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Experimental and Analytical Tools for the Chemical
Recycling of Engineering Plastics — A Multi-Scale Pyrolysis

Study on Polydicyclopentadiene

Michael Zeller,* Salar Tavakkol,* and Dieter Stapf

The creation of a circular economy for plastics is essential for a sustainable
future. Currently, established recycling processes are not universally
applicable. Pyrolysis can complement current recycling through the
conversion of complex plastic wastes to condensates and gases for
reintroduction into chemical industry processes. A multi-scale approach for
the characterization of pyrolysis properties is presented using the example of
polydicyclopentadiene. Pyrolysis-GC-MS (ug-scale), thermogravimetric
(mg-scale), and lab-scale (g-scale) pyrolysis investigations are complemented
by high-resolution product analytics. In Py-GC-MS, 1,3-cyclopentadiene is
abundant, hinting at depolymerization as a dominant decomposition
mechanism. In thermogravimetry, approx. 20 mass-% of the sample is
converted to solids. On lab-scale, secondary reactions influence the product
yield and spectrum significantly, indicated by a solid yield of ~40 mass-%.
Polydicyclopentadiene exhibits a broad product spectrum comprising
unsaturated hydrocarbons and aromatics. In the condensed product, no
1,3-cyclopentadiene is detected, indicating recombination or derivatization
reactions. Significant solid residue formation emphasizes scaling effects. The
employed analytics provide comprehensive analyses of condensed and
non-condensed products. With the presented approach, primary and
secondary mechanisms can be resolved and crucial process parameters

planet, sustainable solutions for plastic
waste are needed. This comprises the full
life cycle of these materials. The use of sus-
tainable feedstocks for polymer production,
extending polymer lifetime, and high-value
recycling are essential.l'! For many mass
plastics such as Polyethylene, Polypropy-
lene, Polystyrene, and Polyethylene tereph-
thalate, mechanical and chemical recycling
processes have already been established at
a large scale. For engineering plastics, how-
ever, such processes are scarce. The man-
ufacturing of engineering plastics includes
the use of special monomers and polymer-
ization procedures, as well as blending with
additives to achieve the desired specialized
properties. This is detrimental to the re-
cycling of these materials. Mechanical re-
cycling based on sorting and re-melting
is either unsuitable for thermosets or sig-
nificantly hindered by the presence of ad-
ditives and other contaminants in plastic
waste. Solvent-based recycling approaches
struggle with similar hindrances. Novel ap-

identified. In this way, a powerful toolset for the development of robust
pyrolysis processes that aid in achieving circularity for plastics is provided.

1. Introduction

To achieve the sustainability goals set by the United Nations and
to establish safe operating spaces within the boundaries of the
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proaches that aim at the potential regenera-
tion of monomers and oligomers for repro-
cessing have emerged only very recently.l>*
A potential option to recover valuable
products from complex plastic wastes is
thermo-chemical recycling. In processes like gasification or py-
rolysis, polymers are broken down into significantly smaller
molecules. Additives and contaminants can be discharged from
the product streams. The products of thermo-chemical recycling
can then be reintegrated into process chains of the chemical
industry, replacing fossil feedstocks and supporting the transi-
tion to a circular economy. While gasification converts plastic
waste into a synthesis gas comprised of H,, CO, CO,, and H,0
in sub-stoichiometric combustion conditions, pyrolysis decom-
poses plastic waste into solid, condensable, and gaseous products
in an O-free atmosphere. These products could be fed into down-
stream processes such as steam crackers, fluid catalytic crackers,
and gasifiers, among other options. However, pyrolysis products
must first fulfill strict product specifications that include limits
for, e.g., O, N, halogen, or aromatics content.!

The thermo-chemical decomposition behavior is highly depen-
dent on the employed feedstock. Therefore, the recycling poten-
tial of a certain plastic type must be evaluated individually. This
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applies in particular to engineering plastics. Elucidation of the
decomposition characteristics requires detailed analyses of the
condensed and non-condensed product phases. For such analy-
ses, gas chromatography (GC) is a powerful tool. The high num-
ber of analytes in each product phase requires the employment
of specialized GC setups, detectors, and methods.

In the presented work, we demonstrate the value of multi-
scale experimental setups and comprehensive analytics for the
assessment of complex plastic pyrolysis products and processes.
The pyrolysis properties and the circularity potential of Poly-
dicyclopentadiene (PDCPD) are investigated. PDCPD is used
for large plastic parts with high durability and mechanical re-
quirements, e.g. in trucks and heavy machinery. The polymer
is synthesized from Dicyclopentadiene (DCPD) by ring-opening
metathesis polymerization and exhibits thermoset properties.
Mechanical recycling is thus inherently linked to downcycling.
The polymeric backbone of PDCPD contains no heteroatoms.
This is highly advantageous for chemical recycling since no het-
eroatoms must be removed for further downstream processing.
Potentially, PDCPD pyrolysis products could be integrated into
recycling routes similar to those already established for poly-
olefins due to their expected similarity in composition.

As mentioned, pyrolysis yields solid, condensable, and
gaseous products. The distribution of these product phases and
the chemical composition of each depend on the pyrolyzed poly-
mer and the process conditions. For PDCPD, literature infor-
mation on the pyrolytic decomposition characteristics is scarce.
Miihlebach et al. have found that PDCPD pyrolysis yields 70%
DCPD besides other cyclic alkanes and aromatics, hinting at de-
polymerization as the predominant mechanism.[®! In the con-
text of recycling, this is promising. With controlled depolymeriza-
tion, closed-loop recycling of PDCPD is possible. In the presented
work, we investigated the pyrolysis of PDCPD by Pyrolysis-Gas-
Chromatography-Mass-Spectroscopy (Py-GC-MS), thermogravi-
metric analysis (TGA), and lab-scale pyrolysis. Advanced gas
chromatographic analyses resolve the predominant compounds
in the gaseous and condensed phases. The primary decomposi-
tion mechanisms, the influence of secondary reactions, and the
heat- and mass-transfer influence are evaluated. We present mass
balances, product spectra, and compound analyses for experi-
ments from pg to g-scale. This allows for the assessment of py-
rolysis as a recycling approach for PDCPD.

2. Results and Discussion

2.1. Thermogravimetry

Non-pretreated (PDCPDv) and artificially aged (PDCPDa) sam-
ples were investigated in TGA. The thermogravimetric mass loss
profiles and their derivatives are displayed in Figure 1.

The TGA of both samples shows volatile formation in two
stages. The general degradation behavior appears independent
of the heating rate and the sample aging history. The first volatile
formation stage starts around 100 °C. During the first stage,
~10% of the sample mass is volatilized. The mass loss occurs
comparatively slowly. This is particularly evident from the DTG
curves, which show low intensity. This initial mass loss could be
due to the volatilization of adsorbed gases, additives, or unreacted
monomers. It is also possible that slight polymer degradation
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occurs within this temperature range. However, since the exact
composition of the polymer, including the content and types of
catalysts and additives, is unknown to the authors, the cause and
precise nature of the first-stage mass loss remain unclear. The
second volatilization stage lies between ~350 and 550 °C. This
stage exhibits intense mass loss, amounting to #70% of the sam-
ple mass. Above 550 °C, no significant additional mass loss is
observed. For PDCPDy, the amount of solid residue is 19.9, 19.5,
and 15.4 mass-% for the heating rates 10, 20, and 40 K min~!, re-
spectively. For PDCPDa, the amount of solid residue is 17.5, 17.3,
and 16.3 mass-% for the heating rates 10, 20, and 40 K min™,
respectively. The heating rate and the sample age appear to influ-
ence the residue formation slightly. Faster heating of the sample
results in lower residue formation. This may be due to a faster
progression of the decomposition and faster evaporation of prod-
ucts from the crucible. Once evaporated from the crucible, the
decomposition products are no longer available for secondary re-
actions such as the formation of residue.

With an increased heating rate, a slight shift of the mass loss
curves to higher temperatures is observable. This is attributed to
the heat transfer characteristics of the TGA system and is thus
classified as a minor artifact.

Besides the residue formation, the observed differences be-
tween the virgin and the aged PDCPD samples are marginal. It
is known that PDCPD is prone to oxidation.l”®! Vidavsky et al.
and Miihlebach et al. have shown that the glass transition tem-
perature of PDCPD increases when aged and exposed to thermal
stress.[%] Miihlebach et al. attribute this to increased crosslink
density.[l The pyrolytic degradation properties in relation to the
aging of the samples are not discussed in the respective publi-
cations. Steese et al. observes reduced volatilization during py-
rolysis of PDCPD samples with a higher cross-linking.'% It is
thus plausible that the pyrolytic degradation properties change
with the sample aging history. However, the aging procedure
performed in this study appears to have little influence on the
degradation behavior in TGA. Assuming higher crosslink den-
sity in the aged sample, one would expect an increased tendency
to form char. However, PDCPDa forms consistently less solid
residue. Dimonie et al. have detected thermal polymerization
of macromolecular double bonds at 150 to 200 °C.''12] Sim.-
ilarly, Vidavsky et al report secondary metathesis reactions of
olefins above 150 °C with a parallel increase of the glass tran-
sition temperature.’! With a lower heating rate, the TGA sam-
ple experiences increased temperatures for a longer time before
the onset of volatile release. Hence, it is plausible that at lower
heating rates, the polymer undergoes more pronounced poly-
merization and cross-linking. In turn, this may promote residue
formation as observed in the presented analyses. Furthermore,
one may assume that the effect of the aging procedure of PD-
CPDa is mitigated during the heat-up phase of the samples in
TGA with the occurrence of thermal polymerization. Multiple
studies have shown that PDCPD is prone to oxidation, especially
when exposed to thermal stress.[®31*] The increased oxidation
expected for PDCPDa is a plausible cause for the lowered solid
yield. The previously oxidized polymer may form CO, during py-
rolysis, which lowers the solid yield. The mechanisms behind
these observed phenomena cannot be resolved from TGA alone.
For a more detailed investigation of the volatile products formed
in TGA, hyphenated techniques such as TG-FTIR should be

© 2025 The Author(s). Macromolecular Rapid Communications published by Wiley-VCH GmbH

85UB017 SUOWIWIOD aA11e81D) 3ol jdde ay) Aq peuenob ase so ol VO '8sN JO Sa[n. 10} Akeid178UIIUQ AB]1AA UO (SUO N IPUOD-PUR-SWISIALIOY™AB | 1M Afe.d 1 |Bul [UO//Scy) SUORPUOD pue swie 1 8y} 88S *[5202/80/2T] uo Akeidiauljuo AB|im ‘a1Bojoutos L nd nisul eunisiiedt Aq T9T00SZ02 21eW/Z00T 0T/I0p/uod A3 1m Afelq1jeul|uo//sdny woj pepeojumod ‘0 ‘£265T2ST


http://www.advancedsciencenews.com
http://www.mrc-journal.de

ADVANCED
SCIENCE NEWS

{M}glgc%br

Rapid Communications

www.advancedsciencenews.com

[

100 S 10 K min™'
X in!
> ] —— 20 K min
@ | P ——— .1
< TGA- PDCPDy — 40 K min
§ 4 TGA-PDCPDY
g
< 60
=
£
<
w
= 40+
@

N
E
5 20
r4
0 LI — T T T

- —— -
0 100 200 300 400 500 600 700 800

Temperature / °C

0.6 T
—— 10 K min™!
0.5+ —— 20 K min™'
_ 1 IDTG- PDCPDV —— 40 K min™'
E 04
E
& 0.3
[
=
w
& 0.2
-
g i
S
= o J k
00 = N
-0.1 T LI LI T T T T
0 100 200 300 400 500 600 700 800

Temperature / °C

www.mrc-journal.de

100 10 K min™'
c\‘:‘ R 0
) ——20 K min
@& |
s TGA-PDCPD: [——40 K min
g sndlC - PDCPDal
'é
= 60
=
£
s
w
o) 40 4
W@
=
g 20
z
0 T T — T T T T L
0 100 200 300 400 500 600 700 800
Temperature / °C
0.6 T
—— 10 K min!
05 (—— 20 K min
DTG- PDCPDa |—— 40 K min"'

Mass Loss Rate / min!

I
| j\k&

-1

T v T v T M T M
0 100 200 300 400 500 600 700 300

Temperature / °C

Figure 1. Thermogravimetric mass loss curves (TGA) and derivatives (DTG) of PDCPDv and PDCPDa.

employed. Tracing methods for characteristic bands allow time-
resolved observation and quantification of certain products such
as carbon dioxide.[']

2.2. Py-GC-MS

Figure 2 shows the pyrograms of non-pretreated PDCPDv and
artificially aged PDCPDa. The product spectra and relative abun-
dances are virtually identical. No significant influence of the ag-
ing procedure is detectable. This agrees with the general findings
from TGA.

It is evident from the pyrograms that the product spectrum
is broad and contains predominantly cyclic and aromatic hydro-
carbons. 1,3-Cyclopentadiene (1,3-CPD) is detected as the sub-
stance with the highest abundance. The 1,3-CPD peak is followed
by multiple smaller peaks belonging to cyclic hydrocarbons with
carbon numbers of 5 and 6. Benzene, Toluene, Ethylbenzene,
and p-Xylene are also prominent products. Inden, naphthalene,
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and naphthalene derivates are also detected. Miihlebach et al.
have found 1,3-CPD to be the dominant pyrolysis product besides
monoaromatics, indenes and indanes and naphthalenes.[! This
agrees well with the findings presented in this publication.

The chemical structure of the PDCPD contains cyclic hydro-
carbon segments and is unsaturated. Chemical bonds that cleave
during pyrolysis cannot be saturated due to the hydrogen de-
ficiency in the polymer. Thus, the formation of double bonds,
cyclic hydrocarbons, and aromatics is conclusive. The predomi-
nant pyrolytic decomposition mechanism of PDCPD is the de-
polymerization to 1,3-CPD. DCPD was not detected. DCPD is
known to disintegrate to 1,3-CPD at temperatures above 170 °C.
Conversely, 1,3-CPD dimerizes to DCPD at room temperature.!1%]
Since the Py-GC-MS system, the transfer line to the GC, and the
GC itself are heated above 170 °C, the formation of DCPD ap-
pears to be suppressed. A quantitative assessment of the prod-
uct spectrum and distribution cannot be given by Py-GC-MS. In
the quartz glass tubes that carry the sample, a visible residue
remains. This indicates that the sample cannot be completely
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Figure 2. Chromatogram of PDCPDv and PDCPDa pyrolysis from Py-GC-MS experiments at 800 °C and a pyrolysis time of 1T min. Chromatogram cut

after 55 min, full analysis runtime is 74 min.

volatilized. For Py-GC-MS it can be assumed that heat and mass
transfer limitations are low. After volatilization, the pyrolysis
products are immediately cooled and heavily diluted by the He
carrier gas flow. It can be assumed that this suppresses secondary
pyrolysis reactions. Nonetheless, the formation of a residue is evi-
dent. Thus, significant solids formation appears to be an intrinsic
property of the PDCPD in pyrolysis.

2.3. Dynamic Lab-Scale Batch Experiment

Experiments with isothermal temperatures of 450 and 500 °C
were conducted. For the experiments at 450 °C, an isothermal
dwell period of 1 h was set. The 500 °C experiments were con-
ducted with an isothermal dwell period of 3 h. The TGA and
Py-GC-MS experiments show marginal differences between PD-
CPDv and PDCPDa. Therefore, only PDCPDv was further in-
vestigated in the lab-scale setup. Figure 3. provides an overview
of the conducted experiments and the corresponding mass bal-
ances.

For the experiment 450 °C-1 h, the system was heated to a tem-
perature of 450 °C and held for 1 h after the temperature setpoint
was reached. 38% of the original sample mass was converted to
solids. For 500 °C-3 h, 44% solids are produced. The obtained
solids from all experiments consist of char and a sticky, tarry black
residue. Between 45 and 52 mass-% of the sample is converted to
condensate. With 10 to 11 mass-%, the yield of gas is small. Due
to the high solid yield from the experiments at 450 °C, it was
concluded that the isothermal temperature is too low to achieve
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satisfactory conversion in a reasonable pyrolysis time. Therefore,
the isothermal temperature and the dwell time were increased.
For the 500 °C experiment with a 3 h dwell time, the solid yield
was higher than in the experiments at 450 °C with a dwell time
of 1 h. The hypothesis of an incomplete pyrolysis reaction at 1 h
dwell time may thus be considered invalid. The general solid for-
mation appears to be only minorly dependent on the pyrolysis
temperature. From TGA it is evident that volatilization starts at
ca. 100 °C. The onset of the main volatilization step is around
350 to 400 °C. This means that the pyrolysis reactions in the lab
scale system must already commence during the heating phase

- gas+loss
100 [ | condensate
B solid
804
X
g 60 .
=
=
5
o 40 -
20
0-

450°C-1h (n=2)

500°C-3h (n=3)

Figure 3. Mass balances of lab-scale batch experiments of PDCPDv at dif-
ferent temperatures and isothermal dwell times. Error bars represent the
standard error.
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Figure 4. Reactor Temperature profiles of experiments with PDCPDv at
450 and 500 °C during the heat-up phase of the system.

of the system. Due to the dynamic nature of the experiment, each
sample is subject to a heating phase. The recorded reactor tem-
peratures during the heating phase are given in Figure 4.

In the heating phase, each sample experiences the same ther-
mal energy input, regardless of the final temperature. Higher py-
rolysis temperatures promote thermal cracking reactions, which
are expected to lead to a higher fraction of gas and volatiles.!'’] As
Figure 3 shows, this is not of effect in the presented experiments.
The distribution of solids, condensables, and non-condensables
changes only slightly. Nonetheless, it is possible that a shift from
char to tar-like residue occurs with variation in the pyrolysis tem-
perature. With the employed system and experimental method,
no quantitative distinction between tar and char can be made.
The formation of condensable pyrolysis products and permanent
gases is low compared to other common pure and mixed plastic
wastes.[17-20]

A significant deviation from the TGA findings is evident.
While only ca. 20 mass-% of the polymer is converted to solids
in TGA, the solid yield on lab-scale ranges from 38 to 44 mass-%.
This increase in solids corresponds to a reduced yield of conden-
sates and permanent gases. A possible reason for this difference
is the influence of heat and mass transfer and secondary pyrol-
ysis reactions. The TGA oven containing the crucible with the
sample is constantly flushed with 60 mL min~! of N,. Evolving
volatiles are immediately diluted and carried out of the oven. It
can be assumed that secondary reactions in the gas phase are
suppressed by this. In contrast, the lab-scale reactor is constantly
flushed with 50 mL min~" of inert gas. Additionally, while the ini-
tial sample mass in TGA is 10 ug, it amounts to several grams in
the lab-scale system. As a result, the dilution effect on lab-scale is
weaker, and evolving volatiles remain in the reactor’s hot zone for
a longer time compared to TGA. This increases the likelihood of
secondary and recombination reactions, which may explain the
increased tendency to form tar and char.!'”]

With the employed system, adequate condensate quantities for
offline analyses can be collected. The chromatographic analysis
of the condensate obtained from pyrolysis at 500 °C and 3 h
isothermal dwell time is shown in Figure 5.
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The GC-MS analysis of the condensate reveals a broad prod-
uct spectrum. The chromatograms of the condensates obtained
from the two different experimental setpoints are nearly identi-
cal. Thus, the variation of the pyrolysis temperature and the dwell
time has little influence on the product spectrum. Indan, inden,
and their derivates stand out. Also, octane, toluene, and ethylben-
zene show high abundance. In the retention time region below 5
min, cyclic alkanes and alkenes are detected in high abundance.
The library search results for most peaks in this retention time
region are ambiguous and not certainly attributable to a specific
substance. For these peaks, cyclic alkanes and alkenes achieve
very similar match factors. The products of an eventual depoly-
merization, i.e., 1,3-CPD and DCPD, are not detected. In this re-
gard, the product spectrum at lab-scale deviates from the prod-
ucts obtained with the Py-GC-MS. From the lab-scale mass bal-
ance and the GC-MS analysis, it appears that secondary reactions
dominate the observed pyrolytic behavior. If formed, the depoly-
merization products 1,3-CPD and DCPD undergo secondary re-
actions to mainly produce tar and char. This is in line with the
obtained mass balances and the deviation from TGA. A fraction
of the pyrolysis products volatilize and are removed from the re-
actor. Whether the substances in the condensate are subject to
further derivatization or repolymerization cannot be concluded
with the employed system. Considering the amount of unsatu-
rated and cyclic compounds in the condensate, recombination re-
actions are plausible. In the Py-GC-MS system, the evolved pyrol-
ysis products are immediately removed from the pyrolysis cham-
ber and heavily diluted by He. Thus, secondary reactions are sup-
pressed, which explains the differences in the observed product
spectra at ug- and lab-scales.

At the lab and technical scale, pyrolysis initially generates a
solid residue fraction and a vapor product fraction. Typically, the
vapor fraction is cooled in a downstream condensation unit and
separated into a condensed and a non-condensed product frac-
tion. Species with boiling points above the condenser tempera-
ture mostly condense and consequently, make up the condensate.
Due to vapor-liquid equilibrium effects, fractions of these com-
pounds are also found among the non-condensable products, to-
gether with the permanent gases produced from pyrolysis. This
cannot be avoided entirely. Thus, it is necessary to employ robust
analytical equipment that is capable of analyzing both permanent
gases and longer-chained hydrocarbons in the non-condensed
product phase. Commonly used systems for gas analysis, such as
uGCs, are suitable for permanent gases and short-chain hydrocar-
bons below Cs. Therefore, there is a risk that the product range
of non-condensables cannot be fully covered. Furthermore, they
lack an MS detector and its identification capabilities. For com-
monly broad pyrolysis product spectra, thorough identification is
essential.

The non-condensable product fraction from lab-scale pyroly-
sis was collected in gas bags and analyzed by GC-FID-TCD-MS.
With the employed equipment, a comprehensive analysis of the
short-chain hydrocarbon product spectrum is possible. The re-
sulting chromatogram from the GC-FID-MS strain is shown in
Figure 6.

The analysis presented in Figure 6 shows the expected over-
lap between the condensate and the non-condensables analysis.
Short-chain saturated and unsaturated hydrocarbons from C, to
C, are detected. Substances like toluene and ethylbenzene, which
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Figure 6. GC-FID-Chromatograms of PDCPDv non-condensables obtained from lab-scale pyrolysis at 500 °C and 3 h isothermal dwell time and 450 °C

and 1 h isothermal dwell time. Identification was performed with parallel GC-MS.
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are present in the non-condensable product fraction, are also de-
tected in high abundance in the condensate. Substances of par-
ticularly high abundance are cyclopentene, 1,3-CPD, and methyl-
cyclopentene. As already determined by the condensate analy-
sis, the variation of the pyrolysis temperature and the dwell time
has no influence on the product spectrum. The displayed chro-
matograms of the non-condensables analysis are qualitatively
identical. The analysis is generally consistent with Py-GC-MS and
the condensate analysis. Pyrolysis of PDCPD produces mainly
cyclic and unsaturated hydrocarbons. Contrary to the condensate
analysis, 1,3-CPD is detected in the gas phase as a product of
PDCPD pyrolysis. This hints at secondary reactions during or
after condensation. It is plausible that the pyrolytically formed
1,3-CPD undergoes further reactions and is thus not found in
the condensate analysis. Since no DCPD is found in the con-
densate, it can be assumed that 1,3-CPD dimerization is mini-
mal, or that DCPD undergoes derivatization reactions. The TCD
strain of the analyzer shows distinct peaks for carbon dioxide
and methane. The detected carbon dioxide may be formed from
O adsorbed to the polymer surface or from O-containing ad-
ditives. When kept under an air atmosphere, PDCPD is prone
to oxidation.?!'13] The investigated sample was stored at room
temperature in air. Consequently, it is expected that the inves-
tigated sample has experienced oxidation. Therefore, the forma-
tion of CO, in pyrolysis is conclusive, despite the inert pyrolysis
atmosphere.

2.4. Implications for PDCPD Recycling

In the context of chemical recycling of polymers, the recovery
of monomers, leading to closed-loop recycling, is often the de-
sired pathway.??] It has been proven that pyrolysis is capable
of high-yield monomer recovery with certain polymers such as
polystyrene and polymethylene methacrylate.l'82023] While Miih-
lebach et al. and the Py-GC-MS findings in the presented study
indicate monomer generation from PDCPD as a predominant
mechanism, monomer recovery was not achieved in lab-scale
pyrolysis.[®] The temperature and pyrolysis duration were varied
without significant influence on the yield and the product spec-
trum. One can expect that further variation of the pyrolysis con-
ditions will not achieve a significant shift toward high-value con-
densed and gaseous products. Several options for chemical re-
cycling of PDCPD via pyrolysis remain. Gasification can serve
as a purposeful outlet for pyrolysis products. Hennig et al. have
demonstrated the potential of combined pyrolysis and gasifica-
tion for complex mixed plastic waste.?*] The advantages of gasifi-
cation are the potential use of solid and condensed pyrolysis prod-
uct fractions and the high heteroatom tolerance. Combined gasi-
fication of solid and condensed biomass pyrolysis products was
demonstrated on a demo scale in an entrained flow gasifier.[’]
The use of PDCPD pyrolysis solids and condensates in such a
gasification system is plausible but has to be investigated fur-
ther. While no direct monomer recovery is possible, carbon re-
covery rates are expected to be higher than with standalone py-
rolysis. In that case, the pyrolysis solids must be considered lost
from a circularity perspective. Another potential option to opti-
mize the yield of PDCPD pyrolysis is the employment of a cata-
lyst. Catalytic pyrolysis is widely studied with promising results
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for various plastic types and waste streams. To the best of our
knowledge, no studies on catalytic PDCPD pyrolysis have been
presented yet. The strengths of a catalyst employed for such a
task should comprise the suppression of solids formation, shift-
ing toward condensate production, and derivatization of the con-
densate compounds to stable, valuable compounds, less prone
to recombination. Multiple recent studies have elaborated on the
application of catalysts for the pyrolysis of polyolefins and mixed
plastic wastes.[26-28] Furthermore, catalysts that are employed in
the refinery are an option.[?l However, relevant catalysts have to
be assessed regarding their compatibility with PDCPD feedstock
and pyrolysis conditions.

In the sense of a circular economy, the utilization of py-
rolysis condensates in steam cracking is also an option. Fos-
sil naphtha is typically used as a feedstock, which is cracked
to short-chain olefins in the process. Naphtha can potentially
be replaced by pyrolysis condensates. However, steam cracker
feedstock specifications must be strictly adhered to, which is
challenging for many plastic waste pyrolysis condensates.”]
The expected low heteroatom contamination of PDCPD py-
rolysis condensate renders it a potential feedstock for steam
cracking. However, further research is to be conducted to
evaluate combined pyrolysis and steam cracking recycling
routes.

3. Conclusion

In the presented work, we investigated the pyrolysis of PDCPD
by Py-GC-MS, TGA, and dynamic lab-scale batch pyrolysis. Dif-
ferences in the decomposition characteristics on each scale are
evident. The polymer exhibits a pronounced tendency to form a
solid or tarry residue. 1,3-CPD was detected in Py-GC-MS and the
non-condensables analysis at lab-scale, which hints at depolymer-
ization as the initial decomposition mechanism. The absence of
1,3-CPD and its dimer DCPD in the obtained condensate proves
the influence of secondary reactions in the reaction system and
the subsequent units, such as the condenser. Furthermore, an
influence on the product yields and compound spectra in the re-
spective phases is evident. The significantly increased tendency
to form solid residue at lab-scale underlines this. To establish py-
rolysis as a recycling approach, effective ways to shift the prod-
uct yields toward condensate and gas, propagate the depolymer-
ization, and suppress secondary reactions are to be found. The
aging of PDCDP was found to be insignificant to the general de-
composition characteristics, aside from a slight influence on the
tendency to form solid residue, as observed in TGA. With the pre-
sented experimental and analytical approach, we underline the
importance of an investigation of pyrolysis characteristics across
multiple scales and the support of high-resolution analytics. In-
dependent of the investigated polymer, this enables the initial as-
sessment of primary and secondary decomposition pathways and
product formation mechanisms. Possible system artifacts can be
detected, and scaling phenomena discussed. The generation of
a profound understanding of decomposition products, product
yields, and crucial process parameters is essential for the criti-
cal evaluation of pyrolysis as a recycling option. The presented
approach and analytical toolset serve as a starting point for the
development of robust commercial-scale processes.
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Figure 7. Schematic Drawing of the lab-scale batch pyrolysis system.

4. Experimental Section

Sample Preparation: Polydicyclopentadiene sheets were provided by
Metton America Inc. Two samples were prepared by mixing liquid
molding resin in an impingement mixer and subsequent reaction in-
jection molding. The sample PDCPDv was used without further treat-
ment, while the PDCPDa sample was artificially aged in an oven at
90 °C for 14 days. The PDCPD sheet samples were hand-cut and
further rotor milled to a particle size below 500 pm using a Fritsch
Pulverisette 14.

Thermogravimetry:  For the thermogravimetric analyses, a Netzsch TG
209 F1 Libra with an automatic sample changer was employed. Per the
experiment, ~10 mg of the sample was analyzed in corundum crucibles
without a lid. Dynamic experiments from 30 to 900 °C with heating rates of
10, 20, and 40 K min~" were conducted. The system was constantly flushed
with N, at a flow rate of 60 mL min~". After the termination of the pyrolysis
experiment at 900 °C, the atmosphere was switched to synthetic air for
oxidation of residues and deposits in the oven chamber. Each experiment
was carried out three times.

Py-GC-MS:  For Py-GC-MS experiments, a CDS Pyroprobe 6200 DISC
micropyrolyzer coupled to an Agilent 7890B Gas Chromatograph (GC) and
an Agilent 5977B Mass spectrometer (MS) was used. Per the experiment,
between 100 and 200 pg of sample was pyrolyzed. The pyrolysis was op-
erated at temperatures of 600 °C or 800 °C for 60 s under He flow. The
pyrolysis products were swept to the GC through a transfer line heated to
350 °C to minimize condensation. Separation in the GC was performed by
a Restek RTX200MS column (31 m, 0.25 mm ID 0.25 um film thickness).
The GCinlet was set to the maximum temperature of 300 °C in split mode
with a split of 100:1, and a constant pressure of 70 kPa was applied. The
oven temperature was held at 35 °C for 5 min and then ramped to 60 °C
at a rate of 1°C per min. Subsequently, the oven temperature was ramped
to 280 °C at 5 °C per minute, resulting in a total runtime of the analysis of
74 min.

Dynamic lab-scale batch experiment: For experiments on lab-scale,
a batch pyrolysis reactor system was used. The setup is displayed in
Figure 7.

The pyrolysis system consists of mass flow controllers for N, and Ar
dosing, a U-shaped reactor placed in an electrically heated oven, a double
tube condensation unit, and a gas collection unit. The oven and the reactor
thermocouple record the temperature of the oven and the reactor interior,
respectively. The oven was connected to the reactor thermocouple and was
controlled to maintain a constant internal reactor temperature. Prior to
each experiment, the reactor, the connection pipes, and the condensation
unit were weighed. Between 3.0 and 4.5 g of sample was then filled into the
reactor. The reactor and condensation unit were sealed airtight and flushed
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with inert gas for several minutes. The cooler of the condensation unit was
setto -5 °C, employing a mix of water and ethylene glycol as a coolant. The
oven was then heated to the desired pyrolysis temperature. After reaching
the set temperature, the pyrolysis was conducted for a defined period of
time. The evolved products of the pyrolysis were constantly flushed to the
condensation unit by a flushing gas flow of 50 mL min~'. The flushing
gas consists of N, and Ar in a defined ratio. Non-condensable products
of the pyrolysis were collected in a RESTEK Tedlar gas bag for analysis. Af-
ter the end of the experiment, the oven was switched off and the reactor
was removed to quench the pyrolysis. The system was disassembled and
weighed again. To ensure accurate weighing, the inner tube of the con-
denser can be removed. Thus, weighing errors from coolant deposits in
the condenser were avoided. From the weight difference, the mass bal-
ance was derived. Products found in the connector, the condenser, and
the connection tube to the gas bag were considered condensates, while
the material remaining in the reactor was registered as solid residue. The
mass of the produced gas was calculated by difference. Thus, it comprises
all potential losses and uncertainties. After weighing, the condensation
unit was disassembled, and the condensate was collected in vials. The
system was then washed with Chloroform (CHCls). Insoluble deposits in
the reactor were burned off by heating the reactor with a gas burner in the
air atmosphere.

Condensate Analysis by GC-MS:  An Agilent 6890 GC coupled to a 5973
Quadrupole Mass Spectrometer with a Restek RTX200MS column (30 m,
0.25 mmiID, 0.25 um film thickness) was employed for the analysis of py-
rolysis condensate. Sample preparation for the analysis was performed by
dilution with CHCl; in a ratio of 1:5. 1 pL: of the diluted sample was in-
jected into the GC by an automatic liquid sampler. The split/splitless-inlet
was heated to 270 °C and flushed with He at a pressure of 75 kPa. The split
ratio was set to 60:1 with a total flow of 87 mL min~". During the analy-
sis, the oven temperature was initially held constant at 40 °C for 5 min.
Subsequently, the oven temperature was ramped at 1°C min~" to the final
temperature of 300 °C. The total runtime of the analysis was 265 min. The
MS was operated in scan mode. The MS transfer line and the ion source
were heated to 250 and 230 °C, respectively. The quadrupole temperature
was 150 °C.

The chromatograms were manipulated using Lablicate OpenChrom.
For the MS spectrum library search, the NIST 17 spectral database was
employed. Only peaks with > 80% match factor were considered as iden-
tifiable.

Non-condensables Analysis by GC-FID-TCD-MS: An Agilent 8890 GC
with a customized configuration was employed for the analysis of non-
condensable pyrolysis products. The GC system was customized by Teckso
GmbH. It was equipped with an automatic gas sampling unit, two sample
loops, multiple switching valves, an additional isothermal column oven,
and multiple columns connected via dean switches. A thermal conductiv-
ity detector (TCD), a flame ionization detector (FID), and an Agilent 5977C
mass spectrometer S were employed. This setup enables high separation
efficiencies and the detection and identification of crucial products. The
system was fed with gas samples from Restek Tedlar bags. Initially, the
sample loops were filled with the sample via a suction nozzle. One sam-
ple loop and the column sequence ShinCarbon, Hayesep Q, and Molsieve
were attached to the TCD. The Hayesep Q and the Molsieve column were
situated in an isothermal oven, which was constantly held at 50 °C. The
initial configuration is shown in Figure 8a). With the start of the analy-
sis run, the sample was flushed onto the ShinCarbon column where com-
pounds with higher boiling points were retained. Ar, O,, N,, CO, CO,
and CH, pass through and were separated in the Hayesep Q and Molsieve
columns. H,, Ar, and N, first eluted from both columns and were detected
within the first 5 min of the GC run. CO,, CH, and CO remain on the
Molsieve column. The flow and column configuration were then switched
as displayed in Figure 8b). This achieves a backflush of the ShinCarbon
column to the vent and thus protects the subsequent columns against
contamination. The order of the Hayesep Q and Molsieve columns was
reversed. The gases retained on the Molsieve column elute, pass through
the Hayesep Q column again, and were detected in the TCD after the final
elution. This increases the separation efficiency and enables a more accu-
rate analysis. The analysis on this strain was completed after the elution of
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Figure 9. Column Configuration for FID and MS gas analysis.

CO for 14 min. The system remains in state b) until the end of the analysis
run.

For the separation of higher molecular weight hydrocarbon gases, the
second sample loop attached to a cascade of an HP5, an Innowax, and a
GasPro column was employed. The setup and gas flow pathway are shown
in Figure 9. The HP5 and Innowax columns provide separation according
to the boiling point/chain length of the analytes. The eluting gas stream
was split and fed to the MS and the FID. This enables identification via
mass spectra database comparison and reliable quantitation via the FID.

The oven program is given in Table 1. A temperature profile with multi-
ple ramps was used to achieve optimal separation. The temperature of the
split/splitless inlet was 250 °C. The inlet pressure was 2.5 bar with a flow
setpoint of 35 mL min~! and a split ratio of 5:1. The system was operated
in constant pressure mode. The overall runtime of 70 min of the analy-
sis method was determined by the runtime of the FID and MS analysis
strain.

Table 1. Oven Temperature Program.

Heating End Hold Run
rate °C min~! temperature °C time min time min
- 45 1 1

3 114 0 24

5 174 0 36

10 220 29.4 70
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