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ABSTRACT

Title: Chemical recycling of mixed polyolefins
Author: Xander Van Eeckaute
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Degree: Master of Science in Chemical Engineering
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The plastic problem is a well-known waste management problem that needs to be solved.
While some plastic waste streams are used in mechanical recycling, most are still incinerated
or landfilled. This problem is, in part, caused by the high complexity and contamination of most
plastic waste streams. Pyrolysis offers a potential solution, as it is able to handle complex
waste streams and still produce valuable chemicals. It is important to understand how the
composition of these waste streams will affect the product distributions that result when they
are pyrolyzed. This work investigated these effects. Three pure polymers (LDPE, PP, PS) and
two mixed combinations were pyrolyzed in a continuously stirred tank reactor. The gas
products were characterized on-line by gas-chromatography, and the liquid products were
characterized off-line by two-dimensional gas-chromatography. Important process parameters
such as the liquid and gas residence times were calculated. The results and compositions of
all the fractions were compared between the pure and mixed experiments to quantify the effect
of co-pyrolysis. Slight synergistic effects were observed, shifting the product distributions to
lighter carbon numbers. These findings provide insight into the behavior of mixed plastic

wastes during pyrolysis, allowing for future optimization of plastic recycling through pyrolysis.

Keywords: Pyrolysis, Degradation Mechanism, Plastic Waste, Plastic Mixtures
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Chemical Recycling of Mixed Polyolefins

Xander Van Eeckaute

Supervisor(s): Laura Pires da Mata Costa, Kevin Van Geem

Abstract: The plastic problem is a well-known waste
management problem that needs to be solved. Pyrolysis offers a
potential solution, as it is able to handle complex waste streams
and produce valuable chemicals. It is important to understand
how the composition of these waste streams will affect the product
distributions that result when they are pyrolyzed, as the exact
composition of DKR-350 is highly variable and depends on,
among other variables, the season, location and sorting system
from which it was obtained [1]. Three pure polymers (LDPE, PP,
PS) and two mixed combinations were pyrolyzed in a continuously
stirred tank reactor. The products were measured and analyzed,
and the results from the mixtures were compared to the results of
their pure constituents. The pyrolysis results of mixed plastic
feedstocks largely followed a linear combination of the outcomes
observed for the individual polymers. Nonetheless, some
deviations were observed, indicating the presence of some effects.

Keywords: Pyrolysis, Degradation Mechanism, Plastic Waste,
Plastic Mixtures

1. INTRODUCTION

Only 9% of the total plastic production is recycled,
approximately 12% is incinerated and the remaining 79%
accumulates in the environment, such as in landfills or the
ocean [2]. This is unsustainable, as the plastic production
continues to depend on fossil fuel extraction, and improperly
disposed plastics can not only harm ecosystems but also
degrade into microplastics, which may pose risks to human
health. Thus, the importance of plastic recycling cannot be
overestimated.

The preferred method of plastic recycling is through
mechanical recycling due to its low environmental impact [3].
During mechanical recycling, the plastic is melted back from
post-consumer waste to pellets, from which new products can
be made. However, this process has limitations, as it is highly
sensitive to heterogeneities and impurities, such as the presence
of other plastic types and metals that, if present, lower the
quality of the resulting products [4,5]. While advanced sorting
systems do exist, there will always be hard-to-sort waste
streams with materials that cannot be easily separated from
each other, such as multilayered films.

Another important limitation of mechanical recycling is the
degradation and thus shortening of the polymer chains. During
repeated extrusion processes, thermo-oxidative and shear-
induced chain scissions, along with unwanted chain branching,
can occur. This results in a decreased molecular weight and
increased  polydispersity, diminishing the mechanical
properties of the mechanically recycled polymers [3,6]. To
compensate for this reduction in quality, virgin polymer has to
be mixed in with the recycled polymers. Because of this, a
virgin polymer stream will always be required [7].

To complement mechanical recycling and offer an alternative
pathway to overcome some of its constraints, interest has

X. Van Eeckaute is with the Chemical Engineering Department, Ghent
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grown into chemical recycling. This work will focus on one
specific type of chemical recycling, namely pyrolysis. Its main
advantage is that it can utilize waste streams that are not
suitable for mechanical recycling and produce valuable
chemicals [3,4]. During pyrolysis, the polymers are heated to
temperatures in the range of 350 — 500 °C under an inert
atmosphere. This initiates a complex free-radical reaction
network, degrading the polymer [8], and creating low
molecular weight products.

To play into the strengths of plastic pyrolysis and
complement mechanical recycling methods, the preferred
feedstock for pyrolysis should be those waste streams that are
not viable for mechanical recycling. For example, a candidate
is the DKR-350 waste stream, which is the stream that remains
after all easily sorted plastics are removed from post-consumer
plastic waste [9]. It consists mostly of PE, PP, PS, PET-trays,
laminated plastic packaging, and other plastics [10,11]. Figure
1 shows the composition of the DKR-350 waste stream from
the Netherlands [9].

PE

PP 35.1%

14.1%

PS

Others

ABS

Figure 1. Composition of the DKR-350 waste stream (in mass
percentage). Data from [9], figure made by the author.

PE, PP, PS and PET have a strong influence on the resulting
products from the pyrolysis of DKR-350 as they correspond to
over 70 % of the waste stream, making it important to
understand their behavior during co-pyrolysis. This work
focuses on the mixed pyrolysis of PE, PP and PS and their
influence on the resulting product spectrum. While PET is a
significant part of the DKR-350 waste stream, it was decided
to omit it from this study due to additional challenges caused
by PET pyrolysis products.

Numerous studies exist on the pyrolysis of pure polymers and
their reaction networks on both binary, ternary or even
quaternary mixtures. However, most experimental studies do
not quantify products across the entire carbon range generated
during pyrolysis. Additionally, most of these studies use batch
reactors, which operate with high gas residence times,
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Figure 2. Simplified flowchart of the experimental setup

promoting possible secondary reactions and leading to lighter
and more aromatic products. Since industry typically employs
continuous reactors because of their high throughput potential,
studies that are industrially relevant remain scarce.

II. MATERIALS AND METHODS

A. Experimental setup and procedure

The experiments were performed in a continuous-bench scale
setup. Figure 2 shows a simplified flowchart of the
experimental setup. The polymer pellets were melted by a
single-screw extruder (Thermos Scientific), which pushed the
products inside of a continuously stirred tank reactor (CSTR)
with a volume of 0.5 liters. The extruder outlet was set to 300
°C for all experiments, as this melts all polymers that were used
as feedstock during this experiment, while minimizing any
degradation that could occur inside of the extruder [12,13]. The
CSTR was mechanically stirred with a set speed of 500 rmp.
Polymer was fed for approximately 160 minutes during each
experiment, with an average feeding rate of 170 g/h. The
condensation section consisted of two different condensers.
The temperature of the first condenser was set to either 70 °C
or 110 °C, while the temperature of the second condenser was
always set to -17 °C. These temperatures were optimized to
prevent any blockages forming inside of the tube system while
still condensing the maximum possible amount of liquid
product. Thus, the produced volatile products were condensed
into two liquid fractions, and any remaining incondensable
gasses were measured by a Coriolis mass flow meter and
characterized.

The mass balance was closed by measuring the mass of
polymers inside of the hopper before and after the experiment
and taking the difference to be the total fed amount of polymers.
This was compared to the total mass of the collected or
measured products, being the sum of the solid, liquid and
gaseous products. A mass balance of 95% was deemed
satisfactory. The remaining 5% was attributed to losses during
transfer, measuring errors in the Coriolis sensor and deposits in
the lines of the setup.

Prior to any experiment, thorough cleaning and flushing of
both the setup and the extruder was performed to prevent any
cross contamination between experiments. Afterwards, a
pressure test was conducted with nitrogen to check for leaks
and to remove any oxygen form the setup. A continuous
nitrogen flow of 15 g/h was introduced during the experiments
to keep the atmosphere inert.

Collection
vessel 2

RGA

All experiments were performed at atmospheric pressure and
at both 450 °C and 500 °C to study the temperature effect upon
the product distributions.

B. Materials

All polymers used in this work were obtained by purchase
from TotalEnergies SE in pellet form. Mixtures were made by
measuring out the correct amounts of each individual polymer,
and then thoroughly mixing them before introducing them into
the extruder hopper.

The compositions of the feedstocks that were studied in this
work are shown in Table 1. The first three feedstocks consisted
out of pure LDPE, pure PP and pure PS. These served as a
baseline to which the mixtures were compared. The first
mixture that was studied was a 50/50 LDPE/PP mixture. This
composition was chosen to maximize the co-pyrolysis effect,
to aid in its quantification. The second mixture was in essence
the first mixture with 6 wt% of added PS. This way the effects
of the added PS during pyrolysis could be quantified by
comparing the results from this mixture to the results of the
50/50 PE/PP mixture and the results from the experiment with
pure PS as feedstock.

Table 1. Feedstock compositions chosen for this work

LDPE fraction PP fraction PS fraction
(Wt%) (Wt%) (wt%)
100 0 0
0 100 0
0 0 100
50 50 0
47 47 6
C. Gas analysis
The gases produced during the experiments were

characterized by an in-line refinery gas analyzer (RGA). The
RGA is a custom-made Agilent 8890 gas chromatograph (GC)
with 3 detectors and 7 different columns. A flame ionization
detector (FID) was used to characterize all the hydrocarbon
gases produced during the experiments. Two thermal
conductivity detectors (TCD) were used to analyze any other
gasses that were not detectable by the FID, such as nitrogen,
CO; and argon, which was introduced as an internal standard.
The temperature program of the oven started at 20 °C, which
was held for 1 minute, after which the oven ramped up to 80 °C
with a rate of 20 °C per minute. After this temperature was
reached, the ramp rate was changed to 30 °C which was held
until a final temperature of 190 °C was reached. This program



allowed for a relatively short runtime of 15 minutes. Because
of this, the gas composition could be analyzed every 15 minutes
throughout the whole experimental run.

Most of the response factors that were needed during the
characterization were obtained from a calibration gas which
was specifically designed to mimic the gas composition
resulting from the experiments. Any other response factors for
the FID detector which could not be calculated using the
calibration gas were estimated using the effective carbon
number (ECN) method [14-18].

D. Liquid analysis

Both the liquid products form the first and the second
condenser were analyzed separately through comprehensive
two-dimensional gas chromatography (GCxGC). This was
done inside of an Agilent 8890 GC system equipped with an
autosampler, two columns and a flow modulator. The first-
dimension column is an MXT-1 GC metal capillary column,
and the second-dimension column is a HP-35 column. A
modulation period of six seconds was used. The temperature
program of the oven started at 45 °C, which was held for 5
minutes, after which the temperature was ramped to 300 °C
with a ramp rate of 3 °C per minute. The response factors were
calculated according to the ECN method [14—18].

E. Product distribution construction

The full product distributions were constructed by adding the
gas and liquid product distribution, weighted according to the
total gas and liquid yields, respectively.

III. RESULTS AND DISCUSSION

A. Product distributions resulting from pure LDPE, PP and
PS pyrolysis

Experiments were done with pure LDPE, PP and PS as
feedstock to serve as a baseline to which the mixture can be
compared. This section will give a brief overview of the
product distributions that resulted from these experiments. The
char production was not considered in these discussions, as it
was negligible in all experiments.

Figure 3 shows the product distributions resulting from the
experiments performed with a pure LDPE feedstock at 450 °C
(top) and 500 °C (bottom). The ‘lumped’ product category
points to a combined yield of alkanes, alkenes and dienes where
the separate yields could not be resolved. Both product
distributions are evenly distributed, as expected based on
previous studies [12,19,20]. The gas production increased with
increasing reaction temperature, as can be seen in the increased
yield of components that are gaseous at room temperature
(carbon number up untill 4).
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Figure 3. LDPE product distributions in mass fractions at 450 °C (top)
and 500 °C (bottom).

The production of heavy compounds is also increased by the
increased reaction temperature, as can be seen in the heavier
tail of the bottom product distribution. This is most likely
caused by an increase in volatilization as an increase in
temperature will allow heavier compounds to escape the reactor
before degrading any further, thus causing the shift to heavier
compounds in the tail of the product distribution. The boiling
point of an n-alkane with a carbon number of 30 is around 450
°C [21]. This is also the carbon number where the distribution
resulting from the 450 °C experiment starts to drop, whereas
the product distribution resulting from the 500 °C does not.

The product distribution resulting from the experiments with
pure PP as feedstock are shown in Figure 4. These product
distributions are noticeably more peaked, with high selectivity
towards the trimer and pentamer of PP, along with propene and
pentane in the gas phase. This points to a high preference
towards backbiting reactions, especially the 1,5-hydrogen shift.
This is also consistent with the literature [22,23].
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Figure 4. PP product distributions in mass fractions at 450 °C (top)
and 500 °C (bottom)

The product distributions resulting from the experiments
using pure PS as a feedstock consist almost exclusively out of
styrene, the styrene dimer and trimer, as shown in Figure S.
Some other minor products are detected, such m-xylene and
gaseous hydrocarbons. This product distribution is again in line
with the expectations from literature [24-26].
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Figure 5. PS product distributions in mass fractions at 450 °C (top)
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B. The effects of co-pyrolysis of LDPE, PP and PS

To quantify the effect that the co-pyrolysis of a mixture had
on the resulting products, deviation values are calculated
according to Equation 1.

(%) = 100

%)

In this equation, is equal to the measured yield of
product i resulting from the experiment using the mixture as
feedstock, while ~ and  are the yields resulting from the
experiments using the reference feedstocks. The composition
of the mixture is taken into account by  and

The product distribution resulting from the pyrolysis of the
PE/PP mixture is shown in Figure 6. The red line represents
the product distribution if no interaction would have occurred
during the pyrolysis. This is thus a linear combination of the
product distributions resulting from the pure experiments
according to the mixture composition. The gray line shows the
deviation values that were calculated according to Equation 1.

In the product distribution resulting from the 450 °C
experiment, a higher yield is observed for products with less
than 9 carbon atoms, whereas the deviations in this range are

minimal, close to zero, in the results at 500 °C. Between carbon
numbers 9 and 24, the deviation fluctuate between -20% and
+20% at both temperatures. Beyond this range, the deviations
increase steadily in both cases, before dropping sharply at a
carbon number of 35 for the 450 °C experiment and 45 for the
500 °C experiment.

Therefore, the co-pyrolysis of LDPE and PP seems to
increase the peaked nature of the product distribution between
carbon numbers 9 and 24, as indicated by the deviations
varying between positive and negative values. This is
accompanied by an overall heavier product distribution, shown
in the heavier tails in both cases. These observations could be
explained by an enhancement of the backbiting reactions
performed by PP while the random scission process of LDPE
is slowed down. However, it must be noted that in general the
product distribution behaves much like a linear combination of
the two product distributions resulting from pure LDPE and PP.

The same comparison is made between the PE/PP/PS mixture
and the PE/PP and PS experiments in Figure 7. All the products
with a carbon number up to 5 from the 450 °C experiment and
up to 9 from the 500 °C experiment have positive deviation
values of around +50 %. After these carbon ranges, the
deviations stay near 0% at 450 °C, and slightly negative at 500
°C. At both temperatures, high deviations at high carbon
number were seen. However, it is important to note that the
absolute yields are quite low. Thus, any difference in the yield
of one of these products results in large deviations.

It can be concluded that both product spectra shifted to the
lower carbon numbers by the addition of PS. This aligns with
the findings of Kruse et al. (2005), who observed the same
effect even with small amounts of PS [27]. However, their
study was performed in a closed batch reactor at lower
temperatures, making the results not directly comparable. Thus,
for the PE:PP:PS mixture, mixing effects were again
noticeable, but not particularly pronounced. Overall, the
product distribution generally follows a linear combination of
the pure product distributions, except for the small differences
discussed earlier.
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Figure 6. The resulting product distribution from the experiments using the PE/PP/PS mixture as feedstock, along with the expected product
distribution if no mixing effects would occur and the calculated deviation values.
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Figure 7. The resulting product distribution from the experiments using the PE/PP mixture as feedstock, along with the expected product

distribution if no mixing effects would occur and the calculated deviation values.

IV. CONCLUSION

Pyrolysis of pure LDPE, PP and PS feedstocks and two of
their mixtures (50:50 LDPE:PP, 47:47:6 LDPE:PP:PS) were
studied at 450 and 500 °C. The pure polymers were found to be
in agreement with results from literature at similar reaction
conditions. The effect of the co-pyrolysis was found to be
minor, as both product distributions from the mixtures behaved
very similar to the linear combination of the pure feedstocks.
Nevertheless, a slight effect was noticeable in the results from
the mixtures, where the production of low molecular weight
components was enhanced in both cases. The tail of the product
spectrum resulting from the co-pyrolysis of LDPE and PP was
also found to be slightly heavier, while this is not the case for
the LDPE/PP/PS mixture.
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Chapter 1: INTRODUCTION

Plastics have become a big part of modern life because of their widespread use thanks to their
versatility, cost-effectiveness and durability. However, it has been noted that they present a
significant challenge to the environment. The production of plastics is heavily reliant on non-
renewable resources as approximately 99% of plastics are still made from fossil fuels [1]. To
further emphasize this point, roughly 8-9% of all global oil and gas consumption is used in the
production process of plastics [1]. The total plastic production has grown 20-fold in the last 50
years, totaling to a worldwide plastic production of more than 400 million tons in 2021 [2].
However, only 9% of the total plastic production is recycled, roughly 12% is incinerated to
recover energy, and the remaining 79% is accumulated in the environment, such as in landfills
or the oceans [3]. This amounts to an impressive 4.9 billion tons of plastic that has been
accumulated in landfills [1], with this number continuing to rise. This is not a sustainable way

to manage plastic production and its disposal.

Extraction of raw ]
materials Pyrolysis \ Energy
Synthesis of polymeric |, Chemical
materials recycling
Plastic processing Mechanical 1,
recycling
N Applice?tior} and Re-usage
service life J
Residue
Landfilling F Energy recovery —

Figure 1: Most common polymer recycling methods, adapted from [4], with permission from
Elsevier

All of this emphasizes the importance of the incorporation of recycling into the plastic life cycle.

In mechanical recycling, plastics (post-industrial or post-consumer) are reprocessed without

significantly altering their chemical composition. However, this process is highly sensitive to

—
1
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heterogeneities and impurities, such as the presence of other plastic types and metals (e.g.,
from additives), and cannot be repeated indefinitely [5]. As a result, only about 65% of the
plastic waste entering mechanical recycling facilities is converted into usable recyclates.
Additionally, mechanical recycling alone cannot fully close the plastic life cycle, as it can only
lead to an overall end-of-life recycling rate of 49% [6]. More details are discussed in Section
1.1.

To complement mechanical recycling, chemical recycling provides a solution for processing
heterogeneous and contaminated plastics by breaking them down into smaller molecules that
can be used to produce new plastics. This work specifically focuses on pyrolysis, with the

process and underlying chemistry discussed in the following sections.

Although incineration is considered an alternative to landfilling, it is not a closed-loop recycling
method and should only be used when recycling (mechanical or chemical) is not feasible. This
is currently the case, as chemical recycling remains under development, which temporarily

justifies the use of incineration for contaminated plastics.

1.1 Mechanical recycling and its disadvantages

As mentio