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ARTICLE INFO ABSTRACT

Chemical recycling of plastic waste via pyrolysis contributes to higher recycling rates in a circular economy. One
important prerequisite is the conformity of pyrolysis products with defined chemical feedstock specifications. In
the pyrolysis of mixed plastics, specification compliance is particularly hindered by the presence of aromatic
compounds and heteroatom-containing species (e.g., Cl, N, O) in the pyrolysis oils. Temperature-staged pyrolysis
facilitates oil decontamination, but scaling up this concept in pyrolysis processes poses challenges. Therefore,
investigations in thermogravimetry (TG) and a scalable stirred-tank reactor (STR) system are performed. Under
well-defined TG conditions, low temperature stages allow for dehalogenation and the selective decomposition of
non-polyolefinic polymers. Polyolefins decompose mainly in a separate stage at higher temperatures above
400 °C. Polymer interaction effects significantly influence the decomposition kinetics and depend strongly on the
polymer type in the mixture. The application in the STR system confirms technical feasibility, but also reveals
scale-up engineering challenges through heat and mass transfer limitations. The heat transfer limitations reduce
the polymer temperature during the two-staged STR process, requiring a higher first-stage set temperature than
in TG. Compared to isothermal pyrolysis at 500 °C, the total heteroatom content in the oil produced in the second
stage decreases. Toluene, benzoic acid, and e-caprolactam content are reduced by a factor of 2-3 while aliphatic
compounds are enriched. Staging also facilitates the separation of heteroatom-containing gases from the
aliphatic-rich gas fraction. In contrast, elevating the first-stage pyrolysis temperature from 370 °C to 430 °C
reduces the target product yield from 56 wt.% to 23 wt.%. However, the temperature elevation also results in a
higher quality of the target product because of a reduced amount of incorporated non-aliphatic compounds.
These findings highlight the trade-off between maximizing the yield and enhancing the quality of the aliphatic-
rich target product fraction.
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1. Introduction

The growing environmental burden of plastic waste and the need for
efficient resource management have intensified research into improving
the sustainability of plastic manufacturing and waste utilization (Keijer
et al., 2019). Establishing a circular economy for plastic products ap-
pears to be key in this context (van Geem, 2023). To promote its prog-
ress, the European Union introduced strict recycling targets in 2021
(Parliament, 2018). At present, the mechanical recycling of most waste
fractions is technically limited because of their heterogeneity and

existing contaminations (Ragaert et al., 2017). Chemical recycling pro-
cesses offer an approach to raise recycling rates for polymeric materials
(Johansen et al., 2022). In particular, thermochemical processes such as
pyrolysis and gasification are promising because of their feedstock
flexibility and the product reintegration into various established
chemical industry processes (Rahimi and Garcia, 2017). While gasifi-
cation aims to recycle via C;-chemistry, pyrolysis allows substituting
crude oil fractions or even direct monomer production for polymer
synthesis at comparatively lower temperatures (Palos et al., 2019;
Holtkamp et al., 2024).

Abbreviations: ABS, Acrylonitrile butadiene styrene; FID, Flame ionization detector; GC, Gas chromatography; GCxGC, Two-dimensional GC; HC, Hydrocarbon;
HDPE, High-density polyethylene; LDPE, Low-density polyethylene; MS, Mass spectrometer; PA6, Polyamide 6; PET, Polyethylene terephthalate; PP, Polypropylene;
PS, Polystyrene; PVC, Polyvinyl chloride; STR, Stirred tank reactor; TCD, Thermal conductivity detector; TG, Thermogravimetry.
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In pyrolysis, product yields and composition strongly depend on the
waste plastic feedstock (Laghezza et al., 2024). Thermoplastic polymers
dominate the waste streams relevant for chemical recycling (Geyer et al.,
2017). These are polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyethylene terephthalate (PET), polyamide (PA), and polyvinyl
chloride (PVC). Each of these polymers forms different pyrolysis prod-
ucts, as their reaction mechanisms depend on the molecular structure of
the plastic type (Bockhorn et al., 1999; Bockhorn et al., 1999; Faravelli
et al., 2001; Montaudo et al., 1993; Yu et al., 2016; Lee et al., 2006).

Enabling chemical recycling requires converting pyrolysis products
into base chemicals for polymer synthesis. This conversion is enabled by
reintegrating the generated pyrolysis products in cracking plants of the
chemical industry. For successful reintegration, they must meet fossil-
based feedstock specifications (Palos et al., 2019; Kusenberg et al.,
2022). Thus, such cracking plants represent the final gate in a waste-to-
polymer or waste-to-chemicals recycling concept. Mixed waste streams,
in particular, consist largely of PE and PP, which often results in the
formation of aliphatic-rich pyrolysis products. Nevertheless, high dilu-
tion of pyrolysis oils with fossil-based feedstocks or upgrading are
necessary, as heteroatom contaminations by oxygen-, nitrogen-, or
chlorine-containing hydrocarbons (HC) reduce the pyrolysis product
quality (Kusenberg et al., 2022). A high aromatic content in the pyrolysis
oil also hinders its application (Kusenberg et al., 2022), except if the
aromatic contents reach a level where direct monomer separation is
beneficial (Holtkamp et al., 2024). Pyrolysis oils usually exhibit a high
proportion of olefins, which hinders their reintegration (Kusenberg
et al., 2022).

Different techniques for improving the pyrolysis oil quality have
been reported in the literature. The use of catalysts (Laghezza et al.,
2024; Zhang et al., 2024) or solid sorbents (Cao et al., 2025) can shift the
product composition or remove chlorine-based contaminants. Down-
stream oil upgrading via hydrotreating, filtration, solvent extraction,
and distillative fractionation offers a promising approach to obtain
specification-compliant pyrolysis products suitable for reintegration
(Kusenberg et al., 2022). Alternatively, thermochemical feedstock pre-
treatment, such as low-temperature torrefaction, improves the pyrolysis
oil quality by reducing the heteroatom content in the pyrolyzed feed-
stock (Kumar et al., 2024). However, all of these strategies require
additional reactors or separation systems, which increase investment
costs and can introduce additional technical difficulties.

Yet the polymer-specific differences in the decomposition mecha-
nism and, thus, the decomposition kinetics allow the direct, in-situ
process optimization of plastic pyrolysis. In particular, thermoplastics
that contain chlorine, oxygen, nitrogen, or aromatic groups in their
polymeric structure decompose at lower temperatures than polyolefins
(Netsch et al., 2025). Fig. 1 shows the temperature-dependent decom-
position curves of the most commonly produced thermoplastics and the
copolymer acrylonitrile butadiene styrene (ABS) (Netsch et al., 2026).
The polymer-specific decomposition ranges are highlighted. PVC pyro-
lyzes according to a two-stage decomposition mechanism (Yu et al.,
2016). In the first dehalogenation phase above approximately 230 °C,
HCl is released, and polyene chains form (Yu et al., 2016). These polyene
chains degrade slowly at elevated temperatures to form aromatic
structures, unsaturated aliphatics, and 6.6 wt.% of coke (Yu et al., 2016;
Netsch et al., 2025). All other thermoplastics each exhibit individual
single-stage decomposition mechanisms, whereby the onset pyrolysis
temperatures differ, and only PET exhibits relevant coke formation
(Montaudo et al.,, 1993). Despite differing onset temperatures, the
degradation ranges overlap, raising the need for more detailed
investigation.

The concept of temperature-staged pyrolysis was already investi-
gated for mixed plastics in the late 1990 s by Bockhorn et al., conducting
experiments with defined mixtures of PE, PS, PA6, and PVC (Bockhorn
et al., 1998; Bockhorn et al., 1999). The chlorine content could be
significantly minimized in the target product by selective temperature
staging. Furthermore, the temperature staging for model mixtures of
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Fig. 1. TG experiments with different thermoplastics showing the main
degradation ranges for PVC dehalogenation (A), PS, ABS, PET, and PA6
decomposition (B), and decomposition of polyolefins and PVC polyene chains
(C) at a constant heating rate of 2 K/min (adapted from (Netsch et al., 2025).

PVC, PS, PA6, and PE allowed the generation of a styrene- and
caprolactam-rich pyrolysis oil separate from an aliphatic condensate.
The concept was then transferred to plastic waste from electronic
equipment (Bockhorn et al., 1999). At the same time, Faravelli et al.
proved the styrene monomer enrichment by staged pyrolysis with PE
and PS mixture in TG experiments (Faravelli et al., 2003). Also, they
performed kinetic modeling of stepwise pyrolysis.

Further investigations of this pyrolysis concept were conducted by
other authors (Korkmaz et al., 2009; Cheung et al., 2011; Oyedun et al.,
2013; Choi et al., 2016; Oyedun et al., 2012; Fukushima et al., 2010;
Lopez et al., 2011; Lopez-Urionabarrenechea et al., 2012; Yuan et al.,
2014; Yin et al., 2021; Park et al., 2018; Park et al., 2019; Park et al.,
2022; Sophonrat et al., 2018; Chang et al., 2023). Other feedstocks were
tested, such as cellulose-based composite packaging (Korkmaz et al.,
2009), scrap tires (Cheung et al., 2011; Oyedun et al., 2013; Choi et al.,
2016), and biomass (Oyedun et al., 2012). The focus in these studies was
on separating the wax-like PE products from the aqueous phase and
oxygen-containing aromatics from cellulose decomposition (Korkmaz
et al., 2009), reducing the energy demand for the endothermic pyrolysis
process (Korkmaz et al., 2009; Cheung et al., 2011; Oyedun et al., 2012),
and the selective separation of sulfur from the generated pyrolysis oil
(Choi et al., 2016). Other authors conducted further research with
plastics, specifically investigating the dechlorination of plastic mixtures
consisting of PE and PVC (Fukushima et al., 2010) and PE, PP, PS, PET,
and PVC (Lopez et al., 2011; Lopez-Urionabarrenechea et al., 2012).
Lopez et al. emphasized the importance of reflecting the complex waste
composition with the applied polymer mixture. Nevertheless, Lopez
et al. excluded nitrogen-containing polymers from their study. With
their more complex, oxygen-containing feedstock mixture, the applica-
tion of a thermal (Lopez et al., 2011) and catalytic (Lopez-Uriona-
barrenechea et al., 2012) second pyrolysis stage was compared. Other
studies provided further insights into the fundamentals of the dechlo-
rination step of PVC (Yuan et al., 2014; Yin et al., 2021) or confirmed the
effectiveness of chlorine removal by temperature staging in bench-scale
experiments with polyolefin-rich waste (Park et al., 2018; Park et al.,
2019; Park et al., 2022).

Recent studies have investigated staged pyrolysis of mixed plastic
waste, focusing on deoxygenation, dechlorination, and selective product
enrichment. Sophonrat et al. applied the staged pyrolysis concept to a
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mixture of PE and PS contaminated with paper, PET, and PVC. In doing
so, they were able to demonstrate deoxygenation of the wax-like product
fraction and the separation of water from this target product (Sophonrat
et al., 2018). Chang et al. investigated the concept of temperature
staging with a mixture that also contains ABS in addition to PE, PP, PS,
and PVC (Chang et al., 2023). As in previous studies, the focus lay on the
dechlorination of the feedstock in a first stage. The enrichment of aro-
matic compounds for styrene monomer recovery and the production of
an aliphatic-rich product fraction was pointed out. The fate of nitrogen-
containing compounds played only a minor role in this study.

Interactions in polymer mixtures occurring during the reaction are
considered to cause the shift in product composition. Possible in-
teractions strongly depend on the polymer types and reaction conditions
employed (Netsch et al., 2025, 2026; Williams and Williams, 1999).
Thus, the type and content of different polymers in the feedstock are
crucial for temperature-staged pyrolysis applications.

Reported investigations on uncatalyzed staged pyrolysis of thermo-
plastic mixtures are limited in the literature. These studies often refer to
binary or ternary model mixtures and mostly aim at dehalogenation.
Only a few of these studies examined real waste streams (Bockhorn
et al., 1999; Park et al., 2022) or more complex feedstock mixtures that
incorporate oxygen (Lopez et al., 2011; Lopez-Urionabarrenechea et al.,
2012; Sophonrat et al., 2018). One study covers nitrogen-containing
polymers (Chang et al., 2023) but lacks information on denitrogena-
tion effectiveness by temperature-staged processing. Thus, it remains
unclear whether temperature-staging represents an appropriate method
for optimizing polyolefin-rich mixed plastics from a circular economy
perspective. This optimization aims to enrich heteroatoms and aro-
matics in one oil fraction while producing a high-quality aliphatic
product suitable for reintegration in the (petro-)chemical industry for
cracker applications.

Therefore, this study extends the concept of temperature staging to a
broader feedstock spectrum. The aim is to produce aliphatic-rich py-
rolysis oils of low oxygen-, nitrogen-, and chlorine-containing HCs and
aromatics content. These contaminations should be transferred to a
product fraction produced in the first pyrolysis stage, generated at a
lower temperature. Additionally, the concept of temperature staging is
tested in two different process scales to investigate the temperature
control and scale-up challenges. Therefore, pyrolysis experiments are
performed in laboratory-scale TG experiments and under technical
conditions in a STR. The TG experiments offer the advantage of well-
controlled conditions for a reliable parameter study. They enable the
evaluation of the pyrolysis behavior in defined thermoplastic mixtures,
considering possible interactions and reaction mechanisms. The poten-
tial of a temperature staging approach for optimizing the products of
mixed plastic pyrolysis is then assessed in the STR system, based on the
product yield and the composition of the resulting gas and pyrolysis oil.
Temperature control and heat transfer effects are revealed, addressing
crucial engineering aspects in stepwise pyrolysis. Mixtures of the eight
most common thermoplastics are tested (PlasticsEurope, 2024). With
PET, PVC, ABS, and PA6, the most critical contaminations, oxygen,
chlorine, and nitrogen are included to reflect the diversity of plastic
waste compositions and the associated impurities in the pyrolysis
products (Kusenberg et al., 2022).

2. Materials and methods
2.1. Feedstock

Various thermoplastics were used as pure plastics and in defined
thermoplastic mixtures. These included low-density polyethylene
(LDPE, Lupolen 2420H by LyondellBasell), high-density polyethylene
(HDPE, Hostalen ACP 9255 Plus by LyondellBasell), PP (Moplen HP
552H by LyondellBasell), PS (Ineos Styrolution 156F), PET (PKKPET by
Plastipak Preforme), PA6 (Alphalon 27 by Grupa Azoty ATT Polymers),
ABS (Sinkral F332 by Eni Versalis), and PVC. These materials were
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already used for kinetic analysis via dynamic TG (Netsch et al., 2025).
Except for PVC, the polymers were supplied as additive-free primary
granulates with a particle size of 2-5 mm. Mexichem provided the PVC
(Primex P-2252) as a powder. It is referred to as virgin PVC in this study.
In addition to pure polymers, various mixtures of thermoplastics were
applied in TG. For technical reasons, a different PVC was used in STR
experiments. For technical reasons, a different PVC was used in STR
experiments. The powder caused clogging during the feeding process in
the STR experiments because of its small particle size. Therefore, it was
necessary to switch to PVC granulate in these investigations. This PVC
by INEOS Inovyn was available as granulate with a particle size of 3 mm,
but contained about 10 wt.% inorganic fillers such as CaCO3 and TiOg,
as well as 2-3 wt.%. The stabilizers are not specified in detail by the
manufacturer. In the following, this PVC is referred to as PVC granulate.
In these STR experiments, the PVC granulate is examined in combina-
tion with other thermoplastics as a mixture, which is referred to as STR
Mix in this study. This mixture contains 50 wt.% LDPE, 15 wt.% PP, 10
wt.% each of PS and PET, and 5 wt.% each of PA6, ABS and PVC
granulate. It has already been used in isothermal STR experiments. The
feedstock composition, including elemental composition, ash, and
moisture content, was determined in a previous study and is summa-
rized in Table 1.

2.2. Thermogravimetry

TG analyses were performed with a NETZSCH TG 209 F1 Libra. An
automatic sampler was used to load the microbalance with Al,O3 cru-
cibles containing 10 mg of sample. Before loading, the samples were cut
from the primary granulate with a scalpel. The total sample mass only
deviated by up to 0.1 mg. In addition to the pure plastics, binary and
ternary thermoplastic mixtures were investigated. In binary mixtures,
equal amounts of the polymer types were employed. The ternary mix-
tures comprised 30 wt.% of the first and second polymer types, as well as
40 wt.% of the third polymer under investigation. Additionally, a
complex mixture containing 20 wt.% each of LDPE and HDPE, as well as
10 wt.% each of PP, PS, ABS, PET, PA6, and PVC, was tested and labeled
as TG Mix in the following. The polymer content deviation in the mix-
tures ranged from 10 to 15 pg at maximum. The experiments were
conducted at least twice for each mixture. The oven temperature was
programmed from 30 °C to 900 °C with simultaneous purging at 60 ml/
min nitrogen. Within this program, isothermal segments were applied,
pausing the dynamic heating rate of 10 K/min. The selection of the
heating rate, the segment's hold time, and its isothermal temperature
was based on the results of a previous study under dynamic TG condi-
tions (Netsch et al., 2025). The heating rate of 10 K/min ensured well-
controlled conditions without the influence of temperature gradients.
Also, the reported polymer-specific decomposition onset temperatures,
along with the associated decomposition kinetics, were considered
(Netsch et al., 2025). The hold time varied between 0.5 h and 1 h for the

Table 1
Elemental composition as well as the moisture and ash content of the investi-
gated feedstocks.

Feedstock Composition in wt.%
C H N cl Moisture  Ash oA

LDPE 85.8 14.2 <0.3 0.0 < 0.01 < 0.01 0.0
HDPE 85.8 14.2 <0.3 0.0 < 0.01 <0.01 0.0
PP 85.8 14.2 < 0.3 0.0 < 0.01 < 0.01 0.0
PS 92.0 8.0 <0.3 0.0 < 0.01 < 0.01 0.0
ABS 86.2 8.0 5.5 0.0 0.3 < 0.01 0.0
PET 63.3 4.4 <0.3 0.0 0.2 <0.01 321
PA6 63.6 9.8 12.6 0.0 1.2 < 0.01 12.7
Virgin PVC 39.6 5.6 < 0.3 54.7 0.1 < 0.01 0.0
PVC granulate 36.2 4.9 <0.3 47.9 0.2 10.6 0.2
STR Mix " 80.6 11.6 0.9 2.4 0.1 0.5 3.9
A

organic oxygen calculated as the difference to 100 wt.%.

B calculated from the individual polymer content in the mixture.
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selected isothermal temperatures of 300 °C and 370 °C, respectively.
The lower temperature segments enabled the investigation of the
dechlorination process induced by the first step of the two-step PVC
pyrolysis reaction mechanism. The defined decomposition of PS, ABS,
PET, and PA6 was assessed by implementing the segment at 370 °C. The
pyrolysis of polyolefins and the polyene chains, formed during the PVC
dichlorination, followed in the third pyrolysis stage. The temperature
increase after the 370 °C segment marked the beginning of this third
stage. The systematic TG study also involved other isothermal segment
temperatures and deviating hold times. Supplementary information S1
provides an overview of all experimental setups that were tested but not
shown in the manuscript, including the applied polymer mixtures and
temperature programs.

2.3. Stirred tank reactor

Complementing the experiments under well-controlled conditions in
the TG, the STR system offered additional investigations, as technical
process conditions prevail here. This includes reactor-design effects
known from large-scale pyrolysis plants, such as relevant heat and mass
transport limitations or product residence time distributions. The system
is also characterized by high feedstock and process flexibility. It has been
described in detail by Netsch et al. for experiments with various ther-
moplastics and post-consumer waste at a constant reactor temperature
of 500 °C (Netsch et al., 2026). The reactor had a capacity of 2.7 L and
was electrically heated by two heating sleeves with each 1.25 kW power.
A customized impeller enabled fast homogenization of the reactor
content. Quartz sand was used as a homogenization agent. Nitrogen was
supplied at various points of the reactor system to ensure an inert at-
mosphere, transfer emerging volatile products to the condensation sys-
tem, and avoid blockages on critical system parts. The condensation
system consisted of two parts, each including two double-tube heat ex-
changers. The first and second parts were maintained at 60 °C and -5 °C,
respectively. An electrostatic precipitator prevented the transfer of
droplets in the potentially oversaturated aerosols from the last
condensation stage to the downstream gas sampling and analysis section
of the pyrolysis system. This section enabled gas sampling for offline
analysis and online analysis of the gas volume flow throughout the
experiment. As toxic, corrosive, carcinogenic, and environmentally
harmful substances were expected to form during pyrolysis, the exper-
iments were conducted following high health and safety measures. The
mass balancing was performed using the methodology already applied
and validated in isothermal tests on this pyrolysis system (Netsch et al.,
2026). A feedstock mass of 0.25 kg was introduced to the reactor in
batch operation. Two-staged pyrolysis at different temperatures of the
first stage was investigated in the STR system. The reactor, containing 2
kg of quartz sand, was preheated to the first isothermal temperature and
held for at least one hour after the introduction of the feedstock. This
isothermal temperature was varied at 370 °C, 400 °C, and 430 °C to
evaluate the influence of increasing this temperature, starting from the
set parameter investigated in TG. Following this stage, the reactor set
temperature was increased to the second pyrolysis stage temperature of
500 °C and maintained for an additional 90 min to ensure complete
conversion. Thermocouples on the reactor wall and in the interior of the
reaction mixture allowed recording of the temperature profile and thus
resolving the temperature gradients occurring between the reactor wall
and the reaction zone. The STR system is characterized by intense
mixing in the reaction zone and a narrow gas residence time distribution
with a minimum gas residence time of less than 20 s (Netsch et al.,
2026). For comparison, unstaged isothermal pyrolysis experiments at a
set temperature of 500 °C were conducted using the same reactor sys-
tem. However, the experiments differed in the feedstock dosing pro-
cedure. The feedstock was introduced semi-continuously in small
quantities of about 30 g into the preheated reactor at 500 °C to ensure
stable temperature conditions.
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2.4. Analytics

To evaluate the valuable organic products, they were characterized
using comprehensive offline analysis methods. An advanced gas chro-
matography (GC) system was used for the pyrolysis gas characterization.
This system comprises an Agilent 8890 GC combined with an isothermal
oven, a thermal conductivity detector (TCD), a flame ionization detector
(FID), and a mass spectrometer (MS).

Gas samples were taken at various times during the experiment and
analyzed. The system enabled the quantification of No, O3, CO5, CO, and
CH4 using the TCD. Other HCs were identified with the MS and quan-
tified using the FID signal after calibration. HCI causes no distinct peak
in the measuring system, but only a broad increase in the baseline as a
result of its strong tailing tendency. The peak can be clearly attributed to
HCI using the MS. However, reliable peak integration is not possible,
thus preventing quantitative evaluation of HCl. A mass-related compo-
sition of the permanent gases is calculated from the other quantified
gases. The calculation is performed in the first step by determining the
volume-related proportion of the respective component y;, considering
the molar volume V,, under standard conditions (0 °C, 1 atm), the
quantified concentration c;, and the molar mass M; of the respective gas,
following equation (1).

Vi

M (€8]

Yi=¢G
The sum of the volume fractions is normalized to correct for measure-
ment deviations. The mass fraction of a gas species related to the per-
manent gas X;permanent gas iS then calculated using the density of the
permanent gas Ppermanent gas and the gas species p;, as shown in equation
(2).

Yi Pi
Xipermanentgas = ~—~ . ® _— (2)
Ziy i ppennanent gas

Finally, the purge gas in the form of nitrogen is excluded from the
composition by subtracting its mass fraction Xgus gos from the sum of
mass fractions of all quantified gas species. The mass fraction related to
the pyrolysis gas Xjpygs is calculated as described in equation (3).
Further details on the GC system and the calibration methodology are
provided elsewhere (Chang et al., 2023).

xipermanent gas
Xipygas = (3)
Ei (Xi.peﬂnanent gas) — Xflush gas

Elemental analysis, determination of water content, spectroscopy, and
GC analysis are performed for pyrolysis condensate characterization. A
micro elemental analyzer type LECO Truspec CHN was used for
elemental analysis. The measurement uncertainty of the elemental
analysis differs regarding the sample type and the determined element.
For the polymers, a maximum uncertainty of less than 0.46 wt.% for
carbon, 0.13 wt.% for hydrogen (0.47 wt.% in case of PVC), 0.05 wt.%
for nitrogen, 0.01 wt.% for moisture, and 0.04 wt.% for ash determi-
nation were ascertained. For chlorine, the uncertainty accounted for
0.41 wt.% and 0.16 wt.% in the case of virgin PVC and PVC granulate,
respectively. Elemental analyses of pyrolysis oils exhibit maximum un-
certainties of 1.00 wt.% for carbon, 1.02 wt.% for hydrogen, 0.07 wt.%
for nitrogen and chlorine, and 0.11 wt.% for moisture.

Karl Fischer titration was conducted with a Methohm 870 KF Titrino
following DIN 51777. 'H NMR analyses were carried out using an 80
MHz Magritek Spinsolve MultiX benchtop nuclear magnetic resonance
(NMR) spectrometer. The NMR analyses indicate the distribution of
differently bound 'H-nuclei, also referred to as protons. This allows the
examination of condensates from different stages regarding their share
of aromatic bonds as well as saturated and unsaturated C-C bonds. The
condensates were measured with a two-dimensional GC (GCxGC)
method. All setups and methods are already described in detail by
Netsch et al. (Netsch et al., 2025).
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3. Results and discussion
3.1. Thermogravimetric analyses

3.1.1. Virgin polymers

The decomposition behavior of the polymers is characterized under
well-controlled TG conditions. The time- and temperature-dependent
sample mass change is recorded to resolve the progression of the py-
rolysis reaction by the formation of gaseous and condensable products.
TG experiments with virgin polymers exhibit the conversion rate of in-
dividual polymers in the selected isothermal segments. These segments
are set to 300 °C and 370 °C. The temperatures were maintained for 30
min and 60 min, respectively. The results are shown in Fig. 2.

A significant mass loss during the 300 °C stage is only evident for
PVC. The decomposition of PVC starts even before reaching the
isothermal temperature. At the end of the segment, about 61.4 £ 0.1 wt.
% of volatiles are released. The results emphasize the dichlorination
reactions occurring in PVC at low temperatures below 300 °C (Yu et al.,
2016). In the second stage, the reactions of PVC pyrolysis slow down,
leading to a minor volatile release of only 7.3 + 0.1 wt.%. As the tem-
perature rises, the polyene chains pyrolyze at temperatures above
400 °C. This results in the additional release of volatile products and
coke formation. The coke amounts to 6.2 + 0.1 w.t%. In the second
stage, at 370 °C, the non-polyolefinic thermoplastics degrade according
to the kinetics that were characterized in the dynamic experiments
shown in Fig. 1. While HDPE only degrades to approximately 3 wt.%
until the end of the second isothermal segment, the decomposition of PS,
ABS, PET, and PAG6 is pronounced. The PS decomposition results in
nearly complete conversion at the end of the stage. Here, the formation
of volatiles from ABS, PET, PA6, and PP pyrolysis reaches 77.3 + 0.1 wt.
%, 51.1 £+ 0.3 wt.%, 43.6 + 1.8 wt.%, and 16.8 + 0.1 wt.%, respectively.
This partial decomposition reflects their slower pyrolysis kinetics at
370 °C compared to PS. Only for PET and PVC, significant coke forma-
tion can be detected at the end of the experiment. The coke amounts to
12.9 + 0.2 wt.% in the case of PET. PP features a partial decomposition
in this stage.

These TG results show remarkably different reaction rates, depend-
ing on the polymer type in the sample. Applying a higher temperature or
extending the hold time raises the conversion rate of all thermoplastics.
A distinct temperature cutoff for separating the pyrolysis of aromatic or
heteroatom-containing polymers from the pyrolysis of polyolefins
cannot be identified. The overlapping of decomposition ranges, espe-
cially for PP and PS, leads to a transitional effect. Instead of a clear
separation, this suggests an enrichment or depletion of specific decom-
position products by temperature-staging. Nevertheless, a temperature
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range between 370 °C and 400 °C may offer the possibility of partially
separating the polyolefin decomposition from the decomposition of
other polymers. In the following, this temperature range between 370 °C
and 400 °C is referred to as the kinetic gap and will be focused on.

3.1.2. Polymer mixtures

Some authors report polymer interaction effects that occur during
pyrolysis (Netsch et al., 2025; Williams and Williams, 1999; Cao et al.,
2023; Jing et al., 2013). These effects depend on the polymers that
interact in the feedstock and can vary in intensity. In particular, the
impact of interactions on the reaction rate is relevant for the application
of temperature-staged pyrolysis. Possible deceleration or acceleration
during the co-pyrolysis of polymers could limit or extend the kinetic gap
between polyolefins and other thermoplastics. To evaluate such effects,
the complexity of the feedstock mixture is increased through experi-
ments performed with binary and ternary mixtures, and the TG Mix.
Fig. 3 shows the TG result of a ternary mixture of polyolefins in a three-
staged pyrolysis with isothermal segments at 300 °C and 370 °C. A
mixture of PP, LDPE, and HDPE was tested in a proportion of 30 wt.%,
30 wt.%, and 40 wt.%, respectively. No volatile formation and only
minor decomposition occur in the ternary polyolefin blend at both
temperature stages. Approximately 10.9 + 0.1 wt.% of volatiles are
released from the sample by the end of the 370 °C stage. A comparison of
the calculated and the experimental TG curves of this mixture can be
found in the supplementary information in Fig. S1.1. These results rely
on the determination according to the proportions of the polymers in the
mixture. Based on the pure polymer results, only 7.8 + 0.1 wt.% of
released volatiles is calculated. Compared to the experimental results,
this value is about 3.0 wt.% lower, indicating a slight acceleration. The
slight acceleration may be attributed to interactions as reported by Jing
et al. (Jing et al., 2013). Radicals formed during the PP pyrolysis may
also serve as initiation radicals in the radical decomposition mechanism
of PE (Bockhorn et al., 1999). Nevertheless, the absolute impact is low as
the majority of the pyrolysis products are formed at higher tempera-
tures. No or only minor deviations comparable to those of the poly-
olefinic ternary mixture are observed for other mixtures of polyolefins
with PET, PA6, or ABS. This isothermal TG result confirms the absence of
significant interactions in these samples, as reported in a previous TG
study under dynamic parameter conditions (Netsch et al., 2025).

Exemplary results of PS blended with PET, PA6, PP, and HDPE are
depicted in Fig. 3, too. For mixtures of PS and polyolefins, no consid-
erable interactions were found based on the theoretical calculations of
pure polymer decomposition, which confirms findings of blends
comprised of PS and both PE types from other authors (Faravelli et al.,
2003; Westerhout et al., 1997). The mixtures of PS/PET/HDPE and PS/
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Fig. 2. Individual three-staged TG experiments conducted for virgin polymers at isothermal segments for PVC dichlorination at 300 °C (grey), decomposition of
aromatic-based and heteroatom-containing polymers at 370 °C (blue), and polyolefin decomposition above 400 °C (yellow).
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Fig. 3. Three-staged TG experiments with isothermal segments at 300 °C for 0.5 h (blue) and 370 °C for 1 h (blue) performed with ternary mixtures in the proportion

of 30/30/40 wt.%.

PA6/HDPE release 47.9 + 1.2 wt.% and 46.5 + 0.3 wt.% of volatiles by
the end of the second stage. From pure polymer decomposition, a vol-
atile formation of 46.1 + 0.2 wt.% and 43.9 £ 0.6 wt.% would be ex-
pected. The calculated and the experimental TG curves are depicted in
Fig. S1.2 in the supplementary information. The similar values empha-
size that interactions only play a minor role in these blends. In contrast,
the reaction of a mixture containing PS and PP is accelerated compared
to the values calculated from the individual polymer behavior. For PS/
PET/PP and PS/PA6/PP, about 62.9 4+ 2.7 and 62.3 + 2.5 wt.% of
volatiles are formed after the 370 °C stage, compared to the calculated
volatile formation of 51.7 + 0.2 and 49.4 + 0.6 wt.%, respectively. The
calculated decomposition results are compared to the experimental
values in Fig. S1.3 in the supplementary information.

The radicals formed in the initiation step of the pyrolysis of PP and PS
provide starting radicals for the other polymer. This effect is very pro-
nounced in PS/PP blends, as already described by Kruse et al. (Kruse
et al., 2005). It is also observed in the co-pyrolysis of PE and PS (Costa
et al., 2010). The data under comparative experimental conditions for
both mixtures of this study suggest, though, that the accelerating effect
is less pronounced in PS/PE blends than in PS/PP blends. The similar
pyrolysis set temperatures of PS and PP, which are based on more stable
radicals in the initiation phase of decomposition, might explain this. The
positive inductive effects of the phenyl or methyl substituents in PS and
PP are a potential cause for this effect. Additionally, Faravelli et al. point

out that this effect in polyolefins and PS strongly depends on the mixture
of polymers in the reactor system (Faravelli et al., 2003). Yet it can be
assumed that the polyolefin chains decompose more intensely in the first
stage. This effect of accelerated polyolefin decomposition in the pres-
ence of PS is disadvantageous, as it narrows the kinetic gap between PS
and polyolefins. This would complicate the enrichment of aliphatic
target products or the depletion of contaminants upon implementation
of the temperature-staged pyrolysis concept.

The most intensive interactions are found in mixtures of PET, PA6,
and PVC. To illustrate this, the decomposition of the TG Mix and
exemplary ternary mixtures are shown in Fig. 4. Ternary mixtures with
30/30/40 wt.% proportions of PVC/PET/PP, PVC/PA6/PP, and PET/
PAG6/PP reveal different effects important for temperature staging. If a
mixture contains at least two of the polymers PVC, PET, and PA6, a
distinct acceleration of the decomposition occurs, as already described
by dynamic TG tests with binary mixtures (Netsch et al., 2025). This
acceleration enhances the volatile formation during the first stage of
dechlorination. It is more pronounced for blends of PVC with PA6 than
with PET. The underlying mechanisms for the co-pyrolysis of PVC with
PET are mechanistically explained by Cao et al (Cao et al., 2023). Ac-
cording to the authors, the formation of hydrogen chloride at the initial
PVC decomposition stage promotes the C-O bond cleavage in the poly-
ester group of the PET polymer backbone. A detailed mechanistic
description of the interactions between PVC and PA6 blends has yet to
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Fig. 4. Staged TG experiments with isothermal segments at 300 °C for 0.5 h (grey) and 370 °C for 1 h (blue) performed with ternary thermoplastic mixtures in the

proportion of 30/30/40 wt.% and the TG Mix.
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be provided. In the PET and PA6 mixture with PP, no volatile formation
is evident in the first stage of 300 °C, but about 55.8 + 0.3 wt.% of the
blend pyrolyzes into volatile HCs in the second stage. From pure poly-
mer decomposition, only 35.1 &+ 0.7 wt.% of released products are ex-
pected. This finding emphasizes that PET and PA6 can interact during
pyrolysis, causing faster decomposition. The entire calculated TG curve
is shown in Fig. S1.4 in the supplementary information.

Furthermore, the pyrolysis at temperatures above 400 °C exhibits a
minor shift of the degradation curve towards higher temperatures when
using PVC and polyolefin blends. The high-temperature decomposition
of polyene chains formed as intermediates during PVC decomposition
slightly delays the polyolefin pyrolysis during the co-pyrolysis (Yu et al.,
2016). Together, both effects broaden the kinetic gap, facilitating the
separation of the non-aliphatic and aliphatic pyrolysis products by
temperature staging. Nevertheless, the interaction of PVC and poly-
olefins also leads to slightly lower aliphatic product yields because of the
intensified coke formation (Yu et al., 2016).

In the complex TG Mix, the described interaction effects overlap
simultaneously. During the dechlorination phase of PVC at 300 °C, twice
the proportion of volatiles is released in comparison to the expected
behavior from pure polymer decomposition. By the end of this stage,
15.7 + 0.0 wt.% of volatiles are formed. Only 7.0 & 0.0 wt.% was ex-
pected, emphasizing the decomposition interactions of PVC with PET
and PA6. The calculated decomposition curve of the TG Mix is depicted
in Fig. S1.5 in the supplementary information in detail. The proportion
of pyrolysis products formed within the second stage is also increased by
approximately 8 wt.% and amounts to 45.0 + 0.8 wt.%. This corre-
sponds to the polyolefin content of 50 wt.%. Based on the TG results,
nearly complete decomposition can be assumed under the conditions
applied. In conclusion, the TG results provide precise information on the
interaction effects that can be attributed to specific polymer combina-
tions. They explain how the decomposition kinetics of mixed thermo-
plastics are affected, whether they are accelerated or slowed down, and
what impact this has on temperature-staged pyrolysis. In the TG Mix,
some interactions are favorable due to the accelerated decomposition of
the heteroatom-containing polymers as seen in PA6, PET, and PVC
mixtures. The decomposition of the polyolefins differs depending on the
mixture. PS accelerates, and PVC slightly inhibits their pyrolysis.

The yield and quality of the targeted product, the aliphatic-rich oil
fraction, from the final pyrolysis stage are crucial for optimization of
process parameters. Hypothetically, low temperature and hold time of
the second decomposition stage (here at 370 °C) are beneficial for
maximum pyrolysis condensate yield in the second stage, as minor
amounts of polyolefins already decompose in the second stage. As the
yield of the aliphatic-rich fraction increases, a higher conversion effi-
ciency into the targeted product is achieved. Simultaneously, more py-
rolysis products from the decomposition of PS, ABS, PET, and PA6 end
up in this product, presumably reducing its quality. Consequently, the
selectivity to aliphatic compounds in the products of the last stage is
lower. With this, TG results imply that a simultaneous improvement in
conversion efficiency and conversion selectivity is not possible. The
selection of optimal parameters for temperature-staged pyrolysis thus
depends on whether the objective is to maximize the target product yield
or to achieve a high target product quality. Nevertheless, temperature-
staged pyrolysis in complex mixtures can be assessed as a technically
feasible option for improving the pyrolysis product under TG conditions
from a kinetic point of view. However, temperature staging can only
enable selective product enrichment or depletion rather than perfect
separation. Based on these results, the scale-up of the concept was
investigated employing a STR system, since additional tests under
realistic pyrolysis conditions, along with further comprehensive product
analyses, are required.

3.2. Stirred tank reactor

The well-defined set parameters from TG experiments might need
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adjustment in application to technical reactors to achieve a similar
product separation effect. The application was examined in the scalable
STR system. These experiments enabled mass balancing and in-depth
chemical product analyses. Since an aliphatic-rich pyrolysis oil is the
targeted product, only a two-staged pyrolysis is performed in contrast to
the TG experiments. The first stage should ensure complete dichlorina-
tion and the removal of heteroatoms and aromatic compounds in one
step. From the second stage, the aliphatic-rich product fractions are
obtained. Based on previous studies with the STR system, a constant
pyrolysis temperature in the reaction zone cannot be assumed for batch
operation with 250 g feedstock, due to heat and mass transfer limitations
(Netsch et al., 2026). However, the temporal progression of the effective
temperature in the STR mix is decisive for its kinetics and, therefore, the
result of the temperature staging. Fig. 5 displays the time-temperature
dependence of the reactor wall and the reaction zone during the ex-
periments. After feedstock dosing, a significant temperature decline of
about 140 °C was recorded in the reaction zone in both experiments. The
reactor wall temperature remained stable, only varying approximately
5 °C. During the hold time of the isothermal segment, the reaction
temperature increased to its set temperature in 20 min. The isothermal
segment in the experiment was maintained at a higher temperature of
430 °C for 90 min. To compensate for the previously discussed drop at
the 400 °C stage, the increase in reactor temperature started after 96
min. In both experiments, the internal reactor temperature followed the
reactor wall temperature slowly until a stable internal temperature was
reached. This temperature was approximately 10 to 25 K below the
specified reactor wall temperature of 500 °C.

In the reference experiment, the feedstock was introduced semi-
continuously in small portions (approximately 30 g) to maintain a
stable pyrolysis temperature, whereas a single-step addition was used in
the staged experiments to precisely control reaction time and tempera-
ture. The total feedstock mass is identical in both cases. The difference in
dosing strategy exhibits only minor effects on the polymer temperature
profile. The time-dependent polymer temperature profile mainly de-
pends on the temperature program, rather than on the initial tempera-
ture decline upon feedstock addition. Therefore, the staged and
reference experiments are comparable for assessing product distribution
and reaction kinetics.

The results demonstrate how temperature gradients in the technical
system and endothermic processes such as feedstock heating, phase
transitions, or reaction enthalpy influence the time-dependent polymer
temperature during plastics pyrolysis. This temperature is decisive for
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Fig. 5. STR reaction zone and reactor wall temperature during the
temperature-staged pyrolysis of the STR Mix with isothermal segments at
400 °C and 430 °C, including gas sampling marked with a cross on the x-axis.
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the reaction kinetics. Higher stage set temperature and longer hold time
of the isothermal segments must thus be applied in the STR system to
achieve comparable reaction conditions in both systems.

3.2.1. Mass balance

The mass balance provides information on the yields of the product
fractions, which are referred to as pyrolysis gas, pyrolysis oil, and solid
residue in the following. Generating a high oil yield is required to
optimize the recycling process for pyrolysis condensate utilization. At
the same time, this condensate phase ideally contains no heteroatoms
and is rich in saturated aliphatic compounds. For this purpose, oxygen-,
nitrogen-, chlorine-, and aromatic-containing products should be pre-
dominantly transferred to the gas phase or enriched in the separately
collected condensate of the first stage of the pyrolysis process. On the
one hand, both effects lead to a depletion in the target product. On the
other hand, it would inevitably reduce the condensate yield. As already
concluded from TG results, the general optimization task aims to
simultaneously improve the product composition while maintaining the
highest possible condensate yield. Table 2 shows the condensate yields
obtained in the STR Mix two-stage pyrolysis experiments compared to
an experiment at a constant temperature of 500 °C (Netsch et al., 2026).
For technical reasons, only the condensate yield can be distinguished by
the respective stages. Pyrolysis gas and solid residue are calculated for
the entire experiment. Furthermore, an experiment not listed in Table 2
with an isothermal segment at 370 °C for 90 min was performed. This
experiment showed no relevant condensate formation during the first
stage. Only slight PVC dehalogenation was observed in this 370 °C test
run, and low amounts of gases were detected. Insufficient condensate
mass for further condensate analysis was obtained during the primary
pyrolysis stage of the 370 °C experiment. Therefore, this experiment was
neglected for evaluating the mass balance and product compositions.

All pyrolysis experiments of the STR Mix exhibit a similar mass
balance. The gas yield of the staged pyrolysis results is slightly lower
with 4 wt.% compared to the reference experiment at 500 °C under semi-
continuous feedstock dosing. Accordingly, the yield of the solid fraction
and the collected pyrolysis oil increase by approximately 1.5 wt.% and
2-2.5 wt.%, respectively. The polymers that predominantly decompose
at lower temperatures, such as PS, ABS, PET, PA6, or PVC, are pyrolyzed
in the first stage. This temperature was about 70-100 °C lower
compared to the unstaged reference experiment at 500 °C. With a lower
pyrolysis temperature, reduced formation of pyrolysis gas is reported
(Calero et al., 2023; Chang, 2023). Thus, a shift in product distribution
towards high-molecular products, and consequently from the gas phase
to the condensate phase, is expected for the staged pyrolysis experi-
ments. The mass balance results agree with the reported finding (Calero
et al., 2023; Chang, 2023). Conversely, pronounced solid residue for-
mation is commonly reported for increasing pyrolysis temperatures
(Magsood et al., 2021). However, an elevated solids residue yield during
co-pyrolysis of mixed plastics results from interactions between coke-
forming polymers and non-coke-forming polymers (Netsch et al.,
2025; Williams and Williams, 1999). Such interactions may cause coke

Table 2
Mass balance of the staged pyrolysis experiments of the STR Mix with an end
temperature of 500 °C compared to the pyrolysis at 500 °C in the STR.

Experiment Product fraction yields in wt.%
Gas Oil Solid
Residue
Isothermal 500 °C 41.3 551 3.6
(Netsch et al., 2026)
Two-stage pyrolysis 37.8 57.0 5.2

(400 °C for 96 min, 500 °C for 90 min) 1st stage: 2.9

2nd stage: 54.1

Two-stage pyrolysis 37.2 57.6 5.2
(430 °C for 90 min, 500 °C for 90 min) 1st stage: 22.3

2nd stage: 35.3
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formation by incorporating products of non-coke-generating polymers
into polyaromatic coke precursors. Slower reaction kinetics as a conse-
quence of the lower pyrolysis temperature lead to more time for in-
teractions in the melt phase of the molten polymer mixture, which may
explain the slight increase observed in this study.

The comparison of the pyrolysis oil yield of the different stages re-
veals significant differences, as indicated in Table 2. Increasing the hold
temperature from 400 °C to 430 °C results in an increase in the
condensate yield in the first stage by about 20 wt.%. The temperature
increase accelerates the decomposition reactions, resulting in a higher
feedstock conversion. The higher condensate yield during the 430 °C
stage reduces the yield of the target product, but might improve the
pyrolysis oil quality by enhanced conversion of PS and the heteroatom-
containing polymers. Based on the condensate yield of 2.9 wt.% in the
first stage of the 400 °C test, only partial pyrolysis can be expected for
these polymer types in the thermoplastic mixture.

3.2.2. Gas product composition

The gas analyses support assessing the efficiency of the staged py-
rolysis setup in the STR. The gas composition is measured at defined
times during both staged pyrolysis experiments, as shown in Fig. 4. In
the test with a 400 °C stage, samples are taken after 30 and 120 min,
while in the test at 430 °C, samples are collected after 6, 30, 60, 96, and
120 min. The samples provide information about compositional changes
in the gas during the reaction progress. Fig. 6 presents different gaseous
product groups in the staged test at 430 °C as a function of the sampling
time. These products are characteristic pyrolysis products of the indi-
vidual thermoplastic polymer types in the mixture. The chromatograms
and their corresponding quantitative gas compositions can be found in
Supplementary Information S2. The gas composition of the temperature
staging experiments at 400 °C confirms the observations seen in the
more frequently sampled test at 430 °C holding temperature.

Aliphatic products, aromatics, CO3, and CO dominate the integral
gas composition. However, the gas analysis reveals distinct shifts in the
gas composition depending on the sampling time. The CO, and CO
contents decrease rapidly during the experiment and reach a stable level
of 2 wt.% by the end of the isothermal segment of the staged pyrolysis.
At the same time, the aliphatic content increases during the experiment
and amounts to approximately 90 wt.% after 60 min. Only a few ali-
phatics are present in high amounts in the gas sample collected after 6
min, with 29.8 wt.% ethene and 5.3 wt.% methane. In the sample ob-
tained after 30 min, this distribution becomes significantly broader.
Branched Cs-, C4-, C5- and C4-HCs dominate. This trend continues up to
the gas sample taken at 60 min. Once the temperature is increased to
500 °C, higher proportions of methane, ethene, and ethane are recorded
in the pyrolysis gas, broadening the distribution. Among the aliphatic
components, n-alkanes and a-olefins appear in addition to the branched
HCs after 60 min. The content of aromatics increases from 4.6 wt.% (6
min) to 14.0 wt.% (96 min) during the test. This maximum is reached
following the end of the isothermal segment at 430 °C. At 120 min, the
aromatic content has already declined. At 6 min, more benzene and
hardly any toluene are detected. The toluene content then increases
steadily to the sample withdrawn at 96 min. About 7 wt.% of toluene is
detected before decreasing again. The styrene content remains almost
constant at 2.1 to 3.5 wt.% over the entire test. Minor amounts of
chlorine-, nitrogen-, and oxygen-containing HCs are also identified in
the pyrolysis gas. HCI, as the main gaseous decomposition product of
PVG, is identified in the sample taken after 6 min. Because of the pro-
nounced peak tailing, it cannot be accurately quantified using the GC
system. Therefore, HCI is missing in the normalized composition. The
oxygen- and nitrogen-containing HCs consist of acetaldehydes, acrylo-
nitrile, and HCN. Low amounts of acetonitrile and methacrylonitrile are
also detected. While high quantities of acetaldehyde are only present in
the sample at 6 min, the proportion of nitrogen-containing HCs only
decreases slowly with the progression of the isothermal segment. Thus,
after an initial 1.0 wt.% of nitrogen-containing HCs, only 0.1 wt.% can
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Fig. 6. Content of characteristic gas compounds sampled after 6, 30, 60, 96, and 120 min in the two-staged pyrolysis at 430 °C and 500 °C in the STR system.

be determined after the isothermal segment of the experiment. The
chlorine-containing HCs are comprised of chloromethanes, chloro-
ethanes, vinyl chlorides, 1,2-dichloroethanes, and chlorobutanes. These
components are present in the 6 min gas sample predominantly. In the
last gas sample of the isothermal segment (after 60 min), no more
chlorine-containing HCs are detectable.

The gas analyses support the hypothesis that temperature-staged
pyrolysis enables the separation of polymer-specific pyrolysis prod-
ucts. The typical gaseous PVC products are only recognizable at the start
of the pyrolysis. With CO,, CO, acetaldehyde, and ethylene, the results
indicate an almost complete dichlorination of PVC and rapid decom-
position of PET at the start of the experiment. Previously discussed
interaction effects between PVC and PET may strongly accelerate the
PET pyrolysis in the STR (Cao et al., 2023). Along with a high pentane
content, the nitrile compounds indicate that PA6 and ABS also decom-
pose at 430 °C during the isothermal segment. From 96 min on, more
unbranched HCs are released beside the branched HCs. In the gas sample
withdrawn after 60 min, the aliphatic C4-C;9 HCs consist of about 55 wt.
% linear and 45 wt.% branched molecules. In samples taken at 96 min
and 120 min, the proportion of branched C4-C;¢ HCs declines to 40 wt.%
and 27 wt.%, while the share of corresponding linear HCs rises to 60 wt.
% and 73 wt.%, respectively. Thus, polyethylene appears to react in
relevant quantities in the second stage, as assumed from the TG results.
The TG results already identified the separation of PS and PP via tem-
perature grading as the greatest engineering challenge. Relevant pro-
portions of branched PP products are already apparent in the gas sample
during the isothermal segment at 430 °C. This demonstrates that the
decomposition of PS and PP is difficult to separate via temperature
staging in the technical system. Their kinetics in the applied temperature
range of 430 °C exhibit only slight reaction rate differences. The in-
teractions between PS and polyolefins may further contribute to this
effect. As a result, heteroatom-containing compounds can be efficiently
enriched in the gas product during an isothermal pyrolysis stage. This
applies to CO,, CO, chlorine-, oxygen-, and nitrogen-containing HCs.
The holding time of 90 min provides enough reaction time for their
almost complete decomposition under the pyrolysis conditions. Never-
theless, an enrichment of aromatics in the first temperature stage can
only be realized to a limited extent in the investigated pyrolysis system.
Lowering the temperature delays all decomposition reactions, causing
heteroatom-containing HCs formation for a longer experimental time.
The gas analyses of the samples with a 400 °C step confirm this with
higher quantities of heteroatom-containing HCs even after 30 min. In
particular, nitrogen-containing HCs and aromatics from PS and ABS are
present in the gas phase of the second stage in this test run. Although
lowering the temperature would increase their yield in the second stage
and above, more undesired HCs can be detected. Thus, the separation
efficiency for gaseous species is reduced by lower temperatures.

3.2.3. Condensable pyrolysis products

The elemental composition reveals the mitigation of heteroatom-
containing HCs into the condensable product fraction. Therefore, it al-
lows for evaluating the potential enrichment of these oil species in the
product obtained during the first isothermal pyrolysis stage. Table 3 lists
the elemental analysis of the organic condensate obtained in the staged
pyrolysis experiments.

The elemental analysis proves the enrichment of oxygen-, nitrogen-,
and chlorine-containing HCs in the pyrolysis oil of the first pyrolysis
stage. These chemical elements exceed the content of the pyrolysis oil in
the isothermal reference test significantly. The water content in the
condensate is also high in both condensate fractions. A comparison of
the pyrolysis oil obtained in the first stage at the 400 °C and 430 °C
experiments shows a higher carbon and hydrogen content than in the
430 °C condensate. This result supports the conclusion from the mass
balance that relevant polyolefin decomposition occurs at the second
pyrolysis stage. For the condensate fraction produced after the temper-
ature increase, the heteroatom content is correspondingly lower.

Both pyrolysis oils that were obtained in the second stage at 500 °C
exhibit a superior composition compared to the unstaged reference test
at 500 °C. The comparison of both oils obtained from the staged ex-
periments exhibits similar values with approximately 0.2-0.3 wt.% of
nitrogen, chlorine, and oxygen. Some of the differences are already in
the range of the measurement uncertainties of the analysis and close to
the detection limit. The complete removal of chlorine-containing HCs, as
reported by Bockhorn et al., could not be achieved with this setup
(Bockhorn et al., 1998).

The analyses of the chemical composition support the findings
deduced from elemental analyses. The comparison of the NMR results
for the pyrolysis oils of different stages is shown in Fig. 7. The quanti-
tative evaluation and the results of the isothermal reference experiment
at 500 °C are shown in the supplementary information S3 according to
the methodology of Netsch et al. (Netsch et al., 2026). Major differences

Table 3
Elemental composition of the condensate obtained from staged pyrolysis ex-
periments and isothermal experiments at 500 °C with the STR Mix in the STR
system.

Condensate Elemental composition in wt.%

C H N cl Moisture o’
Isothermal 500 °C 84.4 12.5 0.6 0.5 0.0 2.0

(Netsch et al., 2026)

Staged Pyrolysis
400 °C (0 - 96 min) 60.7 11.7 1.3 7.0 15.0 4.8
500 °C (96 - 186 min) 85.6 13.7 0.2 0.2 0.0 0.3
Staged Pyrolysis
430 °C (0 - 90 min) 82.8 11.7 1.0 1.7 1.7 1.0
500 °C (90 - 180 min) 86.8 12.6 0.3 0.2 0.0 0.0
A

organic oxygen calculated as the difference to 100 wt.%.
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Fig. 7. NMR spectra of the pyrolysis oils obtained from the STR Mix pyrolyzed in two-staged experiments at temperature stages of 400 °C and 500 °C (top), and
430 °C and 500 °C (bottom). TMS indicates the chemical shift reference set to zero.

in the chemical composition of the condensate fractions are evident
when comparing the first stage of the 400 °C experiment and the
experiment at 430 °C. The condensate obtained in the first stage of the
400 °C test run requires dilution in deuterated chloroform. This prepa-
ration causes significantly lower signal intensities for this sample.
Similar to the condensate of the 430 °C experiment, however, it exhibits
more aromatic compounds and more protons close to a non-aliphatic
functional group compared to the 430 °C product. The proportion of
saturated aliphatic bonds is comparatively low. More aliphatic com-
pounds are present in the 430 °C condensate than in the 400 °C
condensate. This also reflects the higher carbon content determined in
the elemental analysis for the 430 °C condensate compared to the 400 °C
condensate. Consequently, the hypothesis of a substantial conversion of
the polyolefinic components of the STR mix during the isothermal
segment of the staged 430 °C pyrolysis is confirmed.

Carboxyl or carbonyl groups are detected in the 400 °C sample as a
distinct peak at a chemical shift of 10 ppm. They reflect the high oxygen
content indicated in the elemental analysis. Nevertheless, this peak is
not visible in the 430 °C stage or the reference condensate obtained
during the reference experiment under isothermal pyrolysis at 500 °C.
The two condensate fractions collected in the second part of the staged
pyrolysis are similar to each other but differ from the condensates pro-
duced in the respective experiment. Aromatic components are still
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present, but in lower proportions of 6.3 mol.% and 9.4 mol.%. The
aliphatic-bound protons dominate with 80.8 and 77.0 mol.%. The ratio
between saturated and unsaturated aliphatic-bound protons remains
almost constant. No significant but only minor differences are detected
via NMR between the oils of the respective 500 °C samples and the
reference.

Additional GCxGC analyses were performed to quantify the shift of
main HCs in both pyrolysis oils obtained during the 430 °C staged
experiment. The condensate generated during the 400 °C experiment
contains a high amount of water, preventing its analysis in the sensitive
GCxGC system. The chromatograms indicate a complex composition of a
multitude of different HC species. Different HCs that represent typical
decomposition compounds of specific polymers serve as indicators to
evaluate the separation of condensable species during the temperature-
staged pyrolysis. 2,4-Dimethylheptene from PP, linear n-alkanes and
a-olefins from PE, toluene as PS, ABS, and PET products, e-caprolactam
from PA6, and benzoic acid from PET are focused on. In the 430 °C stage,
the condensate contains 1.7 wt.% of toluene, 1.0 wt.% of benzoic acid,
and 1.1 wt.% of e-caprolactam. These results exceed the concentrations
found in the pyrolysis oil obtained after temperature increase (0.6 wt.%,
0.4 wt.%, and 0.5 wt.%, respectively). This emphasizes the predominant
decomposition of the PS, ABS, PA6, and PET during the first stage, even
though the elemental analysis does not reveal a distinct trend. Also, the
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intensity of diphenyls and other monoaromatics is increased compared
to the product generated at elevated pyrolysis temperatures of this test
run. Consistent with the gas analyses, a partial degradation of PP is also
verified by the GCxGC analyses. A concentration of 1.8 wt.% 2,4-Dime-
thylheptene is detected in the pyrolysis product at the 430 °C stage. The
targeted product contains only 1.0 wt.% of 2,4-dimethylheptene,
emphasizing the disadvantageous shift from PP products to the first
stage. This shift might also be attributed to the PS-PP-specific in-
teractions that were identified in TG. Nevertheless, the target product of
the second pyrolysis stage includes a total amount of 13.6 wt.% of
quantified n-alkanes and a-olefins in the range from C; to Cgp. In the
pyrolysis oil of the first stage, only 5.2 wt.% is detectable. This finding
underlines the general feasibility of temperature staging to improve the
quality of the pyrolysis oil and gas by depletion of heteroatom-
containing compounds and aromatics.

In the STR system, the selective product enrichment by staged py-
rolysis was less pronounced for the pyrolysis oil than for the gas. In
particular, mass transport phenomena might cause this finding. While
gases are quickly conveyed to the downstream sampling system by
continuous nitrogen purging, condensable products must first perform a
phase transition and drain into the collecting tanks. This represents an
additional mass transport for condensable products and a potential
source for artifact effects. The condensable products need more time to
be collected than the flushing of pyrolysis gas. This causes a time delay
for their collection, leading to a potential carryover of condensable
products generated during the first stage to the oil collected at the
elevated temperatures. Such a carryover of condensable product can be
neglected for well-controlled laboratory-scale experiments. It poses a
technical challenge in real plastic pyrolysis applications and might
weaken the temperature stage separation effect in this study. This
challenge might be overcome by a continuously operated cascade sys-
tem of two reactors pyrolyzing at different temperatures. In such a
cascade process, with each reactor having its own condensation unit,
independence in the gas-liquid separation of the volatile products is
achieved through spatial separation. Nevertheless, further investigation
into the separation of pyrolysis oil and permanent gas in plastic pyrolysis
condensation systems is generally necessary for the optimization of
chemical recycling of plastics.

4. Conclusion

The results demonstrate the technical feasibility of the temperature-
staged pyrolysis concept for selective product enrichment. Associated
engineering challenges are also highlighted. TG experiments identified
temperature ranges that enable partial separation of thermoplastics
based on their distinct decomposition kinetics. However, interactions
between polymers in mixed feedstocks can accelerate or delay their
decomposition. For instance, interactions involving PVC, PA6, and PET
accelerate low-temperature decomposition, while PS narrows the ki-
netic gap between low- and high-temperature stages by accelerating
polyolefin decomposition. Although selective decomposition of aro-
matic and heteroatom-containing polymers around 370 °C is possible
under TG conditions, partial conversion of polyolefins, particularly PP,
cannot be fully avoided.

The staged pyrolysis concept was further validated in STR experi-
ments. Compared to TG, stage temperatures and holding times must be
adapted to account for heat and mass transfer limitations, batch oper-
ation, and time-dependent polymer temperature profiles. As a result,
polymer temperatures remain below the reactor set temperature,
requiring higher or prolonged operating conditions to achieve compa-
rable separation effects. While variations in the first-stage temperature
(400-430 °C) had little influence on the overall mass balance, they
strongly affected the proportion of generated pyrolysis oil in each tem-
perature stage. Higher first-stage temperatures enabled a pronounced
reduction of heteroatoms and aromatics in the oil, as well as a targeted
enrichment of aliphatic HCs in the oil obtained during the second stage.
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The results demonstrate the key aspect of the optimization regarding
the generation of an aliphatic-rich pyrolysis oil. Finding a balance be-
tween achieving maximum target product yield and improving the
product quality is essential. Higher temperatures or longer holding times
will cause complete decomposition of PS and ABS in the first isothermal
stage. Polyolefins, especially PP, will pyrolyze more intensively. This
would improve the oil quality but reduce the yield of the aliphatic-rich
target product. On the contrary, the decomposition of polyolefins during
the first pyrolysis stage is avoided by lower temperatures, but is also
associated with a lower partial conversion of the non-polyolefinic
thermoplastics. Establishing a clear priority between product yield and
oil quality in plastic pyrolysis is only feasible to a limited extent. While
industrial operation generally favors yield maximization due to its direct
impact on revenues, heterogeneous and contaminated plastic waste
streams inherently constrain yield improvements and necessitate sub-
sequent oil upgrading. As upgrading efforts strongly depend on feed-
stock composition and process-specific conditions, a universal
prioritization between yield and quality is not applicable. Consequently,
defining a case-specific trade-off between yield and quality requires a
dedicated techno-economic assessment, for which this work provides
the relevant parameters.

The effective enrichment of heteroatom-containing gas species em-
phasizes the importance of appropriate process and equipment design
during scale-up of staged pyrolysis processes. Corrosion, acidification,
and clogging from accumulating salts like ammonium chloride are
particularly related to HCI release. As a result, robust downstream py-
rolysis gas cleaning and neutralization must be addressed, even if such
effects were not observed at the pilot scale.

This study estimated the content of unsaturated aliphatics in the
pyrolysis oil using NMR analyses. The results indicate that temperature-
staged pyrolysis cannot significantly reduce its olefin content. Conse-
quently, other process adjustments must be investigated to minimize the
olefin content for pyrolysis oil application. Also, this study investigated
well-defined feedstocks. This enables a detailed evaluation of the rela-
tionship between the decomposition of individual polymers and the
overall yields and product composition. However, this selection limits
the study, as other polymer types and impurities, such as biomass, may
exhibit different reaction kinetics, which further influence the complex
overall reaction mechanisms (Burra and Gupta, 2018; Zhao et al., 2025).
Additionally, waste plastic products are typically highly functionalized.
Incorporated additives influence pyrolysis kinetics through their
decomposition behavior or possible interaction effects (Zhang et al.,
2025; Charitopoulou et al., 2022). Consequently, the staged pyrolysis of
representative waste fractions should also be investigated for optimi-
zation of staged pyrolysis systems.
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