
total amount of heteroatoms (i.e., hydrocarbon, carbon,
nitrogen, sulfur, and oxygen) can be tentatively quantified by
combustion elemental analysis. However, the detection of
oxygen via elemental analysis is challenging as the limit of
detection is as high as 1000 ppm for conventional methods.
Furthermore, to design upgrading techniques, next to the
absolute concentrations of heteroatoms, knowledge of the
detailed chemical form in which they are present is also
essential. For this purpose, GC × GC can be employed to
identify compounds with specific heteroatoms. By employing
GC × GC-TOF-MS, Toraman et al. characterized 2.3 wt %
oxygenated compounds in a plastic pyrolysis oil including
components with up to 17 carbon atoms.29 The majority of
oxygenates detected were phenols and ketones, especially for
smaller oxygenates with less than 8 carbon atoms. Additionally,
one-dimensional GC-MS can also be employed to quantify
oxygenates present in plastic pyrolysis oils despite being less
informative and accurate than two-dimensional comprehensive
GC × GC.31 Mass spectrometry without a prior GC separation
can further elucidate the composition of oxygenates present in
plastic pyrolysis oils. Here, FT-ICR MS has also been used to
investigate the molecular structure of oxygenates within
pyrolysis oils. Ware et al. investigated the composition of
one plastic pyrolysis oil and compared it to a biomass and
municipal waste oil.38,39 They identified oxygenated hydro-
carbons with up to four oxygens and a carbon number of 55 in
the plastic pyrolysis oil. Mase et al. employed three different
ionization methods to analyze the oxygen content of a mixed
plastic waste pyrolysis oil.36 They also predominantly observed
aromatics with one to four oxygen atoms. However, no clear
contaminant sources have been pinpointed, and only one type
of plastic waste pyrolysis oil was studied. This makes it unclear
how additives, organic waste, or other trace polymers influence
the composition and whether the composition is dependent on
the type of polymer.
In this work, the molecular composition of four different

plastic pyrolysis oils has been analyzed by ultrahigh-resolution
21 T FT-ICR MS. FT-ICR MS allows the determination of the
accurate molecular mass and assigns unique molecular
formulas to all ionized species within the pyrolysis oils with
a minimum carbon number of 13 and no limitations in the
heteroatom content. The four different plastic pyrolysis oils
were produced from three postconsumer waste samples
consisting of different polyolefins, i.e., PE, PP, and mixed
polyolefins (MPO). In addition to the three waste samples,
one pyrolysis oil produced from virgin LDPE has been
analyzed. Every sample has been analyzed with two different
ionization modes: positive-ion atmospheric-pressure photo-
ionization [(+)APPI] and negative electrospray ionization
[(−)ESI]. Each of these ionization modes promotes the
identification of different molecules present in the pyrolysis
oils.45 (+)APPI is excellent for the identification of the
hydrocarbon matrix, while (−)ESI ionizes mainly oxygenates
and acidic contaminants. While, (+)APPI has a lower
ionization selectivity for paraffinic species, no other ionization
techniques like positive-ion atmospheric-pressure chemical
ionization (+)APCI perform better in this regard with
postconsumer plastic waste pyrolysis oils.44 This is of no
concern as the paraffinic content of these pyrolysis oils is well-
characterized with GC methods. The combination of these two
ionization modes allows to paint a picture of the hydrocarbons

and oxygenates present in the four pyrolysis oils. Due to the
ultrahigh resolution of the applied 21T FT-ICR MS, we could
identify the molecular composition of the heavy fraction (C13+)
of the pyrolysis oils and its contaminants with an
unprecedented level of molecular detail.

2. MATERIALS AND METHODOLOGIES
2.1. Materials. Four different plastic pyrolysis oils were analyzed

throughout this work, including three postconsumer plastic pyrolysis
oils (PE, PP, and MPO) and one pyrolyzed virgin LDPE sample. The
three sorted postconsumer plastic waste pyrolysis oils were produced
in earlier work, where more details can be found.18 In short, the
original plastic waste samples were acquired from the recycling
company Ecoo (Belgium). The postconsumer PE stems from
polymers used in film applications, the PP sample is a mixture of
PP from rigid applications, and the MPO also comes from rigid
applications. These waste fractions accurately represent the sorted
outlet streams of a typical European plastic waste sorting plant, having
undergone authentic preprocessing procedures such as shredding,
washing, drying, and sorting. Due to imperfect sorting, the
investigated polyolefin blends comprise trace amounts of other
polymers and (in)organic residues that have accrued during the prior
utilization of these plastic materials. The virgin LDPE was a film-grade
LDPE LD 150 series grade (Exxonmobil) with a melt flow index of
0.75 (g/10 min at 190 °C/2.16 kg, ASTM D1238) and a density of
923 kg m−3 (ASTM D1505).
All plastic blends underwent thermal pyrolysis in a pilot-scale

pyrolysis unit. The pyrolysis process involved the utilization of an
extruder to introduce postconsumer waste into a heated continuously
stirred tank reactor (CSTR). The unit maintained a consistent feeding
rate of 1 kg/h, while the CSTR operated at 450 °C and atmospheric
pressure. It was confirmed that steady-state conditions were achieved
for all obtained pyrolysis oils. Further information regarding the pilot-
scale pyrolysis unit can be found in our previous work.18

The obtained postconsumer plastic pyrolysis oils were charac-
terized by elemental analysis and GC × GC-FID.18 The virgin LDPE
pyrolysis oil sample was also characterized by GC × GC-FID at the
same conditions. The obtained hydrocarbon composition of the
LDPE pyrolysis oil is provided in the Supporting Information.
Supplementary analyses using inductively coupled plasma-optical
emission spectroscopy (ICP-OES) and combustion ion chromatog-
raphy (CIC) were conducted to provide additional insights into the
elemental composition of the postconsumer plastic pyrolysis oils. The
CIC method facilitates the quantification of halogens, whereas ICP-
OES specifically targets the elemental metal compositions. As the
virgin LDPE contained only pure polymers and a limited share of
additives, no ICP-OES or CIC characterization was performed on this
sample.
2.2. 21 T FT-ICR MS. Two different ionization modes were

employed in this work to analyze the hydrocarbons and oxygenates
using a custom-built 21 T FT-ICR mass spectrometer.46 (+)APPI
offers a high reproducibility and a more uniform ionization response
among different species (e.g., hydrocarbons and heteroatom-
containing species), reducing the biases toward specific compound
families (e.g., carboxylic acids).47−49 Therefore, (+)APPI is ideally
suited for analyzing the hydrocarbon content in the four different
polymer pyrolysis oils. On the other hand, (−)ESI targets the
ionization of acidic and oxygenated compounds, making it well-suited
for analyzing oxygenates within the four pyrolysis oils.45

For (+)APPI, the plastic pyrolysis oils were prepared and ionized as
follows. The plastic pyrolysis oils were dissolved in a toluene:metha-
nol solution (1:1 volumetric ratio) at a concentration of 50 μg/mL
prior to injection. Methanol was required to fully dissolve the polar
oxygen-containing species within the plastic pyrolysis oils. An Ion
Max APPI source from Thermo Fisher Scientific, Inc. (San Jose, CA,
USA) was employed with a vaporizer temperature set at 350 °C.
Nitrogen (N2) sheath gas was utilized at 3.44 bar to prevent any
contact between the pyrolysis oil and air, and a N2 auxiliary gas (32
mL min−1) was employed to prevent sample oxidation. Gas-phase
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neutrals underwent photoionization through a 10 eV (120 nm)
ultraviolet krypton lamp (Syagen Technology, Inc., Tustin, CA, USA).
For (−)ESI, the pyrolysis oil samples were also dissolved in 1:1
toluene:methanol at a concentration of 50 μg/mL. Samples were
directly infused at 0.55 μL/min and ionized with a needle voltage of
−3.2 kV for negative ions.
Ions were analyzed using a custom-built 21 T FT-ICR mass

spectrometer.46 For the analysis, 2 × 106 charges were accumulated
for approximately 1−5 ms in an external multipole ion trap equipped
with automatic gain control, or AGC.50 Ion depletion, a method for
mass filtering or gas-phase depletion of contaminant ions,51 was
employed to enhance the signal-to-noise ratio by dampening the
abundance of species with a mass-to-charge ratio (m/z) between
306−334 Da due to an unknown compound in the samples.
Ions were transferred to the ICR cell based on their m/z values,

and subsequent excitation to an m/z-dependent radius was performed
to optimize the dynamic range and the number of detected peaks.
Excitation and detection occurred on the same pair of electrodes of
the dynamically harmonized ICR, which operated with a 6 V trapping
potential. Time-domain transients of 3.2 s were acquired using
Predator software, and 100 time-domain transients were averaged for
all samples. Spectra were internally calibrated using an extended
homologous alkylation series of high relative abundance before peak
detection (>6σ baseline root-mean-square (RMS) noise) and
automated elemental composition assignment. These homologous
alkylation series comprised series of paraffins, olefins, and diolefins
(DBE = 0, 1, and 2) to ensure that the entire mass spectrum was
covered. PetroOrg software facilitated molecular formula calculation
and data visualization in plots of double bond equivalent (DBE) vs
carbon number. The DBE is defined by eq 1 and represents the
number of double bonds and cyclic rings for hydrocarbons, with C
denoting the number of carbon atoms and H the number of hydrogen
atoms. The number of oxygen atoms does not influence the DBE.

DBE C
H
2

1= + (1)

Only molecular formulas with an error below ∼0.10 ppm were kept
for data interpretation, and only compound classes with a relative
abundance of ≥0.15% and at least three different molecular formulas
were considered for data analysis. The latter criterion stems from the
fact that it is unlikely that for example only two molecular formulas
would be identified for one compound class in a complex mixture as a
plastic pyrolysis oil.

3. RESULTS AND DISCUSSION
3.1. Hydrocarbons [(+)APPI]. (+)APPI is known to ionize

the hydrocarbon matrix well and has been used to identify the
hydrocarbons present in all four pyrolysis oils. Figure 1 displays
the plots of the DBE versus carbon number for the
hydrocarbons of the four samples. The plastic pyrolysis oils
displayed a carbon range from C13 to C82 for the three waste
oils, whereas the virgin pyrolysis oil contained species up to
C70. The fractions lighter than C13 were not measured by FT-
ICR MS but were determined via GC × GC (see the
Supporting Information).18 Note that FT-ICR MS is a
semiquantitative method at best, making it unreliable to
determine a PIONA composition based on this. Therefore, the
supplied GC × GC measurements provide an accurate
quantitative detailed PIONA composition of the pyrolysis
oils. FT-ICR MS adds another level of detail to the
identification of heteroatom-containing species and heavy or
polyaromatic hydrocarbons.
A distinction is made between odd-electron ions, corre-

sponding to ionized radicals, and even-electron ions,
corresponding to protonated molecules. With (+)APPI, a
dominant fraction of odd-electron hydrocarbons is observed,
similar to what is found in the literature.36 The radical cations

(odd-electron) exhibited a significantly broader variation in
both the carbon number and double bond equivalents (DBE)
compared to the protonated species. The most prevalent
molecular formulas for the odd-electron configuration have a
DBE of two, representing diolefins and cyclic olefins. In
contrast, for the even-electron ions, the predominant DBE is
three, possibly corresponding to triolefins or cyclic diolefins.
These observed trends are in agreement with what is observed
in the literature.36,44 The carbon number distribution of FT-
ICR MS corresponds well with the analysis by GC × GC,18

which quantified hydrocarbons up to C75, proving that with
proper GC columns, the latter technique is also suitable for the
analysis of very heavy hydrocarbon feedstocks. All samples in
Figure 1 contain a dip in signal-to-noise between C21−C24 due
to the “ion depletion” or mass filter required to reduce the
abundance of prominent contaminant peaks in the pyrolysis

Figure 1. (+)APPI-mode DBE versus carbon number plots for
hydrocarbons from the virgin LDPE, PE waste, PP waste, and MPO
waste. The area of the dots is proportional to the relative abundance
of the respective molecular formula. Odd-electron ions (left) and
even-electron ions (right) are presented with the relative abundance
of every class presented in the top right corner.
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oils and improve the signal-to-noise ratio of the ions of interest.
A highly abundant peak at approximately 322 Da within this
m/z range can act as a potential contaminant, leading to
significant ion suppression.
The monoalkenes and cycloalkanes can be identified at a

DBE of 1. At higher DBEs, diolefins (DBE = 2),
monoaromatics (DBE = 4), and fused aromatic compounds
(DBE ≥ 6) are found. The area at a DBE of 10−15 and C20
comprises highly unsaturated polynuclear aromatics, known as
coke precursors, which are identified in all four samples. For
example, C28H14 was found in MPO, which is an eight-ring
polyaromatic such as for example bisanthene or benzocor-
onene for which the molecular structures are provided in
Figure 2. The exact molecular structures of the identified
C28H14 cannot be determined by FT-ICR MS.

While the area of the dots in Figure 1 is proportional to the
relative abundance, it should be noted that the relative
abundances of FT-ICR MS are semiquantitative at best. This is
due to mass spectrometry detecting ions, and the ionization
efficiency or “monomer ion yield” is affected by the molecular
structure and even intermolecular interactions or aggregation
state of the sample.52−54 All samples revealed a decrease in the
carbon number range as a function of increasing DBE values.
For instance, for the diolefins (DBE = 2), the PE waste
pyrolysis oil revealed compounds up to C82; conversely, species
with a DBE of 21 only featured up to C32. This decrease is
attributed to the fact that the polyaromatic (high DBE),
heavier hydrocarbons remain in the char, a solid that is not the
focus of the present study; the work herein presents only the
analysis of the liquid pyrolysis oil.
All studied pyrolysis oils consist of a wide range of

(un)saturated hydrocarbons as presented in Figure 1. A wide
diversity of aromatics was observed for both the virgin and
postconsumer PE waste pyrolysis oil. Overall, the FT-ICR MS
analyses of virgin LDPE and PE waste pyrolysis oils reveal
similar trends for the abundance of hydrocarbons. Never-
theless, the postconsumer waste pyrolysis oil features a more
complex collection of polycyclic aromatic hydrocarbons
(PAH), particularly with a DBE > 17. The existence of these
coke precursors in the PE waste pyrolysis oil demonstrates the
higher tendency of waste plastics to form aromatics during
pyrolysis compared to the virgin material, which has been

reported in the literature.55,56 With FT-ICR MS, it is observed
that there is not only more coke formation in postconsumer
plastic pyrolysis compared to virgin plastics but that the
produced coke contains more aromatic rings. The first reason
for the larger occurrence of coke precursors is the presence of
ill-sorted polymers in the waste PE fraction. As waste PE
mostly stems from polymer film applications, these traces are
for example polystyrene (PS), polyethylene terephthalate
(PET), or even polyvinyl chloride (PVC), among others,
stemming from multilayer packaging.57 The presence of
styrene and elevated concentrations of chlorine in the waste
PE pyrolysis oil confirms the presence of PS and PVC in this
sample.18 The aromatics formed during pyrolysis of those ill-
sorted polymers can then undergo alkylation and cyclization
reactions to form PAHs, increasing the share of (complex)
aromatics in the final product.58,59 In addition, polymer
additives such as stabilizers or phthalates stemming from the
catalyst can also contribute to the aromatic fraction in the
waste pyrolysis oils. Furthermore, the waste pyrolysis oil
contains metals as demonstrated by ICP-OES analysis.18 These
metals such as Fe, K, and Na are known to act as catalysts for
coke formation, thus enhancing the rate of aromatic
formation.25,60 The last potential reason for the difference in
aromatics is the higher fraction of defects and oxygenates
caused by aging during the polymer lifecycle. These defects will
result in a faster dissociation, higher polymer conversion, and
as a result a higher selectivity toward aromatics.61

Next, a comparison between the three oils of the
postconsumer plastic wastes will be made. The waste PE
pyrolysis oil contains a higher fraction of aromatic species
compared to the waste PP. During thermal pyrolysis, aromatic
compounds are typically formed by cyclization reactions
between a linear diolefin and olefin such as Diels−Alder
reactions or via cyclization reactions of a radical olefin.62 In
theory, branched (di)olefins also cause cyclization, but the
reaction rates are limited due to steric hindrance of the
branches. As a result, polypropylene pyrolysis oil contains less
cyclic compounds and more diolefins. The higher fraction of
aromatics in the postconsumer PE oil can also be attributed to
a higher fraction of other polymers such as polystyrene, which
decompose to aromatic compounds. Furthermore, it should be
noted that PP pyrolysis results in iso-olefins and diolefins,
which differ in carbon number by three carbon atoms. This is
because PP is rich in tertiary carbon atoms resulting in a more
stable tertiary radical intermediate for depolymerization
instead of secondary radicals with polyethylene.10 As a result,
an elevated product selectivity toward these iso-olefins and
diolefins is found. Hassibi et al. observed a similar PP pyrolysis
oil composition with a major fraction of diolefins and the
depolymerization products of PP analyzed by atmospheric-
pressure chemical ionization (APCI) FT-ICR MS.37

Looking at the DBE vs carbon number plot of the MPO
waste pyrolysis oil, its hydrocarbon composition appears to be
a mix of both the PE and PP waste pyrolysis oils. For example,
both the depolymerization trend of PP, with repeating units of
three carbons, and the complex PAHs present in PE are
observed. It should, however, be noted that FT-ICR MS is not
quantitative as it is limited by selective ionization.45 From GC
× GC-FID, it is known that the MPO pyrolysis oil consists of
more aromatic species compared to the waste PE and PP
pyrolysis oils, indicating that the pyrolyzed MPO fraction is
not just a mix of PE and PP but also contains a higher amount
of ill-sorted polymers causing a higher aromatic content in the

Figure 2. Molecular structures of bisanthene and benzocoronene,
which correspond to molecular formulas assigned to mass spectral
peaks detected by (+)APPI 21 T FT-ICR MS in MPO pyrolysis oil.
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corresponding pyrolysis oil.15,63 The presence of PS in the
MPO fraction was confirmed by the detection of styrene in the
pyrolysis oil by comprehensive two-dimensional GC, which is a
product not formed by the pyrolysis of PE or PP but solely by
PS pyrolysis.64 The aromatics formed during the pyrolysis of
PS and PET will thus increase the fraction of aromatics
produced by PE and PP even further, resulting in the high
aromatic content of MPO. Furthermore, Klaimy et al. reported
that the thermal pyrolysis of PE and PP mixtures resulted in a
higher aromatics content than the separate pyrolysis of PP and
PE.63

3.2. Oxygen. Oxygen is one of the most abundant
heteroatoms present in plastic pyrolysis oils. The presence of
oxygen in virgin polymers stems from polymer additives such
as antioxidants, stabilizers, plasticizers, etc.65−68 For plastic
waste, the oxygen content can be attributed to ill-sorting of
other polymers such as PET, acrylates, or ethylene-vinyl
acetate (EVA) and to organic residues accumulated during
usage of the plastics. During pyrolysis, the majority of the

oxygen is converted into water, carbon dioxide, and carbon
monoxide. Oxygen is undesired in plastic waste pyrolysis oils
and plastic waste itself as it results in direct CO2 emissions and
thus carbon leakage, i.e., lowering the carbon efficiency of the
chemical recycling and hampering application of pyrolysis oils
in further (petro-)chemical processes. The results for the
characterization of oxygenates accessed via two ionization
modes (+)APPI and (−)ESI are discussed in the following
sections.

3.2.1. (+)APPI. The (+)APPI targets the ionization of
hydrocarbons as discussed previously; however, it can also
access heteroatom-containing compounds. Figure 3 presents
the DBE versus carbon number plots for four oxygenated
classes O1, O2, O3, and O4. The terms O1, O2, O3, and O4
refer to molecules containing respectively one, two, three, and
four oxygen atoms in addition to hydrogen and carbon. Every
plot displays the relative abundances of the molecular class
with respect to the total abundance detected in the sample. No
distinction is made between odd- and even-electron ions as the

Figure 3. (+)APPI-mode DBE versus carbon number for oxygenates from the virgin LDPE, PE waste, PP waste, and MPO waste with relative
abundances per molecular class. The area of the dots is proportional to the relative abundance of the respective molecular formula. The mass
fraction of oxygen detected by elemental analysis is depicted on top. The major differences between the waste and virgin pyrolysis oils are
highlighted in red.
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fraction of odd-electron oxygenates amount to less than 20%
for all pyrolysis oils. Moreover, the patterns of odd- and even-
electron oxygenates are similar, and therefore, no distinction is
made between those. For example, in virgin pyrolysis oil, 5.76%
of the relative abundance stems from O1 compounds, O2
molecules are 5.16%, O3 compounds comprise 1.74% of the
abundance, and O4 compounds correspond to 1.99% of the
abundance. The other detected compounds in addition to
O1−O4 for (+)APPI are hydrocarbons and higher-order
oxygenates that will be discussed later. Hence, the depicted
relative abundance allows us to compare the prevalence of
oxygenates within one type of pyrolysis oil. In addition to the
relative abundances depicted in Figure 3, hydrocarbons and
higher-order oxygenates were detected as will be discussed
further. Only for the PE waste pyrolysis oil, a significant
fraction of 2100 ppm of oxygenates could be detected by
elemental analysis, whereas for the other samples, the amount
of oxygen was below the limit of detection of 1000 ppm.
The relative abundance of all waste samples features a

similar ratio between O1/O2 and O2/O3. For the virgin
LDPE, more O1 oxygenates are detected compared to O2
compounds, indicating a contrast to the waste samples, a topic
that will be elaborated on later.
The DBE versus carbon number plots for oxygenates have a

similar profile compared to those for hydrocarbons. The plastic
pyrolysis oils show a wide variety of oxygenated molecules in
the waste and virgin pyrolysis oil. Moreover, there is a
considerable similarity in the molecules detected between the
waste and virgin pyrolysis oils. These two observations suggest
that the oxygenated compounds detected are reaction products
formed during thermal pyrolysis and that there are few
unconverted oxygen-containing impurities detected by
(+)APPI. During thermal pyrolysis, the majority of oxygen is
converted to carbon dioxide and carbon monoxide. This was
also found by elemental analysis of the oxygen content of solid
PE waste compared to the corresponding pyrolysis oil. The
oxygen content of the solid waste was eight times higher than
that of the pyrolysis oil, indicating that most oxygen was
converted into carbon oxides and water.18 However, the
formed carbon dioxide and especially the highly reactive
carbon monoxide can react with the hydrocarbon matrix and
form the oxygenates detected by (+)APPI. Another potential
pathway is the reaction of released hydroxyl radicals with the
hydrocarbon matrix.
It is observed in Figure 3 that the lower limit of the DBE for

O1 and O2 species is one, while for O3 and O4, this lower
limit was two. As the presence of a carbonyl group will increase
the DBE by a value of one, this lower limit makes the O3 and
O4 species contain at least two carbonyl groups. The fact that
the lower limit of the DBE correlates with the amount of
oxygen makes it unlikely in the case of O3 and O4 that the
presence of olefins determines the increase in DBE.
For all oxygenated classes, highly aromatic compounds

(DBE ≥ 5) reveal higher abundances compared to the
aromatic species detected in hydrocarbons. This shows a clear
preference of carbon oxides to react with aromatic hydro-
carbons compared to aliphatic compounds. A typical reaction
between carbon monoxide and the hydrocarbon matrix is the
addition reaction of the carbon monoxide to a radical
hydrocarbon with the formation of an aldehyde compound.
The carbon monoxide insertion (carbonylation) can be
catalyzed by metals such as Ni or Co, which are present in
the plastic pyrolysis oil.69−71 The bond dissociation energy of

the carbon−carbon bond of ethanal and benzaldehyde is
illustrated in Figure 4.72,73

The bond dissociation energy of the C−C bond in the
aliphatic ethanal is 61 kJ mol−1 lower compared to that of the
aromatic benzaldehyde C−C bond. This will result in a
significantly lower reaction enthalpy and therefore higher
thermodynamic driving force for carbon monoxide addition to
aromatic compounds. A similar reasoning holds for alcohols,
which are formed by reduction of aldehydes and the reaction
of hydroxyl radicals with the hydrocarbon matrix. The C−O
bond dissociation energy of ethanol is 83 kJ mol−1 lower than
the corresponding phenol bond (see Figure 4). Therefore, the
superior stability of phenolic compounds will contribute to
more aromatic oxygenates than aliphatic ones.
Data derived from (+)APPI highlight the preferential

occurrence of secondary reactions that produce oxygen-
containing compounds with high DBE values. As observed in
Figure 3, mainly at a DBE between 11 and 13 and a carbon
number of 19−22, a prominent mass spectral peak for
oxygenates is observed for O1, O2, and O3. These are
undoubtedly polyaromatic structures, which can correspond to
a wide variety of possible structures among which the most
thermodynamically stable consists of three aromatic rings.
Some potential molecular structures are provided in the
Supporting Information (Figure S1). These reaction products
highlight the preference for secondary reactions between
carbon oxides and hydroxyl radicals with aromatic hydro-
carbons. Similarly for the hydrocarbons, an elevated abundance
of compounds at DBE of 11−13 and with a carbon number of
21 is found in all samples (see Figure 1), indicating that the
deoxygenation of these compounds occurs. As the prominence
of the oxygenates at this DBE and carbon number is much
more profound than the corresponding hydrocarbons, this
supports the claim that the hydrocarbons stem from
deoxygenation reactions of structures as depicted in Figure S1.
Next to the discussed O1−O3 oxygenates in Figure 3,

compounds up to O7 have been detected in MPO pyrolysis oil.
Figure 5 depicts the relative abundances of the oxygenates
detected by (+)APPI for the four pyrolysis oils. Similar to what
is found in the literature, most oxygenates contain one to four
oxygen atoms.36,38,39 The O5−O7 classes are a minor
component of all samples with a relative abundance lower
than 0.6 wt %, while most oxygen-containing compounds

Figure 4. Bond dissociation energies of the C−C bond of ethanal and
benzaldehyde and the C−O bond of ethanol and phenol. Data
obtained from references.72,73
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contain one or two oxygen atoms. The relative abundance of
the O4 class is comparable to the class of O3. Figure 6 displays

the DBE versus carbon number plot of O4 for the waste PP
pyrolysis oil. The O4 composition of the waste PP pyrolysis oil
is comparable to the other postconsumer waste pyrolysis oils.
The distribution of O4 molecules is markedly different from
the O1−O3 plots. In contrast to the O1−O3 distribution,
there is a high relative abundance of species in a limited
number of molecules instead of a wide distribution.
It has to be noted that FT-ICR MS does not allow the

identification of the detailed molecular structure. Therefore, a
combination of sample knowledge and experimental data is
required to hypothesize the molecular structure of the
abundantly detected C24H38O4. It is expected that diethylhexyl
phthalate (DEHP) corresponds to the detected C24H38O4,
which is a common internal donor in catalysts to control the
isotacticity of PP.74 DEHP is detected in all three analyzed
pyrolysis oils, as all oils contain a fraction of PP. This is also
confirmed by the lower abundance of O4 found in the waste
PE oil compared to the waste MPO and PP samples. During
thermal pyrolysis, DEHP breaks down due to the scission of
the C−O ester bond with formation of 2-(((2-ethylhexyl)-
oxy)carbonyl)benzoic acid and 3-methyleneheptane. The

reaction product, 2-(((2-ethylhexyl)oxy)carbonyl)benzoic
acid, is also detected by (+)APPI. Next to breaking the C−
O ester bond, a decarboxylation is expected with formation of
benzene and carbon dioxide. The correlation between the
share of PP in the plastic waste and the amount of C24H38O4
detected, combined with its use as a catalyst donor and the
identification of the most likely thermal dissociation product of
DEHP, makes it highly likely that DEHP effectively
corresponds to the observed C24H38O4. The example above
illustrates how plastic additives influence the composition of
plastic pyrolysis oils and that not all additives break down
entirely during thermal pyrolysis. In the following subsection,
results from (−)ESI ionization mode will be discussed to
further elaborate on the breakdown of oxygen-containing
additives and contaminants.

3.2.2. (−)ESI. The (−)ESI mode is very effective at ionizing
oxygen-containing molecules. To illustrate this, Figure 7
depicts the DBE versus carbon number plots for four
oxygenated classes O1, O2, O3, and O4. With (−)ESI, only
even-electron ions are observed. The comparison between the
plots of (+)APPI (Figure 3) and (−)ESI (Figure 7) reveals
significant differences in terms of the carbon number range at
all given DBE values. While with (+)APPI, a wide variety of
molecules with similar concentrations were observed, in
(−)ESI, a few specific molecules with high concentrations
were observed in O1−O4 for all pyrolysis oils. These highly
abundant peaks (bold data points in the DBE vs carbon
number plots of Figure 7) stem from the thermal dissociation
products of specific additives and impurities. The rest of the
distribution of molecules, featuring a wide DBE and carbon
number range, are reaction products that stem from secondary
reactions between carbon monoxides and other oxygenates.
Unlike the (+)APPI measurements, the trends in the relative

abundance of the three oxygenated classes differ for the four
plastics. The virgin polymer contains relatively more O3 and
O4 compounds compared to the postconsumer waste samples,
suggesting that the contamination from organic residues and
ill-sorted polymers mainly causes an increase in O1 and O2
species. From the elemental analysis, it is known that the MPO
and PE waste samples contain the most oxygenates, which
corresponds to more O1 oxygenates and less O3 oxygenates
compared to the postconsumer PP. The higher oxygen fraction
in MPO and PE stems from accumulated oxygenates during
the use of these plastics and oxygen-containing additives. The
postconsumer PE, which has been collected, comes from
plastics used for film applications. These plastics are often
multilayer packages where PE is layered with ethylene-vinyl
alcohol (EVOH) for barrier properties.75−77 Hence, this results
in the remaining fraction of EVOH in the PE waste and
increases the oxygen fraction in this blend. Moreover,
antioxidants are often added to these polymers to ensure the
polymer stability during usage. These antioxidants often
comprise oxygen-containing groups, producing a higher oxygen
share in the corresponding pyrolysis oils.68 Lastly, these
polymer films are employed in the food industry where organic
residues will contaminate the plastic.
In O1, three clear molecule types can be distinguished for all

four pyrolysis oils proving that the observed molecules stem
from plastic additives and not from the usage of the plastics or
other contaminants.65,66 The peak at a DBE of 4 consists of
both C14H22O and C15H24O. While FT-ICR MS does not
allow to further elucidate the molecular structure, knowledge
about the source of the polymers allows pinpointing the most

Figure 5. Class distributions of relative abundance of the oxygenates
detected by (+)APPI for virgin LDPE pyrolysis oil, PE waste pyrolysis
oil, PP waste pyrolysis oil, and MPO waste pyrolysis oil.

Figure 6. DBE versus carbon number plot of even-ion O4 for waste
PP pyrolysis oil by (+)APPI with (top) diethylhexyl phthalate
(DEHP) and (bottom) 2-(((2-ethylhexyl)oxy)carbonyl)benzoic acid
indicated.
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likely structure for a given detected molecular formula. For
example, 2,6-di-tert-butylphenol is a substructure common in
antioxidants within polymers such as the common Irganox
101065,66 (see Figure 8). These antioxidants are added with the
primary objective that they would react with the remaining
radicals present in the polymer, to prevent any thermo-
oxidative degradation during the polymer lifetime. Thermal
pyrolysis is a radical reaction resulting in the consumption of
these antioxidants. During thermal pyrolysis, Irganox 1010 is
broken down with formation of 2,6-di-tert-butylphenol. No
remaining Irganox 1010 was detected in any of the pyrolysis
oils, showing full conversion at the applied pyrolysis
conditions. Butylated hydroxytoluene (BHT) is another
antioxidant that is commonly used within plastics, which was
observed via (−)ESI.
Next to the three prominent peaks on the O1 plots, a

distribution of other molecules is detected for these oxygen-
ates. For clarity, the plots with the peaks for C14H22O,
C15H24O, C22H22O, and C30H30O removed are added to the
Supporting Information, Figure S2. These graphs again

highlight the resemblance of the oxygenates found in the
MPO and PE waste. These are molecules formed by secondary
reactions between oxygenates and the hydrocarbon matrix. A
more distinct area of these molecules is observed for the waste

Figure 7. (−)ESI mode DBE versus carbon number for oxygenates from the virgin LDPE, PE waste, PP waste, and MPO waste with relative
abundances per molecular class. The area of the dots is proportional to the relative abundance of the respective molecular formula. The mass
fraction of oxygen detected by elemental analysis is depicted on top.

Figure 8. Molecular structures of 2,6-di-tert-butylphenol, butylated
hydroxytoluene (BHT), and Irganox 1010.
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pyrolysis oils of the PE and MPO compared to the virgin and
PP pyrolysis oils. More aromatic oxygenates are formed,
especially for the PE and MPO pyrolysis oils, indicating the
preference for oxygenated compounds reacting with aromatic
species. As the thermal pyrolysis of PE and MPO results in a
higher formation of aromatics, the oxygenates are more likely
to react, resulting in more O1 oxygenates in PE and MPO than
in PP.
The composition of O2 oxygenates differs majorly between

the postconsumer waste and the virgin LDPE. Virgin LDPE
consists of a wide range of O2 oxygenates with similar relative
abundances, while the postconsumer waste has specific
molecules with elevated concentrations. Several peaks can be
observed for all waste samples, especially at low DBEs. These
compounds are likely to be fatty acids such as stearic acid,
palmitic acid, and lauric acid, which originate from food
remains, cosmetics, and detergents. As these fatty acids are less
observed within virgin pyrolysis oil, it is clear that these species
stem from the usage of plastic products. During thermal
pyrolysis, these carboxylic acids are converted into linear
hydrocarbons and carbon dioxide, but these are clearly not
fully converted with the currently applied process conditions.
The fatty acids are higher in concentration for the pyrolysis oil
with the highest oxygen content, i.e., the PE waste pyrolysis oil.
This indicates that the elevated oxygen content within the PE
waste is caused by an increased contamination from these fatty
acids, which is logical due to the main use of film packaging in
food contact applications.
As previously discussed, O3 oxygenates are relatively less

abundant in the postconsumer waste samples compared to the
virgin LDPE. This indicates that the thermally pyrolyzed
organic residues mostly end up in less complex O1 (by
secondary reactions) or in O2 components. The more complex
O3 compounds display a few clear peaks of high-concentration
compounds. Particularly, C28H42O3 is present in all four
pyrolysis oils making it likely that it stems from plastic
additives.
Lastly, the O4 oxygenates display a similar pattern across all

four pyrolysis oils with a high abundance of C17H26O4 and a
wide range of less abundant hydrocarbons. The presence of
C17H26O4 in the virgin PE pyrolysis oil proves that this
compound stems from a polymer additive. It is highly likely
that this structure is a phthalic acid, which was also identified
with (+)APPI as shown in Figure 6.
When looking at (+)APPI, there is a remarkable similarity in

the molecular composition of the oxygenates between the
virgin pyrolysis oil and the three postconsumer waste oils. This
similarity across the four pyrolysis oils has also been observed
for (−)ESI. It is remarkable that the dominant O1 compounds
in all pyrolysis oils stem from plastic additives breaking down
and undergoing secondary reactions with the hydrocarbon
matrix. This shows for the first time that polymer additives play
an essential role in the pyrolysis process and are detrimental to
the quality of the obtained pyrolysis oils. Therefore, the design-
to-recycle of polymer additives is an essential step toward
plastic pyrolysis oils, which are processable in the chemical
industry. It was observed that phenol groups and aromatic
carboxyl acids are stable oxygenated compounds that are
difficult to break down upon thermal pyrolysis. For example,
with Irganox 1010, only the 2,6-di-tert-butylphenol group was
found, while the carboxyl functionality was entirely removed.
Consequently, from a recycling perspective, additives with
these thermally stable functionalities should be limited in the

plastics or removed prior to thermal pyrolysis, which is not
straightforward at present. Next to this, a lot of oxygenates
stemming from additives, other polymers, and organic waste
break down during thermal pyrolysis and react with the
hydrocarbon matrix. The reaction products mainly depend on
the number of aromatics formed during thermal pyrolysis. This
is one of the two distinct differences observed between the four
organic mixtures. Within PE and MPO, more O1 oxygenates
are observed, as these plastics cause the formation of more
aromatics resulting in an elevated contribution of secondary
reactions. Subsequently, a larger fraction of fatty acids has been
observed for the postconsumer waste compared to the virgin
LDPE pyrolysis oil. Therefore, decontamination strategies of
plastic waste should focus on these compounds to facilitate an
improved chemical recycling.

4. CONCLUSIONS
An extensive FT-ICR MS characterization of postconsumer
PE, PP, and MPO pyrolysis oils and virgin LDPE pyrolysis oil
was conducted, employing both (+)APPI and (−)ESI to
analyze the hydrocarbon and oxygen content. The presence of
aromatic polymers such as PS and PET, an increased metal
content, and the presence of polymer defects in postconsumer
PE clearly affected the hydrocarbon composition and the
formation rates of aromatics upon thermal pyrolysis.
Consequently, the postconsumer PE pyrolysis oil had a higher
fraction of aromatics and PAH than the virgin LDPE pyrolysis
oil. Furthermore, a considerable resemblance was found when
comparing the composition of the MPO with the PE and PP
waste. Even though it is known that interactions between the
PE and PP in MPO occur upon thermal pyrolysis, no distinct
compounds differing from both PE and PP were observed in
MPO pyrolysis oil.
The analysis of the oxygenates for the four plastic pyrolysis

oils displayed a remarkable similarity between the four
analyzed pyrolysis oils, especially with (+)APPI. This
resemblance indicates how most oxygenates present dissociate,
after which a fraction reacts with the hydrocarbon matrix. The
oxygenated compounds detected by (+)APPI show a tendency
to react with aromatic compounds over aliphatic structures
because of the higher stability of the formed aromatic
oxygenates. This makes the removal of oxygen-containing
compounds even more important for polymers where thermal
pyrolysis results in a high fraction of aromatics as a higher
fraction of oxygen will have reacted with the hydrocarbon
matrix. Moreover, the produced aromatic oxygenates are more
difficult to hydrogenate than aliphatic oxygenates. Hence, the
removal of oxygenates is essential for polystyrene, MPO, and
PE waste, while PP forms less aromatics resulting in less
(aromatic) oxygenates in PP oils. When one wants to limit the
oxygen content in polymer pyrolysis oils, it is therefore not
only critical to limit the presence of oxygen-containing
polymers, additives, and organic residue but also focus on
limiting the presence of aromatic products by reducing
aromatic polymers and the metal content. The latter will
reduce the aromatic fraction formed during pyrolysis, as metals
catalyze aromatic formation, resulting in less aromatic
hydrocarbons reacting with oxygen.
With (−)ESI, certain contaminants and their reaction

products could be pinpointed. All samples (including the
virgin LDPE) contained remains of antioxidants (Irganox 1010
and BHT). However, (−)ESI showed a clear difference
between the postconsumer waste and the virgin samples. In
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the waste pyrolysis oils, fatty acids (from food and detergents)
and more complex oxygenated aromatics were observed. These
results show that not all oxygenates fully break down upon
thermal dissociation at these process conditions.
This study provides fundamental insights into the chemistry

of oxygenated contaminants in plastic pyrolysis oils, aiding in
the development of improved decontamination strategies.
These strategies may include enhanced removal of metals and
trace polymers and solvent extraction to remove the aromatic
fraction, thus reducing the oxygen content of the pyrolysis oils.
Such improvements will make plastic pyrolysis oils more
suitable for further chemical processing, closing the loop for
polyolefin waste.
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