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As a model of a chemical upcycling process, we have developed a single-metal homogeneous catalytic
system to break down persistent polyethylene waste into valuable chemical intermediates. This could ulti-
mately be used to produce important chemical products, including environmentally friendly, bio-
degradable plastics. In the first step, a slow pyrolysis of polyolefin waste yields oils, containing long-chain
olefins as the major components. Then, for the next transformation step, tailored bicyclic (alkyl)(@mino)
carbene (BICAAC)-Ru olefin metathesis catalysts were used in combination with an alkene isomerization
catalyst (RUHCLHCO)(PPh3)s) for the transformation of the pyrolysis oil to propylene via isomerization-
metathesis (ISOMET) reaction in ethylene atmosphere. Eventually, translation of the highly efficient single-
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metal catalyst system enabled ISOMET reaction to a 900 mL reactor setup and repetitive batch experi-
ments could prove the long-term stability of the catalyst system and the highest total turnover number
(tTON = 2788 mol propylene per mol olefin metathesis catalyst) reported so far using post-consumer
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Introduction

In 2022 the global plastics production reached an annual value
of 400 Mt and this is expected to rise to 1000 Mt by 2050.">
Currently, only limited recycling strategies exist to convert end-
of-life plastics. The Geyer Group estimated in 2017 that only
10% of the plastic waste ever generated was recycled, and only
14% of that was recycled multiple times.> While the share of
mechanically recycled plastics is increasing year by year (8.3%
of annual production in 2022), chemical recycling technologies
currently account for less than 0.1% of annual plastic
production.®™®
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Polyolefins dominated the production of plastics with a
combined share of 45% in 2022" and currently lack efficient
end-of-life treatment.”*" In this context, polyethylene (PE) con-
version via olefin metathesis has been investigated since 2006
(Fig. 1A). Brookhart’s work applied catalytic alkane metathesis
to PE, based on consecutive dehydrogenation, isomerization,
metathesis, and hydrogenation reactions, ultimately resulting
in liquid saturated hydrocarbons.’” Huang’s group extended
this concept in 2016, and demonstrated for the first time
quantitative PE conversion by this method using a hetero-
geneous, Re,0,/Al,0; olefin metathesis catalyst system.'?
Alkanes can be re-integrated into the chemical industry, never-
theless, energy intensive steps are necessary to convert them to
products of higher value. In contrast, the use of a tandem iso-
merization-metathesis reaction with ethylene (ISOMET;
Fig. 1B) will result in the selective production of propylene,
which can directly be fed into existing processes in the chemi-
cal industry. Converting PE to propylene would therefore estab-
lish an open-loop recycling process. Theoretical studies by
Guironnet and Peters revealed the feasibility of the PE conver-
sion to propylene through cascade reactions including dehy-
drogenation, and ISOMET reaction with ethylene.'®'® Later on,
the iridium-catalyzed post-consumer PE dehydrogenation
followed by palladium-based isomerization and the
UltraCat metathesis catalyst-induced ISOMET reaction was
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Fig. 1 (A) Timeline of selected examples utilizing olefin metathesis in

the context of PE conversion. (B) Dehydrogenation of PE and pyrolysis
of PE to olefinic starting material for tandem isomerization-metathesis
(ISOMET) reactions. (C) Overview of catalysts used for the tandem
ISOMET conversion of PE.

demonstrated by Guironnet and Scott (Fig. 1C, middle). In the
same year, Hartwig reported a similar reaction cascade using
Hoveyda-Grubbs 2" generation (HG2, Fig. 1C, left) olefin
metathesis catalyst reaching up to 80% propylene yield.'®
However, both concepts currently work only on a small scale
and in the presence of high catalyst loadings (over 1 mol%). In
addition, three different transition metal-based catalyst
systems were used, which makes the recovery of the transition
metals difficult. In 2022, our group systematically investigated
the ISOMET reaction of long-chain olefins using a single metal
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(ruthenium)-based catalyst system including tailored olefin
metathesis catalysts (1 and 2, Fig. 1C, right) at as low as 10 ppm
olefin metathesis and 200 ppm isomerization catalyst loadings.
The observed highest turnover number was 55000, which corre-
lates to an expected production of 3.7 t of propylene from 1.4 t
of long-chain olefin (e.g. 1-octadecene) using 1 kg of metathesis
catalyst (2)."”'® In order to make post-consumer PE “upcycling”
economically feasible, a simpler PE pre-treatment and a
high-activity single-metal ISOMET catalyst system need to be
used. Thus, the development of a pyrolysis process'®>* for the
production of olefin-rich pyrolysis oil blends from PE waste,
combined with the use of high-efficiency single-metal ISOMET
catalyst systems, is an obvious choice and represents an impor-
tant next development.

Results and discussion

To produce the pyrolysis oils for the ISOMET reactions, slow
pyrolysis of PE was performed in electrically heated stainless-
steel reactors (V = 1250 cm®) at 420-450 °C in a nitrogen gas
stream for 3 hours (see ESI} for detailed information). The con-
densed hydrocarbons were separated from the gaseous products
in a phase separator resulting in the crude pyrolysis oils. The
pyrolysis was separately performed on virgin HDPE granules
(TIPELIN® 6010B, a bimodal polyethylene copolymer with
1-butene; see ESI} for details) and post-consumer HDPE (Fig. 2)
to investigate the influence of additives on the pyrolysis and the
subsequent ISOMET transformation.

During pyrolysis of virgin HDPE granules 90 wt% of HDPE
was transformed into pyrolysis oil, while the remaining HDPE
was converted to gaseous (9 wt%) and solid products (1 wt%;
Fig. 2). When subjecting the post-consumer HDPE to the pyrol-
ysis, the share of solid residue increased to 25 wt%, while
62 wt% of the HDPE was recovered as pyrolysis oil with the
remaining 13 wt% being collected as gaseous products (Fig. 2).
This shift in the product distribution is attributed to the more
heterogeneous composition of consumer plastics (e.g. colorant
and other additive contaminations). Each of the liquid frac-
tions from virgin and post-consumer HDPE were further frac-
tionated at 100 °C and reduced pressure (0.2 mbar) yielding
the respective light (<C10) and heavy fractions (m.p. 25-30 °C,
>C10, see Fig. 2 and Fig. S3-51). GC-MS analysis of the hydro-
carbon mixture revealed that each homolog structure consists
of three signals: the corresponding alkane, alkene and diene
species (Fig. S4,f alkane and alkene species are the major,
dienes are the minor components). For the pyrolysis oil com-
position from post-consumer HDPE, 55 wt% alkanes, 40 wt%
alkenes and 5 wt% dienes were calculated based on quantitat-
ive GC-MS (see chapter 2.2 in the ESIf). An olefin composition
of 75% terminal and 25% internal olefins was determined via
'"H-NMR spectroscopy (Fig. S71). GC measurements of the
gaseous products from pyrolysis showed propylene (26 vol%)
and ethylene (12 vol%) as the major products besides satu-
rated C1-C5 hydrocarbons (Fig. S37).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Top: conversion of assorted post-consumer HDPE plastic waste
to pyrolysis oil. The post-consumer HDPE was initially shredded (1) and
then subjected to slow pyrolysis (2) resulting in pyrolysis oils (see ESI}
for further information). Bottom: composition of pyrolysis products of
virgin and post-consumer HDPE.

To investigate whether the pyrolysis oils from virgin and
post-consumer HDPE exhibit different reactivities in ISOMET
reactions, the untreated (crude) pyrolysis oils were tested in
lab-scale experiments using RuH and 2 as catalysts, resulting
in TONs for propylene of 800 and 350, respectively, after
3 hours (entries 1 and 4, Table 1). It was presumed that low-
boiling contaminants could be formed during the pyrolysis
inhibiting the activity of the metathesis catalyst, so the heavy
(C > 10) and the light (C < 10) fractions were investigated one
by one. As expected, the heavy fraction of both the virgin and
post-consumer HDPE pyrolysis oils resulted in significantly
higher TONs of 4800 and 900 for propylene, respectively, com-

Table 1 ISOMET of HDPE pyrolysis oil. Setup: 3.2 g HDPE pyrolysis oil
in 3 mL toluene, metathesis catalyst 2 (0.5 mg, 0.81 umol), isomerization
catalyst RuH (20 mg, 21 pmol), t = 75 °C, Pethylene = 10 bar (99.9%
purity). TON = n(propylene produced)/n(catalyst 2)

Entry  HDPE pyrolysis oil feed TONat3h TONat24h
1 Virgin crude 800 ND

2 Virgin heavy 4800 6800

3 Virgin light 500 ND

4 Post-consumer crude 350 ND

5¢ Post-consumer heavy 900 1400

6 Post-consumer light 250 ND

7¢ Post-consumer heavy (purified) 1900 3900

“2.5 mg (4.1 pmol) catalyst 2 and 100 mg (105 pmol) catalyst RuH,
3.2 g HDPE pyrolysis oil in 5.5 mL toluene. (ND: no data).

This journal is © The Royal Society of Chemistry 2024
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pared to the corresponding crude oils (entries 2 and 5,
Table 1). While the light fraction of both virgin and post-con-
sumer HDPE pyrolysis oils yielded significantly lower TON
values (500 and 250, respectively, entries 3 and 6, Table 1).
Interestingly, the differences between TONs are much less pro-
nounced during reactions with post-consumer HDPE pyrolysis
oils, suggesting an inhibitory effect of impurities potentially
formed during the pyrolysis of post-consumer HDPE waste.

Thus, the heavy fraction of post-consumer HDPE pyrolysis
oil was purified on a short alumina column and then used in
ISOMET reaction. Surprisingly, the purification resulted in sig-
nificantly improved TONs for propylene of 1900 (entry 7,
Table 1). In the reaction with the purified heavy fraction of the
post-consumer HDPE pyrolysis oil, a gas phase composition of
11 vol% propylene after 3 hours of reaction time and over 23
vol% propylene after 24 hours was measured via GC. The con-
centration of propylene in the gas phase of 23 vol% is indica-
tive of reaching the chemical equilibrium of the reaction in a
closed reactor system.

The investigation of the reaction mixture and the mass
balance at approximately 30% olefin conversion revealed a sig-
nificant shift in the chain length distribution of the olefins
(Fig. 3). Prominently, the C19-C25 olefins were converted to
shorter-chain olefins, which were not present in the pyrolysis
oil before the reaction. The mass differences between the blue
and red curves turned predominantly to propylene (Fig. 3)
which has been indicated by quantitative GC-FID (gas phase)
and GC-MS (liquid phase) analysis. These results confirm that
the applied catalyst system does not have a kinetic preference
for the degradation of a particular olefin component but can
convert all olefines in the mixture.

To verify that the reaction is limited by reaching the equili-
brium in the gas phase and to gain insight into the catalyst de-
activation, repetitive batch experiments were performed on lab-
oratory scale with 1 mL (750 mg) of the heavy fraction of post-
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Fig. 3 Analysis of communal heavy pyrolysis oil at appr. 30% olefin
conversion. Composition before (blue) and after (red) the ISOMET reac-
tion. ISOMET conditions: n(2) = 4.1 pmol, n(RuH) = 105 pmol, m-
(pyrolysis oil) = 0.8 g, V(toluene) = 5.5 mL, Pethytene = 10 bar, T =75 °C,
t = 24 h. (See ESI+).
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Fig. 4 (A) Reaching full conversion of the heavy fraction from post-consumer HDPE pyrolysis oil by repetitive exchange of the gas phase at each

sampling point. After 24 h reaction time, the reaction mixture was purified over a short silica column and fresh catalysts were added. Reaction con-
ditions first run: n(2) = 11.8 pmol, n(RuH) = 96 pmmol, 2/RuH = 1/8.1, m(pyrolysis oil) ISOMET conditions: n(2) = 4.1 pmol, n(RuH) = 105 pmol, m-
(pyrolysis oil) = 0.8 g, V(toluene) = 5.5 ML, Pethyiene = 10 bar, T = 75 °C, t = 24 h (see ESI{). (B) Interpolated response surface of statistical experi-
mental design in 20 mL reactors (full details see ESIT). (C) Interpolated response surface of statistical experimental design in 50 mL reactors (for full
details, see ESIT). (D) Left: TON-time profile in the large-scale high-pressure reactor for the conversion of the heavy fraction of post-consumer
HDPE pyrolysis oil to propylene. Red marked points denote the times after which measurement the gas phase was fully exchanged. Right: total TON

(tTON) as function of the sampling points in the presence of catalyst 2 for 85 h time-on-stream (see ESI chapter 3.77).

consumer HDPE pyrolysis oil (Fig. 4). At each sampling point
of the gas phase the atmosphere in the Fisher-Porter bottle
was fully exchanged by purging with ethylene three times.
After 24 hours, no more propylene formation could be
detected. To remove possibly deactivated catalysts, the reaction
mixture was purified over a short silica column and subjected
to a new run with fresh catalyst (Fig. 4A). Interestingly, further
conversion of the remaining pyrolysis oil was observed, con-
firming the presence of catalyst deactivation during the
reaction. Overall, cumulative yields for propylene and butene
of 66% and 21%, respectively, could be obtained - corres-
ponding to a tTON of 1030 for propylene. GC analysis of the
liquid fraction after the second run revealed traces of remain-
ing olefins, while the majority of the components could be
identified as the saturated hydrocarbons (see chapter 3.4 in
the ESIY).

Metathesis catalysts are known to undergo a number of
different deactivation pathways, which have been studied in
detail by the group of Fogg for NHC and CAAC-based ruthe-
nium metathesis catalysts.>*>>

10228 | Green Chem., 2024, 26, 10225-1023]

In order to better elucidate the catalyst deactivation in the
ISOMET reaction of pyrolysis oils, the effect of possible con-
taminants - which could form during pyrolysis — on the overall
propylene yield were investigated (Table 2). As a baseline, a
TON of 13 400 for propylene was obtained with pure 1-octade-
cene in the presence of 2 and RuH (entry 1, Table 2). Spiking
the reaction mixture with 50 ppm 1-dodecanol resulted in a
decreased TON for propylene of 9200 (entry 2, Table 2). The
presence of ethanethiol has also a negative impact on the cata-
lyst performance (TON: 4000, entry 3, Table 2). As expected,
the presence of primary amine (1-dodecylamine), resulted in a
significant decrease, as well (TON of 2700 for propylene, entry
4, Table 2). In fact, the inhibitory effect of amines has pre-
viously been reported by the group of Fogg.>® However, the
addition of hydrochloric acid to the reaction mixture spiked
with 1-dodecylamine resulted in higher TON (6000, entry 5,
Table 2), indicating that the inhibiting effect of the amine
impurities can possibly be suppressed by protonation. One of
the least explored areas in ruthenium-catalyzed olefin meta-
thesis chemistry is the role of (conjugated) dienes on catalyst

This journal is © The Royal Society of Chemistry 2024
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Table 2 Investigation of ISOMET of 1-octadecene in the presence of
different contaminants. ISOMET conditions: n(2) = 0.156 umol (10 ppm),
n(RuH) = 3.12 pmol (200 ppm), m(1-octadecene) = 3.95 g (15.6 mmol),
V(toluene) = 3.0 mL, pethyiene = 10 bar, T = 75 °C, t = 3 h, n(contami-
nants) = 0.78 umol (50 ppm)

Entry Contaminants TON at 3 h
1 None (blank) 13 400

2 1-Dodecanol 9200

3 Ethanethiol 4000

4 1-Dodecylamine 2700

5 1-Dodecylamine-HCl 6000

6 1,5-Hexadiene 5700

7 1,7-Octadiene 6000

performance. Therefore, the influence of dienes on the overall
ISOMET activity was systematically investigated. Indeed, it was
found that the addition of traces (50 ppm) of either 1,5-hexa-
diene or 1,7-octadiene resulted in a decreased TON of 5700 and
6000 (entries 6 and 7, Table 2). The inhibitory effect of 1,7-octa-
diene content was demonstrated at the same level as the catalyst
concentration (10 ppm). It was also shown that increasing the
concentration of 1,7-octadiene resulted in further gradual de-
activation of the catalyst (Fig. S8 and Table S47).

This effect may be explained by the in situ formation of con-
jugated species, which can inhibit the metathesis catalyst
activity, resulting in faster decomposition and thus shortening
the catalyst lifetime.>”*®

To demonstrate the ISOMET of the heavy fraction of post-
consumer HDPE pyrolysis oil on a large scale, the reaction
setup was changed from Fisher-Porter bottles to high-pressure
steel autoclaves and stepwise scaled up from 20 to 900 mL
reactors (see Fig. S13t). To avoid disturbance of the reaction by
contaminants in the pyrolysis oil, the initial scale up was per-
formed on 1-octadecene with catalyst 1. A systematic optimiz-
ation of the reaction temperature and ethylene pressure was
performed for each new reactor volume (see ESI, Tables S7 and
S8t).

Changing the reactor setup initially from glass-ware Fisher—
Porter bottles to 20 mL stainless steel reactors revealed signifi-
cant influence of the reaction temperature and ethylene
pressure on the catalyst performance. This stark difference is
expected, since the heat transfer and the ratio of liquid to gas
volume are not comparable between the two reactors.
Nevertheless, a maximum TON of 9613 for propylene was
detected at 90 °C and 20 bar ethylene pressure (Fig. 4B).
Switching to 50 mL reactors comes again with a change in the
overall geometry of the reactor and the stirrer. While in all
experiments before standard magnetic stirring bars are used,
the 50 mL reactors are equipped with gas-intake stirrers.
Again, a systematic optimization was performed, revealing best
TONs for propylene at 110 °C and 25 bar ethylene of 7733
(Fig. 4C). The need for higher temperatures can be explained
by the lower surface to liquid ratio, i.e. worse heat transfer
from the heat source to the reaction medium inside the
reactor. At this stage, the reaction was switched from the
model substrate 1-octadecene to the heavy fraction of post-con-

This journal is © The Royal Society of Chemistry 2024
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sumer HDPE pyrolysis oil. To this end, the amount of meta-
thesis catalyst was increased by a factor of 5, while the isomeri-
zation catalyst amount was increased by a factor of 7. The
benefit of higher isomerization catalyst loadings has been
studied before.'” Furthermore, the volume of olefinic substrate
was reduced from 12.5 mL to 6.25 mL while keeping the
overall liquid volume constant. These changes were made
according to the results obtained in earlier experiments in the
Fisher-Porter bottles. Interestingly, within 3 hours a TON of
1576 for propylene was obtained at 20 bar ethylene pressure,
whereas with 10 bar ethylene pressure the TON decreased to
52. Finally, the ISOMET of the heavy fraction of post-consumer
HDPE pyrolysis oil was converted in the 900 mL reactor
system. Since the increased temperatures in the 50 mL reactor
were attributed to the insufficient heat transfer, the signifi-
cantly improved heating of the 900 mL reactor (heating jacket
vs. aluminum cone) led us to lower the reaction temperatures
to 90 °C based on the results from the 20 mL reactors. In the
first experiment, the reactor was operated in semi-batch con-
figuration, ie. a back-pressure valve ensured that if the
pressure in the reactor dropped ethylene is back-filled to the
initial pressure. A constant propylene production was observed
for 15 hours resulting in a tTON of 314 for propylene. The
system was then changed into a repetitive semi-batch system,
in which the gas-phase was fully exchanged after pre-defined
times (Fig. 4D, red dots). In addition, the catalyst was changed
from 1 to the more active and stable catalyst 2. Surprisingly, it
was found that the equilibrium concentration of propylene in
the gas-phase is reached within 60 minutes after initial press-
urization, resulting in a TON of 256 for propylene. However,
the ISOMET catalyst system activity remained constant after
exchanging the gas-phase eleven times (Fig. 4D right), high-
lighting the robustness and high activity of the catalyst
system in the presence of post-consumer HDPE pyrolysis
oil - ultimately, reaching an overall tTON of 2788 for pro-
pylene. While these TONs are the highest reported so far for
polyethylene conversion, the detailed investigations indicated
that the current setup has limitations including the untapped
potential of rapidly reaching equilibrium concentrations of
propylene under selected conditions. These observations high-
lighted the potential of the process if the reactor is changed to
a continuous flow system, where the formed propylene is
removed with a constant gas flow, so the equilibrium can be
shifted in the direction of propylene formation. Build-up and
investigations in a continuous flow reactor setup are currently
ongoing.

Conclusions

Efficient conversion of PE waste to propylene using slow pyrol-
ysis followed by a single-metal ruthenium-catalyzed ISOMET
reaction was demonstrated. The conversion of post-consumer
PE waste was demonstrated in detail, which underlines the
effectiveness and robustness of the process against impurities
and additives. Although reduced -catalyst activities were

Green Chem., 2024, 26,10225-10231 | 10229
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Fig. 5 Total mass balances of the HDPE polymer pretreatment and ISOMET process. The complete olefin ISOMET conversion of the heavy fraction
was demonstrated on post-consumer HDPE pyrosis oil. The remaining alkanes can be further utilized by pyrolysis or catalytic dehydrogenation.

observed when switching from virgin HDPE pyrolysis oil to the
post-consumer HDPE pyrolysis oil, larger-scale reactions
demonstrate exceptional stability of the homogeneous catalyst
system. Ultimately, one can imagine that 75 g of propylene can
be produced from 100 g of PE waste and 45 g of (preferably
bio-based) ethylene (Fig. 5). The remaining alkane fraction can
be reprocessed by recently reported tandem dehydrogenation/
metathesis reactions™ or fed into established conversion pro-
cesses such as steam cracking or FCC. In reactions performed
in Fisher-Porter bottles, a TON of 3900 for propylene could be
achieved (entry 7, Table 1), scaling to a 900 mL reactor and
repetitive batch experiments showed the long-term stability of
the catalyst system with a tTON of 2788 after 82 hours of oper-
ation. This is the highest TON reported for post-consumer
HDPE polyethylene ISOMET systems so far. Moreover, as it is a
single metal catalytic system, the recovery of the ruthenium
content should be feasible. It should also be noted that the
overall propylene yield and TONs depend more on the quality
of the pyrolysis oil than on the activity of the ISOMET catalyst
systems. Based on these results, work is currently underway to
optimize the slow pyrolysis conditions as well as to develop a
continuous system enabling the large-scale applicability of the
ISOMET reaction.
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