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1. Zusammenfassung

Im Rahmen der Arbeit wurden Methoden zum chemischen Recycling mit Hilfe von
Depolymerisation-Polymerisation-Prozessen von industriell relevanten Polymeren untersucht.
Hierbei lag der Fokus insbesondere auf den Depolymerisationsreaktionen. Fir die Polymere
Poly(bisphenol A carbonat), Poly(propylencarbonat), Poly(lactid), Poly(ethylenterephthalat),
Poly(3-hydroxybuttersaure), Poly(ethylenfuranoat), Poly(e-caprolacton) und Nylon 6 wurden
verschiedenste Reaktionsparameter, wie beispielsweise Katalysatoren, Katalysatorbeladung,
Depolymerisationsreagenz und deren Einfluss auf die Depolymerisationsreaktion untersucht.

AuRerdem wurden die Reaktionen, sofern vorhanden, an Alltagsgegenstanden getestet.

Zur Depolymerisation von Poly(bisphenol A carbonat) wurden als Reagenzien Ac,O, MeOH,
PhOH und H: eingesetzt. Ac:O in Kombination mit katalytischen Mengen 4-
(Dimethylamino)pyridin  fihrten zu hohen Ausbeuten an Bisphenol A Diacetat. 4-
(Dimethylamino)pyridin zeigte zudem gute Ergebnisse fir die Depolymerisation mit MeOH
(TOF von 1164 h). Interessanterweise offenbarte KF (TOF von 1844 h?) eine &hnliche
Aktivitat wie das vergleichsweise teure 4-(Dimethylamino)pyridin. Darauf aufbauend war es
mdoglich, zum ersten Mal durch Phenolyse Poly(bisphenol A carbonat) mithilfe von KF oder 4-
(Dimethylamino)pyridin abzubauen und daraus direkt die Monomere flir die industrielle
Polymerisation zu erhalten. Die Kkatalytische Hydrierung der Carbonatfunktion in
Poly(bisphenol A carbonat) zu Methanol wurde anhand von verschiedenen
Katalysatorsystemen basierend auf Ruthenium und Eisen untersucht. Die Verwendung des
Milstein-Katalysators erforderte zwar hohe Katalysatorbeladungen (2.5-5 mol-%), aber die
Reaktion lief auch bei geringem H>-Druck (10 bar) noch ab. Unter Verwendung des
Katalysatorsystems [RUuCIH(CO)(PPhs)s]/H:NCH,CH,PiPr./KOtBu, das keine aufwendige
Katalysatorsynthese erfordert, konnten hohe Ausbeuten unter Verwendung von mindestens
1 mol-% nach 24 h erzielt werden. Es wurden jedoch deutlich verminderte Ausbeuten
beobachtet, wenn Alltagsgegenstande depolymerisiert wurden. Der Ru-MACHO-BH
Prékatalysator konnte bereits bei einem Wasserstoffdruck von 2 bar Poly(bisphenol A
carbonat) abbauen und es waren nur maximal 0.5 mol-% erforderlich. AuRerdem wurde die
Ausbeute nicht maf3geblich durch Additive in Alltagsgegenstanden beeinflusst. Die Hydrierung
mittels eines strukturell &hnlichen Eisen-Prakatalysators erforderte jedoch verglichen mit dem

Ru-MACHO-System hohere Katalysatorbeladungen, um vergleichbare Ausbeute zu erzielen.

Das aliphatische Poly(propylencarbonat) konnte selektiv entweder mittels NaOAc-
katalysierter Methanolyse zu 1,2-Propandiol und Dimethylcarbonat oder durch Zn(OAc).-

katalysierter ringschlieRender Depolymerization zu 1,2-Propylencarbonat abgebaut werden.
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Zudem konnte die Hydrierung zu 1,2-Propandiol und Methanol mithilfe eines Eisen-

Préakatalysators gezeigt werden.

Poly(lactid) wurde mithilfe von der Reagenzien MeOH oder H, depolymerisiert. Zudem wurde
die ringschlieBende Depolymerisation zu L-Lactid untersucht. Analog zu Poly(bisphenol A
carbonat) konnte fur die Methanolyse von Poly(lactid) eine erhdhte Aktivitat fir KF (TOF von
816 h't) gegenuber 4-(Dimethylamino)pyridin (TOF von 187 h) erzielt werden. Als weitaus
aktivere Katalysatoren stellten sich Bi(subsalicylat) und Sn(Oct); heraus, Letzteres ist mit einer
hervorragenden TOF von bis zu 39600 h der bislang aktivste literaturbekannte Katalysator
fur diese Anwendung. Desweiteren ergab die Hydrierung von Poly(lactid) katalysiert durch
den Ru-MACHO-BH Prékatalysator hohe Ausbeuten an 1,2-Propandiol. In Abwesenheit von
Reagenzien konnte aus Poly(lactid) mittels RCD direkt L-Lactid mit hohen Ausbeuten erhalten
werden, wobei Zn(ll)-Salze bei Temperaturen Uber 180 °C eingesetzt wurden. Allerdings

konnte eine Racemisierung nicht vollstandig verhindert werden.

Poly(ethylenterephthalat), Poly(ethylenfuranoat), Poly(3-hydroxybuttersaure) und
Poly(e-caprolacton) wurden ebenfalls mittels Methanolyse unter Zn(ll)-Katalyse abgebaut.
Aufgrund der schlechten Ldslichkeit von Poly(ethylenterephthalat)in MeOH, war CH.Cl; als
zusatzliches Lo6sungsmittel erforderlich, wohingegen Poly(ethylenfuranoat), Poly(3-

hydroxybuttersaure) und Poly(e-caprolacton) ohne CH.Cl, abgebaut werden konnten.

Im Rahmen einer Untersuchung der ringschlieRenden Depolymerisation von Nylon 6 in Ac,O
zu N-Acetylcaprolactam in hohen Ausbeuten, konnten mithilfe der Nebenprodukte eine
plausible Reaktionssequenz ermittelt werden. Zudem wurde das erhaltene Produkt als mildes

Acetylierungsreagenz fiir ein Amin eingesetzt.



2. Abstract

Within this thesis methods for the chemical recycling using a depolymerization-polymerization
processes. The focus here was particularly on the depolymerization reactions. For the
polymers poly(bisphenol A carbonate), poly(propylene carbonate), poly(lactide), poly(ethylene
terephthalat), poly(3-hydroxybutyrate), poly(ethylene 2,5-furandicarboxylate), poly(e-
caprolactone) and Nylon 6 different reaction parameters, for instance catalysts, catalyst
loading, depolymerization reagent and their influence on the depolymerization were
investigated. Furthermore, if available, plastic commodities were subjected to

depolymerization.

For the depolymerization of poly(bisphenol A carbonate) the reagents Ac,O, MeOH, PhOH
und H» were successfully applied. Ac.O in combination with catalytic amounts of 4-
(dimethylamino)pyridin allowed for high yields of the monomer bisphenol A diacetate. 4-
(dimethylamino)pyridin showed good results for the depolymerization with MeOH (TOF von
1164 h'). Interestingly, KF (TOF von 1844 h) revealed a comparable activity than the more
expensive 4-(dimethylamino)pyridine. Consecutively, the polymer could be degraded by
phenolysis with the aid of KF or 4-(dimethylamino)pyridine as catalysts to obtain the
monomers for industrial polymerization in a straightforward fashion. The catalytic
hydrogenation of the carbonate function in poly(bisphenol A carbonate) was investigated by
means of different catalyst systems based on ruthenium and iron. The application of the
Milstein-catalyst required required high catalyst loadings (2.5-5 mol%), but the reaction could
be accomplished at low hydrogen pressure (10 bar). Applying the catalyst system
[RUCIH(CO)(PPhs)s]/H2NCH2CHPiPr,/KOtBu, which does not necessitate an extensive
synthesis, high yields of bisphenol A were realized with only 1 mol% after 24 h. However,
diminished yields were observed when this system was applied to commodity goods. As an
alternative, the Ru-MACHO-BH precatalyst readily depolymerizes poly(bisphenol A
carbonate) at 2 bar hydrogen pressure using a low loading of 0.5 mol%. The yield was not
significantly affected when commodity goods were depolymerized. The hydrogenation with a
structurally similar iron precatalyst required higher catalyst loading compared to the Ru-

MACHO-BH precatalyst to obtain comparable yields.

The aliphatic poly(propylene carbonate) was selectively converted either by NaOAc-
catalyzed methanolysis to 1,2-propanediol and dimethyl carbonate or by Zn(OAc).-catalyzed
ring closing depolymerization to 1,2-propylene carbonate. In addition, its hydrogenation with

an iron precatalyst was demonstrated.



Poly(lactide) was depolymerized with the reagents MeOH, H, or by ring closing
depolymerization. As observed for poly(bisphenol A carbonate), KF (TOF of 816 h'') was more
active than 4-(dimethylamino)pyridin (TOF of 187 h') in the methanolysis. By far more active
catalyst were displayed by Bi(subsalicylat) and Sn(Oct).. The latter is with an excellent TOF
of 39600 h' the to date most active catalyst for this application. Furthermore, the
hydrogenation of poly(lactide) was accomplished by the robust Ru-MACHO-BH precatalyst to
furnish high yields of 1,2-propanediol. In the absence of reagents, lactide could by obtained
directly from poly(lactide) using Zn(ll)-salts as catalysts above 180 °C. However, racemization

could not be fully prevented.

Poly(ethylene terephthalate), poly(ethylene furanoate), poly(3-hydroxybutyrate) and
poly(e-caprolacton) were depolymerized with MeOH using Zn(ll) catalysis. Due to the poor
solubility of poly(ethylene terephthalate) in MeOH, CH-Cl, was required as additional solvent,
whereas poly(ethylene furanoate), poly(3-hydroxybutyrate) and poly(e-caprolacton) were

depolymerized without CHxCl>.

An investigation of the ring closing depolymerization of Nylon 6 in Ac20 led to high yields of
N-acetylcaprolactam. Based on the observed side products a plausible underlying reaction
sequence could be identified. Moreover, the obtained product was used as a mild acetylation

reagent for an amine.



3. Introduction

3.1 Plastics

The history and development of humankind has been mainly affected by the resources and
materials which were accessible in the time periods. For instance, the historical importance of
materials is underlined by the naming of time periods (e.g. stone age, iron age) with the current
one being plausibly referred to as plastic age.! The first reported synthetic polymer is
poly(styrene) (PS) which was first prepared in 1839 by polymerization of styrene in air.?!
However, the first commercially available synthetic polymer (Bakelite) was patented in 1909.E!
A deeper understanding of the concept of polymerization can be assigned to Staudinger’s
introduction of the word “macromolecule” in 1920 which defined this new class of substance
as large covalently bond molecules.® The work of Staudinger, who received the Nobel Prize
in 1953, paved the way for more sophisticated approaches towards synthetic polymers. Later,
their unique physical and chemical properties, that are in stark contrast to their corresponding
monomers, led to applications as materials. Driven by the urge of the military for high
performance materials during World War Il a variety of plastics have been commercialized
(e.g. poly(isoprene) for tires, polyamides (PA) for parachutes, poly(methyl methacrylate)
(PMMA) for synthetic glas). Until now, a steady increase in production volume can be
observed (Figure 1) and it was estimated that an overall amount of 8300 Mt plastics have been
fabricated until 2015.1

W Other
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Figure 1: Progress of annual global plastic production (produced from virgin materials) from 1950-
2015.01



Thereby, it has substituted other materials, due to its adjustable and versatile properties, low
price and durability. Importantly, the plastic properties do not only depend on the chemical
nature of the polymer but also on additives (e.qg. fillers, plasticizers, dyes, stabilizers and flame
retardants) and on the processing (e.g. injection molding, extrusion, foaming, 3D-printing).
Unlike any other material it has a broad spectrum of applications including packaging, textiles,
automotive, construction or electrical insulators, artificial organs, dental filling or drug

delivery." The striking benefits for society have made them inalienable for the future.®

Despite the aforementioned versatility of plastic goods, 80% of the total plastic demand in the
EU (2019) can be covered by only seven polymers and approximately two-thirds of the

demand are polyolefins (Figure 2).1!

other

thermoplastics LD. LDPE
11% 17%

N

\A.

'~ HDPE
Demand EU 2019: 13%

50.7 Mt

Figure 2: Share of polymer sorts on the total plastic demand in the EU28 + Norway and Switzerland
in 2019.1

The large quantities of unrecycled plastic waste contribute to two main problems that result
from the current plastic economy. First, the continuous consumption of fossil resources!*® and
second, the continuous leaching of plastic parts into the biosphere.® Nearly all plastics are
derived from fossil resources. The current annual plastic production requires approximately
8% of the annual oil production volume.% To save resources and reduce the environmental
impact of plastics, some attempts have been made. In this regard, an alternative to
conventional plastic production can be the production of polymer substitutes derived from
renewable feedstocks. Therefore, biomass is enabled as a renewable feedstock for

monomers. This strategy was transferred to an environmental-friendly remake of the



established commodity polymers, (e.g. bio-polyethylene (PE), bio-PA or bio-poly(ethylene
terephthalate) (PET)) as well as novel bio-derived polymers of which some reveal
biodegradability (e.g. poly(butylene succinate) (PBS) or poly(hydroxyalkanoate)s (PHA)s).!**"
12 Due to comparably higher energy demand and, due to their more extensive preparation,
the environmental-friendly substitutes have a to some extent unfavorable CO»-footprints
compared to mass polymers.["*¥l As a consequence, the global production volume for
bioplastics did not exceed 2.2 Mt in 2020. However, the production volume is expected to
rapidly increase within the next years (2.87 Mt in 2025). Overall, fossil resources are saved

at the price of agricultural surface and, to date, higher production costs.

One of the advantages of polymers, the high chemical persistence towards degradation, is
also a crucial drawback. Personal misuse of plastics and insufficient waste management
systems are responsible for an accumulation of plastics debris in the environment.!*>6 The
effects of this are multi-facetted and differ, depending on marine or terrestrial environment.
Notable biological impact arises from contaminations, like microplastics and additives. The
latter, for instance phthalates (plasticizers) or bisphenol A (BPA) (additive) are considered as
endocrine disruptors and were found in several organisms, negatively affecting their
reproduction.”8 On the other hand, microplastics have gained increasing interest in the last
years. Being formed by mechanical abrasion they are spread as small particles in the
environment by air, water or organisms. The particles were even found in high concentrations
(2 million particles/m3) in outlying areas like the arctic.'®! Aside from that, recent research has
led to the conclusion that microplastic accumulates potentially toxic chemicals from water, soil
or air that can be released after uptake by organisms.?? Nevertheless, the overall
environmental impact of microplastic is not fully clear, as the question of how their shape, size
and chemical identity influences its toxicity has not yet been answered. On the macroscopic
scale, plastic parts influence the fishery?!! and cause unnatural migration of organisms into
foreign biospheres?? Additionally, for instance plastic bags or old fishing nets can cause death
to animals by entanglement or ingestion.*623 The degree of contamination by plastics
becomes visible by an exemplification. Of 8300 Mt of plastics ever made between 1950 and
2015, estimated 4900 Mt have not been sufficiently disposed, this implies uncontrolled release
to environment but also “storing” in landfills.!®! If the current developments proceed for the next
30 years, additional 21000 Mt plastic will be produced of which 7100 Mt will be discarded.
Although plastic pollution in its entirety is only barely quantified and the environmental impact
is hitherto not fully understood,¥ a rethinking is taking place regarding the current production,

usage and end-of-life options of plastics.



3.2 Plastics and the question of sustainability

In nature, resources are managed in a circular fashion. No wastes are created, moreover,
end-of-life biomass serves as a resource for new biomass.? In 1989, this concept was first
discussed as a model for a future-proof and fully sustainable anthropogenic economy.?®l
Dated back to the time of the Industrial Revolution, when resources seemed to be non-
depleting and unlimited, the linear economy was born (Type | ecology). The current linear
economy is increasingly turned into an economy with circular elements?”! which still results in
substantial waste generation but also contains circular elements. Recycling can be seen as a
step towards a sustainable ecology, as it can turn materials in circular fashion in analogy to
nature. Therefore, different approaches have been established to increase sustainability. All
of them convert the end-of-life product to a good in an earlier stage of the value chain or even
upgrading of waste to higher-value-goods./?®! A drastically shift to a circular economy could
lead to a reduction in greenhouse-gas emission by approximately 70%.28 As depicted in
Figure 3 this can be used to classify different types of recycling. From primary to tertiary
recycling the outcome can be fed into the value chain. Landfill storage and quaternary
recycling convert the material to either greenhouse gases or pollutants with environmental

impact.
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Figure 3: Overview on recycling pathways and their connection to the value chain of plastic goods.[?°-
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3.2.1 Primary recycling

Plastic parts designed for a single use have a short life span and are rapidly subjected to the
waste management system after production. As a consequence, light induced degradation of
the polymer can be neglected and the polymer chains are of comparable quality than the virgin
material. If the waste stream contains one polymer type and low amounts of contamination, it
becomes suitable for primary recycling. The plastics can either be directly reused or melted
and reprocessed into a good with comparable or lower quality, which is called mechanical
recycling. For colorless PET bottles from take-back systems or pre-consumer waste in
industry, primary recycling works in a highly efficient fashion.®2When the recycled material is
reused for the same purpose as its virgin counterpart, then the process is called closed-loop
recycling.® Often, primary recycling is executed during the production of plastic goods, e.g.
with shreds originating from shaping processes.¥ Compared to other recycling technologies,
recycled materials derived from primary recycling require the lowest amount of energy and
investments. Nevertheless, it is rarely applied as the typical plastic waste often does not fulfill
the required properties.®* However, plastic portions that have been repeatedly shredded,
melted and re-extruded lose quality. Shear forces, thermal stress and the presence of oxygen
can cause radical or peroxide formation via different mechanisms. This results in follow-up
chemistry causing crosslinking of chains and/or chain scission and impacting the mechanical,
physical and optical properties.l®>-% Therefore, in some cases, recyclates have diminished
gualities and are mixed with virgin material prior to extrusion. Recyclates with lower quality
have been successfully implemented in so called secondary applications, for instance, in

packaging as a layer between two layers of virgin material.[*)

3.2.2 Secondary recycling

The majority of collected plastic waste is contaminated with e. g. colors, fillers or food
remnants. A direct mechanical recycling of mixed polymers is seldom carried out. In general,
before mechanical recycling becomes viable, sorting and cleaning of the waste stream is
necessary. The sorting process itself is very complex and different techniques are employed.
Initially, metal and glass parts are removed by a rotating drum washer.3 Then, after washing,
the sorting begins by density using a float-sink separation, where low density polymers like
PE and PP (polypropylene) are separated off. Some plastics contain fillers that “decouple” the
polymer type from density which causes errors in this separation step. Next, a wind sifter or
ballistic separator can be used to remove “light” parts like foils, paper and foams from “hard”

parts.3 The heavier fraction is further separated by melt filtration to remove fillers (wood,



talcum) and non-melting plastics. Spectroscopic techniques are commonly applied thereafter.
Fourier transform near-infrared (FT-NIR) is the most important technique in automated sorting
as it can directly identify polymer types.? However, errors occur when copolymers or blends
are used or contaminations alter the reflection of the near NIR beams. Especially in packaging,
where multi-layer composites are used, this method lacks in accuracy.®® Further separation
techniques include electrostatic separation.! Froth flotation is a step where the
hydrophobicity of the plastic surface is exploited. Therefore, the parts are placed in a water
bath and treated with air bubbles. Hydrophobic parts bind air bubbles more frequently and drift
upwards, thereby causing a separation.? After the automated separation, manual sorting can
correct errors of the automatic system and increase the purity. Finally, cameras are used to
separate the parts of one polymer by color.% During the sorting process, significant losses
occur since black parts, copolymers, blends, heavily contaminated parts are not recyclable
and have to be disposed by landfill storage or incineration.®! If they remain in the sorted
stream, they hamper the quality of the recyclate. Overall, in 2020, 65% of the total plastic
waste, that was submitted to recycling facilities in Germany, was converted to recyclates.*?
Nevertheless, due to low efficiency during sorting and the aforementioned decomposition of
plastics mainly downcycled materials are obtained. They have reduced properties in terms of
elasticity, tensile strength, clarity or unaesthetic odor or homogeneity. As a consequence, the
application of these materials may entail additional costs in product development since their
performance has to be critically evaluated before application (material tests, mixing with
additives, modified production lines, passive costs by toxic contaminations).” To achieve
higher efficiency in mechanical recycling, the sorting process itself can be further optimized.
Techniques of the future might be NMR spectroscopy, X-Ray diffraction and UV-Vis.#4451 Also,
the selective dissolution/precipitation purification using solvents has gained increasing
attention. This process can be coupled with mechanical recycling and achieves high
selectivity. Remarkably, it allows close for quantitative recycling of multi-layer composites that
are commonly used for packaging.58! In addition, the perceptibility of plastics during sorting
can be increased during the stage of the product development. As an example, different
fluorescent markers can be added to the virgin polymer. During sorting, the fluorescence could
be assigned to the polymer type and serve as an additional sorting criterium. It would also
allow a sorting of black parts.”® Despite several efforts to increase sorting efficiency, the
recycled material is not sustainable per definition due to degradation and remaining impurities,
therefore, the lifespan of the plastic is prolonged before it finally must be discarded. In
conclusion, mechanical recycled materials are not capable to equivalently replace primary

plastic production.
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3.2.3 Feedstock recycling

In this class of recycling, the material is converted to low molecular weight chemicals. A
distinction is drawn between chemical and feedstock recycling. This depends on the outcome
of the transformation. Chemical recycling is more selective, leading to specific monomers that
can be used for polymerization. Although there is a dependence on the chemical identity of
the end-of-life plastic, the products from feedstock recycling are strongly influenced by the
temperature and reaction conditions. Feedstock recycling operates at relatively high
temperatures (>300 °C) and can be carried out under oxygen or air, hydrogen or inert
atmosphere (pyrolysis). As the degradation is mechanistically diverse at high temperatures,
the selectivity of the processes is lower than for chemical recycling. The products of feedstock
recycling are often not suitable for a straight repolymerization but can be used to regenerate

the monomers by chemical conversion.t51

The gasification process was originally developed for the conversion of coal with water and
oxygen to syngas, a mixture of CO and H.. It has later been applied for biomass®* and mixed
plastic waste® It is typically carried out between 700-1200 °C and is robust towards
contaminations.®3 However, poly(vinyl chloride) (PVC) interferes with the process due to
formation of HCI or Cl; gas and chlorinated hydrocarbons as side products.® Removing of
contaminations from the gas stream is effortful. Surprisingly, the co-gasification of coal,
biomass and plastics was demonstrated, showing that existing plants for coal gasification can

be used for this purpose.t®

Thermal treatment of plastics in the presence of hydrogen is an alternative to the gasification
process. Here, the product distribution depends on the composition of the feedstock
polymers.l® Those processes are carried out in the presence of catalysts and sometimes
solvents at 300-500 °C using high H, pressures.B As products, light alkanes, waxes, oils and
gases are formed.® During the 1980s, a plant for coal gasification with capacities of 80 kt/y
was put into operation by VEBA AG in Germany. It was later modified with a depolymerization
unit to convert mixed plastic waste streams. However, it was dismounted, probably due to lack

of competitiveness.3!

Among the three feedstock recycling techniques, pyrolysis is most thoroughly studied and
finds notable industrial application, e.g. by BASF or Quantafuel. It is carried out at variable
conditions, pressures and temperatures, in the absence or presence of solvents, catalyst, but
mostly at ambient pressure or reduced pressure. The products of the thermal degradation are
highly depending on the polymer feed. In some cases, high selectivities for the corresponding

monomers were achieved e.g. for PMMA, PS, poly(tetrafluoroethylene) (PTFE) or Nylon
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6.59571 For PE or PP statistical radical chain scission occurs. In case of PE pyrolysis, the
application of heterogeneous acidic catalysts allowed for a control of the product spectrum.
Depending on the catalyst, either more linear alkanes or 1-olefins are formed.5% Herein, the
linear Cs-C12 hydrocarbons are the main products at 450 °C with silica-alumina catalyst.5®
These products are suitable Diesel substituents or, in case of 1-olefins, interesting co-
monomers. In contrast, for PP the products show increased amount of branching. It was also
demonstrated that at higher temperatures the selectivity for the monomers ethylene and
propene can be raised, e.g. ca. 70 wt% ethylene/propene at 700-800 °C for mixed polyolefin

waste. >0

When PVC is pyrolyzed, in an initial stage HCI is eliminated at 300 °C under formation of
polyenes. These undergo crosslinking to form alkylated aromatics, (poly)aromatics and
substantial amounts of chars. In addition, incomplete elimination of HCI then leads to formation
of carcinogenic polychlorinated aromatics or chlorinated hydrocarbons hence it is essential to
scavenge HCI by suitable additives. Overall, PVC pyrolysis is challenging and can cause
additional costs when mixed plastics are used, however the obtained oil can be successfully
added to natural oil and be submitted to steam cracking.®™® Step growth polymers like
polyesters, polyamides and polycarbonates can also be submitted to feedstock recycling.
Pyrolysis of polyesters like PET is accompanied by significant amount of CO, formation. In
addition, PET B—scission leads to the generation of benzoic acid and vinyl ester functions
among others. Due to the high melting point of these species, they often cause clogging in the
reactor, blocking valves and inlets® In conclusion, polyolefins are suitable feedstocks for
pyrolysis yielding valuable basic chemicals. There is a direct competition with fossil resources

and therefore, the economic feasibility is coupled to the availability and price of raw oil.

Some of the products from feedstock recycling may reenter the value chain towards plastic at
an earlier stage. However, a variety of the basic chemicals are not suitable to regenerate the
polymer and are more likely to be repurposed (e.g. CO/H;, benzene, alkanes) such as
solvents, reagents or fuels. In conclusion, it is of limited applicability to promote a fully circular

economy, but it provides a good alternative to combustion or landfill storage.

3.2.4 Chemical recycling

For polymers with functionalized backbones bearing e.g. carbon-heteroatom bonds or C-C
double bonds, it seems more efficient to selectively cleave the polymer with suitable reagents

to obtain monomers. Consequently, after repolymerization of the monomers, the properties
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are decoupled from those of the virgin material displaying its major advantage over mechanical
recycling. In chemical recycling, the monomeric structure remains widely intact, so that in
contrast to feedstock recycling, less chemical transformations are required to regenerate the

polymer. As depicted in Figure 4 end-of-life polymers are converted to their monomers.

. End-of-Life
Reagent
At Catalyst and
Depolymerization reagent recycling

Depolymerization
Catalyst

Polymerization

Monomer

Figure 4: Schematic overview on chemical recycling.

This step is often promoted by reagents and catalysts. Both should fulfill complete recyclability,
so if wastes or side products from catalysts or reagents arise, these should be recovered to
be reused. In addition, guidelines for the development, choice of catalysts and reagents for
depolymerization processes can be expressed by the “12 Principles of Green Chemistry”.[5%
1. Prevention of waste

2. Atom Economy

3./4. Low Toxicity

5. Avoiding or Use of Safer Solvents

6. Energy Efficiency

7. Cheap and Recyclable Reagents

8. Reduce Derivatives

9. Catalysis

10. Benign by Design

11. Real-Time Analysis of Pollution

12. Inherently Safer Chemistry
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As chemical recycling does not typically deal with pure starting materials, the process should
also tolerate impurities as discussed in chapter 3.2.2. Depolymerizations are classified by
reagents, some examples are hydrogenolysis, hydrolysis, alcoholysis, aminolysis or
aminoalcoholysis. The overall choice of the process is dependent on a careful life-cycle
assessment, taking emissions, wastes, capital expenditure and energy consumption into
account. In addition, for chemical processes, also the work-up, solvents, waste treatment and

the reactor type are important for the overall costs and environmental impact.”

3.3 Depolymerization reagents for polymers

Transesterification reactions can be carried out under mild reaction conditions applying
inexpensive catalysts. The established polymerization catalysts provide an excellent platform
for suitable depolymerization catalysts. It is of interest to apply the same catalyst for both,
polymerization and depolymerization to simplify the chemical recycling process. In several
cases, which are polymers that are prepared by ring opening polymerization (ROP), no
reagent is necessary. However, the majority of polycondensation or polyaddition derived
polymers requires a reagent. This should either be recovered during polymerization or be

recyclable in a second circle, as shown in Figure 5.

reagent recovered
by polymerization: with recyclable reagent:

polymerizationy reagent | depolymerization polymerization depolymerization reagent

Figure 5: Recycling of reagents during the chemical recycling.

Moreover, using one depolymerization reagent for all polycarbonates and polyesters could
turn down the overall sorting efforts and mixtures could be degraded in one pot. Methanol is
an interesting degradation reagent due to its low cost and high abundance. Owed to its low
steric demand it reveals the highest reactivity among all aliphatic alcohols.®2 In turn, the

methyl esters of the corresponding monomers can be efficiently purified and repolymerized.
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In addition, the polycondensation of methyl esters is in many cases well investigated and part

of the industrial route to polyesters.

Another very abundant and cost efficient depolymerization reagent is H.. It is straightforwardly
accessible by the electrolysis of water. All polymers with heteroatoms in their backbone
(polyesters, polyamides, polyether, polyurea, polyurethanes) can be potentially hydrogenated
to form the corresponding reduced monomers. However, to date the literature reports

regarding this recycling approach are scarce.

3.3.1 Poly(bisphenol A carbonate)

The only polycarbonate with a noteworthy demand of 0.73 Mt in 2020 (EU27 + 3)i3 is based
on BPA (1) as diol component. Poly(bisphenol A carbonate) (PBAC) (2) is often found in
optical storage media or artificial glasses due to its high transparency. Aside from that, it
exhibits high tensile strength and stability and is therefore found in e.g. suitcases or safety
helmets.54 BPA (1) is obtained exclusively from fossil resources, namely propylene and
benzene. The important intermediates phenol and acetone are obtained from Hook’s phenol
synthesis and in turn are condensed in presence of acidic catalysts to give BPA (1). Thus,
around 30% of the total phenol production is subjected to the BPA (1) production. To achieve
high selectivity for substitution in para-position thiols are often applied as co-catalysts.5¢ For
the polymerization to PBAC (2), a variety of processes have been established. In the initial
process, the BPA sodium salt is converted with phosgene. Due to the high toxicity accounted
to phosgene, it has been replaced by diphenyl carbonate (DPC) (3) in modern processes. This
chemical is obtained by different routes that all have a dialkyl carbonate as last intermediate
in common. Asahi Chemical for instance prepares dimethyl carbonate (DMC) (4) via ethylene
carbonate that is again transesterified with MeOH. Alternatively, Mitsubishi converts abundant
urea with n-butanol to the corresponding carbonate which is in turn converted with phenol.l”
An essentially different approach is patented by Dow Chemicals Co. In their process, both
monomeric units are present as esters. In more detail, BPA diacetate (5) is polymerized with

DPC (3) under condensation of phenyl acetate. 29
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Scheme 1: Overview on the syntheses of PBAC (2) and its chemical value chain. For clarity, only the

syntheses of PBAC (2) with transesterification reactions are shown.

Considering preparation processes, several approaches exist to achieve chemical recycling.
All of them regenerate BPA (1), while the carbonate function is converted depending on the
depolymerization reagent. These are in more detail glycolysis, methanolysis and phenolysis.

The glycolysis is only limitedly applicable. For instance, the chemoselectivity of glycolysis is
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highly affected by the catalyst. Inorganic bases (NaOH or Na.COs) were demonstrated to
catalyze the degradation to give high yields for the ethers mono- or bis (2-hydroxyethyl)-
BPA."*71 The organic carbonate is decomposed by decarboxylation. In the absence of
catalyst, no ethoxylation of BPA (1) was observed, but due to higher operating temperatures
(180-220 °C), detected yields for the carbonate were mediocre.l’®"* This was overcome when
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was applied in combination with glycerol or 1,2-
propanediol. High yields for the corresponding carbonates and BPA (1) were realized.[?
Hence, organic bases like 1,5,7-triazabicyclo(4.4.0)dec-5-en (TBD), DBU or 4-
(dimethylamino)pyridine (DMAP) were also found to efficiently catalyze the alcoholysis of
PBAC (2).1 With an additional solvent (2-MeTHF) it was possible to carry out the
depolymerization at room temperature. It was found that in case of highly active catalysts, the
reaction rate is still reduced due to the limited solubility of PBAC (2).4l It is assumed that the
high activity of especially TBD in transesterification reactions originates from the bifunctional

nature and ability to stabilize the tetrahedral intermediate (Scheme 2).[747]

JOL MeOH .~ ,H ,,llﬂ
© Ké ey

o O
OMe

Scheme 2: A plausible mechanism for the cleavage of the carbonate bond with methanol. The
organocatalyst increases the nucleophilicity of methanol and the electrophilicity of the carbonate

function by its dual role as hydrogen bond donator and acceptor.[74

Surprisingly, if an additional, less polar solvent is present, the methanolysis can be selectively
carried out at 60 °C using NaOH as catalyst.’"") In addition, ionic liquids were reported to
serve as solvent and catalyze the transesterification.[’®8% Another report deals with the
application of a recyclable heterogeneous catalyst, namely CaO(SrO,BaO)/SBA-15, which
required higher temperatures and larger catalyst loadings compared to the homogeneous

systems® based on ionic liquids®®% or NaOH.["®7"1 Furthermore, ZnO-nanoparticles in
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combination with tetrabutylammonium chloride (TBACI) were found to convert PBAC (2) with
a number of alcohols or amines, forming the corresponding carbonate or urea and BPA (1)
Especially interesting for chemical recycling is the depolymerization with PhOH, to access
DPC (3) as it can be directly converted to PBAC (2). Concerning this straightforward

resynthesis of the monomers, only one patent is available, that enables NaOH as catalyst. [

3.3.2 Poly(1,2-propylene carbonate)

Poly(1,2-propylene carbonate) (PPC) (6) is a polycarbonate that can be prepared from CO;
and 1,2-propylene oxide.t*%% As a less practical alternative, CO, can be copolymerized with
1,2-propanediol (7). In another process, 1,2-propylene carbonate (8) is reacted to PPC (6)
via ROP, which is accompanied by partial loss of CO; to form ether groups in the polymer
backbone.®® CO, is a very abundant chemical and can be taken from the atmosphere or
combustion processes. On the other hand, 1,2-propylene oxide may be derived from
propylene. A less common alternative is the dehydration of 1,2-propanediol (7).%%? The latter
is potentially obtained from hydrogenation of biomass derived glycerol. However, these

approaches have not made it to a widespread application.

Currently there are no studies addressing the chemical recycling of PPC (6). Nevertheless,
some studies describe its thermal decomposition to 1,2-propanediol (7) and 1,2-propylene
carbonate (8).1°*2%71 Moreover, the ring closing depolymerization (RCD) was accelerated by

bases and decelerated by residual metal catalysts from the copolymerization.[*08.10

3.3.3 Poly(lactide)

In 2020, poly(lactide) (PLA) is with an annual global production volume of 1.2 Mt the bioplastic
with the largest global production 2020. As a biodegradable plastic with versatile properties, it
is mainly used in packaging but also in textiles or as coating material.**%11 Hence, its
production volume is estimated to grow continuously, replacing fossil derived plastics.
Although a shift towards biomass derived polymers is highly desirable, the demand for
cultivable acreage grows, thus, creating a problematic competition with food production. The
value chain for PLA (9) begins with the production of L-lactic acid (10) via microbial
fermentation of starch rich biomass. Typically, L-lactic acid (10) is generated in a 10-20 wt%
aqueous solution.° Attempts to obtain high molecular weight PLA (9) from the direct

polycondensation of L-lactic acid (10) did not result in PLA with sufficient properties. Either the
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molecular weight did not exceed 33,000 g/mol®**? or the polymer properties were diminished
due to racemization, high dispersities and uncontrollable molecular weights.**¥ The industrial
route towards high molecular weight PLA enables L-lactide (11) as monomer allowing for
controllable and narrow molecular weight distribution. L-lactide (11) is obtained from the L-
lactic acid (10) solution via initial removal of water. Thereupon, the formed PLA oligomers (12)
are depolymerized in vacuum in the presence of catalysts like SnHPO3, Sn(Oct); or elemental
Zn or Sn.1#41€ Dyring the depolymerization, it comes to some extent to racemization,
especially above 200 °C.[10117 Therefore, commercial PLA (9) often contains 80-90% ee of
the L enantiomer. Lower values cause the polymer to be less crystalline, thereby lowering its
melting point and mechanical stability.'*% Remarkably, in 1932 Carothers et al. already
described the ring-opening polymerization of L-lactide (11) and its reversibility.[*'®l Nowadays,

the majority of PLA (9) is obtained using Sn(Oct), as catalyst.!*1%
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Scheme 3: Preparation of PLA (9) starting from biomass.[114-116.119]

When it comes to chemical recycling, the straightforward regeneration of L-lactide (11) can be
observed, when PLA (9) samples are subjected to pyrolysis. The thermal depolymerization of
PLA was studied by means of pyrolysis-GC/MS (gas chromatography/mass spectrometry),
TGA (thermogravimetric analysis), DSC (differential scanning calorimetry) and GPC (gel
permeation chromatography).*2%121 Thus, the data indicate that the thermal stability depends

on the residual amount of Sn(Oct), present in the sample.*2Y

In general, the transesterification can be enabled by alcohol end groups or by random inter-
or intramolecular transesterification, leading to L-lactide (11) or cyclic oligomers. On the other

hand, at higher temperature (>230 °C) gaseous products like CO,, CO, acetaldehyde or
19



ketene are observed as main products. Furthermore, the authors found that the degradation
kinetics are affected by residual metal catalysts, moisture and molecular weight.[*20122 |_ater,
Nishida et al. investigated the influence of residual Sn(Oct), from the polymerization on the
thermal stability and degradation kinetics using TGA measurements.*2!l For OH-terminated
and metal free PLA (M, = 100 kg/mol), they found some degradation at 300 °C. The activation
energy increased from 125 kJ/mol at 90% weight to 180 kJ/mol at 20% weight, underlining the
effect of the molecular weight on the degradation kinetics. In the presence of 200-600 ppm of
residual Sn(Oct), the observed activation energy decreases significantly to 100-120 kJ/mol
and the degradation starts at 260 °C.[*?%12%1 The main degradation pathway is a backbiting
mechanism leading to L-lactide (11), mediated by tin(ll)-alkoxide end-groups. Notably, random
transesterification between the chain ends and peripheral lactate units can occur, thus forming
cyclic oligomers (Scheme 4). With less tin(ll) present, this degradation process becomes

dominant.[t21]

oligomer formation
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Scheme 4: Unzipping depolymerization at the chain end via intramolecular transesterification.[*?1!

In addition, lactide units from the middle of the chain can be formed. Therefore, a

transesterification at a random position of the chain induces the L-lactide (11) elimination.

Scheme 5: Random lactide (11) elimination initiated by intermolecular transesterification mechanism
during the degradation of PLA (9).121
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As a major drawback, during the depolymerization, lactic acid units undergo racemization,
depending on the catalyst, this typically occurs above 200 °C. As mechanism, either a
substitution reaction at C-2 was reasoned or deprotonation at C-2 with subsequent
protonation.?#1251 As a consequence, repeating this process several times in the context of
chemical recycling, will lead to insufficient enantiomeric purity to achieve the desired

properties.

Alternatively, the chemical recycling can be carried out by methanolysis. As product, methyl
lactate (13) is obtained from which methanol and L-lactide (11) can be recovered to close the
cycle.'?61281 An gverall recycling scheme is depicted in Scheme 6. The obtained ester 13 can

alternatively be used as solvent.[*?%

end-of-life
PLA (9)

n H3C_OH

chemical recycling

Polymerization of Depolymerization Je=1eEIE
poly(lactide)
O
follow-up
\[])\ ; nHO\-)l\ ACHy =) chemistry
nH;C—OH

13

Scheme 6: Chemical recycling of PLA (9) by methanolysis and dimerization to L-lactide (11).

For the methanolysis of PLA (9) waste, a variety of catalysts have been applied. Some reports
describe the catalytic activity of mineral acids in refluxing MeOH3% or at 130 °C metal salts
like NaOH, NaOMe, Zn(OAc)., FeCls in neat MeOH of which FeCls exhibited the highest
activity.™*! They observed an activation energy of 32.4 kJ/mol for FeCls.!3! Zinc salts were
investigated as catalysts in more detail, e.g. Zn(OAc). - 2 H,O, Zn(stearate), and ZnSO..
Refluxing PLA (9) waste in 5.3 equiv. of MeOH in the presence of 1.4 mol% Zn(OAc)2- 2 H.O
for 15 h gave yields of up to 70%.2%2 Using alkaline earth metal alkoxides (1 mol%) and
excesses of different aliphatic alcohols, Petrus et al. degraded PLA (9) at 160-200 °C for 1.5-
10 h obtaining a variety of alkyl lactates in excellent yields.™3 Liu et al. showed in another

report, that only 0.25 mol% of the ionic liquid [Bmim]FeCls can promote the depolymerization
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of PLA (9) in MeOH at 120 °C after 3 h. It was demonstrated that the valuable ionic liquid can
be recovered and reused multiple times without loss of catalytic activity. They also found a
lower activation energy for 100 °C - 125 °C of 21.28 kJ/mol in the absence of solvent. The
authors reasoned, that the presence of a basic moiety reduces activation energy by increasing
the nucleophilicity of MeOH.!**l The cooperative effect of the anion and the cation was
underlined by a study, wherein the catalytic activity of ionic liquids based on [Bmim]* as cation
was investigated. Together with a weakly basic or acidic counter anion no promising catalytic
activities were observed. The investigated anions revealed activities in the following order: CI
=PFs < HSO, << OAc.['*! Another study by Song et al. investigates the influence of the
counter cation in the presence of HSO.. They found that organic sulfonic acids cations
revealed superior properties compared to the imidazolium derivative.**¢1 Moreover, PLA (9)
was fully depolymerized with 10 mol% [HDBU][Im] in MeOH at 70 °C and high yields up to
90% were realized.”® A screening of different anions revealed increased activity for the
strongly basic anions**" in accordance to the observations of Song et al.!*® Recently, some
organocatalysts have been introduced to methanolysis of PLA (9). For instance, Leibfarth et
al. applied TBD, which is also a highly active catalyst for L-lactide (11) polymerization, with

different solvents at room temperature or in neat MeOH at 100 °C.[**8!

More recently, a couple of highly active metal complexes bearing pincer ligands were
developed. The evaluated examples base on group 4 metalsi*®®, Znlt40-144 coordinated by
NHC or Schiff base ligands. In all cases, the complexes were also active in the
repolymerization of L-lactide (11). The methanolytic downbreak readily operates at room

temperature when a suitable solvent is present.

Moreover, the methanolysis was characterized by kinetic measurements. It was found that,
the reaction rates observed under microwave heating were significantly higher than for
conventional heating. The pre-exponential factor A under microwave conditions was increased

while the activation energy remained constant.[6?

3.3.4 Poly(ethylene terephthalate)

With a global production of 70 Mt in 2016 and an annual growth of 4%,1%°! PET (14) is by far
the most important polyester. Its main applications are plastic bottles and textile fibers.
Carpets, for instance, are a common application of mechanically recycled PET (14).146] The
feedstock chemical for the aromatic part of the polymer is p-xylene (15). It is collected during

steam reforming in the Cg fraction of the distillate together with its isomers and requires
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purification from its isomers by catalytic isomerization and distillation. Then, the pure p-xylene
(15) is step wisely oxidized and optionally esterified with MeOH to dimethyl benzene-1,4-
dicarboxylate (16, DMT).51 As an alternative to DMT (16), terephthalic acid can be subjected
to polymerization with ethylene glycol (EG) (17). Fossil derived p-xylene (15) serves as the
major industrial feedstock for PET (14) production. However, in the last two decades, novel
biomass derived feedstocks were implemented to generate bio-PET (14).
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Scheme 7: Potential routes for the preparation of PET (14) via ethylene glycol (EG) (17) and DMT
(16)_[148-154]

As depicted in Scheme 7, the p-xylene (15) can alternatively be prepared by tetramerization
of bio-ethylene®*"! or dimerization of bio-iso-butanol (18) which gives an overall yield of only
18.7%. However, this route was commercialized by Gevo Inc. and Coca-Cola Company.*4€
In addition, carbohydrate derived 5-(hydroxymethyl)furan-2-carbaldehyde (19, HMF) was
successfully enabled as feedstock in a scale of 20 t/year.!**°! Another approach uses a Diels
Alder reaction of isoprene (20) and acrylic acid (21) with subsequent oxidation to achieve
excellent yields of p-toluic acid (22) of 83-100%.150-1521 A very efficient synthesis is based on

limonene (23) giving high yields. However, the availability of limonene is too limited to satisfy
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the demand of PET (14).%% For the EG (17) production, the oxidation of ethylene and
subsequent hydrolysis is conveniently applied. In addition, some alternatives have been
developed. Here, especially glycerol or higher sugars and their corresponding alcohols are
inexpensive feedstocks of interest. Hydrocracking then affords EG (17) in low yields (20-30%)
together with by-products like 1,2-propanediol (7) or 1,3-dihydroxyacetone.*4°!

For chemical recycling of PET (14), glycolysis, hydrolysis and methanolysis have been
studied.*> The products can be directly submitted to repolymerization. The earliest report
regarding the methanolysis of PET (14) originates from 1967 and describes a batch process
where finely powdered PET (14) is dispersed as an aerosol and reacts with gaseous MeOH.
Depending on the catalyst (zinc salts or gaseous HCI) the depolymerization is carried out at
250-300 °C under atmospheric pressure.!*>® Another patent describes the use of 2 mol% of
aromatic sulfonic acids at 200 °C in neat MeOH.*%®! In a patent by DuPont, the methanolysis
is carried out in solution without a catalyst at 230 °C at up to 15 bar. The yields of EG (17) and
DMT (16) varied between 75% and 95%.1571 The yield was improved by converting the main
side product methyl 2-hydroxyethyl terephthalate, that arises from incomplete methanolysis.
This remains in solution and was separated from 16 by filtration and converted in a second
reactor to DMT (16) in 90% yield. They used Na,CQOz, NaOH or Zn(OAc), as catalysts.!*58 A
more recent article introduced Al(OiPr); as catalyst to obtain up to 88% yield for DMT (16) and
EG (17). The reaction temperature and yields were increased by the addition of 20 vol%
PhCHa.*%® Another publication first introduced microwave irradiation to reduce the energy
consumption compared to conventional heating. As catalyst, Zn(OAc). was applied and 1,2-
propanediol (7) or PEG400 were used as co-solvent. The reaction was run to completeness
within only 4 min, but no reaction temperature was reported. It was noticed, that the presence
of a magnetic stir bar drastically increased heating of the reaction mixture due to its high
absorbance of the microwave irradiation*®” In another publication, the reaction was carried
out under microwave irradiation at 160-200 °C with Zn(OAc).- 2 H,O as catalyst.'*tl The
depolymerization was also carried out in a continuous flow process between 240-260 °C,
which requires extensive equipment.i*62163 |n the process patented by Eastman-Kodak Co.,
the PET (14) is partially depolymerized to oligomers as main products. The small amounts of
16 and 17 are continuously removed by the methanol vapor and then purified by
distillation.[*¢41%] A non-catalyzed degradation of 14 in supercritical methanol was reported by
Mitsubishi to achieve high yield of both 16 and 17. Their process was further implemented in
a pilot plant.'¢51%€ Moreover, a protocol was reported in which in a first step glycolysis to
oligomers is carried out. Subsequently, the oligomers are converted to DMT (16) by
methanolysis leading to a total reduction of energy consumption compared to conventional

methanolysis.'*9 In contrast to glycolysis and hydrolysis, the obtained DMT (16) is of high
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purity and separation from potential impurities is easily accomplished." Interestingly, due to
its excellent thermal stability and crystallization, it is in some patents further converted with
water to TPA, which is more often the starting material for the PET (14) production.*"!
Recently, using a combination of 20 mol% K.COsz and 50 equiv. of MeOH and CHClz, it was
possible to achieve yields above 90% of DMT (16). The reaction was carried out under mild
conditions between 20-35 °C for 24 h. In this reaction K.CO3; serves as a heterogeneous
catalyst that is decomposed in the presence of water, causing the formation of hydrolysis
products and loss of catalytic activity.[*”?! Chlorinated solvents show high capability to dissolve
PET, allowing it to be converted even at low temperatures. A combination of MeOH and CHCl,
was used to degrade PET in the presence of 15 mol% NaOMe. The reaction was performed
within 2-3 h at 20-50 °C. Other solvents revealing similar effects in the swelling of PET (14)
were claimed, including DMSO, DMF, acetone, nitrobenzene, benzyl alcohol and
benzaldehyde.'"® In a different approach, wherein 16 is obtained from 14, the polymer is first
degraded by glycolysis to diglycol terephthalate, using Mg(OAc). - 4 H,O as catalyst. Overall,
the reaction pressure in the depolymerization step is lower than in conventional methanolytic
degradation, as the depolymerization can be carried out in neat glycol. The obtained solution
is then mixed with methanol and 0.5 mol% Mg(OMe), as catalyst and heated to 70 °C for 2 h
to obtain 16 and 17.74In contrast to the products of glycolysis and hydrolysis, the purification
of DMT (16) is easy to accomplish, e.g. by distillation or recrystallization and results in high
puritiy monomers.[*"Y Interestingly, due to its excellent thermal stability and crystallization, it is
in some patents further converted with water to TPA, which is more often the starting material
for the PET production.i*

3.3.5 Poly(ethylene 2,5-furandicarboxylate)

Although currently there are no commercial applications of poly(ethylene 2,5-
furandicarboxylate) (24, PEF), it has the potential to replace PET (14) in the future. Based on
this, first industrial plants have been installed.*”® Due to its structural similarity, it displays
comparable and sometimes enhanced material properties than PET (14).17® For instance,
PEF (24) exhibits a highly enhanced CO; barrier compared to PEF (24), which could lead to
substantial material savings in plastic bottle manufacturing.’”! Additionally, PEF (24) is fully
bio-derived as in addition to EG (17) the aromatic building block can be obtained from C-6
sugars (Scheme 8). Some efforts have been made to establish cost efficient routes towards
furane-2,5-dicarboxylic acid (FDCA, 25), starting from sugars. Two main routes are present in
the literature. In the first step, the sugar molecule is dehydrated to (19).1781791 The HMF (19),

serving as a versatile platform chemical is in turn oxidized to 2,5-furandicarboxylic acid (FDCA)
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(25), which is the monomer for the production of 24.18% Using this route, Avantium will start
the first industrial plant in 2023.7%! In the other route, the sugars are first oxidized at C-1 and
C-6 to their corresponding aldaric acids, e.g. with HNO3 or O in the presence of solid Pt.[*8%

183]

OH
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o
-3 H,0 — Ox.
HO, OHC HOOG
HO HMF (19) IS
OH —
HO HOOC
OH COOH
OHC HO FDCA (25)
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Ox. HO -3 H,0
OH
HOOC
aldaric acids

Scheme 8: Production of FDCA (25) from C6-aldoses via two feasible routes.[*78-183]

As a novel polymer, to date only few studies address the depolymerization of PEF (24). Among
them are reports on enzymatic hydrolysis using PET-hydrolyzing enzymes (PETase)!8+1€¢l
and glycolysis using a ionic liquid as catalyst.8”1 Only one patent from 2015 exists, describing
the methanolysis in neat MeOH.8! Herein, NaOMe or TBD were used as catalysts at 90 °C

to degrade 24.

3.3.6 Poly(3-hydroxybutyrate)

Since its first discovery in the blue-green alga Chlorogloea fritschii in 196689 efforts have
been made to enable this fully bioderived polymer as a thermoplastic with commercial
relevance. Pure and stereoregular poly(3-hydroxybutyrate) (26, P3HB) shows thermal and
mechanical properties comparable to isotactic PP, however, it is far more brittle (by elongation
at break value). P3HB (26) is efficiently obtained by fermentation of e.g. sugars, acetate or
citrate with some strains of cyanobacteria to obtain P3HB (26) or P(3HB-co-3HV), depending
on the supplement given to the bacteria.l**” After fermentation, an extraction of the polymer is
required to separate the polymer from side products and residual bacteria. This leads to the

high production cost being approximately 18-times higher than for PP.°U Therefore, the
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polymer from microbiological synthesis might not find broad application as commodity polymer
but rather in specialized applications where biodegradability is required.'%? Recently, a
promising chemical route was established, that, analogously to PLA production, enables a

ring-opening polymerization of the bio-derived cyclic dimer of 3-HB.[*%!

Regarding the chemical recycling by methanolysis according to the Scheme 9, both the

degradation of the polymer and its repolymerization were investigated to some extent.

(0]

n HaC—OH end-of-life

P3HB (26)

n H3C_OH

chemical recycling

Polymerization Depolymerization Je=1EIE]

Scheme 9: Chemical recycling of P3HB (26) by methanolysis.

For the depolymerization, for instance Brgnsted-acids, were found to catalyze the
methanolysis.'*¥ With FeCl; or Zn(OAc)., satisfying conversions and high selectivities for
methyl 3-hydroxybutyrate (27) were realized at 130-150 °C.['*! Additionally, ionic liquids are
good co-solvents with catalytic activity. As for PBAC (2) or PET (14), it was found that the
depolymerization is best carried out in the presence of ionic liquids bearing a basic counter
ion (Im)*7 or a metallate ion ([FeCls]" or [ZnCls]). It was found that the metallate ions
outperform their corresponding metal salts (FeCls, ZnCl,).2%61%71 Combining these Lewis-basic
metallates with Brgnsted-acidic cations ((MIMPS]), that contains a sulfonic acid group, had an
accelerating effect on the reaction, leading to the highest catalytic activity. Using 5 equiv. of
MeOH, a yield of 87.4% for 27 was obtained with 5 mol% [MIMPS][FeCl4] at 140 °C after
3 h.11%1 A more recent study introduced (MesN)F as catalyst to achieve full conversion at up to
100 °C in less than 1 h.[2%8
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The cycle can be closed by polycondensation of the obtained methyl ester 27. Therefore,
Ti(IV)-alcoholates typically serve as transesterification catalyst to reach a My, in the range of
10-20 kg/mol.[299-201]

3.3.7 Poly(e-caprolactone)

Poly(e-caprolactone) (28, PCL) is a polymer derived from fossil resources. However, many
microbial organisms are capable to completely degrade 28. This led to its application in
medicine, e.g. in drug delivery systems!?2 However, it exhibits insufficient material properties
for large scale applications like packaging. Especially its low melting point of only 60 °C limits
its wide spread applicability. Advantageously, it shows high miscibility with polar and non-polar
polymers that have led to its application in blends, e.g. with PLA (9)2%! or as co-polymer.[2%4
The majority of literature reports focuses on the ring-opening polymerization of e-caprolactone
(30) rather than the polycondensation of the corresponding hydroxyacid.?%! As depicted in
Scheme 10, the feedstock for PCL (28) production is phenol, which is first hydrogenated to
cyclohexanol, then oxidized to cyclohexanone 29 and subsequently oxidized in a Baeyer-

Villiger oxidation with peracetic acid yielding e-caprolactone 30.12%

OH 1.H, 0 0
2.0, AcOOH o cat. 0
— — —
(6)
30

29

n

poly(e-caprolactone) (28)
Scheme 10: Preparation of 28 from starting from phenol.[¢7]

The monomer is a liquid compound and is mainly polymerized in substance by either anionic,
cationic or coordination-insertion polymerization. For 28 the most active catalyst system is
Sn(Oct),. The living nature of the polymerization comprising Sn(Oct). and an alcohol as
initiator allows for an accurate control of the molecular weight. As active species, tin(ll)-
alkoxide as chain end was revealed by MS-MALDI?%, which is formed by protolysis of the
tin(ll)-carboxylate with the alcohol.?*! For medical applications, catalyst systems based on

biocompatible metals like zinc?% or magnesiumi2°”! are preferred over Sn(ll)-systems.

Surprisingly, to date no studies exist in which the methanolytic degradation is described.
Instead, some studies describe the ring-closing depolymerization. Pyrolytic conditions in the

absence of catalyst have been investigated. However, the unzipping degradation, occurring
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approximately above 250 °C, is accompanied by random chain scission (B-scission) which
diminishes the yield for monomers.[2%8! Alternatively, treatment of 28 with a transesterification
catalyst like Bu,Sn(OMe): in solution led to a complex mixture of cyclic oligomers, that is, in
the equilibrium state, determined by the Jacobson-Stockmayer theory. As a consequence, at
higher temperatures, 28 can be obtained in good yields by vacuum distillation.?°®! In a more
recent study, the ring closing depolymerization was catalyzed by lipase enzymes to yield the

cyclic dimer of 28 which was repolymerized by the same enzyme.[210-212]

3.3.8 Nylon 6

Nylon 6 (31) is a polymer with high tensile strength and high melting point, for which reason it
is found in materials where high rigidity and stability is required. Furthermore, it exhibits high
thermal and chemical stability and is insoluble in common organic solvents. On an industrial
scale, 31 is derived from fossil derived cyclohexanone (29) which is converted to its oxime 31

and then converted to the lactam 33 by a Beckmann rearrangement.[®”!

OH 1.H, O HOS

f 2.0, || NH,0H ||
— —

29 32

H,SO,

. -t- t O
Initator
7 H,0 NH
O
N ROP
n
31 33

Scheme 11: Industrial production of 31 from phenol.

The ROP of the readily obtained e-caprolactam 33 is by far less studied than for e.g. lactone
28, which is reasoned by the poor solubility and high melting point of Nylon 6 (31). Therefore,
(31) is prepared exclusively by melt polymerization at temperatures above 240 °C with a small
amount of water as initiator?*3 or an anionic polymerization with sodium-e-caprolactamate as

initiator and an activator, e.g. N-acetyl caprolactam.?4
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In several studies, Nylon 6 (31) was degraded by hydrolysis. As catalyst, mineral acids were
applied under reflux conditions for up to 8 h. The crude 6-aminohexanoic acid had to be
separated from residual oligomers by ion exchange chromatography?'® or reversed phase
chromatography.[?! Carboxylic acids showed a higher activity compared to the investigated
mineral acids and also other polyamides, e.g. PA11l were successfully degraded in a study
from 2014. Interestingly, the reaction rate depended both on the pKs value of the acid as well

as its solubility in the polymer.[2t7]

The straightforward regeneration of the lactam 33 is accomplished by pyrolysis at 410 °C in
vacuo and isolated yields up to 92% were realized.!?'® More recent investigation led to the
application of supercritical alcohols as reaction medium. Thereby, after 1.5 h at 350 °C, the
authors achieved yields above 90% for 33.12'°1 The same group later introduced ionic liquids
to further reduce the reaction temperature. Although 31 can be readily degraded at 300 °C in
the ionic liquid N-methyl-N-propylpiperidinium bistriflimide the addition of catalytic amounts of
DMAP further accelerated the reaction. The ionic liquid could be recovered and reused without

notable loss of activity for at least 5 times.[220-222]

3.4 Polymer recycling by catalytic hydrogenation and dehydrogenation

Reduction reactions display an elemental, but multi-facetted organic reaction, being applicable
to a variety of functional groups. Traditional reducing reagents like LiAlH4 or NaBH4 are often
applied in lab- and industrial scale. However, their major drawbacks, the stoichiometric
generation of wastes and their pyrophoric nature come in conflict with the 12 Principles of
Green Chemistry. In recent times, based on the work of Noyori and Knowles (Nobel Prize in
2001) on the hydrogenation of carbonyl functions, a novel field of chemistry has been
explored. Efficient catalysts for hydrogenations of a variety of functionalities were
demonstrated. As reducing agents, either straightforward H, can be applied or sacrificial
hydrogen donors (e.g. iPrOH, HCOOH, Hantzsch ester or silanes)??3224l Important pioneering
studies were published by the group of Milstein who developed a series of Ru-based catalysts
bearing pincer ligands for the hydrogenation of carboxylic acid esters??®, amides??® as well
as organic carbonates and carbamates.??”1 Since then, more earth abundant and inexpensive

3d metals have been enabled in numerous catalysts.[?28-232]

However, the majority of homogeneous catalysts for hydrogenation was established for the
hydrogenation and dehydrogenation for small molecules. Transferring this type of reactions to

polyesters would allow for a chemical recycling according to Scheme 12.
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Scheme 12: Chemical recycling of polyesters via (de)hydrogenation catalysis.

In more detailed studies on the hydrogenations of polyesters/polycarbonates, Krall et al.[?%]
and Westhues et al.?®*¥ demonstrated the hydrogenation of several polyesters and
polycarbonates to their corresponding alcohols and methanol applying Ruthenium catalysis.
Recently, also polyamides?®! and polyurethanes!?*¢-2%8 were reductively depolymerized by Ru

catalysts and hydrogen.

3.4.1 Hydrogenation of polycarbonates

Surprisingly, the first hydrogenative depolymerization by molecular catalyst was described in
an article by Han et al. wherein PPC (7) was hydrogenated to 1,2-propanediol (7) and
methanol.%? As catalyst, they applied the Ru-MACHO complex (34), which was developed
by the Takasago company for ester hydrogenation.?*® Only 0.1 mol% of the precatalyst was
required to achieve excellent yields. In the publication by Krall et al., excellent yields were
achieved using the Milstein precatalyst (35) under comparable conditions, however requiring
a higher catalyst loading.**3 In 2018, two publications made use of more earth abundant
manganese as inexpensive 3d metal for the hydrogenation. In the example by Kumar et al.
with complex 36 as catalyst?*!l a significantly lower reaction temperature of 110 °C was
required while Zubar et al.?*? only applied 0.1 mol% of an air-stable precatalyst (37) at 140
°C. In all aforementioned reports, no isolation of the monomer 1,2-propanediol (7) was
demonstrated. Recently, Dahiya et al. also include the purification of the monomer. However,
their system based on 38 operates under relatively harsh conditions and high loadings of

KOtBu.?*®l On the other hand, reports on the catalytic hydrogenation of the mass polymer
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PBAC (2) are scarce. The reaction conditions stated again require either high pressures of
hydrogen, as reported by Westhues et al. for catalyst 39, or large quantities of precatalyst 38
and additive. Notably, the corresponding monomer BPA (1) could be obtained via simple

recrystallization in good yields, while the yields for MeOH were not reported.?34

Hydrogenation of polycarbonates to their corresponding diols
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Scheme 13: Overview of published catalysts and reaction conditions for the homogeneously catalyzed

hydrogenation of polycarbonates, [233:234:239.242,243]
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3.4.2 Hydrogenation of polyesters

On the other hand, the hydrogenation of polyesters was reported in three publications. The
publication of Krall et al. from 2014 describes as suitable reaction conditions relatively high
temperatures, reaction times and loadings of catalyst 40 for PLA (9), PET (14) and
poly(decalactone) (42). Also, the formation of the diols was only qualitatively detected and the
isolation was not reported. However, they found complete depolymerization for a variety of
important polyesters (Scheme 14).% Later, Fuentes et al. hydrogenated PET (14) using
complex 41 and described a purification of the monomers by column chromatography to
achieve mediocre yields.?** In 2018, Westhues et al. showed in a study, that low loadings of
a Ru(triphos)tmm (39)/HNTf, system (0.05-0.2 mol%) can be used to achieve excellent
isolated or 'H NMR vyields. Interestingly, they also demonstrated the selective hydrogenation
of a mixture of PLA (9) and PET (14). The, PLA (9) is already reduced to 1,2-propanediol (7)
at 45 °C while PET (14) requires temperatures of at least 80 °C to observe notable conversion.
Overall, with regards to technical application, this approach is interesting as the catalyst
loadings are very low. In addition, also a mixture of PLA (9) and PET (14) was successfully

hydrogenated and a strategy to separate the monomers was presented./?34
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Hydrogenation of polyesters to their corresponding diols
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Scheme 14: Overview of published catalysts and reaction conditions for the homogeneously catalyzed

hydrogenation of polyesters.[233:234
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4. Aim of the work

The literature presented above provides a variety of different approaches to chemical
recycling. However, in order to provide a good basis to establish chemical recycling on an
industrial scale, further investigations are required. For all consisting chemical recycling
strategies, more efficient catalysts should be established. These should be tolerant towards
impurities like additives, food residues and other polymers. A practical purification of the
corresponding monomer should be found which is then repolymerized ideally with the same
catalyst. In addition, for the degradation optimized reaction conditions (solvent free, low-
temperature, catalyst loading) should be evaluated and applied to contaminated “realistic”

plastic waste. This should reveal potential catalyst poisons originating from impurities.

Furthermore, due to limitations of the pre-sorting technology, different sorts of polyesters might
not be separable from each other. In this regard, information should be collected on how mixed
polyesters and non-polyesters influence the depolymerization. This can be used for the
development of a reaction sequence that is suitable to degrade mixtures of polyesters (Figure
6).

Degradation of A + B +C Degradation of D + E
Monomersa+b +c¢ Monomers d + e
Mixed end of life Separatlon Separatlon
plastics \
a c d e
b

Figure 6: Exemplary reaction scheme for the degradation of complex polymer mixtures. Polymers A,
B, C degrade readily under the conditions from reaction 1. Polymer D and E require higher temperature,

different catalyst or additional solvents.

Herein, the catalysts that are capable to degrade many polymers at once are interesting.
Ideally, a catalyst that is capable to degrade all polyesters at once should be found, that can

also be reused multiple times.

For hydrogenative depolymerization, the practicability should be enhanced within this thesis.
Therefore, more efficient catalysts that allow for less forcing reaction conditions (e.g. hydrogen

pressure, catalyst loading, temperature) should be found. In this regard, also the ligand motif
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or central metal should be varied to enable easier accessible catalyst. Also, the scope of

polymers should be extended and more efficient catalysts should be found.

5. Results and discussion

5.1 Depolymerization of polycarbonates

In the following article PBAC (2) was depolymerized with Ac2O or AcOH in the presence of
DMAP.241 As valuable product BPA diacetate (5) was obtained in excellent yields. Therefore,
either both microwave or conventional heating with elongated reaction times were feasible.
Using AcOH, this reaction is less selective, thus giving BPA (1) and BPA diacetate (5) as
byproduct. As second building block, CO; is obtained, that can be chemically captured with a
suitable diamine in aqueous solution. As PBAC (2) source CDs were enable. If the PBAC (2)
was extracted from the CD to filter off other materials (e.g. aluminium foil), the yield for BPA
diacetate (5) was notably increased from 57% to 82%. Finally, it was possible to regenerate
PBAC (2) with low molecular weight using the recycled BPA diacetate (5) and fresh DPC (3).
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as Depolymerization Reagent
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The chemical recycling, a combination of depolymerization and
polymerization processes, of end-of-life plastics/polymers can
contribute to a more sustainable, resource-conserving and
environmental-benign society. In this regard, we have set up a
capable procedure for the chemical recycling of the bisphenol
A unit of poly(bisphenol A carbonate). In more detail, acetic
acid or acetic anhydride were used as depolymerization
reagent in the DMAP-catalyzed conversion of end-of-life poly
(bisphenol A carbonate) to obtain bisphenol A diacetate as
well-defined product. Moreover, it was demonstrated that
bisphenol A diacetate in combination with diphenyl carbonate
can be applied in the potassium tert-butoxide catalyzed
synthesis of new poly(bisphenol A carbonate). In consequence
a recycling of polylbisphenol A carbonate) is feasible,

Every year, a steadily increasing amount of end-of-life plastics'
based on fossil resources is manufactured on a multiton scale.”
The state-of-the-art treatment for collected end-of-life plastic
streams is based on energy recovery, mechanical recycling,
downcycling and (landfill storage).®** Disadvantageously, the
major method, the energy recovery, converts the chemical
functionalities of the polymers into greenhouse gases (e.q.
carbon dioxide), hence for new plastics the steadily decreasing
fossil resources will be consumed.®”A better resource-conserv-
ing and environmental-benign method represents the chemical
recycling” In more detail, the end-of-life polymer is initially
converted to low-molecular weight substances by depolymeri-
zation process. In a subsequent polymerization process the
substances are used as feedstock for new polymers and
therefore a recycling of polymers is feasible. Importantly, the
quality of the product is not connected to the quality of the
end-of-life polymer as observed in the case of mechanical
recycling and downcycling. However, high energy demand,
copolymers, additives, selectivity, and the current low price for
fossil resources for the production of new polymers etc.
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hamper the successful implementation of chemical recycling.””

Therefore, the development of new methods is of importance
for reaching the goal of a more resource-conserving and
environmental-benign society."™""! In the modern society,
polycarbonates, e.q. bisphenol A based polymers are a widely
applied class of polymers e.g. optical storage (CD, DVD, Blu-ray)
or as artificial glass."” For the recycling of poly(bisphenol A
carbonate) (1) several protocols have been reported so far
including mechanical recycling, blending with other materials,
pyrolysis (feedstock recycling), biochemical degradation and
chemical recycling (e.g. hydrolysis, (hydro)glycolysis, alcoholysis
and aminolysis).™

We report herein our investigations on a new concept for
the chemical recycling of end-ofdife 1 (Scheme 1). In more
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Scheme 1. Concept for the chemical recycling of poly(bisphenol A
carbonate).

detail, the concept bases on a depolymerization composed of a
transesterification of end-of-life 1 supported by a straigthfor-
ward catalyst and cheap and abundant acetic acid or acetic
anhydride as depolymerization reagents. On the one hand
carbon dioxide is formed originated from the carbonate
function of the polymer, which can be captured by an amine to
produce carbamic acid as liquid and high density carbon
dioxide storage."*' Noteworthy, the carbon dioxide can be
easily released by temperature control and may be used for
follow up reactions (e.g. polycarbonate synthesis).'"® On the
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other hand, the low molecular weight compound bisphenol A
diacetate (2) is formed during depolymerization. Chemical 2
can be used in combination with the industrial relevant
diphenyl carbonate (3) for the polymerization of new 1 to close
the cycle. Moreover, 2 can be applied for the synthesis of other
bisphenol A based polymers as well as give access to bisphenol
A (5), which also allows access to numerous types of
polymers.""®During the polymerization reaction of 2 and 3
phenyl acetate is formed, which can be hydrolyzed to acetic
acid and phenol, which can be reacted with carbon dioxide to
reproduce 3.7

Initially, as model reaction for the depolymerization of
bisphenol A based polycarbonates the conversion of dipheny!
carbonate 3 was studied as motif for the repeating unit
(Scheme 2). In more detail, diphenyl carbonate 3 was reacted

5 mol% DMAP 0
MOHBmM) o )I\ + H0 + CO,
——
140°C, 24 h ~o
o} 4; yield: >99%
Ph .\OJJ\O,Ph
5 5 mol% DMAP o}
AcO(Beq) 2 o Jk + CO;
e — ~
140°C, 24 h ©

4 yield: ~89%

Scheme 2. Reactions of diphenyl carbonate as model for polycarbonate with
acetic acid and acetic anhydride [Reaction conditions: 3 {2.0 mmol}, acetic
acid or acetic anhydride (16.0 mmol), 4-dimethylaminopyridine (5.0 mol%,
0.1 mmol), 140 °C, 24 h, yield determined by 'HNMR].

with an excess of acetic acid (8 equiv.) and catalytic amount of
4-dimethylaminopyridine (DMAP, 5.0 mol%) under solvent-free
conditions.™ The mixture was stirred for 24 hours at 140 °C,
meanwhile 3 and DMAP dissolve in the acetic acid.”" After-
wards, chloroform-d1 was added and the mixture was analyzed
by""HNMR. In the aliphatic range of the 'HNMR a new signal
was observed with a chemical shift of 2.29 ppm, which is
assigned to the transesterification product phenyl acetate 4
and revealing the split of the carbonate unit.”? Moreover, the
presence of 4 was verified by “C{'H} NMR (d = 21.2 ppm).
Pheny! acetate 4 was also detected as main product in high
yields if acetic acid was replaced by acetic anhydride under
identical reaction conditions (Scheme 2). The formation of
carbon dioxide, in case of acetic acid and acetic anhydride, was
detected by a positive probe based on an aqueous Ba(OH),-
solution in a fermentation lock connected to the reaction
system.

Afterwards, the protocol was transferred to commercially
available poly(bisphenol A carbonate) 1a pellets (dimension:
~3 mm) using 8 equiv. of acetic acid and 5 mol% DMAP based
on the monomeric unit of 1a (Scheme 3 and Scheme 1, module
A). In contrast to model compound 3, no product formation
was observed, due to poor solubility of 1a in acetic acid.
Therefore dimethylformamide (c(1)=2.0 mol/L) was used as
solvent revealing a clear orange/brown solution after two hours
at 140 “C. The reaction proceeded for a total reaction time of
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5 mol% DMAP

i1OMF, 140°C, 24 h
ar
AcOH 1] hesat, 180 °C2 y
a V. d . i) molatad yield {2): TT% (m = 0.87 g)
o . 15 min, MW ii] canversion of 1a: >09%
JJ\ 0., HO (mixture of 7R = H).5, ratio; 35:43,22)
o’ o i
)
Poly(bsphenal A carbonate) (1) & aurv,
1a = Sigma Aldrich Corp. 5 mol% DMAP
) m=10g; ii): 0.34 g]

ST T

I) OMF, 180 °C, 24 h
or
i} neat, 180 °C,

2: i) isclated yiald: 79% (m = 0.91 g)
15min, MW 2: ii) izolated yisid: 57% (m = 0.41 g}
-Cay Zim=10g)
KOH (3.5 oquiv.|

HyO, MeOH
refiux, 4 h

5 [soizted yield: 55% (m = 431 ma)

Scheme 3. Depolymerization of commercially available pure poly(bisphenol
A carbonate) [Reaction conditions: a) depolymerization: conventional heating:
1a (40 mmol, based on the monomeric unit), acetic acid (320 mmol) or acetic
anhydride (320 mmol), DMAP (5 mol%, 2 mmol), 140 °C, 24 h, work-up;
microwave heating: 1a (1.35 mmol, based on the monomeric unit), acetic
acid (10.8 mmaol) or acetic anhydride (10.8 mmol), DMAP (5 mol%,

0.07 mmol), 180 °C, 15 min, work-up; b) hydrolysis of 2: 2 (3.2 mmol), KOH
(11.2 mmol), MeCH, water, reflux, 4 h, work-up].

24 hours. Afterwards, an aliquot of the reaction mixture was
dissolved in chloroform-d1 and analyzed by NMR. In the
aliphatic range of the "THNMR spectrum two signals with a
chemical shift of 1.65 ppm (C(CH,),) and 2.27 ppm (OC(= O)CH,)
were detected, which are assigned to the depolymerization
product bisphenol A diacetate 2.** Moreover, the presence of
2 was verified by "“C{'H} NMR [= 21.2 ppm (C(CH,).) and
30.9 ppm (OC(= O)CH,}]. After work-up of the reaction mixture
and crystallization from petroleum ether 2 was isolated as
colorless crystals in 79% yield. The same product was formed
applying acetic anhydride as depolymerization reagent in a
yield of 77% (Scheme 3). Moreover, the diacetate 2 was
converted to bisphenol A by basic ester cleavage in 59% yield
for the ester cleavage step or in 48% yield based on the overall
process (Scheme 3 and Scheme 1, module B)P% Interestingly,
bisphenal A can be used for the synthesis of new polycarbon-
ates as well as for other bisphenol A based polymers. In
addition, the microwave assisted depolymerization of 1a was
studied. In this regard, a mixture of 1a, acetic anhydride
(8 equiv., 10.8 mmol) and catalytic amounts of DMAP (5.0 mol
%) were reacted at 180°C for 15 minutes (Scheme 3). Interest-
ingly, no additional solvent was necessary as required for
conventional heating (vide supra). After distilling off the excess
of acetic anhydride (recovered: 53%, 5.7 mmol), which can be
reused for depolymerizations, 2 was isolated in an excellent
yield of 97%. Decreasing the reaction temperature to 160°C
revealed the formation of 2 in excellent yield (>99%, NMR
yield) after 15 minutes. Still good yield (76%, NMR vyield) was
observed with a lower catalyst loading of DMAP (2.5 mol%) at
180°C (15 min, 8 equiv. Ac,0). Furthermore, 14-diazabicyclo
[2.2.2]octane (DABCO) was applied as precatalyst (5 mol%), but
showing a decreased performance (26% vyield, NMR yield).
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Decreasing the amount of acetic anhydride to 4 equivalents led
to the formation of 2 in 96% isolated yield. In case of acetic
acid as depolymerization reagent full conversion (>>99%) of 1a
was detected, but a mixture of bisphenol A (5), bisphenol A
acetate (7) and bisphenol A diacetate (2) were found in a ratio
of 22:43:35 under microwave heating (180°C, 15 min).

After having demonstrated the operability of the depoly-
merization process we transferred the protocol to commodities
containing poly(bisphenol A carbonate) 1. In this regard,
compact discs (CD) and digital versatile discs (DVD) containing
1 as major ingredient were tested (Scheme 4). Beside 1 the

and-of-life
[ comvo H CDIDVD J

option A

; {
: L crushing Hd:ssolunon)—-{hﬂl tiltrat'nnJ
~EERT ey
m=10g
purified option B
polycarbonate ﬂltraEP‘— l filber caks
A
H amlane
: 1
precipitation residus
m=093a
155 wte)
fitker caks filtrate l
drying
mechanical
E recyeling Pc—j option C *
................ reoycling
m=a7q
[
§ mol¥h DMAP
S A0 (8 squiv.) 0 @ 0 o
—_— -~
P Y i) DMF " )J\ GJ'K
o o 140°C, 24 h
n or z
Poly(bisphenc| A carbonate) (1) "}1"59:‘:-“1 BISWC' i)
J aption A. isolated yiekl: 57% (m=7.109)
1b = option A 0 aption B: isolated yiekd: B2% (m = 10.24 g)
1c¢ = option 8 2 q]pﬂonc:lsolatedyleld'ae%{m= 10.86 g)
1d = option C i
P aption C: isalated yield: 98% (m= 412 mg)

Scheme 4. Depolymerization of poly(bisphenol A carbonate) 1 originated
from CDs/DVDs with acetic anhydride [Reaction conditions: conventional
heating: 1b/1¢/1d (40 mmol, based on the monomeric unit), acetic
anhydride (320 mmol), DMAP {5 mol%, 2 mmol), 140 °C, 24 h; microwave
heating: 1a (1.35 mmol, based on the monomeric unit), acetic acid

(10.8 mmol} or acetic anhydride (10.8 mmol), DMAP (5 mol%, 0.07 mmol),
180 °C, 15 min, work-upl.

CDs/DVDs containing additives e.g. metal foils, plastic foils and
dyes, which can potentially inhibit the depolymerization
process. Three different pre-treatment options have been
investigated to study the effect of the additives (Scheme 4). In
case of aption A the CDs/DVDs were crushed into small pieces
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and DMF was added. The mixture was heated to 140 °C and
stirred until 1 was dissolved (ca. 30 min). The clear solution
contained floating materials (metal and plastic foil). To this
mixture catalytic amount of DMAP (5 mal% based on the
monomeric unit of 1) and acetic anhydride (8 equiv. based on
the monomeric unit of 1) was added, while stirring and heating
were continued for 24 hours.

Afterwards, the mixture was cooled to room temperature
and filtered to remove the floating materials. After work-up,
the depolymerization product bisphenol A diacetate 2 was
purified by crystallization and was obtained in 57% yield.*™ In
contrast to option A, in case of option B a hot filtration to
remove floating materials after dissolving 1 was performed
(Scheme 4). The clear solution was subjected to depolymeriza-
tion as described for option A. compared to option A product 2
was isolated in a higher yield of 82%, which revealed the need
for purification to avoid diminishing effects of the CD/DVD
additives. In contrast to option B, for option C the filtrate was
cooled to room temperature after hot filtration, meanwhile the
polymer starts to precipitate, which was assisted by addition of
acetone (Scheme 4). The polymer was filtered off and washed
with acetone. After drying polymer 1 was obtained as colorless
powder in a yield of 87 wt% based on the starting weight of
the CD/DVD. Noteworthy, this pathway can also be applied for
the mechanical recycling of poly(bisphenol A carbonate) 1. The
powder was subjected to depolymerization as described for
option A. Product 2 was isolated in 86% yield, revealing the
necessity for purification of the polycarbonate prior to
depolymerization reactions.

As demonstrated for the commercially available polymer
1a the depolymerization of polymer 1 derived from option C
was performed using microwave heating under neat conditions
(180°C, 5 mol% DMAP, 8 equiv. Ac,0). Product 2 was obtained
in excellent yield (98%) within short reaction time (15 min).

Moreover, attempts were undertaken to capture the carbon
dioxide produced during the depolymerization process
(Scheme 5 and Scheme 1, module C). The formed carbon

n)’LJ\

2 isolated yiokd; B6% (m=10.52q)

Smol% DMAP
Acyl 8 equiv.)

saegl!

Palytbisphenol & carbanata) (1)

o
H
) J'I\ 2]
\NMNH: Tg‘\/\u o

DMF
140°C, 24 h

| .
62 .
T s TYR 7: yinld: 25%
watar, r.t, 24 h

1a

9
H o)l\c-s'

yoeded: %

Scheme 5. Depolymerization of poly(bisphenol A carbonate) and carbon
dioxide capture [Reaction conditions: a) depolymerization: 1a (40 mmol,
based on the monomeric unit), acetic anhydride (320 mmol), DMAP (5 mol%s,
2 mmol), 140 °C, 24 h; b) Carbon dioxide capture: dimethylaminopropylamine
(0.078 mol, 2 M in water, r.t, 24 h].
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dioxide was passed in an aqueous solution of 3-dimethylami-
nopropylamine (2 M) in accordance to the work of Zhang
et al'™ The reaction mixture of the carbon dioxide capture
experiment was investigated by "“C{'"H} NMR methods revealing
the formation of compound 7 with a carbamate function,
which originates from carbon dioxide. Moreover, hydrogen
carbonate was detected.

Applying *C{'HIGNMR methods showed an incorporation
of 25% of produced carbon dioxide in 3-dimethylaminopropyl-
amine and 6% in hydrogen carbonate, which corresponds to an
overall capture of 31%. Interestingly, the carbon dioxide can be
easily released by increasing the temperature of the agueous
solution of 7 and hydrogen carbonate and allows the
generation of carbon dioxide on demand."

After having demonstrated the operability of the depoly-
merization process the polymerization of the depolymerization
product 2 was studied for closing the recycling system
(Scheme 6). In this regard, 2 was reacted with diphenyl

UYL Nisasul

2(1.0 equiv, m =312
4 gl Poly|besphenal & carbonate) (1e)

yiek: 31% (m=080g)

1 met% KO'Bu
2)180°C, 15 mm |
1) 200 °C, 45 mn

(1.6 mbar)

o

-

0" o
3(1.0 souiv, m =214 g)

o
L

4 yield: 37% (1.01 g)
KOH [1.75 squiv )
-KOAs | poo MeOH-dd
reflux, 4 h
PHOH

yleld 58%

Scheme 6. Polymerization of bisphenol A diacetate (2) [Reaction conditions:
a} polymerization: bisphenal-A diacetate (2) (0.01 mol), diphenylcarbonate
(3} {0.01 mol) of potassium tert-butoxide (1.0 mol%, 0.1 mmol), 180°C

(15 min), 200°C (15 min, 1.6 mbar); b) hydrolysis of 4: 4 (3.67 mmol), KOH
(6.43 mmol), MeOH-d4, water-d2, reflux, 4 h, work-up].

carbonate 3 in the presence of catalytic amounts of potassium
tert-butoxide (5 mol%) under solvent-free conditions in a
distillation device.?” The mixture was stirred and heated in an
oil bath to 180°C and was kept for 15 minutes at 180 °C.
Afterwards, the temperature was increased to 200 °C, while
setting up a vacuum (1.6 mbar) at 190 °C. During the utilization
of the vacuum a colourless liquid is distilled off. After 10
minutes no further liquid was collected and the polymerization
process was stopped. The liquid was analysed by 'HNMR
revealing the formation of 4 as major component in 37% yield.
As figured out in Scheme 1 compound 3 and acetic acid can be
regenerated in two steps starting from 4 with an ester cleavage
(Scheme 6). Therefore, compound 4 was subjected to a basic
ester cleavage reaction.”® The reaction mixture was afterwards
analysed by 'HNMR revealing the formation of phenol and
potassium acetate as an acetic acid equivalent. On the other
hand, in the polymerization flask a brown viscous residue was
formed. The residue was dissolved in dichloromethane and a
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powder was precipitated by addition of acetone. The powder
was washed several times with acetone and petroleum ether,
finally yielding an off-white powder, which was analysed by
"HNMR revealing a significant removal of the acetate function,
which indicates the formation of polymer 1e. Moreover, with
GPC analysis of synthesized 1e dissolved in tetrahydrofuran a
number average molar mass of Mn~ 3507 g/mol, a mass
average molar mass Mw ~ 7586 g/mol and a polydispersity of
2.16 was found. In consequence the proposed cycle for the
recycling of poly(bisphenol A carbonate) running via depoly-
merization and polymerization is closed.

In summary, we have set up a straightforward method
based on depolymerization and polymerization for the recy-
cling of end-of-life poly(bisphenol A carbonate). On the one
hand, depolymerization was carried out with acetic acid or
acetic anhydride as a depolymerization reagent to obtain as
well-defined product bisphenol A diacetate in up to 97% yield.
Moreover, carbon dioxide is formed, which was captured by an
amine and can be potentially recycled to produce new poly
(bisphenol A carbonate). On the other hand, bisphenol A
diacetate in combination with diphenyl carbonate can be
applied as starting materials for polymerization chemistry to
produce new poly(bisphenol A carbonate} and therefore
closing the cycle. Future studies will focus on the improvement
of the depolymerization process and the carbon dioxide post-
treatment. Moreover, a life cycle assessment will be carried out
to evaluate the potential for large-scale applications.

Supporting Information Summary

Experimental details for the depolymerization and polymer-
ization reactions, and characterization data of the compounds
are provided in the Supporting Information.
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The main issue with this novel recycling concept is the formation of CO., that is difficult to
fixate and revalorize. Also, acetic anhydride is converted in a stoichiometric fashion resulting
in additional costs. The successful application of DMAP as transesterification catalyst led to
the next article, in which DMAP was used in combination with MeOH as depolymerization
reagent.l?*8! Advantageously, the carbonate function could be conserved either as DMC (4) or
diphenyl carbonate which are formed in good yields along with BPA (1). Importantly, the DMC
(4) yield is significantly affected by the reaction temperature, due to thermal decomposition. In

addition, new PBAC (2) could be regenerated with the recycled building blocks.

42
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Abstract

The chemical recycling, a sequence of depolymerization and polymerization reactions, of end-of-life plastics/polymers can
contribute to a sustainable, resource-conserving and environmental-benign society. In this regard, we have set up a protocol
for the depolymerization of end-of-life poly(bisphenol A carbonate). In more detail, applying a combination of methanol
and catalytic amounts of 4-dimethylaminopyridine (DMAP) end-of-life poly(bisphenol A carbonate) was depolymerized
to bisphenol A and dimethyl carbonate. With the aid of microwave heating an excellent rate of depolymerization (> 99%)
within short reaction times (5 min) and turnover frequencies up to 1164 h™' were achieved. Moreover, it was demonstrated
that phenolysis can be applied under optimized reaction conditions resulting in the formation of the mixture bisphenol A
and diphenyl carbonate, which can be used for the synthesis of new poly(bisphenol A carbonate). In consequence a closed
cycle for poly(bisphenol A carbonate) is feasible.
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applying an alcoholysis, because excellent yields were real-
ized within short reaction times (5 min) using microwave
heating. Remarkably, in the presence of a simple catalyst
excellent turnover frequencies of up to 1164 h™' were
achieved, which are among the highest activities obtained so
far. This research demonstrates also how to close the cycle
to produce new poly(bisphenol A carbonate) from depolym-
erization products.

Introduction

The amount of end-of-life plastics' is steadily increasing
every year [1]. The state-of-the-art treatment for collected
end-of-life plastic streams is subdivided into energy recov-
ery, recycling and (landfill storage?) [2—10]. Disadvanta-
geously, the major treatment method (energy recovery)
converts the carbon based chemical functionalities of the
polymers derived from fossil resources into not “easily”
convertible molecules,” e.g. carbon dioxide, therefore for
new plastics the steadily decreasing fossil resources will
be further decreased [11]. Moreover, the release of the
generated carbon dioxide to the atmosphere increases the
greenhouse effect and in consequence the negative issues
on mankind [12]. On the other hand, treatment of portions
of end-of-life plastics is done by recycling processes (back-
to-plastics). For instance mechanical recycling (material
recycling, material recovery) and downcycling allow the
application of the end-of-life plastic stream as raw mate-
rial for products with same/similar quality or lower quality
with respect to the starting material [13-15]. Noteworthy,
the change of the basic chemical structure is not envis-
aged. However, by repeating the processes and external
influences the properties of the material change and make
further mechanical recycling or downcycling unattractive,
hence this portion is finally send to energy recovery or land-
fills. In consequence, for replacing the plastic material fossil
resources are required. An enhanced resource-conserving
and environmental-benign procedure represents the chemi-
cal recycling of end-of-life plastics [16, 17]. In this regard,
the end-of-life polymer as major component of the plastic is
primarily transformed to low-molecular weight chemicals
(monomers) by depolymerization process. In a following
polymerization the monomers are applied as feedstock for

! Plastics are typically composed of polymers and often other sub-
stances e.g. fillers, plasticizers, colorants.

® Landfill storage depends strongly on local regulations, e.g. in the
European Union landfill storage has been limited to the necessary
minimum (see for instance: reference [2]).

* A high energy input is required to convert carbon dioxide to plas-
tics again.

@ Springer

new polymers and therefore a recycling of polymers/plastics
is feasible. Notably, the quality of the material is not coupled
to the quality of the end-of-life polymer as observed in the
case of mechanical recycling and downcycling, therefore
the quality is adjustable. Conversely, high energy demand,
copolymers, additives, selectivity, and the current low price
for fossil resources for the production of new polymers/plas-
tics etc. impede the successful implementation of chemical
recycling processes [ 18-20]. Therefore, the search for new
methodologies is of importance for realizing the objective
of a more resource-conserving and environmental-benign
society [21]. In this regards, polycarbonates, e.g. bisphenol
A based polymers are a widely used class of polymers e.g.
for optical storage (CD, DVD, Blu-ray) or in artificial glass
applications [22-25]. For the recycling of poly(bisphenol A
carbonate) (1) several protocols have been accounted so far
including mechanical recycling, blending with other materi-
als, pyrolysis (feedstock recycling), biochemical degradation
and chemical recycling (e.g. hydrolysis (hydro)glycolysis,
alcoholysis and aminolysis) [26—64].

For instance the alcoholysis/transesterification, espe-
cially the methanolysis, has been investigated (Fig. 1). In
more detail, the end-of-life poly(bisphenol A carbonate) (1,
PBPAC) reacts in the presence of a catalyst with an excess
of methanol to form bisphenol A (2, BPA) and dimethyl
carbonate (3). In accordance to the industrial protocol, bis-
phenol A (2, BPA) can be reused as monomer in combina-
tion with diphenyl carbonate or phosgene for the synthesis of
new poly(bisphenol A carbonate) (1) [65]. For the mixture of
dimethyl carbonate (3) and methanol applications in organic
chemistry has been proposed [66, 67]. Moreover, the utili-
zation of phenol instead of methanol as depolymerization
reagent results in the formation of bisphenol A (2, BPA)
and diphenyl carbonate (4, DPC) the starting chemicals for
the synthesis of poly(bisphenol A carbonate) (1). We report
herein our investigations on the chemical recycling of end-
of-life 1 (Fig. 1) [68, 69]. In more detail, the concept bases
on a fast depolymerization of 1 via methanolysis or phe-
nolysis applying microwave irradiation (MW) [70], which
has been demonstrated to be beneficial for depolymerization
reactions to obtain significant amounts of product within
short reaction times [62-64]. As catalyst we have chosen the
organocatalyst DMAP (4-dimethylaminopyridine), which
revealed some catalyst activity applying conventional heat-
ing, but high loadings and long reaction times are required
[31].

Results and Discussion
Initially, the depolymerization of commercially avail-

able poly(bisphenol A carbonate) (1a) pellets (dimen-
sion:~3 mm) was studied (Table 1). In this regard, 1a
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Fig. 1 Concept for the chemical recycling of poly(bisphenol A carbonate) with alcohols

(1.35 mmol) was reacted with an excess of methanol
(46.2 equiv.) in the presence of catalytic amounts of
4-dimethylaminopyridine (DMAP, 5.0 mol% based on the
monomeric unit of 1). Noteworthy, no additional solvent
was necessary since the methanol acts as reactant as well
as solvent [71]. The mixture was stirred in a sealed vial for
10 min at 180 °C in a microwave reactor (Table 1, entry
1). After 2-3 min the suspension became a clear colorless
solution. Afterwards, the mixture was cooled to room tem-
perature and an aliquot was dissolved in chloroform-d and
the mixture was analyzed by '"H NMR. In the aliphatic range
of the "H NMR spectrum one signal with a chemical shift of
1.60 ppm (C(CH,),) was observed, which is assigned to the
depolymerization product bisphenol A (2) [72]. Moreover,
in the aromatic region two sets of signals were observed,
which can be assigned to the two sets (2 X 4H) of aromatics
C-H in the bisphenol A molecule. Interestingly, no other
signals were detected in the aromatic region, which may
arise from oligomers/polymers of poly(bisphenol A car-
bonate), hence full conversion of 1a to 2 is reached within
10 min. Noteworthy, in comparison to conventional heating
(100 °C) 2 was obtained in significantly shorter reaction
(10 min vs. 3.25 h) times and lower catalyst loading (5 mol%
vs. 10 mol%) [31].% Also the second depolymerization

* The main focus of the work of Quaranta and coworkers was the
application of DBU as the catalyst, therefore the results were not opti-
mized for DMAP.

product dimethyl carbonate (3) was detected by 'H NMR
revealing a signal at 3.77 ppm (2 X CH,) [73]. Relating the
integral of dimethyl carbonate to the integrals of bisphe-
nol A revealed a lower yield of 57% for 3 (expected: ratio:
3:2[6H, 2xCH,]:2[8H, Ar-H]=6:6:8; found: 3:2[6H,
2x CH;]:2[BH, Ar-H]=3.4:6:8). Since the formation of 2
is coupled with the formation of 3, a decomposition reaction
of 3 may appear, while reducing the reaction time to 5 min
showed a higher yield for 3 of 69% accompanied by a yield
of >99% of 2 (Table 1, entry 2). The decomposition of the
carbonate function of 1a or 3 may occur in the presence
of small amounts of water [26, 34-40]. Based on that, we
studied the stability of dimethyl carbonate under reaction
conditions (5 mol% DMAP, MeOH, 160 °C, 10 min). In the
absence of water no decomposition was observed, while in
the presence of two equivalents of water a conversion of 29%
of 3 was detected. Same effect was noticed in case of addi-
tion of water to the depolymerization of 1a. Furthermore, a
decarboxylation of 3 at higher temperatures can take place
to form carbon dioxide and dimethyl ether [74-76].
Moreover, the stability of bisphenol A under reaction
conditions (methanol, S mol% DMAP, 180 °C, 60 min) was
studied, since some research groups reported on the decom-
position at higher temperatures, but no decomposition was
noticed in our case [30, 32, 40, 46]. Additionally, the stabil-
ity of DMAP under reaction conditions (methanol, 180 °C,
60 min) was studied, but no decomposition was noticed.
Next, the loading of DMAP was studied, showing still good
performance at 0.5 mol% with a yield of 97% for 2 and
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Table 1 DMAP-catalyzed depolymerization of poly(bisphenol A carbonate) 1a

O O )OI\ catalyst 0 O - 0
o o n MeOH, MW i i MeO OMe
Poly(bisphenol A carbonate) (1a) 2 3

Entry* Catalyst (mol%) MeOH (equiv.} Solvent (g) T (°C) t (min) Yield BPA (%)° Yield DMC (%)*
1 DMAP [5.0] 46.2 - 180 10 >99 57

2 DMAP [5.0] 46.2 - 180 5 =99 69

3 DMAP [2.5] 46.2 - 180 10 >99 64

4 DMAP [1.0] 46.2 - 180 10 >99 63

5 DMAP [0.5] 46.2 = 180 10 97 55

6 None 46.2 - 180 10 <1 <1¢
7 DMAP [5.0] 23.1 - 180 10 >99 58

8 DMAP [5.0] 11.6 THF [1.5] 180 10 >99 88

9 DMAP [5.0] 5.8 THF [1.75] 180 10 ’4 53

10 DMAP [5.0] 2.9 THF [1.88] 180 10 60 35

11 DMAP [5.0] 46.2 - 160 10 >99 57

12 DMAP [5.0] 46.2 - 140 40 >99 80

13 DMAP [5.0] 46.2 THF [1.0] 140 40 >99 77

14 DMAP [5.0] 46.2 THF [1.0] 120 60 sl 45

15 DABCO [5.0] 46.2 - 180 10 94 56

16 Pyridine [5.0] 46.2 - 180 10 80 45

*Reaction conditions: poly(bisphenol A carbonate) (1a) (1.35 mmol), DMAP (0-5 mol%, 0-0.0675 mmol based on the repeating unit of 1a),
methanol (2.9-46.2 equiv. based on the repeating unit of 1a), THF (0-1.875 g) microwave heating, 120-180 °C, 5-60 min

"The yield was determined by 'H NMR
“The yield was determined by '"H NMR
4999 of the starting polymer 1a was recovered

55% for 3, while in the absence of DMAP no reaction took
place (Table 1, entries 3—6). Noteworthy, the NMR vyield
of 97% corresponds to a turnover frequency (TOF) of ca.
1164 h™!. Comparing the results with established catalysts
revealed catalyst activity in the same order of magnitude,
e.g.~ 1164 h™' (DMAP, methanolysis) versus ~ 1844 h™'
(KF, methanolysis) [68] versus~78 h™' (DMAP, Ac,0
as depolymerization reagent) [61] and an increased activ-
ity compared to conventional heating ~ 1164 h™' (DMAP,
180 °C, MW) versus~3 h~' (DMAP, 100 °C, conventional
heating) [31]. Moreover, with respect to the principle of
operation of DMAP a similar mechanism as reported by
Quaranta et al. is contemplated [31]. Furthermore, the

% The TOF was calculated: (mole product/mole catalyst)*h~!. The
TOF was calculated using the yield of 2 after 10 min, because the
determination of the TOF at a yield of 50% was not possible, due to
the technical limits and precipitation of the polymer.

@ Springer

influence of the methanol:1 ratio was investigated (Table 1,
entries 7-10). Reducing the amount of methanol to 11.6
equiv. revealed still excellent yield of 2 (>99%) and good
yield of 3 (88%). Noteworthy, below 23.1 equiv. of methanol
THF was added as co-solvent to fulfill the minimum volume
requirement for microwave heating (Table 1, entries §-10).
With 11.6 equiv. methanol a higher yield was observed,
which may be due to better solubility/faster solution of the
polymer in THF. Decreasing the amount of methanol to
2.9 equiv. resulted in the formation of 2 and 3 in decreased
yields, which indicates that the underlying process might
be an equilibrium, which can be effected by the methanol
concentration (Table 1, entries 9, 10). Then the effect of the
reaction temperature was studied (Table 1, entries 11-14),
Excellent yields of 2 and moderate yields of 3 were detected
at a temperature of 140 °C, but a longer reaction time of
40 min was required (Table I, entries 12, 13). A further
decrease to 120 °C gave 85% of 2 and 45% of 3 after 60 min
and includes the addition of THF for solubility reasons
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(Table 1, entry 14). Moreover, poly(bisphenol A carbonate)
(1a) was reacted with methanol (46.3 equiv.) in presence
of DMAP (1.0 mol%) at 180 °C for 5 min and afterwards
the depolymerization products were isolated. In this regard,
after the reaction was stopped the reaction mixture was
subjected to distillation. Methanol and dimethyl carbonate
were quickly removed in vacuum to avoid any back reaction
(polymerization) and were collected at low temperature. Due
to the formation of an azeotrope of methanol and dimethyl
carbonate the mixture was not separated (see for instance
and references therein: [77]). The solid residue of the reac-
tion mixture was dissolved in hot toluene and by cooling to
room temperature bisphenol A crystallizes from the solu-
tion. After filtration and drying bisphenol A was obtained
in 92% yield. After having demonstrated the operability of
the depolymerization protocol we transferred the procedure
to commodities containing poly(bisphenol A carbonate) (1).
In this regard, an end-of-life digital versatile disc (DVD)
based on 1b as major component was investigated (Fig. 2).
Beside polymer 1b the DVDs containing additives e.g. metal
foils, plastic foils and dyes, which can potentially inhibit
the depolymerization process. The DVD was crushed into
small pieces and THF was added. The polymer 1b dissolved
within 30 min under refluxing conditions, while the label
and foils didn't dissolve under these conditions. The mixture
was filtered to remove the unsolvable components. Notewor-
thy, the aluminum foil can potentially also be subjected to
aluminum recycling. The THF was removed in vacuum and
was recycled for dissolving a fresh portion of end-of-life
DVDs. The residue was washed with acetone and dried in
vacuum to yield a (colorless) solid.® The polymer 1b was
obtained in a yield of 82 wt% based on the starting weight
of the DVD. Importantly, this strategy can also be applied
for the mechanical recycling of poly(bisphenol A carbonate)
(1b). Afterwards, the powder was subjected to the depolym-
erization process. In this regard, a mixture of 1b, methanol
and catalytic amounts of DMAP (1 mol%) were heated in a
microwave reactor for 5 min at 180 °C (Fig. 2). An analysis
of the sample by '"H NMR revealed a conversion of > 99%
and a yield of > 99% for 2 and 93% for 3. Interestingly, in
comparison to the commercially available polymer 1a a
higher yield of 3 was realized. Bisphenol A was isolated in
85% as crystalline solid. In addition, a conventional heating
strategy was used for depolymerization of 1h. A mixture of
1b, methanol and catalytic amounts of DMAP (1.0 mol%)
were heated in an oil bath for 48 h at 80 °C. Noteworthy, for
solubility reasons THF was added as solvent. However, the
addition of methanol to a hot solution of 1b and DMAP in
THEF resulted in the formation of a precipitate, which disap-
peared after ~36 h to obtain a clear solution. An analysis of

% The color of the polymer depends on the starting CDs/DVDs.

the sample after 48 h by 'H NMR revealed a conversion of
81% and a yield of 81% for 2 and 63% for 3. Bisphenol A
was isolated in 67% as crystalline solid. In order to maintain
a homogeneous reaction mixture the experiment was modi-
fied. The methanol was added slowly to a THF solution of
1b and DMAP via a syringe pump during a period of two
hours. Importantly, no precipitation was observed.

After 24 h an improved NMR yield of 77% for 2 and
67% for 3 was found. Moreover, the depolymerization was
performed with the THF solution of 1b after the filtration
step, therefore the precipitation-, washing-, and drying steps
were excluded (Fig. 2). To an aliquot of the filtered solution
methanol and catalytic amounts of DMAP were added and
the mixture was subjected to microwave heating (180 °C,
5 min). Based on the initial weight of the DVD bisphenol A
was isolated in 54 wt% yield.

Finally, we investigated the use of phenol instead of
methanol as depolymerization reagents (Fig. 3). In this
regard, the depolymerization experiment of 1b (option B)
was performed with an excess of phenol (23.1 equiv.), cata-
lytic amounts of DMAP (5.0 mol%) and THF for solubility
reasons. After 10 min at 180 °C the reaction mixture was
analyzed by "H NMR and 2 was detected in 77% yield. 2
and 4 were isolated in 57% and 56% respectively by col-
umn chromatography. Moreover, the same experiment was
carried out, but distilling of the phenol from the reaction
mixture in vacuum. The obtained phenol can be reused for
next depolymerization processes. During distillation process
a reaction between 2 and 4 occurred forming poly(bisphenol
A carbonate) (1¢), since the conditions are in accordance
to polymerization conditions (see for instance and refer-
ences therein: [78]). Therefore, the mixture of the depo-
lymerization can be used directly for the production of new
poly(bisphenol A carbonate) (1). 1e was isolated in 44%
yield. Beside NMR techniques a THF solution of polymer
1c was characterized with GPC analysis, revealing a num-
ber average molar mass of Mn~ 3289 g/mol, a mass aver-
age molar mass Mw ~ 7319 g/mol and a polydispersity of
2.23. In consequence the proposed cycle for the recycling of
poly(bisphenol A carbonate) proceeding via depolymeriza-
tion and polymerization is closed (Fig. 1).

Conclusion

In summary, we have installed a straightforward proce-
dure based on depolymerization and polymerization for
the recycling of end-of-life poly(bisphenol A carbonate).
The depolymerization was carried out applying methanol
or phenol as depolymerization reagents producing bisphe-
nol A and dimethyl carbonate/diphenyl carbonate as low
molecular weight products. Excellent performance with
TOFs up to 1164 h™! was observed in the presence of
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Fig.2 Depolymerization of poly(bisphenol A carbonate) (1b)
originated from DVDs with methanol [Reaction conditions: micro-
wave heating: 1h (1.35 mmol, based on the monomeric unit),
methanol (23.1-463 equiv., 31.2-62.4 mmol), DMAP (1.0 mol%,

catalytic amounts of DMAP at 180 °C within short reac-
tion times (5 min) using microwave heating. Moreover,
the protocol was applicable for poly(bisphenol A carbon-
ate) depolymerization attained from end-of-life DVDs.
Bisphenol A in combination with diphenyl carbonate

@ Springer

0.0135 mmol), 180 °C, 5 min, work-up; conventional heating: 1b
(13.5 mmol, based on the monomeric unit), methanol (23.1 equiv.,
312 mmol), DMAP (2.5 mol%, 0.34 mmeol), 80 °C, 48 h, work-up]

could be reused as monomer for the production of new
poly(bisphenol A carbonate) and therefore allowing a
partial recycling, while the mixture dimethyl carbonate/
methanol can be applied as reagent in organic transfor-
mations. Future research will focus on the improvement
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5.0 mol% DMAP
—

THF, 180 °C,
10 min, MW

PhOH (23.1 equiv.)
»

O Q oio

Poly(bisphenol A carbonate) (1b)

Fig. 3 Depolymerization of poly(bisphenol A carbonate) (1a) with
phenol and subsequent polymerization [Reaction conditions: depol-
ymerisation—microwave heating: l1a (1.35 mmol, based on the
monomeric unit), phenol (23.1-23.1 equiv., 31.2 mmol), DMAP

of catalyst activity, scale-up of the process and potential
industrial applications.
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Overall, a good maximum TOF of 1164 h* was observed (0.5 mol% DMAP, 180 °C, 10 min,
46.2 eq. MeOH). However, catalysts with higher activity and lower costs should be found.
Therefore, in the next article simple, inexpensive and non-toxic alkali metal halides were
investigated.*” All investigated potassium salts revealed catalytic activity while among the
sodium salts only the bromide and iodide were active. This indicates, that the catalytic activity
is not generally attributable to either the cation or the anion. It is more likely resulting from a
cooperative effect between both. Surprisingly, the observed TOF of 1844 h'! for KF was under
comparable reaction conditions (0.5 mol% KF, 180 °C, 5 min, 46.2 eq. MeOH) slightly higher
than for DMAP (TOF 1164 h%). Although microwave heating promoted a rapid
depolymerization at elevated temperature (180 °C, 5 min, 87% yield for BPA (1)), conventional
heating (80 °C, 48 h, 86% yield for BPA (1)) in the presence of THF as co-solvent leads to a
comparable isolated yield of BPA (1).
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Abstract: Chemical recycling, composed of depolymeriza-
tion and polymerization, of end-of-life polymers (plastics)
can contribute to a sustainable and resource-conserving
society. In this respect, we have installed a straightforward
procedure for the first step (depolymerization) of the
chemical recycling of end-of-life poly(bisphenol A
carbonate). Operating with a combination of methanol and
catalytic amounts of potassium fluoride end-of-life poly
(bisphenol A carbonate) was depolymerized to the building
blocks bisphenol A and dimethyl carbonate. With the
assistance of microwave heating, an excellent rate of
depolymerization (>99%) was observed within short reac-
tion times (5min) and turnover frequencies up to
~1844 h™" were realized. Noteworthly, bisphenol A and
dimethy!| carbonate could be applied as monomers for new
poly(bisphenol A carbonate), therefore a closed cycle for
poly(bisphenol A carbonate) is feasible. P

The quantity of end-of-life plastics" is steadily increasing.” The
state-of-the-art management for collected end-of-life plastic
streams is segmented into energy recovery, recycling and
landfill storage.”* The major handling procedure, the energy
recovery, transforms the carbon based chemical functions of
the polymers into not “easily” convertible molecules,”™ such as
carbon dioxide, hence for new plastic materials the steadily
decreasing fossil resources will be further shortened.” Impor-
tantly, the release of the carbon dioxide to the atmosphere
increases the greenhouse effect, which has negative effects on
current and future society.” In case of landfill storage the
plastic waste stream is permanently or long-term stored at
strictly protected areas to avoid contamination of, e.g., soil or
(ground)water. Notably, the deposition of plastic streams in
landfills removes resources from the technical cycle. The release
of toxic/polluting chemicals (e.g., greenhouse gases) caused by
chemical, physical, and biological processes in the landfill
occur® Another portion of the end-of-life plastics are used as
feedstock for new plastic products (back-to-plastics). This treat-
ment is divided into mechanical recycling (material recycling,
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material recovery), which allows the production of materials
with similar/equal quality/abilities with respect to the starting
end-of-life plastics, and downcycling, which produces plastics
with lower quality with respect to the starting material."”
Significantly, no transformation of the basic chemical structure
is intended. Nevertheless, by repeating the mechanical recy-
cling external effects reduce the quality of the plastics and
therefare makes further mechanical recycling/downcycling not
useful, hence this portion is directed to energy recovery. In
consequence, for new plastic material fossil resources are
necessary. An alternative can represent the chemical recycling
of end-of-life plastics via the depolymerization of the end-of-life
polymer (major component of plastics) to produce low-
molecular weight chemicals."” In a subsequent polymerization
reaction the monomers are utilized as feedstock for new
polymers/plastics. Overall a recycling process is achievable.
Remarkably, the quality of the new plastic is not coupled to the
quality of the end-of-life polymer, hence the guality is adjust-
able on demand. Unfortunately, high energy demand, copoly-
mers, additives, selectivity, and the current low price for fossil
resources hinder the operation of chemical recycling."” There-
fore, the search for novel pracedures is of high significance ™™
For instance polycarbonates, e.g. bisphenol A based polymers,
are a extensively used polymer class, e.g. for optical storage
(CD, DVD, Blu-ray) or as synthetic glass."® For the recycling of
poly(bisphenol A carbonate) (1) several procedures have been
stated, including mechanical recycling, blending with other
materials, pyrolysis (feedstock recycling), biochemical degrada-
tion and chemical recycling (e.qg. hydrolysis, (hydro)glycolysis,
alcoholysis and aminolysis).!"®"”

In the field of chemical recycling the alcoholysis has been
intensively studied (Scheme 1). In more detail, the end-of-life
poly(bisphenol A carbonate) (1, PBPAC) reacts in the presence
of a catalyst with an excess of methanol to form bisphenol A (2)
and dimethyl carbonate (3) as depolymerization products.
Bisphenol A (2) can be applied as monomer in combination
with diphenyl carbonate or phosgene in the industrial synthesis
of new poly(bisphenol A carbonate) (1). For the mixture of
dimethy| carbonate (2) and methanol applications in organic
chemistry have been suggested as well as the transformation to
diphenyl carbonate, which allows an overall recycling of 1.
However, in most cases long reaction times are required to
reach full conversion of 1 and/or expensive catalysts are used.

For instance lannone et al. reported on the application of
ionic liquids in combination with zinc oxide nanoparticles in the
alcoholysis of paly(bisphenal A carbonate) (1)."*" The group
proposed an activation of the alcohol by hydrogen bonding
interaction of the anion of the ionic liquid, which increase the
nucleophilicity of oxygen of the OH-group. Moreover, an

© 2019 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim
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Scheme 1. Concept for the chemical recycling of poly(bisphenol A carbonate) via methanolysis.

Table 1. Alkali metal halide-catalyzed depolymerization of poly(bisphenol A carbonate) 1a.

J O L) o - A
MaDH, MW Q @ MeD” OM
“ - ° HO OH ° °
Polyibisphanc| A carsonate) (1a) 2 3
Entry™ Catalyst Catalyst loading [mol%)] MeOH T°Cl t [min] Yield BPA (2) [96]™ Yield DMC (3) [%6]
[equiv.]
1 - = 463 180 10 <1 2
2 KF 10.0 46.3 180 10 =99 67
3 KF 25 46.3 180 10 =99 75
4 KF 25 463 180 5 =99 69
5 KF 1.0 46.3 180 10 =99 59
6 KF 0.5 46.3 180 5 =99 53
7 KF 1.0 23.1 180 5 =99 =99
gl KF 25 23.1 180 10 =099 64
9 KF 5.0 116 180 10 65 64
108! KF 2.5 11.6 180 10 93 69
11 KF 25 46.3 160 5 97 60
12 KF 25 46.3 160 10 >99 65
13 KF 25 46.3 140 30 =99 59
14 NaF 25 23.1 180 10 <1 <1
15 Licl 25 23.1 180 10 >99 77
16 NaCl 25 23.1 180 10 <1 <1
17 LiBr 25 23.1 180 5 =99 63
18 NaBr 25 23.1 180 5 99 87
19 KBr 25 231 180 5 =99 52
20 Nal 25 23.1 180 5 =99 83
21 KI 25 23.1 180 5 99 82

[a] Reaction conditions: poly(bisphenol A carbonate) 1a (Sigma Aldrich, 1.35 mmol), alkali metal halide (0-10 mol%, 0-0.135 mmol based on the repeating
unit of 1a), methanol (11.6-46.3 equiv. based on the repeating unit of 1a}, microwave heating, 120-180°C, 5-30 min. [b] The yield was determined by 'H
NMR. [c] The yield was determined by "H NMR. [d] 99% of the starting polymer 1a was recoverd. [e] THF (1.5 g) was added as solvent,

activation of the carbonyl function of the organic carbonate by
the zinc oxide was assumed. In this regard, we wonder if simple
metal halides, based on low-cost and earth-abundant alkali
metal ions are able to mimic this transformation of carbonate
functionalities and act as dual catalyst via activation of the
alcohol by hydrogen bonding interactions with the halide anion
and activation of the carbonyl function of the organic carbonate
by Lewis acid-base interaction with the alkali metal cation.'”
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Based on that, we report herein our study on the chemical
recycling of end-of-life 1 via alkali metal halides catalysis
(Scheme 1).

Initially, the depolymerization of commercially available
poly(bisphenol A carbonate) (1a) pellets (dimension; ~3 mm)
was investigated (Table1). In this regard, polymer 1a
(1.35 mmol based on the monomeric unit) was reacted with an
excess of methanol (46.3 equiv.) in the presence of catalytic

© 2019 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim



amounts of potassium fluoride (10.0 mol% based on the
monomeric unit of 1).

Remarkable, no extra solvent was necessary, because
methanol acts as both reactant and solvent. The reaction
mixture was stirred in a sealed glass vial, which was placed in a
microwave reactor, at 180°C for 10 minutes (Table 1, entry 2).
After approximately 3 minutes the suspension turned to a clear
colorless solution. Subsequently, the reaction mixture was
cooled to room temperature and an aliqguot was dissolved in
chloroform-d for "H NMR analysis. In the aliphatic field of the 'H
NMR spectrum one signal with a chemical shift of 1.60 ppm (C
(CH,),, 6H) and in the aromatic field two sets of signals (2x4H)
of aromatics C-H were detected, which are assigned to the
depolymerization product bisphenol A (2)."” Moreover, the
second depolymerization product dimethyl carbonate (3) was
monitored by 'H NMR revealing a signal at 3.77 ppm (2xCH,,
6H).""" Importantly, no other aromatic signals and signals in the
adjacencies of (C(CH,),) were observed, revealing full conversion
of 1a, >99% NMR yield of 2 and excellent performance of the
catalyst. The NMR yield of 3 was obtained by relating the
integral of the dimethyl carbonate signal (2xCH,) to the
integrals of bisphenaol A (expected ratio: 3:2[6H, 2xCH.]:2[8H,
Ar-H]=6:6:8; found: 3:2[6H, 2xCH,]:2[8H, Ar-H]=4:6:8).
Based on that, a NMR yield of 67% for 3 was achieved. The
formation of 2 is coupled with the formation of 3, therefore the
same yield should be obtained. However, a decomposition
reaction of 3 via decarboxylation pathways may occur??
Importantly, in the absence of KF no depolymerization products
were formed and polymer 1a was recovered, showing the need
for catalytic amounts of KF (Table 1, entry 1). Next the loading
of KF was investigated, demonstrating still activity at 0.5 mol%
with a yield of >99% for 2 and 53% for 3 within 5 min, which
corresponds to a turnover frequency (TOF)®' of ~1844 h''
(Table 1, entries 1-6). In addition, the influence of the methanol
loading was studied (Table 1, entries 7-10). Reducing the
amount of methanol to 11.6 equiv. with respect to 1a showed a
reduced yield of the depolymerization products (Table 1,
entry 9). Performing the same experiment with THF as solvent
revealed a better yield of 2 and 3 at lower KF loading (Table 1,
entry 10). Afterwards the influence of the reaction temperature
was investigated (Table 1, entries 11-13). Excellent yield of 2
and moderate yield of 3 were observed at a reaction temper-
ature of 140°C, nevertheless a longer reaction time of 30
minutes was essential (Table 1, entries 12-13). Finally, different
alkali metal halides were tested in the depolymerization of 1a
(Table 1, entries 14-21).%" Excellent performance was found
with NMR vyields of >99% for 2 and good yields of 52-87% for
3, while in case of sodium chloride no reactivity was observed.

In addition, the reaction was performed on a larger scale.
Poly(bisphenol A carbonate) 1a (4.05 mmol) was reacted with
methanol (23.1 equiv.) in the presence of KF (1.0 mol%) at
180°C for 5min and the depolymerization products were
detected in 98% (2) and 72% (3) by 'H NMR. Afterwards the
reaction mixture was subjected to distillation. Methanol and
dimethyl carbonate 3 were quickly removed in vacuum and
were collected at low temperature to avoid any backward
reaction (oligomerization/polymerization). A bisphenol A (2)
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free mixture was obtained, which was not separated due to the
formation of an azeotrope of methanol and dimethyl carbonate.
The leftover in the reaction flask was dissolved in hot toluene
and by cooling to room temperature bisphenol A crystallizes
from the solution, which was further supported by storing the
solution in a freezer. After filtration and drying bisphenol A was
obtained in 79% yield and high purity.

After having verified the operability of the alkali metal
halide depolymerization procedure we applied the protacol for
the depolymerization of commodities containing poly(bisphe-
nol A carbonate) 1. As commaodity a digital versatile disc (DVD)
with 1b as major component was investigated (Scheme 2). The
DVD is a composite material, because together with polymer
poly(bisphenol A carbonate) (1b) the DVD contains additives
e.g. metal foils, plastic foils and dyes. For separation of the
components a DVD (1xDVD=16.7 g) was crushed into small
pieces and THF (100 mL) was added. The mixture was heated to
reflux (~80°C) for 30 min. Within the time frame 1b was
dissolved in THF, while the label, foil and aluminum foil didn't
dissolve under these conditions. Importantly, the metal foil
potentially can be also subjected to recycling processes. Note-
worthy, some dyes were dissolved in THF giving a colorful
solution. The polymer containing solution can be easily
separated by filtration. The THF was removed in vacuum and
was collected for recycling for dissolving a fresh portion of
DVDs. The solid residue was washed with acetone to remove
e.g. dyes and dried in vacuum to yield.”® The polymer 1b was
obtained in a yield of 82 wt% (13.7 g) based on the starting
weight of the DVD. Importantly, at this stage 1b can also be
applied for the mechanical recycling, if the polymer quality is
sufficient. At this point the powder is applicable for depolyme-
rization process.

Initially, a THF solution™® of 1b obtained by option A was
charged with KF (2.5 wt%) and methanol (25 weight equiv.) and
subjected to microwave heating at 180°C for 5 min. Note-
worthy, the addition of methanol caused a precipitation of 1b
from solution. However, after the reaction was carried out a
clear solution was noticed. An analysis of the reaction mixture
by 'H NMR revealed a conversion of > 99% for 1b and a yield of
>99% for 2 as well as 3, demonstrating the robustness of the
system. From the reaction residue bisphenol A was isolated in
35 wt% as crystalline solid, based on the weight of the starting
DVD. Next, the polymer 1b obtained via option B was tested in
the depolymerization reaction.

Under standard microwave conditions (180°C, 5 min,
2.5 mol% KF, 23.1 equiv. MeOH) a 'H NMR yield of 98% for 2
and 79% for 3 was monitored and 2 was isolated in 87% vyield.
Similar results (>>99% for 2 and 63% for 3) were obtained with
LiCl (5.0 mol%), but at higher loading and longer reaction time
(10 min). Moreover, the depolymerization of the polymer 1b
obtained via option B was performed applying a conventional
heating approach. A mixture of 1b, methanol and catalytic
amounts of KF (2.5 mol%) were heated in an oil bath for
48 hours at reflux (oil bath temperature: 80°C). Importantly, for
solubility reasons THF was added to increase the concentration
of 1b in solution. Nevertheless, the addition of methanol to a
hot THF solution of 1b and catalytic amounts of KF resulted in

361 © 2019 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim
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Scheme 2. Depolymerization of poly(bisphencl A carbonate) 1b originated from DVD with methanol [Reaction conditions: microwave heating: 1b (1.35 mmol,
based on the monomeric unit), methanol (23.1 equiv,, 31.2 mmol), KF {2.5 mol%, 0.034 mmol), 180°C, 5 min, work-up; conventional heating: 1b (13.5 mmol,
based on the monomeric unit), methanol (23.1 equiv, 312 mmol), KF (2.5 mol%, 0.34 mmol), 80°C, 48 h, work-up].

the formation of a precipitate, which disappeared after
~12 hours to obtain a clear solution. An analysis of the sample
after 24 hours by 'H NMR revealed a yield of 52% for 2 and 27%
for 3. Additional 24 hours increased the yield to 99% for 2 and
67%. Bisphenol A was isolated in 86% as crystalline solid. Based
on the precipitation of the polymer 1b after addition of
methanol in one shot, another experiment was carried out
using a syringe pump for slow dosage of methanol (2 hours).
Notably, no precipitation of 1b was observed. After 24 hours a
NMR yield of 75% for 2 and 58% for 3 was monitored.

In summary, we have established an easy to adopt
depolymerization protocol for the conversion of end-of-life poly
(bisphenol A carbonate). The depolymerization was performed
using methanol as depolymerization reagents producing bis-
phenol A and dimethyl carbonate/diphenyl! carbonate as low
molecular weight chemicals in the presence of catalytic
amounts of cheap and abundant alkali metal halides. Excellent
activity with TOFs up to 1844 h~' was observed using potassium
fluoride. The depolymerization products were obtained in short
reaction times (5 min) at 180°C using microwave heating.
Moreover, the procedure was applicable for poly(bisphenol A
carbonate) depolymerization obtained from end-of-life DVDs.
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Future work will focus on the understanding of the underlying
reaction mechanism for improving the activity of the system
and a scale up of the depolymerization process.
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Based on the successful application of alkali metal halide catalysts to the methanolysis, we
wondered if this system can be transferred to phenolysis.**®l For practical reasons, an
additional solvent was required to dissolve the solid depolymerization reagent. Although
comparably higher temperatures and longer reaction times were required, to achieve
comparable yields to methanolysis, the major advantage of the phenolysis protocol is the
increased vyield for the carbonate building block, as it is less prone to decomposition. The

obtained monomers can be reconverted to PBAC (2) without extensive purification.
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Recycling of End-of-Life Poly(bisphenol A carbonate) via
Alkali Metal Halide-Catalyzed Phenolysis

Christoph Alberti,” Felix Scheliga,” and Stephan Enthaler*®

The chemical recycling of end-of-life plastic waste streams can
contribute to a resource-conserving and sustainable society.
This matter of recycling is composed of a sequence of
depolymerization and subsequent polymerization reactions. In
this regard, we have studied the chemical recycling of end-of-
life poly(bisphenol A carbonate) applying phenol as depolyme-
rization reagent. In the presence of catalytic amounts of alkali
metal halides as products bisphenol A and diphenyl carbonate
were obtained in excellent turnover frequencies of up to
1392 h™' and short reaction times. These depolymerization
products offer the straightforward possibility to close the cycle
by producing new poly(bisphenol A carbonate) and as second
product phenol, which can be reused for further depolymeriza-
tions.

Every year, a steadily increasing amount of end-of-life plastics'”
is generated, which is originated from non-renewable
resources.””’ The established management for collected end-of-
life plastic streams is composed of energy recovery, mechanical
recycling, downcycling and (landfill storage).”** Disadvanta-
geously, all these methods finally transform the carbon-based
chemical functionalities of the polymers into greenhouse gases
(e.g. carbon dioxide), therefore a negative impact on the
ecosphere/anthroposphere results and for new plastics fossil
resources are needed.*” A potentially more resource-conserv-
ing and environmental-benign methodology is the chemical
recycling.?’ Initially, the end-of-life polymer is converted via
depolymerization processes to low-molecular weight chemicals,
which can be used as feedstock in subsequent polymerization
processes to produce new polymers/plastics. Notably, linking
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the depolymerization and the polymerization makes a recycling
of polymers/plastics feasible. Moreover, chemical recycling
allow a decoupling of the quality/abilities of the new polymer
from the quality/abilities of the end-of-life polymer as noticed
in the case of mechanical recycling and/or downcycling. Never-
theless, some issues hamper the implementation of chemical
recycling, e.g. high energy demand, copolymers, additives,
selectivity, and the current low price for fossil resources.”
Consequently, the development of new chemical recycling
methodologies is of significance for reaching the goal of a
sustainable society."®""

For instance poly(carbonates), e.g. based on bisphenol A,
are widely applied components in plastics, e.g. used in optical
storage (CD, DVD, Blu-ray) or as artificial glass."” Until now for
the recycling of poly(bisphenol A carbonate) (1) (PBPAC) a
number of methodologies have been described including
mechanical recycling, blending with other materials, pyrolysis
(feedstock recycling), biochemical degradation and chemical
recycling (e.g. hydrolysis, (hydro)glycolysis, alcoholysis and
aminolysis)."*"? Especially, the methanolysis (transesterification
with methanol) has been extensively studied. In more detail
mixtures of polymer 1 and an excess of methanol are converted
to bisphenol A and dimethyl carbonate in presence of
catalysts>™ The bisphenol A can be easily isolated and
potentially reused for the synthesis of new poly(bisphenol A
carbonate) (1). Conversely, the second product dimethyl
carbonate and methanol forms an azeotrope, which requires
some efforts for separation®™ A potentially more attractive
approach is the use of phenol as depolymerization reagents,
while forming bisphenol A and diphenyl carbonate as products,
which are the components for one of the major industrial
synthesis of poly(bisphenol A carbonate) (1) (Scheme 1).
However, only a few numbers of reactions following this path
have been accounted so far, requiring long reaction times and/
or “complicated” catalysts." For instance ionic liquids/ ionic
compounds have been proven as active catalysts in depolyme-
rization reactions."*'®'® It was assumed that the anion activates
the alcohol and the cation activates the carbony| function of
the polylcarbonate). In this regard, we wonder if simple and
abundant alkali metal halides can mimic the behavior of the
ionic liquids.”" Moreover, straightforward alkali metal salts have
some advantages with respect to "Green Chemistry”
considerations.”” Based on that, we report herein our inves-
tigations on a concept for the chemical recycling of end-of-life
1 applying simple alkali metal halide as catalyst (Scheme 1).

Initially, the depolymerization of commercially available
poly(bisphenol A carbonate) pellets 1a (dimension: ~3 mm)
was investigated (Table 1). In this regard, 1a (1.35 mmol based

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 1. PBPAC production and concept for the chemical recycling of poly
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on the monomeric unit) was reacted with an excess of phenol
(technical grade) as depolymerization reagent (47.3 equiv.
based on the monomeric unit of 1a) in the presence of catalytic
amounts of potassium fluoride (5 mol% based on the mono-
meric unit of 1a) and THF as solvent. The reaction mixture was
placed in a sealed glass vial in a microwave (MW) and was
heated under microwave conditions at 180°C for 15 minutes,
while stirring (Table 1, entry 2). Afterwards, the mixture was
cooled to room temperature and an aliquot was dissolved in
chloroform-d1 for 'H NMR analysis. Noteworthy, a clear
homogenous solution was obtained. In the aliphatic range of
the 'H NMR spectrum a signal with a chemical shift of 1.58 ppm
(C(CH,),) was detected, which are assigned to the depolymeriza-
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tion product bisphenol A 2.**¥ Moreover, some minor signals
of left-over polymers or oligomers were observed in the
aliphatic area, which allow an integral relation to the integrals
of bisphenol A and therefore a determination of the rate of
depolymerization. A vyield of 2 of 85% was calculated.
Furthermore, in the aromatic region two sets of signals were
observed, which can be assigned to the two sets (2x4H) of
aromatics C—H in bisphenol A. Besides, the signals for diphenyl
carbonate at 7.36-7.40 ppm (4x o-C—H) were found in the
aromatic region, which were related to the signals of 2 to
calculate the yield of 3.

Importantly, for the other signals of 3 an overlap with the
signals of the phenol was observed. The occurrence of 2 and 3
was also confirmed by GC-MS analysis. Next, the loading of
potassium fluoride was studied, revealing still good perform-
ance at 0.5 mol% with a yield of 58% for 2, while in the
absence of KF no reactivity was observed (Table 1, entries 1, 6-
11). Furthermore, in the absence of THF a decrease of the yield
was observed, demonstrating the need for THF (Table 1,
entry 5). Then the effect of the reaction temperature was
investigated (Table 1, entries 11-13). A moderate vield of 31%
of 2 was detected at a temperature of 140°C (Table 1, entry 13).
Furthermore, the influence of the phenol:1 a ratio was examined
(Table 1, entries 15-18). Reducing the amount of phenol to
19.7 equiv. revealed still a good vyield of 2 (80%). Decreasing
the amount of phenol to 3.9 equiv. resulted in the formation of
2 in a decreased yield of 31% (Table 1, entries 19). In addition
the activity of a selection of alkali metal halides was tested in
the depolymerization of 1a (Table 1, entries 20-25). Compara-
ble yields to KF were detected for Kl and Nal, while other salts
resulted in the formation of 2 in moderate yields. However, best
performance was realized with potassium fluoride.”

Afterwards, the reaction was performed with conventional
heating at 180°C (oil bath temperature, internal temperature
125-130°C) following the conditions in Table 1, entry 3 (Table 1,
entry 4). Products 2 and 3 were detected in 86% NMR yield and
were furthermore separated by column chromatography and
isolated in 699% (2) and 71% (3) yield.*” Conversely, removal of
the excess phenal by vacuum distillation revealed the formation
of new poly(bisphenol A carbonate) by the reaction of
depolymerization products 2 and 3 observed by 'H NMR.

Moreover, the depolymerization was monitored over the
course of reaction using 0.5mol% KF under conventional
heating (Figure 1). Noteworthy, the NMR vyield of 58% after
5 min corresponds to a turnover frequency (TOF) of ca.
1392h°".

After having verified the operability of the depolymerization
we transferred the procedure to commodities containing poly
(bisphenol A carbonate) 1. In this regard, end-of-life digital
versatile discs (DVDs) containing 1b as major component were
studied (Scheme 2). Noteworthy, alongside with poly(bisphenol
A carbonate) 1 b CDs/DVDs containing additives e.g. metal foils,
plastic foils and dyes, which can potentially influence/inhibit
the rate of depolymerization. Two different pathways of DVD
depolymerizations were investigated. Pathway A: The DVDs
were crushed into small pieces and THF was added. The
polymer 1b dissolved within 30 min under refluxing conditions,

823 & 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1. MX-catalyzed depolymerization of poly(bisphenol A carbonate) 1a. [
catalyst
0 0 i __PhOH °
N n-uz 1 - op.
Paly{bisphenol A carbenate) (1a) 3
Entry[a] Catalyst [mol %] PhOH [equiv.] Tr°Q t [rmn] Yield 2 [%]Y Yield 3 2]
11 - 473 180 15 <1 <1
2 KF (5) 473 180 15 85 nd
3 KF (5) 473 180 30 86 28
4 KF (5) 473 180 30 86(69)" 86(71)"
50 KF (5) 473 180 15 77 nd!
69 KF (5) 473 180 15 85 85
7 KF (5) 473 180 15 85 86
8 KF (10) 473 180 15 85 87
9 KF (2) 473 180 15 85 86
10 KF (2) 473 180 5 85 nd.?
11 KF (0.5) 473 180 5 58 nd
12 KF (2) 473 200 15 84 85
13 KF (2) 473 160 15 83 nd.?
148! KF (2) 473 140 15 31 n.d.”
158 KF (5) 315 180 15 80 nd
6 KF (5) 19.7 180 15 80 82
17 KF (5) 19.7 180 15 74 74
18 KF (5) 7.9 180 15 52 nd
19 KF (5) 3.9 180 15 31 n.d
20 LiCl (5) 473 180 15 13 nd.”
21 NaCl (5) 473 180 15 12 nd.®
22 NaF (5) 473 180 15 <1 n.d.
23 KBr (5) 473 180 15 | nd.
24 Kl (5) 473 180 15 87 88
25 Nal (5) 473 180 15 85 nd
[a] Reaction conditions: poly(bisphenol A carbonate) 1a (1.35 mmol based on the repeating unit of 1a), MX (0-5 mol%, 0-0.135 mmol based on the repeating
unit of 1a), phenol (3.93-47.3 equiv. based on the repeating unit of 1a), THF (20.6 equiv.), microwave heating, 140-200°C, 5-30 min. [b] The yield was
determined by 'H NMR. [c] 99% of the starting polymer 1a was recovered. [d] Not determined, due to signal overlap. [e] In parenthesis the isolated yield is
stated. [f] Without THF. [g] THF (41.2 equiv.). [h] THF (61.6 equiv.).

100 =

. The residue was washed with acetone and dried in vacuum
0 _ " = to yield a (colorless)® solid. To the purified polymer 1b, phenol
0] . and THF was added. The reaction mixture was heated to 180°C.

- ol - Afterwards catalytic amounts of potassium fluoride (2 mol%)
> o a were added. The mixture was kept for 30 min at 180°C.
2 a0y Subsequently, the mixture was cooled to room temperature
30 = and an aliquot was taken for 'H NMR investigations. A NMR
20 . yield of 90% (2) and 90% (3) was detected. The excess of
LS phenol was carefully removed in vacuum (1.1 mbar) at 50-55°C.

0 L W S B — Noteworthy, the phenol can be reused for next depolymeriza-

i P tions. At a level of ca. 3 equiv. of phenol with respect to

: - . . bisphenol A the yield of 2 drops to 85%, while the polymer-
Figure 1. Depolymerization of poly(bisphenol A carbonate) 1a originated

from DVDs with phenol-time vs. yield of 2 [Reaction conditions: conventional
heating: 1a (1.35 mmol, based on the monomeric unit), phenol (47.3 equiv.),
KF (0.5 mol%, based on the monomeric unit), 180°C, yield determined by H
NMR].

while the label and foils didn't dissolve under these conditions.
The mixture was filtered to remove the insoluble components.
Noteworthy, the aluminum foil can potentially also be sub-
jected to aluminum recycling.”® The THF was removed in
vacuum and was recycled for dissolving a fresh portion of end-
of-life DVDs.
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ization started and new poly(bisphenol A carbonate) 1 is
formed. After an increase of the temperature to 200°C
(1.1 mbar) a solid residue was obtained.”® After washing and
drying, compound 1ba was obtained in 54% yield as colorless
powder. The powder was characterized by 'H NMR revealing
the occurrence of polymer 1ba. Moreover, with GPC analysis a
number average molar mass of Mn~4162g/mol, a mass
average molar mass Mw~6412 g/mol and a polydispersity of
1.54 was found. In addition, pathway A was performed on a
19.7 mmol scale of 1b. A 'H NMR yield of 84% (2) and 84% (3)
was measured in the presence of 0.5 mol % KF and the products
were separated by successive crystallization after partial remov-
al of phenol by distillation.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 2. Depolymerization of poly(bisphenol A carbonate) 1 originated from DVDs with phenol [Reaction conditions: 1b/1 ¢ (1.35 mmol, based on the
monomeric unit), phenol (47.3 equiv.), KF (2 mol %), 180 °C, 30 min; yield determined by 'H NMR.

Pathway B: Initially, the DVD was ball-milled to obtain a
DVD-powder, which was used without further pretreatments.
The DVD-powder was mixed with phenol and THF. After 5 min
at 180°C catalytic amounts of KF (0.5 wt%) were added. After
30 min at 180°C a sample was taken and investigated by 'H
NMR. A NMR yield of 76% (2) and 76% (3) was obtained. The
solution was filtered to remove insoluble components e.g.
aluminum foil.®" The clear solution was subjected to vacuum
distillation to remove the excess of phenol (~3 equiv. leftover) a
yield of 64% of 2 was obtained. After increasing the temper-
ature to 200°C (1.1 mbar), washing, filtration and drying 1ca
was attained in 40% vyield. Moreover, with GPC analysis a
number average molar mass of Mn~8304 g/mol, a mass
average molar mass Mw~ 24606 g/mol and a polydispersity of
2.96 was found. Also pathway B was performed on a 19.7 mmol
scale. A '"H NMR vyield of 73% (2) and 719% (3) was measured in
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the presence of 0.5 mol% KF and the products were separated
by successive crystallization after partial removal of phenol by
distillation.

In summary, we have set up a straightforward chemical
recycling method for end-of-life poly(bisphenol A carbonate)
based on depolymerization and polymerization. On the one
hand, depolymerization was carried out with phenol as
depolymerization reagent to attain as well-defined products
bisphenol A and diphenyl carbonate. In the presence of
catalytic amounts of potassium fluoride yields up to 90% and
turnover frequencies up to 1392 h~' were achieved. Moreover,
the mixture of bisphenol A, diphenyl carbonate and phenol can
be used as starting point for polymerization chemistry to
produce new poly(bisphenol A carbonate) and therefore closing
the cycle. Future studies will focus on the improvement of the
depolymerization process.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Due to the importance of zinc(ll) catalysis for the preparation of PPC (6)24), we investigated
the depolymerization of PPC (6) in the presence of either zinc(Il) salts or NaOAc/KOAc.!?5%
The methanolysis of this polymer is more challenging, as it rapidly undergoes RCD at elevated
temperature, forming the thermodynamically stable 5-membered ring. It was observed that the
methanolysis mainly takes place after complete RCD until an equilibrium state is reached. To
shift the equilibrium completely towards the methanolysis product a large excess of MeOH
was required. On the other hand, 1,2-propylene carbonate (8) was easily accessible by
reactive distillation of the polymer in the presence of Zn(OAc).. The 1,2-propanediol (7)
derived from PPC (6) was used to degrade poly(oxymethylene) (POM) to obtain the valuable
4-methyl-1,3-dioxolane.
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Depolymerization of Poly(1,2-propylene carbonate) via
Ring Closing Depolymerization and Methanolysis

Christoph Alberti, Desiree Rijono, Moritz Wehrmeister, Even Cheung, and

Stephan Enthaler*™

The conversion of end-of-life plastics to useful chemicals can
contribute to a resource-conserving and environmental-benign
society. In this regard, we studied the depolymerization via
methanolysis of poly(1,2-propylene carbonate) using straight-
forward metal salts as precatalysts. In more detail, in the
presence of catalytic amounts of Zn(OAc), or NaOAc and
methanol 1,2-propylene carbonate (generated by ring closing
depolymerization), 1,2-propanediol and dimethyl carbonate
(generated by methanolysis) were obtained as beneficial
products. Importantly, the selectivity for ring closing depolyme-
rization vs. methanolysis of the polycarbonate depends on

The yearly increasing demand of plastic-based materials" and
the emerging waste streams cause a great challenge for the
waste management.? Current plastic waste management
depends on techniques like landfill disposal and incineration
(energy recovery), which create various issues.*® Moreover,
significant amounts of waste are uncontrolled released into the
biosphere, which also creates negative issues. As an alternative
to overcome these issues recycling techniques have been
developed.” For instance, mechanical recycling involves melt-
ing of the plastic material followed by reprocessing to produce
a new products® However, during this process degradation
and accumulation of contaminants may reduce the properties/
quality of the recycled material, which finally may result in the
transfer to landfill or incineration”® On the other hand,
downcycling of the plastic waste can be an option to extend
the lifetime of the material. However, in consequences also this
plastic portion will end in landfill or incineration treatments. In
order to revalorize the end-of-life plastic materials, the chemical
recycling represents a beneficial option.” Hereby, a sequence
of depolymerization and polymerization is applied, without loss
of quality, allowing for a circular plastic economy.!"”

An attractive example for a thermoplastic material is
poly(1,2-propylene carbonate} (1), which is easily accessible by

[a] C. Alberti, D. Rijono, M. Wehrmeister, E. Cheung, Dr. 5. Enthaler
Institut fiir Anorganische und Angewandte Chemie
Martin-Luther-King-Platz 6, D-20146 Hamburg (Germany)
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Supporting information for this article is available on the WWW under
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various parameters. Moreover, the reaction time is of signifi-
cance, because in the initial stage of the process the ring
closing depolymerization is dominant, while in the further
course the amount of the methanolysis products are increasing
and the amount of 1,2-propylene carbonate is decreasing, due
to conversion by methanolysis. Furthermore, the depolymeriza-
tion of poly(1,2-propylene carbonate) was connected with a
consecutive depolymerization of polyloxymethylene), that
means the depolymerization product 1,2-propanediol acts as
depolymerization reagent for poly(oxymethylene) to generate
4-methyl-1,3-dioxolane as suitable compound.

copolymerization of CO, and propylene oxide in the presence
of a catalyst (Scheme 1)."" With respect to chemical recycling,
different depolymerization/degradation pathways have been
reported. For instance, the thermally induced ring closing
depolymerization (RCD) of solid 1 to generate 1,2-propylene
carbonate (2) was studied."? Interestingly, 2 is an attractive
solvent or can be converted to new polycarbonates by ring
opening polymerization, but in some cases under partial loss of
C0,." Moreover, in solution the RCD is accelerated by
increasing concentration and strength of bases or residues of
metal catalysts"” Recently, the hydrogenative depolymeriza-
tion of end-of-life 1 was reported to generate 1,2-propanediol
(3) and methanol applying different metal catalysts.!® Impor-

co; """ Chemical Recycling Depolymerization
c|)>\\
2n MeOH
‘.
nH0 OH
diol component_.____::f:._ n /]\_,OH
for potymers -~ = solvent
1,2-propanediol (3)
1,2-propylens
o carbonate (2)
polymers - ------ JL, v
" heQ™ “OMe o
building block for dimethyl ;T n-m GO,
arganic synthasis carbonate (4)

poly(ether-co-carbonale)

Scheme 1. Chemical recycling of poly(1,2-propylene carbonate) and valor-
ization strategy.

© 2022 The Authors. Published by Wiley-VCH GrmbH
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tantly, 3 can serve as feedstock for the regeneration of polymer
1, requiring a dehydration to propylene oxide or as building
block for other polymers.!'"'”

In recent studies, we investigated the depolymerization of
polyesters via transesterification reactions, which might be also
suitable for end-of-life poly(1,2-propylene carbonate)® For
instance, depolymerization of 1 via methanolysis will yield 3
and dimethyl| carbonate (4) as valuable products {Scheme 1).
Both compounds can be used for the synthesis of new
polymers or as building block in organic synthesis.""'’"! Based
on that, we report herein the depolymerization of end-of-ife
poly(1,2-propylene carbonate) (1) in the presence of cheap and
abundant catalyst.

Initially, we investigated the depolymerization of 1 (pellets,
~3 mm diameter, M, = 105,000 g/mol, ca. 5% ether linkages)
using methanol as depolymerization reagent and solvent under
microwave irradiation (Table 1).

Therefore, pellets of 1 (1.35 mmol based on the monomeric
unit) and an excess of methanol (93.2 equiv.) were heated at
160 °C for 10 min under microwave irradiation in a sealed tube
(Table 1, entry 1). After cooling to ambient temperature, the
methanol was removed carefully and a sample was taken from
the residue and dissolved in CDCl,. 'H NMR analysis revealed
only the formation of RCD product 2, as indicated by a new
signal (& =1.47 ppm) for the CH-function of 2, while for the
polymer 1 a signal for the CH-function was observed at &
=4.93-5.07 ppm.”” The yield of 2 was determined by
correlation of the integrals (CH-function of 1 and CH,-function
of 2) revealing a yield of 20%. Conversely, adding catalytic
amounts of Zn(OAc), showed full conversion of 1 and

formation of 3 along with 2 (Table 1, entry 2). The occurrence
of 3 was proven by 'H NMR (CH-function: & =3.85-
3.93 ppm).?"" A yield of 53% of 3 was detected. In comparison
to the uncatalyzed reaction the amount of 2 is increased (47 %
vs. 20%), indicating that Zn(OAc), function as RCD catalyst as
well as methanolysis catalyst. In addition, the presence of
carbonate 4 was qualitatively confirmed by a singlet at &
=3.77 ppm.”? However, its yield could not be determined due
to signal overlap. Next, different zinc precursors were tested in
the depolymerization reaction (Table 1, entries 3-15). In case of
zinc(ll) halides the RCD is the dominant process within 10
minutes, but no full conversion of 1 was noticed (Table 1,
entries 3 and 4). A better performance was noticed for Zn(OTf),
(Table 1, entry5). Based on the formation of significant
amounts of 3 by the use of Zn(OAc), different zinc(ll)
carboxylates were studied (Table 1, entries 6-15)%* In most
cases full conversion of 1 was observed, only for Zn(OOCH),
and Zn{OOCCCl;), small amounts of leftover 1 was monitored
(Table 1, entries 7 and 14). Moreover, for all zinc(ll) carboxylates
both depolymerization products 2 and 3 were detected. Best
selectivity for 3 after 10 min was realized with Zn(OOCtBu),
with a yield of 66% (3) vs. 34% (2), while best selectivity for 2
was observed for Zn{(OOCPh), with 67 % (2) vs. 33% (3) (Table 1,
entries 8 and 10). Importantly, the carboxylate ligand in zinc(ll)
carboxylate can influence the catalyst activity by interaction
with the substrates, which was reported in earlier works.*”
Based on the performance of zinc(ll) carboxylates also sodium
and potassium carboxylates were tested (Table 1, entries 16
and 17). Full conversion was observed for both systems, with
similar selectivities for 3. After the precatalyst screening differ-

Table 1. Depolymerization of 1.

catalyst (2.5 molit)
MeOH (3.2 equiv)

Pk

x

o

Lo S ]
Q Ty oH T Y
MeOJLOMe

n MW, 180 °C, 10 min v/
1

i 2 equiv. of the corresponding acid with subsequent removal of hexane.

2 3 4
Entry® Catalyst [mol %] 1 Yield 2 Yield 3
[9%]*™ [%]*! [%]*

1 = 80 20 <1
2 Zn(OACc), [2.5] <1 47 53

3 ZnCl, [2.5] 14 71 15

4 ZnBr, [2.5] 71 29 <1
5 Zn(OTf), [2.5] <1 66 34

6 Zinc(il) methacrylate [2.5] <1 49 51

7 Zn{OOCH)," [2.5] 15 67 18

8 Zn(COOtBu),™ [2.5] <1 34 66

9 Zn(0DCC ;H;,), [2.5] =1 52 48
10 Zn(00CPh), [2.5] <1 67 33
1 Zn(0DC(4-OMe-Ph)),'" [2.5] <1 65 35
12 Zn(00C(4-F-Ph))," [2.5] <1 61 39
13 Zn(0DCCH,CI),™ [2.5] <1 50 50
14 Zn(00CCCl,),™ [2.5] 18 64 17
15 Zn(OOCCF,)," [2.5] <1 40 60
16 NaOAc [2.5] <1 51 49
17 KOAc [2.5] <1 41 59

[a] Reaction conditions: 1 (1.35 mmol, based on repeating unit of 1, M,,= 105,000 g/mol, 5% ether linkages), catalyst (2.5 mol %, 16.9 pmol based on the
repeating unit of 1), MeOH (93.2 equiv. based on repeating unit of 1) [b] The leftover of 1 was determined by 'H NMR. [c] The yield was determined by 'H
NMR assuming that the polymer contains 100% carbonate linkages. [d] The Zn{ll} carboxylates were prepared by addition of ZnEt, (1.0 M in hexane) to
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Table 2. Depolymerization of 1 applying zinc catalysis.
i X
catalyst OH o
/”\ —_— X Q 0O + Y + ¥
{\)\O O]'n MW - /L\-"DH MeOJLOMe

1 2 3 4

Entry!” Catalyst [mol %] MeOH TIEC t [min] Ratio™ (1:2:3)
[equiv.]

1 Zn{OAc), [2.5] 93.2 160 10 < 1:47:53
2 Zn(DAc), [2.5] 932 140 10 < 1:68:32
3 Zn(DAc), [2.5] 932 120 10 24:62:14
4 Zn{OAc), [2.5] 93.2 160 60 <1:26:74
5 Zni0Ac), [2.5] 93.2 160 120 < 1:7:93
6 Zn(DAc), [5.0] 932 160 10 0:41:59
7 Zn({OAc); [1.0] 93.2 160 10 0:61:38
8 Zn(0ACc), [2.5] 1d 160 60 24:76:< 1
9 Zn(DAc), [2.5] Adl 160 60 42:58:< 1
10 NaOAc [2.5] 932 160 10 < 1:51:49
11 NaOAc [2.5] 93.2 140 10 8:79:13
12 NaOAc [2.5] 932 120 10 69:31: <1
13 NaQAc [2.5] 186.3 160 10 < 1:33:67
14 NaDAc [5.0] 93.2 160 10 <1:12:88
15 NaOAc [1.0] 93.2 160 10 65:35:<1
16 NaOAc [2.5] -H 160 30 >99: <1< 1
17" NaOQAc [2.5] 237 160 10 <1:19:81
18 NaDAc [2.5] 93.2 160 120 < 1:3:97
[a] Reaction conditions: 1 (1.35 mmol, based on repeating unit of 1, M,, = 105,000 g/mol, 5% ether linkages), catalyst (0-5 mol%, 0-33.8 pmol based on the
repeating unit of 1), MeOH (23.7-186 equiv. based on repeating unit of 1). [b] The yield was determined by 'H NMR assuming that the polymer contains
100% carbonate linkages. [c] CH,Cl, (5.2 mL) was used as solvent. [d] THF (5.2 mL) was used as solvent. [e] A polymer sample with M, = 50,000 g/mol was
used.

ent reaction parameters were investigated for Zn(OAc), and 4 ZAmpN Z0i0sehs j\ o 5
NaCAc (Table 2).” Initially, the Zn(OAc), catalyzed process was \[_/LDJ\DJ'" s ;_/O "t j\/ﬂH g
studied (Table 2, entries 1-9). Decreasing the reaction temper- : 1070k
ature to 120°C revealed the formation of lower amounts of
product 3 and a favor for the ring closing depolymerization
product 2 (Table 2, entries 1-3). On the other hand, elongation 80
of the reaction time to 120 min at 160°C showed a significant .
increase of the yield to 93% of the methanolysis product §
(Table 2, entries 4 and 5). Increasing the catalyst loading of
Zn(OAc), to 5.0 mol % improved the outcome of 3 only slightly
(Table 2, entries6 and 7). Importantly, in the absence of :
methanol as depolymerization reagent and solvent only the i ' — . — —
ring closing depolymerization product was observed in 58- " 7 aquiv. MeoH
76% yield depending on the solvent (Table 2, entries 8 and 9). $TL 63

Next the system based on NaOAc was investigated (Table 2,

entries 10-18). Similar to Zn(OAc), at lower temperatures the  Figure 1. Depolymerization of poly(1,2-propylene carbonate} - yield vs.

formation of 2 is favored accompanied by a lower conversion methanol loading [Reaction conditions: 1 (1.35 mmol, based on repeating
unit of 1, M,, = 105,000 g/mol, 5 % ether linkages), Zn(OAc), (2.5 mol %,

of 1 (Table 2, entries 11-12). Moreover, the variation of the 33.8 umol based on the repeating unit of 1), MeOH (10-110 equiv. based on

catalyst loading has a significant effect on the formation of 3,  repeating unit of 1), 160°C, 10 min, the proportions of 1, 2 and 3 were

at high loadings (5.0 mol %) 88 % of 3 are formed, while at low  determined by 'H NMR.

loading (1.0 mol%) no 3 was detected (Table 2, entries 14 and

15). In addition, a polycarbonate with a lower number average

molar mass of 50,000 g/mol was successfully converted to 2  adding 50 equiv. of methanol, while at lower amounts of

and 3 in 19% and 81% (Table 2, entry 17). Furthermore, the  methanol 10-20% of the polymer/oligomers were detected. In

reaction time was elongated to 120 min revealing a yield of  addition, at a loading of 50 equiv. the highest amount of the

97 % for 3 (Table 2, entry 18). ring closing product with a yield of 90% was noticed, while
Next, the influence of the methanol loading was studied for  increasing the amount of methanol the yield of 2 decreased.

the Zn(OAc), catalyzed depolymerization of polycarbonate 1 Importantly, increasing the amount of methanol revealed an

within 10 min (Figure 1). Full conversion of 1 was observed by  increased yield of 3Conversely to Zn(OAc), for the NaOAc

H 3 4

@
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system decreasing the methanol loading to ca. 20 equivalents
increased the yield of 3 to 90%, while at lower loading the
yield of 3 decreased to 65 %. Importantly, with all loadings full
conversion was observed (Figure 2).

In addition, the progress of the depolymerization appliny
Zn(OAc), was monitored (Figure 3). The achieved results
showed that within 20 min, the depolymerization process is
completed. As major product the carbonate 2 is detected with
a yield of 719, indicating that in the first phase the RCD is the
dominating process.During progress the amount of 2 de-
creases, while the yield of 3 increases. For instance, after

- o -| 2.5 moi% NaOAc (I)
MeOH ys oH o
,J\ S Cp— T T +y
{ o UL 180 °C, 10 min (MW) ) A Me‘o”Lo-M“
1 2 3 4
100
= B0
5
i B0
o
3
§ 40
o
=
o
= 20
1] . . . . . .
o 10 20 30 40 50 60 70 a0 a0 100
equiv. MeOH
14243

Figure 2. Depolymerization of poly(1,2-propylene carbonate) — yield vs.
methanol loading [Reaction conditions; 1 (1.35 mmol, based on repeating
unit of 1, M,,=105,000 g/mol, 5% ether linkages), NaOAc (2.5 mol %,

33.8 pmol based on the repeating unit of 1), MeOH {10-93.2 equiv. based on
repeating unit of 1), 160°C, 10 min, the proportions of 1, 2 and 3 were
determined by 'H NMR],

2.5 mol Zn(OAc); o
o MeOH JL‘o
A *q
o o, 120°C MW

OH a
)—’ " )\\/GH -3 MaoJkomse

1 2 3 4

100 =

G0

proportian [ %

40

o 20 40 B0 a0 100 120 140 160 180

Figure 3. Depolymerization of poly(1,2-propylene carbonate) - yield vs. time
[Reaction conditions: 1 (1.35 mmol, based on repeating unit of 1,

M, = 105,000 g/mol, 5% ether linkages), Zn(OAc), (2.5 mol%b, 33.8 pmol
based on the repeating unit of 1), MeOH (93.2 equiv. based on repeating unit
of 1), 120°C, 0-180 min, the proportions of 1, 2 and 3 were determined by

'H NMR].

ChemistrySelect 2022, 7, €202104004 (4 of 6)

180 min the yield of 3 is 86%, while the yield for 2 is decreased
to 14%. Based on this, the RCD and the methanolysis process
are connected and 2 can be seen as intermediate to produce 3.
In contrast, for NaOAc a longer reaction time (120 min) is
required to notice full conversion of the polymer/oligomers
(Figure 4).Moreover, after 120 min a ratio of 2:3 of 50:50 was
observed, while for a reaction time < 120 min compound 2 is
the dominant depolymerization product, while for reaction
times > 120 min 3 is the dominant depolymerization product.
Following, the scale of the reaction was increased to 11.8 g of
polymer 1 (M,,= 105,000 g/mol, 5% ether linkages) (Scheme 2).
Therefore, the reaction was performed in an autoclave, that

2.5 mol% NaOAc o
Q MeOH OH
£ - 120 °C (MW} MeQ™ “OMe
1 2 3 4
100 »
a0
5
= 60
5
£ '
:Q-.I-J &
20 .
0 s . .
[ 20 40 G0 80 100 120 140 160 180
time / min
e a2 «3

Figure 4. Depolymerization of poly(1,2-propylene carbonate) - yield vs. time
[Reaction conditions: 1 (1.35 mmol, based on repeating unit of 1,

M,, = 105,000 g/mol, 5% ether linkages), NaOAc (2.5 mol%, 33.8 pmol based
on the repeating unit of 1), MeOH (93.2 equiv. based on repeating unit of 1),
120°C, 0-180 min, the proportions of 1, 2 and 3 were determined by 'H
NMR].

0 ¥
2.5 molt% NaOAc M OH o o
237 equiv. MeOH o o H

160 °C, 24 1 !
11,8 g scale 2 . 3 P 4
. itaclad) yield: 6% yield: 82% | yield: 72%
a m=0.73g m=722g | | isolated as mixure |
QJI\G_/ — L with MeOH
isolated as mixture
le |00 e REEERMIRRNN L i
1
2.5 moith NaQAc OH E . o |
25mal¥ | 180°C, 1h ¥ Tt L
ZMOAL)z | (vacuum) 373 equiv. MeQH )\,DH E | Me._o)ko_ Me i
2.5 g scale 160°C. 2h ’ ¢ [
062gscale . 4
ity | veld 58% || yeu:7ew |
| m=027g | | isolated as mixture |
i : with MeOH |
I . S
2
yield: B5%
m=21g

Scheme 2. Depolymerization of poly(1,2-propylene carbonate) - scale-up.
The yields are given for the assumption, that the polymer contains 100 %
carbonate linkages.

© 2022 The Authors. Published by Wiley-VCH GmbH
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offers a larger reaction volume than the applied microwave
vessel. The reaction conditions were in accordance to Table 2,
entry 13 and the reaction was carried out for 24 h at 160°C.2”
After cooling to ambient temperature, methanal and dimethyl
carbonate were removed as an azeotrope by distillation. A yield
of 72% for dimethy! carbonate was calculated.”™ The residue of
the reaction mixture was submitted to Kugelrohr distillation.
The distillate (7.95g) contained compound 3 as major
component (82%) and small amounts of 2 (6%).”® Moreover,
the residue of the distillation was analyzed and it contains
oligoether fragments, but the presence of carbonates can be
excluded. Notably, the ether bonds were not converted under
the reaction conditions. Moreover, with an excess of methanol
the selectivity towards 3 was increased and 3 was isolated in
58% vyield (Scheme 2). In order to access also compound 2
selectively, polymer 1 was heated at 180°C under vacuum in
the presence of catalytic amounts of Zn(OAc), (2.5 mol%)
(Scheme 2). Importantly, from the reaction mixture compound
2 was distilled off at 180 mbar and was isolated in 85% yield.

In addition, consecutive depolymerization processes were
studied. In this regard, end-of-life polymer 1 was depolymer-
ized to product 3, which was applied as depolymerization
reagent in the conversion of poly(oxymethylene) (5) to produce
the valuable acetal 6."*“" In detail, 1 was depolymerized under
optimized conditions to obtain 3 in a '"H NMR yield of 83%
(Scheme 3). After removal of methanol and dimethyl carbonate
Bi(OTf); (5.0 mol%) and 5 were added to the reaction mixture.
After 3 hours at 70°C compound 6 was obtained in 66% yield
based on 1.

Moreover, the optimized reaction conditions for the
depolymerization of poly(1,2-propylene carbonate) (1) were
applied for the depolymerization of end-of-life poly(bisphenol

removal by
distillation

o 2,5 mol% Zn(OAcl; |§

o)'l\ 93.2 equiv MeCH |

—

o7, ooy i

1 120 min
0:17:83 (1:2:3)

end-ot-life ‘[’ } \5 0 mol% Bi[OTf)y
THF, 70 °C, 120 min

(1 equiv.)
m\E H:  THNMR yieid: €6%
o
6

Scheme 3. Consecutive depolymerization of end-of-life polycarbonate and
end-of-life poly(oxymethylene) [Reaction conditions: depolymerization of
polycarbonate: 1 (1.35 mmol, based on repeating unit of 1, M, = 105,000 g/
mol, 5% ether linkages), Zn{OAc), (2.5 mol%, 33.8 pmol based on the
repeating unit of 1), MeOH (93.2 equiv. based on repeating unit of 1), 160°C,
20 min, the proportions of 1, 2 and 3 were determined by 'H NMR;
depolymerization of polyloxymethylene): mixture of 2 and 3 after distillation
of MeOH and 4, Bi(OTf}; (5.0 mol %, 33.7 pmol based on the repeating unit of
1)}, polyloxymethylene} (1.35 mmol, 1.0 equiv., based on the repeating unit
of 1), THF (4 mL), 70°C, 120 min, the yield of 6 was determined by 'H NMR].
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aj2s mc-% Zn{DAc)y

O O o h,u25rnu|% NaOAz
5 o 9320qu: MeOH O 0
i 180 *C, 10 min (MWY) HO

Polyibisphensl A carbanate) (T) 4
a} 9? o
b} 52%

Scheme 4. Depolymerization of end-of-life poly(bisphenol A carbonate)
[Reaction conditions: 7 (1.35 mmol, based on repeating unit of 7}, Zn(OAc),
(2.5 mol%, 33.8 umol based on the repeating unit of 7), MeQH (93.2 equiv.
based on repeating unit of 7), 160°C, 10 min. The yield of 8 and 4 was
determined by 'H NMR.1.

A carbonate) (7) (Scheme 4)." Good yields of 97% (Zn(OAc),)
and 92% (NaOAc) were detected for the depolymerization
product bisphenol A (8), while dimethyl carbonate (4) was
obtained in lower yields.

In summary, we investigated the methanolysis of poly(1,2-
propylene carbonate) applying cheap and abundant Zn(OAc);
or NaOAc as catalyst to generate 1,2-propanediol as suitable
product for new polymers. In the early stage of the depolyme-
rization 1,2-propylene carbonate was observed, which is
formed by catalytic ring closing depolymerization. However,
during progress the 1,2-propylene carbonate was converted to
1,2-propanediol by reaction with methanol in the presence of
catalytic amounts of Zn(OAc), or NaOAc.

Supporting Information Summary

The experimental details including the depolymerization reac-
tions and product characterizations can be found in the
supporting information.
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5.2 Depolymerization of poly(lactide)

In this chapter, poly(lactide) was converted by methanolysis to the corresponding methyl
lactate (13) or L-lactide (11). Initially, a variety of organic nitrogen bases was tested.?>! It was
found that DBU, DMAP and TBD were more active while other pyridine derivatives and
aliphatic amines revealed less activity. As a drawback of these organocatalysts, at least 2.5
mol% were required to achieve quick conversion. Consecutively, DMAP was used for to
degrade household goods, indicating a generally good performance. Noteworthy, “clean”
goods could be converted with the same efficiency than the corresponding used goods,
indicating high robustness towards contamination. In addition, goods with low PLA content,
e.g. composite materials that are challenging for other recycling techniques were efficiently

converted.

72



{®*ChemPubSoc
Lortiad Europe

Il Sustainable Chemistry

DOI: 10.1002/slct.201901316

Chemist
SELEC {YV

Communications

Depolymerization of End-of-Life Poly(lactide) via
4-Dimethylaminopyridine-Catalyzed Methanolysis

Christoph Alberti, Nicole Damps, Roderich R. R. Mei3ner, and Stephan Enthaler*®

The chemical recycling of end-of-life plastics/polymers can
contribute to a more sustainable society. In this regard, the
selective degradation (depolymerization process) leading to
well-defined low molecular weight chemicals is a key feature of
the chemical recycling. Based on that, we have investigated the
depolymerization of end-of-life poly(lactide)-based (PLA) goods.
In more detail, applying a combination of methanol and
catalytic amounts of 4-dimethylaminopyridine (DMAP) end-of-
life PLA was depolymerized to methyl lactate, a chemical which
can be is used as “green” solvent or as starting material for new
poly(lactide) products. With the assistance of microwave
heating an excellent rate of depolymerization (>99%) was
observed within short reaction times (10-20 min). Interestingly,
a set of 16 PLA commodities was efficiently transformed to
methyl lactate.

Every year huge amounts of plastics’ are produced, which are
largely converted to waste/end-of-life plastics, once the
function of the plastic goods is completed.”! The state-of-the-
art waste management includes landfill storage energy
recovery, mechanical recycling and downcycling.**! On the one
hand, the end-of-life plastics can be subjected to incineration
producing heat, which can be applied for steam or electricity
generation, but the chemical information embedded in the
material is (irreversible) lost during its conversion to e.g. carbon
dioxide. On the other hand, the end-of-life plastics can be
treated by mechanical recycling/downcycling to produce goods
with same or lower quality, but after several cycles the plastics
are eventually subjected to incineration, due to loss of quality.®
In consequence, significant amounts of carbon dioxide are
generated, which cause negative issues on society.” An option
to save fossil resources is the application of renewable
resources as starting material for plastics.'” For instance, plastics
based on biopolymers as well as bio-based polymers have
been established. For example poly(lactide) (PLA, 1) is synthe-
sized in a yearly production volume of ~0.2 million tons and
exhibits excellent plastic properties, which allow applications
spanning from food packaging to pharmaceuticals.”’ As starting
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chemicals for poly(lactide) the monomer lactic acid or its
derivative lactide (3) are applied in polycondensation or ring-
opening polymerization, which arise from biological processes
starting from carbon dioxide"® After the PLA-plastics have
fulfilled their obligations different pathways can be pursued for
the end-of-life poly(lactide). In contrast to most fossil resources
based plastics, PLA is to a certain amount bio-degradable and
can therefore converted to e.g. carbon dioxide by biological
processes!' However, the decomposition of poly(lactide) is
often not possible within the timeframe of established compost
works; hence, end-of-life poly(lactide) plastics may subjected to
incineration, but importantly the chemical information of the
PLA is converted to e.g. carbon dioxide, which can be reused
as starting point for new poly(lactide) plastics.™ Overall a
somewhat carbon-neutral process can be envisaged. Never-
theless, the production of biopolymers/bio-based polymers
requires cultivable acreage, which in turn cannot be used for
the production of edibles or energy production. An interesting
alternative can be the chemical recycling via depolymerization-
polymerization processes, the first one allows the formation of
low-molecular weight valuable monomers by selective degra-
dation of the polymer chain (depolymerization step)
(Scheme 1).1"* This can be considered advantageously since the

't
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Scheme 1. Concept for the chemical recycling of end-of-life poly(lactide).

monomers can be applied as feedstock for new high-quality
polymers (polymerization step) and therefore a recycling of the
polymer is reasonable.!™ Interestingly, the amount of cultivable
acreage needed for bioplastic or bio-based plastic production
can be reduced. Several studies have been accounted so far
including hydrolysis,™ alcoholysis™ (catalytic) pyrolysis/ther-
mal degradation."” For example the alcoholysis, particularly
the methanolysis, has been investigated (Scheme 1). In detail,

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the end-of-life PLA reacts in the presence of a suitable catalyst
with an excess of methanol. As major low-molecular weight
product methyl lactate (2) is formed, which can after isolation
be converted to the industrial relevant lactide (3), which is the
starting point for a ring-opening polymerization to obtain new
poly(lactide)."™™ Moreover, the released methanol can be
reused/recycled for next depolymerization processes. In con-
sequence an atom efficient recycling of 1 is feasible.

Recently, we have reported the use of 4-dimethylaminopyr-
idine (DMAP) as organo-catalyst” in the depolymerization of
end-of-life poly(bisphenol A carbonate) applying acetic anhy-
dride or methanol as depolymerization reagent!® Based on
the later methanolysis process, we became attracted in the
application of DMAP in the methanolysis of PLA. Interestingly,
Nederberg et al. reported an investigation on the use of DMAP
in the methanolysis of PLA”Y However, (sub)stoichiometric
amounts of DMAP and long reaction times were required to
produce significant amounts of low molecular weight chem-
icals. Based on that, we report herein our investigations on the
microwave-assisted chemical depolymerization of end-of-life
PLA to produce 2 within short reaction times (Scheme 1).

Initially, the depolymerization of pieces of poly(lactide) (1 a)
obtained from transparent PLA-plastic cups was studied
(Table 1). In this regard, 1a (1.35 mmol based on the mono-
meric unit) was reacted with an excess of methanol (23.1 equiv.
based on the monomeric unit of 1a) in the presence of
catalytic amounts of 4-dimethylaminopyridine (5.0 mol% based
on the monomeric unit of 1a). No additional solvent was added
because methanol as well as the product can act as solvent.””
The mixture was placed in a sealed glass vial in a microwave
and was heated under microwave (MW) conditions at 180°C for
10 minutes, while stirring (Table 1, entry 1). Afterwards, the
mixture was cooled to room temperature and an aliquot was
dissolved in chloroform-d, for 'THNMR analysis. Noteworthy, a
clear and colorless homogeneous solution was obtained. At
1.39 ppm in the '"HNMR spectrum a doublet was detected with
a coupling of 6.91Hz, which corresponds to the CH,CH-
function of the depolymerization product methyl lactate (2). At
426 ppm a double quartet was monitored with a coupling
constant of 6.91 Hz and 5.20 Hz, which corresponds to the
CH,CH-function. Moreover, the methyl group of the ester
function of methyl lactate was observed at 3.76 ppm and the
CHOH-function as doublet (J=5.20 Hz) at 2.89 ppm.”* Integra-
tion of the methyl lactate signals and relation to the polymer/
oligomer residue signals in the 'HNMR spectrum revealed
almost full conversion of 1a and 97% NMR yield of 2 and an
excellent performance of the catalyst. Furthermore the catalyst
loading was investigated (Table 1, entries 1-4). Decreasing the
loading of DMAP showed a decreased activity, while in the
absence of any catalyst no methyl lactate formation was
detected. Next the influence of the amount of methanol was
studied (Table 1, entries 5-6). Both increasing (46.3 equiv.) and
decreasing (2.9 equiv.) the amount of methanol with respect to
the monomeric unit of 1a revealed lower yields of 2. Note-
worthy, in case of 2.9 equiv. of methanol THF was added as
solvent, A decrease of the reaction temperature to 120°C
resulted in a diminished yield of 22% (Table 1, entries 7-9). A
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Table 1. DMAP-catalyzed depolymerization of poly(lactide) (1a). [

catalyst
—_— n HO -~
H MeOH, MW (8]
n

o]

Poly{lactide) (1a) 2
Entry™ Catalyst [mol%)] MeOH [equiv] T[°C] t[min] Yield 2 [96]™
1 DMAP [5] 23.21 180 10 97
2 DMAP [2.5] 23.1 180 10 74
3 DMAP [1] 23.1 180 10 4
4 None 231 180 10 S
5 DMAP [5] 46.3 180 10 68
6 DMAP [5] 29 180 10 11
7 DMAP [5] 23.1 160 10 76
8 DMAP [5] 23.1 140 10 52
9 DMAP [5] 23.1 120 10 22
10 DMAP [5] 231 100 20 25
1 DMAP [5] 23.1 180 5 78
12 DMAP [5] 231 180 60 =99
13 Pyridine [5] 231 180 10 2r
14 2,2'Bipy (5] 23.1 180 10 <19
15 4,4'Bipy [5] 23.1 180 10 <1
16 DBU" [5] 231 180 10 =99
17 DABCO" [5] 231 180 10 61
18 TBD"™ [5] 23.1 180 10 =99
19 N'Pr,Et [5] 23.1 180 10 62

[a] Reaction conditions: poly(lactide) (1a) (obtained from transparent
plastic cup, 1.35 mmol based on the repeating unit), DMAP (0-5 mol%, 0-
0.0675 mmol based on the repeating unit of 1a), methanol (2.9-46.3 equiv.
based on the repeating unit of 1a), microwave heating, 100-180°C, 5~
60 min. [b] The yield was determined by 'HNMR. If not otherwise stated
after reaction a clear solution was obtained. Moreover, it is presumed that
the PLA-product is composed of 100% of PLA. [c] After the reaction a
colorless precipitate was observed. The yield bases on soluble compounds.
[d] THF (1 g} was added. [e] After the reaction a colorless precipitate was
observed. The yield bases on soluble compounds. [f] 1,8-Diazabicyclo(5.4.0)
undec-7-ene. [g] 1,4-Diazabicyclo[2.2.2]octane, [h] 1,5,7-Triazabicyclo[4.4.0]
dec-5-ene.

further decrease to 100°C required longer reaction times to
obtain moderate amounts of 2 (Table 1, entry 10). In addition,
the reaction time was investigated (Table 1, entries 11-12).
Stopping the reaction after 5 min showed the formation of 2 in
78% vyield, which corresponds to a turnover frequency of
~ 187 h '.®¥ Moreover the extension of the reaction time to
60 min resulted in full conversion of 1a and a yield of >99%
for 2. Importantly, no decomposition products were detected.
Variation of the organo-catalyst showed no significant improve-
ment compared to DMAP (Table 1, entries 13-19). For instance
excellent yields were obtained with DBU and TBD, while with
DABCO and N'Pr,Et moderate yields of 2 were detected.

With the optimized conditions (5 mol% DMAP, 23.1 equiv.
methanol, 180°C, 20 min, MW) in hands we performed the
reaction on a larger scale (8.1 mmol) (Table 2). The transparent
PLA-plastic cup 1a was converted in excellent yield to methy!
lactate as monitored by 'HNMR. For isolation purpose the
reaction mixture, after depolymerization in the microwave, was
transferred to a flask, which was connected to distillation
equipment. The volatile compounds methanol and methyl
lactate were quickly distilled off under vacuum to avoid back
reactions and were collected in the collection flask, which was

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. DMAP-catalyzed depolymerization of poly(lactide) products.

6]
5 mol% DMAP 9
o n HO o
MeOH 23.1 equiv. o
n 180 *C, 20 min, MW

Polyilactide) (1a-n) 2
Entry™ Product Yield 2 Yield 2
[m%]fbi [%]II:!
1 transparent plastic cup (1a) 102 70
2 drinking straw with green strips (1b) 83 58
3 lid for espresso mugs with talcum 55 38
powder [~ 20-30%) (1¢)
4 transparent disposable food box (1d) 139 96
5 red ice cream spoon (1e) 97 a7
6 used yellow ice cream spoon (1e€) 122 84
7 black lid for coffee mugs (1f) 20 63
8 used black lid for coffee mugs (1) 92 64
9 transparent cover of a disposable Sushi 98 68
box (1g)
10 black base of a disposable Sushi box 116 80
(1h)
11 blue disposable glove (1i}) ) 5
12 disposable fork with talcum powder (1j) 77 53
13 transparent disposable serving cup (1k) 133 92
14 transparent plastic sheet (11) 110 76
15 coffee mug with PLA coating on the 3 2
inside (1m)}
16 transparent bottle (1n)" 103 71

[a] Reaction conditions: poly(lactide) (1) (583.2 mg, 8.1 mmol based on the
monomeric unit), DMAP (49.2 mg, 5 mol%, 0.405 mmol based on the
repeating unit of 1), methanol (6 g, 187.2 mmol, 23.1 equiv. based on the
repeating unit of 1), microwave heating, 180°C, 20 min. [b] The mass of
isolated 2 was related to the mass of the starting PLA-product. [c] The
amount of substance of 2 was related to the amount of substance of the
starting PLA-product insinuating that the PLA-product is composed of
100% of PLA. [d]. Used for stirring a mixture of coffee, sugar and milk. The
PLA-product was not cleaned before depolymerization. [e] Used with
coffee, milk and sugar. The PLA-product was not cleaned before
depolymerization. [f] Only the body of the bottle was made of PLA.

cooled with liquid nitrogen. Afterwards, methanol was carefully
removed by rotary evaporator in vacuum. Finally, methyl
lactate 2 was obtained in 102 wt% (based on the initial weight
of 1a) or 70% isolated yield (based on the presumption that 1a
is composed of 100% PLA) as colorless liquid (Table 2, entry 1).

In addition, several PLA-plastic goods were subjected to
depolymerization reaction (Table 2, entries 2-16). For instance
additional transparent goods like a disposable food box (1d), a
Sushi-box cover (1g), a disposable serving cup (1k), a plastic
sheet (11) and a bottle (1n) were tested (Table 2, entries 4, 9,
13, 14, 16). Good to excellent isolated yields of up to 139 wt%
(based on the initial weight of the PLA goods) or up to 96%
(based on the presumption that 1 is composed of 100% PLA)
were realized. Somewhat lower isolated yields™ of 55-77 wt%
or 38-53% are monitored for non-transparent PLA goods, e.g.
a lid for espresso mugs (1¢c), a disposable fork (1j), which
contain up to 20-30% talcum powder and dyes (Table 2,
entries 3 and 12). Furthermore, PLA goods containing black
dyes were investigated, revealing a yield of 90-116 wt% or 63—
84% (Table 2, entries 7 and 10). Interestingly, in case of the
black lid for coffee mugs (1f) a used sample (contaminated
with coffee/sugar/milk leftover) was send to depolymerization
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showing no disordered effect of the contamination (Table 2,
entries 7-8). A similar result was realized in case of colored
PLA-ice cream spoons (Table 2, entries 5-6). Furthermore,
disposable gloves made of PLA were investigated, but only low
yields 7 wt% and 5% were detected (Table 2, entry 11). Finally,
a PLA-paper composite was subjected to depolymerization
(Table 2, entry 15). A paper coffee mug inside coated with a
thin layer of PLA was tested. Only low vyields of 3 wt% and 2%
were realized due to the large portion of the paper in the
good. Nevertheless, the obtained result showed the principle of
operation of the PLA depolymerization protocol.

In summary, we have set up a straightforward method to
convert end-of-life poly(lactide) to useful low-molecular weight
and well-defined products, such as methyl lactate. The
depolymerization was performed with methanol as depolyme-
rization reagent and DMAP as organocatalyst. Noteworthy, no
additional solvent was required. Excellent yields were realized
within short reaction times (10-20 min). Moreover, the protocol
was applied to a variety of different PLA goods containing
additives, but in all cases methyl lactate was isolated, therefore
showing the robustness and the versatility of the method.
Future studies will focus on the activity-improvement of the
depolymerization process. Moreover, a life cycle assessment
will be carried out to evaluate the potential for large-scale
applications.

Supporting Information Summary

The experimental details including the depolymerization reac-
tions and product characterization can be found in the
supporting information.
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For the same reason as discussed for PBAC (2) methanolysis, alkali metal halides were tested
for the PLA methanolysis as well.?®? Indeed, a variety of metal halides provides good to
excellent yields at temperatures above 140 °C. The trends for observed activity were
comparable to the depolymerization of PBAC (2). However, for KF a TOF of up to 816 h* was
observed (0.5 mol% KF, 180 °C, 10 min, 23.1 eq. MeOH) which was by far higher than DMAP.
However, while KI and KF were active, KCl and KBr were inactive. Again, KF was used to
degrade further goods due to its low price. A catalyst recycling experiment revealed constant
performance for up to four repetitions until a decay of the yield was noticed. In addition, PLA
(9) was successfully degraded in the presence of other polymers. PBAC (2) also underwent

degradation while PET (14) and Nylon 6 (31) remained unconverted.
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Selective Degradation of End-of-Life Poly(lactide)
via Alkali-Metal-Halide Catalysis

Christoph Alberti, Nicole Damps, Roderich R. R. Meifdner, Melanie Hofmann,

Desiree Rijono, and Stephan Enthaler*

The recycling of poly(lactide) (PLA) is studied. Using methanol and alkali-
metal-halides as catalyst, PLA is degraded to produce methyl lactate, which
is a suitable chemical for the regeneration of PLA. An excellent degree of
degradation (conversions: >99%, yields: >99%) is achieved in less than

20 min utilizing microwave heating. Remarkably, PLA goods are successfully

converted into methyl lactate.

Nowadays, petrochemical-based plastics have a significant
impact on society, which is underlined by the countless applica-
tions, the yearly increasing volume of production, and the deep
interweavement with human life.l'!l However, several issues
arise with plastics after the service life ends.P! In more detail,
the current management for end-of-life (Eol) plastic streams
is mainly based on energy recovery, (landfill storage), recycling
(mechanical and downcycling), and unregulated release to the
environment.*?! Finally, these treatments convert chemical
functions of the polymers into harmful chemicals, for instance,
carbon dioxide, consequently affecting on the anthroposphere
(e.g.. global warming). Importantly, for fresh polymers the
declining fossil resources are required!" !l Moreover, envi-
ronmental concerns (e.g., high stability against biodegrada-
tion, absorption of chemicals) are caused by end-oflife plastic
streams, which are not reaching the collecting system, but
discarded directly in the ecosphere.l'?l An attractive alternative
to petrochemical-based plastics are plastics originated from
renewables (biopolymers and bio-based polymers), but so far
the rate of production is significantly lower.!*1*l One example
from this group is poly(lactide) (1), which is accessible from
lactic acid (via polycondensation) or the lactic acid derivative
lactide (via ring-opening-polymerization, ROP). Lactic acid
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is available from biochemical processes
originated from CO,; H,0, and energy
(Scheme 1).'5291 Poly(lactide) (PLA) is
manufactured in an annual scale of =0.2
million tons and has interesting plastic
abilities, which enables utilization in a
wide range (e.g., food packaging, pharma-
ceuticals). In contradiction to the majority
of fossil-based plastics, poly(lactide) is to
some extent biodegradable depending
on the conditions and environment and is degraded to, for
instance, CO;; therefore, environmental issues are reduced if
PLA is not treated within the current waste management.[*!-26l
Nonetheless, the breakdown of PLA in composting plants is
regularly not fully accomplishable in the scheduled time frame.
Conversely, EoL paly(lactide) can be exposed to incineration for
energy recovery”” ¥ In contrast to petrochemical-based plas-
tics a nearly carbon-neutral manner can be visualized, since
carbon dioxide “embedded” in PLA and the carbon dioxide
released from EoL PLA are in a narrow section of the timeline.

Moreover, the Eol plastics can be handled by recycling
(mechanical recyding or downcycling) to generate products with
identical or lower quality, nonetheless after some sequences
the plastics will be send to biological degradation or energy
recovery, due to loss of quality.**7 Even if several advantages
of polymers based on renewables are evident, the production
needs cultivable acreage. Noteworthy, by doing so the acreage
is blocked and cannot be applied for the cultivation of edibles
and cultivation of energy or virgin biotopes have to be trans-
formed to agriculture areas. A possibility to avoid the competi-
tive situation can represent the chemical recycling composed of
depolymerization and polymerization reactions.*® 9 Initially,
the depolymerization/degradation enables the conversion of
the EoL plastic/polymer to monomers or useful compounds.
Subsequently, the monomers are utilized as feed in polymeri-
zations to create new polymers. Advantageously, compared to
mechanical recycling/downcycling the quality and abilities of
the plastics can be adjusted at the polymerization step or the
plastic formation stage and is independent of the quality of the
EoL plastic. Noteworthy, cultivable acreage required for PLA-
plastics can be minimized. A number of investigations have
been reported including the hydrolysis,*'*#7] alcoholysis,!**-7
and (catalytic) pyrolysis or thermal degradation®*-*Z of PLA.
For instance, the alcoholysis of PLA, especially the metha-
nolysis, represents an interesting approach toward chemical
recycling (Scheme 1). The EoL PLA (1) is degraded with the
degradation reagent methanol and with the support of a catalyst
to form as main chemical methyl lactate (2). Subsequently,

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Potential Ilfe cycle of PLA.

methyl lactate (2) can be transformed to compound 3 (lactide),
which is a fundamental compound in the industrial production
chain of PLA (Scheme 1).°*7 As second product methanol
is produced, which can be recycled for further degradation;
therefore, reduced amounts of waste are generated and the
whole process is made highly atom efficient. With respect to
the degradation process, a number of organocatalysts have
been proven to be active, but often long reaction times and
“costly” organocatalysts are required; hence, improvements are
needed. For example, ionic liquids (ILs) have been established
as catalysts.’®7173! [t was supposed that the alcohol is activated
by the anion and the carbonyl function by the cation. In this
context, we wondered if straightforward alkali metal halides can
mimic the action of ILs.7%78 Furthermore, alkali metal salts
can have benefits regarding “Green Chemistry” and SDGs con-
siderations./™ For instance, we recently studied the potential of
the organocatalyst 4-N,N-dimethylaminopyridine (DMAP).5]
However, low TOFs (amount of substance of 2/(amount of sub-
stance catalysts) h™ = 178 h™') were observed and moreover to
access DMAP several synthetic steps, which create waste, are
required starting from fossil resources.’! In this context, we
account our studies on microwave-assisted degradation of EoL
PLA catalyzed by alkali metal halides (Scheme 2).

Initially, as model for optimization of the degradation reac-
tion conditions a transparent plastic cup containing poly (lactide)
(1a, M,, =57 500 g mol !, M,, = 240 800 g mol ', D=4.2, PLLA)
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lEnergy (Additives) il
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S e e e T

as major component was investigated (Table 1). Small pieces
of the PLA 1a (1.35 mmol with respect to the monomer unit,
implying that 1a contains 100% of PLA), an excess of methanol
(23.1 equivalents with respect to the monomer unit of 1a) and
catalytic amounts of KF (5.0 mol% with respect to the monomer
unit of 1a) were added to a microwave glass vial. After sealing
the vial the stirred mixture was reacted for 10 min at 180 °C
applying microwave heating (MW) (Table 1, entry 1). During

8]
L]
n
end-af-life PLA nH,C—0H
1)
Chemical Recyeling
of
Polymerization Poly(lactide) Degradation Catalyst
nH;C=—0H
aptian B
0Sn n HO.

\ﬂ/j\ ; aptian A

nH;C—0H

Scheme 2. Chemical recycling concept for PLA (option A: conversion of 2
to the industrial relevant building block 3, which can be used as precursor
for the synthesis of PLA via ring opening polymerization; option B: direct
polymerization of 2 via transesterification).

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Degradation of 1a using alkali-metal-halide-catalysis—optimization of reaction conditions.

i cat. MX 2
e MeQH 5 HO\])I\O/
n microwave heating
Paly{lactide) (1a) 2
Entry? Catalyst Catalyst loading [mol%6] MeCH [equiv] Trq 1 [min] Yield 2 [%]°!
1 KF 5.0 231 180 10 98
2 KF 25 231 180 10 L]
3 KF 5.0 231 180 5 99
4 KF 5.0 231 180 60 =99
5 KF 1.0 231 1280 10 98
] KF 0.5 231 180 10 68
7 - - 23.1 180 10 <1
g9 KF 50 11.6 180 10 >99
g KF 5.0 5.8 180 10 23
104 KF 5.0 1.0 180 10 <1
n KF 5.0 231 160 10 59
2 KF 5.0 231 140 10 98
13 KF 5.0 231 120 10 nd.®
14 Licl 5.0 231 180 10 50
15 NaF 5.0 231 180 10 n.d.®
16 NaCl 5.0 231 180 10 n.d.®
1 Nal 5.0 23.1 180 10 49
18 KCl 5.0 231 180 10 n.d.*lss
19 KBr 5.0 231 180 10 nd.
20 Kl 5.0 231 180 10 64
217 KF 25 231 180 20 93

“IConditions: 1a (transparent PLA cup), 1.35 mmol with respect to the monomer unit, it is presumed that la is composed of 1009 of PLA), catalyst (0-5 mol%,
0-0.0675 mmo! with respect to the monomer unit of 1a), MeOH (5.8-23.1 equiv. with respect to the menomer unit of 1a), THF {0-2.0 g), temperature: 120-180 °C (micro-
wave heating), time: 5-60 min; "/A homogeneous solution was noticed. The yield of 2 bases on 'H NMR spectroscopy; “/Addition of THF (1.0 g); ®/Addition of THF (2.0 g);

*IA precipitate was formed, 121 mmol scale of 1a.

heating/degradation process the PLA was completely dissolved
resulting in the formation of a homogeneous solution. After
that, to an aliquot of the mixture was added CDCI, for determi-
nation of the yield by 'H NMR spectroscopy. The existence of the
desired degradation product 2 was indicated by the appearance
of a singlet at 3.76 ppm. The signal corresponds to the methyl
ester functionality of 2. Moreover, the occurrence of 2 was con-
firmed by a doublet at 2.89 ppm (*];,y = 5.20 Hz), which is in
alignment with the —CHOH-functionality. Moreover, a doublet
at 1.39 ppm (*Jyy = 6.91 Hz, CH3CH-function) and quartet
of doublets at 426 ppm (}Jgy = 6.91 Hz, *Jyy = 520 Hz,
CH;CHOH-function) were monitored. Relation of the integral
of the CH;CHOH-function to the integral of the CH;CHOR-
function of the polymer/oligomer leftover (=5.17 ppm) revealed
nearly complete transformation of 1a to 2, since a yield of 98%
(2) was calculated, and showed excellent catalyst abilities of
the potassium fluoride (Table 1, entry 1). Importantly, no addi-
ton of extra solvents was necessary to perform the degrada-
tion, which is beneficial with respect to the Green Chemistry
Principles.”l Interestingly, half of the catalyst loading exhib-
ited the generation of 2 in an excellent yield (Table 1, entry 2).
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Moreover, the reaction was extended to 60 min at 180 °C to
investigate the stability of product 2 under reaction conditions,
but no decomposition reactions were noticed (Table 1, entry 4).
From this starting point the loading of KF was studied (Table 1,
entries 5-7). Decreasing the KF load toward 1.0 mol% the deg-
radation product 2 was still formed in excellent yield (98%).
Noteworthy, from the presented catalyst activity a turnover fre-
quency (TOF) of =588 h™! was calculated, which is among the
highest TOFs reported so far. In case of a further decrease to
0.5 mol% KF a yield of 68% of 2 after cooling to room tem-
perature was noticed (Table 1, entry 6) (TOF = 816 h™!).B!! For
instance, with our recently published DMAP system lower
TOFs have been obtained (=178 h™!).5?l Notable, in the absence
of KF no formation of 2 was detected by NMR, therefore KF
is essential for the degradation process (Table 1, entry 7). Fal-
lowing, the effect of the quantity of methanol on the degrada-
tion was studied (Table 1, entries 8-10). Noteworthy, in case
of lower methanol loadings (1.0-11.6 equiv.) tetrahydrofuran
was used as (co)solvent. Still excellent activity (>99% yield) was
observed in the presence of 11.6 equiv. MeOH, while a decrease
to 5.8 equiv. resulted in a reduced yield of 23%. In addition, the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Potassium fluoride-catalyzed degradation of PLA goods.
i 2.5 mol% KF 0
g MeOH (23.1 equiv.) "o o”
n 180 °C, 20 min, MW
Poly(lactide) (1a-l) 2
Entry?) Product M, [g mol "l M, [g mol )l b Yield of 2 [wt%]l Yield of 2 [%]d)
1 Transparent cup (1a) 57 500 240 800 4.2 134 92
2 Transparent disposable food box (1hb) 43 600 236 000 54 104 72
3 Transparent Sushi box cover (1c) 54700 212700 3.9 87 60
4 Transparent plastic sheet (1d) 150 400 262000 1.7 83 57
5 Transparent bottle (1e) 99100 254900 26 141 97
-] Drinking straw with green strips (1) 112100 239900 21 70 42
7 Disposable fork with talcum powder (1g) 59 000 124100 21 62 43
8 Lid for espresso mugs 56 100 177500 3.2 78 54
(contains =20-30% talcum powder) (1h)

g Black lid for coffee mugs (1) 75 400 241100 3.2 72 50

108 Black lid for coffee mugs (used) (1i) - - — 92 64

n Sushi box (black base) (1j) 20300 148 400 18 84 58

12 Pink ice cream spoon (k) 57 600 133000 3 105 72

139 Yellow ice cream spoon (used) (1k) - - - 122 92

14 Coffee mug (paper with PLA coating) {11} 86400 221000 26 4 3

“IConditions: 1a-1l {583.2 mg, 8.1 mmol with respect to the monomer unit), KF (11.8 mg, 2.5 mol%, 0.202 mmol with respect to the monomer unit of 1), MeOH (6.0 g,
186.3 mmol, 23.1 equiv. with respect to monomer unit of 1), temperature: 180 °C (microwave heating), time: 20 min; )M, M,, and D were obtained from GPC measure-
ments; “The mass of 2 was linked to the mass of the initial PLA good. Yield wt% = (m(2)/m(1)) % 100; 9'The amount of substance of 2 was linked to the amount of sub-
stance of the initial PLA good (presumption: PLA good contains 100% of PLA. Yield % = (n(2)/n(1)) = 100; “'Used with coffee, milk, and sugar. The PLA product was not
deaned before degradation; "Contaminations: coffee, sugar, and milk. The PLA good was dried before degradation, but not purified.

impact of the temperature was studied (Table 1, entries 11-13).
A yield of 98% for 2 was realized at a decreased temperature of
140 °C, while after 10 min at 120 °C a precipitation of 1 after
cooling to room temperature was noted. Finally, a test of a
range of different alkali-metal-halides was performed (Table 1,
entries 14-20). Moderate-to-good yields (49-64%) were realized
with 5 mol% of lithium chloride, sodium iodide, and potas-
sium iodide. Afterward, the degradation of PLA was performed
on an 8.1 mmol scale under optimized conditions (2.5 mol%
KF, 23.1 equiv. methanol, 180 °C, 20 min, MW). In this regard,
product 2 was obtained in an excellent yield of 93% as moni-
tored by "H NMR (Table 1, entry 21).

Moreover, methyl lactate was isolated after performing the
reaction for 20 min at 180 °C. In more detail, the mixture was
transferred to distillation apparatus and 2 and methanol were
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distilled off from the catalyst under reduced pressure, to cir-
cumvent side/back processes (polymerization). Subsequently,
the mixture of 2 (b.p. = 144 °C) and methanol (b.p. = 65 °C)
was separated by distillation. 2 was isolated in 134 wt% (based
on the weight of 1a) or 92% isolated yield (presumption that 1a
contains 100% PLA) (Table 2, entry 1).

Noteworthy, the collected methanol (19.7 equiv., 89%) can
be reused/recycled for next degradation. In addition, we inves-
tigated the reuse of the KF (Figure 1). In this regard, the reac-
tion conditions applied were in accordance to the experiment
in Table 1, entry 21. After 20 min (180 °C) the reaction was
cooled to room temperature and a sample was subjected to 'H
NMR. From the reaction mixture methanol and methyl lac-
tate were removed in vacuum. The catalyst containing residue
in the flask was transferred with the aid of methanol to a vial

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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0
2.5 mol% KF Q
—_— n HO /
o MeOH (23.1 equiv.) \])LO
n 180 °C, 20 min, MW
Poly(lactide) (1a) 2
100
93 93 94
87
80+
] 54
Fal
o
(3]
5 404
20+
0 L T T 1] T
1 2 3 4 5

Run

Figure 1. Degradation of PLA: catalyst recycling experiments [Conditions:
1a (583.2 mg, 8.1 mmol with respect to the monomer unit}, KF (first run:
11.8 mg, 2.5 mol%, 0.202 mmol with respect to the monomer unit of 1a),
MeOH (6.00 g, 187.2 mmol, 23.1 equiv. with respect to the monomer unit
of 1a), temperature: 180 °C (microwave heating), time: 20 min. Second
run catalyst leftover from first run; third run catalyst leftover from second
run; fourth run catalyst leftover from third run; fifth run catalyst leftover
from fourth run; the yield was determined by 'H NMR.

containing a new portion of end-of-life PLA. Afterward, the deg-
radation was carried out at a temperature of 180 °C for 20 min.
Until the third run no change in the reaction outcome was
monitored, while afterward the yield of 2 drops to 54% in the
fifth run. Nevertheless, a reuse/recycling of potassium Huoride
is possible, which is in contrast to our earlier reported DMAP
system.*® The distilled-off mixture of methanol and methyl lac-
tate from the catalyst recycling experiments were combined and
after removal of methanol methyl lactate was isolated in a total
yield of 78% yield. In addition, the time-yield plot relationship
was recorded at 140 °C (Figure 2). The sample taken after 120 s
was investigated by gel permeation chromatography (GPC)
analysis revealing the disappearance of long chain polymers.
With respect to the underlying degradation mechanism we
assume that the alkali metal halide can act as dual catalyst in
accordance to ionic liquid catalysts applied in the methanolysis
of polycarbonate (Scheme 3).F¢71-71 The potassium cation can
function as Lewis acid and coordinates the oxygen of the car-
bonyl function and by doing so the carbonyl carbon is activated
and methanol can attack (oxygen atom of the methanol) the
group as nucleophile. The nudleophilicity of the methanol can be
increased by the interaction of the fluoride anion with the proton
of methanol via hydrogen bonding. Based on that, the PLA chain
is dissected and results in the formation of smaller chains and by
repeating the process as final product methyl lactate is formed.
Afterward, a selection of PLA products was directed to degra-
dation (Table 2, entries 1-14). Besides the transparent PLA cup
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Q
5 mol% KF Q
0 — > 0 HO -
MeOH (23.1 equiv.) 8]
n 140 °C, MW
Poly(lactide) (1a) 2
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n
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> 404
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Figure 2. Degradation of PLA: time—yield plot [Conditions: 1a (583.2 mg,
8.1 mmol with respect to the monomer unit), KF (5 mol%, 0.404 mmol
with respect to the monomer unit of 1a), MeQOH (6.00 g, 187.2 mmol,
23.1 equiv. with respect to the monomer unit of 1a), temperature: 140 °C
(microwave heating); the yield was determined by 'H NMR.

further transparent products such as a food box (1b), a cover
of a Sushi box (1c), a PLA sheet (1d), and the body of a bottle
(1e) were studied (Table 2, entries 2-5). Methyl lactate was iso-
lated in yields of up to 141 wt% (the yield base on the weight
of the plastic, which not only contains the polymer PLA. The
plastic also contains an unknown amount of additives, elc.;
therefore, the precise amount of PLA is not known) or up to
97% (presumption that the plastic contains 100% PLA). Note-
worthy, if the PLA product (drinking straw with green stripes
(1f)) contains dyes, the yield (70 wt%, 48%) is to some extent

. °|K ) a [ y ] N 5 y MetH
P — Pt A, &

Scheme 3. Tentative degradation mechanism of end-oflife PLA in the
presence of potassium fluoride.

o]

5.0 mol% KF Q
_—— n HO. -
9 MeOH (24 equiv.) \HI\D
n 140 °C, 30 min
(autoclave) 2

Poly(lactide)
(1m, transparent cup)

m=7.4 g (102.7 mmol) isolated yield: 81%

m = 8.63 g (82.9 mmol)

Scheme 4. Scale-up degradation of end-oflife PLA performed with
conventional heating in an autoclave [Conditions: Tm (102.7 mmol),
MeOH (2.47 mol; 24.0 equiv. with respect to the monomer unit of Tm,
potassium fluoride (5.13 mmol, 5.0 mol% with respect to the monomer
unit of 1a), temperature: 140 °C (conventional heating), time: 60 min].
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a) Degradation of 1a in the presence of poly(bisphenol A carbonate)

9]

—= n HO /
O
(0]

5} E— 2 (NMR yield: 87%, isolated yield: 81%)

cal. KF O O
n
MeDH HO OH

180 "C. 20 min, MW

n

Poly(lactide) (1a)

Y

4 (NMR vyield: 86%, isolated yield: 70%)

Oy - ,

)J\ + MeOH

MeQ OMe
Poly(bisphenol A carbonate) (3)
5
b} Degradation of 1a in the presence of PET
o o]
— e
o n HO\H\O »
n
Paoly{lactide) (1a) 2 (isolated yield: 79%)
cat. KF
MeOH
160 °C, 20 min, MW
e}
o]
o/‘\/ _}5{_.
e n
Paoly(ethylene terephthalate) (6)
¢) Degradation of 1a in the presence of Nylon 6
Q o]

— —» n H
n

Poly(lactide) (1a)

cal. KF 2 (isolated yield: 54%)

MeOH
160 °C, 20 min, MW

N — %f_,
H n
Polyamide 6 (7)

Scheme 5. Degradation of end-of-life PLA in the presence of different end-of-life plastics [Conditions: Ta (5.4 mmol), 3, 6, or 7 (2.7 mmol), MeOH
{124.9 mmol; 23.1 equiv. with respect to the monomer unit of 1a and 46.3 equiv. with respect to the monomer of 3, 6, or 7), potassium fluoride
{0.135 mmol, 2.5 mol% with respect to the monomer unit of 1a, 5.0 mol% with respect to the repeating unit of 3, 6, or 7), temperature: 160 °C (micro-
wave heating), time: 20 min].

lower (Table 2, entry 6). Moreover, PLA goods containing  a disposable fork (1g) and a lid for espresso mug (1h). Note,
additive talcum powder (=20-30%) were tested (Table 2, entries  taking the amount of talcum powder into account the yields of
7-8). Good yields of 62-78 wt% or 43-54% were realized for  methyl lactate are comparable to the transparent PLA products.
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Next, black PLA products were studied (Table 2, entries 9-11).
Yields of 2 in the range of 72-84 wt% or 50-58% were obtained.
Remarkably, a used coffee mug lid (1i), which was contaminated
with coffee/milk/sugar leftovers, even a higher yield of 92 wt%
or 64% was noticed (Table 2, entry 10). An analogous obser-
vation was made for spoons 105 wt% or 72% versus 122 wt%
or 92% (Table 2, entries 12-13). Finally, the degradation of a
disposable coffee mug composed of paper and a PLA coating
was studied (Table 2, entry 14). However, a low yield of 2 of
4 wt% or 3% was noticed, since the paper component is the
main component in the coffee mug.

Besides, for plastic cups (1a) a scale-up reaction was carried
out (Scheme 4). In more detail, the reaction was performed
in accordance to the conditions stated in Table 1 entry 12 by
charging an autoclave (160 mL) with 7.4 g of 1a. The reac-
tion was carried out at 140 °C (conventional heating) and the
reaction time was extended to 30 min. Following the standard
purification/isolation protocol 8.63 g of 2 was attained, which
relates to a yield of 81%. Moreover, the optical rotation of
the isolated 2 was measured to get information of the optical
purity of the product. An enantiomeric excess of =93% (of (-)-
methyl 1-lactate) was obtained, which is in line with the starting
polymer and revealed almost no racemization.

In addition, we studied the potassium fluoride catalyzed deg-
radation of PLA (1a) accompanied by different end-of-life plas-
tics containing carbonyl functionalities, which can be seen as a
fraction of the waste streams. Recently, we have demonstrated
the abilities of alkali metal halides as catalyst in the depoly-
merization of end-oflife poly(bisphenol A carbonate) (3).7¢
Polycarbonate 3 was converted in the presence of methanol and
potassium fluoride as catalyst to the building blocks bisphenol
A and dimethyl carbonate, which can be reused as starting
materials for fresh polycarbonate®2# Since the reaction con-
ditions are comparable, we investigated the combination of
the degradation of a mixture of (solvent-assisted mixing) end-
of-life poly(lactide) 1a and the depolymerization of end-of-life
poly(bisphenol A carbonate) 3 (Scheme 5). In more detail, to a
mixture of 1a (5.4 mmol) and 3 (2.7 mmol) was added methanol
(124.9 mmol; 23.1 equivalents with respect to the monomer
unit of 1a and 46.3 equiv. with respect to the repeating unit of
3) and catalytic amounts of potassium fluoride (0.135 mmol,
2.5 mol% with respect to the monomer unit of 1a, 5.0 mol%
with respect to the monomer unit of 3). The mixture was
stirred at 160 °C (microwave heating) for 20 min. After that,
the mixture was analyzed by '"H NMR revealing the formation
of degradation products methyl lactate derived from PLA (NMR
yield: 97%) and bisphenol A (NMR yield: 86%4) and dimethyl
carbonatel®! derived from polycarbonate 3.## Besides, the
degradation products can be easily separated by distillation.
First, methyl lactate, dimethyl carbonate, and methanol were
quickly distilled off from the catalyst and 4 under vacuum.
The residue was recrystallized from chloroform to isolate 4
as colorless crystals in 70% yield. Subsequently, the mixture
of 2, 5, and methanol was separated by distillation. Keeping
the temperature below 100 °C 5 and methanol were collected,
while 2 remains in the distillation Hask and was isolated in 91%
yield. In consequence, a side-by-side degradation of PLA and
poly(bisphenol A carbonate) with the same catalyst is feasible.
Moreover, poly(ethylene terephthalate) (PET) (6) or polyamide 6
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(Nylon 6) (7) was added to the mixture of poly(lactide) (1a),
methanol, and catalytic amounts of potassium fluoride
(Scheme 5). In both experiments, the degradation of la was
achieved and 2 was isolated in 79% and 54%, respectively. Con-
versely, the PET and Nylon 6 were not depolymerized and were
recovered from the reaction mixture.

In summary, we have installed an easy-to-adopt degradation
methed as an initial module for the chemical recycling of Eol.
poly(lactide) (PLA). In more detail, the degradation was per-
formed with methanol as degradation reagent to obtain methyl
lactate as product. Noteworthy, as catalyst simple alkali metal
halides are required to realize excellent yields of 2 (>99%)
within short reaction times (5 min) under microwave heating.
Applying potassium fluoride as catalyst turnover frequencies
up to =588 h™' were obtained. The principle of operation of
the concept was proven in the degradation of a variety of PLA
goods.

Noteworthy, the produced methyl lactate can be the basis for
the synthesis of lactide, the starting material for new PLA as
reported in the literature. Finally, the degradation of PLA has
the potential to add some value to the UN's Sustainable Devel-
opment Goals (SDGs), e.g., SDG 13 (responsible use of nat-
ural resources), SDGs 2,3 (food security, land use), SDGs 9,11
(clean/green technologies, waste management/urban mining),
and SDG 12 (supply chain, more efficient, and less con-
sumptive technologies, recycling, waste streams). Upcoming
investigations will focus on the advance of the degradation and
the establishment of a continuous method of operation.
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Next, some literature known(?>¥ catalysts with excellent activities in the ROP of L-lactide (11)
were investigated. Therefore, a variety of bismuth(lll) salts were studied for this purpose.!#4
Under similar reaction conditions (1 mol%, 160 °C, 10 min, 67.5 eq. MeOH), bismuth(lIl)
halogenides revealed the lowest activities, while bismuth(lll) subsalicylate and Bi(OTf)z were
the most active catalysts. Due to its high availability (anti-inflammatory drug) and low cost
bismuth(lll) subsalicylate was used for further investigations. Under specific reaction
conditions (0.1 mol%, 180 °C, 1 min, 67.5 eq. MeOH), TOFs of up to 13800 h* were achieved.
A collection of commercial PLA (9) goods was in turn converted to methyl lactate (13) in
excellent yields. Interestingly, a PLA (9) sample obtained with bismuth(lll) subsalicylate as
polymerization catalyst could be degraded to some extent, when the crude PLA (9) (with
catalyst residues) was submitted to depolymerization without prior purification. A catalyst
recycling experiment showed constant performance for 1 mol% over 5 runs, while a starting

catalyst loading of 0.25% resulted in significant decay.
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Application of Bismuth Catalysts for the Methanolysis of

End-of-Life Poly(lactide)

Christoph Alberti,”” Hans Rytger Kricheldorf,” and Stephan Enthaler*™

The chemical recycling of poly(lactide) (PLA) was investigated
especially the depolymerization for generating useful mono-
mers/polymer precursors. In more detail, applying catalytic
amounts of bismuth compounds PLA was converted to methyl
lactate using methanol as depolymerization reagent. An
excellent performance was observed for bismuth subsalicylate
with turnover frequencies of up to 13,800 h~' using microwave
heating. Moreover, the usefulness of the bismuth subsalicylate
catalyst was demonstrated in the depolymerization of various
PLA goods. Interestingly, the bismuth subsalicylate was easily
recovered after the reaction and was sent again to depolyme-
rization revealing recyclability of the catalyst.

Plastics obtained from renewable resources can be beneficial
for a resource-efficient economy."” As one of this kind of
plastics poly(lactide) (PLA, 1, Scheme 1) containing plastics
have been installed based on the valuable properties. PLA is
available by a multi-step process with a production rate of 0.2
million tons per year.”’ The key molecule lactic acid is formed
by biochemical processes starting from carbon dioxide, water
and solar energy.” In a polycondensation step lactic acid is
converted to PLA. Commonly low molecular weight PLA is
generated, which can be degraded to lactide. The lactide is
polymerized in a ring-opening polymerization to obtain high
molecular weight PLA used for various applications. After
finishing the application, the end-of-life PLA (End-of-Life = EoL)
is sent to the waste management system. Importantly, the bio-
degradability of PLA has been discussed, but the dwell time in
composting plants hamper a complete degradation.™ There-
fore, EoL-PLA can be incinerated to release the stored energy
and generate CO, and water, which can be the initialization for
new PLA (vide supra) and creates a cycle. Moreover, a certain
carbon-neutrality is reasonable on a short time scale.®” None-
theless, a disadvantage is the requirement for new PLA, which
call for land use and cultivation time, consequently a competi-
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Scheme 1. Chemical recycling concept for PLA applying bismuth catalysis.

tion with other agricultural processes is obvious. In this regard,
the application of recycling techniques for EoL-PLA can be an
interesting alternative. In this context, the chemical recycling
can create beneficial aspects to sustainability and resource-
efficiency.® In detail, the chemical recycling is composed of
two connected elements, the depolymerization and polymer-
ization process. In the depolymerization the polymer is
converted to the monomer or monomer precursors, which are
subjected to the polymerization to (re)produce the polymer
(Scheme 1). Numerous chemical recycling methods for EoL-PLA
were described.®®""! Particularly, methods based on alcohalysis
of EoL-PLA has been investigated in detail. For instance, using
methanol as depolymerization reagent EoL-PLA is depolymer-
ized to methyl lactate (2) containing the former repeating unit
of PLA. Subsequently, the methyl lactate can be used as
precursor for new PLA. On the one hand, conversion to lactic
acid can follow the industrially established route for PLA.
Moreover, 2 can directly applied as monomer and polymerized
to PLA."*" In both cases methanol is generated, which can be
reused in depolymerizations; therefore a recycling of methanol
is feasible,

To realize a successful depolymerization via alcoholysis
catalysis is necessary. Recently, some of us reported the
application of catalytic amounts of tin(ll) 2-ethylhexanoate (5n
(Oct),) in the methanolysis of PLA resulting in excellent catalyst
activities of up to 39,600 h™' (turnover frequency)."" However,
due to the toxicity of tin(ll) 2-ethylhexanoate we studied herein
the potential of bismuth compounds as less toxic substitutes,
part of which have been reported as efficient catalysts in the
synthesis of PLA "'

@ 2020 Wiley-VCH GmbH
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At first, for optimization of the depolymerization process
end-of-life transparent PLA-cups (1a, M,=57,500 g/mol, M, =
240,800 g/mol, D=4.2, PLLA) were applied (Table 1). A portion
of 1a (278 mmol based on the repeating unit, idealized
assumption: 1a contains only PLA), methanol (67.5 equivalents
based on the repeating unit of 1a) and catalytic amounts of
bismuth salts (1.0 mol% based on the repeating unit of 1a)
were placed in a vial suitable for microwave heating (MW). The
mixture was reacted at 160°C under stirring using microwave
heating for 10 min, meanwhile the PLA completely dissolved.
Afterwards an aliquot was taken from the mixture and was
dissolved in CDCl; to determine the yield/conversion by 'H
NMR analysis. The generation of the depolymerization product
2 was validated by the presence of a singlet at & =3.78 ppm,
which corresponds to the methyl group of the ester function
(—C(= 0)OCH;). Furthermore, a doublet at & = 1.40 ppm (*Jy =
6.91 Hz, CH,CH-) and a pseudo quartet at & = 4.27 ppm (), =
6.91 Hz) confirms the existence of 2."% In this regard, for
bismuth halides a moderate performance with a yield of 28%
was noticed for BiCl;, while using BiBr; and Bil, a decrease of
activity was observed (Table 1, entries 2-5). Importantly, for
BiF, no activity was detected, same was noticed in the absence
of any bismuth salt (Table 1, entries 1-2). An excellent yield of
>99% was achieved applying catalytic amounts of Bi(OTf),,
while in case of Bi(OAc); a moderate yield was obtained
(Table 1, entries 6-7). Furthermore, bismuth subsalicylate was
tested, revealing an excellent yield (Table 1, entry 8). For further
studies bismuth subsalicylate was used, due to lower costs
compared to Bi(OTf.."” Following, the influence of the catalyst
loading was examined (Table 1, entries 10-12). Decreasing the

loading revealed a yield of 86% after 10 min, which agrees to a
turnover frequency (TOF) of 5160 h . Changing the temper-
ature to 120°C resulted in a decrease of product yield to 48%
(Table 1, entry 14). On the other hand, an increase to 180°C
showed an excellent TOF of 13500h ' (Table 1, entry 15).
Noteworthy, the bismuth subsalicylate catalyst outperforms our
earlier reported systems, e.g. DMAP (~178 h™") and KF (~
816h"), only the Sn(Oct), revealed a higher TOF of
39600 h='.1%1

Afterwards, the bismuth subsalicylate was studied in the
depolymerization of different PLA-products (Table 2, entries 1-
14). In all cases excellent performance with yields >99% was
detected, demonstrating the robustness of the catalyst. The
PLA 1m was synthesized using bismuth subsalicylate
(0.05 mol %) as catalyst (Table 2, entry 13)."*¢ Noteworthy, the
catalyst embedded in the polymer was not deactivated.
Performing the depolymerization without an additional portion
of bismuth subsalicylate revealed a yield of 36% after 10 min.
After cooling the reaction mixture of the depolymerization
applying bismuth subsalicylate to ambient temperature a
precipitation of the catalyst was noticed. Therefore, we
investigated the reuse/recycling of the bismuth subsalicylate
catalyst (Scheme 2). The reactions were performed in accord-
ance with the conditions stated in Table 1, entry 8. After 10 min
at 160°C the catalyst was filtered off at room temperature. A
new guantity of EoL-PLA and methanol was added for the next
depolymerization. Interestingly, in all cases excellent perform-
ance was detected. From the combined mixtures of methanol
and 2, methanol was distilled-off. Product 2 was isolated in an
overall yield of 73%. Conversely, using 0.25 mol% catalyst

Table 1. Depolymerization of 1a applying bismuth catalysis — optimization of depolymerization reaction.
fo] cat. [Bi]
MeOH 2
0 n HO g
n Y
Poly(lactide) (1a) 2
Entry Catalyst Catalyst loading [mol%)] MeOH [equiv.] TI°C t [min] Yield 2 [%6]"" TOF [h '™
1 - - 67.5 160 10 < g |
2 BiF, 1.0 67.5 160 10 < <1
3 BiCl 1.0 67.5 160 10 28 168
4 BiBr; 1.0 67.5 160 10 23 138
5 Bil, 1.0 67.5 160 10 16 96
6 Bi(OTh), 1.0 67.5 160 10 =99 600
7 Bi(OAc); 1.0 67.5 160 10 27 162
8 Bismuth subsalicylate 1.0 67.5 160 10 =99 600
9 Bi, 0, 1.0 67.5 160 10 <1 g |
10 Bismuth citrate 1.0 67.5 160 10 <1 <1
10 Bismuth subsalicylate 0.5 67.5 160 10 =99 1200
1 Bismuth subsalicylate 0.25 67.5 160 10 =99 2400
12 Bismuth subsalicylate 0.1 67.5 160 10 B6 5160
13 Bismuth subsalicylate 1.0 50.0 160 10 =09 600
14 Bismuth subsalicylate 1.0 67.5 120 10 48 288
15 Bismuth subsalicylate 0.1 67.5 180 1 23 13800
159 Bismuth subsalicylate 1.0 67.5 ~65 1440 42 2
[a] Reaction conditions: 1a (transparent PLA cup), 2.78 mmol with respect to the repeating unit), catalyst (0-1.0 mol%, 0-0.0278 mmol with respect to the
repeating unit of 1a), MeOH (50.0-67.5 equiv. with respect to the repeating unit of 1a), temperature: 120-180°C (microwave heating), time: 1-10 min. [b] The
yield of 2 bases on 'H NMR spectroscopy. [c] The TOF was calculated: (mole product/mole catalyst}*h™". The TOF was calculated by the yield of 2 after the
designated time. [d] The reaction was performed by conventional heating with an oil bath.
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Table 2. Bismuth subsalicylate catalyzed depolymerization of EoL-PLA products.
Q : : o]
1.0 mel% Bismuth subsalicylate
o - - n HD\[)J\ -
MeOH (57.5 equiv.) o
n 160 °C, 10 min, MW
Poly(lactide) (1a) 2
Entry™ Product Yield of 2 [%]"™
1 transparent cup (1 oz) (1a) > 99
2 transparent cup (250 mL) (1b} =99
3 transparent disposable food box (1¢) =99
4 transparent sushi box cover (1d) =99
5 transparent bottle (1e} =99
6 drinking straw with green strips (1f) =09
7 disposable fork with talcum powder (1g) =99
8 lid for espresso mugs (contains ~ 20-30 % talcum powder) (1h} =99
] lid for coffee mugs (1i) =99
10 black lid for coffee mugs (1j) =99
1 sushi box (black base) (1k) =99
12 blue ice cream spoon (11} =909
REL PLA (1m) 36
14 PLA (1m) =99
[a] Reaction conditions: 1a-11(200.0 mg, 2.78 mmol with respect to the repeating unit), bismuth subsalicylate (10.1 mg, 1.0 mol%, 0.0278 mmol with respect
to the repeating unit of 1), MeOH (6.0 g, 187.3 mmol, 67.5 equiv. with respect to the repeating unit of 1), temperature: 160°C (MW), time: 10 min. [b] The yield
of 2 bases on 'H NMR spectroscopy. The amount of substance of 2 was related to the amount of substance of PLA. [¢] Without additional catalyst. The polymer
contains 0.05 mol% bismuth subsalicylate.

0.25-1.0 mai% o

Bismuth subsalicylata o H -
D\H\‘) '"H NMR, revealing some racemerization during depolymeriza-
2 tion.
combined 5, .
IR Lo ke I In summary, an easy-to-adopt depolymerization protocol
uns, | meits cata 1)
for the chemical recycling of EoL-poly(lactide) was established.
The depolymerization was carried out with methanol as
ization catalyst among the commercial Bi(lll) salts."* The

100 -
depolymerization reagent to generate methyl lactate as
BO 4
60 4
40 4
20
o r . . I + e A H i
1 5 3 4 5 principle of operation was verified in the depolymerization of

beneficial chemical, which can be used as starting compound
Run different PLA products.

MeOH (875 equiv.)
160 °C, 10 min, MW

e,

Poly(lactide) (1a)

for the synthesis of new PLA. Notable, as best catalyst bismuth
subsalicylate was detected attaining excellent yields of 2 (>
999%) under microwave heating. Noteworthy, turnover frequen-
cies of ~13800 h ' were realized with bismuth subsalicylate.
This result is of particular interest, because this bismuth
compound is a non-toxic inexpensive commercial drug and has
quite recently been found to be the most effective polymer-

Yield [%]

Scheme 2. Depolymerization of EoL-PLA - catalyst recycling [Reaction
conditions: 1a (200.0 mg, 2.78 mmol with respect to the repeating unit),
bismuth subsalicylate (1st run: 10.1 mg, 0.25 mol% (light grey) or 1.0 mol %

Supporting Information Summary

(dark grey), 0.00695 mmol or 0.0278 mmol with respect to the repeating unit
of 1a), MeOH (6.00 g, 187.2 mmol, 67.5 equiv. with respect to the monomer
unit of 1a), temperature: 160°C (MW), time: 10 min. 2™ run catalyst leftover
from 17 run; 3™ run catalyst leftover from 2™ run; 4" run catalyst leftover
from 3™ run; 5™ run catalyst leftover from 4™ run; the yield was determined

by 'H NMRI.

loading in the catalyst recycling experiment a significant
decrease was noticed after the third run. Moreover, the ratio of
enantiomers of 2 was investigated by reaction of 2 with (S)-
binol chlorophosphite.'™ A ratio of 84:16 was determined by

ChemistrySefect 2020, 5, 1231312316 Wiley Online Library
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The experimental details including the depolymerization reac-
tions and product characterization can be found in the
supporting information.
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Based on the increased activity of Bi(lll) compounds we wondered if the industrially relevant
catalyst Sn(Oct), is active in methanolysis.?>® In fact, excellent activities (TOFs up to 39,600
ht) were revealed. Due to the excellent activity of the catalyst the reaction could even be
carried out with 0.05 mol%. Notably, some conversion was still realized at 100 °C. Additionally,
a set of contaminated goods was degraded successfully and no correlation of the yield to the
molar mass of the samples could be observed. The reaction was furthermore scaled up to 51
g of PLA (9) waste in an autoclave with conventional heating to realize an isolated yield of
58%. In accordance to our prior observations and that of Carné Sanchez et al.**? PET (14)
could not be degraded with PLA (9) in neat MeOH. However, under optimized conditions for

PLA (9), also PBAC (2) was converted in excellent yields.
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In recent times, plastics derived from renewable resources have
received significant consideration as alternatives to plastics based
on fossil resources. Nevertheless, some challenging issues, for
instance the embedding of these plastics in a future circular
economy, are currently under investigation. In this regard, re-
cycling by applying chemical methodologies to reconvert the
monomers would be a useful process. The selective depolymerisa-
tion/degradation of end-of-life poly(lactide) (EoL-PLA) plastics via
methanolysis was explored in the presence of the industrially rele-
vant catalyst tin(i) 2-ethylhexanoate (Sn(Oct),). EoL-PLAs used in
daily life were successfully degraded to methyl lactate utilising
microwave heating. Outstanding turnover frequencies of up to
39600 h™! were observed.

In recent times, plastics obtained from renewable resources
(e.g., biopolymers, bio-based polymers) have been customized
and used as alternatives to solve the diverse negatives of fossil
resources-based plastics."”? For instance poly(lactide) plastics
(PLA, 1, Scheme 1) have manifold applications. PLA is factory-
made on a ~0.2 mt per year scale.” PLA is available through
the biological conversion of carbon dioxide, water and energy
to its building block, lactic acid. Lactic acid can be utilised as
the monomer in a polycondensation reaction to manufacture
1. As an alternative, lactic acid can be converted to lactide (3),
which give access to 1 by ring-opening polymerisation
(Scheme 1). After completing its operational purpose, PLA is
denoted as end-of-life PLA (EoL-PLA). A main benefit of
EoL-PLA is its bio-degradability ability.” Nonetheless, the
degradation of PLA in composting plants cannot commonly be
achieved during the dwell time. Consequently, EoL-PLA is
reconverted to CO,, H,0 and energy by incineration.
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Significantly, the incineration products can be reprocessed by
nature to make fresh portions of 2, for that reason a circular
process and carbon-neutrality is attainable.”” On the contrary,
accessing new PLA needs cultivation and therefore cultivation
time and land use, which uses land that could be used for the
creation of foodstuffs or energy. As a result, a circular
economy, in which the intrinsic entity of the PLA plastics is
cycled, should be favoured and minimises the input acreage.
From this perspective the chemical recycling of plastics using
depolymerisation and polymerisation reactions can be ben-
eficial.” Depolymerisation converts the polymer to the
monomer, while the polymerisation produces the polymer
from the monomer (Scheme 1). Indeed, several recycling
approaches for EoL-PLA have been demonstrated.” "
Specifically, the reaction of EoL-PLA with alcohols has drawn
attention. For instance, reacting EoL-PLA with methanol pro-
duced methyl lactate (2) as the carrier of the monomeric unit
of PLA. Chemical 2 can then be converted to lactic acid and
subsequently transformed to 3 and 1 (an industrially estab-
lished route) or directly polymerised to 1 maybe via 3 (a less
investigated route).'*"® In both reactions methanol is released,
which can be applied in new depolymerisations. Notably, to

i

end-of-life PLA (1)

n HyC—COH

depolymerisation
idegradation

chemical recycling
of poly({lactide) (PLA)

;i SniOctl
M. HC—OH catalye Q
M4 /\/\ikc,e
I el | Hc\rﬁ\o,cH,
;

n HyC—0OH 2

Scheme 1 Application of Sn(Oct), catalyst in the chemical recycling of
Eol-PLA.
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carry out the depolymerisation successfully a catalyst is
essential.

Recently, the catalytic potential of 4-dimethylaminopyridine
(DMAP) and alkali metal halides (e.g. KF) has been examined
in the methanolytic depolymerisation of EoL-PLA to attain
methyl lactate in turnover frequencies of up to ~816 h™'*1°
Regarding the initial studies, attention was drawn to the utilis-
ation of the industrially relevant tin(n) 2-ethylhexanoate [Sn
(Oct),] as a potential catalyst for the depolymerisation.
Importantly, Sn(Oct), has been proven as a catalyst for the syn-
thesis of PLA.'® Accordingly, for both sub-processes of PLA-re-
cycling the same catalyst can be employed.

At first, to optimise the depolymerisation reaction con-
ditions, a transparent PLA-cup 1a (M, = 57 500 g mol™', M,, =
240800 ¢ mol™', D = 4.2, PLLA) was applied as a model
(Table 1). Compound 1a (8.1 mmol with respect to the mono-
meric unit), an excess of MeOH (23.1 equiv. with respect to the
monomeric unit of 1a) and a catalytic amount of Sn(Oct),
(0.25 mol% with respect to the monomeric unit of 1a) were
combined in a vial suitable for microwave heating (MW). Due
to the excess MeOH no extra solvent was added.'” The mixture
was stirred and heated in a microwave reactor at 160 °C for
20 min (Table 1, entry 1). Then the mixture was cooled to
ambient temperature attaining a clear solution, which indi-

Table 1 Sn{Octl,-catalysed depolymerisation of la

o
catalyst
—_——— nH
MeOH, MW QWJLO/
n

Poly(iactide) (1a) 2

Catalyst MeOH T t vield  TOF
Entry’ loading [mol%] [equiv.] [°C] [min] 2°[%] [h7"]
1 0.25 23.1 160 20 >99 1200
2 0.25 231 160 10 =99 2400
3 0.25 23.1 160 5 >99 4800
4 0.10 23.1 160 10 >99 6000
5 0.10 23.1 160 5 48 5760
6 0.10 23.1 60 2 31 9300
7 0.05 23.1 160 10 31 3720
8 —_ 231 160 10 <1 —_
9 0.25 23.1 140 10 89 2136
10 0.25 23.1 100 10 10 240
11 0.25 19.3 160 10 =99 1200
12 0.25 154 160 10 =99 1200
134 0.25 11.6 160 10 <1 =
14° 0.25 5.8 160 10 <1 —_
15 0.1 154 150 1 64 38400
16 0.05 15.4 180 1 33 39600

“Reaction conditions: 1a (obtained from testing a transparent cup,
8.1 mmol with respect to the repeating unit), Sn(Oct), (0-0.25 mol%,
0-0.0203 mmol with respect to the repeating unit of 1a), MeOH
(5.8-23.1 equiv. with respect to the repeating unit of 1a), MW:
100-160 °C, 1-20 min. ” The yield was determined by '"H NMR. A clear
solution was observed. It is presumed that the PLA-product is com-
posed of 100% PLA. “The TOF was calculated: (mole product/mole
catalyst) x h™". The TOF was calculated using the yield of 2 after the
designated time, because the determination of the TOF at a yield of
50% was not possible, due to the technical limits. ¥ Addition of THF
(3.0 g). “ Addition of THF (4.5 g).

2626 | Folym. Chem, 2020, 11, 2625-2629
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cates the absence of PLA. Moreover, a part of the mixture was
dissolved in CDCL, for '"H NMR analysis. The analysis revealed
the existence of a doublet at 1.40 ppm (J = 6.91 Hz, CH,CH-),
a doublet at 2.83 ppm (J = 5.20 Hz, CHOH-), a single signal at
3.77 ppm (OCH,;), and a double quartet at 4.27 ppm (J = 6.91
Hz, J = 5.20 Hz, CH,CH-), which is evidence of the formation
of 2."® Importantly, no hint of leftover PLA or PLA-oligomers
was observed (5.05-5.20 and 4.27-4.32 ppm), therefore com-
plete conversion of PLA was assumed. Remarkably, Sn(Oct),
exhibits excellent catalytic performance at a lower catalyst
loading and lower temperature compared to established
systems DMAP (1.0 mol%, 180 °C, 10 min, yield: 4%), and KF
(0.5 mol%, 180 °C, 10 min, yield: 68%).'""" Moreover, the
obtained activity outperforms the Sn(Oct),-catalysed ethanoly-
sis of PLA as reported by Petrus et al. (1.0 mol%, 200 °C,
60 min, yield ethyl lactate: 87%)'°% Additionally, the reaction
period was shortened, and still showed excellent yields of 2
within 5 min (Table 1, entries 2 and 3). Next, the loading of
the catalyst was explored showing a reasonable yield of 31%
with a loading of 0.05 mol% Sn(Oct), (Table 1, entries 4-8). In
the absence of the catalyst, 2 was not detected (Table 1, entry
8). In addition, the influence of the reaction temperature was
investigated revealing a decreased yield at 100 °C (Table 1,
entries 9 and 10). Moreover, the equivalents of MeOH with
respect to the monomeric unit of 1a were studied (Table 1,
entries 13 and 14). Still, excellent yields were detected for 19.3
and 15.4 equiv. of MeOH, but at lower loadings no product for-
mation was observed, perhaps also caused by the addition of
THF as the solvent (Table 1, entries 13 and 14). Note, when
increasing the temperature to 180 °C and reducing the
amount of methanol to 15.4 equiv., excellent turnover frequen-
cies of up to 39 600 h™' were caleulated, which are among the
highest reported so far. For instance, in the presence of cata-
Iytic amounts of DMAP (~178 h™') or KF (~816 h™') lower
TOFs were observed (Table 1, entry 16). With the optimised
conditions in hand (0.25 mol% Sn(Oct),, 23.1 equiv. methanol,
160 °C, 10 min, MW = microwave heating) attention was
directed to obtaining a set of EoL-PLA plastics (Table 2).

The PLA-cup 1a was transformed with an excellent yield to
2 as detected by 'H NMR spectroscopy. Afterwards, 2 was iso-
lated from the crude mixture: the mixture was shifted to a
flask; the flask was attached to a distillation set-up; the low-
boiling point chemicals, MeOH and 2, were rapidly distilled-
off to circumvent the backward reaction (polymerisation); the
collected mixture of MeOH and 2 was carefully separated by
evaporation in a vacuum.

Methyl lactate was isolated in 74 wt% (regarding the initial
mass of 1a) or 51% isolated yield (presuming that 1a contains
100% PLA) (Table 2, entry 1). For example further transparent
PLA products such as a food box (1b), a cover of a Sushi-box
(1c), a sheet (1d) and a bottle (1e) were studied (Table 2,
entries 2-5). Good yields of up to 88%, or up to 128 wt%, were
realised. Lower yields of 57-67% or 82-97 wt% are obtained
for non-transparent EoL-PLAs, e.g., an espresso mug lid (1g)
and a fork (1h), which contain talcum powder (ca. 20-30%)
(Table 2, entries 6 and 7). In addition, PLA goods containing

This journal is @ The Royal Society of Chemistry 2020
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Table 2 SnlOct)z-catalysed depolymerisation of PLA-products
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'™

Polyilactide] {1a-1}

D.25 mel% Sn(Octly
—_—

MeDH 231 equiv
160 *C, 10 min, MW

n HO.
\I/H\O/

Entry®  Product

vield 2° [wto]  Yield 2°[%4]

1 Transparent cup (1a) (M, = ~57 500 g mol ™', M,, = ~240 800 g mol ™', D = 4.2) 51 74
2 Transparent food box (1b) (M, = ~43 600 g mol ™", M,, = ~236 000 gmol'i, D=54) 78 113
3 Transparent cover of a Sushi box (1¢) (M, = ~54 700 g mol ™, M,, = ~212 700 g mol™, D = 3.9) 38 128
£l Transparent plastic sheet (1d) (M, = ~150 400 g mol ', M,, = ~262000 g mol ', D=1.7) 69 99
5 Transparent bottle (1€) (M, = ~99 100 g mol ™", M,, = ~254 900 ¢ mol™", D = 2.6) 56 81
6 Straw (green strips) (1f) (M, = ~112 100 g mol™, M,, = ~239900 g mol™", D = 2.1) a1 117
7 Fork with talcum powder (1g) (M, = ~59 000 g mol™, M, = ~124 100 o mol ™, b =2.1) 57 82
8 Espresso mug lid (~20-30% talcum powder) (1h) (M, = ~56 100 g mol ™', M,, = ~177 500 g mol ', D =3.2) 67 97
9 Coffee mug lid (black) (1i) (M;, = ~75 400 g mol ™", M, = ~241 100 g mol™", D = 3.2) 58 83
10¢ Used coffee mug lid (black) (1i) 54 78
11 Base of a Sushi box (black) (1j) (M., = ~80 300 g mol™', M,, = ~148 400 g mol ™', D = 1.8) 85 123
12 Spoon (pink) (1k) (M, = ~57 600 g mol™", M,, = ~133 000 g mol ™, D = 2.3) 75 109
13¢ Used spoon (yellow) (1k) 60 86
14 PLA coated coffee mug (11) (M,, = ~86 400 g mol™', M,, = ~221 000 g mol™', D = 2.6) 40 58

“Reaction conditions: 1 (583.2 mg, 8.1 mmol with respect to the monomeric unit), Sn(Oct), (12.5 mg, 0.25 mol%, 0.031 mmol with respect to the
repeating unit of 1), MeOH (6.0 g, 187.2 mmol, 23.1 equiv. with respect to the repeating unit of 1), MW: 160 °C, 10 min. " The mass of 2 was con-
nected to the mass of the initial PLA. Yield wt% = (m{2)/m(1]) * 100. * The amount of 2 was connected to the amount of initial PLA, insinuating
that the product (cup, box etc.) contains 100% PLA. Yield % = (n(2)/n(1)) x 100. ¢ Contamination: coffee, sugar, milk. The good was not cleaned.

dyes were tested, displaying a yield of 58-85% or 83-123 wt%
(Table 2, entries 9 and 11). Coffee mug lids (1f) and colored
spoons were also tested after use (contamination: coffee/sugar/
milk leftovers). Surprisingly, similar yields were noticed, there-
fore the direct recycling of EoL-PLA without pretreatment (e.g.,
cleaning, drying) is feasible (Table 2, entries 10 and 13). Lastly,
a composite of paper and PLA was tested (Table 2, entry 14). To
a paper coffee mug, coated with a PLA-layer, chloroform was
added, and the PLA was soluble and the paper was not. After
filtration and remaoval of the solvent, the PLA was subjected to
depolymerisation and methyl lactate was isolated in 67% yield.

Furthermore, for used plastic cups a scale-up reaction was
performed (Scheme 2). The first attempt was carried out in an
autoclave (160 mL or 1000 mL), following the conditions
stated in Table 1: entry 9, with 5.832 g (approach c: ~5 exem-
plars) or 50.873 g (approach d: ~44 exemplars) of PLA cups.
The reaction time was extended to 2 h. Following the standard
purification/isolation procedure 6.0 g (approach ¢) and
42.345 ¢ (approach d) of 2 were obtained, which corresponds
to a yield of 72% and 58%, respeetively. Comparing this result
with the result of the microwave approach (76%), a similar
yield was realised. A further increase of the scale was per-
formed in a microwave reactor applying eight microwave tubes

't

Polylactde) (1m)

0.26 mol% SniOct)y

MeOH (15 4 equiv )

a) 180 °C, 10 min, MW

b} 140 °C, 20 min, MY

©) 140 °C, 120 min, auoclave
d) 140 °C, 120 min, autociave

Q
L Hoj}\o/
2

a) ylekd: 0,640 g, 7%, 110 wi%
b) yield: 33.535 g, 58%, 84 wil%
c) yield: 6.044 g, 72%, 104 Wi
d) vield, 42.345 g, 58%, 84 wikh

&) 0,583 g (8.1 mmel)

b} 40.000 g {555 6 mmol)
) 6.632 g (1.0 mmol)
d) 50.873 g (7056 mmol)

Scheme 2 Chemical recycling of PLA cups — scale-up experiments.

This jeurral is © The Royal Society of Chemistry 2020

(8 x 100 mL) in parallel (Scheme 2). In total 40 g of PLA from
cups (~33 exemplars) was depolymerised yielding 33.5 g of 2
(yield: 58%) after 20 min at 140 °C.

Additionally we studied the performance of Sn(Oct), when
using a mixture of different EoL-plastics (Scheme 3). The one-
pot and contemporaneous depolymerisation of different types
of polymers may allow for economic recycling processes.' In
this regard, a mixture of Eol-plastics containing ester func-
tionalities was studied (Scheme 3).

We attempted to depolymerise a mixture of a transparent
plastic cup (1a) containing poly(lactide), poly(bisphenol A car-
bonate) (3) isolated from a DVD, and a transparent bottle

oou) g O

poly(bisphenal A carbonate) (3)

polyifactice) (1a) paolyjethylens terephihaiate) (4)

1.5 motth Sa(Oct); | MeOH 89.4 equiv,
180 *C, 20 min, MW

n /m n Ho\rﬁ\)/ n o
HOY OH /0
5 2

(o]

NMR yield: =89% NMR yield: =80% T
isolated yisld: B4% isotated yield: 51% not detected
OH
n j\ L ~on
g g
6 8
not detected

NMR yield: >59%

Scheme 3 Chemical recycling of a mixture of different Eol-plastics
and separation.
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made of poly(ethylene terephthalate) (4). In the presence of
1.5 mol% Sn(Oct}, after 20 min at 160 °C, 1a and 3 were suc-
cessfully converted, while 4 was untouched but was easily sep-
arated from the reaction mixture by filtration.

In the case of 1a the desired methyl lactate was detected
with an excellent NMR yield of >99%. Poly(bisphenol A carbon-
ate) (3) was converted to its building blocks, bisphenol A (5)
and dimethyl carbonate (6), in excellent yields (>99%), which
can be reused for the synthesis of new poly(bisphenol A car-
bonate] materials.®® For separation/purification, straight-
forward distillation (2, 6 and methanol) and crystallization (for
5) were applied. 2 was isolated in 61% yield and 5 in 64%
yield,

Conclusions

In conclusion, a straightforward and resource-efficient proto-
col for the transformation of EoL-PLA to the valuable product
methyl lactate was tested. A selection of PLA goods found in
daily-life were successfully converted in the presence of the
industrially relevant catalyst Sn(Oct),. Excellent yields of
methyl lactate were recognised within a short period of time
(5-20 min). Remarkably, turnover frequencies of up to
39600 h™" were exhibited by the catalyst, which is one of the
highest catalyst activities reported so far for the methanolysis
of PLA. In addition, the system was tested on a larger scale in
an autoclave and in combination with other EoL-plastics
revealing comparable performance.
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In conclusion, four different catalytic systems were successfully applied for the synthesis of
methyl lactate (13) from waste PLA (9). Although being the system of highest activity, Sn(Oct)2
comprises some disadvantages due to its toxicity. Alternatives with lower toxicity with still
reasonable activity were the Bi(lll) compounds and alkali metal halides. Moreover, microwave
irradiation was exploited to achieve excellently short reaction times that are by far lower than
the reported in the literature. This is cause by efficient and rapid heating as well as the
influence of microwave irradiation on the kinetics of the reaction.®? All literature known
examples, that enable conventional heating where outperformed in terms of reaction times.
Furthermore, the literature known trend that the catalytic activity is affected by both, the cation

and the anion could be confirmed (for Bi(lll) and alkali salts).

In order to simplify the overall chemical recycling, we investigated the straightforward
depolymerization of PLA (9) to L-lactide (11), thus, avoiding the additional condensation step

of methyl lactate (13).?% The RCD of molten high My, PLA (9) in the presence of various
catalysts proceeds above 180 °C (200 °C ideally). Here, especially Zn(OAc). shows good

TOFs comparable to the benchmark system Sn(Oct).. In a simple reactive distillation setup
excellent isolated yields of L-lactide (11) were realized. The temperature range of this process

is very small, because at >230 °C degradation to gaseous products, e.g. CO and COx,
diminishes the selectivity.[*?>122 The racemization of the L-lactic acid units was observed by
'H NMR using the separated signals of meso-lactide. The racemization was significantly
higher for NaOAc and KOAc. Despite the small content of racemization, the setup provides
an excellent opportunity for large scale application. Nylon 6 (31) and PCL (28), that are known
to undergo RCD where also attempted to degrade in the presence of PLA (9). However, Nylon

6 (31) was not converted and PCL (28) depolymerized only in a small amount to 30.
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Depolymerization of End-of-Life Poly(lactide) to Lactide via

Zinc-Catalysis

Christoph Alberti and Stephan Enthaler*?

The chemical recycling of poly(lactide} (PLA), especially the
initial depolymerization step was studied. High molecular
weight PLA was depolymerized in the presence of zinc catalyst
to lactide, the industrial relevant chemical for the synthesis of
high molecular weight PLA; therefore, an efficient recycling is
feasible without the need for depolymerization reagents. An
excellent performance was observed for zinc(ll) acetate with
turnover frequencies of up to ~260 h™' at 200-210°C. Note-
worthy, the lactide was isolated in high purity by reactive
distillation. Furthermore, the zinc(ll) acetate catalyst was
recycled up to five times.

Recently, significant attention was directed to plastics derived
from renewable resources, which have some advantages
compared to fossil resource-based plastics and can add some
benefit to a circular economy."? In this regard, plastics based
on poly(lactide) (PLA, 1, Scheme 1) have been extensively
investigated and nowadays PLA is produced on a ~0.2 m t/y
scale with wide range of applications have been established.”
Noteworthy, PLA is accessible by methods based multi-steps
processes. Primarily, in plants carbon dioxide, water and solar
energy are transformed to biomass by biochemical processes.
Afterwards the biomass is converted to lactic acid by industrial
fermentation. Lactic acid is transformed by polycondensation
to polymer/oligomer 1. However, to obtain high molecular
weight PLA the polymer/oligomers are depolymerized to the
dimer lactide 2 (prepolymer route).” Finally, lactide is subjected
to ring-opening polymerization assisted by catalysis to form
high molecular weight 1. After having fulfilled its obligations
the end-of-life PLA will disposed of. For instance composting of
PLA is discussed, but the short dwell time in composting plants
is an issue.”! Moreover, incineration of PLA can be carried out,
to release energy and generate carbon dioxide and water.
Interestingly, the carbon dioxide and water can be reused at
the beginning of the PLA process (vide supra), making the
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Scheme 1. Chemical recycling concept for PLA.

whole approach to some extend carbon-neutral®” However,
both treatments of end-of-life PLA require the formation of
new PLA right from the beginning, which needs agricultural
land and cultivation time, and consequently competes with
other agricultural processes. In this regard, the recycling of the
PLA can be a beneficial approach to avoid/minimize this
“linear” strategy. A circular approach is represented by chemical
recycling based on depolymerizations and polymerizations in
which the monomeric unit of the polymer circulates in the
process (Scheme 1).®' In case of PLA different types of chemical
recycling methodologies have been presented, in which the
conversion of the end-of-life polymer to useful low molecular
weight compounds is crucial. For instance, hydrolysis and
alcoholysis have been studied to yield lactid acid or an ester of
lactic acid, but the addition of depolymerization reagents are
needed.”'*'"! However, for resynthesis of the PLA several steps
are required (e.g., prepolymer route).”'*'* On the other hand,
for oligomers and low molecular weight PLA (catalytic)
depolymerization to generate lactide was reported."*" Inter-
estingly, Noda et al. demonstrated the application of straight-
forward zinc catalysts for such reactions.!"™ A set of zinc salts
were used as catalyst, revealing for the depolymerization of
low molecular weight PLA (M, = 1170 g/mol) with ZnCl, a yield
of 89% of 2 containing 96% L-actide and 2% meso-lactide
after 80 min at 190-245°C and 5-7 mbar. More recently, we
demonstrated the potential of Zn(OAc), as catalyst in the
depolymerization of PLA (M, ~808 g/mol) obtained from the
polymerization of methyl lactate to lactide (yield: 49%, 210°C,
6 mbar, 240 min)."" Nevertheless, for high molecular weight
PLA, which is mainly used for PLA goods, only a few
depolymerizations to lactide have been demonstrated so far.!"”

© 2020 The Authors. ChemistrySelect published by Wiley-VCH GrmbH
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Based on that, we investigated the depolymerization of PLA
goods to lactide in the presence of zinc catalysts.

Firstly, for optimization of the depolymerization reaction
conditions transparent end-of-life plastic cups containing poly
(lactide) (1a, M,=57,500 g/mol, M, =240,800 g/mol, D=4.2,
PLLA) as major component was studied (Table 1). Pieces of PLA
1a (509, 69.39 mmol with respect to the monomer unit,
implying that 1a is contains 100% of PLA} and catalytic
amounts of Zn(OAc), (0.4 mol% with respect to the monomer
unit of 1a) were added to flask. Distillation equipment was
attached and the reaction mixture was heated to 200-210°C in
vacuum (6 mbar), while stirring. During progress the PLA melts
and got liquified. At a distillation heat temperature of 140°C a
colorless liquid was collected, which rapidly solidified/crystal-
lized in the collecting flask. After one hour the heating was
stopped and the colorless solid was investigated by 'HNMR
analysis. The existence of the depolymerization product 2 was
confirmed by the presence of a pseudo quartet at §=5.03 ppm
(*Jyy=6.70 Hz, CH,CHO-function) and a doublet at 1.67 ppm
(*Jyy=6.70 Hz, CH,CH-function). By comparing the NMR data
with an authentic sample, the formation of L-lactide by the
depolymerization is approved as major product (proportion of
85% of 2).

Table 1. Depolymerization of 1a using zinc catalysis — optimization of
reaction conditions.

(8]
O
Zn catalyst o.5n 0
0 o
o \”/J\
a

Poly(lactide) (1a) 5

Entry'™  Catalyst [mol%] t[min] VYield 2 [%]" TOF Proportion of

[h 79 L-lactide
of 2 [%]"!

1 = 80 <1 <1 <1

2 Zn(OAQ), [0.4] 60 45 113 85

3 ZnCl, [0.4] 60 33 83 93

4 ZnBr, [0.4] 80 2 5 =

5 Zn0 [04] 60 25 63 90

6 FeCl, [0.4] 60 27 68 88

7 Fe(OAC), [0.4] 80 20 50 89

8 Sn{Oct), [0.4] 80 52 130 90

g NaOAc [0.4] 60 1 28 71

10 KOAc [0.4] 60 8 20 64

1 Zn(OAQ),[0.2] 60 30 150 90

12 Zn{0Ac), [0.1] 60 26 260 88

13" Zn(OAc), [04] 60 21 53 88

14" Zn{QAC); [0.4] 60 <1 <1 <1

151 Zn(OAQ), [0.4] 60 2 5 =

16 Zn(OAQ), [04] 360 98 41 28

17" Zn(0Ac), [0.4] 360 85 36 a3

[a] Conditions: 1a (trransparent PLA cup), 5.0 g, 69.39 mmol with respect to
the monomer unit, it is presumed that 1a is composed of 1002 of PLA),
catalyst (0-0.4 mol%, 0-0.278 mmol with respect to the monomer unit of
1a), 200-210°C, 6 mbar, 60-360 min. [b] Isolated yield of 2 (mixture of L-
lactide and another lactide isomer). [c] The TOF was calculated: (mole
product/mole catalyst}*h . The TOF was calculated using the yield of 2
after the designated time. [d] Proportion of L-lactide of the mixture of 2.
Bases on 'HNMR spectroscopy. [e] Poly(ethylene glycol) methyl ether (5 g}
as solvent, [f] 160°C. [g] 180°C. [h] 1b (lid of a coffee cup), 36 g,

49.96 mmol.
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Along to L-lactide the meso-lactide was observed, but in
lower amounts, e.g. proportion of 15% of 2. In consequence a
yield of lactide of 45% (sum of isomers) was achieved, which
corresponds to a turnover frequency (TOF) of 113 h™' (Table 1,
entry 2). Moreover, other zinc salts were tested revealing still
good performance for Zn(OAc),, while zinc halides showed an
inferior performance (Table 1, entries 3-4)."" Importantly, in
the absence of any zinc salt no product formation was
observed (Table 1, entry 1). Besides, iron salts were tested,
revealing a lower yield of lactide, but a somewhat higher yield
for L-lactide (Table 1, entries 6-7). Moreover, Sn(Oct),, which
has been used in the prepolymer route for PLA, was used as
catalyst, showing a slightly better performance than Zn(OAc),,
e.g., yield (2): 52%, L-Lactide: proportion of 90% of 2 (Table 1,
entry 8). In addition, potassium and sodium acetate were
applied, but lower yields and selectivities were noticed (Table 1,
entries 9-10). Reducing the loading of the Zn(OAc), catalyst
revealed a decrease of product yield with TOFs up to 260 h™'
(Table 1, entries 11-12). To allow for a better distribution of the
catalyst in the polymer, poly(ethylene glycol) methyl ether was
used as solvent, but now positive effect on the reaction
outcome was observed (Table 1, entry 13). Moreaver, the
reaction temperature was studied (Table 1, entries 14 and 15).
Lower temperatures revealed the formation of lower amounts
of products. Finally, the reaction time was elongated to 6 hours,
revealing a yield of lactide of 98% and a L-lactide portion of
88% (Table 1, entry 16). Moreover, a lid of a coffee cup was
subjected to depolymerization. A yield of 85% of lactide was
obtained after 360 min (Table 1, entry 17).

Next, we investigated the reuse/recycling of the Zn(OAc),
catalyst (Scheme 2). The reaction was performed in accordance
to the conditions stated in Table 1, entry 16. After 6 hours at
200°C and 6 mbar the yield was determined and the product
was analyzed by "HNMR.

Afterwards, a new portion of PLA was added to the reaction
flask, which contains the catalyst and polymer leftovers. The
outcome of the second run revealed no significant loss of
activity, while until run 5 a decrease was noticed to a moderate
yield of 61% of lactide (2). Interestingly, no change for the
portion of L-lactide was detected. Overall a yield of 81% was
realized.

Moreover, for plastic cups {1a) a scale-up reaction was
carried out (Scheme 3). In more detail, 100 cups with a total
weight of 123.5 g were heated with catalytic amounts of Zn
(OAc), (0.4 mol%) under reactive distillation conditions. After
24 hours at 200-210°C 97.6 g of lactide was collected, which
corresponds to a yield of 79%. L-lactide was detected with a
portion of 83 %.

In addition, a mixture of different types of end-of-life PLA
goods was subjected to the depolymerization protocol follow-
ing the conditions described in Table 1 entry 16. After 6 hours
product 2 was isolated in 48% vyield, which is to some extend
lower as observed for 1a or 1b. Maybe the additives reduce
the activity of the catalyst.

In addition, the depolymerization of 1a was studied in the
presence of two additional polymers (Nylon 6 and poly(e-
caprolactone)), which can also undergo ring-closing depolyme-

© 2020 The Authors. ChemistrySelect published by Wiley-VCH GrmbH
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Scheme 2. Depolymerization of end-of-life PLA - catalyst recycling [Con-
ditions: 1a (5.0 g, 69.39 mmol with respect to the monomer unit, it is
presumed that 1a is composed of 100% of PLA), Zn{OAc), (1st run: 50.9 mg,
0.40 mol%, 0.278 mmol with respect to the monomer unit of 1a), temper-
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catalyst leftover from 4™ run. Isolated yield. The portions of lactide isomers
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o _— 05n f‘\
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100 cups yield: 79%
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proportion of LJactide of 2: §3%

End-of-life PLA

Reaction set-up

Scheme 3. Scale-up of end-of-life PLA depolymerization.

rization (Scheme 5)."%* In more detail, a physical mixture of
the three polymers were heated at 200-210°C at 6 mbar in the
presence of Zn(OAc),. After 6 hours 2 was detected in 73 % and
L-lactide in a proportion of 78%, which is comparable to the
scale-up experiment (Scheme 3). Therefore, the additional
polymers have no disordered effect on the formation of 2. The
depolymerization product of Nylon 6 e-caprolactam (3a) was
not observed, while the depolymerization product of poly(e-
caprolactone) s-caprolactone (4a) was detected in only 5%.
Noteworthy, the set-up can be applied for the separation of
physical plastic/polymer mixtures.
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Scheme 4. Depolymerization of a mixture of end-of-life PLA (transparent cup
(1 02), transparent cup (250 mL), transparent disposable food box, trans-
parent sushi box cover, transparent bottle, drinking straw with green strips,
disposable fork with talcum powder, lid for espresso mugs (contains ~ 20-
30% talcum powder), lid for coffee mugs, black lid for coffee mugs, sushi box
(black base), ice cream spoons, foil) [Conditions: 1¢: 5.0 g, 69.4 mmol with
respect to the monomer unit, it is presumed that 1c¢ is composed of 100% of
PLA}, Zn(OAc), (0.4 mol%, 50.92 mg, 0.278 mmol with respect to the
monomer unit of 1¢), 200-210°C, 6 mbar, 360 min].
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Scheme 5. Depolymerization of a mixture of end-of-life PLA (transparent
cup}, Nylon & (grey dowels) and poly(s-caprolactone) (M, ~ 14000 g/maol)
[Conditions: 1a: 5.0 g, 69.4 mmol, 3: 7.9 g, 69.4 mmol, 4: 7.9 g, 69.4 mmol,
with respect to the monomer unit, it is presumed that the plastics are
composed of 100% polymer), Zn(OAc); (0.4 mol%, 50.92 mg, 0.278 mmol
with respect to the monomer unit of 1a, 0.4 mol%, 50.92 mg, 0.278 mmol
with respect to the monomer unit of 3, 0.4 mol%, 50.92 mg, 0.278 mmol with
respect to the monomer unit of 4), 200-210°C, & mbar, 360 min].

In summary, we have established an easy-to-adopt chem-
ical recycling method for end-of-life poly(lactide) (PLA). In more
detail, the method bases on the zinc-catalyzed depolymeriza-
tion of PLA to obtain lactide as product, which is an industrial
relevant precursor for PLA. Notable, as catalyst simple zinc(ll}
acetate is applied to realize excellent yields of 2 (98%) at
200°C (6 mbar) within 6 hours.

© 2020 The Authors. ChemistrySelect published by Wiley-VCH GrmbH
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5.3 Methanolysis of poly(ethylene terephthalate)

Due to its limited solubility in MeOH, we did not observe the methanolysis in neat MeOH in
our previous articles. This is reasoned in the poor solubility of PET (14) in MeOH even at
elevated temperature above 180 °C. For PET, hlorinated solvents show good swelling
parameters.?>1 Therefore, we wondered, if PET (14) can be degraded with CH.Cl, as
additional solvent.’?® |n fact, complete depolymerization is achieved within 20 min at 160 °C
using 1 mol% Zn(OACc): as catalyst. Notably, the ratio between MeOH and CHCl affects the
overall reaction time. A set of household goods could be degraded with mediocre to excellent
yields. The nature of the product affected the crystallization to some extent. In addition, in this
case, the mixture of PBAC (2), PET (14) and PLA (9) could be degraded all in one pot in high
yields for the corresponding monomers. The obtained DMT (16) was in a consecutive
experiment converted to related monomers via hydrogenation reaction of either the aromatic
system or the carboxylic esters or both. All 3 monomers find application in some commercial
polymers, e.g. Tritan®, a polyester with properties comparable to PET (14). Following these

processes, a so called open-loop-recycling is realized.
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The depolymerization of plastic waste to valuable chemicals
(waste-to-chemicals) can be a useful implement for a resource-
efficient economy. In this regard, the selective depolymeriza-
tion of end-of-life poly(ethylene terephthalate) (PET) via zinc(ll)
acetate-catalyzed methanolysis was investigated. As low molec-
ular weight products dimethyl terephthalate and ethylene
glycol were generated. With the support of microwave heating
excellent yields and selectivities were realized and a selection
of daily-used PET goods were depolymerized. The obtained
chemicals can be used for the (re)polymerization to new PET.
Additionally, the generated dimethyl terephthalate was used as
platform chemical for the synthesis of different molecules
relevant for polymerization chemistry.

The thermoplastic polyester poly(ethylene terephthalate) (PET)
is one of the well-established multi-ton-scale plastics with
numerous applications, due to its outstanding physical and
mechanical properties.”’ With the large amount of manufac-
tured and used PET goods issues arise with end-of-life PET
products (PET-waste), e.g. high stability, increasing pile of
waste, contamination/negative effects in the biosphere, con-
sumption of depleting fossil resource for new PET, therefore
solutions are mandatory to reduce the amount of EolL-plastics
plastics (end-of-life plastics).” Based on these matters, different
procedures have been established for solving the problems,
e.g. energy recovery, landfill storage, and recycling such as
mechanical recycling and downcycling.?** Especially the
mechanical recycling is a well-established protocol for end-of-
life PET to return the plastic to the cycle.”! However, the energy
recovery, and in consequence also the mechanical recycling
and the down-cycling, if the plastic quality is too low, transform
the polymer structure to "problematic” chemicals (e.g. CO,)
and for replace the Eol-plastics the amount of limited fossil
resources is decreased.”® As an interesting and sustainable
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alternative the chemical recycling of PET can be taken into
account” Indeed numerous protocols have been reported, e.q.
glycolysis, methanolysis, hydrolysis, ammonolysis."” Principally,
the EoL-polymer is converted in an initial depolymerization to
monomers, which can be converted in a second reaction
{polymerization) to make new polymers; therefore, a recycling
is feasible. Importantly, the properties of the new polymer are
not connected to the EolL-polymer as noticed for other
recycling protocols (mechanical recycling and downcycling).
Especially the depolymerization via methanolysis of EoL-PET is
an attractive process (Scheme 1)'" In more detail, the ester
functionalities of PET (1) are reacted with an excess of
methanol in the presence of a suitable catalyst to create the
monomers dimethyl terephthalate (2, DMT) and ethylene glycol
(EG), which can be reused in industrial polymerization
processes to give access to new PET and allow a recycling.!'” As
useful catalyst core zinc was studied, due to e.g. high reactivity,

q) S o
d O~{CHyk
- n

pofy(ethylens tarephthalate |
PET {1}

2n H.C—OH

-
2n HyC—0H chemical recycling of >
FET depolymerization

n HO—{CHg},~OH

DRAT (2)

hydrogenation
Hz
catalyst Bl l catalyst C
e H
=0 o
3 4
i calalyst B

calalys calalyst C -l

anH, Tn Hy calalvst B
-2n MeCH -2n MaCH SnHy

new

polymere

Scheme 1. Chemical recycling and follow-up chemistry for end-of-life PET.
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abundancy, low-cost, sustainability issues!™ However, estab-
lished protocols often requires high temperatures and long
reaction times."”

Moreover, the chemical 2 generated from end-of-life PET
can be used as platform chemical for accessing different types
of monomers and in consequence a series of polymers, e.g.
polyesters (Scheme 1). For instance, the aromatic system of 2
can be hydrogenated to obtain dimethyl 1,4-cyclohexanedicar-
boxylate (3), which can be converted with an additional diol in
transesterifications to polyesters."'® On the other hand, the
ester functionalities of 2 can be hydrogenated to yield alcohol
functionalities. Compound 4 can be applied as diol component
in transesterification reactions to produce polyesters.”®” In
addition, 3 and 4 can be reduced to the chemical 1,4-
cyclohexanedimethanol (5, CHDM), which is used as monomer
in the production of polyesters."™**" Based on that, we report
herein our investigations on the microwave-assisted zinc-
catalyzed depolymerization of end-of-life PET to produce 2
within short reaction times and an up-grading of 2 to useful
chemicals as starting material for other types of polymers
(Scheme 1).

For optimization of the reaction conditions transparent
end-of-life bottles based on poly(ethylene terephthalate) (1 a)
were applied as model substrate. Compound 1a (1.35 mmol
with respect to the monomeric unit), an excess of MeOH as
depolymerization reagent (46.2 equiv. with respect to the
monomeric unit of 1a), dichloromethane as solvent (17.4 equiv.
with respect to the monomeric unit of 1a) and catalytic
amounts of Zn{OAc), (1.0 mol % with respect to the monomeric
unit of 1a) were combined in a vial suitable for microwave
heating (MW). The mixture was stirred and heated in a
microwave reactor at 160°C for 20 minutes (Table 1, entry 1).
Afterwards the mixture was cooled to ambient temperature to
obtain a clear and colorless solution. The analysis of the
reaction mixture by 'HNMR spectroscopy revealed signals for
the depolymerization products ethylene glycol (& = 1.41 ppm
s, 4H, 2xCH,; & = 3.71 ppm, s, 2H, 2xOH)?¥"! and dimethyl
terephthalate (2, DMT, & = 3.94 ppm, s, 2xOCH3; 6 = 8.09 ppm,
s, 4xArH)” Importantly only small amounts of residual
oligomers/polymers were detected. In consequence an NMR
yield of 98% of 2 and a NMR yield of 96% of ethylene glycol
was noticed. Shortening the reaction time to 10 minutes an
adequate yield of 70% of 2 was achieved, which corresponds
to a turnover frequency of 450 h™' (Table 1, entries 2 and 3).
Comparing the obtained results with established zinc-catalyzed
methanolysis of 1a revealed an improvement of product
formation by addition of dichloromethane as solvent. For
instance, Siddiqui et al. performed the conversion of 1a in neat
methanol and achieved a turnover frequency (TOF) of 180 h™'
(0.5¢g PET, 1 mol% Zn(OAc),, MeOH (1 mL), 160°C, 30 min,
MW). 2 Next, the influence of the reaction temperature was
studied (Table 1, entries 4-6). In case of a decrease to 120-
140°C no product formation was observed. However, by
elongation of the reaction time to 60 min at 140°C an excellent
yield was noticed. Moreover, the effect of addition of varying
amounts of dichloromethane as solvent was studied (Table 1,
entries 7-9). Reducing the amount leads to no product

ChemistrySelect 2020, 5, 10010-10014 Wiley Online Library

10011

Table 1. Zn(OAc), catalyzed depolymerization of 1a. [

0_\\ = B cat. Zn(OAck 9% Y —
P < } Bl meomemen " g \=/\_{, T
L -n MW
1a 2
Entry™  Catalyst MeOH CH,Cl, T t Yield  TOF
loading lequiv] [equiv] [°C] [min] 2 [h'e
[mol %)] [ %]
1 1 46.2 174 160 20 98 294
2 1 46.2 17.4 160 15 81 324
3 1 46.2 174 160 10 75 450
4 1 46.2 174 140 20 <1 <1
5 1 46,2 174 140 60 92 a2
6 1 46.2 17.4 120 20 <1 <1
7 1 69.4 17.4 160 20 <1 <1
8 1 925 87 160 20 <1 <1
9 1 46,2 26.2 160 20 98 294
10 0.75 46.2 17.4 160 20 76 228
11 0.5 46.2 174 160 20 <1 <1
12 - 46.2 174 160 20 <1 <1

* Reaction conditions: 1a (obtained from transparent bottle), 1.35 mmol
with respect to the repeating unit), Zn(OAc), (0-1 mol%, 0-0.0135 mmol
with respect to the repeating unit of 1a), MeOH (46.2-69.4 equiv. with
respect to the repeating unit of 1a), CH.Cl, (8.7-26.2 equiv. with respect to
the repeating unit of 1a), MW: 120-160°C, 10-60 min. " The yield was
determined by '"HNMR. A clear solution was observed. It is presumed that
the PET product is composed of 100% of PET. ¥ The TOF was calculated:
(mole product/mole catalyst)*h . The TOF was calculated using the yield of
2 after the designated time.

formation, while an increase showed a similar result as revealed
for the initial experiment.**

At a lower catalyst loading of 0.75 mol% still a reasonable
yield of 76% of 2 is exhibited, while at 0.5 mol% or in the
absence no product is formed (Table 1, entries 10-12).

Furthermore, different catalyst precursors based on zinc
were tested, e.g., ZnCl,, ZnBr,, Zn{OTf);, ZnO and ZnS, but no
product formation was detected. In addition, tin(ll) 2-ethyl-
hexanoate was applied as catalyst following the conditions
described in Table 1 entry 1. However, only a moderate yield of
46 % was detected.

With the optimized conditions (1.0 mol %, 46.2 equiv.
methanol, 17.4 equiv. dichloromethane, 160 °C, 20 min, MW) a
variety of PET goods was depolymerized to product 2 and
ethylene glycol (Table 2). First the PET bottle was depolymer-
ized to compound 2 in an excellent yield of 98% as detected
by "HNMR spectroscopy. Afterwards compound 2 was isolated
from the reaction mixture. In detail, the solvents (excess of
methanol and CH,Cl,) were removed and the residue was
crystallized from a mixture of methanol and dichloromethane,
Dimethyl terephthalate (2) was isolated in 95% yield (presump-
tion that 1a contains 100% PET) (Table 2, entry 1).

Besides, a used transparent bottle was subjected to
depolymerization revealing a diminished yield of 2 of 64%,
maybe caused by the contaminations (Table 2, entry 2). A
similar effect was observed in case of a clean dyed bottle, in
which the additives may reduce the catalyst activity (Table 2,
entry 3). Moreover, in case of a dish detergent bottle or a soap
dispenser the contamination by labels or residues of glue

© 2020 The Authors. Published by Wiley-VCH GrmbH



Communications

doi.org/10.1002/slct.202002260

Chemistry

Europe

ChemistrySelect
Table 2. Zn(OAc), catalyzed depolymerization of PET products.
Q — 1 mal% Zn(OAc); QI o- .
--o}_<~ﬂ,_i b MsOH (46.2 equiv) —Cl> =/ {‘o * R A
In CHaCl (17.4 equiv.)
1 160 °C, 20 min, MW
Entry®  Product n (2) [mmol]; Isolated yield
m (2) [mag] 2 [%]"™
1 Transparent bottle (colourless) 1.28; 249.1 95
1a
2 Used transparent Cola bottle 0.82; 1504 64
1b
3 Transparent bottle (green) 1¢ 0.49; 94.7 38
4 Dish detergent bottle 1d 0.59; 1146 46
5 Dish detergent bottle with glue  0.19; 37.4 15
contamination 1e
6 Soap dispenser 1f 1.25; 2441 98
7 Soap dispenser with label 0.90; 174.4 70
contamination 1g
8 Detergent bottle 1h 0.73; 1420 57
9 Transparent food box 1i 1.25; 2441 98
10 Transparent shampoo bottle 1j  0.42; 82.2 33
11 Toothbrush packaging 0.87; 169.4 68
colourless 1k
12 Filling material colourless 11 0.29; 57.3 23
13 Shampoo bottle (grey) Tm 0.26; 49.8 20
14 Softener bottle (purple) 1n 0.33; 64.8 26
15 Safety vest (yellow) 10 0.60; 1171 47
" Reaction conditions: 1 (259.4 mg, 1.35 mmol with respect to the
monomeric unit), Zn{OAc), (2.47 mg, 1 mol%, 0.0135 mmol with respect to
the repeating unit of 1), MeOH (2 g, 62.4 mmol, 46.2 equiv. with respect to
the repeating unit of 1), CH,Cl, (2.0g, 23.5 mmol, 17.4 equiv. with respect
to the repeating unit of 1), MW: 160 °C, 20 min. " Isolated yield of 2 after
crystallization. The amount of substance of 2 was connected to the amount
of substance of the initial PET, assuming that the good contains 100 % PET.
Yield %= (n{2)/n({1)}*100.

reduces the yield of 2 compared with the purified version
(Table 2, entries 4-7). Moreover, non-transparent and dyed
products were tested, but low to moderate yields of 2 were
realized (Table 2, entries 13-15). In addition, a scale-up of the
depolymerization reaction was performed in a microwave
reactor with eight parallel microwave tubes converting 105 g
of a transparent PET bottle at 140°C for 2 hours (Scheme 2).
7.3 g of compound 2 were isolated, which corresponds to a
yield of 69%. Moreover, a scale-up was carried out in an
autoclave (1.0 L) with 26.0 g of a transparent PET bottle at
140°C for 2 hours (Scheme 2). In this case 154 g of 2 was
isolated (59 %).

Additionally, the potential of zinc(ll) acetate was tested in
the one-pot depolymerization of a mixture of different
polyesters, which can an interesting target to minimize the
expenditures of waste stream separation (Scheme 3). A combi-

e =/ P a - 5
L. v 19mot% Zn(ORcy N Y v MR OH
1 n MaOH (46.2 aquiv)
a CHCly (17,4 squiv) 2
a1 1050 a) 140°C, 2, MW a)me73g, vl « 69%
b) 2609 b) 140 °C, 2 h, autociave bym=15.4 g, yleld = 59%

Scheme 2. Chemical recycling of PET - Scale up.
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Scheme 3. Simultaneous chemical recycling of PET, PLA and PC.

nation of a transparent PET bottle (1a), poly(bisphenol A
carbonate) (PC, 6) isolated from a DVD and a transparent plastic
cup containing poly(lactide) (PLA, 7) was tested.” Interestingly,
with the optimized conditions (1 mol % Zn(OAc),, 46.2 equiv.
MeOH, 17.4 equiv. CH,Cl,, 160°C, 20 min, MW) all three
polymers were successfully converted to the corresponding
monomers, which allow the recycling of the polymers.

Dimethyl terephthalate (2) was detected in an excellent
NMR vyield of 91%. An isolated yield of 47% was realized by
crystallization. The polycarbonate was converted to bisphenol
A (9) and dimethyl carbonate (10) in an excellent NMR vyield of
96%. These two building blocks can also reused in the
synthesis of new poly(bisphenol A carbonate) (6).** Moreover,
9 was isolated by crystallization in 73% vyield. The methyl
lactate (10) was detected in an NMR yield of 91% and was
isolated by distillation in a reasonable yield of 59%. Chemical
10 can be converted to lactide acid or polymerized directly to
PLA via lactide.”

Next the conversion of compound 2 to useful building
blocks for polymer synthesis via hydrogenation was investi-
gated (Scheme 4). In the presence of catalytic amounts of Ru
(5 wt%)/C chemical 2 is hydrogenated at the aromatic unit to
produce dimethyl 1,4-cyclohexanedicarboxylate (3) in excellent
NMR yield (>999%) as a mixture of isomers.”® In addition, 3 was
converted to 1,4-cyclohexanedimethanol (5) via hydrogenation
of the ester functionality in the presence of catalytic amounts
of the Ru-MAHO-BH complex 10, which has been demonstrated
to be useful in organic ester hydrogenations®®! 5 was obtained
in >999% NMR yield. The same catalyst was also able to convert
2 to 4 in an excellent NMR yield of >99%.%" Moreover, the
hydrogenation of 4 in the presence of Ru (5 wt %)/C was tested,
but no product formation was observed. Finally, compound 2
was hydrogenated in the presence of the heterogeneous
catalyst (Ru (5 wt9%)/C) as well as the homogeneous catalyst
10. However, instead of the expected product 5 compound 4
was produced in an excellent NMR yield of >99% and 98%
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Scheme 4. a) Hydrogenation of depolymerization product 2 to chemicals 3, 4
and 5. b) One-pot depolymerization and hydrogenation.

isolated yield. Moreover, a one-pot depolymerization and
hydrogenation was studied, but no product formation was
observed (Scheme 4).

1. Conclusion

In conclusion we have set up a straightforward resource-
efficient protocol for the transformation of poly(ethylene
terephthalate) (1) to the valuable products dimethyl tereph-
thalate (2) and ethylene glycol, which can be used as
monomers for the resynthesis of PET. A selection of daily used
PET goods was depolymerized in the presence of the
straightforward catalyst zinc(ll) acetate. Excellent yields of 2
were achieved with an excess of methanol and dichloro-
methane as solvent within short period of time (20 min) under
microwave heating. Furthermore, the system was tested in
combination with other end-of-life plastics and allows the
depolymerization of three polymers at the same time. In
addition, the depolymerization product 2 was successfully
converted via hydrogenation to different kinds of diesters and
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5.4 Methanolysis of poly(ethylene furanoate)

Based on our investigations on the methanolysis of PET (14) under zinc catalysis, we
subjected PEF (24) to our methanolysis protocol.?%® Zinc(ll) carboxylates are in contrast to
the corresponding halides more active in this reaction. However, despite its structural similarity
to PET (14), it undergoes depolymerization under much milder conditions. No additional
solvent is required, however DMSO (dimethyl sulfoxide) had an accelerating effect. The
reaction proceeds via a pseudo first order kinetics with an activation energy of 105.1 kJ/mol.
Other polymers showed no significant influence on the reaction. Converting PEF (24) in the
presence of PCL (28) or PLA (9) led to some extent to their depolymerization. In contrast, PET
(14) was not dissolved and remained unconverted. This provides the opportunity to separate
PEF (24) from PET (14) in mixed waste streams, which are hard to differentiate and separate

by other techniques.
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The depolymerization of end-of-life polymers to valued chem-
icals (waste-to-chemicals) can be a suitable tool for the trans-
formation from a linear to a circular economy. Therefore, the
depolymerization of end-of-life poly(ethylene 2,5-furandicar-
boxylate), discussed as sustainable substitute of poly(ethylene
terephthalate), was studied. In more detail, in the presence of
catalytic amounts of zinc(ll) acetate poly(ethylene 2,5-furandi-
carboxylate) was converted by methanolysis to dimethyl 2,5-
furandicarboxylate and ethylene glycol using microwave heat-
ing. Turnover frequencies up to 396 h' were realized. Interest-
ingly, the products dimethyl 25-furandicarboxylate and
ethylene glycol can be used as building blocks for the zinc-
catalyzed resynthesis of poly(ethylene 2,5-furandicarboxylate);
therefore a recycling is realizable.

Petrochemical-based plastics have a substantial influence on
mankind. This fact is underlined by plentiful applications of
these plastics and the yearly growing volume of production.?
On the other hand, issues arise from a) depletion of the
feedstock and b) generation of plastic waste after the
obligations are finished and its follow-up problems.*® For a)
biomass has been discussed as alternative feedstock for
polymers. Indeed, several biomass-based approaches have
been established.” However, the production of these poly-
mers requires cultivable acreage, which cannot be used for the
cultivation of edibles or as biotopes. An option to circumvent
the competitive situation can be the application of efficient
recycling methods. On the other hand, for b) recycling
techniques have been installed as resource-efficient tool for
reuse of plastics, e.g. mechanical recycling, downcycling,
chemical recycling."*'® Especially, chemical recycling of end-
of-life polymers has been discussed as a resource-efficient and
sustainable methodology."*" Noteworthy, chemical recycling

[a] C. Alberti, K. Matthiesen, M. Wehrmeister, 5. Bycinskij, Dr. 5. Enthaler
Universitdt Hamburg
Institut fiir Anorganische und Angewandte Chemie
Martin-Luther-King-Platz 6, D-20146 Hamburg (Germany)
E-mail: stephan.enthaler@chemie.uni-hamburg.de

g Supporting information for this article is available on the WWW under

https://doi.org/10.1002/slct.202102427

O © 2021 The Authors. ChemistrySelect published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons At-
tribution Mon-Commercial NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

ChemistrySelect 2021, 6, 7972-7975  Wiley Online Library

7972

can be beneficial for solving issues a) and b). In detail, the end-
of-life polymer is transformed by depolymerization processes
to monomers, which can be reconverted in the polymerization
step to new polymers. Importantly, the essential units of the
polymer are captured in the cycle. Moreover, the properties of
the new polymer can be adjusted on demand, because the
depolymerization-polymerization approach allows independ-
ency from the original polymer.

The thermoplastic polyester poly(ethylene terephthalate)
(PET) is one of the well-established multi-ton-scale plastics
based on petrochemicals.?"" As a bio-based and sustainable
alternative poly(ethylene 2,5-furandicarboxylate) (PEF, 1) has
been recently presented (Scheme 1)%**¥ With respect to
chemical recycling until now a few number of methods has
been reported, including e.g. hydrolysis, glycolysis and meth-
anolysis of PEF™! For instance, Sipos etal. performed the
methanolysis to generate as depolymerization products
dimethyl 2,5-furandicarboxylate (2) and ethylene glycol (3),
which are the industrially relevant monomers for producing
PEF (Scheme 1).%**¥ In more detail, in the presence of catalytic
amounts of 1,57-triazabicyclo[4.4.0]dec-5-ene (10.7 mol%)
dimethyl 2,5-furandicarboxylate (2) was obtained in a yield of
63 % after 30 min at 90°C.

Recently, we investigated the depolymerization of different
end-of-life polyesters (e.g., poly(lactide), poly(e-caprolactone),
PET) via methanolysis.” Based on that, we report herein our

end-of-life PEF (1) 2nH;C—0H

2nHC—OH =,

Polymerization Depolymerization

catalyst catalyst
i '
(o] o]
0,
nH:\C-..O \ I/ D,—CH3
2
+
n HD\/\OH
3

Scheme 1. Chemical recycling concept for PEF.
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study on the microwave-assisted zinc-catalyzed depolymeriza-
tion of PEF via methanolysis.

At first, for optimization of the depolymerization conditions
poly(ethylene 2,5-furandicarboxylate) was synthesized follow-
ing the procedure reported by Kucherov et al*® Polymer 1 was
obtained in 96% yield and a number average molar mass of
~3947 g/mol. Next, polymer 1 was subjected to depolymeriza-
tion (Table 1). In more detail, a mixture of 1 (0.73 mmol with
respect to the manomer unit), methanol as depolymerization
reagent (67.5 equiv. with respect to the monomer unit of 1)
and Zn(OAc), (1.0 mol% with respect to the monomer unit of 1)
was heated at 120°C for 30 min using microwave heating
(Table 1, entry 2). Afterwards, the methanol was carefully
removed in vacuum and the residue was dissolved in chloro-
form and 1-tert-butyl-3,5-dimethylbenzene was added as
internal standard and an aliquot was taken for '"HNMR analysis.
Signals for the depolymerization product dimethyl 2,5-furandi-
carboxylate were observed for the methyl groups at 6=
3.94 ppm (s, 2xOCH,) and for the aromatic protons at 6=
7.23 ppm (s, 2xCH)¥?® Moreover, ethylene glycol (3) was
detected (0=3.74 ppm, 2xCH,).”™ Based on the integrals a
yield for 2 of 39% was calculated. In the absence of Zn(OAc),
no product formation was observed (Table 1, entry 1). In
addition, different zinc precursors were tested as catalyst, but
only zinc(ll) methacrylate revealed activity (Table 1, entries 3-
7). However, best performance was observed for Zn(OAc), with
a turnover frequency (TOF) of ~162h~" (Table 1, entry 3).
Increasing the loading of Zn(OAc), to 2.5 mol% or 5.0 mol% a
significant increase of the product yield up to 76% within
10 min was noticed (Table 1, entry 8 and 10). Moreover, the

influence of the amount of depolymerization reagent was
studied (Table 1, entries 12 and 13). Increasing the amount of
methanol revealed no change of reaction outcome, while for a
decrease a reduced product yield was achieved. Next, the
reaction temperature was increased to 140°C presenting a
yield of 51% of 2 within 10 min, which corresponds to a TOF of
~306 h™' (Table 1, entry 14). Adding dimethyl sulfoxide as
solvent a further increase to ~396 h™' was detected, which
outperforms the result of Sipos etal. (TOF~11h~") (Table 1,
entry 17).2* An additional increase to 160 °C revealed a further
increase of product formation, but an uncatalyzed methanolysis
can also take part (Table 1, entries 18 and 19)./*

In addition, the yield-time dependency was studied
(Scheme 2). Full conversion of polymer 1 was observed within
35min at 120°C. A turnover frequency of 133 h ' was
calculated at 50% vield of product 2. At higher temperatures
higher turnover frequencies were detected (140°C: 400 h™'
130°C: 150 h "). The reaction rate constant at 120°C for the
methanolysis of 1 was 0.0018 s (pseudo first order).”” More-
over, the activation energy (105.1 kimol ') and the frequency
factor (1.53 10" s7') were calculated.

Moreover, the depolymerization of PEF 1 was investigated
in the presence of additional polymers (physical mixture)
(Table 3). This approach potentially allows the separation of
polymer mixtures after depolymerization and avoids pre-
separation processes. In detail, PEF 1 was physically mixed with
an equimolar amount of a second polymer. After addition of
catalytic amounts of Zn{OAc), and methanol as depolymeriza-
tion reagent, the depolymerization was performed in accord-
ance to Table 1, entry 11. In all cases no significant negative

Table 1. Depolymerization of 1 using zinc catalysis — optimization of reaction conditions.
] o Q :l\ c;;ag:t a o
AN oo T n _ 0 0 HO oy
\ o T J o
end-of-life PEF (1) 2 3
Entry'! Catalyst Catalyst loading [mol %] MeOH [equiv.] T [*C] t [min] Yield 2 [Be]® TOF [h™"1¢
1 - - 675 120 30 <1 -
2 Zn(DAc), 1.0 67.5 120 30 33 78
3 Zn(OAc), 1.0 675 120 10 27 162
4 ZnCl, 1.0 67.5 120 10 <1 -
5 ZnBr, 1.0 B67.5 120 10 <1 =
6 Zn(OTH), 1.0 67.5 120 10 <1 -
7 Zinc(ll) methacrylate 1.0 67.5 120 10 12 72
B Zn(OAc), 2.5 67.5 120 10 60 144
9 Zn(0Ac), 25 67.5 120 60 76 35
10 Zn(DAc), 5.0 67.5 120 10 76 91
11 Zn(DAc), 50 675 120 30 86 34
12 Zn(OAc), 1.0 440 120 10 28 168
13 Zn(OAc), 1.0 20.0 140 10 1 66
14 Zn(DAc), 1.0 675 140 10 51 306
15 - - 675 140 10 3 -
16 Zn(QAc), 1.0 67.5 140 30 75 150
174 Zn(0AC), 1.0 67.5 140 10 66 396
18 Zn(DAc), 1.0 675 160 10 91 546
19 - - 67.5 160 10 64 -
[a] Conditions: poly{ethylene 2 5-furandicarboxylate) 1, 0.73 mmeol with respect to the monomer unit), catalyst (0-5.0 mol%, 0-0.036 mmol with respect to
the monomer unit of 1), MeOH (44.0-90.0 equiv., 32.1-65.7 mmol with respect to the monomer unit of 1), temperature: 120-160°C (microwave heating),
time: 10-60 min. [b] The yield of 2 bases on 'HNMR spectroscopy using 1-tert-butyl-3,5-dimethylbenzene as standard. [d] DMSO as solvent (1.0 g).
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Scheme 2. Yield-time dependency of the depolymerization of 1 [Conditions:
PEF (1, 0.73 mmol) with respect to the monomer unit), Zn{OACc), (5.0 moll,
0.036 mmol with respect to the monomer unit of 1), MeOH (67.5 equiv, 493
with respect to the monomer unit of 1), temperature: 100-140°C (MW), the
yield of 2 bases on 'HNMR spectroscopy using 1-tert-butyl-3 5-dimeth-
ylbenzene as standard].

effect on the depolymerization of 1 was observed. The addition
of a polyester as second polymer revealed the partial
methanolysis of the second polymer (Table 2, entries 7-9).%

Table 2. Depolymerization of 1 in the presence of additional polymers.

§ o 7 5.0 mol% ZniOAck S 7
——————————— n
N MeOH (67.5 equiv.) HOWO/
W 120°C, 30 min, MW
end-of-life PEF (1) 2
%
* HO.
polymer B " \?OH
4
polymer B
ar
depolymerization products
of polymer B
Entry®  Additional polymer B Yield of 2 Yield
[%]Ibl [%]:c]
1 - B6 -
2 Mylon & 89 <1
3 Poly(phenylene sulfide) (PPS) 87 <1
4 Poly(ethylene) (PE) (Mn ~1,700 g/mol) 96 <1
5 Poly(styrene) (PS) (Mw ~ 35,000 g/mal) 87 <1
6 Paly{vinyl chloride) (PVC) (Mw 87 <1
~ 48,000 g/mol)
Poly(lactide) 81 a3
8 Poly(e-caprolactone) (M, ~ 14,000 g/ 81 15
mol)
9 Poly{ethylene terephthalate) 8h <1

[a] Conditions: PEF (1, 0.365 mmaol with respect to the monomer unit),
polymer B (0.365 mmol with respect to the monomer unit), Zn{OAc),

(5.0 mol%, 0.0175 mmol with respect to the monomer unit of 1 and
polymer B), MeOH (67.5 equiv. with respect to the monomer unit of 1 and
polymer B), temperature: 120°C (microwave heating), time: 30 min. [b] The
yield of 2 bases on '"HNMR spectroscopy. [c] The yield bases on 'H NMR

spectroscopy.
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For instance, poly(lactide) was converted in 93% to methyl
lactide, while for poly(s-caprolactone) and poly(ethylene ter-
ephthalate) low or no product formation was detected.

In addition, a scale-up of the depolymerization reaction was
performed with polymer 1 (Scheme 3a). Initially, 1.0g of
polymer 1 was reacted with methanol in the presence of
catalytic amounts of Zn(OAc), (5 mol%) using microwave
heating. After 60 min at 120°C compound 2 was detected in an
NMR vyield of 90%. Next, the reaction mixture was stored at
room temperature, while 2 crystallizes. 2 was filtered off and
recrystallized from methanol to obtain 2 in 95% vyield (0.96 g).
On the other hand, a larger scale-up (5.0 g of 1) was performed
in an autoclave. After 120 min at 120°C 2 was isolated in 92%
yield. After isolation of the depolymerization product 2 the
polymerization to regenerate polymer 1 was carried out
{Scheme 3b). In detail, 2, 3 and catalytic amounts of Zn(OAc),
were heated at 170°C for 16 hours, 215°C for 2 hours, and
235°C for 4 hours in vacuum (8 mbar). After work-up a powder
was obtained in 81% yield. The formation of polymer 1 was
verified by '"HNMR analysis. For instance, the signals for the
C—H of the furan unit was observed at 6=7.34 ppm (s, 2H),
while the CH,-functions were detected at 6 =4.74 ppm (s, 4H).

Moreover, the number average molar mass was calculated
(M, ~8295g/mol) based on the end-groups of polymer 1.
Finally, it was also shown that the synthesized PEF can be
depolymerized under standard conditions with comparable
results (Scheme 3).

In summary, we have installed a depolymerization method
for end-of-life poly(ethylene 2,5-furandicarboxylate) based on
zinc-catalyzed methanolysis. In detail, in the presence of
straightforward Zn(OAc), as catalyst dimethyl 2,5-furandicar-

a) Depelymerization
O
8 o 7 5.0 molh ZnOAc] % o NLIR yield: 90% (2)
— ) Isclated yield: 85% (2;
-/ 07N_-0|  MeOH (7.5 equiv.) o W - 4 mzugGgJ
" rilCrowae: autoclave:
120 *C, 60 min solat < (2
end-of-iife PEF (1) autoclave: - solated we‘:, 2 i Efg’
m = 1.0 g (microwave) 120 °C, 120 min
m = 5.0 g (autoctave) i HC\\/\OH microwave:

qualitative by NMR

A

5.0 malth ZnOAe); |

MeCH (67 5 equiv.) |

mierewave: 120 *C. 60 min |
{1{Mn ~8285 g'mol;: m=1.0g) !

NIIR yield: 98% (2)

b) Polymerization

[+] o
" Q.
2 1.25 mol% Zn|OAc)s 2 (e
—_— -
+ 170°C 16 h) W o0
semn 1o 215°C (2h) >
) "\/\QH 7350 |4 by G mbar) isclated yield: 81% (1}
3 3 (m=4.83g)
M, ~8295 gimel

Scheme 3. Depolymerization and polymerization [Conditions: Depolymeriza-
tion: a) microwave: PEF (1, 5.49 mmol) with respect to the monomer unit),
Zn(0Ac) (5.0 mol%, 0.27 mmol with respect to the monomer unit of 1),
MeQH (67.5 equiv., 370.6 mmol with respect to the monomer unit of 1},
temperature: 120°C (MW), time: 60 min; b) autoclave: PEF (1, 27.5 mmal) with
respect to the monomer unit), Zn{OAc), (5.0 mol%, 1.35 mmol with respect
to the monomer unit of 1), MeOH (67.5 equiv., 1853.0 mmol with respect to
the monomer unit of 1), temperature: 120°C, time: 120 min; Polymerization:
2 {29.8 mmol), 3 (91.2 mmol), Zn(0AC), (1.25 mol%, 0.38 mmel), 170°C (16 h),
215°C (2 h), 235°C (4 h, 8 mbar)].
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boxylate and ethylene glycol was generated in good to
excellent yields within 30-60 min under microwave heating.
Noteworthy, the depolymerization products can be applied as
starting material for the synthesis of poly(ethylene 2,5-
furandicarboxylate).

Supporting Information Summary

The experimental details including the depolymerization and
polymerization reactions, and product characterizations can be
found in the supporting information.
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5.5 Methanolysis of poly(e-caprolactone)

This chapter bases on the results from the bachelor thesis of Even Cheung.?%% The chemical
recycling of PCL (28) by methanolysis affords the corresponding methyl ester, which is a
suitable monomer for polycondensation to regenerated 28. Therefore, we tested a variety of
different zinc(Il) salts.l25%-2611 Interestingly, with Zn(OAc). higher TOFs where observed than for
Sn(Oct)2 or KF. However, we found that PCL (28) can be degraded at temperatures of 120-
180 °C using short reaction times. To achieve full depolymerization within 1 h, 2 mol% of the
catalyst were required. The reaction follows a pseudo first order kinetic with an activation
energy of 90.9 kJ/mol. Although structurally similar, zinc(ll) methacrylate shows a lower
activation energy of 74.0 kJ/mol. An effect of the molar mass, e.g. due to diminished solubility,
was not found under the stated reaction conditions. Moreover, the reaction was not notably

influenced by the presence of other polymers during the depolymerization.
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Zinc-Catalyzed Chemical Recycling of Poly(e-caprolactone)
Applying Transesterification Reactions

Even Cheung, Christoph Alberti, Sergej Bycinskij, and Stephan Enthaler*®

The chemical recycling of polyle-caprolactone) (PCL) was
explored based on depolymerization and polymerization. The
concept bases on the zinc-catalyzed depolymerization via
methanolysis to produce methyl 6-hydroxyhexanoate, which is
polymerized in a zinc-catalyzed condensation reaction to
generate new PCL and close the cycle. In more detail, with zinc
(I) acetate as catalyst, PCL was depolymerized with turnover
frequencies of up to 468 h ' using microwave heating. On the
other hand zinc(ll) acetate was also able to catalyze the
polymer formation using the monomer methyl 6-hydroxyhex-
anoate. PCL was obtained in good yield and M, ~1729 g/mol
and M,, ~ 5823 g/mol were achieved.

The demand for plastic goods is steadily growing year by year,
due to excellent material abilites and widespread
applications."”! On the other hand, along with the increasing
production volume the amount of end-of-life plastics is
increasing. After the end of service life the plastics are streamed
in the plastic waste management system, which consists of
energy recovery, mechanical recycling, downcycling and landfill
storage.***! However, it turns out on a closer look that all these
protocols finally convert chemical functionalities contained in
plastics into problematic chemicals (e.g. carbon dioxide).
Therefore, new plastics require a new portion of fossil resources
and on the other hand add negative effects on the ecosphere/
anthroposphere.®” As a resource-conserving alternative the
chemical recycling has been discussed.® The chemical recycling
bases on two interlinked processes, the depolymerization and
polymerization. Firstly, the end-of-life polymer is depolymerized
to low-molecular weight chemicals {(monomers/monomer pre-
cursors), which are converted to (re)produce new polymers in
the second step. Outstandingly, the chemical recycling decou-
ples the polymer quality/abilities from the initial/end-of-life

[a] E. Cheung, C. Alberti, 5. Bycinskij, 5. Enthaler
Universitdt Hamburg
Institut fiir Anorganische und Angewandte Chemie
Martin-Luther-King-Platz 6, D-20146 Hamburg {Germany)
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polymer quality/abilities, which is maybe a problem in case of
mechanical recycling and/or downcycling.

A well-established polymer represents poly(e-caprolactone)
(PCL, 1), a biodegradable and thermaoplastic polymer with
utilizations in the packaging industry and medicine.”’ Indeed,
some chemical recycling approaches have been accounted."
For instance, the enzyme-catalyzed ring-closing depolymeriza-
tions to generate e-caprolactone the monomer for the
industrial polymerization process. On the other hand, hydro-
genative depolymerizations have been presented applying
hydrogen as depolymerization reagent. In more detail, the
hydrogenation of PCL yields 1,6-hexanediol, which can be used
in a subsequent dehydrogenation process to resynthesize
PCL.""" Moreover, the depolymerization via methanolysis can
be a beneficial process (Scheme 1). The end-of-life PCL is
reacted with methanol in the presence of a catalyst to produce
methyl 6-hydroxyhexanoate (2) in a transesterification reaction.
2 can be converted in a second transesterification (polymer-
ization) to new PCL. Recently, we studied the methanolysis of
different end-of-life polyesters to produce suitable monomers
applying cheap and abundant catalysts."® For example Zn-
(OAc), revealed an excellent performance in the depolymeriza-
tion of poly(lactide) and poly(ethylene 2,5-furandicarboxylate)
with turnover frequencies (TOF) of up to 45,000 h~" or 396 h™'
respectively.""! Based on our initial work we herein describe
the zinc-catalyzed methanolysis of end-of-life poly(e-caprolac-
tone).

Initially, for optimization of the depolymerization reaction
conditions commercially available poly(e-caprolactone) (1a,
PCL, M, ~80,000g/mol) was applied (Table1). PCL
(0.876 mmol with respect to the monomer unit), an excess of
methanol (71.3 equivalents with respect to the monomer unit

t~y

end-of-life PCL (1)

n H;C—OH

n H:C—0H

Depalymerization

catalyst catalyst

Scheme 1. Chemical recycling concept for PCL.
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Table 1. Depolymerization of 1a using zinc catalysis - optimization of reaction conditions. [
catalyst
i e \/\/\i
& —_— n  HO. 5
n
end-of-life PCL (1a} 2
Entry Catalyst Catalyst loading [mol %] MeOH [equiv.] T[°C) t [min] Yield 2 [%]™ TOF [h 19
1 Z - 713 160 10 <1 <1
2 Zn(OAc), 1.0 71.3 160 10 48 288
3 Zn(OAc), 1.0 713 160 30 76 152
4 Zn(DAc), 1.0 713 160 60 74 74
5 ZnCl, 1.0 713 160 10 <1 <1
<] ZnBr, 1.0 713 160 10 <1 <1
7 Zn(OTH); 1.0 713 160 10 13 78
8 Zinc(ll) methacrylate [Zn(MA), 1.0 71.3 160 10 73 438
gl Poly(zinc{ll) methacrylate} 1.0 71.3 160 10 12 72
10 KF 1.0 713 160 10 11 66
11 Sn(Oct), 1.0 713 160 10 42 252
12 Sn(Oct), 1.0 713 160 30 47 94
13 Zn(0Ac), 1.0 713 140 10 40 240
14 Zn(DAc), 1.0 713 120 10 14 84
15 Zni0Ac), 2.0 71.3 180 5 39 468
16 Zn(DAC), 20 713 160 10 58 174
17 Zn(0Ac), 05 713 160 10 36 432
18 Zn(DAc), 20 71.3 160 30 80 80
19 Zn(0Ac), 10 89.1 160 10 43 258
20 Zn(DAC), 1.0 106.9 160 10 44 264
[a] Conditions: poly(e-caprolactone) (1a, 0.876 mmol) with respect to the monomer unit), catalyst (0-2.0 mol%, 0-0.0175 mmol with respect to the monomer
unit of 1a), MeOH (71.3-106.9 equiv. with respect to the monomer unit of 1a), temperature: 120-180°C {microwave heating), time: 5-60 min. [b] The yield of
2 bases on 'HNMR spectroscopy. [c] The TOF was calculated: (mole product/mole catalyst)*h . The TOF was calculated using the yield of 2 after the
designated time. [d] 1,2,4-Trichlorbenzene (0.5 g) as cosolvent.

of 1a) and catalytic amounts of a zinc(ll) acetate (1.0 mol%)
were filled into a vial. Afterwards the mixture was stirred at
160°C using microwave heating (MW) for 10 min, meanwhile
the polymer completely dissolved in methanol (Table 1,
entry 2). After cooling a sample was taken for determination of
the yield/conversion utilizing "HNMR analysis. The formation of
the depolymerization product 2 was confirmed by a singlet at
0=13.67 ppm, which matches to the methyl ester functionality
of 2 (3H, —C(=0)OCH,)."™ Moreover, a triplet at & =3.65 ppm,
which overlaps with signal of the methyl group of the ester
function, was observed for the HOCH,-function of 2 (2H). A
second triplet was detected at 6=2.33 ppm for the —CHCH,C-
(=0)-function of 2 (2H), which was overlapping with the
~CHCH,C(=0)-function of 1a. Based on the integrals of 1a
(—OCH,-function at & =4.05 ppm) and the combined signal of
1a and 2 at $=2.33 ppm the yield was calculated. In case of
Zn{OAc), as catalyst a yield of 48% after 10 min was observed,
which corresponds to a turnover frequency (TOF) of 288 h'
(Table 1, entry 2), while in the absence of any catalyst no
product formation was achieved (Table 1, entry 1). Moreover,
the potential of other zinc salts was studied revealing in most
case no or low product formation (Table 1, entries 5-7).
Remarkable, if zinc(ll) methacrylate [Zn{MA),] is applied a yield
of 73% was realized, while for the corresponding polymeric
complex lower activity was observed (Table 1, entries 8-9).
Moreover, literature known transesterification-depolymerization
catalysts were tested, but only in case of Sn(Oct), a reasonable

ChemistrySelect 2021, 6, 8063 -8067  Wiley Online Library
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yield was observed (Table 1, entry 11 and 12). Based on the
results obtained with zinc catalysts, a positive effect of
carboxylate ligands/anions on the formation of 2 is observed.
Recently, Qu et al. observed also a positive effect of carbox-
ylates using ionic liquids with carboxylate anions as catalyst for
the methanolysis of poly(ethylene 2,5-furandicarboxylate)."® It
was proposed, that the carboxylate can act as activator for
methanol to increase the nucleophilicity and therefore improve
the conversion of the polymer. Based on that, the zinc can act
as Lewis acid to activate the ester function of the polyester,
while the acetate can activate the methanol. A decrease of the
temperature revealed the formation of 2 in lower yields, while
a temperature increase resulted in an increase of catalyst
activities (Table 1, entries 13-15). For instance, at 180°C a TOF
of 468 h™' was realized. Next the influence of the catalyst
loading was investigated. Increasing the loading to 2.0 mol%
showed an increase of product formation, while lowering the
loading to 0.5 mol% revealed a decrease (Table 1, entries 16
and 17). After elongation of the reaction time to 30 min in the
presence of 2.0 mol% Zn(OAc), a yield of 80% was observed
(Table 1, entry 18). Furthermore, the amount of methanol was
varied, but no significant effect was noticed (Table 1, entries 19
and 20). After optimization of the reaction conditions different
PCL samples with different number average molar masses were
tested (Scheme 2). Yields in the range of 82-94% were
obtained after 60 min at 160°C, showing in tendency higher
yields for PCL with low M,,.

© 2021 The Authors. ChemistrySelect published by Wiley-VCH GrmbH
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o 2.0 mol% Zn{DAc), 9 in case of yields >60%. In addition, the yield-time dependency
71.3 equiv. MeOH ; y 2

S HO\/\/\)L . was studied at different temperatures (Figure 2 and 3).

2 . 160 °C, 60 min © The highest turnover frequency of ~754 h ' [Zn(OAc),] and
2 i ;

1a (M, ~80,000 gimol) NMR yield: 82% (1) 943 h™' [Zn(MA),] was calculated at 50% vield of product 2 at
1b (M, ~14,000 gimal) isolated yield: 54% (1a) 170°C. The reaction rate constant at 170°C for the methanol-
1c (M, ~2,000 g/mol) bt brieadog el ysis of 1 was 0.0031s' (Zn(OAc),) and 0.0059s' (Zn(MA),)

(pseudo first order). Moreover, the activation energy (Zn(OAcd);:

Scheme 2. Depolymerization of PCL samples with different number average
molar masses [Conditions: poly{e-caprolactone) (1, 0.876 mmol) with respect
2,0 mol'% Zn(OAc), o

to the monomer unit), Zn{OAc); (2.0 mol%s, 0.0175 mmol with respect to the o 71.3 equiv. MeOH
monomer unit of 1), MeOH (71.3 equiv. with respect to the monomer unit of wo], —_— HO\/\/\_/”\O/
n

1), temperature: 160°C (MW), time: 60 min, the yield of 2 bases on '"HNMR

spectroscopyl. 11 (M, ~14,000 gimol)
100
160 °C

As seen in Table 1 entry 18 and Scheme 2 no significant 80
difference in yield is detected after 30 min (80%) or 60 min
(829), which may indicate a deactivation of the catalyst during = 60
reaction progress. For a better understanding the yield vs. time o
dependency was investigated (Figure 1). = 40

At the beginning the depolymerization is a very fast
process, while with reaction progress the depolymerization 20
slows down. After 90 min a new portion of Zn(OAc), (2.0 mol%)
was added, which leads to full conversion of 1a. Furthermore,
for comparison the yield vs. time dependency of the depolyme- 0
rization of 1b was carried out, revealing a higher turnover Time [min]
frequency of ~360 h™' vs. ~300h™" at 50% yield (Figure 1). A
comparable activity was observed in the presence of zinc(ll) Figure 2. Yield vs. time dependency at different temperatures of the
methacrylate at 50% yield with a TOF of 393 h~'. However, in depolymerization of PCL [Conditions: poly(:-caprolactone) (1b (M,
trast to Zn(OA ith Zn(MA hiah B hi i d ~ 14,000 g/mol), 2.63 mmol) with respect to the monomer unit}, Zn{OAc),
contrast to Zn(OAc), wit n(MA); a higher activity is achieve (2.0 mol%, 0.0526 mmal with respect to the monomer unit of 1b), MeOH

(71.2 equiv. with respect to the monomer unit of 1b), temperature: 140~
170°C (MW}, the yield of 2 bases on '"HNMR spectroscopy].

10 15 20 25 30

(%]

2.0 mal% ZniOAc)
or

2.0 mal% Zn(MA}, o i
O : 2.0 mol% Zn{MA).
71.3 equiv. MeCH . HO\/\/\_)L / o 71.3 equiv. MeOH a
_— HO.
160 °C, 50 min o o & M/
n 2
i
1a (M, ~B0,000 g/mel) 2
1b (M,, ~14,000 g/mol) 1b (M, ~14,000 g/mol)
100 i e B = 100 160 °C 150 °C 140 °C
170°C —
AT ==
80 e 80
Jl’
g 60 o — 60
o . o
$ w0 E
> 40
20 |}
20
0
0 20 40 60 80
Time [min] 0
0 5 10 15 20 25 30
--a--1b [Zn(OAc)2] 1a [Zn(0Ac)2] 1b [Zn{MA)2] Time [min]
Figure 1. Yield vs. time dependency of the depolymerization of PCL Figure 3. Yield vs. time dependency at different temperatures of the
[Conditions: poly(e-caprolactone) (1a (M, ~ 80,000 g/mol} or 1b (M depolymerization of PCL [Conditions: poly(z-caprolactone) (1b (M,
~ 14,000 g/mol), 2.63 mmol} with respect to the monomer unit), Zn{OAc), or ~ 14,000 g/mol), 2.63 mmol) with respect to the monomer unit), Zn{MA),
Zn(MA), (2.0 mol%, 0.0526 mmol with respect to the monomer unit of 1), (2.0 maol%s, 0.0526 mmal with respect to the monomer unit of 1b), MeOH
MeOH (71.2 equiv. with respect to the monomer unit of 1), temperature: (71.2 equiv. with respect to the monomer unit of 1b), temperature: 140-
160°C (MW), the yield of 2 bases on 'HNMR spectroscopy]. 170°C (MW), the yield of 2 bases on 'HNMR spectroscopy].
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90.9 kJmol™"; Zn(MA),: 74.0 kimol™") and the frequency factor
(Zn(OAc),: 1.5 10851, Zn(MA),: 3.3 107 s ') were calculated."” In
various cases the product formation slows down at a certain
point, which can be caused by catalyst deactivation or an
equilibrium. (Figure 2 and 3). Therefore, the experiment at
140 °C with Zn(OAc), as catalyst was repeated and after 20 min
a new portion of the catalyst was added. With the additional
catalyst portion a vield of 91% was achieved after 20 min
compared to 80%. Moreover, addition of a fresh portion of 1b

Table 2. Depolymerization of PCL in the presence of additional polymers.

Q o
H
[ 2.0 mol% Zn{OAc); o E}\-/\/\)j\o/
n or 2

1 3 ;
and-af-life PCL {1a) R ol ZiHA)

MeOH (71.3 equiv.} +

+ 160 °C, 30 min, MW
paolymer B polyg:er e
depolymenization products
of polymer B
Entry™  Additional polymer B Yield of 2 [%] Yield of 2 [%)]
[Zn(OAc),] &9 [Zn(MA),] B!

1 - 76 92
2 Mylon 6 80 o4
3 Poly(phenylene sulfide) 79 95

(PPS)
4 Poly{ethyleng) (PE) 77 a3

(M, ~ 1,700 g/mol)
5 Poly(styrene) (PS) 76 =99

(Mw ~ 35,000 g/mol)
6 Poly{vinyl chloride) 85 g5

(PVC)

(Mw ~ 48,000 g/mol)
7 Poly(ethylene glycol) 80 a5

methyl ether

(M, ~ 5,000 g/mol)

[a] Conditions: Poly(e-caprolactone) (1a), 0.876 mmeol with respect to the
monomer unit), Zn{0Ac), (2.0 mol%, 0.0175 mmol with respect to the
monomer unit of 1a) or Zn{MA); (1.0 mol%, 0.00875 mmol with respect to
the monomer unit of 1a), MeCH (71.3 equiv. with respect to the monomer
unit of 1a), temperature: 160°C {microwave heating), time: 30 min. [b] The
yield of 2 bases on 'HNMR spectroscopy. [c] No decomposition of the
additional polymer was observed by 'HNMR spectroscopy.

2.0 mol% Zn(OAck

Q 71.3 equiv. MeOH Q
— » n HO\/\/\‘)II\O/
160 *C, B0 min
" 2
e 5 A NMR yield: 92%
meds isolated yield: 50% (m = 1.29 g)
o
o]
0 1.0 mol% Zn(OAC)
n HO“\/\/\/JJ\ -~ —1
0 130°C, 48 h .
2 1d
m= 139 mg NMR yigld: 1%

isclated yield: 7% (m =72 mg)
M, ~1729 g/mol (GPC)
M,, ~5823 g/mol (GPC)

Scheme 3. Scale-up of depolymerization of PCL and subsequent polymer-
ization.
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revealed a yield of 57% of 2, which means full conversion the
“original” portion.

Afterwards, the depolymerization of PCL was studied in the
presence of different types of polymers, which can be useful
for plastic separation (Table 2). In detail, PCL 1a was mixed
with another polymer. The depolymerization reaction was
carried out with 2.0 mol% of Zn(OAc), or 1.0 mol% Zn(MA), and
methanol (71.3 equiv.) at 160°C for 30 min. In most cases the
additional polymer has no significant effect on the depolyme-
rization outcome as noticed for "pure” PCL depolymerization.

Subsequently, a scale-up of the depolymerization was
carried out for PCL 1b (Scheme 3). After performing the
reaction at 160°C for 60 min the excess of methanol and
product 2 were removed from the reaction mixture by
distillation under vacuum. Next the methanol was removed to
obtain 2 as colourless liquid in 50% vyield after distillation. With
depolymerization product 2 in hand the polymerization was
performed (Scheme 3). In more detail, 2 and catalytic amounts
of Zn(OAc), were heated at 130°C for 48 hours. After cooling a
sample was sent to 'HNMR analysis for yield/conversion
determination. The formation of the polymer 1d was verified
by the presence of a multiplet at & =4.03-4.06 ppm (CH,CHO-
function of 1d) and an NMR yield of 91 % was monitored. GPC
measurements revealed values of M, ~1729g/mol and M,
~ 5823 g/mol.

In summary, we have installed a chemical recycling for end-
of-life poly(s-caprolactone). In detail, the protocol is composed
of a zinc-catalyzed depolymerization of PCL via transesterifica-
tion using methanol. As suitable product methyl 6-hydroxyhex-
anoate is formed in good yields using simple Zn(OAc), as
catalyst under microwave heating. In a second step the methy|
6-hydroxybutanoate is polymerized in the presence of catalytic
amounts of Zn(OAc), to obtain new PCL in yields of 67% and
M, ~1729 g/mol and M, ~ 5823 g/mol.

Supporting Information Summary

The experimental details including the depolymerization and
polymerization reactions and product characterizations can be
found in the supporting information.
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5.6 Depolymerization of Nylon 6

The amide bond in PAs is difficult to cleave by means of RCD. In literature known examples,
the amide bond is activated by applying Lewis-basic catalysts to increase the nucleophilicity.
In this regard, we wondered if increasing the electrophilicity by chemical modification can
govern the backbiting mechanism. Therefore, we attempted the activation by applying Ac.O
as depolymerization reagent that converts the amides functionalities to acyl-imides.?%? Based
on the observed intermediates, an underlying reaction pathway was determined. Again, a set
of household goods was converted to N-acetyl e-caprolactam and the scale was extended to
70 g of screw anchors. The obtained product was then converted to e-caprolactam (33)
selectively by cleavage of the acetyl function. This was accomplished with an amino alcohol
to yield the corresponding amide. For this purpose, an amine was chosen that can be used as

feedstock for a polymer.

121
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Chemical Recycling of End-of-Life Polyamide 6 via Ring

Closing Depolymerization

Christoph Alberti,”” Ruben Figueira,”’ Melanie Hofmann,” Svetlana Koschke,” and

Stephan Enthaler*"

The chemical recycling of end-of-life polymers, a sequence of
depolymerization and polymerization reactions, enables the
conserving of fossil resources and can add some value to the
circular economy. In this study, a process for the depolymeriza-
tion of end-of-life Nylon 6 via ring-closing reactions to produce
as building block M-acetylcaprolactam have been set up. In
detail, a combination of acetic anhydride as depolymerization
reagent and catalytic amounts of 4-dimethylaminopyridine
allows under microwave irradiation and within short times
(15 min) the conversion of end-of-life Nylon 6 to N-acetylcapro-
lactam under solvent-less conditions. Applying optimized
conditions a sequence of Nylon 6 goods was transformed in
good vyields. The product N-acetylcaprolactam was converted
to e-caprolactam by transfer of the acetyl functionality to 2-
aminoethanol to give N-(hydroxyethyllacetamide a precursor
for poly(N-vinylacetamide). The generated s-caprolactam can
be used as monomer for the synthesis of new Nylon 6,
therefore a chemical recycling of the monomeric unit of Nylon
6 is feasible.

To handle the increasing amounts of end-of-life plastics
generated by modern society the current plastic waste
management is composed of landfill storage, recycling and
combustion (energy recovery)”™ Moreover, a significant
portion of the waste stream is (unregulatedly) discharged from
the anthroposphere to the biosphere/atmosphere.”’ Nowadays
most of the plastic waste is “stored” in landfills which causes
environmental problems.®! Another portion of the plastic waste
stream is subjected to incineration, which allows the recovery
of the energy and yields small molecules e.g. carbon dioxide,
which are difficult to (re)convert into valuable molecules. On
the other hand, recycling strategies, e.g. mechanical recycling

[a] C. Alberti R. Figueira, M. Hofmann, Dr. S. Enthaler
Institut fiir Anorganische und Angewandte Chemie, Universitat Hamburg,
Martin-Luther-King Platz 6, D-20146 Hamburg (Germany)
E-mail: stephan.enthaler@chemie.uni-hamburg.de

[b] S. Koschke
Institut flir Technische und Makromolekulare Chemie, Universitat Ham-
burg, Bundesstralle 45, D-20146 Hamburg (Germany)

g Supporting information for this article is available on the WWW under

https://doi.org/10.1002/slct.201903970

O © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

ChemistrySefect 2019, 4, 1263812642 Wiley Online Library

12638

for end-of-life plastics have been established. It is defined as a
reprocessing, e.g. by melting and reextrusion to form plastic
parts with new shape”” Due to degradation of the virgin
material and additives, fillers and impurities the material loses
its quality after each cycle, which leads to a decreased plastic
quality after some cycles. As a consequence, the material
undergoes a downcycling and can potentially be subjected to
incineration or landfill storage.®"" The recycling method which
circumvents these issues can be the chemical recycling. Hereby,
the polymeric material is depolymerized to monomers or
precursars for monomers that can be polymerized to generate
new polymers with adjustable properties.®'*'* Importantly, the
basic chemical structure of the repeating units are not changed
and can be cycled in the anthroposphere. In consequence, no
additional fossil resources are required. In contrast to other
recycling methods the properties/quality of the new materials
are not coupled to the properties/quality of the virgin feed-
stock material. So far the application of chemical recycling
processes is limited due to high energy demand and sensitivity
to contaminations like copolymers, additives and fillers and
therefore resulting in higher costs compared to plastics
prepared from fossil resources.”! Nevertheless, new robust
methods may enable the end-of-life plastics as a resource-
efficient and cost-efficient feedstock for new plastics. For
instance, Nylon 6 (1) is a versatile polymer with a broad scope
of applications, due to its high chemical stability and
straightforward access from fossil resources.” The industrial
synthesis starts with the hydrogenation of benzene and
subsequent oxidation to cyclohexanone, which is converted
with hydroxylamine to cyclohexanone oxime. A Beckmann
rearrangement allows access to the monomer e-caprolactam
(3). Via ring opening polymerization of e-caprolactam (3) Nylon
6 at ~250°C is produced in an annual worldwide multi million
ton scale.*" With respect to chemical recycling of Nylon 6
some procedures have been developed. For instance, depoly-
merization of Nylon 6 involving acidic hydrolysis yielding 6-
aminocaproic acid as well as oligomers has been studied.** %
Thermal decomposition under pyrolytic conditions®* and
sub- und supercritical fluids®>*' applying high temperature
and pressure results in the formation of low molecular weight
chemicals. However, high energy input and extensive separa-
tion is required. An alternative was reported by Kamimura and
coworkers by applying ionic liquids as reaction media and 4-
dimethylaminopyridine (DMAP) as organocatalyst for the ring-
closing depolymerization of Nylon 6 forming e-caprolactam in
high yields and selectivity at high temperatures (300 °C) and

€ 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

W) Check for updates



{®*ChemPubSoc
Lortiad Europe

within short reaction times (60 min). Purification of the product
was carried out by extraction or distillation to isolate the
monomer 3 and to recover the ionic liquid. However, under
these conditions the ionic liquid tends to decompose, which
hampers the overall atom economy of this procedure 10!

end-of-life Nylon 6 (1)

new Nylon 6
products

chemical recycling
of Nylon &

N 2N
o OH
5 OH 4
=N HaO
: §

polyi N-vinylacetamide) (7]

HN\H/

C Un

Scheme 1. Valorization strategy for end-of-life Nylon 6 (1).

9 |
E N/J LN o
H n
end-of-life Mylon 6 (1a)

5 mol%h DMAP
30 equiv. AcyO

260 °C (MW)

15 min

R' = OAc, OH, polymar
RE = Ma, polymer
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PN o T Ji B s s T
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.'l H \nl \/( L L\R' + \” K - R
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(over 2 steps) yield: 58%
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Scheme 2. Depolymerization of Nylon 6 with acetic anhydride.

ChemistrySefect 2019, 4, 1263812642 Wiley Online Library

12639

Chemist
SELECT'V

Communications

Recently, we have demonstrated the application of acetic
anhydride as depolymerization reagent in the depolymerization
of poly(bisphenol A carbonate) in the presence of DMAP as
catalyst™ As major product diacetylated bisphenol A was
obtained. In this regard, we became interested in the transfer
of this concept to the depolymerization of Nylon 6 (1)
(Scheme 1). In more detail, as depolymerization product the N-
acylated g-caprolactam (2) will be formed. To convert com-
pound 2 to the industrial relevant 3 a deacetylation process is
required.

To minimize the amount of waste and to fulfill the
requirements of the “Principles of Green Chemistry” a transfer
of the acetyl functionality is envisaged.” In more detail, a
transfer to 2-aminoethanol (4) gives N-(hydroxyethyllacetamide
(5) a precursor for poly(N-vinylacetamide)."*

First, we investigated the depolymerization of Nylon 6 (1a)
using Ac,0 as depolymerization reagent. Therefore, 1a
(1.0 mmol with respect to the repeating unit) was mixed with
Ac,0 (30 equiv.), DMAP as catalyst (5.0 mol%), and a stir bar in
a vial and heated under microwave irradiation at 260°C for
15 min (Scheme 2). After cooling to ambient temperature, an
aliquot of the solution was diluted with chloroform-d, for
'HNMR analysis. In more detail, at 3.79-3.85 ppm a multiplet
was observed, which can be assigned to the NCH,-function of
the N-acylated s-caprolactam (2). Moreover, at 241 ppm a
singlet for the acetyl functionality (C(O)CH.) of 2 was detected,
which indicates the formation of the desired product. Besides,
signals for residual polymers or oligomers were observed.
Especially, signals for acyclic products containing amide
functions, like R*C(O)NHCH,(CH,),C(O)R" (9: 3.19-3.27 ppm), and
acetylimides, like ((CH,C(O))(R*C(O))N) CH,(CH,),C(O)R" (8: 3.57-
3.65 ppm) (Scheme 2). The occurrence of both functionalities
indicates the cleavage of the polyamide chain at the original
amide function. Both functions were clarified with model
compounds using 6-aminohexanoic acid (10) as starting
material. For instance acylation of 10 with acetic anhydride
(10 equiv.) at 120°C for 24 h and subsequent aqueous work-up
resulted in the formation of 8a in 74% yield. Compound 9a
was obtained by acylation of 10 with 1.2 equiv. AcCl followed
by an aqueous work-up in 58% vield (Scheme 2). Both
monomeric compounds can also be found after an aqueous
work-up of the depolymerization reaction mixture. Moreover,
compound 8a can be acetylated at the acid functionality to
obtain the acetylimides anhydride 8b, which can be seen as an
intermediate in the depolymerization. A relation of the NMR
signals for 2:8:9 revealed a ratio of 58:42:0, while for the
starting polymer no signals have been detected. Interestingly,
when no catalyst was applied the polymer was completely
consumed and compound 2 was found in a somewhat lower
amount, while the amount of 8 was increased (Table 1, entry 2).
A catalyst loading of 1.0 mol% led to a decreased vyield of 2,
while the yield increased slightly when a higher loading of
10.0 mol% DMAP was applied (Table 1, entries 3 and 4). More-
over, extension of the reaction time to 30 min improved the
yield by 8% for 2 (Table 1, entry 5). Next, we studied the
influence of the Ac,O loading. Applying 5 equiv. of Ac,0 gave
an increased yield of 73% of 2 (Table 1, entry 6). When no

€ 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1. Optimization of the depolymerization of Nylon & (1a).
i PN
catalyst
N —Oﬁ" n N
H A Acz
end-of-life Nylon 6 (1) 2

Entry®  Catalyst [mol%] Ac,O equiv] TI[°Cl t[min] ratio 2:8:9"
1 DMAP (5) 30 260 15 58:42:0
2 - 30 260 15 52:48:0
3 DMAP (1) 30 260 15 56:44:0
4 DMAP (10) 30 260 15 62:38:0
5 DMAP (5) 30 260 30 66:34:.0
6 DMAP (5) 5 260 15 73:216
7 z 5 260 15 70:25:5
8 DMAP (5) 15 260 15 68:15:1717
9 DMAP (5) 5 240 15 59:30:11
10 - 5 240 15 45:47:8
11 DMAP (5) 5 220 15 35:51:14
12 - 5 220 15 226711
13 DMAP (5) 30 200 15 0:100:0
14 DMAP (5) 30 180 15 0:83:17
15 DMAP (5) 30 160 15 -
16 DMAP (5) 30 280 15 e
17 AICL, (5) 5 260 15 67:24:9
18 ZnlOAc); (5) 5 260 15 72217
19 Sn(Oct), (5) 5 260 15 70:22:8
20 DBU (5) 5 260 15 70:20:10
21 DABCO (5) 5 260 15 71:24:6
[a] Reaction conditions: Nylon 6 (1a) (1 mmol based on the repeating unit
of 1), catalyst (0-10 mol%, 0-100 ymaol based on the repeating unit of 1),
Ac,0O (1.5-30 equiv. based on the repeating unit of 1a), microwave heating,
160-280°C, 15-30 min. [b] The ratio of 2:8:9 base on '"HNMR data. Full
conversion (> 99%) of 1a was detected. [c] Nylon 6 was not fully dissolved.
[d] The Nylon & (1a) did not dissolve, [e] Decomposition was observed.

catalyst was applied under these conditions, the yield slightly
decreases by 3% (Table 1, entry 7). Nevertheless, a further
reduced loading of only 1.5equiv. resulted in incomplete
dissolution of the polymer (Table 1, entry 8). As next parameter
the temperature was studied (Table 1, entries 9-16). Decreasing
the temperature resulted in a decrease of product 2 formation,
while the catalyst has a higher influence on product formation
at lower temperatures (Table 1, entries 9-12). A further
decrease in temperature to 160°C gave no conversion. An
increase to 280°C revealed the decomposition of the Nylon 6
(1a) and an insoluble black solid was formed. Finally, different
catalysts were tested (Table 1, entries 17-21). However, the
obtained results did not outperform DMAP.

Following, the depolymerization of Nylon 6 (1) was
performed on a larger scale using the polymer 1a (Table 2,
entry 1). In more detail, optimized conditions were applied
(5 mol% DMAP, 5 equiv. Ac,0, 250°C, 15 min). After cooling to
ambient temperature the reaction mixture was transferred to a
distillation apparatus containing a Vigreux-column. Residual
AcOH and Ac,0 were removed from the reaction mixture by
vacuum distillation at 50 °C. Subsequently, the dark residue
was transferred to a Kugelrohr distillation apparatus and N-
acetylcaprolactam (2) was distilled-off (1.5 mbar, 110°C oven
temperature) and was isolated as colorless oil in 78% yield.

ChemistrySefect 2019, 4, 1263812642 Wiley Online Library

Table 2. DMAP catalyzed depolymerization of different Nylon 6 (1a-f)
commodities.

1a 1 e

230 °C, 15 min, MY

=]
&
5 mol% DMAP
n N
Moz (5 equiv.) @

Entry™  Commodity Ac,0 Massof Yield of 2 Yield of 2
(mass [g]) lequiv]  2[g] (%] [t %]

1 pellets {1.51 g) 5 162 78 107
(1a)

2 pellets (1.52 g} 5l 1.46 70 96
(1a)

3 test stripe 5 2.02 67" 91
(2.21g} (1b)

4 thread (1.21 g) 11 1.09 66" 90
(1c)

5 hammock 5 1.08 53K 72
(1.50 g} (1d)

6a screw anchors 5 1.62 52 71
(227 g) (1e)

6b screw anchors 5 454 4700 64
(7059} (1e)

7 patch (1.55 g) 5 0.424 20" 27
(1)

[a] Reaction conditions: Nylon 6 (1) (10.7-20.1 mmel based on the repeating
unit, it was assumed that the good contains 100% Nylon 6}, DMAP (5 mol%,
557 pmol-1.05 mmol based on the repeating unit of 1), Ac,0 (5-11 equiv.
based on the repeating unit of 1a), microwave heating, 250°C, 15 min. [b]
Isolated yield. 2 was isolated by distillation. The yield is based on the
assumption that the good contains 100% Nylon. [c] The yield is based on
the weight of the initial Nylon 6 good. [d] A mixture of redistilled AcOH and
Ac,0 was applied. [e] A heterogeneous solution with insoluble residue was
formed. [f] A temperature of 230 "C was reached after 10 min and hold for 5
minutes.

12640

Importantly, the mixture of distilled-off Ac;0 and AcOH (~
60vol% of initial Ac,0) was suitable for further depolymeriza-
tions, however revealing a decreased yield of 70% in compar-
ison to pure Ac,0 (Table 2, entry 2). Based on experimental
findings we assume that the degradation process involves an
acetylation of an amide function of the polymer and a
subsequent cleavage of the formed imide bond by a backbiting
mechanism involving the neighboring amide functionality to
produce the cyclic product 10, which can be transformed to
the desired product 2 (Scheme 3, pathway A). Alternatively, the
imide function in the polymer backbone can be cleaved by
acetic acid (pathway B) yielding the anhydride forming 11 that
can undergo cyclization generating 10 and acetic acid. More-
over, 9 can be further acylated by Ac,0 to obtain compound 8,
which can be after reaction with acetic acid converted to 11
(pathway C). Afterwards the applicability of this method to
convert household commodities containing Nylon 6 (1) was
investigated (Table 2). In this regard, 2 was isolated in 67%
yield from a transparent test stripe (1b) (Table 2, entry 3). A
similar isolated yield (66%) was realized with a transparent

€ 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 3. Proposed mechanism for the ring cdlosing depolymerization.

Nylon 6 thread (1¢), but a higher amount of Ac,0 was required
to cover 1c with Ac,0O (Table 2, entry 4). In contrast to 1a, the
reaction mixture after 15 min was an inhomogeneous dark
solution, which may results from plastic additives. Nevertheless,
the impurities remained in the residue during distillation of 2.
Moderate isolated yields of 52% (2) were observed in case of a
colored Nylon 6 hammock (1d} and screw anchors (1e)
(Table 2, entries 5 and 6). A low yield of 20% (2) was found for
a black patch (1f) with a glued surface (Table 2, entry 7).
Furthermore, the scale was enhanced to 70.5g of screw
anchors (1e) using optimized conditions. '"HNMR analysis of
the crude reaction mixture revealed a signal ratio of the main
products of 53:35:12 (2:8:9). The time span required for heating
in this microwave set-up was significantly increased to
10 minutes and the temperature of 230 °C was hold for only 5
minutes. However, an isolated yield of 4549 (47%) was
obtained after distillative purification (Table 2, entry 6b).

Finally, we studied the conversion of 2 to e-caprolactam (3),
the established monomer for Nylon 6 production by deacetyla-
tion (Scheme 3). In consequence the cycle presented in
Scheme 1 can be closed."*?'* To increase the atom efficiency
we aimed to incorporate the acetyl functionality in a suitable
molecule by trans-acetylation. It was reported that 2 reacts as
acylation reagent with amines to the corresponding amides in
high selectivities!*! As an amine source we have chosen
ethanolamine (4) (Scheme 4). The reaction of an equimolar
mixture of 2:4 was performed by a neat heating at 80 “C for
2 hours. 'THNMR investigations of the reaction mixture showed
the formation of 3 and N-(2-hydroxyethyl)acetamide (5). The
formation of 3 was indicated by new 'HNMR signals for the
CH,CONH function at 3.15-3.22 ppm and the NCH, function at
2.41-247 ppm. The presence of compound 5 was indicated by
the presence of new signals for HNCH, function at 3.36-
3.41 ppm and for CH,OH function at 3.68-3.72 ppm and a new
singlet for the C(O)CH; function at 1.99 ppm. The compounds 3
and 5 were separated by column chromatography and 3 was
isolated in 92% and 5 in 87% vyield, respectively. We also
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Scheme 4. Synthesis of e-caprolactam (3) and N-(2-hydroxyethyljacetamide
(5).

attempted to separate both products by vacuum distillation via
a Vigreux column (4.0 mbar, oil bath temperature: 120-180 “C),
which resulted in only a partial separation due to similar boiling
points.

Nevertheless, as reported in the literature chemical 5 can
be dehydrated to generate N-vinylacetamide,"" which allows
access to polyolefins with interesting properties,#44752-54l

In summary, we developed a method for the depolymeriza-
tion of Nylon 6 using DMAP as organocatalyst and acetic
anhydride as cheap and abundant depolymerization reagent.
As low-molecular weight chemical N-acetylcaprolactam was
isolated in good yields after microwave heating at 250 °C for
15 min which is by far lower than the reaction temperatures
and times reported for existing methods and also. Furthermore,
we successfully applied the methods on a set of household
goods, which proved the practicability and robustness of the
methodology. Therefore, the depolymerization product N-
acetylcaprolactam had to be converted to e-caprolactam, which
is used for the synthesis of new Nylon 6 and therefore closing
the cycle. Moreover, the acetyl function can be embedded into
a precursor for poly(vinylacetamide).

Supporting Information Summary

The experimental details including the depolymerization reac-
tions and product characterization can be found in the
supporting information.
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5.7 Depolymerization of poly(bisphenol A carbonate) via hydrogenation

In the study by Krall et al. the Milstein precatalyst (35) was successfully applied to a few
polycarbonates except PBAC (2). In this context, we attempted to transfer this catalytic system
to PBAC (2) and evaluate the influence of reaction parameters.?5® A minimal reaction
temperature of 120 °C was required and the reaction procedes already at 10 bar H,. However,
to achieve full conversion, at least 2.5 mol% of the Milstein catalyst (35a) were required.
Overall, the addition of KOtBu had a beneficial effect on the yield of BPA (1) which might be
due to the activation of the carbonyl function by potassium cations. Finally, the reaction was
applied to PBAC (2) from DVD material that was a) used directly after crushing or b) was
extracted from the DVD to remove insoluble residues. Thereby, the obtained yield was only
slightly (73% vs. 86% isolated yield) affected by the insoluble components.
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Ruthenium-Catalyzed Hydrogenative Depolymerization of
End-of-Life Poly(bisphenol A carbonate)

Christoph Alberti, Sarah Eckelt, and Stephan Enthaler*®

The conversion of end-of-life products to useful chemicals
(waste-to-chemicals) can afford a resource-efficient economy.
In this context, the depolymerization of end-of-life polymers to
yield low molecular weight chemicals can be an interesting
target. Based on that, the selective depolymerization of end-of-
life poly(bisphenol A carbonate) via hydrogenation was studied.
Applying hydrogen and a ruthenium(ll) complex as catalyst
(Milstein Catalyst) end-of-life poly(bisphenol A carbonate) was
hydrogenated to bisphenol A and methanol. The bisphenol A
can be reused for the production of fresh polycarbonates;
therefore a recycling is possible. On the other hand methanol
can be used as hydrogen carrier and can be subjected to the
hydrogen economy.

Each year a growing quantity of End-of-Life (Eol) plastics'” is

generated arising from non-renewable resources.” The present
waste management for plastic waste streams is composed of
energy recovery, landfill storage, and recycling such as
mechanical recycling and downcycling.®*® The main treatment
method (energy recovery) and in consequence also intermedi-
ate steps like the mechanical recycling or down-cycling change
the polymer structure to unsuitable chemicals (e.g. CO,) and
release the stored chemical energy. Obviously, for substitution
of these plastics the limited fossil resources has to be
shortened.®” As a resource-efficient and sustainable option the
chemical recycling can be considered.”’ Basically, the Eol-
polymer is transformed in a depolymerization reaction to
monomers or appropriate chemicals, which can be utilized in a
following polymerization to manufacture fresh polymers.
Consequently, a polymer recycling is conceivable. Significantly,
the abilities of the new polymer are not associated to the value
of the EoL-polymer as described for mechanical recycling and
downcycling. Nonetheless, currently the chemical recycling is
only applied for a minor portion of EolL-polymers, due to
several issues e.g. energy demand, additives, costs.”! To
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advance the potential of chemical recycling, novel method-
ologies and improvements of existing protocols are
worthwhile"®"" A well-established class of polymers are
polycarbonates, especially poly(bisphenol A carbonate) (1)
originated from bisphenol A, which has found a wide range of
applications (Scheme 1)."” In case of EoL-poly(bisphenol A
carbonate} treatment all kinds of approaches have been
accounted, e.g. energy recovery, mechanical recycling, blends,
pyrolysis and biochemical degradation. Moreover, several
chemical recycling methodologies have been studied."” Re-
cently, Klankermayer and coworkers reported on a recycling
concept based on the hydrogenation of 1."*'' |n detail, in the
presence of a ruthenium(ll) catalyst ([Ru(tmmm)(triphos)]"")
the carbonate function of 1 was efficiently hydrogenated to
yield as low molecular weight chemicals bisphenol A and
methanol in good isolated yields (73%) and excellent selectiv-
ities (catalyst loading: 0.5 mol%, 0.5 mol% HNTf,, 140°C, 14-
dioxane, H,: 90 bar, 16 h). Interestingly, the bisphenol A can be
used directly as monomer together with diphenyl carbonate to
produce new 1 following the industrial manufacturing
(Scheme 1)."® On the other hand, the produced methanol can
be seen as hydrogen carrier/storage and can be utilized in
methanol fuel cells or after decomposition to carbon dioxide
and hydrogen in fuel cells for electric energy production.' An
amount of ~24wt% of hydrogen can be stored in the
repeating unit of Eol-1. Based on that, a coupling of
depolymerization of End-of-Life plastics with energy (hydrogen)
storage is feasible. In this regard, we consider if the well-
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Scheme 1. Chemical recycling concept for poly(bisphencl A carbonate) via
carbonate hydrogenation.
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established Milstein catalyst (5), which has demonstrated
excellent performance in the hydrogenation of organic ester
derivatives, is able to hydrogenate the carbonate functionality
of poly(bisphenol A carbonate) (1) Interestingly, the
potential of the Milstein catalyst was demonstrated in the
hydrogenative depolymerization of poly(propylene carbonate)
producing propane-1,2-diol (catalyst loading: 1.0 mol%, 160°C,
THF/anisole, H,: ~55 bar, 24 h)™ We state herein our inves-
tigations on a conception for the chemical recycling of the
bisphenol A unit of Eol-1 applying the Milstein catalyst
(Scheme 1),/

Primarily, the depolymerization of 1a (pellet dimension:
~3 mm) was studied (Table 1). In this context, 1a {1.35 mmol
based on the repeating unit) and catalytic amounts of complex
5 (5 mol% based on the repeating unit of 1a) were dissolved in
THF. The reaction mixture was transferred to an autoclave,
which was pressurized with hydrogen (45 bar). Subsequently
the stirred mixture was heated at 140°C for 24 hours (Table 1,
entry 3). After cooling the mixture to ambient temperature
CDCl, was added to an aliquot for '"HNMR spectroscopy. In the
spectrum a signal at 1.61 ppm (C(CH;),, 6H) and two groups of
signals (2x4H) of aromatics C-H were identified (7.06-7.07, 6.70-
6.71 ppm). The signals are assigned to 2.%*' The NMR vyield of
bisphenol A was gained by linking the integral of the signal of
2 (2xCH,) to the integrals of the leftover of polymer 1. A yield
of 99% for 2 was realized. Noteworthy, methanol was not
detected, because of technical limitations (see SI).

Table 1. Ruthenium-catalyzed depolymerization of 1a.

) Lﬁu\ L1Bu
i e o |8
= oio —_— ) @ O . 4+ {MeDH) . N—Hlu EcI_L.
Paiy(bisphenal A earborate) (18} ! 2 3 N\E'
5
Entry™  Catalyst loading 5 KO'Bu T t P Yield 2
[mol %] [mol %] °Cl [l [bar]  [%]"
1 0 0 140 24 45 <1
2 0 5.0 140 24 45 <1
3 50 ] 140 24 45 95
4 5.0 50 140 24 45  99(91)
5 25 5.0 140 24 45 a3
] 1.0 5.0 140 24 45 79
7 0.5 5.0 140 24 45 49
8 25 5.0 140 6 45 70
9 25 25 140 6 45 69
10 1.0 5.0 140 6 a5 24
174 10 5.0 140 6 45 16
12 25 250 120 24 45 76
13 25 ] 120 24 45 43
4 5.0 10.0 120 24 45 52
15 50 10.0 120 24 20 42
16 50 10.0 120 24 10 37
17 25 25.0 100 24 45 <1

[a] Reaction conditions: 1a {1.35 mmol), 5 (0-5 mol%, 0-0.0675 mmol based
on the repeating unit of 1a), KO'Bu (0-25 mol%, 0-0.27 mmol), THF

(2.0 mL}), 100-140°C, 6-24 h, 10-45 bar H,. [b] The yield was determined by
'HNMR. [c] In parenthesis the isolated yield of 2 is stated. [d] Solvent:
anisole.
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Moreover, dimethyl carbonate, which can be formed by the
reaction of methanol with the carbonate unit of the polymer/
oligomer was not detected” In the next experiment the
influence of a base was investigated, which has been shown
essential in the hydrogenation of poly(propylene carbonate)
(Table 1, entry 4)."" In this context, potassium tert-butoxide
(5.0 mol%) was added, but the similar yield was monitored as
found in the absence of base. Additionally, bisphenol A was
obtained in 91% yield. Noteworthy, in the absence of the
catalyst 5 no product formation was observed (Table 1, entries
1-2). Subsequently, the effect of 5 was studied, revealing still
good performance at 2.5 mol% with a yield of 91% for 2, while
at 0.5 mol% a diminished yield was observed (Table 1, entries
5-7). In accordance to the experiment with 2.5 mol% catalyst
loading the reaction was stopped after 6 hours, revealing a
yield of 70% (Table 1, entry 8). Moreover, the impact of the
temperature was studied (Table 1, entries 12-17). At 120°C a
good yield of 2 of 76% was observed in the presence of
2.5 mol% 4, while at 100°C no product formation was noticed
(Table 1, entries 12 and 17). However, at 120°C a significant
effect of the base was observed.” In more detail, better yields
at higher base loadings were achieved (Table 1, entries 12-13).
Maybe the base can be considered as activator for the
carbonate function of the polymer.*

In addition, the influence of the hydrogen pressure was
investigated at 120°C revealing best results for high hydrogen
pressure (Table 1, entries 14-16).

After having validated the function of the Milstein catalyst
the methodology was investigated in the depolymerization of
Eol-1 products. In this context, a digital versatile disc (DVD)
containing polymer 1 as main component was studied
(Scheme 2). Beside polymer 1 the DVD contains additives for
instance metal foil, plastic foil etc, which can theoretically
hamper the depolymerization catalyst. Two approaches were
performed. On the one hand, the DVD was cut into pieces,
which were subsequently ball-milled to obtain a DVD powder
1b. The DVD powder (1.35 mmol based on the repeating unit,
based on the presumption that the DVD powder is composed
of 100% 1), catalytic amounts of complex 5 (5 mol% based on
the repeating unit of 1b) and potassium tert-butoxide (5 mol%
based on the repeating unit of 1b) were dissolved in THF. The
reaction mixture was transferred to an autoclave, which was
pressurized with 45 bar of hydrogen. The mixture was stirred
and heated at 140°C for 24 hours. After cooling to ambient
temperature compound 2 was isolated in 73% vyield after
column chromatography. The content of 1 in the DVD is ~ 87%;
therefore the yield of 2 can be corrected to approximately 84%.
Moreover, the formation of methanol as second product was
observed by '"HNMR and was isolated as mixture with THF,
Noteworthy, the obtained result demonstrates the robustness
of catalyst 5. In the second approach 1 was isolated from the
DVD before depolymerization. In more detail, a mixture of DVD
portions and THF was refluxed for 30 minutes. During the
30 min the polymer 1 was dissolved, while the foils were
insoluble. After filtration, removal of the solvent, washing with
acetone and drying the solid 1c¢ was obtained. In accordance
to the depolymerization procedure for 1b the polymer 1¢ was

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Scheme 2. Depolymerization of 1 originated from DVDs [Reaction conditions:
1b/1c{1.35 mmol, based on the repeating unit), 5 (5 mol% based on the
repeating unit of 1), KO'Bu (5 mol% based on the repeating unit of 1), THF
(2.0 mL), hydrogen (45 bar) 140°C, 24 h.

depolymerized (Scheme 2). Bisphenol A was isolated in a higher
yield of 86%, which revealed that it is not necessary to purify
the End-of-Life DVD before depolymerization. Relating the
result with the work of Klankermayer and coworkers a
comparable yield of 2 was realized at lower hydrogen pressure,
but higher catalyst loading and a longer reaction are
required."

In summary, we have arranged an uncomplicated depoly-
merization procedure for the transformation of EolL poly
(bisphenol A carbonate). The degradation was carried-out via
hydrogenation generating bisphenol A and methanol as
products in the presence of the commercially available Milstein
catalyst. Bisphenol A was attained in good to excellent yields
after 24 hours at 140°C under a hydrogen pressure of up to
45 bar. Furthermore, the technique was appropriate for the
depolymerization of 1 received from EoL-DVDs.

Supporting Information Summary

The experimental details including the depolymerization reac-
tions and product characterization can be found in the
supporting information.
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In a following study, which is based on the results from the bachelor thesis of Tim-Oliver
Kindler, the Milstein catalyst (35a) was displaced by the Ru-MACHO-BH precatalyst
(344a).[25426% This catalyst provides two major advantages over the Milstein catalyst (35a). Even
at a reaction temperature of 80 °C notable conversion can be achieved within 6 h. In addition,
the reaction still proceeds at 5 bar H, pressure, making it more practical than all other reported
examples. In addition, the catalytic system is robust towards contamination. In more detalil,
the PBAC (2) from DVD can be used directly or with prior extraction to give PBAC (2) in good

to excellent yields.
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Hydrogenative Depolymerization of End-of-Life Poly-
(Bisphenol A Carbonate) Catalyzed by a Ruthenium-

MACHO-Complex

Tim-Oliver Kindler, Christoph Alberti, Jannis Sundermeier, and Stephan Enthaler*

The valorization of waste to valuable chemicals can contribute
to a more resource-efficient and circular chemistry. In this
regard, the selective degradation of end-of-life polymers/
plastics to produce useful chemical building blocks can be a
promising target. We have investigated the hydrogenative
depolymerization of end-of-life poly(bisphenol A carbonate).
Applying catalytic amounts of the commercial available Ruthe-
nium-MACHO-BH complex the end-of-life polycarbonate was
converted to bisphenol A and methanol. Importantly, bisphenol
A can be reprocessed for the manufacture of new poly
-(bisphenol A carbonate) and methanol can be utilized as
energy storage material.

The state-of-the-art waste treatment for collected end-of-life
plastic’"! streams is based on energy recovery, mechanical
recycling, downcycling and landfill storage and the share of
each methods strongly depends on regional conditions!**"
Disadvantageously, the energy recovery as one of the major
treatment protocol, changes the chemical functionalities of the
polymers into inappropriate chemicals (e.g. carbon dioxide),
therefore for new polymers/plastics the depleting fossil resour-
ces are required.®® In contrast, the chemical recycling presents
a more resource-conserving and environmental-benign
methodology.” A key component of the chemical recycling is
the selective depolymerization of the polymer chain to
generate low-molecular weight substances, which will be
converted in the second process (polymerization) to new
polymers. The connection of both processes allows the
recycling of polymers/plastics. Nevertheless, currently imple-
mentation of chemical recycling suffers from high energy
demand, copolymers, additives, selectivity, and the current low
price for fossil resources for the production of new polymers
etc® Consequently, the design and development of new
methodologies is of significance for reaching the goal of a more
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circular economy.” Polycarbonates, e.g. bisphenol A based
polycarbonates are a widely utilized kind of polymers with
applications in the area of constructions, automobile industry,
electronics, artificial glass, or for optical storage (CD, DVD, Blu-
ray)." For the recycling of poly(bisphenal A carbonate) (1)
numerous procedures have been described so far including
mechanical recycling, blending with other materials, pyrolysis
(feedstock recycling), biochemical degradation and chemical
recycling (e.g. hydrolysis, (hydro)glycolysis, alcoholysis and
aminolysis).”” Recently, Westhues et al. described the selective
hydrogenative depolymerization of 1. A ruthenium(ll)
complex was applied to hydrogenate the carbonate function-
ality of 1 to obtain bisphenol A (2) and methanol (3) in excellent
yields and selectivities (Scheme 1). Importantly, 2 can be
applied in the industrial synthesis as monomer in combination
with diphenyl carbonate (4) to obtain new 1."® In contrast, the
formed methanol can be used as hydrogen (energy) carrier/
storage and may be used in fuel cells for electric energy
generation."'® Therefore a connection of depolymerization/
recycling of end-of-life plastics with energy storage is achiev-
able.

More recently, we have studied the application of the well-
established Milstein catalyst in the depolymerization of 1 via
hydrogenation to produce 2 (Scheme 1) However, high
catalyst loadings (5 mol%), catalytic amounts of a base
(5 mol%), high temperatures (140°C) and long reaction times
(24 h) are required to obtain 2 in significant amounts. In this
ongoing study we tried to solve the limitations of the Milstein
catalyst system by application of another Ruthenium complex 5
containing a tridentate PNP-ligand (Ruthenium-MACHO-BH).
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Scheme 1. Concept for the chemical recycling of 1 via hydrogenation.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

W) Check for updates

Communications



o Open Access )
ChemlstryOPE N

*ChemPubSoc
Europe Communications
Table 1. Ruthenium-MACHO-BH-catalyzed depolymerization of poly(bisphenol A carbonate) (1a) — optimization of the reaction conditions. [
PR g
Df
cat §
i cat Kr':i‘Eu m 4 (I\_R| H":é
— + MeOH | H=N-Ri—
< o = Y8 HO OH h l_ Ph
paly{bisphenct & cathonate) (1a) 2 3 Mo
5
Entry® Catalyst loading [mol %] KOBu [mol %] T °C] t [h] [bar] Yield 2 [2]'®
1 0 0 140 24 45 i |
2 0 5 140 24 45 <1
3 5 5 140 24 45 99
4 5 5 140 24 45 80
5 25 5 140 24 45 98
] 1 5 140 24 45 96
7 05 5 140 24 45 92
8 5 0 140 24 45 a9
9 0.1 0 140 6 45 85
10 05 0 120 6 45 82
1 0.5 0 100 6 45 76
12 0.5 0 80 6 45 69
13 0.5 0 140 6 20 87
14 05 0 140 6 10 91
15 0.5 0 140 6 5 96
16 0.5 0 140 6 2 23

[a] Reaction conditions: poly(bisphenol A carbonate) (1a) (0.068 mmel), 5 (0-5 mol%, 0-0.0034 mmel based on the repeating unit of 1a), KO'Bu (0-5 mol%, 0
0.0034 mmol), THF (1.0 mL), 80-140°C, 6-24 h, 10-45 bar H.. [b] The yield was determined by 'H NMR. [c] Solvent: 1,4-dioxane.

Initially, the depolymerization of commercially available
pure poly(bisphenol A carbonate) 1a (pellet dimension:
~3 mm) was examined (Table 1). First control experiment have
been carried out in the absence of any catalysts and/or base
(Table 1, entries 1 and 2). Importantly, no depolymerization
processes were observed and the polymer was recovered. Next
catalytic amounts of complex 5 (5mol% based on the
monomeric unit of 1a) and the base potassium tert-butoxide
(5 mol%) were tested in THF in accordance to the best
conditions found for the Milstein system (yield of 2: 95 %). After
heating the mixture for 24 hours at 140°C under a hydrogen
pressure of 45 bar, an excellent yield for 2 of 99% was detected
by 'H NMR analysis using the methyl functionalities as probe
(Table 1, entry 3).%Y Changing the solvent from THF to 1,4-
dioxane revealed a decrease of yield to 80% (Table 1, entry 4).

Moreover, the catalyst loading was reduced to 0.5 mol%
and still an excellent yield of 92% was detected (Table 1,
entries 5-7). Interestingly, the catalyst works also in the absence
of base with comparable activity (Table 1, entry 8). Next the
reaction time was shortened to 6 hours (Table 1, entry 9).
Excellent yields were found with a catalyst loading of 5.0 mol %,
while a reduction to 0.1 mol % resulted in 85% vyield of 2. This
result corresponds to a turnover frequency (TOF) of ~142h ',
which is significantly higher as observed for the Milstein catalyst
(~4.7 h )" |n addition the influence of the reaction temper-
ature was investigated (Table 1, entries 10-12). Here still
product formation was observed at a low temperature of 80°C
with a yield of 69%, while the Milstein catalyst is limited to
120°C. Moreover, it was possible to reduce the hydrogen
pressure to 5 bar and obtaining yields of 96% for 2, while at
lower pressure the yield decreased (Table 1, entries 13-16).
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After successful confirmation of the operability of the
depolymerization catalyst a digital versatile disc (DVD) mainly
composed of 1 was attempted to degradate (Scheme 2).
Alongside to 1 the DVD can contain additives like metal as well
as plastic foil and dyes. In this regard, the DVD was crushed by
ball-milling to get a powder (1b). With respect to the reaction
conditions, the conditions stated in Table 1, entry 14 (0.5 mol%
5, 80°C, 45 bar, THF), but the reaction time was elongated to
16 hours to allow full conversion. Moreover, the scale was
increased to 6.82 mmol (1.74 g) (based on the monomeric unit,
presumption that the powder contains 100% of 1). After
heating to 80°C for 16 hours the mixture was cooled to room
temperature and filtered to remove insoluble compounds. An
aliquot was dissolved in chloroform-d for analysis by '"H NMR
revealing a NMR yield of 2 of >99%. Additionally, the
generation of methanol during depolymerization process was
proven. For purification/isolation of 2 column chromatography
and subsequent crystallization was used. In consequence 2 was

) TH NN yield

Isoiated 4
18} 'H NMR
isciated i

Scheme 2. Depolymerization of poly(bisphenol A carbonate) 1 originated
from a DVD [Reaction conditions: 1b/1 ¢ (6.82 mmol, based on the
monomeric unit), 5 (0.5 mol%, 0.0341 mmol based on the repeating unit of
1a), THF (50.0 mL), 80°C, 16 h, 45 bar H,}.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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obtained in 81% isolated yield or 93 % taking into account that
the DVD contains 87 wt % of 1.

In a second attempt polymer 1 was separated from the DVD
before hydrogenative depolymerization.”” In this regard, the
DVD was dissolved in THF at refluxing conditions within 30 min.
The hot mixture was filtered to remove the insoluble compo-
nents of the DVD. Subsequently, the solvent was removed and
the solid was washed with acetone and dried in vacuum to give
1b. In agreement to the depolymerization conditions for 1b
the isolated 1c was degradated (Scheme 2). 2 was detected in
>99% NMR yield and was isolated in 97 % vyield.

In conclusion, an efficient hydrogenation process for the
depolymerization of end-of-life 1 to generate 2 and methanol
as products was set-up. Both compounds can be beneficial for
on the one hand the reproduction of poly(bisphenol A
carbonate) (bisphenol A) or on the other hand for the hydrogen
economy (methanol). In detail, the commercially available
complex Ruthenium-MACHO-BH was able to perform the
depolymerization at low reaction temperatures, low pressure
and within short time. Noteworthy, compared to established
catalysts the Ruthenium-MACHO-BH catalyst showed excellent
performance. Lastly, the protocol can add some value to the
UN's Sustainable Development Goals (SDGs) e.g. SDGs 9,11
(clean/green technologies, waste management/urban mining)
and SDG 12 (supply chain, more efficient and less consumptive
technologies, recycling, waste streams).

Acknowledgements

Financial support from the Universitdt Hamburg (UHH) is grate-
fully acknowledged. We thank Prof. Dr. Axel Jacobi von Wangelin,
Dr. Dieter Schaarschmidt and Bernhard Gregori (all UHH) for
general discussions and support.

Keywords: catalysis - depolymerization - green chemistry -

polymers - recycling

[1] Plastics are typically composed of polymers and often other substances
e.q. fillers, plasticizers, colorants.

Landfill storage depends strongly on local regulations, e.g. in the
European Union landfill storage has been limited to the necessary
minimum (Landfill directive; see for instance: a)5. Bumley, Resour.
Conserv. Recycl. 2001, 32, 349-358; b) httpy//ec.europa.eu/environment/
waste/landfill_index.htm (23.11.2019); ¢) K. H. Zia, H.N. Bhatti, | A.
Bhatti, React. Funct. Polym. 2007, 67, 675-692.

a) I. A. Ignatyev, W. Thielemans, B. Vander Beke, Chem5SusChem 2014, 7,
1579-1593; b) N. Singh, D. Hui, R. Singh, L. P. 5. Ahuja, L. Feo, Composites
Part B 2016, 115, 409-422 c) A. Tukker, Plastics Waste: Feedstock
Recydling, Chemical Recycling and Incineration, Smithers Rapra Press,
1997.

a) M. Newborough, D. Highgate, P. Vaughan, Appl. Therm. Eng. 2002, 22,
1875-1883; b) W. Kaminsky, F. Hartmann, Angew. Chem. Int. Ed. 2000,
39, 331-333; Angew. Chem. 2000, 112, 339-341; c} J. Brandrup, Recydling
and Recovery of Plastics, Hanser/Gardner, Minchen, 1996; d)D.J.
Fartman, J.P. Brutman, G. X. De Hoe, R. L. Snyder, W. R. Dichtel, M. A.
Hillmyer, ACS Sustainable Chem. Eng. 2018, 6, 11145-11159; e)S. L.
Wong, N. Ngadi, T.A.T. Abdullah, |. M. Inuwa, Renewable Sus. Energy
Rev. 2015, 50, 1167-1180; f) T. H. Christensen, Sofid Waste Technology &
Management, Wiley, 2011; g) G. Braunegg, R. Bona, F. Schellauf, E.

[2

)

4

ChemistryOpen 2019, 8, 1410-1412 www.chemistryopen.org

(1ol

1l

(2]

[13]
[14]

[15]

[16]

[17]

[18

[19]
[20]

[21]

. Open Access )
ChemlstryOPE N

Communications

Wallner, Polymer-Plastics Technol. Eng. 2004, 43, 1755-1767; h)O
Eriksson, G. Finnveden, Energy Environ. 5ci. 2002, 2, 907-914.

F. La Mantia, Handbook of Flastics Recycling, Smithers Rapra Technology,
2002.

After some cycles also the down-cycled and mechanical recycled
products may end in the energy recovery.

a) ). Aguado, D.P. Serrano, Feedstock Recycling of Plastic Wastes, The
Royal Society of Chemistry, 1999; b) X-B. Lu, Y. Liu, H. Zhou, Chemn. Eur.
J. 2018, 24, 11255-11266,

a) A. Rahimi, J. M. Garcia, Nat. Rev. Chem. 2017, 1, 46; b} K. Ragaert, L.
Delva, K. Van Geem, Waste Manage. 2017, 69, 24-25; F. Perugini, M. L.
Mastellone, U. Arena, Environ. Prog. 2005, 24, 137-154.

J. Hopewell, R. Dvorak, E. Kosior, Philos. Trans. R. Soc. London Ser. B8
2009, 364, 2115-2126.

M. Braungart, W. McDonough, Cradle to Cradle (Patterns of Life), Vintage,
2009.

a) J. Katajisto, T.T. Pakkanen, T, A. Pakkanen, P. Hirva, J. Mol. Struct.
(Thermochem) 2003, 634, 305-310; b) F. Liu, L. Li, S. Yu, Z. Lv, X. Ge, J
Hazard. Mater. 2011, 189, 249-254; ) S. T. Chiu, S. H. Chen, C.T. Tsai,
Waste Manage. 2006, 26, 252-259; d) R, Balart, L. Sanchez L. Lopez, A
Jimenez, Polym. Degrad. Stab. 2006, 91, 527-534,

a) E. V. Antonakou, D. S. Achilias, Waste Biomass Valorization 2013, 4, 9-
21; b)E. Quaranta, C.C. Minischetti G. Tartaro, ACS Omega 2018, 3,
7261-7268; ¢} C-H. Wu, L-Y. Chen, R-J. Jeng, 5. Dai, A. Shenghong, ACS
Sustainable Chem. Eng. 2018, 6, 8964-8975; d) T. Do, E.R. Baral, J. G,
Kim, Polymer 2018, 743, 106-114; e} M. N. Siddiqui, H. H. Redhwi, E. V.
Antonakou, D. S. Achilias, J. Anal. Appl. Pyrolysis 2018, 132, 123-133; f) E.
Quaranta, D. Sgherza, G. Tartaro, Green Chem. 2017, 19, 5422-5434;
g) E. Quaranta, Appl. Catal, B: Environ. 2017, 206, 233-241; h) G. Grause,
R. Karrbrant, T. Kameda, T. Yoshioka, ind. Eng. Chem. Res. 2014, 53,
4215-4223; i) M. Liu, J. Guo, Y. Gu, J. Gao, F. Liu, Polymer Degrad. Stab.
2018, 157, 9-14; ) M. Liu, J. Guo, Y. Gu, J. Gao, F. Liy, 5. Yu, ACS
Sustainable Chem. Eng. 2018, 6, 13114-13121; k) J. Guo, M. Liu, Y. Gu, Y.
Wang, J. Gao, F. Liu, Ind. Eng. Chem. Res. 2018, 57, 10915-10921; I} C.
Jehanno, M. M. Pérez-Madrigal, J. Demarteau, H. Sardon, A.P. Dove,
Polym. Chem. 2018, DOI: 10.1039/c8py01284a; m)F. lannone, M.
Casiello, A. Monopoli, P. Cotugno, M. C. Sportelli, R. A. Picca, N. Cioffi,
M. M. Dell'Anna, A. Nacci, J. Mol Catal. A 2017, 426, 107-116; n} Y. Liu,
H. Zhou, J-Z. Guo, W-M. Ren, X.-B. Lu, Angew. Chem. Int. Ed. 2017, 56,
4862-4866; Angew. Chem. 2017, 129, 49404944,

S. Westhues, J. Idel, J. Klankermayer, Sci. Adv. 2018, 4, eaat9669.

For the hydrogenation of poly{propylene carbonate) see: a) E. M. Krall,
T. W. Klein, R. J. Andersen, A.J. Nett, R.W. Glasgow, D. 5. Reader, B.C.
Dauphinais, 5. P. Mc llrath, A. A. Fischer, M. J. Carney, D. J. Hudson, N. J.
Robertson, Chem. Commun. 2014, 50, 4884-4887; b} Z. Han, L. Rong, J.
Wu, L. Zhang, Z. Wang, K. Ding, Angew. Chem. int. Ed. 2012, 51, 13041-
13045; Angew. Chem. 2012, 124, 13218-13222; ¢} V. Zubar, Y. Lebedev,
L. M. Azofra, L. Cavallo, O. El-Sepelgy, M. Rueping, Angew. Chem. Int. Ed.
2018, 57, 13439-13443,

For the hydrosilylation of polycarbonates see: a) E. Feghali, T. Cantat,
Chem5SusChem 2015, 8, 980-984; b) L. Monsigny, J.-C. Berthet, T. Cantat,
ACS Sus. Chem. Eng. 2018, 6, 10481-10488.

a) G. Fiorani, A. Perosa, M. Selva, Green Chem. 2018, 20, 288-322; b) 5.
Fukuoka, M. Tojo, H. Hachiya, M. Aminaka, K. Hasegawa, Polymer 2007,
39, 91-114; ) M. Selva, A. Perosa, D. Rodriguez-Padrén, R. Lugue, ACS
Sustainable Chem. Eng. 2019, 7, 6471-6479,

a) A. Zuettel, A. Borgschulte, L. Schlapbach, (Eds.) Hydrogen as a Future
Energy Carrier, Wiley-WVCH, Weinheim, 2008; b) G. A. Olah, A. Goeppert,
5. G. K. Prakash, Beyond Gil and Gas: The Methanol Economy, Wiley-\VCH,
Weinheim, 2018.

An amount of ~2.4 wt% of hydrogen can be stored in the monomeric
unit of end-of-life poly(bisphenol A carbonate).

C. Alberti, 5. Eckelt, S. Enthaler, ChemistrySelect, 2019, 4, 12268-12271,
S. Kiran, N. R. James, R. Joseph, A Jayakrishnan, Biomaterials 2009, 30,
5552-5559,

a) C. Alberti, F. Scheliga, 5. Enthaler, ChemistrySelect 2019, 4, 2639-2643;
b) C. Alberti, S. Enthaler, Asign ). Org. Chem. 2019, DOI: 10.1002/
2joc.201900242R1; ¢) C. Alberti, F. Scheliga, S. Enthaler, ChemistryOpen
2019, § 822-827.

Manuscript received: October 24, 2019
Revised manuscript received: Movember 19, 2019

1412

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA



The previous examples of catalysts for the hydrogenations are all synthesized in a multi-step
synthesis. Hence, the simplification of catalyst is of interest. Therefore, we introduced a
bidentate ligand together with a metal precursor that is straightforwardly accessible from
RuCls, paraformaldehyde and PPhs.[?%¢ As ligand a bidentate aminophosphine should mimic
the structure of the Ru-MACHO-BH precatalyst (34a). Thereby, the bidentate ligand was
suggested to substitute two PPh; ligands and the third PPh; ligand could be replaced with
other ligands to modify the electronic and steric properties. In fact, the in situ generated
catalyst revealed notable activity even at 80 °C, however a higher catalyst loading was
required than for the original Ru-MACHO-BH precatalyst (34a). An 3P NMR study suggested
the presence of multiple species which is reasoned in the diverse coordination modes of the
phosphine to metal center. The catalytic system gave increased yield when in addition 1 mol%
of DBU was present. Using PBAC (2) goods showed that the yields were diminished compared
to pure PBAC (2). This indicated a negative effect of additives on the catalyst that was not
observed in that extent for the Milstein catalyst (35a) and the Ru-MACHO-BH precatalyst
(34a).
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One essential aspect to create a circular economy can be the
valorisation of plastic waste to create valuable chemicals. The
depolymerization, the converse reaction of the polymer built-
up process, can be promising to reach the targets of a circular
economy. Depolymerizations can provide monomers, which are
polymerized in a subsequent process. We have explored the
hydrogenative depolymerization of end-of-life poly(bisphenol A
carbonate) (EoL-PBPAC). Applying an in situ generated catalyst
derived from the precursors [RuCIH(CO)(PPh.);] and 2-(di-iso-
propylphosphino)ethylamine EolL-PBPAC, e.g. a DVD, was
reduced to methanol and bisphenol A in good to excellent
yields. For closing the cycle bisphenol A may be reprocessed as
monomer for the reproduction of new PBPAC. The second
depolymerization product methanol may be submitted to the
hydrogen economy for release of hydrogen and in conse-
quence energy generation.

The chemical recycling of polymers (plastics™) is a method-
ology, which can resolve some negatives of other waste
treatment methods (energy recovery, landfill storage, mechan-
ical recycling, downcycling), e.g. carbon dioxide formation,
depletion of fossil resources, decrease of plastic quality.****
Consequently, the chemical recycling is creating values like
resource-conservation and sustainability and can be a powerful
tool for circular chemistry/circular economy.”*® The basic
processes of chemical recycling are the depolymerization,
which converts the polymer to monomers, and the polymer-
ization, which reforms the polymer from monomers. The
combination of both reactions enables the recycling of
polymers. To enhance the potential of the chemical recycling
powerful protocols are highly requested."” Recently, a number
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of procedures have been accounted for the chemical recycling
of polycarbonates, particularly poly(bisphenol A carbonate) (1,
PC), which is a well-established plastic'"'? For example
Klankermayer and coworkers described the hydrogenation of 1
with the support of a well-defined Ruthenium complex.'*'%1%
During hydrogenation of the carbonate function the mono-
meric unit is converted to the products bisphenol A (2) and
methanol and consequently the polymer is depolymerized
(Scheme 1). Noteworthy, excellent catalyst performance was
exhibited and excellent conversions were obtained (0.5 mol%
catalyst loading, 140°C, 16 h, 90 bar H,, conv.: >99%). The
bisphenol A can be used as feed for the resynthesis of 1."% On
the other hand, methanol can be assumed as hydrogen carrier
or hydrogen storage and can be subjected to the hydrogen
economy to release the stored energy.'”® Remarkably, this
concept enables the valorization of plastic waste by chemical
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Scheme 1. Chemical recycling of poly(bisphencl A carbonate) via carbonate
hydrogenation.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA



Chemistry
Europe

European Chemical
Societies Publiching

Communications

ChemistrySelect doi.org/10.1002/slct.202000626

recycling and energy storage. More recently, we have explored
the potential of the well-established and commercialized
Milstein catalyst 5 and the Ruthenium-MACHO-BH catalyst 6
(Scheme 1)."" In case of 5 as catalyst excellent yields for the
hydrogenative depolymerization of 1 (derived from a DVD =
Digital Versatile Disc) were detected (5 mol% catalyst loading,
5 mol % KO'Bu, 140°C, 24 h, 45 bar H,, yield: 86 %). On the other
hand, catalyst 6 exhibited a better performance with 93 % yield
at a loading of 0.5 mol % within 16 hours at 80°C. Based on the
pincer-type ligand motif (e.g. PNP, PNN) of these polycarbon-
ate hydrogenation catalysts we wondered if a combination of a
bidentate PN-ligand and a monodentate P-ligand or N-ligand
can mimic the tridentate PNP- or PNN-motif, which in
conseguence enables more variations (Scheme 1, 7). Therefore
a combination of the commercially available complex [RuCIH
(CO)(PPhs)s] (8) and 2-(di-iso-propylphosphino)ethylamine (9) as
PN-ligand and monodentate phosphanes/amines as P- or N-
ligand were selected to generate in situ complexes of type 7 for
the valorization of end-of-life poly(bisphenol A carbonate)
(Scheme 1).2%2Y

Primarily, for investigation of the reaction conditions the
commercially available poly(bisphenol A carbonate) 1a was
chosen as model substrate (Table 1). In more detail, to 1a was
added a mixture of catalytic amounts of complex 8 (2 mol %)
and potassium tert-butoxide (10 mol%). The mixture was

Table 1. Ruthenium-catalyzed depolymerization of 1a - optimization of the
reaction conditions.

51, [RuCIH(COIPPh )] (8)
cat. HNCHCH,PPr; 19)
t_al KO'Bu
D)L 0 O b iMeOH)
HOY

Paly(sisphens A carbonata) |!m

Entry®  loading 8:9 KO'Bu T t p(Hy) Yield 2
[mol%] [mal %] [°Cl  [hl [bar] [%a]™
1 0:0 0 140 24 45 <1
2 0:0 5 140 24 45 <1
3 2.0 10 140 24 45 9
4 2:2 10 140 24 45 =99
5 2:2 5 140 24 45 =99
6 2:2 2 140 24 45 55
7 2:2 0 140 24 45 <1
8 2:4 10 140 24 45 =99
9 1:1 5 140 24 45 =99
10 1:2 5 140 24 45 =99
1 0.5:05 5 140 24 45 90
12 0.25:0.25 5 140 24 45 71
13 0.1:0.1 5 140 24 45 65
14 1:1 5 140 3 45 38
15 0.5:05 5 140 3 45 21
16 2:2 10 140 72 45 =99
17 1:2 10 120 24 45 =99
18 1:2 10 120 24 20 =99
19 1:2 10 120 24 10 43
20 1:2 10 80 24 20 32
21 1:1 10 80 24 20 30
22 0.5:0.5 10 80 24 20 13

[a] Reaction conditions: 1a (0.0675 mmol), 8 (0-2 mol %, 0-0.00135 mmol
based on the repeating unit of 1a), 9 (0—4 mol%, 0-0.027 mmol based on
the repeating unit of 1a), KOBu (0-10 mol%, 0-0.00675 mmol), THF

(2.0 mL), 80-140°C, 3-72 h, 10-45 bar H,. [b] The yield was determined by
'HNMR.
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dissolved in THF and transferred to an autoclave, which was
pressurized with hydrogen (45 bar) and heated to 140 °C. The
temperature was kept for 24 hours at 140°C (Table 1, entry 3).
After cooling to ambient temperature, the mixture was
analysed by '"HNMR spectroscopy. In the "THNMR spectrum a
signal for the C(CH,), function (6H) at 1.60 ppm and for the
aromatics C—H two sets of signals (2x4H) at 6.67-6.71 ppm and
7.02-7.06 ppm of product 2 were detected.” Besides, signals
for polymer 1a were identified, which were used for yield
determination of 2, revealing a yield of 9% of 2. Importantly in
the absence of complex 8 no product formation was observed
(Table 1, entries 1 and 2). Notably, the addition of ligand 9 to
complex 8 (ratio 1:1) increased the yield of 2 significantly to
>99% (Table1, entry4).” Same yield was detected by
reducing the amount of base to 5 mol%, while at lower
loadings the yield decreases or no product was observed in the
absence of the base (Table 1, entries 5-7). Next the loading of
the catalyst and the ligand was studied (Table 1, entries 11-13).
In case of a loading of 0.1 mol% a good yield of 65% was
detected after 24 hours (Table 1, entry 13). Reducing the
reaction time to three hours revealed a moderate vyield of 2
(Table 1, entries 14 and 15). In the next experiment the
influence of the reaction temperature was investigated (Ta-
ble 1, entries 17-22). Showing excellent performance at 120°C,
while at 80°C a moderate yield was obtained. Moreover, the
hydrogen pressure was studied. 1a was fully converted at
120°C and a hydrogen pressure of 20 bar to 2, while at lower
hydrogen pressure a moderate yield of 2 was realized (Table 1,
entries 18 and 19).

In the next experiment the influence of additional ligands
added to the in situ generated complex of 8 and 9 (ratio: 1:1)
was investigated (Table 2). In accordance to the reaction
conditions stated in Table 1, entry 16 triphenylphosphane
(1 mol%) was added to 8 and 9 (ratio 1:1:1). The detected
yield of 2 (23%) is lower compared to the standard system
(yield: 38%); hence the addition of extra PPh; is disadvanta-
geous, which was further proven by adding 5 mol% PPh; (yield:
16%) (Table 2, entries 1-3). Same effect was observed for other
monodentate as well as bidentate phosphane ligands. Only in
case of addition of ligand 11 an increase of the yield (58 %) was
noticed (Table 2, entry 7). Mareover, nitrogen-based ligands
were studied (Table 2, entries9 and10). In case of DBU an
increase of the yield to 51 % was observed.

After having demonstrated the operability of the insitu
generated catalyst the procedure was applied for the depoly-
merization of a commodity (digital versatile disc=DVD)
containing poly(bisphenol A carbonate) 1. A (DVD) containing
polymer 1 as major ingredient was tested (Scheme 2). Note-
worthy, together with polymer 1 the DVD can contain additives
for instance metal foil, plastic foil and dyes, which may
negatively effect on the catalyst performance. Initially the DVD
was ball-milled to become a fine DVD powder 1b.

The powder (3.4 g, 13.4 mmol based on the monomeric
unit, based on the presumption that the DVD powder is
composed of 100% of 1), catalytic amounts of complex 8
(1 mol% based on the monomeric unit of 1b), 9 (1 mol%
based on the monomeric unit of 1b) and potassium tert-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 2. Ruthenium-catalyzed depolymerization of 1a - ligand screening.”

1 mait [RuCIH[EOKPPhy)] (8)

- 1 ol H-_: HalHoP Prs (3]
S8 J\ﬂ[ T NN L ue
" n -'H:.! f:g PCM:Ia h e = a
Faly| bisphenal & catongls) (1a) 2 3
Entry Ligand Ligand loading Yield 2
[mol %] (26"
1 - - 38
2 PPh, 1 23
3 PPh, 5 16
4 P'Bu, 1 37
5 P'Pr, 1 15
6 (2-biphenyl}di-cyclohexylphos- 1 30
phane (10)
7 (2-biphenyl)di-tert-butylphos- 1 58
phane (11)
8 1,2-bis(diphenylphosphino) 0.5 32
ethane
9 4-dimethylaminopyridine 1 41
(DMAP)
10 1,8-diazabicyclo(5.4.0)undec-7- 1 51
ene (DBU)

[a] Reaction conditions: 1a {0.0675 mmol}, 8 (1 mal %, 0.000675 mmol
based on the repeating unit of 1a), 9 (1 mol%, 0.000675 mmol based on
the repeating unit of 1a), ligand (0-5 mol %, 0-0.00338 mmol based on the
repeating unit of 1a), KO'Bu (5 mal%, 0.00338 mmol), THF (2.0 mL), 140°C,
3 h, 45 bar H,. [b] The yield was determined by 'HNMR.

1 modte 8
1 moi%: 9

0-1 mol%e DBU

10 moi% KO'BU B « (MeOH)
_—
H3 (20 bar), THF MO OH

" 120°C. 24 h
Poly{bisphanol A carbonato )
1b {DVD powdery m =3 5 g
1 (1 isolalad from VD) m =350 (08 0)
1d {safety gogoles)m =359

2

a) (0 mol DAL
b 'H NMIR yield of 2 29%
b} {1 moi%e DEU)
1 'H NMR yiaid of 2: 40%
1c: 'H NMR yield of 2 35%
1d H NMR yioid of 2 33%
1e 'H MMA yiokd of 2. 85% (140 *C, 45 bar)
1solEtad yiekd of 2, F4%

Scheme 2. Depolymerization of poly(bisphenol A carbonate) 1 originated
from a DVD or safety goggles [Reaction conditions: 1 b/c/d (13.4 mmol, based
on the monomeric unit), 8 (1 mol%, 0.134 mmol based on the repeating unit
of 1), 9 (1 mol%, 0.134 mmol based on the repeating unit of 1), DBU (0-

1 mol %, 0-0.134 mmol based on the repeating unit of 1a), KOBu (10 mol %,
1.34 mmol), THF (20 mL), 120°C, 24 h, 20 bar H.. In case of 1c an experiment
was also carried out at 140 "C with 45 bar H; and a 3.58 mmol scale in 15 mL
THF ]

butoxide (10 mol % based on the monomeric unit of 1b} were
dissolved/suspended in THF (Scheme 2).

The reaction mixture was transferred to an autoclave, which
was then pressurized with hydrogen (20 bar). The reaction
mixture was hold for 24 hours at 120°C, while stirring. After
cooling to room temperature an aliquot was dissolved in
chloroform-d for '"HNMR analysis. An NMR yield of 29% of 2
was observed, which revealed a negative impact of the
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additives on catalyst performance.”** |n addition, the experi-
ment was repeated in the presence of additional 1 mol % DBU.
In this regard, bisphenol A was detected in a moderate NMR
yield of 40%. A quite similar result was obtained when using
1c isolated from a DVD by dissolution, filtration, precipitation,
washing and drying. Finally, the poly(bisphenol A carbonate)
containing part of a safety googles was subjected to hydro-
genative depolymerization following the conditions described
for the DVD (Scheme 2). Here an NMR vyield of 33% was
noticed.” An improvement of the yield to 85% (isolated yield:
64 %) was observed for the 1 ¢ in case of increasing the reaction
temperature to 140°C and the hydrogen pressure to 45 bar.

In summary, we have investigated the hydrogenative
depolymerization of EoL poly(bisphenol A carbonate) in the
presence of an in situ generated Ruthenium catalyst. A mixture
of a bidentate ligand (2-(di-iso-propylphosphino)ethylamine)
and a monodentate ligand (PPh, or DBU) was added to the
precursor [RuCIH{CO)(PPh,);] to mimic tridentate ligands, which
have been proven to be active in the hydrogenative depolyme-
rization of poly(bisphenol A carbonate). As product bisphenol A
was obtained in good to excellent yields after 24 hours at
120°C under a hydrogen pressure of 20 bar. Interestingly, the
flexibility of the in situ generated catalyst system allows an easy
optimization of the reaction outcome. Furthermore, the
methodology was applied for the depolymerization of poly
(bisphenol A carbonate) containing EoL-DVDs.

Supporting Information Summary

The experimental details including the depolymerization reac-
tions and product characterization can be found in the
supporting information.

Acknowledgements

Financial support from the Universitdt Hamburg (UHH) is grate-
fully acknowledged. We thank Prof. Dr. Axel Jacobi von Wangelin,
Dr. Dieter Schaarschmidt and Bernhard Gregori (all UHH) for
general discussions and support.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: catalysis - depolymerization - green chemistry -
polymers - recycling

[1] Plastics are typically composed of polymers and often other substances
e.q. fillers, plasticizers, colorants.

Landfill storage depends strongly on local regulations, e.g. in the
European Union landfill storage has been limited to the necessary
minimum (Landfill directive; see for instance: a)S. Burnley, Resour.
Conserv. Recycl. 2001, 32, 349-358; b) http://ec.europa.eu/environment/
waste/landfill_index.htm (03.11.2018); c¢)K H. Zia, H. N. Bhatti, I A
Bhatti, React. Funct. Polym. 2007, 67, 675-692.

a) I A. Ignatyev, W. Thielemans, B. Vander Beke, ChemSusChem 2014, 7,
1579-1593; b) N. Singh, D. Hui, R. Singh, I. P. 5. Ahuja, L. Feo, Compasites
Part B 2016, 115, 409-422; c) A. Tukker, Plastics Waste: Feedstock

[2

[3

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA



ChemistrySelect

Communications

q Chemistry
Europe

doi.org/10.1002/s1ct.202000626 Sochasas Pubhehing

=

[10]

[1]

[12]

[13]
[14]

Recycling, Chemical Recycling and Incineration. Smithers Rapra Press,
1997.

a) M. Newborough, D. Highgate, P. Vaughan, Appl. Therm. Eng. 2002, 22,
1875-1883; b) W. Kaminsky, F. Hartmann, Angew. Chemn. Int. Ed. 2000, 39,
331-333; Angew. Chem. 2000, 712, 339-341; c) L. Brandrup, Recycling
and Recovery of Plastics. Hanser/Gardner, Minchen, 1996; d)D.J.
Fortman, J. P. Brutman, G. X. DeHoe, R. L. Snyder, W. R. Dichtel, M. A.
Hillmyer, ACS Sustainable Chem. Eng. 2018, 6, 11145-11159; &) 5. L.
Wong, N. Ngadi, T. A.T. Abdullah, I. M. Inuwa, Renewable Sustainable
Energy Rev. 2015, 50, 1167-1180; f)T.H. Christensen, Solid Waste
Technology & Management, Wiley, 2011; g) G. Braunegg, R. Bona, F.
Schellauf, E. Wallner, Polymer-Plastics Technol. Eng. 2004, 43, 1755-1767;
h) O. Eriksson, G. Finnveden, Energy Environ. Sci. 2002, 2, 907-914.

F. La Mantia, Handbook of Plastics Recycling. Smithers Rapra Technol-
ogy, 2002,

After some cycles also the down-cycled and mechanical recycled
products may end in the energy recovery.

a) ). Aguado, D.P. Serrano, Feedstock Recycling of Plastic Wastes, The
Royal Society of Chemistry, 1999, b} X.-B. Lu, Y. Liu, H. Zhou, Chem. Eur. J.
2018, 24, 11255-11266.

1. Hopewell, R. Dvorak, E. Kosior, Philos. Trans. R. S5oc. London Ser. B 2009,
364, 2115-2126.

M. Braungart, W. McDonough, Cradle to Cradle (Patterns of Life),
Vintage, 2009.

a) A. Rahimi, J. M. Garcia, Nat. Rev. Chem. 2017, 1, 46; b) K. Ragaert, L.
Delva, K. Van Geem, Waste Manage. 2017, 69, 24-25; ¢} F. Perugini, M. L.
Mastellone, U. Arena, Environ. Prog. 2005, 24, 137-154.

a) E.V. Antonakou, D. 5. Achilias, Waste Biormass Valorization 2013, 4, 9-
21; b) E. Quaranta, C. C. Minischetti, G. Tartaro, ACS Omega 2018, 3,
7261-7268; ) C-H. Wu, L-Y. Chen, R-J. Jeng, 5. Dai, A. Shenghong, ACS
Sustainable Chem. Eng. 2018, 6, 8964-8975; d} T. Do, E. R. Baral, J. G. Kim,
Polymer 2018, 143, 106-114; &) M. N. Siddiqui, H.H. Redhwi, E.V.
Antonakou, D. S. Achilias, /. Anal. Appl. Pyrolysis 2018, 132, 123-133; ) E.
Quaranta, D. Sgherza, G. Tartaro, Green Chern. 2017, 19, 5422-5434; g) E.
Quaranta, Appl. Catal. B 2017, 206, 233-241; h) G. Grause, R. Karrbrant, T.
Kameda, T. Yoshioka, Ind. Eng. Chem. Res. 2014, 53, 4215-4223; i) M. Liu,
1. Guo, Y. Gu, J. Gao, F. Liu, Polymer Degrad. Stab. 2018, 157, 9-14; j} M.
Liu, J. Guo, Y. Gu, J. Gao, F. Liu, 5. Yu, ACS Sustainable Chem. Eng. 2018,
6, 13114-13121; k) J. Guo, M. Liy, Y. Gu, Y. Wang, J. Gao, F. Liu, Ind. Eng.
Chem. Res. 2018, 57, 10915-10921; |} C. Jehanno, M. M. Pérez-Madrigal,
1. Demarteau, H. Sardon, A.P. Dove, Polymn. Chem. 2019, 10, 172-186;
m) F. lannone, M. Casiello, A. Monopoli, P. Cotugno, M. C. Sportelli, R. A.
Picca, N. Cioffi, M. M. Dell'Anna, A. Nacci, L Mol. Catal. A 2017, 426, 107~
116; n) Y. Liu, H. Zhou, J.-Z. Guo, W.-M. Ren, X.-B. Lu, Angew. Chem. InL.
Ed. 2017, 56, 4862-4866; Angew. Chern. 2017, 129, 4540-4944.

a} ). Katajisto, T. T. Pakkanen, T. A. Pakkanen, P. Hirva, J. Mol. Struct.
2003, 634, 305-310; b} F. Liu, L. Li, S. Yu, Z. Lv, X. Ge, ) Hazard. Mater.
2011, 189, 249-254; c) 5. T. Chiu, 5. H. Chen, C. T. Tsai, Waste Manage.
2006, 26, 252-259; d) R. Balart, L. Sanchez, L. Lopez, A. Jimenez, Polym.
Degrad. Stab. 2006, 91, 527-534.

S. Westhues, J. Idel, J. Klankermayer, Sci. Adv. 2018, 4, eaat9669.

Far the hydrogenation of poly(propylene carbonate) see: E. M. Krall,
T.W. Klein, R.J. Andersen, A.J. Nett, R. W. Glasgow, D.5. Reader, B. C.

Dauphinais, 5. P. Mc lirath, A. A. Fischer, M. J. Carney, D. J. Hudson, M. 1.

Robertson, Chem. Commun, 2014, 50, 4884-4887.

For the hydrosilylation of polycarbonates see: a) E. Feghali, T. Cantat,

ChemSusChem 2015, 8, 980-984; b) L. Monsigny, J-C. Berthet, T. Cantat,

ACS Sustainable Chem. Eng. 2018, 6, 10481-10488.

[16] a) G. Fiorani, A. Perosa, M. Selva, Green Chem. 2018, 20, 288-322; b) S.

Fukuoka, M. Tojo, H. Hachiya, M. Aminaka, K. Hasegawa, Polym. J. 2007,

39, 91-114; c) M. Selva, A. Perosa, D. Rodriguez-Padron, R. Lugue, ACS

Sustainable Chem. Eng. 2019, 7, 6471-6479.

a) A. Zuettel, A. Borgschulte, L. Schlapbach, (Eds.) Hydrogen as a Future

Energy Carrier, Wiley-VCH, Weinheim, 2008; b) G. A. Olah, A. Goeppert,

S. G. K. Prakash, Beyond Oil and Gas: The Methano! Economy, Wiley-VCH,

Weinheim, 2018.

[18] An amount of ~ 2.4 wt% of hydrogen can be stored in the monomeric
unit of end-of-life poly(bisphenol A carbonate).

[19] a) C. Alberti, 5. Eckelt, 5. Enthaler, ChemistrySelect 2019, 4, 12268-12271;
b) T-O. Kindler, C. Alberti, J. Sundermeier, S. Enthaler, ChemistryOpen
2019, 8 1410-1412.

[20] See for instance Ruthenium complexes containing ligand 9; a) W. Jia, X.
Chen, R. Guo, C. Sui-Seng, D. Amoroso, A. ). Lough, K. Abdur-Rashid,
Dalton Trans. 2009, 8301-8307; b) D. J. Braden, R. Cariou, J. W. Shabaker,
R. A, Taylor, Appl. Catal. A: General 2019, 570, 367-375; c) X. Fang, M.
Sun, J. Zheng, B. Li, L Ye, X. Wang, Z. Cao, H. Zhu, Y. Yuan, 5ci. Rep.
2017, 7, 1-9.

[21] See for instance Ruthenium complexes based on the motif 7: a) C-C.
Lee, Y-H. Liu, 5.-M. Peng, P.-T. Chou, J-T. Chen, 5.-T. Liu, Polyhedron
2012, 35, 23-30; b) E. 5. F. Ma, B. O. Patrick, B. R. James, Inarg. Chim. Acta
2013, 408, 126-130; c} E. S.F. Erin, D. C. Mudalige, B. R. lames, Dalton
Trans. 2013, 42, 13628-13634; d) F.D. Fagundes, J. P. daSilva, C.L.
Veber, A. Barison, C.B. Pinheiro, D.F. Back, J.R de Sousa, M.P.
de Araujo, Polyhedron 2012, 42, 207-215; e) W. Xu, R. Langer, Dalton
Trans. 2015, 44, 16785-16790; f)1. D. Alshakova, I. Korobkov, L. G.
Kuzmina, G. 1. Nikonov, J. Organomet. Chem. 2017, 853, 68-73; g) J. T,
Mague, J. L. Krinsky, Inorg. Chem. 2001, 40, 1962-1971; h) H. Yang, M.
Alvarez-Gressier, N. Lugan, R. Mathieu, Organometallics 1997, 16, 14071-
1409.

[22] a) C. Alberti, F. Scheliga, 5. Enthaler, ChemistrySelect 2019, 4, 2639-2643;

b) C. Alberti, S. Enthaler, Asian J. Org. Chem. 2020, 9, 359-363; ¢) C.

Alberti, F. Scheliga, S. Enthaler, ChemistryOpen 2019, 8, 822-827.

The reaction of complex 8 with the ligand 9 was studied by *'P{'H} NMR,

revealing a complex mixture of phosphorus containing species, maybe

due to the formation of different isomers. See for instance reference
21c.

[24] An inscluble residue was observed, which may contain the aluminum
foil and other plastic foils.

[25] The content of 1b in the DVD is ~ 87 %; therefore the yield of 2 can be
corrected to approximately 33% (without DBU) or 46% (with DBU)
respectively.

[15

7

[23

Submitted: February 14, 2020
Accepted: March 31, 2020

ChemistrySefect 2020, 5, 4231-4234  Wiley Online Library

4234 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA



A simplification of the ligand sphere allows for a more cost efficient catalyst. However, it
requires higher catalyst loading, more forcing conditions and was less efficient for the
hydrogenation on non-pure PBAC (2). Another possibility to enhance the sustainability of the
catalyst was to vary the metal center. In this regard, we introduced the literature known Fe-
PNP precatalyst to the hydrogenation of PBAC (2) and PPC (6).%%71 The catalyst can be
applied even at 80 °C and gives good results even at low H; pressures of 5 bar. Hydrogenation
of commercial goods was successfully accomplished with excellent yields. The optimized
conditions were furthermore transferred to PPC (6). Here, the catalytic hydrogenation to 1,2-
propanediol (7) and MeOH could be demonstrated. The products could again be isolated in
excellent yields. In comparison to our previously reported Ru-MACHO-BH (34a) catalyst, to
some extend a higher catalyst loading were necessary and the performance under lower
pressure and temperature was not as good. In addition, its catalytic activity was hampered by

some polymers. Especially, PVC critically reduced the catalyst activity.

In conclusion, the nature of the catalyst was significantly affecting the reaction conditions. As
a major drawback, the application of THF did not allow for an isolation of MeOH due to their

similar boiling points.
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Hydrogenative Depolymerization of End-of-Life
Polycarbonates by an Iron Pincer Complex

Christoph Alberti, Elena Fedorenko, and Stephan Enthaler*

Chemical recycling processes can contribute to a resource-
efficient plastic economy. Herein, a procedure for the iron-
catalyzed hydrogenation of the carbonate function of end-of-
life polycarbonates under simultaneous depolymerization is
presented. The use of a straightforward iron pincer complex
leads to high rate of depolymerization of poly(bisphenol A
carbonate) and poly(propylene carbonate) yielding the mono-
mers bisphenol A and 1,2-propanediol, respectively, as products
under mild reaction conditions. Furthermore, the iron complex
was able to depolymerize polycarbonates containing goods and
mixture of plastics containing polycarbonates.

The high standard of life in modern societies strongly benefits
from easily affordable plastic!" goods, which results at the same
time in the generation of plastic waste after completing the
operational purpose.” In general, waste management depends
on landfill storage and incineration that results in long-term
environmental problems and pollutions.”” Moreover, significant
amounts of plastic waste are reaching uncontrolled the bio-
sphere generating environmental problems As an alternative,
primary recycling is applied which is defined as reusing the
good without mechanical or chemical transformations of the
latter, which is in contrast to secondary recycling.>® Hereby,
the material is thermally or mechanically converted to another
good of similar or lower quality, because chemical degradation,
contaminations or additives of the virgin material hamper the
properties of the recycled material.” Both, primary and
secondary recycling are downcycling processes because after
several cycles the material has to be submitted to landfill or
incineration.” This lost material has to be replaced by
consumption of fossil resources, whereby several synthetic
transformations are required. Alternatively, chemical recycling
allows the conservation of the monomeric unit, so that the
number of transformations is reduced and significant amounts
of energy and resources are saved. As a consequence, it has
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become a matter of research to enable end-of-life polymers as
feedstock for new polymers with adjustable properties.*™
Therefore, a sequence of depolymerization followed by purifica-
tion of the monomers and a (re)polymerization are required,
which can, under optimal conditions, substitute fossil
resources.” Polycarbonates, especially on the basis of bisphenol
A (2) as diol component, are used as materials for data storage
(CD/DVD, hard disk drives, Blu-Ray), suit cases and artificial
glass!™ Moreover, poly(propylene carbonate) (1b) based
plastics have been established for packaging applications."” A
variety of chemical depolymerization approaches for polycar-
bonates are reported, e.g. pyrolysis, biochemical degradation
recycling, e.g. alcoholysis, glycolysis or
aminolysis!”™ In addition, several procedures were reported

and chemical
for the ruthenium-catalyzed hydrogenative depolymerization
(Scheme 1) In case of end-of-life 1a bisphenol A (2) and
methanol are formed as suitable chemicals during hydro-
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Scheme 1. Chemical recycling concept for poly(bisphenol A carbonate) and
poly(propylene carbonate).
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genative depolymerization. The monomer bisphenol A (2) can
be used to regenerate the polymer 1a, while methanol can be
used as hydrogen or energy carrier."®

After releasing the in methanol stored energy carbon
dioxide is formed, which can be converted with phenol to
diphenylcarbonate (5), which can be applied with 2 for
synthesizing 1a."”' On the other hand, poly(propylene
carbonate) (1b) is converted to 1,2-propanediol (3) and
methanol by hydrogenative depolymerization. Chemical 3 can
be transformed to propylene oxide, which can react with
carbon dioxide to polymer 1b."*" In both cases a cycling of
monomeric units of the polycarbonates is feasible. A number of
ruthenium-based catalyst (6-10) have been found suitable for
the hydrogenative depolymerization of 1a (Scheme 1)."% How-
ever, the use of ruthenium as catalyst compartment causes
some economic and sustainability problems." In this regard,
the use of systems with non-noble, cheap and abundant metals
can be an alternative™ For instance the group of Milstein
reported the application of a manganese complex (11) modified
with a pincer type ligand in the hydrogenative depolymeriza-
tion of 1hb. After 50 h 1b was converted to 1,2-propanediol in
68 % yield and propylene carbonate in 30% yield.”"

In this regard, we studied the hydrogenative depolymeriza-
tion of 1a and 1b in the presence of catalytic amounts of an
iron complex modified with a pincer type ligand (12), which has
been established for the hydrogenation of low-molecular
weight organic esters.””

At first, the influence of reaction parameters on the hydro-
genative depolymerization of commercially available 1a (pel-
lets, diameter ~3 mm) was investigated. Therefore, a mixture of
1a and catalytic amounts of complex 12 (1.0 mol%) in THF was
placed in an autoclave and pressurized with 45 bar of hydrogen
and kept at 120°C for 24 hours (Table 1, entry 2). After cooling
to ambient temperature, quantification of the product was
performed by 'H NMR spectroscopy using the ratios of the Ar-H
of the polymer/oligomers 1a (7.06-7.07 ppm) and of the Ar-H
signal of 2 (6.70-6.71 ppm). Based on that, a NMR yield of 90%
of 2 was calculated. Increasing the amount of catalyst revealed
an increase of the yield of 2, while decreasing the catalyst
loading showed a diminished yield (Table1, entries 3-5).
Importantly, in the absence of the catalyst no product
formation was observed (Table 1, entry 1). Lowering the catalyst
loading to 0.5 mol% reveals high yields for 2, while at 0.1 mol%
no significant product formation is observed. Next, the
influence of the reaction temperature was evaluated. The yield
of 2 decreases significantly when the temperature is reduced
below B0*C when the temperature is reduced to 100°C still
excellent yields are observed. At 80°C, a notable decrease was
observed while almost no catalytic activity is observed at 60°C
(Table 1, entries 6-8). When the reaction is stopped after 6 h at
140°C a yield of 31 % was observed (Table 1, entry 9). Moreover,
the influence of the hydrogen pressure was evaluated, reveal-
ing, that at 20 bar or 5 bar pressure, the yield was significantly
diminished (Table 1, entries 10 and 11). Replacement of THF by
anisole or 1,4-dioxane as solvent had a negative influence on
the reaction outcome (Table 1, entries 12 and 13).
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Table 1. Iron-catalyzed depolymerization of poly(bisphenol A carbonate) ’

1a.
cat. 12
| 3 & e {n MeOH)
n * n el
= )ko THF O
0
2 4

n
1a

Poly{bisphenal A carbenate)

Entry™ Catalyst T t p (H) Yield
loading °a th] [bar] [961"®!
[mol %]

1 0 120 24 45 <1

2 1.0 120 24 45 a0

3 2.0 120 24 45 =99

4 0.5 120 24 45 91

5 0.1 120 24 45 4

6 2.0 100 24 45 a3

7 2.0 80 24 45 70

8 2.0 60 24 45 2

9 2.0 140 6 45 31

10 2.0 120 24 20 70

1 2.0 120 24 5 26

12t 20 120 24 45 42

134 20 120 24 45 58

[a] Reaction conditions: 1a (0.135 mmol, based on repeating unit of 1a), 12
(0-2 mol%, 0-2.7 umol based on the repeating unit of 1a), THF (1.0 mL),
60-140°C, 6-24 h, 5-45 bar H,. [b] The yield was determined by 'H NMR. [¢]
1,4-dioxane (1.0 mL) as solvent. [d] PhOMe (1.0 mL) as solvent.

With the optimized conditions (2.0 mol% 12, 120°C, 45 bar
H,, 24 h) two kinds of plastics containing 1a were studied in the
hydrogenative depolymerization (Scheme 2). For instance, a
digital versatile disc (DVD) a composite of 1 a, aluminum, plastic
foils and dyes was tested. The DVD was ball-milled to get a
powder (1aa), which was subjected to depolymerization with-
out further pretreatments. Interestingly, after 24 hours a NMR
yield of 99% of 2 was observed, revealing that the depolymeri-
zation was successful and the additional compounds had no
negative impact on the catalytic activity. A similar result was
obtained for a sample of safety goggles (1ab) containing 1a.

For purification/isolation of 2 filtration over silica gel and
subsequent crystallization was carried out. Chemical 2 was
attained in 81% (1aa) and 55% (1ab) isolated vield or 93%
(1aa) under the assumption that the DVD contains 87 wt% of
1a."9 The isolated yields obtained for this catalyst systems
are comparable to those reported for other catalysts."™
Importantly, additives for catalyst activation are not required

2mofs 12 |
O O jL _ Hedsban
n | +*
T ] >
120°C. 24 h H

Poly(bisohencl A carbonate) B
1aa m(DVD powder) = 100 g 1aa: "H NMR yield of 2: 99%
1ab m{safety goggles) = 1.00g molated yield of 2: 81% (m=072g)
1ab: TH NMR yield of 2 99%
solated yield of 2: 55% (m=048g)

b

{n MaOH)

Scheme 2. Hydrogenative depolymerization of poly(bisphencl A carbonate)
products {Reaction conditions: 1aa or 1ab (3.95 mmol, based on repeating
unit of 1a}, 12 {2 mol%, 79.0 pmol based on the repeating unit of 1a), THF
(20 mL), 120°C, 24 h, 45 bar H.).
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and reaction temperature and pressure are sufficiently lower
than for other system.!’

Nevertheless, with regards to reaction temperature and
time, pressure and catalyst loading, the Fe-catalyst was out-
performed by Ru-catalyst 9 (Scheme 1).1%

Next, the iron-catalyzed procedure was applied in the
hydrogenative depolymerization of poly(propylene carbonate)
(1b) (Scheme 3). In accordance to the optimized conditions
(2.0 mol% 11, 120°C, 45bar H,, 24 h) a sample of 1b was
tested. 1,2-propanediol (3} was observed in 99% NMR vyield.
Purification by distillation gave selectively 3 in 77% yield. In
comparison to the Mn-based catalyst established Kumar et al.?"
the system does not require the usage of additional base and
reveals higher yields for diol formation within shorter reaction
times. Moreover, the Fe-based system demonstrated some
benefits regarding temperature and pressure compared to the
work of Krall et al."*

Moreover, the hydrogenative depolymerization of polycar-
bonate 1a was studied in the presence of different types of
polymers, which can add some benefits to separation technol-
ogies (Table 2). Therefore, best conditions for 1a were applied

2 mot 12
H; (45 bar)

P —2

—_—
120 °C, 24 h

OH
n /K/OH

(n MeOH)

"H NMR yield of 3. 98%
reolated yeld of 3: 77% (m = 0.57 a)

Poly{propylene carbonata) (1h)
m=100g

Scheme 3. Hydrogenative depolymerization of poly(propylene carbonate)
(Reaction conditions: 1b (9.84 mmol, based on repeating unit of 1b), 12

(2 mol%, 197 pmol based on the repeating unit of 1b), THF (40 mL}, 120°C,
24 h, 45 bar H,).

Table 2. Influence of additional polymers on the hydrogenative depolyme-
rization of 1a.

2 molth 12
poiymer (1.0 eg.)

o H, (45 bar)
‘)J\ — e O O b MedH)
THE
o HO oH
1a §

f 120°C, 24 h

Poly{bisphencl A carbonale)

Entry" Additional polymer”! Yield 2 Yield
[%].'cl [%][cl
1 1b 91 89(3)
2 Poly(lactide) (PLA) »99 <1
3 Poly(ethylene terephthalate) (PET) =99 <1
4 Poly(e-caprolactone) (PCL) 72 46
5 Nylon 6 89 <1
6 Poly(formaldehyde) (POM) =99 -
7 Poly(phenylene sulfide) (PPS) >109 <1
8 Poly(ethylene) (PE) 87 <1
9 Epoxy resin 99 <1
11 Poly(styrene) (PS)*! observed
10 Poly(vinyl chloride) (PVC) 11 <1
12 Poly(ethylene glycol) (PEG) 52 <1
13 Silicane (PDMS) 50 <1

[a] Reaction conditions: 1a (0.135 mmol, based on repeating unit of 1a), 12
(2 mol%, 0-2.7 pmol based on the repeating unit of 1a), THF (1.0 mL),
120°C, 24 h, 45 bar H.. [b] 0.135 mmol, based on repeating unit. [c] The
yield was determined by 'H NMR for 2 and the hydrogenation product of
the additional polymer. [d] 1,6-hexanedicl. [e] Determination of yield was
impossible due to signal overlap. However, the bisphenol A was
gualitatively detected.
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(2.0 mol% 12, 120°C, 45 bar H,, 24 h). In more detail, polymer
1a was mixed with an equimolar amount of another polymer
(based on its repeating unit) and the mixture was subjected to
the hydrogenation. First, a mixture of 1a and 1b was
investigated, revealing the formation of 2 in 91% and 3 in 89%
NMR yield, which is comparable to earlier experiments (Table 2,
entry 1). Moreover, polymers containing ester functionalities
like poly(lactide) (PLA), poly(ethylene terephthalate) (PET) and
poly(e-caprolactone) (PCL) were tested as additives (Table 2,
entries 2-4). Excellent NMR vyields of 2 of >99% were detected
in the presence of PLA and PET. In case of the experiment with
PLA the formation of 1,2-propanediol (3) was not observed.
However, a reduction of the molecular weight of the initial PLA
was observed by DOSY NMR. For PET no formation of 14-
benzenedimethanol and ethylene glycol was detected maybe
due to solubility issues. Conversely, using poly(e-caprolactone)
(PCL) as second polymer the iron catalyst produces 46% (NMR
yield) of 1,6-hexanediol and 72% (NMR vyield) of 2 as
depolymerization products (Table 2, entry 4). Other polymers
containing functional groups, which can be potentially hydro-
genated by 12, revealed no hydrogenation of the second
polymer (Table 2, entries 5-6). Polymers "inert” to hydrogena-
tion with 12 revealed good to excellent bisphenol A formation
(Table 2, entries 6-10). Diminished yields of 2 were observed
when poly(vinyl chloride) (PVC), poly(dimethylsiloxane) (PDMS)
or poly(ethylene glycol) (PEG) were added (Table 2, entries 11—
13).

In summary, we have set up a protocol for the hydro-
genation of end-of-life polycarbonates enabled by iron catalysis.
High yields of the corresponding diols were obtained under
mild conditions. At 120°C and 45 bar H, pressure, bisphenol A
was isolated in 93% yield when a DVD was submitted to
depolymerization. Moreover, poly(propylene carbonate) was
successfully converted to 1,2-propanediol, which was isolated in
77% yield. Furthermore, the catalytic hydrogenation of poly
(bisphenol A carbonate) was carried out in the presence of
other industrially relevant polymers, demonstrating the robust-
ness of the applied iron catalyst.
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5.8 Depolymerization of poly(lactide) via hydrogenation

For the hydrogenation of PBAC (2), we found that Ru-MACHO-BH (34a) is the most active
catalyst. It was therefore also applied to the hydrogenation of PLA (9).[252581 Excellent yields
of 1,2-propanediol (7) could be realized within only 3 h. However, the hydrogen pressure was
crucial to achieve full conversion. At least 30 bar H, were necessary to observe conversion of
PLA (9). Furthermore, at least 0.25 mol% of catalyst and 120 °C were required to achieve
significant conversion within 3 h. Comparing the reaction conditions to that of Westhues et
al.4 higher catalyst loadings were required. However, the reaction proceeded under lower
reaction temperature, hydrogen pressure and with shorter reaction times. Surprisingly, all
plastic goods could be converted with good yields except the paper containing composite
material. Furthermore, it was shown that PLA (9) can be hydrogenated together with either
PPC (6) or PBAC (2), thus, giving excellent yields for both, the 1,2-propanediol (7) and BPA
(1). The diol 7 obtained from the hydrogenation of PLA (9) was used as a depolymerization
reagent in a consecutive step. Therefore, POM was converted with the diol 7 to a 5-membered
acetal in good 'H NMR yields.
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The chemical recycling of end-of-ife polymers can add some
value to a future circular economy. In this regard, the hydro-
genative degradation of end-of-life PLA was investigated to
produce 1,2-propanediol as product, which is a useful building
block in polymer chemistry. In more detail, the commercially
available Ru-MACHO-BH complex was applied as catalyst to
degrade end-of-life PLA efficiently to 1,2-propanediol under
mild conditions. After investigations of the reaction conditions
a set of end-of-life PLA goods were subjected to degradation.

The impact of plastics on mankind or human life is impressively
underlined by countless applications and numerous advantages
compared to other materials!? Nevertheless, a significant
amount of the plastics is accessed from fossil resources and
after the obligations are fulfilled the plastic waste is mainly
converted to greenhouse gas carbon dioxide via incineration
processes, which creates numerous negative issues” A fossil
resources-free and “carbon dioxide-neutral” alternative s
created by the use of polymers based on renewable resources.”
The starting materials are derived from biosynthesis, which
converts carbon dioxide, water and energy to useful
precursors.”! For instance one important representative is poly
(lactide) (PLA, 1) which is based on lactic acid derived from
biological processes.® Lactic acid can either be polymerized to
PLA via polycondensation reaction or by initial conversion to
lactide, which can be transformed to PLA via ring opening
polymerization (ROP)."” A key benefit of poly(lactide) is the near
carbon neutral performance, even if the polymer is incinerated,
due to the integration of atmospheric carbon dioxide in
biosynthesis.® Furthermore, the polymer is to some extend
biodegradable, which causes less environmental problems, but
it is not applicable in current industrial composting plants,
because of the time needed to accomplish complete
degradation.” However, even if the advantages of plastics from
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renewable resources are obvious, conflicts can arise from
restricted cultivation area and competition with food produc-
tion and energy production."” Therefore the recycling of end-
of-life PLA goods can be useful option to solve some of the
issues. In this regard the chemical recycling presents an
interesting toal for allowing an efficient recycling."" In more
detail, the polymer is converted to low-molecular weight
chemicals in a depolymerization/ degradation step, which can
be either applied as monomer or as monomer precursor to
regenerate the polymer or produce other polymers in a
polymerization step!” In consequence a recycling of the
chemical functions is feasible. However, currently the imple-
mentation of chemical recycling lacks in cost efficiency, high
energy demand and toleration of impurities and additives.!"¥

Different approaches for the chemical recycling of end-of-
life PLA have been accounted so far. For instance alcoholysis,
pyrolysis and hydrogenation have been reported!'*1%161718
Recently Westhues etal. and Krall etal. reported a hydro-
genative degradation reaction based on Ruthenium catalysis to
yield 1,2-propanediol (2) as low-molecular weight chemical,
which can be applied as building block for different types of
polymers (Scheme 1)."*'*'? Both systems require addition of
acid or base, high hydrogen pressures and long reaction times.
Recently, we have demonstrated the potential of the Ru-
MACHO-BH complex 6 in the hydrogenative depolymerization
of poly(bisphenol A carbonate), which allowed transformations
e.g. acid/base-free conditions, at lower temperatures, low
hydrogen pressure and within short times (Scheme 1).*” Based
on that initial study we investigated herein the capability of
complex 6 in the hydrogenative degradation of end-of-life PLA.

The optimization of the reaction conditions of Eol-PLA
degradation was studied with end-of-life transparent cups of
PLA. For this purpose, pieces of the sample (68.2 umol of 1a
based on the monomeric unit) together with the Ruthenium
catalyst 6 (0.5 mol% in respect to 1a) were dissolved in THF
under argon atmosphere and the mixture was transferred to an
autoclave. Initially, the autoclave was pressurized with 45 bar of
H,. Subsequently the autoclave was stirred and heated to
140°C for 6 hours (Table 1, entry 1). Afterward, the reaction
mixture was concentrated under vacuum and an aliquat was
used for 'H NMR analysis. The '"H NMR spectrum revealed a
signal at 1.09 ppm (CH,, 3H, d, /=6.4 Hz), 3.33 ppm (CH,, 1H,
dd, J=11.1 Hz, J=7.8 Hz), 3.56 ppm (CH,, 1H, dd, J=11.1 Hz,
J=3.1 Hz) and 3.84 ppm (CH, 1H, m). The obtained data are in
accordance with an authentic sample of 1,2-propanediol; there-
fore 2 was produced as major compound.”"

401 © 2020 The Authors. Published by Wiley-CH Verlag GmbH & Co. KGaA
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Scheme 1. Synthesis of 1,2-propanediol from end-of-life PLA.

Table 1. Ruthenium-catalyzed hydrogenative degradation of poly(lactide)
(1a) - optimization of the reaction conditions.
Ph‘p’Ph
o cat. 6 H <— | Fets
Ha n HD\]j H—N—BU_CO
© THF <_H
: P<Ph
end-ofife PLA {1a) 2 N
6
Entry"" Catalyst loading [mol%] T[°C] t[h] plbar] Yield2 [9q]"™
1 05 140 6 45 =99
2 05 140 3 45 =09
3 05 140 1 45 33
4 025 140 3 45 32
5 0.1 140 3 45 <1
6 0 140 3 45 <1
7 0.5 120 3 45 67
8 05 100 3 45 4
9 0.5 140 3 30 95
10 0.5 140 3 20 <1
1 05 140 1 45 <1
124 05 140 1 45 <1
[a] Reaction conditions: poly(lactide) (1a} (68.2 pmol based on the
repeating unit of 1a), 6 (0-0.5 mol%, 0-0.341 pmol based on the repeating
unit of 1a), THF (1.0 mL), 100-140"C, 1-6 h, 20-45 bar H,. [b] The yield was
determined by 'H NMR. [c] Toluene as solvent. [d] Hexane as sclvent.

The NMR yield of 2 was determined by relating the integrals
of the methyl group at 1.09 ppm from 2 with those of leftover
polymer/oligomer at 1.57 ppm. In this regard, an NMR yield of

ChemistryOpen 2020, 5, 401 —404 www.chemistryopen.org

>99% was calculated (Table 1, entry 1). Comparing the ob-
tained result with the performance of Ruthenium-based hydro-
genation catalysts (Scheme 1, 4 and 5) revealed the formation
of 2 within shorter reaction times (4: 48 h; 5: 16 h; 6: 3 h), lower
or same temperature (4: 160°C; 5: 140°C; 6: 140°C), and at
lower hydrogen pressure (4: 55.1 bar; 5: 90 bar; 6: 45 bar)."”"®
However, compared with complex 5 (0.05 mol%) a higher
catalyst loading of 0.5 mol% is required. Subsequently, the
reaction time was reduced to 3 h revealing the same vyield of 2
(Table 1, entry 2). A further reduction to one hour showed a
yield of 33% (Table 1, entry 3). In the next experiments the
catalyst loading was studied by gradually reducing the loading
from 0.5 mol% to 0.1 mol% (Table 1, entries 4-6).

At 0.25 mol% loading a diminished yield of 32% of 2 was
noticed, while at lower loading or without any catalyst no
product formation was detected. Next the influence of reaction
temperature was investigated (Table 1, entries 7-8). A good
yield of 67% of 2 was obtained at 120°C, while at lower
temperatures only minor amounts of product 2 were realized. A
reduction of the hydrogen pressure to 20 bar revealed an
inactivity of the catalyst (Table 1, entries 9 and 10). Moreover,
the solvent THF was replaced by toluene or hexane, but no
product formation was observed (Table 1, entries 11 and 12).
Based on the results of the optimization study, the following
reaction conditions were selected for further experiments:
0.5 mol% of catalyst 6, 140°C, 45 bar H, and 3 h reaction time
(Table 1, entry 1). Next a set of PLA containing end-of-life goods
were subjected to hydrogenative degradation (Table 2). First
different transparent and colourless products were tested
(Table 2, entries 1-6). In most cases excellent conversion of PLA
was detected, while NMR vyields of 65-73% were realized
(Table 2, entries 2-6). Noteworthy, for calculation of the yield it
was assumed that the goods are composed of 100% PLA, since
the number/amount of additives is unknown. Moreover, a
transparent cup was tested, which has been used, washed and
dried (Table 2, entry 6). Here a good conversion of 78% of 1
and a good vyield of 73% of 2 was obtained. Moreover, dyed
PLA products were hydrogenated (Table 2, entries 7-14). Ex-
cellent conversion of PLA was found for most products, while in
case of 1i a low conversion and for 1Tm no conversion was
detected (Table 2, entries 9 and 13). However, the obtained
yields for 2 are to some extend lower compared with trans-
parent products. After successful degradation of the used cups
1a under the optimized conditions, a scale up was carried out
with 0.5 g of 1a (Scheme 2). Here product 2 was obtained in
>999% NMR yield and in 89% isolated vield after distillation.*?

o 0.5 mol% 6 OH
H; (45 bar) 0 Ho
9 THF, 140°C, 3 h
end-of-life PLA (1a) 2

m=056g
NMR vyield: >89%
isolated yield: 89%
(m=047g)

Scheme 2. Degradation of PLA cups - scale-up experiment.

402 © 2020 The Authors. Published by Wiley-CH Verlag GmbH & Co. KGaA
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Table 2. Ruthenium-catalyzed hydrogenative degradation of PLA goods.
ph\P’Ph
o 0.5 mol% 6 oH LHBH:,
Hp(45bar) HO\T) H—N—Flu-—CO
© THF Q
n 140°C, 3h P:ph
end-of-ife PLA (1) 2 L
6
Entry'  Product Conversion  Yield of 2
of T[b! [%]!d
1 transparent cup (1a) =99 =99
2 transparent disposable food box =99 65
{(1b)
3 transparent Sushi box cover (1c) >99 67
4 transparent plastic sheet (1d) =99 68
5 transparent bottle (1e} =99 66
6 used/washed/dried transparent 78 73
cups (11)
7 drinking straw with green strips =99 67
(1g)
8 disposable knife with talcum pow- =09 31
der (1h)
9 lid for espresso mugs (contains 41 <1
~20-30% talcum powder) (1i)
10 black lid for coffee mugs (1)) =99 59
1 Sushi box (black base) (1k) =99 74
12 pink ice cream spoon (11) =99 4
13 coffee paper cup coating (1mj) <1 <1
14 disposable blue gloves (1n) =99 5
[a] Conditions: 1a-1n (4.9 mg, 68.2 umol based on the repeating unit), 6
(0.2 mg, 0.5 mol%, 0.341 umol based on the repeating unit of 1), THF
(1.0 mL), 140°C, 3 h, 45 bar H, [b] The conversion of PLA was determined
by relating the '"H NMR signals of PLA to the signals of the monomer. [c]
The yield was determined by 'H NMR with an internal standard of 5-tert-
butyl-m-xylene. The amount of substance of 2 was linked to the amount of
substance in the initial PLA-good (presumption: PLA-good contains 100%
of PLA).

Next the simultaneous hydrogenative depolymerization/
degradation was studied (Scheme 3). In this regard, a mixture of
end-of-life PLA and end-of-life poly(bisphenol A carbonate) (7)
was reacted with hydrogen in the presence of complex 6.'”
Both polymers were converted to the corresponding monomer
in good to excellent yields. On the other hand, a mixture of PLA
1a and poly(propylene carbonate) (9) was subjected to hydro-
genative depolymerization/ degradation.”’ Noteworthy, both
polymers were converted to product 2 in excellent yield.

In addition, a consecutive degradation approach of PLA and
poly(oxymethylene) (10) was investigated in accordance to
Klankermayer and co-worker (Scheme 4).?" In this regard, end-
of-life PLA is converted to 2, which is required for the
degradation of 10 to produce a cyclic acetal, which can be
useful chemical, e.g. as monomer for new polymers.*"

In mare detail, 1a was depolymerized with hydrogen in the
presence of catalytic amounts of complex 6 to form 2 in >99%
yield. After 3 hours the excess of hydrogen was released and
into the reaction mixture poly(oxymethylene) 10 (monomeric
ratio 1a:10 1:1) and catalytic amounts of bismuth(lll} triflate
(5 mol%) was added.”” After 2 hours at refluxing conditions (ail
bath temperature: 90°C) 4-methyl-1,3-dioxolane (11) was
obtained in 90 % yield.

ChemistryOpen 2020, 5, 401 —404 www.chemistryopen.org

403

' H
o] ) HO.
n
n 2
: NMR yield: >99%
hy{lacticde) (1a)
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n
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.
[#]
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NMR yield: 9%
n conversion 1a: =88%

convergion 9: >39%

poly|propylens carbonate) (9) _/)

Scheme 3. Simultaneous hydrogenative depolymerization/degradation of
PLA and a) poly(bisphenol A carbanate) or b) poly(propylene carbonate).

beh

end-of-life POM (10}

o 0.5 mol% 6 m=021g Ha
Hg {45 bar) 5 mol% Bi(OTf); ,Ci
o - n Q Q
THF reflux, 2 h du
N 140°C,3h 2
end-oflife PLA (13)  NMR yield i
m=050g >89% (2) NMR yield: 90%

Scheme 4. Consecutive degradation of PLA and POM.

In summary, we have studied a homogenous catalyst
system for the hydrogenative degradation of Eol-poly(lactide).
The commercially available Ruthenium-MACHO-BH complex
was used at low catalyst loadings to yield 1,2-propanediol as a
beneficial chemical in good to excellent yields. Compared to
established hydrogenative degradation methods milder con-
ditions were required for the degradation of PLA goods. This
might be one step towards achieving the UN's goals for a
sustainable development (SDGs 9,11) and a future waste
management system (SGD 12).%
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5.9 Depolymerization of poly(e-caprolactone) via hydrogenation

In our previous study we found that PCL (28) can be hydrogenated in the presence of PLA
(9). Therefore, we wanted to address a detailed study to its hydrogenation 1,6-hexane diol
and further repolymerize it using the same catalyst.?*® The Ru-MACHO-BH precatalyst (34a)
allowed for excellent yields under milder reaction conditions as in other literature reports.
However, the repolymerization affords a copolymer of adipic acid, 1,6-hexane diol and 6-

hydroxyhexanoic acid with M, up to 3,200 g/mol.
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Ruthenium-catalyzed Chemical Recycling of
Poly(e-caprolactone) via Hydrogenative Depolymerization
and Dehydrogenative Polymerization

Christoph Alberti and Stephan Enthaler*?

The chemical recycling of end-of-life polymers can be a
beneficial part for a future circular chemistry/economy, In this
regard, the chemical recycling of poly(e-caprolactone) (PCL)
was studied. In more detail, end-of-life PCL was depolymerized
by hydrogenation with the aid of catalytic amounts of the
commercially available Ru-MACHO-BH complex to generate
1,6-hexanediol. The 1,6-hexanediol was used as starting
material to synthesize polyesters based on poly(e-caprolactone)
and/or poly(1,6-hexanediol-adipate} in a dehydrogenative poly-
merization enabled by catalytic amounts of the Ru-MACHO-BH
complex. Overall a recycling is feasible.

The establishment of plastics with their diverse properties and
applications allows the current way of life and a future without
plastics is hardly conceivable.? Nevertheless, some disadvan-
tages cast a shadow over the success story of plastics. For
instance, the use of the depleting fossil resources as source for
many plastics and the fate of the plastics after fulfilled
obligations causes difficulties. In more detail, the main portion
of plastic waste is converted to the greenhouse gas carbon
dioxide via incineration processes, which creates numerous
negative issues®* On the other hand, plastic recycling
processes allow for the saving of fossil resources and the
avoidance of carbon dioxide formation.*® In this regard,
mechanical recycling and downcycling have been established,
but sooner or later also these plastic portions will end up in the
incineration pathway.” A possibly more resource-conserving
and sustainable method represents the chemical recycling.®
The chemical recycling bases on two processes. In the first part
the end-of-life polymer is transformed via depolymerization
reactions to the monomers or low-molecular weight chemicals.
Secondly, the monomers/ low-molecular weight chemicals are
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subjected to polymerization to rebuild a new version of the
polymer. Connecting the depolymerization with the polymer-
ization process makes a recycling of polymers/plastics achiev-
able. Importantly, the chemical recycling enables a decoupling
of the quality/abilities of the rebuild polymer/plastic from the
quality/abilities of the end-of-life polymer/plastic, which can
occur for mechanical recycling and/or downcycling.

One interesting type of (mainly) fossil resource-based
polymer is poly(e-caprolactone) (PCL, 1) a biodegradable and
thermoplastic polyester with applications in packaging industry
and medicine.” With respect to chemical recycling of end-of-
life 1 mainly the enzyme-catalyzed ring-closing depolymeriza-
tions followed by a potential ring-opening polymerization has
been studied."” Moreover, organo-catalyzed as well as Zn-
(OAc),~<atalyzed methanolysis of PCL has been reported,
yielding methyl 6-hydroxyhexanoate after depolymerization,
which can be polymerized to new PCL.""™

Another option for the chemical recycling of end-of-life
poly(e-caprolactone) can be the coupling of a hydrogenative
depolymerization and a dehydrogenative polymerization
(Scheme 1). Importantly, as depolymerization reagent hydrogen
is required, which potentially can be recovered from the
polymerization process, which allows a high atom economy for
the chemical recycling method. In more detail, the hydro-
genation of PCL yields 1,6-hexanediol as product, which can be
the starting material for the dehydrogenation process to
resynthesize a fresh portion of PCL. Interestingly, Krall et al. and
Waesthues et al. reported recently the hydrogenative depolyme-
rization of 1 based on ruthenium catalysis (complexes 3 and 4)
to yield 1,6-hexanediol (2) as low-molecular weight chemical
(Scheme 1).'*'* Applying precatalyst 3 good yields of 2 were
obtained at low catalyst loadings and low hydrogen pressure."™
Excellent performance was exhibited by complex 4 within short
reaction time, but higher hydrogen pressure!'® On the other
hand Hunsicker et al. investigated the dehydrogenative poly-
merization of 2 to form 1 in the presence of the Milstein
catalyst 51" Polymer 1 was obtained in 97 % vyield after 5 days
with number average molar mass of M, ~29,4 kg/mol. More-
over, Malineni et al. demonstrated the potential of ruthenium
carbene complex."® Polyesters were isolated after 48 h in 67%
yield and M, ~4500g/mol, but high catalyst loadings are
required. An analysis of a similar polymer derived from 1,12-
dodecanediol revealed the presence of different units in the
polymer, e.g., dicarboxylic acids, and hydroxyl-acids, which can
be also assumed for Cs;-based polymers (Scheme 1, 7).1"%

© 2021 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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o o Noteworthy, for both parts of the chemical recycling
wol, i o\(\/\)ko} process different catalysts have been established. Nevertheless,

n i based on the general reaction path (hydrogenation/dehydro-
genation) we wonder if one catalyst can enable the hydro-
genative depolymerization as well as the dehydrogenative

] polymerization controlled by the presence/absence of hydro-
"n gen. Recently, we have demonstrated the benefit of the Ru-
end-of-ifo PGL (1) 2nH, MACHO-BH complex 8 in different hydrogenative depolymeri-

zation reactions (e.qg., poly(bisphenol A carbonate), poly

(lactide)).”"” Based on that we studied the capability of complex
8 in the chemical recycling of PCL.

The optimization of the reaction conditions of end-of-life

HOMS? PCL hydrogenation was examined with commercially available

d o PCL (1a, M,~ 80,000 g/mol) (Table 1). In this regard, pellets of

ehemical meyeling
of paky{x-caprotactona ) (PCL)

ot 1a (0.14 mmol of 1a based on the monomeric unit) and the
depolymerization of 1 | [ potymerization of 2 Ruthenium complex 8 (0.5 mol% in respect to the monomeric
By - unit of 1) were dissolved in THF under argon atmosphere and
i 4 T” R, R'u\;::l the mixture was transferred to an autoclave. Primarily, the
2 5 N
\@i'j\?u.._:- 1 (_ NRi—co Nog autoclave was pressurized with 45 bar of H,. Subsequently the
Phe 7 N\f R=Cgthia autoclave was heated at 140°C for 24 hours and the reaction
4 5 % mixture was stirred (Table 1, entry 2). Afterward, an aliquot of
all ef al. Westhues ef &l Hunsicker et al. akineni ef al.
o momoa TomoR 02 mo% 5 5.0 Moft 6, 10 161 PO the reaction mixture was subjected to '"H NMR analysis. The 'H
1.0 molh KOBu 1.0 mol¥ HNTH 15 mol% KoMy _
120 °C, 48 h, 138 bar H 140°C, 16 h, 100 barHy | [ 150°C, 5d 111°C, 48 h NMR spectrum revealed the occurrence of a new signal at
B0% isolated yield (2) >89% conversion (1) 97% yiekd (1) B7% yield (T) ) .
X 3.63 ppm (2xCH,OH, 4H, t, /=6.5 Hz), which can be assigned to
Ph pp the hydrogenation product 2. The obtained data are in
depolymenzation of 1
| pems accordance with an authentic sample of 1,6-hexanediol. A yield
this work | 1—n-Ri—cO * ; ;
H| o 2 of 22% was detected. Increasing the loading of the catalyst

g Ph resulted in an increase of the yield of 2 (Table 1, entries 3-5).
For instance, with 5 mol% of 8 a yield of >99% was observed
(Table 1, entry 5). Changing the solvent from THF to toluene
showed a better performance at low catalyst loading (Table 1,
entries 2 and 6)."® In more detail, full conversion was reached
within 24 hours with a loading of 0.4mol% of 8. Same result

Scheme 1. Chemical recycling of end-of-life polyesters.

Table 1. Ruthenium-catalyzed hydrogenative depolymerization of poly(s-caprolactone) (1a} - optimization of the reaction conditions.
i cat. 8 i E'z
EEE— n R
8] 2n H, OH
1
1a (M,~80,000 g/mol) 2
Entry® Catalyst loading [mol%] solvent T[C] t [h] p [bar] Yield 2 [26]"
1 0 THF 140 24 45 <1
2 0.5 THF 140 24 45 22
3 1.0 THF 140 24 45 46
4 25 THF 140 24 45 57
5 5.0 THF 140 24 45 =99
6 0.4 toluene 140 24 45 =99
7 0.4 toluene 140 24 45 =99
g 25 toluene 140 24 45 >99
9 04 - 140 24 45 <1
10 25 2-ProH 140 24 45 <1
1 5.0 toluene 140 6 45 >99
12 50 toluene 120 24 45 99
13 5.0 toluene 100 24 45 =99
14 50 toluene 140 24 30 >99
15 50 toluene 140 24 10 91
16" 5.0 THF 140 24 45 =99
[a] Reaction conditions: poly(s-caprolactone) (1a) (0.14 mmol based on the repeating unit of 1), 8 (0-5.0 mol%, 0-0.007 mmol based on the repeating unit
of 1), THF or toluene (2.0 mL}, 100-140°C, 6-24 h, 10-45 bar H.. [b] The yield was determined by 'H NMR. [c] 0.1 mL toluene. [d] KOtBu (2.5 mol%) was
added. [e] Poly(e-caprolactone) (1b) (M, ~ 14,000 g/mol).
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was observed if the amount of solvent was reduced, while
under neat conditions no product formation was noticed
(Table 1, entries 7 and 9). Moreover, reducing the reaction time
to six hours resulted in the formation of >99% of 2 (Table 1,
entry 11). In addition, the influence of the reaction temperature
was studied revealing a still excellent performance at 100°C
(Table 1, entries 12 and 13). Furthermore, the hydrogen
pressure was decreased showing a lower yield of 2 at 10 bar
hydrogen (Table 1, entries 14 and 15). The poly(s-caprolactone)
(1b) with a lower number average molar mass (M, ~ 14,000 g/
mol) was converted in excellent yield to product 2 (Table 1,
entry 16). In comparison to the work of Krall etal. a higher
hydrogen pressure is needed to obtain the product in
quantitative yield."¥ Nevertheless, full conversion was reached
within shorter reaction time and with lower catalyst loading.
Moreover, in contrast to Westhues efal. a lower catalyst
loading, hydrogen pressure and temperature is required to
generate suitable amounts of 2.'¥ Moreover, in contrast to the
methanolytic depolymerization product 9 the hydrogenative
depolymerization product 2 is established as suitable diol
building block in the synthesis of different types of
polymers,[1121°

After having demonstrated the potential of complex 8 in
the hydrogenative depolymerization of poly(e-caprolactone) (1)
to produce 1,6-hexanediol the reverse reaction for closing the
cycle was investigated (Table 2). In more detail, 1,6-hexanediol
was applied as monomer in the dehydrogenative polymer-
ization to produce polyester 7 under solvent-free conditions.
Polyester 7 can be composed of poly(e-caprolactone) (1g), 1,6-
1,6-hexanediol-adipate copolymer (7b) or a chemical mixture
of 1 and 7b. A mixture of 2 and catalytic amounts of 8 was
heated at 130°C for 24 hours under a constant flow of
dinitrogen (Table 2, entry 2)."® After cooling to room temper-
ature, the conversion of 2 was determined by 'H NMR relating
the CH,-function of 2 to the CH,-functions of 7. A conversion of
16% was observed, which corresponds to a TON of 428.
Importantly, in the absence of complex 8 no product formation

was noticed (Table 2, entry 1). Changing the ratio of 8:2 to
1:250 a conversion of 92% and a viscous product was noticed,
which was solidified after standing at room temperature
(Table 2, entry4). Importantly, without a constant flow of
dinitrogen to remove the produced hydrogen a lower con-
version of 45% was obtained (Table 2, entry 6). Increasing and
decreasing the temperature revealed lower conversion com-
pared to 130°C (Table 2, entries 7 and 8). In case of high
catalyst loading a number average molar mass of M, ~3200 g/
mol, a mass average molar mass M, ~ 10706 g/mol was
detected by GPC analysis (Table 2, entry 4).°% Noteworthy, the
M, is in the range of the values reported by Malineni et al.''?

In contrast, for reactions with low catalyst loadings only
oligomers were observed by ESI-MS. In some cases, small
amounts of e-caprolactone were detected in the reaction
mixture of the dehydrogenative polymerization by 'H NMR. The
formation of e-caprolactone may occur by ring-closing reaction
of 6-hydroxyhexanal, which have been proposed as intermedi-
ate after catalytic dehydrogenation of one hydroxy function, to
form the cyclic hemiacetal, which is dehydrogenated by the
catalyst to generate e-caprolactone."™ The ¢-caprolactone can
be subjected to catalytic ring opening polymerization (ROP) to
form the desired poly(e-caprolactone). On the other hand, the
formation of e-caprolactone can be caused by side reaction,
e.q. back-biting processes.?!!

In addition, a scale-up of the hydrogenative depolymeriza-
tion of 1 was performed (Scheme 2). In this regard, end-of-life 1
was converted to 1,6-hexanediol under optimized conditions
(Table 1, entry 7). 2 was isolated from the reaction in 87 % vyield.
The isolated chemical 2 was subjected to dehydrogenative
polymerization process under optimized conditions (Table 2,
entry 4). Polymer 7 was isolated in 84 9% yield (m=81 mg). For
a better understanding of the composition of polymer 7 a
depolymerization via methanolysis was carried out.”? Recently,
we have studied the chemical recycling of different polyesters
applying as key step a methanolysis to obtain methyl esters as
beneficial depolymerization product.'?* In case of polymer 1

Table 2. Ruthenium-catalyzed dehydrogenative polymerization.”]

L8 t a
cal
HO o~ ~_ ndio o {(chemical)
n OH 20 0 andior \ﬂ/\/\)j\o and/or mixture of 1 and 7b -
1g ' o 1 Tc
7b

Reaction was performed in a closed vial without dinitrogen flow.

Entry Catalyst loading [mol%)] 8:2 ratio TI°C) Conv. 2 [%]" TOM M., (7) [g/mal]' M, (7) [g/mol]
1 ~ - 130 <1 ~ - ~
2 0.037 1:2674 130 16 428 nd. nd!
3 0.019 1:5348 130 2 107 - -
4 0.400 1:250 130 92 230 10706 3200
5 0.200 1:500 130 31 155 nd. n.d.
g 0.400 1:250 130 45 113 nd. nd!
7 0.400 1:250 150 12 30 5250 1838
8 0.037 1:2674 100 3 80 ~ -~

[a] Reaction conditions: 1,6-hexanediol (2} (2.27-24.33 mmol}, THF solution of 8 (0-0.4 mal %, 0-0.0045 mmal, 0.5 mL}, 100-150°C, 24 h, dinitrogen was
passed through. [b] The conversion was determined by 'H NMR. [c] GPC measurements in THF. [d] not detectable. Oligomers were observed by ESI-MS. [e]
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n “OH

1a (m = 200 mg) 2 [yield = 87%; m = 180 mg)
i 0.4 mal™: &
i 130°C,24h
depolymerization | Z0imaRG Za(0Ac); -2n Hy

+ CH3OH (71.3 equiv.}
| 180 °C, 60 min (MW)

Cheung et al.

‘:. 7 (yield = B4%, m = 81 mg)
o

HO\M)L CH:
n gt

9 (NMR yield = 92%)

2.0 mol% Zn(OAc):
CH3OH (71.3 equiv.)
160 °C, 80 min (MW)

depolymerization

o (0]
_/\/\_,JJ\O — HG\/\/\,JJ\O,CHs
polymer unit a
+
HOWD' i

92:10 42:28:30
+ gligomers

Scheme 2. Hydrogenative depolymerization and dehydrogenative polymer-
ization.

zinc catalysis was used to generate compound 9, which can be
used to resynthesize polymer 1 (Scheme 2)."? Transferring this
approach to polymer 7, revealed in the presence of Zn(OAc),
(2.0 mol%) after 60 min at 160 °C under microwave heating the
formation of low molecular weight chemicals (monomers,
oligomers). On the one hand methyl 6-hydroxyhexanoate (9)
was detected by GC-MS, which is formed by methanolysis of &-
caprolactone units of polymer 7. Moreaver, 1,6-hexanediol (2)
and dimethyl adipate (10) were detected, which are the
products of methanolysis of hexanediol-adipate-units of poly-
mer 7. Based on that, the dehydrogenative polymerization
process produces a combination of poly(e-caprolactone) (1f)
1,6-hexanediol-adipate (7b) and/or copolymers of these two
polymers (7b). The low molecular weight chemicals were
observed in a ratio of 42:28:30 (9:2:10). Noteworthy, along
with 2, 9 and 10 oligomers were detected.

Finally, the polymer obtained by dehydrogenative polymer-
ization was subjected to hydrogenative depolymerization to
close the cycle (Scheme 3). 1,6-Hexanediol was obtained in
=0999% after 24 hours at 140°C.

In summary, we have studied a catalyst system, which
allows the chemical recycling of poly(e-caprolactone) via hydro-
genative depolymerization and dehydrogenative polymeriza-
tion. The commercially available Ruthenium-MACHO-BH com-
plex was used for the hydrogenative depolymerization of poly
(e-caprolactone) to yield 1,6-hexanediol as a valuable chemical

ChemistrySelect 2021, 6, 11244-11248 Wiley Online Library
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2 (yield = >99%)
7

Scheme 3. Hydrogenative depolymerization of 7.

in good to excellent yields. In a subsequent polymerization
step the Ruthenium-MACHO-BH complex transforms the mono-
mer 1,6-hexanediol to polyesters, which contains poly(e-
caprolactone), poly(1,6-hexanediol-adipate) or their copoly-
mers. These polymers can be converted back to 1,6-hexanediol
to close the cycle.

Supporting Information Summary

The experimental details including the depolymerization and
polymerization reactions and product characterizations can be
found in the supporting information.
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6. Non-cumulative part

6.1 Discussion
6.1.1 Methanolysis of poly(3-hydroxybutyrate)

This chapter bases on the results from a submitted article, which was part of the bachelor
thesis of Even Cheung.!?5°27 |nitially, different catalysts were tested for the methanolysis of
P3HB (26). Therefore, the polymer, the catalyst and methanol were heated under microwave
irradiation. The yield of 27 was calculated on the basis of the *H NMR signals of the methine
protons of 26 and 27. It was found that only Zn(Il) carboxylates and Sn(Oct), were active. The
inactivity of ZnCl. is in accordance to the observations of Song et al.'*® Surprisingly, Xie et al.
described (MesN)F as a highly active catalyst and accounted this to the F-ions.[*%® However,
KF did not promote formation 27 under the chosen reaction conditions. As Zn(OAc), revealed
the highest TOF, it was used to explore the influence of the reaction parameters. For the
reaction, at least 140 °C were required and at 180 °C, the highest activity (TOF 1740 h?) was
observed. Moreover, reducing the catalyst loading, the MeOH loading or the reaction time,
had a diminishing effect on the yield of 27. At 160 °C, the reaction was run to completeness

after 30 min.
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Table 1: Depolymerization of 26 — optimization of reaction conditions. Conditions: P3HB (26), 1.16

mmol with respect to the monomer unit), catalyst (0-1.0 mol%, 0-0.0116 mmol with respect to the

monomer unit of 26), MeOH (37.5-67.5 equiv. with respect to the monomer unit of 26), temperature:

120-180 °C (microwave heating), time: 1-30 min.

£

catalyst
P} B
HO OMe

end-of-life P3HB (26) 2
Catalyst i
Entry Catalyst ﬁgli&? ['\e"qelj?\'/*_] TEC]  tmin] Yle[(l)z]m ror v
1 ] - 67.5 160 10 <1 <1
2 Zn(OAc)2 1.0 67.5 160 10 59 354
3 ZnCls 1.0 67.5 160 10 <1 <1
4 ZnBr2 1.0 67.5 160 10 <1 <1
5 Zn(OTf)2 1.0 67.5 160 10 <1 <1
6 Zinc(ll) methacrylate 1.0 67.5 160 10 50 300
7 KF 1.0 67.5 160 10 <1 <1
8 Sn(Oct)z 1.0 67.5 160 10 29 174
9 suEéSarITi]g;:;te 1.0 67.5 160 10 <t <1
10 Zn(OAc)2 1.0 67.5 140 10 26 156
11 Zn(OAc): 1.0 67.5 120 10 <1 <1
12 Zn(OAc)2 1.0 67.5 180 1 29 1740
13 Zn(OAc): 0.5 67.5 160 10 29 348
14 Zn(OAc)2 1.0 56.3 160 10 51 306
15 Zn(OAc)2 1.0 375 160 10 38 28
16 Zn(OAc)2 1.0 67.5 160 5 31 186
17 Zn(OAc)2 1.0 67.5 160 30 >99 200
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Next, the reaction was carried out under optimized conditions in the presence of one additional
polymer. All polyesters and PBAC (2) underwent methanolytic depolymerization but in case of
PLA (9) and PBAC (2) the yield of 27 was slightly diminished. Surprisingly, PET (14) did
undergo depolymerization in the presence of P3HB (26). As PET (14) alone does not react in
neat MeOH at 160 °C due to insolubility,’?’® the depolymerization product of 26 might be a
suitable solvent that is generated in situ. This effect could potentially by exploited to
accomplish the depolymerization of PET (14). The co-depolymerization of PLA (9) and P3HB
(26) (table 2, entry 3) reveals that PLA (9) is more rapidly converted compared to P3HB (26).
In addition, polymers that are not conveniently degraded by methanolysis were not found to
affect the methanolysis, except for Nylon 6 (31), PVC and poly(vinyl alcohol) (table 2, entries
5, 9-10).

Table 2: Influence of additional polymers on the methanolysis of 26: [a] Conditions: P3HB (26), 1.39
mmol with respect to the monomer unit), Zn(OAc)z (1.0 mol%, 0.0139 mmol with respect to the
monomer unit of (26)), MeOH (67.5 equiv. with respect to the monomer unit of 26), temperature: 160 °C
(microwave heating), time: 30 min. [a] DMT (16) and EG (17). [b] Methyl 6-hydroxycapronate. [c] Methyl
lactate (13). [d] BPA (1) and DMC (4).

1.0 mol% Zn(OAc), H O polymer B
+ polymer B > n /'\)l\ + or
. HO OMe depolymerization products

MeOH (67.5 equiv.)

160 °C, 30 min, MW 27 of polymer B

end-of-life P3HB (26)

Entrylal Additional polymer B Yield of 27 [%] Yield [%)]
1 PET (14) >99 930
2 PCL (28) >99 950b]

(Mn ~80,000 g/mol)
3 PLA (9) 48 99(c]
4 PBAC (2) 91 96(d!
5 Nylon 6 (31) 67 <1
6 Poly(phenylene sulfide) >99 <1
! PE 98 <1
(Mn ~1,700 g/mol)
8 PS >99 <1
(Mw ~35,000 g/mol)
9 PVC 74 <1
(Mw ~48,000 g/mol)
10 Poly(vinyl alcohol) 42 <1
(Mw ~67,000 g/mol)
11 Poly(ethylene glycol) methyl ether >99 <1
2/ 000 g/mol)
12 Epoxy resin >99 <1
7%0 g/mol)
13 Poly(dimethylsiloxane) >99 <1
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Next, the methyl ester 27 was obtained by filtration and removal of the solvent. Consecutively,
its polymerization to new 26 was carried out in the presence of 1 mol% Zn(OAc).. Notably,
methyl crotonate (43) was formed as side product. On the other hand, the polymer was
obtained after 24 h at 130 °C by precipitation into water and revealed an M, of 27000 g/mol,
as determined by end-group analys