
Characterization of PP and PE Waste Pyrolysis Oils by Ultrahigh-
Resolution Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry
Yannick Ureel, Martha L. Chacón-Patiño, Marvin Kusenberg, Ryan P. Rodgers, Maarten K. Sabbe,
and Kevin M. Van Geem*

Cite This: Energy Fuels 2024, 38, 11148−11160 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Increasing recycling rates of plastic waste is necessary to achieve a sustainable and climate-neutral chemical industry.
For polyolefin waste, corresponding to 60% of plastic waste, chemical recycling via thermal pyrolysis is the most promising process.
However, the hydrocarbon composition of these pyrolysis oils differs from conventional fossil-based feedstocks as they are heavier
and more unsaturated. GC × GC-FID is the most prevalent characterization method for the analysis of these complex hydrocarbon
mixtures but fails to discern heavy unsaturated, aromatic compounds. An up-and-coming technique to fully characterize those
analytically challenging heavy fractions is ultrahigh-resolution Fourier-transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) coupled with soft ionization techniques, such as atmospheric pressure photoionization and atmospheric pressure chemical
ionization. In this work, FT-ICR MS has been employed to analyze both real PE and PP postconsumer waste pyrolysis oils, which
allowed to provide additional insights into the pyrolysis reaction pathways of both polyolefin types. FT-ICR MS identifies heavy
hydrocarbons, up to C85, and discerns a wide range of complex polycyclic aromatic hydrocarbons with up to seven aromatic rings.
These hepta-aromatics were not found in PP, which only revealed penta-aromatics; this complies with the reaction mechanism
proposed in the literature. Moreover, the polypropylene (PP) pyrolysis oil displayed clear signs of depolymerization reactions
occurring during pyrolysis, both for the formation of olefins and diolefins. Here, FT-ICR MS identified heavier, unsaturated, and
highly aromatic hydrocarbons, whereas GC × GC-FID quantified saturated and less complex unsaturated components. These
observations highlight the added benefit of combining GC × GC-FID and FT-ICR MS data to completely characterize plastic
pyrolysis oils and understand pyrolysis reaction pathways.

1. INTRODUCTION
At present, 350 Mt/y plastics are produced worldwide and the
current demand is expected to nearly double to 580 Mt/y the
coming 30 years.1 If this trend continues, plastics could be
responsible for 15% of the global greenhouse gas emissions by
2050 (including scope 1, 2, and 3 emissions).2 Therefore, the
current linear plastic life cycle is both unsustainable and a
threat to global warming. Plastic recycling, either mechanical
or chemical, alleviates both issues and facilitates a sustainable
circular plastic economy.3 Around 42% of European plastics
are mechanically recycled, whereas chemical recycling accounts
for less than 1%, with most plastic waste still being incinerated

or landfilled.4 However, mechanical recycling has limitations
regarding complex polymer waste mixtures, especially for
polyolefins, which account for 60% of plastic waste, making
chemical recycling necessary for this abundant waste stream.
These polyolefin wastes, comprising a mixture of polyethylene
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(PE) and polypropylene (PP), are currently challenging to
mechanically recycle for three reasons.5 The PE and PP
fractions are nearly impossible to separate perfectly via sorting
due to their similar properties (e.g., density), resulting in an
inferior mechanically recycled polymer due to polymer
immiscibility. Furthermore, every type of polyolefin contains
different additives such as antioxidants, plasticizers, and
stabilizers specifically tuned for their application.6−8 Unfortu-
nately, removing these additives before mechanical recycling is
impossible, resulting in a complex blend of undesired additives
in the recycled polymer. Last, mechanical recycling is typically
performed at elevated temperatures, leading to thermome-
chanical degradation within the recycled polymer, which
gradually diminishes mechanical properties throughout the
recycling cycles. Therefore, it is essential to develop a chemical
recycling option for polyolefin waste streams.9−11

One of the most promising processes for chemical recycling
of plastic waste mixtures, especially polyolefins, is thermal or
catalytic pyrolysis.12−14 In thermal pyrolysis, the plastics are
cracked into pyrolysis oils, which are then further refined
downstream to plastic monomers by steam cracking or fluid
catalytic cracking. It is estimated that the chemical recycling of
plastics has a substantial emission reduction potential of
around 1.87 tons of CO2-equivalent per ton of recycled
plastics, which is largely related to the avoided inciner-
ation.15,16 However, large-scale industrial implementation of
pyrolysis oils in the petrochemical production of polyolefins is
still not developed to this day, which is mainly due to the
complex composition of pyrolysis oils, which differ vastly from
conventional crude oil feedstocks. The discrepancy between
fossil-based feedstocks, for which large-scale industrial
processes such as steam cracking are designed, and plastic
waste pyrolysis oils makes it highly difficult for plant operators
to predict the performance of pyrolysis oils. In fact, the value of
the pyrolysis oils largely depends on their hydrocarbon
composition as aromatic pyrolysis oils, for example, are
typically less valuable for steam cracking plants. In fact,
technical issues such as increased coke formation, which can
result from higher concentrations of unsaturated compounds
and aromatics, are among the main aspects that still hamper
the large-scale implementation of pyrolysis oils into the
petrochemical process systems. Therefore, proper character-
ization is the most important aspect in understanding and
predicting the performance of those oils. Various analytical
techniques have already been applied to analyze the
composition of plastic pyrolysis oils.17−19 One of the most
powerful tools to determine the hydrocarbon composition is
comprehensive two-dimensional gas chromatography (GC ×
GC), which can be coupled to various detectors. Detailed
PIONA compositions (paraffins, isoparaffins, olefins, naph-
thenes, and aromatics) have been determined via GC × GC
coupled to a flame ionization detector (GC × GC-FID),
revealing the complexity of these hydrocarbon mixtures.17,18,20

These analyses have shown that plastic pyrolysis oils have an
increased fraction of (di)olefins and aromatics and span a
wider carbon range than conventional fossil-based feed-
stocks.17,20 In fact, the measured carbon range by GC ×
GC-FID can span up to C76.

20,21 However, due to limited
separation, polyaromatic components are typically not
identified in detail and, therefore, lumped into groups of
aromatics. Herewith, reversed-phase GC × GC-FID can be
utilized by swapping the type of the first and second columns
in a conventional comprehensive two-dimensional GC × GC

to improve the second-dimension separation of the complex
hydrocarbon matrix, improving detection of unsaturated
hydrocarbons, aromatics, and heteroatomic components.18,22

With reversed-phase GC × GC, the first dimension of
separation is based on polarity, whereas the second-dimension
medium polar column separates the polar compounds further.
However, due to column capacities and temperature
resistances of polar columns, the analytical accuracy of
reversed-phase GC × GC is limited for heavy compounds up
to a carbon number of around C26.

22 Hence, ultrahigh-
resolution mass spectrometry without prior gas chromato-
graphic separation can be used to unravel the detailed
composition of the heavy tail of pyrolysis oils, including
polyaromatics, as no volatilization in the chromatographic
columns is required.23,24 Especially Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) has
proven efficient as it provides exceptionally high resolutions to
determine the detailed molecular composition of the species
present in complex mixtures.25 The ultrahigh resolving power
enabled by FT-ICR MS has its benefits for the analysis of high
molecular weight compounds such as proteins26 and ultra-
complex samples like heavy crude oils,27−29 asphaltenes, and
bitumen.30−36 For the analysis of pyrolysis oils, the use of FT-
ICR-MS has been increasing over the past years, with a limited
number of studies published to this day for plastic pyrolysis
oils.21,37−43 The main focus of these studies was mixed plastic
waste or polyolefin mixtures, but also a polyethylene
terephthalate oil has been studied.42 Ware et al. analyzed a
mixed plastic pyrolysis oil and compared its composition to
those from biomass and landfill waste pyrolysis oils to
understand the role of the starting material in the composition
of the pyrolysis products.21 Furthermore, in later work, the
authors performed silica-gel fractionation to separate saturated,
polar, and aromatic compounds for detailed identification.39

The authors found a higher level of saturated hydrocarbons in
plastic pyrolysis oils compared to the biomass and landfill
waste pyrolysis oils. In another work, Hassibi et al. performed a
7-T FT-ICR MS analysis on a virgin PP pyrolysis oil to access
the corresponding hydrocarbon composition and identified
compounds up to C60.

38 Similarly, Mase et al. investigated one
mixed polyolefin pyrolysis oil with four different ionization
techniques, identifying both complex hydrocarbons, oxygen-
ates, and nitrogenates.37 Recently, Mase et al. investigated the
coupling of GC to FT-ICR MS with dopants to target the
ionization of specific molecular families present in the pyrolysis
oils.41 However, no study has investigated the effect of the
composition of the starting plastic material, for example, the
content of PP and PE, on specific compositional trends of
derived pyrolysis oils via FT-ICR MS. Moreover, the obtained
results are linked with the reaction pathways occurring in
thermal pyrolysis of polyolefin waste. This is crucial
information to gain an understanding of the pyrolysis process
itself and to be able to select the best processing methods
depending on the waste composition.
The work herein presents the composition of two different

plastic pyrolysis oils analyzed in detail by FT-ICR MS. These
plastic pyrolysis oils stem from two sorted postconsumer waste
samples either consisting mainly of PE and PP and have been
previously characterized by GC × GC-FID.20 Ultrahigh
resolution 21-T FT-ICR MS coupled with positive-ion
atmospheric pressure photoionization [(+)APPI] is used to
determine the exact molecular mass for thousands of ions,
which get assigned unique molecular formulas based on mass
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accuracy.44 (+)APPI is excellent for identifying the hydro-
carbon matrix as it provides more uniform ionization than
other ion sources, such as electrospray ionization.25,45−47

Moreover, APPI ionization has been demonstrated to be
suitable for the characterization of olefin model compounds,
showing no indication of decomposition or rearrangement
during the ionization process.48,49 However, (+)APPI is not
well suited for the ionization of hydrocarbons with lower
aromaticity. Therefore, atmospheric pressure chemical ioniza-
tion [(+)APCI] is also used. The combination of the
quantitative GC × GC-FID and qualitative FT-ICR MS is
shown to complement one another, providing a comprehensive
view of the molecular composition of plastic pyrolysis oils.
Thus, this work aims to highlight the application of FT-ICR
MS for the identification of complex hydrocarbons in plastic
pyrolysis oils and link this knowledge to the pyrolysis
mechanism. Due to the record-high resolution of the applied
FT-ICR MS, we could identify the molecular composition of
the heavy fraction (C13+) of the pyrolysis oils, which allowed us
to discern the molecular composition of PE and PP pyrolysis
oils at an unprecedented level of detail and provide additional
insights in the pyrolysis mechanism.

2. MATERIALS AND METHODOLOGY
2.1. Materials. Two different sorted postconsumer plastic waste

blends were obtained from the recycling company Ecoo (Belgium).
These blends are a PP blend predominantly consisting of rigid PP and
a PE film mixture. The two sorted postconsumer plastic waste
fractions were pyrolyzed in earlier work, where more information on
their origin and production process can be found.20 These blends are
representative products of the current state-of-the-art plastic waste
sorting and separation schemes in Europe as they went through the
real-life preprocessing steps, including shredding, washing, drying, and
sorting, among others. Both polyolefin blends contain traces of other
(polyolefin) polymers due to imperfect sorting and (in)organic
residue accumulated during the usage of these plastics.
Both plastic blends have been thermally pyrolyzed in a pilot-scale

pyrolysis unit as reported in detail by Kusenberg et al.20 The pyrolysis
was carried out in a heated continuously stirred tank reactor (CSTR)
at a constant feeding rate of 1 kg/h and at 450 °C and atmospheric
pressure. Further details on the pilot-scale pyrolysis unit can be found
in the literature.20

The PE and PP pyrolysis oils are of waxy quality with melting
points of around 80 °C and have been previously characterized by
CHNS/O elemental analysis and normal-phase comprehensive two-
dimensional GC × GC-FID.20

2.2. 21-T FT-ICR MS. Before the analysis, the plastic pyrolysis oils
were dissolved in a 1:1-volumetric ratio toluene:methanol solution at
a 50 μg/mL concentration. Methanol was required to fully dissolve
polar species (O-containing compounds) present in the postconsumer
plastic pyrolysis oil and ensure a proper operation of the ion sources
that were used for FT-ICR MS. A Thermo-Fisher Ion Max APPI
source (Thermo-Fisher Scientific, Inc., San Jose, CA, U.S.A.) was
operated with a vaporizer temperature of 350 °C. N2 sheath gas was
used at 3.44 bar, and N2 auxiliary gas (32 mL min−1) helped prevent
sample oxidation. Gas-phase neutrals were photoionized by a 10 eV
(120 nm) ultraviolet krypton lamp (Syagen Technology, Inc., Tustin,
CA, U.S.A.). Ions were analyzed with a custom-built 21-T FT-ICR
mass spectrometer.44 For analysis, 2 × 106 charges were accumulated
for ∼1−5 ms in an external multipole ion trap equipped with
automatic gain control (AGC).50 Ion depletion, a method for mass
filtering or gas-phase depletion of contaminant ions, 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 and 334 Da
due to an unknown impurity in the samples as will be discussed
further in Section 3.51 Ions were transferred to the ICR cell as a
function of m/z and then excited to a m/z-dependent radius to
maximize the dynamic range and number of detected peaks.
Excitation and detection were performed on the same pair of
electrodes of the dynamically harmonized ICR, operated with 6 V
trapping potential. Time-domain transients of 3.2 s were acquired
with Predator Software, and 100 time-domain transients were
averaged for all the samples. Spectra were internally calibrated from
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 homolo-
gous series included but were not limited to the series with DBEs of 0,
1, 2, and 4 as these span a wide mass range. PetroOrg software
assisted 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.

C H
DBE

2
1= + (1)

Only molecular formulas with an error below ∼0.10 ppm were kept
for data interpretation. In addition to APPI, (+)APCI was carried out
with a vaporizer temperature of 325 °C, a corona discharge of 4.5 mA,
and sample dissolution in a mixture of toluene/methanol/heptane (5/
5/1). The results of (+)APCI are presented in the Supporting
Information (Section S2).

Figure 1. Raw mass spectrum of the PE waste pyrolysis oil obtained by (+)APPI FT-ICR MS and enlargement of 237−239 nominal mass.
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3. RESULTS AND DISCUSSION
3.1. (+)APPI FT-ICR MS. The obtained raw mass spectra of

the PE pyrolysis oil are presented in Figure 1. FT-ICR MS
provides the exact mass with ultrahigh accuracy, which allows
to identify their molecular formula. Hydrocarbons (HCs)
reveal the highest relative abundance of the compounds that
were identified within both pyrolysis oils by (+)APPI FT-ICR
MS, corresponding to 82.6 and 73.0% in relative abundance for
the waste PE oil and PP oil, respectively, as shown in Figure 2.

The rest of the identified compounds are mainly oxygenates
and a very small share of nitrogen- and sulfur-containing
species, which account for less than 0.3% of the total ion
abundance. The scope of this work is to discuss the benefit of
FT-ICR MS for the identification of complex hydrocarbons in
plastic pyrolysis oils and link this knowledge to the pyrolysis
mechanism. Therefore, the composition of the oxygenates is
not discussed here.
Analysis by (+)APPI FT-ICR MS provides a compositional

coverage of the molecular complexity of the heavy hydro-
carbons in both pyrolysis oils than GC × GC. It should be
noted that hydrocarbons with a molecular weight below 180
Da (corresponding to C1−C12) were not detected, given the
transfer ion conditions in the 21T FT-ICR mass spectrom-
eter.44 Of all peaks detected by (+)APPI FT-ICR MS, ∼ 98%
of the abundance was assigned with a root mean squared error
(RMSE) between the theoretical and experimental mass of
0.033 ppm. The exceptionally low RMSE and high assignment
rate demonstrate the suitability of (+)APPI FT-ICR MS for
the analysis of these complex hydrocarbon mixtures and the
accuracy of the processing of the experimental data. The
detailed error distributions on the mass assignment for both

pyrolysis oils can be found in the Supporting Information in
Figures S1 and S2.
Figure 3 displays the DBE versus carbon number plot of the

hydrocarbons detected by FT-ICR MS for both the PE and PP
waste pyrolysis oils. The area of the dots represents the relative
abundance of each molecular formula, which is normalized
within each plot. The figures display the detected hydrocarbon
ions with an odd electron number (corresponding to radical
ions) and even electron number (protonated molecules) in
both feeds. With (+)APPI, the dominant hydrocarbon species
are odd-electron ions, which corresponds to 87% in PP and
79% in PE. The elevated relative abundance of radical cations
is due to the mechanism of the ionization method, which
predominantly produces radicals. The share of radical ions and
even-electron ions is also sample-dependent, where the
dominance of radical cations is indicative of low proton
affinities of the gas phase species.36

Figure 3 reveals a dip in relative abundance between C21 and
C24 resulting from the mass filter required to optimize the
signal-to-noise ratio of the ions of interest and decrease that of
common contaminant peaks detected in APPI, as previously
mentioned in Section 2. A potential contaminant in this m/z
range is a highly abundant peak with a mass of around 322 Da,
which causes significant ion suppression. The analysis by FT-
ICR MS provides a better perspective on the complexity of the
hydrocarbons in the heavy tail of the oils, which is highly
difficult to analyze using GC × GC. Heavy hydrocarbons have
been detected up to C82 for PP and C85 for PE. Moreover, the
detected hydrocarbons are heavier than those reported in
previous works, which typically reached carbon numbers of
C60−C70,37,38 which is likely due to the superior performance
of the 21-T FT-ICR mass spectrometer. Moreover, the results
revealed a wide range of DBEs compared to conventional
hydrocarbon feeds, which highlights the complexity of the
unsaturated hydrocarbons. Specifically, compounds are de-
tected at DBEs ranging from 1 to 15 for PP and 1 to 21 for PE.
The radical cations featured a much wider range in both

carbon number and DBE than the protonated species. The
most abundant molecular formulas have a DBE of 2 and odd-
electron configurations and likely correspond to diolefins,
which are discussed later. For the even-electron ions, the
dominant DBE is 3, which could correspond to triolefins or
cyclic diolefins. This difference between odd- and even-
electron configurations in plastic pyrolysis oils has also been
observed by Mase et al., who observed a peak of odd-electron
configurations at a DBE of 2 and even-electron ions at a DBE
of 3.37

Table 1 presents the molecular classes that correspond to
prevalent DBE numbers along with a tentative molecular
structure for a better understanding of the compounds that
were detected. The lowest DBE, 0, comprises fully saturated
hydrocarbons, which are paraffins. Only a limited amount of
paraffins is detected by (+)APPI FT-ICR MS, as this ionization
method targets unsaturated and aromatic hydrocarbons and is
less selective toward saturated species.52 Generally, (+)APCI
facilitates the ionization of saturated hydrocarbons. However,
in this work, only hydrocarbon ions with a DBE higher than 3
were observed in APCI (see the Supporting Information,
Section S2), likely because of the use of both methanol and
toluene as solvents to fully dissolve the samples and avoid
aggregation during ionization. These findings suggest that the
ionization of saturated hydrocarbons in plastic pyrolysis oils via
(+)APCI is suppressed by combining both polar and apolar

Figure 2. Class distribution with the percentage of relative
abundances depicting hydrocarbons (HCs); radical ions denoted by
(R).
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solvents. A DBE of 1 could correspond to two molecular
classes, namely, olefins and cycloalkanes. From GC × GC-FID,
it is known that olefins are dominant in the plastic pyrolysis
oils, especially for PP, making it likely that olefins are the
dominant class for a DBE of 1. Next, diolefins, alkynes,
cycloalkenes, and dicycloalkanes are represented by a DBE of
2. For PP, diolefins are definitely the prevalent compound
family as found by GC × GC-FID, while for the PE pyrolysis
oil, both classes are presented as 4.3 wt % diolefins and 11.6 wt
% naphthenes (cycloalkanes and cycloalkenes).20 Alkynes are
not expected to be present in plastic pyrolysis oils as they
require hydrogen abstraction of a double bond followed by a
C−H β-scission. However, hydrogen abstraction on the double
bond results in an intermediate radical, which is 102 kJ mol−1
more unstable in the gas phase than when the neighboring
carbon atom would be a radical.53 The absence of alkynes in
plastic pyrolysis oils has been confirmed by Fourier-transform
infrared spectroscopy.54

The next DBE of 3 consists of triolefins, cycloalkadienes, or
three naphthenic cycles. Again, PP is less likely to contain a
significant fraction of cycloalkadienes and three naphthenic
cycles due to the suppressed rate of cyclization reactions, while
for PE, no definitive conclusion can be made.20 The existence
of triolefins in plastic pyrolysis oils has not been shown by GC
× GC-FID analysis as either their concentration is below the
limit of detection or they have been misidentified. This
demonstrates the power of (+)APPI FT-ICR MS in elucidating
the complexity of the unsaturated hydrocarbons.
Potential triolefins can be produced when the polymer chain

is branched, as indicated by Figure 4. These polymer side
chains exist within most polymers either as a defect (in a
limited amount) or by design (for low-density polyethylene or
linear low-density polyethylene).55 The tertiary radical (a)

serves as the reactant for the subsequent β-scission, resulting in
the removal of the polymer side chain. The tertiary radical is
considerably more stable than its secondary counterpart,
resulting in an elevated concentration of these species.53

Especially within polyethylene, this effect will be pronounced
because of its linear nature; nevertheless, in polypropylene, this
tertiary radical is also further stabilized by inductive
stabilization of the long side chain. This results in the
production of (b) a polymer chain with an unsaturated bond in
the middle of the structure. Subsequently, when the polymer
further depolymerizes via the same process of intermolecular
hydrogen abstraction and β-scission, instead of a regular
diolefin, a triolefin (c) is produced. Besides depolymerization,
structure (b) could form resonance-stabilized radicals with a
hydrogen abstraction on the carbon atoms in positions R1 and
R2. These resonance-stabilized radicals can form triolefins with
internal double bonds instead of end-chain double bonds after
a C−H β-scission.
At a DBE of 4, monoaromatics, various combinations of

(un)saturated naphthenes, and tetra-olefins are the potential
molecular classes, where the monoaromatics are expected to be
the dominant fraction in both pyrolysis oils as observed by
GC-analysis.12 For DBEs of 5 and 6, naphthenoaromatics and
dinaphthenoaromatics are respectively the most commonly
expected structures, in addition to a wide range of more
complex combinations of aromatic, cyclic, and unsaturated
groups.
The relative abundances detected for the PE and PP waste

pyrolysis oils show three clear differences (Figure 3). The first
difference is the presence of more complex polyaromatics,
indicated by 11 species with a DBE higher than 20 in the PE
waste pyrolysis oil compared to the corresponding PP fraction.
The tendency of PE to form more aromatics upon thermal

Figure 3. Carbon number vs DBE plot for the hydrocarbons in PE (top) and PP (bottom) waste pyrolysis oil with odd-electron ions (left) and
even-electron ions (right) for (+)APPI FT-ICR MS. The area of the dots is proportional to the relative abundance of the respective molecular
formula.
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pyrolysis is a well-known behavior in the literature. These
aromatics are, according to the literature, formed via a
cyclization reaction of olefins and diolefins, leading to the
formation of naphthenes (i.e., via Diels−Alder reactions),
which react further to form aromatics.56 In turn, these

aromatics form more complex polyaromatic structures (coke
precursors), leading to pyrolytic coke formation.57−59 The
pyrolysis of PP results in the formation of more branched
hydrocarbons, such as iso-olefins as quantified by various GC
analyses.12 These branched compounds sterically hinder the

Table 1. Illustrative Hydrocarbon Structures for Different Double Bond Equivalent (DBE) Values
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cyclization reaction between olefins and diolefins, suppressing
the formation of naphthenes and aromatics.
The second difference between both hydrocarbon mixtures

is the variation in abundance across different DBEs. For the
postconsumer waste PE oil, the highest abundance is observed
for the homologous series with a DBE of 2 (diolefins and
cycloalkenes), with more uniform abundances across the other
DBEs. In contrast, for PP, a prominent peak in abundance is
found for the DBE of 2, whereas all other DBEs were found to
be present at a much lower extent. As previously mentioned,
PE pyrolysis oils contain more aromatics and naphthenes,
resulting in an elevated presence of species with a DBE of
minimally 2.20,60 Additionally, PP pyrolysis is known to give
rise to a significant fraction of diolefins due to the higher share
of tertiary carbon atoms compared to PE. These tertiary
radicals are more stable than their secondary counterparts,
resulting in more cracking reactions. These diolefins comprise
19.5 wt % PP waste pyrolysis oil according to GC × GC-FID,
resulting in a peak at a DBE of 2 for this pyrolysis oil.20 This

observation confirms the substantial difference in the pyrolysis
chemistry of PP and PE. The fact that PP pyrolysis leads to
mainly branched olefins and diolefins, which are then less likely
to react further toward cyclic products via Diels−Alder
reactions due to steric hindrance, is confirmed by the
significantly lower distribution of DBE compared to PE.61,62

A last difference between both postconsumer polyolefin
pyrolysis oils is the share of depolymerization during thermal
pyrolysis. The olefins and diolefins in PP waste pyrolysis oil
show a clear trend with carbon number, where a high
abundance is observed with repeating units of three carbons as
illustrated in Figure 5. This is clearly an effect of PP
depolymerizing into oligomers of propylene. This trend in
carbon number is a consequence of the stability of a more
stable tertiary radical in PP pyrolysis (as indicated in Figure 6)
compared to a less stable secondary radical in PE, making it a
less favorable pathway for the latter and leading to a more
random decomposition of the PE polymer chain.55,63 The
effect is well known for the formation of olefins and is known

Figure 4. Illustrative reaction mechanism for the formation of triolefins during thermal pyrolysis of polyolefins.

Figure 5. Relative abundance at different carbon numbers of even- and odd-electron ion hydrocarbons.

Figure 6. Illustrative reaction mechanism for the formation of iso-olefins and diolefins in PP pyrolysis.
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to result in propylene oligomers being C3, C6, C9, ..., C3n.
However, with FT-ICR MS, this effect is also detected for
diolefins, which to the best of our knowledge, has not been
explained before on a mechanistic level. The increased
abundance observed for diolefins displays the same pattern
of repeating units of three carbon atoms but with a shift in
carbon number being C22, C25, C28, ..., C3n−2. The shift in peaks
for the carbon number between olefins and diolefins results
from the further depolymerization by β-scissions of the formed
iso-olefins, as illustrated in Figure 6. Due to the scission
reaction, an ethyl radical is produced, which can dehydrogen-
ate with ethylene formation; this produces an α,ω-diolefin with
a chain length two carbon atoms shorter than the original
olefin. This reaction mechanism for PP pyrolysis explains the
clear trend in carbon number for both olefins and diolefins.
One advantage of FT-ICR MS compared to GC × GC-FID

is that very heavy complex aromatic structures can be
identified. For the PE waste pyrolysis oil, the most unsaturated
compound observed was C28H16, which is most likely a hepta-
aromatic compound such as dibenzoperylene, for which the
tentative molecular structure is provided in Figure 7. It should

be stressed that this molecular structure is a potential structure
of the compound observed and the exact connection of the
aromatic rings can differ, as mass spectrometry allows to
identify the molecular formula but not its structure. However,
C28H16 is definitely a complex aromatic and coke precursor
formed during PE waste pyrolysis. Other FT-ICR MS studies
with plastic pyrolysis oils identified similar PAHs, with the
most complex structures corresponding to hepta-aro-
matics.37,39 This is remarkable as those plastic pyrolysis oils
stem from different sources either being a mix of PE and PP or
a complex blend of postconsumer waste. This indicates that
polyaromatics ranging from octa-aromatics and onward end up
in the solid char phase and will not be present in the liquid
pyrolysis oils. Ware et al. investigated a complex blend of
postconsumer waste with unknown composition and observed
heavier PAHs than the polyolefin oils characterized in this
work. They observed hepta-aromatics with up to 50 carbon
atoms, while here the heaviest carbon number was 33.39 This is
likely due to the presence of a large share of aromatic polymers
such as PET or PS in the pyrolyzed plastics of Ware et al.
FT-ICR MS allows differentiation between hydrocarbons

with varying DBE, as displayed in Figure 3. Here, a peak in
relative abundance at a DBE of 11−12 and a carbon number of
21 is found in both the PE and PP waste pyrolysis oils. While
the increase in relative abundance is not exaggerated, this
discontinuity is unexpected within the plastic pyrolysis oils as,
normally, a Gaussian-like distribution is expected. This shows

the benefit of FT-ICR MS in identifying detailed patterns in
the plastic pyrolysis oils. Three hypotheses can be formulated
to explain the origin of this peak. First, it might be due to an
increased ionization efficiency of these specific compounds, but
this is unlikely as the peak does not vary in carbon number. If
these compounds were easier to ionize, adding a methyl
substituent would change little the ionization efficiency,
resulting in an increased abundance at carbon number of, for
instance, 22, which is not observed. Second, the increased
thermodynamic stability of these compounds might increase
the selectivity toward these species upon thermal pyrolysis.
Last, these molecules can stem from polymer additives or
contaminants breaking down during pyrolysis. However,
further investigation is required to elucidate the exact cause
of this increased fraction.
The DBE vs carbon number plot of Figure 3 displays a

pyramid-like shape for the detected hydrocarbons. At high
DBE and high carbon numbers, no compounds are observed in
the plastic pyrolysis oil as the melting point of the compounds
is reached. Therefore, these species remain in the thermal
pyrolysis oil’s solid residue (char). The hydrocarbons in the
pyrolysis oil show a clear trend as the highest carbon number
detected for a given DBE value decreases with increasing DBE.
This pyramid shape in hydrocarbon composition is similar to
the DBE vs carbon number plot for fossil sources such as heavy
crude oils or asphaltenes, as found in the literature.45,64

However, these crude oils predominantly consist of aromatics
and contain nearly no olefins as opposed to pyrolysis oils.
3.2. Complementarity of FT-ICR MS and GC × GC-FID.

One of the most used analytical methods for determining the
composition of complex hydrocarbon mixtures is GC × GC-
FID. The results of the GC × GC-FID analysis were previously
presented by Kusenberg et al., and they are briefly discussed
here.20 Further information on the GC × GC-FID analysis and
a detailed PIONA analysis can be found in the Supporting
Information. The studied PE and PP waste pyrolysis oils
spanned a wide range between C5 and C76 by normal-phase
GC × GC-FID analysis.
These observations comply with trends found in the

literature as PE pyrolysis oils consist primarily of n-paraffins
and α-olefins, while PP pyrolysis oils consist of iso-olefins and
branched diolefins, with a limited share of naphthenes and
aromatics (see Table 2). As PE is a linear polymer, it

predominantly depolymerizes into linear products, while the
branched PP correspondingly results in more branched iso-
olefins and diolefins. GC × GC-FID spectra typically allow
excellent differentiation up to C15, after which separating the
complex mixture of linear and branched paraffins and
(di)olefins and naphthenes becomes increasingly challenging.
Furthermore, GC × GC methods and column combinations

Figure 7. Molecular structure of dibenzoperylene (C28H16).

Table 2. PIONA Analysis of PE and PP Waste Pyrolysis Oils
Obtained by GC × GC-FID20

PE waste pyrolysis oil PP waste pyrolysis oil

n-paraffins 34.4 3.1
isoparaffins 6.5 4.7
α-olefins 25.5 6.0
iso-olefins 13.8 62.7
diolefins 4.3 19.5
naphthenes 11.6 3.0
aromatics 3.9 1.0
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must be selected to focus on a particular aspect of the
composition. While it is crucial to separate aliphatic
components to analyze polyolefin pyrolysis oils properly,
cyclics are typically less well separated when using a typical
nonpolar × polar combination. While separation of complex
aromatics is theoretically possible using GC × GC, there is
always a trade-off between the respective analytical capacities
of the different selected GC columns and their combination for
the different hydrocarbon compound families. For instance, in
previous work, aromatics were only identified up to
diaromatics with GC × GC-FID.20 Notably, while high-
temperature columns increase the observed carbon number
range up to C76, it is challenging to elute components with
even higher boiling points (>400 °C), and especially, the very
heavy tail of such pyrolysis oils is difficult to characterize
without the extensive use of lumping or even without cutting
off a portion of the heavy tail when it is outside the
temperature limit of the utilized columns. Hence, GC × GC-
FID is ideal for the detailed analysis of (heavy) distilled
fractions of pyrolysis oils, including detailed quantification of
aliphatic components up to a final boiling point of around 400
°C, and indeed limited for crude pyrolysis oils, which are in a
waxy solid state at room temperatures. This is even more the
case for reversed-phase GC × GC, which, on the one hand,
shows a superior second-dimension separation of saturated and
unsaturated hydrocarbons and even heteroatomic components
but, on the other hand, is even more limited toward very
heavy-boiling hydrocarbon mixtures due to the lower thermal
stability of polar first-dimension columns such as Megawax or
Stabilwax.17,18,22 These columns can be operated up to 260−
300 °C, corresponding to the boiling point of heptadecane
(303 °C).65 Hence, these polar columns are not applicable to
investigate the heavy fraction of pyrolysis oils above C17, as
reported by Toraman et al.17 To design effective post-
treatment techniques of pyrolysis oils to close the gap toward
industrial steam crackers, this last element of uncertainty, i.e.,
the detailed composition of the heaviest boiling fractions,
needs to be unraveled.
At this point, it is clear that both FT-ICR MS and GC ×

GC-FID yield valuable information for analyzing plastic
pyrolysis oils, however, with vastly different focus points and
strengths. Figure 8 displays the results of GC × GC-FID and
(+)APPI FT-ICR MS for both postconsumer waste pyrolysis
oils. The area of the dots is proportional to the abundance of
the detected molecular class with the abundance scaled to 100
to improve the comparability of both data sets. It is clear that

both techniques investigate different areas of the hydrocarbon
composition. GC × GC-FID is excellent for obtaining a
detailed molecular composition of low carbon numbers (C5−
C20). Furthermore, GC × GC-FID allows to elute heavy
components even up to C76 for the PP pyrolysis oil. However,
it becomes challenging to discern between different molecular
classes such as paraffins, olefins, and naphthenes for those
compounds. Furthermore, detailed identification of different
classes of aromatics remains somewhat vague, leading to
lumped groups.
On the other hand, FT-ICR MS allows the identification of

heavier fractions up to C85 but fails to detect light compounds
(<C13), given the ion transfer conditions of the used
instrument. Therefore, GC × GC-FID is excellent for detecting
saturated components, while (+)APPI FT-ICR MS is more
sensitive to unsaturated and highly aromatic hydrocarbons.66

In fact, FT-ICR MS allows to differentiate between the
different complex unsaturated hydrocarbons and can identify
the molecular formula of PAHs, which is a clear advancement
of the state of the art in terms of pyrolysis oil characterization.
With FT-ICR MS, complex aromatics have been observed up
to hepta-aromatics, whereas GC × GC-FID has only identified
diaromatics at most. This is caused by two effects, namely, the
higher limit of detection in GC × GC-FID for those very
complex polyaromatic structures compared to FT-ICR MS and
the high boiling point of polyaromatics such as hepta-
aromatics, which are more challenging to elute through GC
columns commercially available. Especially for high molecular
weights, FT-ICR MS surmounts the capability of GC × GC-
FID in differentiating between different DBEs. The last
difference is that GC × GC-FID is a quantitative method,
while FT-ICR MS is at best a semiquantitative approach,
allowing one to identify trends in abundance between different
species. This semiquantitative nature of (+)APPI FT-ICR MS
is demonstrated by its selectivity toward the ionization of
aromatic and unsaturated compounds, while paraffins are more
difficult to ionize and hence detect. Furthermore, from the FT-
ICR MS results in Figure 8, one would claim that most of the
compounds detected in both PE and PP pyrolysis oils are
compounds with a DBE of 2 (diolefins, cycloalkenes, or
dicycloalkanes). However, the quantitative GC × GC-FID data
shed light on this as olefins and paraffins are found to be more
prevalent. Ideally, one would be able to integrate the results of
both methodologies to acquire a complete image of the plastic
pyrolysis oils and the quantities of all compounds. However,
due to the different ionization selectivities of different
hydrocarbons depending on their functionality and size, FT-
ICR MS is only semiquantitative. As there is only a limited
overlap between FT-ICR MS and GC × GC-FID, it is
currently impossible to discern the ionization selectivities of
FT-ICR MS to allow full quantification based on both
methods.
It is clear that both analytical methodologies have their

advantages and disadvantages. GC × GC-FID is one of the
workhorses in petrochemistry and provides essential informa-
tion such as PIONA composition and a detailed hydrocarbon
composition up to C20, after which it increasingly relies on
lumping components into groups. However, plastic pyrolysis
oils pose a challenge as they contain high molecular weight
compounds and a complex mixture of unsaturated (aromatic)
hydrocarbons that are difficult to discern with GC × GC-FID.
Here, (+)APPI FT-ICR MS is a perfect alternative for these
challenges as it focuses on heavy species (C13−C85 in this

Figure 8. Carbon number vs DBE plot for the PE waste pyrolysis oil
(left) and PP waste pyrolysis oil (right) for GC × GC-FID (red) and
(+)APPI FT-ICR MS (black). The area of the dots is proportional to
the abundance of the respective molecular formula for FT-ICR MS
and GC × GC-FID.
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work) and allows to differentiate between complex aromatic
molecular formulas. However, FT-ICR MS requires a proper
GC × GC-FID analysis to put results into perspective as mass
spectrometry cannot quantify components and fails to detect
low molecular weight components (based on the configuration
of the FT-ICR mass spectrometer). In essence, both analytical
methods are perfectly complementary in the sense of both
carbon number (low for GC × GC-FID and high for FT-ICR
MS) and DBE (paraffin detection for GC × GC-FID and
complex aromatics for FT-ICR MS) for plastic pyrolysis oils.
Despite the benefits of combining GC × GC-FID and FT-ICR
MS, there are still questions unaddressed by the combination
of both techniques. One of these is the overlap between
naphthenes and olefins in both techniques requiring additional
analytical approaches to resolve this. A potential solution for
this can be the use of a GC and a vacuum ultraviolet detector,
which can quantify both olefins and naphthenes.67,68 Never-
theless, it can be stated that a combination of both is needed to
unravel the complex composition of real waste pyrolysis oils,
which is an essential prerequisite for the design of upgrading
techniques to improve the suitability in subsequent (petro-
)chemical processes such as steam cracking.

4. CONCLUSIONS
Both postconsumer PE and PP pyrolysis oils have been
analyzed by (+)APPI FT-ICR MS, and the observed trends
were related to the pyrolysis mechanism. In this work,
molecules up to C85 have been observed in real postconsumer
plastic waste pyrolysis oils using FT-ICR MS, enabling the
distinction between complex aromatics and triolefins. With
FT-ICR MS, an increased fraction of PAH was observed in the
PE waste, where even compounds with seven aromatic rings
were found. These results comply with previous results of
different pyrolysis oils where the most complex PAHs were
hepta-aromatics, making it likely that all octa-aromatics are in
the solid phase. These results complemented previous analyses
by GC × GC-FID on the increased fraction of aromatics in PE
pyrolysis oils compared to PP. It was found that besides the
increased fraction of aromatics in PE, the aromatics were also
of more complex nature than with PP oils. This was caused by
the branched PP chain, which inhibits cyclization reactions due
to steric hindrance. With PP pyrolysis oils, a depolymerization
pattern is observed for both olefins and diolefins. The
advantage of FT-ICR MS is that it can differentiate between
various DBEs. Hence, the reaction mechanism for diolefin
formation and the depolymerization trends for diolefins could
be observed in more detail compared to the current state of the
art. The combined analysis by GC × GC-FID and (+)APPI
FT-ICR MS enables an improved characterization of the
hydrocarbons in the plastic pyrolysis oil and, hence, a more in-
depth understanding of these new synthetic petrochemical
feedstocks. The enhanced understanding and characterization
of these valuable waste feedstocks will facilitate their
incorporation into the existing chemical industry as a
renewable carbon source.
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