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Abstract

In the last decades the production and demand of plastics has drastically increased, with severe
environmental impact. Concerning climate change and the idea of a circular economy, waste
incineration is not favored, and efficient recycling strategies are needed. As one of the most promising
approaches, pyrolysis generates a certain amount of solid residue besides liquid and gaseous products.
The chemical nature of this char is not fully understood, but it holds the potential to be used in material
science or to generate further chemicals. To explore the value of this feedstock, thermal analysis with
mass spectrometric detection of the evolved gas mixture is deployed. With the help of soft
photoionization techniques, we were able to identify alkenes, dienes, and polycyclic aromatic
hydrocarbons (PAHs), which were emitted at four distinct mass loss events. Here, resonance-enhanced
multiphoton ionization allows selectively addressing the aromatic constituents, whereas single-photon
ionization covered a comprehensive chemical range. Interestingly, we found an enrichment of UV-
stabilizers, such as benzophenone, within the macromolecular nature of the residue. The evolved gas
mixture was found to be highly complex. Consequently, high-resolution mass spectrometry addressing
the isobaric complexity and pyrolysis gas chromatography was used for structural elucidation. We
hypothesize island- and archipelago-type structural motives comparable to asphaltenes but with
almost no heteroatoms based on analyzing the complex mixture by carbon number versus double bond
equivalent cartographies. A comprehensive set of thermal analysis mass spectrometric platforms
enabled an in-depth chemical description of plastic pyrolysis char, valuable knowledge in reactor

design and material science.
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Introduction

The handling of waste, and in particular of plastic waste, confronts humankind with one of the greatest
challenges of the current century. Efficient recycling and reuse strategies will be a key for reducing
carbon dioxide emissions and tackling climate change as well as ecological problems. Plastic is one of
the most important materials and ubiquitous in our daily lives; its global production has increased
twentyfold since the 1960s.’ Accompanied by this demand, over 29.1 million tons of plastic waste are
generated in Europe every year with a high rate of landfilling and incineration.! Consequently, the key
aspects are regulating the production and consumption of plastics; reusing plastic products or
replacing plastic with other materials. Nonetheless, modern society and the economy will still face a
substantial usage of plastics. In 2018, the European Commission announced to focus towards fully
recyclable plastic packaging by 20302, and at the beginning of 2021, the European Union even

introduced a plastics tax of 800 €/t3 on plastic packaging that is not recycled.

Aside from mechanical recycling, chopping, grinding, and melting the waste, one of the most promising
strategies for treating waste plastics is pyrolysis.* Certain polymers can also be chemically recycled,
such as polyethylene terephthalate, but this demands relatively pure educts, which is uncommon for
solid plastic waste (SPW). Plenty of research was conducted in understanding the thermal and catalytic
pyrolysis of waste plastics into valuable chemicals.> Most often, fuel-like hydrocarbons or the
respective monomeric building blocks are targeted. Historically, the lower price of secondary raw
materials compared to primary raw materials were making plastic pyrolysis economically unappealing
and hindered huge investment by the industry. In the last two decades, new legislation, along with
voluntary actions by major producers and users of plastics, changed this picture and the demand for

recycled plastics is drastically increasing.

Generally, pyrolysis of SPW will result in hydrocarbon-rich gas, a liquid oil, and char (solid residues).®
The pyrolysis conditions and raw material largely affect the product composition. Most often, higher
pyrolysis temperatures will result in a higher yield of gaseous components.® Nonetheless, reactor
design, residence time, and temperature protocol also cause a substantial impact.” Hence,
understanding the mechanisms allows for designing optimized recycling strategies and making a
circular economy possible. Thermal analysis techniques, such as thermogravimetric analysis (TGA), are
frequently conducted prior to real pyrolysis experiments at a pyrolysis plant or reactor.® Those TGA
experiments allow simulating the pyrolysis at a laboratory scale. Information on the general thermal

behavior of the feed material can be gained to tune the real reaction conditions.>1°

In a previous study, we could show that the pyrolysis degradation mechanism of rather simple

polymers, such as pure PET, can be highly diverse and yield extremely complex mixtures.!* This
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problem creates the demand for suitable analytical techniques to unravel the chemical composition
on a molecular level. For the detection of gaseous components established online techniques exist
allowing for good qualitative and quantitative insight.1213 A characteristic target is the yield of benzene,
toluene, and xylene (BTX aromatics). The situation is getting more complex when analyzing the liquid
plastic pyrolysis products. Here a limited number of routine protocols exist yielding the desired
molecular information. In literature, soft atmospheric pressure ionization, such as electrospray
ionization (ESI), with high-resolution mass spectrometric detection!* is discussed but also other

spectroscopic'® and chromatographic'® attempts exist.

Not much attention has been paid to the pyrolysis char itself. When it comes to the solid residues of
pyrolytic plastic recycling, very limited studies on a comprehensive chemical description are published.
Commonly, bulk-properties and physical parameters are determined, such as bulk elemental
composition'®, morphology/microscopy, rheological properties, and surface area (porosity).”28 The
solid residue was mentioned to be used as a raw material to produce activated carbon but also as a
feed for further gasification or the generation of other liquid chemicals.!” Spectroscopic attempts, such
as Fourier transform infrared spectroscopy (FT-IR) or nuclear magnetic resonance (NMR) spectroscopy,
have been made to describe the solid material on a molecular level.}*-! With these approaches, the
dominant chemical functionalities can be well described. Despite the existence of mass spectrometric
approaches, e.g., by laser desorption ionization of solid materials, such as coal or bitumen, there is a
research gap in the molecular understanding of the solid residue and the chemicals bound by the highly

aromatic graphitized matrix.

This research aimed to study the chemical composition of solid residue (char) of plastic pyrolysis
deploying state-of-the-art mass spectrometric concepts. As a first attempt, we focus on a simple but
crucial case, the pyrolytic treatment of low-density polyethylene (LDPE). LDPE is produced in multi-
millions tons annually?, primarily used in packaging and consumer products, and accounts for over
20 w-% of the total plastic present in municipal solid waste, but has very low recycling rates commonly
below 10w-%. Evolved gas analysis approaches coupled with powerful mass spectrometric
instrumentation have shown great potential to study solid and high-viscous complex organic mixtures,
such as bitumen, polymers and asphaltenes. Hence, we deployed a set of different thermal analysis
methods coupled to mass spectrometric detection with specialized ionization approaches allowing
access to different parts of the compositional and chemical space. Pyrolysis gas chromatography acts
as established technique yielding isomeric information. In contrast, more specific techniques, such as
resonance-enhanced multiphoton or single-photon ionization (REMPI/SPI), are able to selectively and
sensitively address aromatic constituents or act as an almost universal ionization approach,
respectively.?>?3 Ultimately, high-resolution mass spectrometry allowed to address the isobaric

complexity of the evolved pattern. This work aimed to address two main research questions: 1) Can
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we describe the chemical fingerprint of the evaporable fraction of the pyrolysis char, and 2) can the
raw residue char be further thermally treated to generate valuable products in respect of a circular
economy? Aside from these economical aspects, the information on the chemical composition of the
char is crucial for judging the ecological risks of the char to human health and the environment. In this
connection, primarily polycyclic aromatic hydrocarbons (PAHs) with their high carcinogenicity and

mutagenicity are of particular interest?.
Experimental Section
Material

In this study, five char samples generated from a prototype pyrolysis reactor were investigated. The
pilot plant was fed with unmixed solid plastic waste (SPW) composed of low-density polyethylene
(LDPE) continuously pyrolyzed at 410 °C (external wall temperature in the pyrolysis region). The exact
temperature in the reactor is not measured and is expected to be lower. Different reactor operation
parameters were adapted and changed to maximize the yield of the liquid fraction. In this respect, the
type of atmosphere (nitrogen, argon), the reactor mass loading, and the rotational speed of the tubular
reactor were changed. The samples were provided by Total Petrochemicals Feluy SA (TRTF — Total
Research & Technology Feluy, Belgium). Details on the char materials and reactor settings are given in

Table S1. The sample were stored in a freezer (-30°C) and dark to prevent alteration, e.g., oxidation.
Instrumentation

Four thermal analysis setups coupled to different mass spectrometric platforms were deployed within
this study: (1/4) thermogravimetry vacuum photoionization with time-of-flight mass spectrometric
detection (TG REMPI/SPI ToF MS), (2/4) thermogravimetry atmospheric pressure photoionization
ultrahigh-resolution mass spectrometry (TG APPI FT-ICR MS), (3/4) thermogravimetry with electron
ionization and quadrupole mass spectrometric detection (TG EI QMS)*27 and (4/4) pyrolysis gas
chromatography with electron ionization and quadrupole mass spectrometric detection (Pyr GC El
QMS). Technical details and schemes of the different mass spectrometric platforms are given

elsewhere.?8

For the first setup (1/4), a simultaneous thermal analyzer (STA7200RV, Hitachi) was coupled to a
custom photoionization time-of-flight mass spectrometer, which utilizes SPI and REMPI. A few
milligrams (1-3 mg) of the sample material were placed in a corundum crucible (Al,O0;). Thermal
analysis was carried out with a heating rate of 20 K/min under an inert nitrogen atmosphere
(200 mL/min) from 40 to 900 °C. Evolving constituents of the effluent from the thermal analyzer were
sampled via a heated interface and transfer line (3.50 m length and 200 um inner diameter at 250 °C).

In brief, for SPI, 355 nm laser pulses (25 mJ pulse energy, 10 Hz repetition rate, and 5 ns pulse width),
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generated from a Nd:YAG laser (Surelite lll, Continuum, Inc., SantaClara, CA, U.S.A.), were sent through
a xenon-filled gas cell (Xe 4.0, 12 mbar), yielding vacuum ultraviolet photons by nonlinear frequency
tripling (118 nm, 10.5 eV). For REMPI, 266 nm laser pulses were employed, generated from the same
laser through frequency quadrupling. The molecular ions formed after soft photoionization are
recorded with an acquisition frequency of 10 Hz from m/z 5-500 with a reflectron TOF-MS (Stefan

Kaesdorf, Munich, Germany) using a multichannel plate detector.?°30

The second mass spectrometric hyphenation (2/4) is composed of a thermobalance (TG 209, Netzsch
Geréatebau, Selb, Germany) coupled to a modified Bruker GC-APCI |l source equipped with atmospheric
pressure photoionization (APPI) by a Kr vacuum ultraviolet lamp (10/10.6 eV, 124/117 nm) as a soft
ionization technique preserving the molecular pattern.3 The temperature program of the
thermobalance with a constant flow of 200 mL/min nitrogen was 2 min isothermal at 20 °C, ramp to
600 °C with 10 K/min, and hold for 10 min at 600 °C. The evolved mixture was sampled via a 300 °C
interface and 280 °C transfer line (deactivated fused silica capillary, 0.53 mm ID, 300 °C) into the ion
source of the mass spectrometer. For mass spectrometric detection, a Bruker Apex Il ultra FT-MS
equipped with a 7 T superconducting magnet was used. Mass spectra were recorded from m/z 100 to
1000 with a four mega word transient, resulting in resolving power of roughly 300 000 at m/z 400.
Time-resolved broadband spectra each with ten micro scans were recorded. A detailed description of

the setup can be found elsewhere.?830

The third setup (3/4) is a hyphenation of a quadrupole mass spectrometer with electron ionization to
the thermobalance used in the second setup. For the TG EI QMS analysis corundum crucibles (Al,O;)
were used. Evolving constituents of the effluent from the thermal analyzer were sampled via an
unheated interface and transfer line (3 m length and 10 um inner diameter) and ionized by 70 eV. The

following selected ion traces were detected: m/z 15, 17, 18, 26, 30, 34, 42, 44.%

For the last setup (4/4), pyrolysis gas chromatographic analysis was applied. Roughly 0.5-0.9 mg of the
solid sample was injected into the pyrolyzer (model PY-2020iD, double-shot pyrolyzer, Frontier
Laboratories) mounted onto an HP 6890 gas chromatograph. The sample material undergoes a
pyrolysis step at 600 °C, held for 1 min. To separate the evolved gas mixture, a 30 m SGE-BPX5 column
(250 um inner diameter, 0.25 um film, helium at 99.999%, and head pressure at 0.4 bar, split of 1:50)
was used. The following temperature program was applied: hold for 10 min at 40 °C, ramp to 330 °C
with 10 K/min, and hold for 5 min. The effluent from the column was ionized by 70 eV electron
ionization and analyzed by a quadrupole mass spectrometer. Mass spectra were recorded in scan

mode from m/z 40-500.283233

Mass spectrometric data analysis
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For 1/4 data processing and analysis were carried out with the instrument-specific LabView (2014)
graphical user interface. For 2/4: External calibration of the mass spectra was performed using a
polystyrene standard. Afterward, an internal calibration utilizing characteristic CHO homolog rows
were performed, each scan of the time-resolved data was peak picked (S/N 6) and exported with a
visual basic script in Bruker Data Analysis 5.0 (Bruker Daltoniks, Bremen, Germany). The exported mass
spectra were processed by self-written MATLAB algorithms and routines combined in a graphical user
interface named CERES Processing. After careful manual investigation, the following restrictions were
deployed for elemental composition assignment: CcHhNnOoSs; 6<¢c<70,6<h<100,n<1,0<8, and
s <0 with a maximal error of 1 ppm. For the analysis and visualization (TG EI QMS/Pyr GC EI QMS) self-
written MATLAB R2019b functions were used in combination with a MATLAB-based graphical user

interface (CERES Viewer).
Results and Discussion

First physicochemical information about the five pyrolysis char samples is gained by the
thermogravimetric data summarized in Figure 1. The thermogram correlates the time-resolved mass
loss data from desorption or pyrolysis processes to a specific temperature. Generally, the char samples
reveal substantial mass loss between 100 and 800 °C. After the thermal treatment, a residue of 45 to
58 w-% remained, corresponding to pyrolytic carbon and inorganic constituents. Consequently, a
second thermal treatment of the initial pyrolysis char residue can substantially reduce the total
amount of waste in the recycling process. The numeric derivation of the mass loss curve leads to the
differential thermogravimetric (DTG) curve. It shows four distinct local maxima at 400 °C, 500 °C,
600 °C, and 750 °C. The feedstock material — unmixed solid LDPE waste — for the pyrolysis reactor is
the same for all samples and consequently, a general similarity can be found between all char residues.
Despite variation in pyrolysis reactor parameters, the location of the maxima is for all samples

approximately the same but differently pronounced.

The inhomogeneity of the sample material, due to their origin as by-products from the LDPE waste
mixture pyrolysis, results in considerable variance of the measurements. This aspect also needs to be
considered in a real-world scenario for the pyrolysis char utilization and potential upgrading. Here, to
compensate this effect, a statistical outlier test (Grubb’s test)** was applied to the thermal analysis
data, and only the remaining measurements were used for the calculation of the mean value
formation. The first peak at 390 °C shows the highest mass loss rate for Char A and the lowest for
Char C, which correlates with the observed residual mass. The differences in the pyrolytic conditions
are relatively low; primarily the reactor exit temperature is slightly reduced by about 10 °C for Char A.
In addition, the purge gas flow of the reactor was changed between Argon and Nitrogen. Argon may

have a small influence on the production of pyrolysis char, leading to a reduced amount of residual
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mass (char), but this effect can be hypothesized to be minimal. Char A shows the highest rate of mass
loss for the second peak, closely followed by Char B. For the remaining peaks, the difference between
the samples is much lower. Only Char E and Char B revealed a significant shift to slightly higher
temperatures and a higher rate of mass loss at 500 °C. Consequently, the differences in the residual
mass are mainly a result of the desorption and pyrolytic processes at temperatures below 550 °C. All
five char samples qualitatively show the same DTG profile. Consequently, the following discussion will

focus on Char A in detail.

The thermal analysis data suggest that the samples contain a significant but variable amount of defined
structures that are decomposing during the heating, leading to rather sharp and defined mass loss
steps. In contrast to these findings, earlier laboratory studies conducted with pure LDPE revealed only
one mass loss step, which corresponds to the pyrolytic formation of smaller alkenes.?® The pyrolysis
char shows unique thermal behavior, and chemical information on the evolved gas mixture is needed
for an understanding of the processes and potential for utilization. Therefore, we applied two soft

ionization schemes, SPI and REMPI, to the thermal balance for evolved gas analysis.
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Figure 1. Mass loss (solid line) and differential thermogravimetric (DTG, dashed line) results of the
plastic waste pyrolysis char thermal investigation. Several distinct decomposition steps similar to all
five char samples but differently pronounced can be observed. Due to the similar nature of all pyrolysis

char samples, Char A was selected for all further visualization.

These ionization techniques allow for an efficient description of the released molecules. With SPI at

118 nm, all molecules with an ionization potential below 10.5 eV can be ionized?®®. For the pyrolysis of
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LDPE, various alkenes are expected from the literature®, and SPI allows to investigate a broad chemical
space, including alkanes, alkenes and aromatics with different functionalities and structures.3%37
Moreover, also toxic aromatic constituents are formed during LDPE pyrolysis sensitively addressed by

REMPI. Addressing a broad chemical space will also address the potential effects of plasticizers.

For both ionization schemes, three different major peaks at 300 °C, 500 °C and 600 °C are found in the
total ion count signal (Figure 2). A huge discrepancy can be found by comparing the DTG curve with
the total ion count signal (TIC) of both mass spectrometric techniques. No coincidence between the
first peak of the SPI and REMPI signal and the DTG curve at approximately 400 °C is measured. Two
overlapping release steps could cause this finding. With one containing volatile compounds that are
desorbed from the sample at temperatures below pyrolysis (100-400 °C) and can be detected by SPI
and REMPI. The second step, responsible for the majority of mass loss (below 400 °C), presumably
produces smaller, volatile compounds that cannot or poorly (with low ionization cross-sections) be
detected with the photoionization schemes; therefore not/hardly seen in the TICs. In the third event,
the mass loss in the thermal balance is in the same temperature range as the mass spectrometric
response. Between 700 and 800 °C, no distinct peak is observed in the mass spectrometric detection
during the fourth mass loss step. Since the ionization energy decreases with the size/chain length of

the molecules??, the released molecules are more likely very small gaseous molecules.

x107
50 1 ] 1 1 ] ] ] 1 1
i _'EI?I-EGSPI T
40k |—TICREMPI 108
__TICEI QMS
= | Tos
S 30} i
3,
o T i
o 20 {04
10+ 102
O;“"Tﬂ:’iﬁw . ] - |. ] ] ] s e :T"“
100 200 300 400 500 600 700 800 O

Temperature [°C]

Figure 2. Overview of the TG-SPI/REMPI time-of-flight mass spectrometry results of Char A and the
analysis of light gases and small molecules by hyphenation of TG and QMS (The corresponding mass
spectra are shown in Figure S$3). Comparison of DTG and TIC curves with the three different mass

spectrometric techniques (TG-SPI/REMPI and TG-EI-QMS).
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This hypothesis was tested by direct coupling of the thermobalance with universal electron ionization
and quadrupole mass spectrometric detection (TG-EI_QMS). A non-heated transferline was used
avoiding sampling of the high-boiling point and very complex molecular pattern during the pyrolysis
phase as seen in the photoionization mass spectra. This room-temperature sampling enabled a focus
on light gases. The response of the mass spectrometer is in good agreement with the DTG-peak three
and four. Especially the fourth peak can be assigned to purely resulting from small gases (Figure 2).
This explains the observed intensity differences and temperature shifts between mass loss and mass

spectrometric data discussed above.

The corresponding El mass spectra (Figure S3) were obtained by summation of the region of interest.
With the above-mentioned restrictions of the SPI ionization threshold and the room-temperature
sampling of the El setup, as well as the help of structure databases, it can be concluded, that chemical
bonded water (m/z 18) is released in the first pyrolysis step, and the fourth mass loss step belongs to
the release of carbon dioxide (m/z 44). This behavior is not directly expected, as only LDPE (n C,H,)
waste composed of carbon and hydrogen was inserted as feed material. There are several plausible
paths of introducing oxygen to the system. The applied inert gas for the thermal analysis could have
had oxygen impurities. To disprove this assumption, we tested the setup with pure carbon rods
(Figure S1). The response of carbon dioxide was two orders of magnitude lower than the response in
the char measurements. Therefore, the carbon dioxide must be related to the plastic pyrolysis char.
We hypothesize that the release of carbon dioxide may result from the degradation products of
common plasticiser. Evidence can be found in the soft photoionization mass spectra (Figure 3c). The
mass spectrometric information of the four major mass loss steps possesses unique molecular
information. The mass spectra in these regions of interest were summed, yielding four distinguished

mass spectra over the range of 100-400 °C, 400-550 °C, 550-650 °C and 700-900 °C.

Starting with the temperature range of 100-400 °C, there is a huge difference between the chemical
information revealed by the SPI and REMPI mass spectra. The highest signal (base peak) for the SPI
spectrum is m/z 96 (tentatively heptadiene, C;Hy,) and a row of “triplets” ([M]**, [M+2]**, [M+4]"*)
account for the majority of the signals. These “triplets” are caused by dienes, alkenes and alkanes
differing in two hydrogen atoms (Am/z 2), whereas the homologue rows differ in chain length
(CH,, m/z 14)521.2% |n contrast, the REMPI spectrum features m/z 202 (pyrene, C,¢H1o) as highest signal
and there is a broad almost symmetric Gaussian distribution of signals tentatively attributed to other

polycyclic aromatic hydrocarbons and alkylated homologue rows.

In the SPI spectrum, the broad pattern is a product of thermal cracking of the char by random chain

scission.'® Therefore, the char will most likely contain non or only partially pyrolyzed feed material,
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more specifically oligomeric structures consisting of long alkyl chains. In the lower mass range (m/z <
120) dienes are the most abundant signal in these “triplets”, followed by the respective alkene and
alkane signals. The reason for the high diene contribution may that the smaller fragments are
generated by multiple bond-breaking reactions. Moreover, this effect can be caused due to analyzing
already pyrolyzed char residue rather than the pure polymer feed shown in the majority of the
literature. For larger molecules the alkene is favored, leading to alkenes giving the highest signal
intensities, followed by alkanes and dienes. Also, a low contribution of aromatic species, such as
benzene (m/z 78) and toluene (m/z 92) can be detected in the SPI spectra. For the focus on aromatic
constituents, REMPI is far more sensitive and selective. A wide range primarily of polycyclic aromatic
species can be observed with this method (Figure 3a, red). The high number of signals is a result of
several effects: First, a variety of polycyclic aromatic substances like naphthalene (m/z 128), fluorene
(m/z 166) or phenanthrene (m/z 178) with different degrees of alkylation is released from the char.
Second, oxygenated polycyclic aromatic species such as anthrone (m/z194) are also present,

overlapping with the signals of PAHs.

For structural validation of the observed species, another complementary technique is needed, namely
pyrolysis gas chromatography with mass spectrometric detection (Pyr GCMS). (Figure 4). This
technique allows approaching the isomeric complexity. It is reported that PAHs are common by-
products of the formation of dienes and alkenes in pyrolysis reactors, depending on the deployed

temperatures.®
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onsequently, the pyrolysis char releases a substantial amount of material in secondary therma
5o C tly, th I h I bstantial t of material dary th I
gi treatment, even at comparable low temperatures below 400 °C. The evaporated material is primarily
55 composed of water and a complex organic mixture dominated by alkanes, alkenes, and dienes. Critical
56
57 for human health and the environment, a strong release of mutagenic and genotoxic PAHs was found
gg and needs to be considered for disposal strategies. Nonetheless, regarding second usage and the
60
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production of valuable products, these chemicals are highly demanded building blocks in the chemical

industry and circular economy.3®

For the temperature range of 400-550 °C, both ionization techniques show a clear shift towards
lower m/z values (Figure 3b). As the temperatures rise, the kinetic of the bond breaking is increased
and, thus, this is an expected observation.® The prior observed “triplets” are still found in the SPI
spectrum but with much lower intensity than during the first release point, with m/z 42 (propene)
being the base peak. In contrast, the maximum of the diene homolog row is again found at m/z 96, but
as for the other dienes the intensities are reduced. At higher m/z values there is an increase in signal
intensity, and a more abundant pattern between m/z 370-420 can be found. These larger and low
volatile thermal analysis products are generated already at lower temperatures (Figure 3a) but reveal
a slow release pattern combined with a certain proportion of tailing, classically observed for those
heavier species. Another difference to the mass spectra of the first temperature range is the increase
in intensity of monocyclic aromatics, primarily benzene (m/z 78) and toluene (m/z 92) as well as the
occurrence of styrene (m/z 104) and methyl styrene (m/z 118). The rise in signal intensity of those
small aromatic molecules supports the assessment that a second considerable pyrolysis of the char
residue takes place. A similar trend applies to the REMPI spectrum. Smaller aromatics can also be
originated to a low extent from reaction processes of the alkanes, alkenes and dienes in the thermal
balance.*®*2 Nonetheless, thermal analysis of pure PE samples with the same instrumental setup has
not revealed any contribution of those aromatic constituents and, thus, they are predominantly

released from the char itself (Figure S2).
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Figure 4. Pyrolysis GCMS results from Char A of different characteristic extracted ion chromatograms
with proposed structures based on the NIST database search. For alkanes and alkenes, a repetitive
pattern of the homolog rows can be observed, whereas individual isomers for the PAHs and

oxygenated PAHSs, such as anthrone, can be found.

For the temperature range 550-650 °C, an entirely different behavior can be found (Figure 3c). The
typical broad chemical pattern (Figure 3a/b) is not observed in the SPI and REMPI spectra and, in
contrast, the spectrum is dominated by a few high-abundant signals. In the SPI spectrum, the signal of
m/z 78 (benzene) is the most abundant signal, followed by m/z 182 (benzophenone) as the second
most abundant signal, despite both having a rather poor ionization cross-section.*® Other lower-
(m/z (m/z
ethynyl-naphthalene (m/z 154), and diphenylmethane (m/z 168). The latter can also be seen in the

abundant signals belong to toluene 92), xylene 106), biphenyl /

REMPI spectrum. Moreover, the REMPI spectrum shows an extremely high signal of fluorene (m/z 166)
as well as benzene, toluene, and methyl-tetracene (m/z 242). Isomeric verification is based on a
database comparison of the fragmentation pattern in the pyrolysis GCMS data set (Figure 4). The

findings indicate a defined structure or single substance in the pyrolysis char thermally degraded and

released in a rather narrow temperature range of 550-650° C. This structure could be formed in the
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pyrolysis reactor as a remnant that underwent incomplete pyrolysis pathways in the polymer waste
recycling reactor due to inhomogeneous temperature distribution or low residence time. Despite the
relatively low mass loss of this third step of approximately 5 w-%, the high contribution of individual
chemicals needs to be considered. Functionalized molecules can be further used in chemical
processing streams, but oxygenated PAHs are also reported to have a substantial carcinogenic and

mutagenic effect.*44>

Benzophenone is a common additive in plastic packaging as an UV blocker to prevent photo-
degradation of polymers, therefore commonly appearing in LDPE waste.*®*” The strong UV absorption
abilities*® could also be the reason for the high signal intensity at m/z 182 in the SPI spectrum. In
addition, some known products of fragmentation reactions like the loss of CO (m/z 154) or the loss of
CeHs (m/z 105) are observed.*® Benzophenone is frequently used as a starter for radical polymerization
processes. Consequently, it could non-intentionally act as a polymerization agent in the pyrolysis char
formation and be incorporated into the three-dimensional char network. This cross-linking is
particularly described in the literature to be activated by UV radiation but also other triggering
events.>® This hypothesis would also explain the delayed release at elevated temperature at
significantly higher temperature as the vapor pressure and boiling point of benzophenone could
explain. At temperatures higher than 650 °C, no significant signals, not already observed at lower
temperature, are observed in the mass spectra (Figure 3d). Hence, a thermal release of the already
discussed molecular pattern is taking place with the release of carbon dioxide, as the most important
step, lowering the residual mass substantially. In respect to lowering the disposal mass of residue char
from recycling processes, these high temperatures might be beneficial but have to be balanced against
energy consumption and greenhouse gas emissions. With a char formation potential of the pyrolysis
reactor of several w-% and roughly 18 million tons of LDPE consumption annually in Europe, this
multiplies to a million tons problem. Moreover, the second thermal treatment under pyrolytic
conditions will give a purified highly aromatic carbonaceous material. These char materials are
reported in literature for the usage in material science, such as for batteries, catalyst beds or water

purification applications.>%52

Surprisingly, the evolved gas mixture from the thermal analysis of the char exposed a high complexity
(Figure S5). This finding was not directly expected, especially considering the pyrolytic waste recycling
of pure LDPE feed. To address this aspect, thermal analysis high-resolution mass spectrometry was
deployed to unravel the isobaric complexity.3%>3 With this, pure PAHs can be directly distinguished
from oxygenated PAHs with the same nominal mass, and the high mass accuracy allowed for direct
attribution of the elemental composition as another validation for the chemical discussion above
(Figure S6). A broad mass range up to m/z 600 was found (Figure 5a/b), and more than 600 sum

formulae could be attributed. Only two char major compound classes were identified, with a relative
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intensity of roughly 90 % for the CH-class and 8% for the CHO;-class (Figure S4). These findings are in
agreement with the results of the TA-PIMS measurements and the expected major products of the not
oxygen-containing polymeric feed. The oxygenated compounds of the CHO,-class are caused by the
plasticizer degradation products or thermal residues of other additives. Figure 5a displays the result
for sample A as a survey plot. In this three-dimensional representation of m/z versus temperature,
three events occur until 600 °C. The intensities are different between the SPI/REMPI-setup and the FT-
ICR results, mainly caused by different ionization schemes, FT-ICR using atmospheric pressure
photoionization, and the specific mass spectrometric techniques. Here, in the temperature range of
300-450 °C, a lower response is detected in contrast to the first mass loss step at 200-300 °C. Figure
5b shows the averaged mass spectra along the complete temperature range and the different isobars
can be clearly separated (S6). It has to be noted, the instrumental setup was optimized for a mass
range between m/z 150 and m/z 1000; therefore small pyrolysis products are not detected, and a focus

towards the heavier compounds is achieved.

Figure 5c¢ displays the carbon number versus double bond equivalent (DBE) diagram for the CH-class.
Utilizing the DBE, a measure for the unsaturation of a molecule, aromatic structures can be discussed.>*
Two molecular distributions can be observed, with the first distribution (Figure 5c, yellow) exhibiting
rather low DBE values (1-6) and a broad carbon number spread (#C 12-41) and the second pattern
(Figure 5c, green) closely located to the planar aromatic limit with high DBE values (12-22) and a
narrower carbon number spread (3-7 #C width). The first pattern accounts for the alkenes (DBE 1),
dienes (DBE 2), benzene- (DBE 4), and naphthenic-derivatives (DBE 2-5) in detail discussed above and
additionally validated here using the exact mass measurement. More interestingly, the second pattern
accounts for polycyclic aromatic hydrocarbons. In this respect, the planar aromatic limit is a conceptual
border for polycyclic aromatic carbons with the highest possible unsaturation in the naturally occurring
chemical space. The location of a majority of the second distribution close to this line allows
hypothesizing highly condensed aromatic cores with a low degree of alkylation or naphthenic
contribution. Despite the almost absent contribution of heteroelements, such as nitrogen and sulphur,
the pyrolysis chars can be compared to asphaltenes, a highly aromatic and complex fraction of
petroleum. Two molecular architecture models are discussed in asphaltene science: Large condensed
aromatic structures (island motif) and smaller aromatic cores bridged by linkers (archipelago motif).
Comparison to prior investigations of asphaltenes by the thermal analysis setup let us hypothesize a
certain contribution of both structural motifs to the char investigated within this study. Asphaltenes
enriched in the island motif revealed a characteristic and more pronounced “gap” between two
distributions in the carbon number versus DBE visualization: one close to the planar limit at high DBE
values (>12) with low carbon number spread (vaporizable island cores) and a second one at very low

DBE values (alkylation side chains, DBE<4). In contrast, archipelago-enriched asphaltenes revealed
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another distribution at intermediate DBE (5-12) values and broad carbon number spread resulting from

the pyrolysis of the bridged building blocks.>* This compositional space is not dominantly found for the

investigated plastic pyrolysis char. Thus, we hypothesize only a small fraction of archipelago-type

aromatics and a strong influence of more condensed island-type structures as a pyrolytic precursor to

even fully graphitized char.
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Figure 5. Compilation of the results from the thermal analysis ultrahigh-resolution mass spectrometric

char analysis (TG FT-ICR MS) of Char A. a) Survey data visualization of the general mass spectrometric

response (temperature versus m/z). b) Average mass spectrum of the attributed elemental

compositions. c) Double bond equivalent (DBE) versus carbon number (#C) diagram of the CH-class.

Two distinct chemical distributions, one at higher DBE values with comparable low #C spread and

second at low DBE 0-5 with a high #C spread, attributed to polycyclic aromatic hydrocarbons and

alkenes, dienes, benzene-derivatives, and naphthenic species, can be found, respectively.
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Conclusion

Thermal analysis of char from recycled plastic waste was investigated the first time by deploying a
second thermal treatment with comprehensive evolved gas analysis. It was found that the residual
mass of the char can further be reduced by a factor of two with a residual mass of 40-55 w-%,
significantly lowering the amount of material for disposal but also removing potential toxic and
environmentally harmful compounds. This forms the basis of a concept strongly to be evaluated with

the required energetic demand in future studies.

Interestingly, the thermal treatment revealed four distinct mass loss steps, with the highest mass loss
occurring at 900 °C. The evolved gas mixture could successfully be described by different mass
spectrometric analysis platforms. Common harsh electron ionization allowed to attribute the loss of
carbon dioxide as well as residual water. The release of carbon dioxide accounts for at least 10 w-%
attributed to the pyrolysis products of plasticizers and other additives. Soft ionization schemes, such
as SPI and REMPI, revealed a complex hydrocarbon pattern, primarily composed of dienes, alkenes
and alkanes, but also polycyclic aromatic hydrocarbons and their alkylated derivatives have been
detected. Interestingly, the common plastic UV-absorber benzophenone was identified with different
methods at temperatures above 550 °C. This delayed release is explained by the incorporation into the
three-dimensional char network only decomposed at elevated temperatures. Finally, high-resolution
mass spectrometry allowed to unravel the complex pattern on the isobaric level and indications for a
three-dimensional network composed of archipelago and island structural motifs were found,

highlighting the not-fully graphitized and heterogeneous character of the chars.

On the one hand, from an economic point of view, the high content of released alkenes and dienes,
and other building blocks, such as benzene and toluene, could be further utilized in the chemical
industry. On the other hand, those compounds need to be considered in terms of human health and
ecological toxicology for disposal strategies to the environment. Furthermore, we hypothesize that the
residual from the second thermal treatment can be used to produce active carbon materials utilized
in battery research, catalysis science or water purification. >>2 Future studies will focus on the
description of pyrolysis chars generated under different pyrolytic conditions or from other plastic
waste types. Particularly, also morphological aspects will be investigated by microscopy, allowing to

develop efficient utilization strategies for these solid waste recycling residues in a circular economy.
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