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ABSTRACT: As the global tide of plastic waste surges, the need
for scalable, effective recycling technologies has never been more
urgent. Among emerging strategies, chemical recycling, particularly
thermal pyrolysis, stands out as a promising approach for
converting complex plastic waste streams, such as polyolefins,
into valuable petrochemical feedstocks. However, the use of these
pyrolysis oils is currently hampered by the presence of
heteroatomic and halogen-containing species, which promote
corrosion, fouling, coking and catalyst deactivation in downstream equipment. Detailed knowledge of those contaminants is
required to design efficient purification techniques. Therefore, in this study, we employed ultrahigh-resolution 21 T Fourier
transform ion cyclotron resonance mass spectrometry to determine the molecular composition of nitrogenates, nitrogen oxides, and
halogens across a diverse set of pyrolysis oils. These pyrolysis oils originate from virgin and waste polyethylene, waste polypropylene,
and waste mixed polyolefins. Combining positive and negative electrospray ionization facilitated the selective ionization of basic and
acidic species, respectively. The remarkable similarities between virgin and waste pyrolysis oils revealed that a substantial fraction of
the heteroatomic compounds originates from additives and/or processing agents. In addition to specific contaminants, pyrolysis oils
also contain an abundance of aromatic compounds, which act as important “scavengers” of nitrogen and oxygen atoms. Among the
halogens, chlorine dominated, with only traces of fluorine and no bromine. Chlorine was primarily present in specific additives and
their corresponding breakdown products. Secondary reactions between chlorinated compounds and the hydrocarbon matrix
appeared to be less important during thermal pyrolysis. Moreover, no dioxins were detected in any of the pyrolysis oils. The
extraordinary level of detail in the results provides new fundamental insights into the formation, persistence, and possible origin of
heteroatomic species in plastic waste pyrolysis oils, offering a molecular foundation for additive redesign, improved decontamination
strategies and a cleaner path forward for chemical recycling.

1. INTRODUCTION
Starting from the discovery of Bakelite by Leo Baekeland in
1907,1 plastics have emerged as one of the most widely used
materials. Today, more than 460 million tonnes (Mt) of
plastics are produced annually.2 Due to their large-scale
production and relatively short lifespan, more than 350 Mt of
plastics reach end-of-life every year.2 Only 9% is adequately
recycled, with the remainder either incinerated (19%),
landfilled (50%), or improperly disposed of (22%).2 These
figures highlight the urgent need for large-scale recycling
technologies.
In general, plastic recycling can be classified into three

categories: mechanical, physical, and chemical recycling.3 In
the case of mechanical recycling, plastic waste is first sorted,
washed, shredded, and finally compounded into new
materials.4 Despite being the most commonly applied method
today, mechanical recycling faces significant limitations,
including polymer degradation, immiscibility in polymer
blends, and impurity buildup across multiple cycles.5,6

To overcome these constraints, physical recycling has
emerged as an alternative approach, in which polymers are
extracted through selective dissolution and precipitation. The
relatively low process temperatures reduce the risk of thermal
degradation and allow for partial impurity removal.7 However,
suitable environmentally friendly solvents are not always
available.8 As such, chemical recycling, i.e., the breakdown of
waste plastics into monomers or petrochemical feedstocks, is
expected to become the most important plastic recycling
technology.3

Among chemical recycling methods, pyrolysis is the most
widely applied, mainly due to the ability to process
heterogeneous and contaminated plastic waste streams.9
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During pyrolysis, plastics undergo thermochemical decom-
position under an inert gas atmosphere, yielding a complex
mixture commonly referred to as pyrolysis oil.10−12 Driven by
free radical chemistry, this process generates a broad product
distribution that includes all major PIONA (Paraffins, Iso-
paraffins, Olefins, Naphthenes and Aromatics) classes,
spanning a wide carbon number range.13

Despite the differences in product yields, both thermal and
catalytic pyrolysis oils contain a broad range of contaminants,
including heteroatoms such as nitrogen, oxygen, sulfur,
chlorine, and trace metals.13,14 These contaminants originate
from either polymer additives, organic and inorganic residues
that accumulate during use, or traces of ill-sorted polymers.
Their presence lowers the quality of the pyrolysis oils and
necessitates additional pretreatment steps before use as
petrochemical feedstocks.15 The most abundant contaminants
in plastic waste pyrolysis oils are heteroatomic species
containing oxygen, nitrogen, and halogens, such as chlor-
ine.13,14,16 These heteroatomic species hamper the use of
pyrolysis oils as they are known to cause corrosion, increased
fouling and coking in steam cracking, and potential poisoning
of downstream catalysts.13,17 Additionally, nitrogen-containing
species may promote the formation of explosive gums during
steam cracking.18 Considering the associated safety hazards
and the detrimental effect on the on-stream time, it is essential
to minimize these contaminants as much as possible.
The concentration of contaminants can be reduced with

additional treatments, both before and after pyrolysis. Prior to
pyrolysis, plastic waste is sorted and washed. Foreign materials,
such as metals, glass, paper, and organic residues, can be
removed from waste streams using sieves, air classifiers,
magnetic attraction, induced magnetic repulsion, and sink
float separation, among other methods.19 Heavier plastics, such
as polyvinyl chloride (PVC), polycarbonate (PC), and
acrylonitrile butadiene styrene polymer (ABS), can be
separated from a polyolefin waste stream based on their
density differences.20,21 Removing these materials is critical for
lowering the heteroatom load, particularly chlorine, nitrogen,
and oxygen, in the resulting pyrolysis oils.
More advanced techniques, such as near or short-wave

infrared spectroscopy, hyperspectral imaging spectroscopy and
laser-induced breakdown spectroscopy, enable further polymer
separation.22 However, despite the advances in sorting
technology, it is still impossible to obtain monostreams from
heterogeneous plastic waste streams.19 These limitations
highlight the importance of chemical recycling approaches,
such as pyrolysis, which are uniquely suited to handle complex,
mixed plastic waste streams. To meet industrial feedstock
specifications for contaminant levels, several upgrading
technologies already exist, e.g., hydrotreating, depth filtration,
distillation, and dehalogenation.21,23−26 Optimizing these
existing methods and developing new ones requires detailed
chemical analyses to uncover the molecular composition of
contaminants in plastic waste pyrolysis oils.
Numerous analytical techniques have been used to

characterize plastic pyrolysis oils. Historically, the focus was
on the characterization of the hydrocarbon fraction.
Comprehensive two-dimensional gas chromatography (GC ×
GC) coupled with flame ionization detection (FID) and mass
spectrometry (MS) has been widely applied for the character-
ization of the hydrocarbon fraction of a wide variety of plastic
pyrolysis oils.13,27−29 Additionally, GC × GC coupled to a
nitrogen chemiluminescence detector (NCD) has been used

for the analysis of the nitrogenates in mixed plastic waste
pyrolysis oils. For example, Toraman et al.14 reported the
detection of 1 wt % of nitrogen (elemental analysis), with the
majority of nitrogenates identified as nitriles, along with
smaller fractions of pyridines, quinolines, and indoles. A similar
study by Kusenberg et al.13 characterized three different plastic
waste pyrolysis oils. Based on the GC × GC-NCD results, the
nitrogen content (elemental) ranged from 0.0029 to 0.1144 wt
% of nitrogen, depending on the feedstock. In this case,
anilines were the most important type of nitrogenates, followed
by quinolines, amines, pyridines, and pyrroles. Halogens were
measured by combustion ion chromatography (CIC),
revealing chlorine levels between 137 and 474 ppmw of
chlorine, which is substantially above the three ppmw
maximum tolerated in industrial steam cracker feedstocks.15

Only traces of bromine and no fluorine were detected in any of
the pyrolysis oils.
However, GC × GC is generally less effective for high-

molecular-weight, heteroatom-rich compounds due to their
low volatility and thermal instability.30 While combustion
elemental analysis, inductively coupled plasma optical emission
spectroscopy (ICP-OES), or combustion ion chromatography
(CIC) can quantify specific heteroatoms, these techniques
cannot determine the molecular formulas of impurities. Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) is a complementary technique capable of identifying
high-molecular-weight species potentially containing multiple
heteroatoms.31−39

For instance, Mase et al.31 analyzed nitrogenates and
nitrogen oxides in a mixed plastic pyrolysis oil. The detected
molecules were categorized into heteroatom classes based on
the number of nitrogen and oxygen atoms, i.e., NxOy, where x
and y indicate the number of nitrogen and oxygen atoms in the
molecular formula, respectively. While these class labels
emphasize the heteroatom content, all identified species also
contain carbon and hydrogen. The predominant nitrogenate
classes were N1 and N2, with pyridine, quinoline, carbazole,
and indole moieties identified as the most common structural
motifs. Among nitrogen oxides, N1O1, N1O2, N2O1, and
N2O2 were the most abundant classes. Furthermore, the type
of oxygen functionality was found to be class-dependent:
N1O1 and N2O1 species were primarily associated with
alcohol groups, while N1O2 and N2O2 species contained
predominantly carboxyl functionalities. However, these find-
ings were based on a single plastic pyrolysis oil, and specific
contaminant sources were not identified. The influence of
additives, contaminants, and traces of nonpolyolefin polymers
on pyrolysis oil composition, as well as how these interactions
vary across different types of polymers, remains an active area
of investigation.
In this work, we employed ultrahigh-resolution 21 T FT-

ICR MS to investigate the molecular composition of
nitrogenates, nitrogen oxides, and halogen-containing species
in four different plastic pyrolysis oils: virgin low-density
polyethylene (LDPE), postconsumer polyethylene (PE),
postconsumer polypropylene (PP), and postconsumer mixed
polyolefins (MPO) pyrolysis oil. All samples were analyzed
using both positive and negative electrospray ionization
[(+)ESI and (−)ESI], which selectively ionize basic and acidic
compounds, respectively.40 This combination of dual ioniza-
tion modes and exceptional resolving power of 21 T FT-ICR
MS enabled the detailed identification of high-molecular-
weight heteroatomic species across diverse plastic waste
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streams. Beyond molecular characterization, the results also
provide critical insight into the origin and persistence of these
contaminants, revealing key links to common plastic additives
and processing agents.

2. MATERIALS AND METHODOLOGY
2.1. Materials. Polyolefinic plastic pyrolysis oils from four

different sources, i.e., one virgin low-density polyethylene (LDPE)
pyrolysis oil and three postconsumer plastic waste pyrolysis oils,
polyethylene (PE), polypropylene (PP), and mixed polyolefins
(MPO) pyrolysis oil, were analyzed in this work. The virgin LDPE
pyrolysis oil and the three postconsumer plastic pyrolysis oils were
produced in earlier work performed by Abbas-Abadi et al.41 and
Kusenberg et al.,13 respectively. The virgin LDPE was a film-grade
LDPE LD 150 series sample from ExxonMobil with a density of 923
kg m−3 (ASTM D1505) and a melt flow index of 0.75 g/10 min (at
190 °C/2.16 kg, ASTM D1238). The postconsumer PE originates
from a sorted PE film fraction. Both sorted postconsumer PP and
MPO stem from rigid applications. An indicative composition of these
three waste streams was provided by Kusenberg et al.13 and is given in
Table 1.

These three postconsumer plastic waste fractions, provided by the
Belgian recycling company Ecoo, are representative outlet streams for
a typical European plastic waste sorting facility. Trace amounts of
(in)organic residues and other polymers are present in these waste
streams due to imperfect sorting and cleaning.
All four plastic pyrolysis oils were produced using a continuously

operated pilot-scale pyrolysis unit, consisting of a single-screw
extruder directly coupled to a heated, continuously stirred tank
reactor (CSTR). A constant feeding rate of 1 kg h−1 was used to
introduce the plastic waste samples into the reactor, which was
operated at 450 °C and atmospheric pressure. To evacuate any
remaining air, prior to the experiments, the reactor was flushed for
several minutes with N2. Oil samples were collected once steady-state
conditions were achieved. For more details about the experimental
setup, the reader is referred to the work of Kusenberg et al.13

The elemental composition of the three postconsumer plastic waste
streams and the corresponding pyrolysis oils were characterized by
combustion elemental analysis, GC × GC-NCD, and combustion ion
chromatography (CIC) in previous work performed by Kusenberg et
al.13 The results are presented in Table 2. Due to the absence of
contaminants accrued during usage and the limited presence of
additives, no supplementary analysis was performed for the virgin
sample.

2.2. 21 T FT-ICR MS. A custom-built 21 T FT-ICR mass
spectrometer, equipped with both (+)ESI and (−)ESI, was used for
the analysis of respectively basic and acidic nitrogen-, nitrogen oxide-,
and halogen-containing species present in the four pyrolysis oils.42,43

In both cases, the plastic pyrolysis oils were dissolved in a 1:1
(volumetric ratio) toluene:methanol solution at a concentration of 50
μg mL−1. The use of methanol was necessary to fully dissolve polar
compounds, including those derived from plastic additives and other
contaminants present in the plastic pyrolysis oils. Subsequently, the
samples were infused at a rate of 0.55 μL min−1 and ionized with a
needle voltage of 3.6 kV and −3.2 kV for (+)ESI and (−)ESI,

respectively. The produced ions were analyzed with a custom-built 21
T FT-ICR mass spectrometer.42 An external multipole ion trap
equipped with automatic gain control was used for the accumulation
of 2 × 106 charges within approximately 1−5 ms.44 To improve
signal-to-noise in the mass range of interest, ion depletion was applied
to suppress highly abundant background ions with m/z values
between 306 and 334. This method selectively removes dominant gas-
phase contaminants, thereby enhancing the detection of sample-
derived peaks.45 Following ion accumulation and transfer to the ICR
cell, ions were excited to an m/z-dependent radius to optimize
dynamic range and maximize peak detection. The dynamically
harmonized ICR cell operated at a trapping potential of 6 V. For
all samples, 100 time-domain transients of 3.2 s each were acquired
and averaged using Predator software. A methanol blank sample was
used to verify that the FT-ICR MS instrument was cleaned, prior to
the analysis. Internal calibration was performed using an extended
homologous alkylation series of high-abundance peaks. Peaks were
detected above a 6σ baseline root-mean-square (RMS) noise
threshold, followed by automated elemental composition assignment.
To ensure full spectral coverage, calibration included paraffins, olefins,
and diolefins, representing double bond equivalent (DBE) values of
zero, one, and two, respectively. Molecular formula assignments and
data visualization in DBE versus carbon number plots were carried
out using PetroOrg software. The DBE, defined in eq 1 with C, H, X,
and N, the number of carbon, hydrogen, halogen, and nitrogen atoms,
respectively, is a measure of the number of double bonds and cyclic
rings present in a hydrocarbon and thus reflects the degree of
unsaturation. As shown in the formula, the DBE depends on the
valence of the constituting atoms: −0.5 for monovalent atoms (H, X),
0 for divalent atoms (O), +0.5 for trivalent atoms (N), and +1.0 for
tetravalent atoms (C). As such, the DBE is independent of oxygen
content.

DBE C
H
2

X
2

N
2

1= + + (1)

For data analysis, only molecular formulas with a mass error below
∼0.10 ppm and compound classes with a relative abundance of at
least 0.10% in one of the four pyrolysis oil samples were retained for
data interpretation. Size-scattered DBE versus carbon number plots
were used to visualize and interpret the data. In these plots, the area of
each data point is proportional to the relative abundance of the
corresponding molecular formula. The relative abundance of a specific
molecular class, e.g., all species containing carbon, hydrogen, and only
one nitrogen atom, i.e., the N1 class, was determined by summing the
abundances of all molecular formulas in that class and normalizing
this sum to the total signal of all detected formulas. This
normalization was performed separately for each ionization mode.
Note that, if detected, the 13C-topologues were included in the
analysis and their relative abundance was added to the relative
abundance of the corresponding class. Separate size-scattered DBE

Table 1. Indicative Composition of the Original Waste PE,
Waste PP, and Waste MPO Fractiona

waste PE
fraction

waste PP
fraction

waste MPO
fraction

PE (wt %) 97 12 53
PP (wt %) 1 88 46
others (wt %) ∼2 <0.1 ∼1

aOthers include polyethylene terephthalate, ethylene vinyl alcohol,
polyamide, polyvinyl(idene) chloride, polyurethane, and ethylene
vinyl acetate. Data taken from ref 13.

Table 2. Elemental Composition of the Postconsumer
Plastic Waste and the Corresponding Pyrolysis Oilsa

waste PE fraction waste PP fraction
waste MPO
fraction

solid
waste

pyrolysis
oil

solid
waste

pyrolysis
oil

solid
waste

pyrolysis
oil

C [wt %] 84.3 85.3 85.5 86.3 85.3 86.2
H [wt %] 13.9 14.5 14.1 13.7 14.2 13.7
N [wt %] 0.2 0.004 <0.1 0.0029 0.2 0.1143
O [wt %] 1.6 0.2 0.3 <0.1 0.3 <0.1
S [wt %] <0.1 0.0009 <0.1 0.0005 <0.1 0.0046
Cl [ppmw] 2100 143 1400 137 3600 474
F [ppmw] <40 <LOD <40 <LOD <40 <LOD
Br [ppmw] <50 22 <50 <LOD <50 <LOD
aData taken from ref 13.
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versus carbon number plots for the detected 13C-topologues can be
found in the Supporting Information (Figures S8−S16).

3. RESULTS AND DISCUSSION
Oxygen, nitrogen, and halogens are among the most abundant
heteroatoms in plastic waste pyrolysis oils.13,14,16 Given their
negative impact on processing and compliance with industrial
feedstock specifications, understanding their molecular com-
position, structure, and origin is essential. The following
sections detail the analysis of nitrogenates, nitrogen oxides, and
halogen-containing species in the four pyrolysis oils. The
analysis of the pure hydrocarbons are given in Figure S1 of the
Supporting Information. Results on oxygen-containing species
have been previously reported by Ureel et al.39

3.1. Nitrogen. The elemental nitrogen content in plastic
waste pyrolysis oils typically ranges in the low thousands of
ppmw of nitrogen, substantially exceeding the 100 ppmw
industrial petrochemical feedstock limit for naphtha and
approaching the 2000 ppmw threshold for gas oil-type
feedstocks.15 Three different sources of nitrogen can be
distinguished: polymer additives such as colorants, antistatics,
lubricants, etc.; nitrogen-containing polymers such as poly-
amides (PA) and polyurethanes (PUR); and nitrogen-
containing contaminants such as food residues, i.e., amino
acids, and nitrogen-containing detergents.15,46 Depending on

the nitrogen source, different decomposition pathways prevail,
e.g., amino acids can decompose into ammonia,47 while PUR
and PA yield large fractions of (aromatic) nitrogenates such as
nitriles and amines, which may further decompose into
ammonia and hydrogen cyanide.48−50

3.1.1. (+)ESI. Basic nitrogen compounds, such as amines,
pyridines, and quinolines, are efficiently ionized by positive-
mode electrospray ionization [(+)ESI].31 The results of
(+)ESI FT-ICR MS, along with the elemental composition
of the four pyrolysis oils reported by Kusenberg et al.13 are
shown in Figure 1. The elemental composition of the three
postconsumer plastic waste streams and their corresponding
pyrolysis oils is summarized in Table 2.
Although the nitrogen content in the polyethylene (PE) and

mixed polyolefin (MPO) waste streams is comparable, i.e.,
approximately 2000 ppmw of nitrogen, the resulting pyrolysis
oils show a marked difference: 40 ppmw of nitrogen in PE
pyrolysis oil versus 1143 ppmw of nitrogen in MPO pyrolysis
oil. The nitrogen concentration in the polypropylene (PP)
pyrolysis oil is also similar to that of the PE pyrolysis oil,
despite the initially lower concentration in the PP waste, i.e.,
less than 1000 ppmw of nitrogen.
Because of the absence of nitrogen-containing additives and

contaminants, the nitrogen content of the virgin low-density
polyethylene (LDPE) pyrolysis oil is assumed to be negligible.

Figure 1. DBE versus carbon number plots derived from (+)ESI 21 T FT-ICR MS for nitrogenates in virgin LDPE, waste PE, waste PP, and waste
MPO pyrolysis oil. The area of the dots is proportional to the relative abundance of the respective molecular formula. The total amount of nitrogen
in the pyrolysis oils reported by Kusenberg et al.13 is given at the top of each column in ppmw and the relative abundance per molecular class for
this ionization mode is given in the graphs.
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Note that the FT-ICR MS results are only semiquantitative.
Because ionization efficiency varies with chemical functionality
and ionization mode, certain compounds may appear
disproportionately abundant in the spectra. Quantitative
comparisons of relative abundances are therefore only valid
for compounds with similar chemical functionality within the
same sample. These limitations help explain discrepancies
between the elemental composition reported by Kusenberg et
al.13 and the relative abundances derived from FT-ICR MS.
In the virgin LDPE pyrolysis oil, only N1 compounds were

detected. In contrast, the postconsumer PE and PP pyrolysis
oils contained N1, N2, and N3 nitrogenates, while the MPO
pyrolysis oil showed the presence of N1 and N2 nitrogenates
only. No N4 compounds were detected in any of the plastic
pyrolysis oils by (+)ESI. For these postconsumer waste
pyrolysis oils, the abundance of nitrogenates decreased sharply
with increasing nitrogen atom count per molecule. This trend
contrasts with the oxygenate analysis performed by Ureel et
al.39 in which the relative abundance only significantly
decreases beyond the O2 class. In the virgin LDPE pyrolysis
oil, the N1 species consisted of an abundant fraction of
saturated aliphatic amines. These saturated aliphatic amines,
which have a DBE of zero, likely originate from surfactants,
corrosion inhibitors, antistatic agents, or other processing
agents used in reactor cleaning or laboratory preparation.
C38H79N is the most abundant nitrogenate with a DBE of zero
in the virgin LDPE pyrolysis oil, followed by C25H53N,
C16H35N, C36H75N, and C19H41N. C38H79N most likely
originates from distearyl dimethyl ammonium chloride
(C38H80ClN, Figure 2), a quaternary ammonium salt

frequently used as fabric softener, antistatic agent, detergent,
etc.51 This hypothesis is further supported by the presence of
known breakdown products such as C36H75N, C20H43N, and
C19H41N, that can be formed after loss of alkyl chain(s) from
the nitrogen atom. Moreover, this salt is readily ionized and
therefore efficiently detected by FT-ICR MS. Similarly,
C25H53N is likely derived from behentrimonium chloride
(docosyltrimethylammonium chloride, C25H54ClN; Figure 2),
a commonly used antistatic agent.46 Again, possible breakdown
products, such as C23H49N and C22H47N, have been detected.
The detection of both the original additives and their
corresponding breakdown products indicates that these
additives were not fully decomposed under the aforementioned
pyrolysis conditions. According to the pyrolysis experiments
performed by Pappijn et al.,52 diethylamine decomposition
only starts around 500 °C. Despite the longer residence times
and the significantly larger saturated aliphatic amines in the
present work, at 450 °C, it is expected that saturated aliphatic
amines will not fully decompose.

Another potential source of nitrogenates in virgin LDPE is
the polymerization initiator, e.g., azobisisobutyronitrile
(AIBN). AIBN decomposes into N2 and two 2-cyanoprop-2-
yl radicals. However, both species are too low in mass to be
detected under the current FT-ICR MS conditions. In addition
to the detected aliphatic amines, a substantial fraction of
(poly)aromatic nitrogenates was also observed in the virgin
LDPE pyrolysis oil, including aromatic amines, anilines,
pyridines, and quinolines. Overall, C23H41N, a nitrogenate
with a DBE of four, has the highest abundance. These
nitrogenates with a DBE of four could be species with a
pyridine group, species formed via the reaction of a benzyl
radical and a saturated aliphatic amine, a reaction between
ammonia and the hydrocarbon matrix, etc. In general, species
with a DBE value of at least four are expected to be
(poly)aromatics. Based on their uniform and broad distribu-
tion, combined with the fact that these types of heteroatomic
(poly)aromatic species were detected in the majority of the
molecular classes of all samples indicates that they are mainly
formed during secondary reactions. For the remainder of this
manuscript, we will use the term aromatics for both mono- and
polyaromatics. A similar distribution of N1 species is observed
across all three postconsumer plastic pyrolysis oils. As in the
virgin LDPE pyrolysis oil, a distinct series of species with a
DBE of zero and carbon numbers between 12 and 55 is
present, along with a broad variety of aromatic nitrogenates.
However, opposed to virgin LDPE pyrolysis oil, C16H35N is
the most abundant nitrogenate with a DBE of zero in all
postconsumer waste pyrolysis oils. Moreover, postconsumer
plastic waste pyrolysis oil exhibits a broader range of aromatic
nitrogenates. This is expected to be due to the additional
presence of contaminants and heteroatomic polymers, like
PUR, PA and PET. These impurities, which are not found in
virgin plastics, can decompose during pyrolysis, thereby
releasing nitrogenates, and heteroatomic species in general,
which could participate in secondary reactions.48,53

The GC × GC-NCD analysis performed by Kusenberg et
al.13 indicates that anilines are the dominant type of
nitrogenates in all three postconsumer plastic waste pyrolysis
oils. The higher share of aromatic nitrogenates compared to
aliphatic nitrogenates is expected to be due to the higher
stability of the former. This is perfectly illustrated by the
comparison of the C−N bond dissociation energies of
diethylamine and aniline, reported in Figure 3. The aromatic

C−N bond in aniline is approximately 112 kJ mol−1 stronger
than the aliphatic C−N bond in diethylamine. Consequently,
aliphatic amines will decompose more easily compared to
anilines. As a result, addition reactions between ammonia and
aromatic hydrocarbons will result in a more favorable (lower)
reaction enthalpy and yield more stable anilines, compared to
the aliphatic amines. Similar trends have been reported by

Figure 2. Molecular structures of distearyl dimethyl ammonium
chloride and behentrimonium chloride (docosyltrimethylammonium
chloride).

Figure 3. Bond dissociation energies for the C−N bond in
diethylamine and aniline. Data obtained from refs 54, 55.
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Ureel et al.39 for C−O bonds, although the energy difference is
smaller, at 83 kJ mol−1.
The tendency of ammonia to react preferentially with

aromatic hydrocarbons, combined with the higher stability of
the resulting nitrogenates, may also explain the substantially
higher concentration of nitrogen in waste MPO pyrolysis oil
(1143 ppmw) compared to waste PE pyrolysis oil (40 ppmw),
despite similar nitrogen levels in the original plastic waste.
Considering that a substantial fraction of nitrogenates present
in plastic waste is converted into ammonia, and that MPO
pyrolysis oil contains a higher share of aromatic hydrocarbons
than PE pyrolysis oil, i.e., 13.6 wt % versus 3.9 wt %,13 MPO
pyrolysis oil offers more aromatic species for addition reactions
with ammonia. As a result, nitrogen is more readily
incorporated into stable nitrogenates in the hydrocarbon
matrix, leading to a higher nitrogen content in MPO pyrolysis
oil. Alternatively, there could be a difference in the chemical
structure of the nitrogenates initially present in the PE and
MPO plastic waste. However, since both feeds are post-
consumer chemical waste, a similar chemical profile can be
expected. This conclusion is further supported by the high
degree of similarity in the (+)ESI FT-ICR MS results, depicted
in Figure 1. Note that the relative abundances derived from
(+)ESI FT-ICR MS show an opposite trend, i.e., the relative
abundance of the N1 class in waste PE pyrolysis oil is higher
than the relative abundance of the N1 class in waste MPO
pyrolysis oil. This difference is an artifact of the aforemen-
tioned semiquantitative nature and normalization.
In addition to anilines and amines, MPO pyrolysis oil also

contains a substantial fraction of quinolines and pyridines, as
detected by GC × GC-NCD.13 Quinolines are structures often
present in polymer dyes, such as pinacyanol or sodium 2-(1,3-
dioxoindan-2-yl)quinolinedisulfonate, also known as quinoline
yellow WS.56 Pyridinic structures are present in various food
additives, e.g., nicotinic acid, 2-acetylpyridine, etc., and
cosmetic products such as hair and skin products, e.g.,
nicotinamide, zinc pyrithione, etc.
N1 nitrogenates with a DBE of one, two, or three,

corresponding to nitriles, nitrogenated naphthenes, or nitro-
genated (di)olefins, have not been detected in neither virgin
LDPE, PP, or MPO pyrolysis oil. In PE pyrolysis oil, a small
fraction of N1 nitrogenates with a DBE of two and three was
detected. The absence of such species with a DBE of one, two,
or three in most samples suggests that these types of species
are not present in the original solid waste fractions and are not
significantly formed during pyrolysis. This is likely due to the
lower bond dissociation energies of C−N and N−H bonds
compared to C−C and C−H bonds, combined with the
substantial weakening of C−C and C−H bonds in the vicinity
of nitrogen atoms (see Figure 4). These effects favor the
fragmentation of amines with a DBE of zero into lower-
molecular-weight nitrogen compounds, rather than the
formation of larger N1 species with a DBE equal to one, two
or three.57 Moreover, due to the high stability of aromatic
nitrogenates (see Figure 3) it is energetically unfavorable to
reduce the DBE below a value of four. In addition, the high
abundance of pure hydrocarbons with a DBE of two and three,
previously reported by Ureel et al.,39 indicates that the
formation of the corresponding nitrogenates via secondary
reactions is less important. Toraman et al.14 detected 5 wt % of
nitriles in mixed plastic waste pyrolysis oil; however, these
nitriles were primarily (alkylated)benzonitriles. These aromatic

nitriles have a DBE of at least six, which is consistent with the
results obtained in the present work.
N2 and N3 compounds were not detected in virgin LDPE

pyrolysis oil. This is expected to be due to the lack of N2 and
N3 compounds in the original virgin LDPE, the absence of N2
and N3 contaminants, and the low likelihood of their
formation via secondary reactions between either ammonia
and N1 nitrogenated compounds or N1 nitrogenated
compounds mutually. The latter is based on the fact that the
concentration of hydrocarbons is several orders of magnitude
higher than that of nitrogenates.
In contrast, for the plastic waste pyrolysis oils, the

composition of N2 nitrogenates in PE pyrolysis oil differs
slightly from that observed in PP and MPO pyrolysis oil.
Despite the broad distribution of N2 nitrogenates observed in
the PE pyrolysis oil, three compounds are particularly
abundant, i.e., C17H16N2, C18H34N2, and C20H38N2, with a
DBE of eleven, three, and three, respectively. The first
compound is likely a degradation product of quinoline dyes
used for polymer coloration, while the latter two could
correspond to imidazole or imidazoline structures stemming
from, e.g., food and cosmetic residues. These three nitro-
genates are also present in PP and MPO pyrolysis oils, albeit at
a lower abundance. In those samples, the dominant N2 species
are C14H14N2 and C24H22N2. 1,2-di-p-tolyldiazene (C14H14N2)
and 1-(4-methylnaphthalen-1-yl)-2-(2,3,6-trimethylnaphtha-
len-1-yl)diazene (C24H22N2), depicted in Figure 5, are likely
sources for these N2 nitrogenates. Both diazenes are
degradation products of so-called azo dyes, which are
commonly applied for coloring textiles, cosmetics, and food.
The degradation temperature of these azo dyes spans a wide
range from 250 °C up to temperatures above 600 °C,
depending on the nature and position of the substituents.58,59

Upon thermal decomposition, the C−N bond breaks, yielding
both an aromatic and an azo radical. The latter may further
decompose, releasing molecular nitrogen (N2) and an
additional aromatic radical.59

N3 nitrogenates are considerably less abundant than N1 and
N2 species but display a similar composition in both PE and
PP postconsumer plastic pyrolysis oils. In both cases,
C17H13N3, with a DBE of 13, is the most abundant compound.
A potential structure for this component is depicted in Figure
5. The benzotriazole functionality, commonly found in UV
stabilizers such as 2-(Benzotriazol-2-yl)-4,6-bis(2-methylbutan-
2-yl)phenol (C22H29N3O), is a likely source.60 These
stabilizers are routinely added to plastics to prevent UV-
induced degradation, including cracking and discoloration.
This hypothesis is further supported by the detection of

Figure 4. Bond dissociation energies for diethylamine (solid) and the
alkane analogue (underlined). Data obtained from ref 55.
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C22H29N3O as one of the most abundant N3O species in the
(+)ESI spectra (see Figure S2).
3.1.2. (−)ESI. Acidic nitrogenates, such as pyrroles,

imidazoles, etc., are primarily detected by (−)ESI.40 The
(−)ESI FT-ICR MS results for the four pyrolysis oils are
shown in Figure 6. Based on the GC × GC-NCD analysis of
the plastic waste pyrolysis oils conducted by Kusenberg et al.,13

pyrroles represent only a minor fraction of the detected
nitrogenates. In general, pyrrolic structures are uncommon in
plastic additives. However, they can be formed via the
decomposition of benzotriazoles into indoles and nitriles or
carbazoles. For example, the pyrolysis of 1-arylbenzotriazoles,
also known as the Graebe-Ullman synthesis, results in the
formation of more stable carbazoles.61 In contrast, vinyl-
benzotriazoles decompose into N-phenylketenimines, which
are further converted into nitriles, and indoles at elevated
temperatures.62 Both carbazoles and indoles contain pyrrolic
functionalities and can thus be detected by (−)ESI.
The virgin LDPE and the waste PP pyrolysis oil have a

comparable N1 nitrogenate composition, with abundant
species clustered around DBEs of nine, ten, and eleven. The
N1 species with a DBE of nine are most likely carbazole
derivatives, while those with a DBE of ten and eleven may
correspond to carbazoles with unsaturated side chains or more
general (fused) aromatic nitrogenates. In contrast, the waste
PE and MPO pyrolysis oils reveal a much broader distribution
of N1 nitrogenates, with C21H17N as the most abundant
composition. Additionally, the high relative abundance of N1
nitrogenates with a DBE of twelve is characteristic of
benzocarbazoles. Note that N2 and N3 nitrogenates were
only detected in the waste PE and MPO pyrolysis oil. Again, a
high level of similarity is found between both pyrolysis oils. For

N2 nitrogenates, two major peaks can be identified, C20H38N2
and C18H34N2. These two compounds were also observed in
the (+)ESI spectra, suggesting the presence of both acidic and
basic functionalities. These two compositions are also visible in
the DBE versus carbon number plots reported by Mase et al.,31

albeit at a lower relative abundance. Similar to (+)ESI data,
C17H13N3 is the most abundant N3 nitrogenate in both oils. A
small fraction of highly aromatic N4 nitrogenates was detected
exclusively in the waste MPO pyrolysis oil, and is likely due to
its higher aromatic content compared to the waste PE and PP
pyrolysis oils.

3.2. Nitrogen Oxides. Analogous to nitrogenates, nitrogen
oxides present in plastic waste typically originate from either
plastic additives, nitrogen oxide-containing polymers or
contaminants. However, compared to nitrogenates, nitrogen
oxides are less likely to be formed via secondary reactions
during pyrolysis, as the released ammonia and carbon
monoxide are more likely to react with pure hydrocarbons
rather than with the small fraction of oxygenated or
nitrogenated hydrocarbons, respectively. Likewise, nitrogenates
and oxygenates are more likely to react with pure hydro-
carbons rather than mutually.

3.2.1. (+)ESI. The relative abundance of the various nitrogen
oxides detected by (+)ESI FT-ICR MS is depicted in Figure 7.
In all four pyrolysis oils, N1O1 nitrogen oxides have the
highest relative abundance, with a general decline in relative
abundance as the number of nitrogen and oxygen atoms
increases. The reason for this trend is likely 2-fold. First, plastic
additives and organic residues typically contain only a limited
number of nitrogen and oxygen atoms. Second, ammonia and
carbon monoxide released during pyrolysis are more likely to
react with pure hydrocarbons rather than with nitrogenates,

Figure 5. Molecular structures of bis(4-methylphenyl)diazene and 1-(4-methylnaphthalen-1-yl)-2-(2,3,6-trimethylnaphthalen-1-yl)diazene, top,
and 2-(8-methylnaphthalen-2-yl)-2H-benzo[d][1,2,3]triazole and 2-(benzotriazol-2-yl)-4,6-bis(2-methylbutan-2-yl)phenol, bottom.
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oxygenates, or nitrogen oxides. As a result, the formation of
nitrogen oxides via secondary reactions becomes less probable,
the higher the number of nitrogen and/or oxygen atoms
already present in the compound. Note that this trend is less
pronounced in the case of virgin LDPE pyrolysis oil, which
could be due to the overall low abundance of nitrogen oxides
in virgin LDPE pyrolysis oil. Interestingly, in waste PP and
MPO pyrolysis oil, N2O2 nitrogen oxides are more abundant
than N2O1 nitrogen oxides. This anomaly is attributed due to
the presence of specific compounds, as discussed in the coming
paragraphs.
In all four pyrolysis oils, C22H43NO, with a DBE of two, is

the most abundant N1O1 molecular formula. This formula is
consistent with erucamide (docos-13-enamide), a common
fatty acid primary amide used in plastics. C18H35NO and

C20H39NO, which were also detected with a relatively high
abundance, may correspond to oleamide and eicosenamide,
respectively. Erucamide and fatty acid primary amides in
general are widely used processing aids that act as slip agents
and internal processing lubricants for polyolefins and are hence
detected in all samples.46,63,64 A study performed by Jug et al.65

has found that oleamide could leach from (plastic) labware
into analytical samples. However, considering the broad range
of fatty acid primary amides detected in the four plastic
pyrolysis oils and the slower migration of erucamide compared
to oleamide,66 it is expected that a substantial fraction of the
overall relative abundance originates from the pyrolysis oil
samples, rather than from labware contamination. This is
further supported by the fact that the use of these additives is
not limited to plastic labware and considering that complete

Figure 6. DBE versus carbon number plots derived from (−)ESI 21 T FT-ICR MS for nitrogenates in virgin LDPE, waste PE, waste PP, and waste
MPO pyrolysis oil. The area of the dots is proportional to the relative abundance of the respective molecular formula. The total amount of nitrogen
in the pyrolysis oils reported by Kusenberg et al.13 is given at the top of each column in ppmw and the relative abundance per molecular class for
this ionization mode is given in the graphs.
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decomposition of fatty acid primary amides during pyrolysis is
rather unlikely. Next to these specific fatty acid primary
amides, and consistent with the results obtained for nitro-
genates, there is wide variety of species, especially those
consistent with aromatic compounds. This is more pro-
nounced for postconsumer plastic waste pyrolysis oils.
A broad range of N1O2 nitrogen oxides has been detected

across all four pyrolysis oils. Two major peaks can be
distinguished in the virgin LDPE pyrolysis oil, C22H47NO2
and C18H37NO2. C22H47NO2, which has a DBE of zero, is
consistent with stearyldiethanolamine. Stearyldiethanolamine
and alkyl ethanolamines in general are frequently used as
antistatic agents.67 On the other hand, C18H37NO2 may
correspond to either palmitoylethanolamide or sphingosine.
The aforementioned peaks are also prominent in waste PP and
MPO pyrolysis oils. However, for both oils, C16H33NO2 had
the highest abundance and is consistent with lauryl betaine.
These alkyl betaines, such as lauryl betaine (C16H33NO2) and
oleyl betaine (C22H43NO2), are widely used in personal care
products, which could still be present in traces in

postconsumer waste.68 The same N1O2 formulas were also
detected in the PE pyrolysis oil, albeit at a lower relative
abundance. In this case, instead of specific dominant peaks,
there is a region of higher abundance which is located at
carbon numbers below 25 and DBE values in the range of zero
to fifteen. Considering the absence of specific dominant peaks,
this region is expected to mainly consist of secondary reaction
products. The reduced abundance beyond this region, i.e., at
higher carbon numbers and/or higher DBE values, is
consistent with the hydrocarbon distribution reported by
Kusenberg et al.13 This high-abundant region is also visible in
waste PP and waste MPO pyrolysis oil. However, due to the
presence of specific dominant peaks, this is less pronounced.
N2O1 nitrogen oxides were detected exclusively in the

plastic waste pyrolysis oils. Three major molecular formulas
can be distinguished, C22H42N2O, C24H46N2O, and
C24H44N2O. C22H42N2O is expected to be oleyl hydroxyethyl
imidazoline, see Figure 8. These imidazoline derivatives are
frequently used as corrosion inhibitors, rheology modifiers,
emulsifiers, antistatic agents, adhesion promotors in paints and

Figure 7. DBE versus carbon number plots derived from (+)ESI 21 T FT-ICR MS for nitrogen oxides in virgin LDPE, waste PE, waste PP, and
waste MPO pyrolysis oil. The area of the dots is proportional to the relative abundance of the respective molecular formula. The relative abundance
per molecular class for this ionization mode is given in the graphs.
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inks, etc.69,70 Upon pyrolysis, C22H42N2O may decompose to
C20H38N2, a species also observed with relatively high
abundance in both (+)ESI and (−)ESI spectra. C24H46N2O
is expected to have a similar structure, e.g., 2-[2-(8-
Heptadecen-1-yl)-4,4-dimethyl-4,5-dihydro-1H-imidazol-1-yl]-
ethanol or 4-[2-(1-Heptadecen-1-yl)-4,5-dihydro-1H-imidazol-
1-yl]-1-butanol, which may similarly decompose into
C20H38N2 or C24H44N2O through double bond formation.
Three major N2O2 nitrogen oxide peaks were observed in

all four pyrolysis oils, i.e., C38H76N2O2, C36H72N2O2, and
C34H68N2O2. All three species have a DBE of two and are thus
most likely diamide structures. For instance, C38H76N2O2
matches the molecular formula of ethylene bis stearamide
(EBS), see Figure 8, which is widely used as slip agent for
polyolefin film production, internal processing lubricant to
enhance flow and mold release, filler dispersant, etc.63,64,71 The
other two species, C36H72N2O2 and C34H68N2O2, are
presumed to share similar diamide backbones. This hypothesis
is further supported by the fact that these diamides are

Figure 8. Molecular structure of oleyl hydroxyethyl imidazoline, top,
and ethylene bis stearamide (EBS), bottom.

Figure 9. DBE versus carbon number plots derived from (−)ESI 21 T FT-ICR MS for nitrogen oxides in virgin LDPE, waste PE, waste PP, and
waste MPO pyrolysis oil. The area of the dots is proportional to the relative abundance of the respective molecular formula. The relative abundance
per molecular class for this ionization mode is given in the graphs.
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produced starting from diamines and fatty acids that typically
span a distribution of alkyl chain lengths.71

3.2.2. (−)ESI. The (−)ESI FT-ICR MS results for nitrogen
oxides are depicted in Figure 9. As in the (+)ESI data,
C22H43NO, expected to be erucamide based on its molecular
formula, is the most abundant N1O1 species in all four
pyrolysis oils. The overall N1O1 profiles are comparable
between the two ionization modes, except for the waste MPO
pyrolysis oil, which displays additional abundant species, i.e.,
C16H13NO, C17H15NO, C23H19NO, and C24H21NO, not
observed in (+)ESI. Compared to (+)ESI, only a limited
number of N1O2 compounds have been detected in virgin
LDPE pyrolysis oil. C20H33NO2 is the most abundant N1O2
composition and could be myristyl nicotinate. Waste PE
pyrolysis oil displays a broader N1O2 profile, consistent with
the (+)ESI data, but without any dominant peaks. C22H41NO2
is the most abundant N1O2 nitrogen oxide in waste PP
pyrolysis oil. This could be an unsaturated breakdown product
of stearyldiethanolamine (C22H47NO2), which also appears in
high abundance in the (+)ESI spectra.
Three major N1O2 peaks were detected in waste MPO

pyrolysis oil, i.e., C20H41NO2, C18H37NO2, and C20H33NO2.
C20H41NO2 is expected to be stearoylethanolamide, whereas
C18H37NO2, also prominent in the (+)ESI spectra, may be
palmitoylethanolamide or sphingosine. N-acylethanolamines,
such as stearoylethanolamide and palmitoylethanolamide, are
fatty acid derivatives commonly used in detergents, corrosion
inhibitors, cosmetics, and are also found in trace amounts in
biological systems.72 Sphingosine, by contrast, is present in
sphingolipids, an important type of membrane lipids.73

Consistent with the (+)ESI results, C22H42N2O,
C24H46N2O, and C24H44N2O are the most abundant N2O1
nitrogen oxides in waste plastic pyrolysis oils. Two N2O1
nitrogen oxide species have been identified in the virgin LDPE
pyrolysis oil, i.e., C13H24N2O and C22H42N2O. Finally, the
same three N2O2 nitrogen oxides also dominate the (−)ESI
spectra. Additionally, waste PE and MPO pyrolysis oil contain
an abundant series of smaller N2O2 species with a DBE of two
and carbon numbers between 20 and 26. These are expected to
be breakdown products of C38H76N2O2, C36H72N2O2, and
C34H68N2O2.
Overall, the specific dominant molecular formulas of

nitrogenates and nitrogen oxides detected in this work were
not abundantly present in the mixed plastic pyrolysis oil
analyzed by Mase et al.31 This discrepancy may stem from
differences in plastic waste feedstock or pyrolysis process
conditions, including a lower pyrolysis temperature of 410 °C
in their study compared to 450 °C in the present work.
Secondary reaction products, generally present in lower
abundance and less dependent on the type of impurities, are
in greater agreement.
Despite the relatively low abundance of nitrogenates and

nitrogen oxides in virgin plastic pyrolysis oil, overall, their
molecular composition closely matches that of postconsumer
plastic waste pyrolysis oils. This similarity indicates that a
substantial portion of the nitrogen-containing compounds
originates from additives and contaminants introduced during
processing, rather than from use-related exposure. The same
observation was made for the oxygenates in previous work
performed by Ureel et al.39

Considering the strict industrial feedstock specifications
regarding nitrogen and oxygen content, it is thus crucial to
limit the use of heteroatom-containing compounds. One

solution is to develop polymer additives and processing agents
that support recyclability. In the absence of suitable
alternatives, these heteroatomic additives and contaminants
could be removed from the plastic waste stream prior to the
pyrolysis process. Several additive extraction methods exist,
such as batch single- and multistage extraction, ultrasonic
treatment, microwave assisted methods, supercritical fluid
extraction, accelerated solvent extraction and dissolution−
precipitation. However, further research and optimization
remain necessary.46 As such, the polymer additives and
processing agents identified in this work provide valuable
insight into the major impurities present in typical plastic waste
streams and represent a solid foundation for advancing
targeted extraction strategies. Next to additives and processing
agents, it is evident that heteroatom-rich polymers should be
removed from the plastic waste stream prior to the pyrolysis
process. These heteroatom-rich polymers generally have a
higher density than polyolefins and can be separated from a
plastic waste stream using flotation techniques.5

Apart from these specific compounds, a significant fraction
of highly unsaturated nitrogenates and nitrogen oxides was
observed, likely reflecting the higher stability of aromatic
structure. These species, which can be formed via the
decomposition of contaminants or via secondary reactions
between heteroatomic species and the hydrocarbon matrix, act
as effective “scavengers” of heteroatoms, such as nitrogen and
oxygen. This relationship between the aromatic content and
the nitrogen content in the pyrolysis oils is clearly illustrated by
the comparison of the waste PE and the waste MPO pyrolysis
oil. Because of their high stability, a posteriori removal of these
species in pyrolysis oils is rather difficult. Therefore, polymer
additives and processing agents containing aromatically
bonded nitrogen and/or oxygen should thus be avoided as
much as possible or removed prior to pyrolysis, e.g., using the
aforementioned extraction techniques. Moreover, polymers
producing a large amount of aromatics during pyrolysis, such
as polystyrene (PS)74 and polyethylene terephthalate (PET),75

should be removed from the polyolefin waste stream as much
as possible prior to the pyrolysis process. As already
mentioned, most heteroatom-rich polymers, like PET, and in
extension also higher density polymers, such as PS, can be
effectively separated from polyolefins using flotation techni-
ques.5 Nevertheless, complete removal is rarely achieved, and a
residual fraction of nitrogenates and nitrogen oxides will persist
in postconsumer plastic waste pyrolysis oils. If the nitrogen
concentration exceeds the feedstock limitations for industrial
stream crackers, the pyrolysis oil can be diluted with fossil
naphtha or subjected to additional pretreatments steps.15

Hydrotreating, more specific catalytic hydrodenitrogenation, is
currently the most mature and widely used technology for the
removal of nitrogen from oils.76 Alternative approaches include
liquid−liquid extraction, adsorption, complexation with
metallic salts, etc.76 Further development and optimization of
these nitrogen removal technologies, e.g., selection of adequate
solvents, adsorbents, etc., can be guided by the detailed
molecular characterization of nitrogenates and nitrogen oxides
in the plastic pyrolysis oils as presented in this work.

3.3. Halogens. Halogen-containing species pose a
significant challenge in the chemical recycling of plastic
waste. During pyrolysis, halogens can be released as highly
corrosive gases such as hydrogen fluoride (HF), hydrogen
chloride (HCl) and hydrogen bromide (HBr).77 Because of
their corrosive nature, they can damage processing equipment
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and disrupt continuous operation. Additionally, these gases
also contribute to the deactivation of downstream catalysts.77

Halogens are introduced into plastic waste through various
sources. Common polymer additives, such as brominated and
chlorinated flame retardants, are well-known contributors.78 In
addition, the presence of halogen-rich polymers, such as
polyvinyl chloride (PVC) and polyvinylidene chloride
(PVDC), originating, from e.g., multilayer packaging or ill-
sorted mixed plastic waste streams, also contributes to the
occurrence of chlorine.5,79 Residual chlorine may also derive
from Ziegler−Natta catalysts used in polyolefin production,80
as well as from exposure to halide-containing salts during use
or disposal, particularly in postconsumer waste streams.77

The halogen content of the three postconsumer plastic waste
streams and their corresponding pyrolysis oils was quantified
by Kusenberg et al.13 using combustion ion chromatography
(CIC). The data is summarized in Table 2. Chlorine emerged
as the predominant halogen in both the solid plastic wastes and
the corresponding pyrolysis oils. No significant amount of
bromine or fluorine was detected in any of the postconsumer
plastic waste pyrolysis oils by CIC. To effectively reduce
halogen levels in pyrolysis oils, identifying their main sources
and understanding their thermal decomposition behavior
remains critical.
3.3.1. (−)ESI. (−)ESI FT-ICR MS allows the detection of

halogenated organic molecules. Fluorine and chlorine were the
only halogens that were detected. Fluorine was detected only
in the waste PE and waste PP pyrolysis oils. In waste PE
pyrolysis oil, only the F1 class was observed. These F1 species,
with a DBE between 29 and 33 and a carbon number in the
range of 39 to 67, represent highly aromatic species with a
single fluorine atom (see Figure S3). For waste PP pyrolysis
oil, O8S1F1 was the only fluorine-containing class. These
O8S1F1 species have a DBE in the range of one to three and
carbon numbers in the range of 25 to 44 (see Figure S3).
These types of large organic species with a high number of
heteroatoms, especially oxygen atoms, generally indicate a
biological source, e.g., species containing glucose-derived
groups. The most likely source of large oxygen-rich species

with one sulfur atom are sulfolipids. These sulfolipids are
present in cell membranes of plants and cyanobacteria.81 The
fluor atom is expected to originate from a secondary reaction
with a fluor-containing compound.
Chlorine has been detected in all four pyrolysis oils. In virgin

LDPE pyrolysis oil, N1O7Cl1 was the only chlorinated class
that has been detected. In contrast, the chlorinated species
identified in the plastic waste pyrolysis oils were more diverse
and predominantly belonged to chlorine nitrogen oxide classes
(NxOyCl1) and chlorine oxide classes (OxCl1). Relatively
small fractions of chlorine sulfides (S1Cl1) and chlorine sulfur
oxides (OxS1Cl1) were also detected. Isoabundance DBE
versus carbon number plots for the most abundant chlorine
nitrogen oxide and chlorine oxide classes are summarized in
Figure 10. The complete set of chlorine-containing classes is
provided in the Supporting Information, see Figures S4−S7.
The N1O7Cl1 class was identified in both virgin LDPE and

waste MPO pyrolysis oil. The most dominant compounds in
this class are C37H67ClNO7, C38H69ClNO7 and C39H71ClNO7,
all with a DBE of 4.5. C36−40H65−73ClNOx in general, are
among the most abundant chlorine nitrogen oxides detected
across the plastic pyrolysis oils (see Figure 10). The consistent
DBE versus carbon number patterns observed for chlorine
nitrogen oxides across the four plastic pyrolysis oils, shown in
Figure 10 and in greater detail in Figure S4, suggest a common
origin. Based on the assigned molecular formulas, these species
are likely glycolipids, such as cerebroside, which have been
chlorinated. These glycolipids are biological species that
naturally occur in biological cell membranes.82 Their presence
in the pyrolysis oils likely stems from residual biological
contamination in postconsumer plastic waste, such as food
residues or cosmetics. While these compounds may originate
as glycolipids, modifications during pyrolysis, such as
dehydration, fragmentation, recombination, etc., could change
their DBE values or alter their structure. Alternatively, detected
DBE values around four could indicate the presence of
aromatic moieties, either introduced from contaminants (e.g.,
surfactants, dyes) or formed in situ. How these high-mass,
heteroatom-containing species survive pyrolysis remains an

Figure 10. DBE versus carbon number plots derived from (−)ESI 21 T FT-ICR MS for the most abundant chlorine nitrogen oxides (top) and
chlorine oxides (bottom) classes in virgin LDPE, waste PE, waste PP, and waste MPO pyrolysis oil. The area of the dots is proportional to the
relative abundance of the respective molecular formula. The relative abundance per molecular class for this ionization mode is given in the graphs.
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open question. Their persistence suggests that they are either
inherently thermally stable or formed as secondary products
later in the pyrolysis process, when localized temperatures or
reactive environments may favor stabilization through
aromatization or radical recombination. The presence of
chlorine may be attributed to the formation of chlorine
adducts during the (−)ESI-process.40 It is currently not clear
how these biological contaminants can end up in virgin LDPE
pyrolysis oil. However, no other potential sources could be
identified. For Cl1O4, Cl1O5 and Cl1Ox in general, a similar
pattern is found in the plastic waste pyrolysis oils with a peak
around C31−34H52−58ClOx, see Figures 10 and S5 in more
detail. These species likely share a common precursor, possibly
altered during pyrolysis or ionization.
In addition to the previously discussed species, waste PP

pyrolysis oil also contains a substantial fraction of species
belonging to the Cl1N3O1 class (see Figure S4). This class
almost exclusively consists of C17H18ClN3O, which is
consistent with 2-(2-hydroxy-3-tert-butyl-5-methylphenyl)-5-
chlorobenzotriazole, a frequently used antioxidant and UV
stabilizer (see Figure 11).83 For this species specifically, i.e., the

most abundant chlorinated compound, a 37Cl-topologue has
been detected. The relative abundance of the two topologues
was found to be in agreement with the natural relative
abundance of 35Cl- and 37Cl-isotopes.
Finally, despite recent concerns regarding the potential

formation of polychlorinated dibenzo-p-dioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs), collectively referred
to as dioxins, during the pyrolysis of plastic waste,84−86 no such
species were detected in any of the plastic pyrolysis oils
analyzed in this work. Indeed only chlorine oxides consisting of
one chlorine atom were observed by (−)ESI FT-ICR MS.
Paladino and Moranda,86 for example, analyzed the flue gases
of a catalytic plastic waste pyrolysis pilot plant and detected
small concentrations of dioxins. However, compared to the
feedstock used in the present work, their plastic waste stream
contained 2−4 wt.% of PVC. The presence of a substantial
fraction of PVC could be a potential source for dioxins.85 The
minimal amount of chlorine-containing species present in the
plastic waste streams pyrolyzed in the present work, see Table
2, could be a reason for the absence of PCDDs and PCDFs.
These findings demonstrate the importance of removing PVC
and other chlorine-rich materials prior to pyrolysis. Additional
research is needed to evaluate the potential for dioxin
formation under conditions involving higher chlorine content
or different feedstocks.

Overall, the detected chlorinated molecules mainly consisted
of a limited set of contaminants breaking down, and few
secondary reaction products were found. This suggests that
HCl released during thermal pyrolysis does not significantly
react with the hydrocarbon matrix under the tested conditions.
Chlorinated additives were detected in all pyrolysis oils;
however their use should be minimized as they release
corrosive HCl, which hampers chemical recycling infra-
structure. In the PP pyrolysis oil, one of the most abundant
chlorine-containing molecular formulas (C17H18ClN3O) is
consistent with 2-(2-hydroxy-3-tert-butyl-5-methylphenyl)-5-
chlorobenzotriazole, a commonly used antioxidant and UV
stabilizer. While the exact identity cannot be confirmed solely
based on accurate mass, the detection highlights the
contribution of chlorinated stabilizers to the halogen content.
To ensure compatibility with circular economy goals, the
development and adoption of “design-for-recycling” strategies,
particularly those aimed at eliminating or replacing chlorinated
compounds, will be essential for enabling efficient and scalable
chemical recycling of plastic waste.

4. CONCLUSIONS
Ultrahigh-resolution 21 T FT-ICR MS using both (+)ESI and
(−)ESI has been used for the molecular characterization of
nitrogenates, nitrogen oxides, and halogens in virgin LDPE,
waste PE, waste PP, and waste MPO pyrolysis oil. The
remarkable level of similarities between the heteroatomic
compounds found in the virgin LDPE pyrolysis oil and those in
the three postconsumer plastic waste pyrolysis oils indicates
that a substantial fraction of these species originates from
additives and/or processing agents. Considering the industrial
specifications for petrochemical feedstocks, it is thus of utmost
importance to limit their usage and to develop better
alternatives.
For both nitrogenates and nitrogen oxides, the relative

abundance of a molecular class was found to decrease with the
number of heteroatoms. An exception is the N2O2 nitrogen
oxides in waste PP and MPO pyrolysis oil. This is due to the
relatively high abundance of long-chain diamides originating
from frequently used slip agents, internal processing lubricants,
and related additives.
Apart from these specific contaminants, a significant fraction

of highly unsaturated nitrogenates and nitrogen oxides was also
observed. The majority of these species are expected to be
aromatics, based on their DBE values and carbon number
distributions. Because of their higher bond dissociation
energies, aromatic nitrogenates are more stable than their
aliphatic analogues. Moreover, this higher stability also favors
the addition of ammonia, which is released from nitrogen-
containing contaminants during pyrolysis, to aromatic hydro-
carbons over aliphatic ones. Thus, aromatic hydrocarbons act
as “scavengers” for nitrogen and oxygen atoms, contributing to
the formation of relatively stable heteroatomic species. This
difference in stability was reflected in the higher nitrogen
content of MPO pyrolysis oil compared to PE pyrolysis oil and
in the absence of N1 nitrogenates with a DBE of one, two, and
three.
Chlorine and fluorine were the only halogens detected.

Fluorine was only detected in waste PE and waste PP pyrolysis
oil, primarily as high-DBE species with high carbon numbers.
In contrast, chlorine was detected in all four pyrolysis oils. The
corresponding molecular formulas are consistent with known
additives, such as Tinuvin 326 in waste PP pyrolysis oil, as well

Figure 11. Molecular structure of 2-(2-hydroxy-3-tert-butyl-5-
methylphenyl)-5-chlorobenzotriazole, also referred to as bumetrizole
or Tinuvin 326.
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as their expected degradation products. Little secondary
reaction products were detected, indicating that the HCl
released during thermal pyrolysis does not significantly react
with the hydrocarbon matrix. Despite recent concerns, no
dioxins were detected in any of the pyrolysis oils.
Overall, the detected molecular formulas provide strong

evidence for the presence of additive-derived and contaminant-
derived species, although definitive structural identification
requires further analysis. The results of this study give new
fundamental insight into the origin and migration of nitrogen-,
nitrogen oxide-, and halogen-containing species in plastic waste
pyrolysis oils. This knowledge can guide the design of more
effective decontamination strategies and the development of
novel additives and processing agents, which are essential for
the large-scale implementation of chemical plastic waste
recycling technologies.
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