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100th Anniversary of Macromolecular Science Viewpoint: Towards
Catalytic Chemical Recycling of Waste (and Future) Plastics

Joshua C. Worch*® and Andrew P. Dove*®.

3School of Chemistry, University of Birmingham, Edgbaston, Birmingham, Bi5 2TT (UK)

ABSTRACT: The current global materials economy has long been inefficient due to unproductive reuse and recycling ef-
forts. Within the wider materials portfolio, plastics have been revolutionary to many industries but they have been treated
as disposable commodities leading to their increasing accumulation in the environment as waste. The field of chemistry
has had significant bearing in ushering in the current plastics industry and will undoubtedly have a hand in transforming
it to become more sustainable. Existing approaches include the development of synthetic biodegradable plastics and turn-
ing to renewable raw materials in order to produce plastics similar to our current petrol-based materials or create new
polymers. Additionally, chemists are confronting the environmental crisis by developing alternative recycling methods to
deal with the legacy of plastic waste. Important emergent technologies, such as catalytic chemical recycling or upcycling,
have the potential to alleviate numerous issues related to our current and future refuse and, in doing so, help pivot our

materials economy from linearity to circularity.

There is no doubt that the “age of plastics” has had a
phenomenal impact on advancing most technologies,
from food to transportation to communications. Plastics
have been integral to the many impactful societal ad-
vancements of the 20™ century which have greatly im-
proved the quality of human life. However, our current
portfolio of thermoplastic and thermoset materials is
largely unsustainable, with environmental impacts grow-
ing as our production capacity and needs continue to in-
crease. The phenomenal durability of commodity plastics
have led to both their widespread use and accumulation
in the environment, where they are incessantly persis-
tent.! Alarmingly, as of 2015, it was estimated that of all
post-consumer waste (PCW) plastic that has been gener-
ated only around 9% has been recycled and 81% existed in
landfills or the environment (Figure 1).* Although a range
of social and policy considerations will be crucial to ad-
dressing this mounting crisis, chemistry is envisioned to
play a leading role. Polymer chemistry will lend pioneer-
ing solutions to reusing and/or repurposing PCW plastic
and contribute with innovative sustainable materials to
drive the transformation of our plastics economy.

For several decades, biodegradable plastics have been
intensely studied in academic environments with the per-
petual optimism to remedy our materials problem.> Un-
fortunately, the commercial impact has been minimal
(biodegradable, bio-sourced plastics represent << 1% of
global plastic production)?, apart from a few polyesters
such as poly(lactic acid) (PLA) or poly(hydroxy butyrate)
(PHB). Beyond economic considerations, these plastics
often possess inferior material properties to petroleum-
based counterparts.’ Furthermore, there have been recent
concerns about their real world degradability; for exam-
ple, PLA is essentially non-degradable in sea water or a
landfill even though it can be hydrolytically degraded in
the laboratory and via industrial composting methods.®”

The end-of-life biodegradation of these plastics also
means that the material value is lost after service lifetime
(which can be after just one use) and hence the overall
carbon footprint- from production to environmental bio-
degradation- in these modes of use must be considered.®
Although further development of biodegradable plastics is
vital, we must also address the legacy of our existing plas-
tic infrastructure.

Although most commodity thermoplastics — such as
polyethylene (PE), polypropylene (PP), or polyethylene
terephthalate (PET) - are notionally physically recyclable,
such efforts have massively underperformed with the
causes largely placed around challenges relating to collec-
tion and sorting logistics.” The majority of emerging
economies have little to no recycling infrastructure in
place leading to large amounts of inadequately disposed
waste’, but many developed economies with better waste
management systems still struggle to recycle’ in their
own right. For example, consumers can become confused
and frustrated when disposing of various plastics since
local or regional recycling authorities often have a degree
of autonomy to set their own policies and requirements
which can vary considerably. Moreover, mixed PCW plas-
tic streams are plagued by a variety of issues including: 1)
plastics that are difficult to sort (such as PE versus PP), 2)
multi-component, or composite, plastics (for example,
many food films are commonly composed of numerous
layers of different plastics) and 3) the presence of numer-
ous additives” (such as flame retardants, plasticizers, or
coloring agents) and foreign debris that both reduce the
overall quality of the end-recycled product and pose their
own environmental problems. Together, these difficulties
lead to the large environmental PCW losses - just 14% of
plastic packaging is collected for recycling and only 2% is
closed-loop recycled, i.e. collected and reprocessed for the
same purpose.” Even if the aforementioned issues associ-



ated with current recycling schemes are addressed, we
cannot escape the fact that
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Figure 1. Overview of plastic waste treatment and emer-
gence of chemical recycling.

each time a plastic is recycled, it deteriorates the virgin
material (via chain scission reactions and other oxidative
degradative processes) leading to a loss of mechanical
integrity and performance in the recycled product.” As
such, physically recyclable plastics have a limited lifetime,
even under the best of scenarios, and do not actually pre-
sent a viable, long-term solution for sustainable materials
use.

An evolving technological solution to the global plastics
challenge is chemical recycling, a process in which poly-
mers are transformed into small molecules that can either
be recycled back into virgin polymeric material or up-
cycled into alternative chemical/material feedstocks (Fig-
ure 1)."* It is envisioned that the production of chemicals
with intrinsic value (upcycling) from PCW plastic will be
an important advancement toward a greener chemicals
economy.” For some plastics, the chemically depolymer-
ized components may be economically unviable if they
were to be repolymerized back into a polymer of the orig-
inal constitution so transformation into a new “value-
added material” could be advantageous in some instances.
On the other hand, in a circular economy framework
where materials are reused in a closed-looped process',
chemical recycling is an increasingly practical approach to
address the key challenges associated with traditional
recycling efforts.” Nevertheless, chemical recycling of
plastics remains an energy intensive endeavor, often re-
quiring high temperature and/or pressure to achieve.
Moreover, the various processes are often unselective,
yielding mixtures of small molecules that can be dissimi-
lar to the original monomer compositions due to off-
target reactivity. A prime example of this would be the
catalytic pyrolysis of polyolefins that yields complex mix-
tures of oils and waxes after depolymerisation.™ The
development of low temperature and/or catalytic process-
es are crucial to enabling energy efficient transformations

to original monomer sources and/or targeted precursors
for upcycling purposes. This should, in turn, endorse the
circular economy framework that will be critical to future
materials use.

When compared to the plethora of research on biode-
gradable materials, the chemical recycling of plastics is a
nascent field. Although there are several informative re-
views in associated areas’*>*, there have been numerous
advancements within the last few years as the field is rap-
idly expanding. There is also an excellent, up-to-date
summary on chemical recycling to monomers with em-
phasis on new material compositions derived from cyclic
monomers.” This viewpoint aims to comment on emerg-
ing trends in the development of sustainable chemical
recycling with focus on catalytic chemical recycling, par-
ticularly regarding methods that have lower energetic
requirements and including opportunities for chemical
upcycling. Moreover, we will examine most common plas-
tic classes (categorized as polar or non-polar), but it is not
intended to be an exhaustive account. We will instead
highlight key contributions and contextualize their im-
pact on the respective subfields while discussing prospec-
tive trends and offering opinion. The final section seeks to
showcase unindustrialized materials and other promising
strategies that may soon contend within the current (and
future) plastics economy.

CHEMICAL RECYCLING OF
COMMODITY PLASTICS

COMMON

Most commodity plastics can be sorted into seven cate-
gories according to the Society of Plastics Industry recy-
cling codes: PET (1), high density polyethylene (HDPE)
(2), polyvinylchloride (PVC) (3), low density polyethylene
(LDPE) (4), PP (5), polystyrene (PS) (6), and other (7).
The last category defines all other potentially recyclable
plastics not defined in the previous categories and in-
cludes important materials such as polycarbonate (PC),
polyurethane (PU), polyamide (PA) and emerging bioplas-
tics such as PLA or PHB. The biggest advancements in
catalytic chemical recycling have been realized for polar
plastics, specifically those containing carbonyl moieties in
the polymer backbone - notably PET, PC and PU. This is
perhaps not surprising since the significant polarity of the
C=0 bond avails it to nucleophilic attack, thus leading to
well-controlled chain scission reactions of the backbone.
However, the majority of new plastic production (esti-
mated to be approximately 86% as of 2015%) and subse-
quent PCW plastic generation come from recycling cate-
gories 1-6, and polyolefins (PP and PEs) alone account for
nearly two-thirds of the total plastic economy.*® Unfortu-
nately, this means that efforts to chemically recycle polar
plastics only accounts for a small fraction of PCW plastic.
Nevertheless, great strides have still been made in recent
years concerning the controlled depolymerization of these
types of plastics.



Polar Plastics (PET, PC, PU, PA). Although PET ac-
counts for a minor fraction of total plastics production
(10%), it has a high recovery rate.”” The treatment of PET
bottles is one of the most encouraging examples of re-
sponsible waste management where collection-to-recycle
rates are approaching 30% in the US and 60% in the EU.”
Sadly, most recovered PET (by volume) is actually fiber-
based which is then downcycled for lower value textile
applications (such as carpeting) as a consequence of the
listed complications from physical recycling processes.”
These sorts of physical recycling schemes are effectively
diversionary, simply prolonging the PCW generation pro-
cess.

Chemical recycling offers a path to return PCW PET to
virgin PET, although PET depolymerization is also being
investigated in upcycling applications.”®* For the former
process, it is the most well-developed and studied poly-
mer class. Typical approaches to depolymerizing PET into
monomers for repolymerization involve the attack of nu-
cleophiles at the carbonyl carbon to yield small molecule
esters or amides (i.e. glycolysis, alcoholysis or aminolysis)
that are suitable for subsequent polycondensation; how-
ever recently hydrogenation®** or hydrogenoloysis** of
PET with single-site metal catalysts has proven useful.

Nevertheless, the former depolymerization strategies
remain prevalent but early examples usually required ex-
tremely high temperatures, pressures, or metal-based cat-
alysts.>* Although metal catalysts can be efficient, there
are growing scarcity issues and environmental concerns
related to their use. A breakthrough in the chemolysis of
PET came from the development of ionic liquid-based (IL)
catalysts® which are renowned for their green chemistry
aspects including good recyclability and recoverability
Figure 2a).>** This was followed later by using highly
active organic catalysts such as strong amine bases — ami-
dines such as 1,8-diazabicylco[5.4.0] (DBU) or guanadines
such as 1,5,7-triazabicylco[4.4.0]dec-5-ene (TBD) (Figure
2a).%® After repeated use, their activity often diminishes
because of oxo-degradative side reactions or detrimental
interactions with other reaction components. The most
recent advancements for the depolymerization of PET are
the implementation of amidine and guanidine-type eutec-
tic salts (Figure 2a), which have greatly increased the effi-
ciency of organic catalysts. DBU-based salts** and TBD-
methanesulfonic acid complexes® retain the high catalytic
activity observed for their respective free bases, but their
thermal-oxidative stability is markedly improved leading
to their recovery and reuse. Some organic salts also dis-
play great activity in step-growth polycondensations*® and
sometimes only require milder conditions than the pre-
ceding depolymerization step. Robust organic catalysts
have the potential to greatly increase the commercial via-

bility of PET chemical recycling since they have the added
benefit of often being colorless and can often remain em-
bedded within the material formulation. In fact, the
chemically recycled PET obtained from organobase eutec-
tic salts was determined to be indistinguishable (chemi-
cally and thermally) from the initial feedstock, however
the potential toxicity of leaving the catalyst embedded
was not investigated.* The same principle of embedding
the catalyst within new material formulation could also
apply to any organocatalyzed PET that is mechanically
recycled. Nevertheless, the presence of additives*” in PET
is a point of concern in the larger context of traditional
plastics recycling infrastructure as they can contaminate
PCW streams (and the environment) via leaching while
ultimately impacting material properties of the recycled
materials. Again, in this situation, the effects (i.e. toxicity
and/or contamination) of using organocatalyzed process-
es are still largely unknown.

ILs*** and organic bases™>* have also been well studied
for depolymerizations of bisphenol A (BPA)-PC waste.”
The monomers obtained from alcoholysis often yield BPA
and small carbonates that can be polymerized directly
back to PC, however, carbon dioxide can be eliminated
under by hydrolysis, precluding the return to an original
material. A recent example converted waste PC into val-
ue-added polyarylether sulfones after hydrolytic degrada-
tion.*® Due to growing concerns associated with BPA’s
toxicity, transforming waste BPA-PC into value-added
materials, where the BPA can be sequestered, is attractive.
A recent study described the transformation of BPA-PC
into high-added-value six-membered cyclic carbonate
monomers that are suitable for ring opening polymeriza-
tion.””

The chemolysis of PU, which is commonly produced
from the polyaddition of polyols and isocyanates, is actu-
ally a rather mature and scalable technology.>® Glycolysis
is the most advanced method for PU waste treatment and
it has been demonstrated in thermoplastics®,
elastomers®® or foams®® materials to recover polyols,
sometimes on commercial-level scales. Nevertheless,
there still remains work to be done developing a more
universal chemical recycling approach for PUs. This is
partly due to the difficulty in selectively cleaving the C-N
versus C-O bond in the urethane unit®, but also due to
the fact that commercial PU formulations are incredibly
diverse in their monomer make-up, which leads to recov-
ered resin streams that contain different polyols and/or
additives. This can lead to costly purification processes
and this issue hinders mechanical recycling efforts as well.
Finally, PU production generally uses highly reactive iso-
cyanate monomers, but they are not recoverable from
traditional depolymerization
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Figure 2. Depolymerization of polar plastics a) common organocatalysts for the chemolysis of PET and b) idealized mixed

of

methods. However, more sustainable non-isocyanate PU
production methods are being investigated and this will
likely play an important role towards full chemical recy-
cling of PUs.”

Compared to other polar plastics, polyamides are more
challenging to depolymerize due to the stability of the
backbone amide bond, however this feature also renders
them extremely strong and tough as materials. Polyamide
6 (PA-6) can be crudely depolymerized to aminocaproic
acid (bifunctional amino-carboxylic acid) which is a reac-
tive polycondensation monomer.®®** However, the most
important chemical recycling approach for PA-6 depoly-
merizes to the strained cyclic monomer, e-caprolactam,
which is an active monomer for ring-opening polymeriza-
tion (ROP). This has previously been accomplished via
supercritical protic solvents””". Several catalytic IL meth-
ods have also successfully afforded e-caprolactam from
PA-6, albeit at high temperatures (ca. 300 °C).””> More
pragmatic approaches to PA waste involve upcycling to
feedstock chemicals such as w-hydroxyalkanoic acids™7”’
or 1,6-hexanediol and dimethyl adipate.” Scaling and fur-
ther development of these strategies should enable better
value recovery from PA waste.

plastic recycling

Future aims should seek to lower reaction temperatures
in order to ameliorate the costs of high energy inputs and
detrimental side-reactions involving all reaction compo-
nents; this will go hand-in-hand with catalyst improve-
ments. Furthermore, developing conditions for single-
batch, mixed-waste de(re)polymerizations (e.g. via selec-
tive amide, carbonate, urethane, and ester activation)
should greatly increase the commercial viability by elimi-
nating costly sorting mechanisms, but there has been lit-
tle progress in this space to date (Figure 2b). A recent re-
lated example employed a one-pot depolymeriza-
tion/polycondensation protocol for PET.”

polymers

containing carbonyl groups
The development of more sophisticated catalysts that
achieve greater selectivity under milder conditions is par-
amount to meeting these challenges. Porous nano-
structured materials such as metal-organic frameworks
(MOFs) offer an interesting opportunity. MOFs have been
investigated in catalysis applications®, including as
polymerization catalysts®®, however they have not been
investigated for depolymerization processes. This is sur-
prising since they offer great structural diversity (e.g. mul-
ti-functionality for tandem catalysis) and are notable for
their stability and efficiency (i.e. recyclability); these latter
points seek to address environmental and scarcity con-
cerns related to general metal use in catalysis. In addition,
the incorporation of earth-abundant metals® (for example
Al, Ti or Fe) into MOF catalystsgs'88 should address scarci-
ty issues as well. We believe the further development
catalytic MOFs presents a spacious, untapped area for
exploration in the chemical recycling of plastics.

Nonpolar Plastics (PE, PP, PS and PVC). Polyolefins
are the most plentiful plastics (representing nearly two-
thirds of all consumption), but they are largely chemically
inert as synthesized. Their extreme durability renders
them more suitable for physical recycling (especially for
PE), but poses challenges for chemical recycling ap-
proaches regarding their PCW treatment. For chemical
recycling, most progress has been realized for polar sub-
strates, from a chemistry standpoint this should not be
surprising. The carbon-heteroatom covalent bonds in
such materials are inherently reactive due to their high
polarity stemming from large electronegativity differences
between atoms. Conversely, nonpolar plastics mainly fea-
ture sp>-hybridized C-C bonds in the polymer backbone
and often require very forcing conditions to break the
bonds along the polymer chain. It remains a grueling task
to develop low-energy and selective depolymerization



strategies for polyolefins. However, research in this sector
is accelerating and there have been many innovative ex-
amples in recent years.
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Figure 3. Primary methods for chemical modification of
waste PE and PP.

Preceding methods to break-down polyolefins (PE and
PP) featured uncontrolled, energy intensive (T = 500 °C)
catalytic pyrolysis methods that yielded complex mixtures
of low-value oils and waxes.® *% These processes are
harsh and, because of the homogeneity of the backbone,
lead to a mixture of products with varying degrees of satu-
ration and chain length. Recent catalyst development has
afforded some notable improvements. A tandem catalytic
approach was recently employed to furnish small mole-
cule alkanes via cross-alkane metathesis (CAM) from
waste PE.** Other examples also describe the gasification
of PE into syngas which is a useful fuel in the energy in-
dustry.”*® These down-cycling approaches are quite prac-
tical since they (1) address the environmental accumula-
tion and (2) transform the plastics into materials that re-
cover some net energy of the initial plastic production.
Despite their obvious pragmatism, they ultimately pro-
mote damaging carbon emissions (e.g. CO,). Furthermore,
there is little to no recovery of any polymerizable mono-
mer species so the process is still linear. Efforts to recover
unsaturated monomers using gasification procedures are
improving though and a recent report describes the zeo-

lite-catalyzed cold plasma (non-thermal pyrolysis) treat-
ment of waste HDPE resulting in 22-25% ethylene recov-
ery.” Similarly, ionization of PP using inductively coupled
plasma gasifies the plastic, with up to 94% propylene re-
covery. Nevertheless, traditional approaches to chemical
recycling are not imagined to be widely implemented for
polyolefins due to the high ceiling temperatures (i.e. high
energy cost) of these polymers which makes the process
inherently inefficient.”

On the other hand, there is growing interest to upcycle
polyolefin waste into value-added materials (Figure 3).
This can proceed by depolymerization to small molecules
or via catalytic installation of functional groups along the
polymer backbone. Recent highlights describe the chemo-
oxidative depolymerizations of PE to yield graphitic car-
bon®® or well-defined dicarboxylic acid small molecules
(Figure 3). % Catalytic hydroxylation of polyolefins was
initially demonstrated via a two-step
borylation/oxidation'”"”, but recently the direct hydrox-
ylation of PE and PP was accomplished using a straight-
forward nickel-catalyzed/mCPBA method. ' Hydroxylat-
ed polyolefins have also been altered into carboxylic acids
using elegant photocatalytic processes (Figure 3).°+'*
Other polyolefin modification chemistries include the
(chemo-)regio-selective xanthylation'*'” (which offers
ample opportunity for further applica-
tion/functionalization) and introduction of groups such
as: phenylsulfonyls or esters (Figure 3).

Recently, the upcycling of PE waste into high-value lin-
ear alkanes with controllable and tunable size distribu-
tions was accomplished using well-defined Pt nanoparti-
cles supported on SrTiO,-based perovskites.”® Important-
ly, the process was conducted at relatively moderate con-
ditions (300 °C, 96 h) showing a distinct improvement on
earlier benchmarks. Another promising example describes
the efficient (380-500 °C, 0.5-6 h, 23 MPa) liquification of
PP into oil using supercritical water in a reactor.'”® These
developments are encouraging, but energy requirements
for depolymerization still need to be lowered further to
make the processes more economical and successful
translation of technology from bench to pilot scale will
also be pivotal. Similar to earlier areas, primary gains will
undoubtedly come from additional catalyst development.
Transitioning to more earth abundant metals (such as
manganese or iron") in catalyst species will be equally
crucial in any path to commercializing chemical recycling
of polyolefins from both a cost and environmental impact
basis. Again, MOFs could offer great opportunity in this
sector.

The treatment of waste PS is severely underdeveloped,
in fact it is primarily discarded as PCW immediately after
use. In addition to its chemical inertness, PS comes in
many different physical formulations which hinders its
separation in waste streams. It is most recognizable as a
foam, referred to as expanded polystyrene (EPS)", but it is



also produced in other higher density formulations. This
creates a sorting problem for any recycling approach,
leading to abysmal recovery rates.” Similarly to PE and
PP, there are a number of chemical functionalization ap-
proaches to PS waste treatment such as: Friedel-Crafts
acylation/alkylation, radical halogenation, metalation-
electrophilic quenching and perfluoroalkylation, among
others.””™ Besides pyrolysis techniques, there are a some
older reports of chemical recycling to small molecules
using catalytic solid acids or bases (e.g. metal oxides or
silica) to depolymerize EPS into aromatic hydrocarbon
mixtures."*"* Sulfonation of waste EPS was also used to
afford high-value polyelectrolytes after
depolymerization.” However, a more recent clever ap-
proach to PS recycling transformed the EPS into a value-
added thermoset derived from a renewable monomer.™
The EPS was dissolved in neat limonene (a renewable ter-
pene) followed by photo-crosslinking of the resin mixture
with a multifunctional thiol to afford a robust network
material. This innovative approach showcases the promise
of alternative chemical recycling methods. Yet, there has
been little (translational) progress in the last two decades
regarding PS waste treatment.

PVC is a convenient, high-performance polymer but its
use is deeply problematic. The presence of plasticizing
additives in PVC materials (notably, phthalates and diox-
ins) along with the propensity to undergo H-Cl elimina-
tion upon heat treatment preclude any physical recycling
measures.” These problems can lead to contamination of
mixed-plastic waste streams and corrode reprocessing
reactors. The state-of-the-art approach to dealing with
PVC waste (although not in a currently scalable manner)
involves a costly de-chlorination step™ (to inhibit for-
mation of acidic decomposition products) followed by
catalytic pyrolysis.” The comparatively weak C-Cl bonds
in PVC theoretically provide an obvious reactivity point
for chemical recycling methods. But, the current bottle-
neck to innovation is designing catalysts that can cleave
the backbone (e.g. a CAM-type process®) in the presence
of substrates (viz. HCl) that can easily poison the metal
centers. We envision that there could be many lessons
and/or materials applied from current CO, capture tech-
nologies. Amine scrubbing (which is offers an economical,
reversible approach to capturing acidic products) and
other sorbent technologies such as zeolites and MOFs
could be useful since they are designed to operate in
complex flue gas streams that can contain harsh contami-
nants such as NO, and SO, species.126 Chemical recycling
methods will undoubtedly play a role in developing solu-
tions to this problematic material, because mechanical
recycling is simply an unfeasible approach.

EMERGING MATERIALS

In this final section, we will highlight some promising
areas of materials development, beyond traditional ther-

moplastics, that offer potential solutions in the future
plastics economy (Figure 4). Thermoset materials (cross-
linked via covalent networks) are critical in many engi-
neering applications due to their high strength and elas-
ticity. But, because of their permanent covalent networks,
they are not amenable to physical recycling or solution
processing and mechanical down-cycling (such as cut-
ting/grinding a tyre into smaller pellets) is the optimal
outcome for the majority of waste material. Recently, the
potential to chemically recycle PCW thermosets has be-
come more approachable as a result of the use of dynamic
covalent chemistry in the network, which provides transi-
ent crosslinking in these materials and makes them re-
sponsive in nature.”” A catchall term for materials display-
ing this reversible crosslinking is covalent adaptable net-
works (CANs) where the dynamic covalent bonds com-
prising the network can be controllably biased using spe-
cific reaction conditions such as light, heat, or pH (Figure
4a).”*™ More specifically, the dynamic bonds serve as
exchangeable anchor points in the network, allowing the
bulk material to be remolded or repaired, sometimes
without stimulus (self-healing), or without loss of struc-
tural integrity (i.e. not melted).”*™ Although many dy-
namic bonds have featured in CAN materials, complete
orthogonal depolymerization to the original monomer(s)
is challenging and this complicates further material trans-
formations in the overall recycling process. CANs based
on carbonate™, imine®™®, urea™® ester'® or thioester '+
motifs have been depolymerized effectively to yield vari-
ous oligomers and small molecules. Nevertheless, in a few
instances original monomers have been recovered for
networks connected employing chemistries such as: ace-
tal®,  hemi-aminal“™®,  boroxine” and olefin

. 148
metathesis'*".

One of the most important advantages from chemical
recycling is the possibility to decouple monomers from
material additives; this is a feature that should greatly
increase competitiveness in a future economy. Helms and
coworkers recently developed an innovative and fully
closed-loop recycling of a network plastic material using
diketoenamine chemistry where starting monomers could
be effectively captured and separated from dyes or fibers
in the plastic (Figure 4a)."® Increasing the overall sustain-
ability of chemically recyclable thermosets is also a major
challenge, but recent advancements include a biomass
derived recyclable CAN*° and a CAN featuring reversible
imine bonds and biodegradable polyester units.” Fur-
thermore, there is the possibility to improve physical re-
cycling process by improving the thermal and oxidative
stability of materials. A sustainable super engineering
plastic, with mechanical properties similar to polyphe-
nylene sulfide (PPS) and polyether ether ketone (PEEK),
based on starch-derived isosorbide showed minimal mass
or performance loss after repeated melt recycling.® The
chemical recycling of rubbers and tires via metathesis™ or



Diels-Alder'™">® chemistries offer interesting approaches
beyond forcing devulcanisation methods. Moreover, in-
versely vulcanized polymers, commonly produced from
the copolymerization of unsaturated monomers with ex-
cess elemental sulfur, offer an interesting materials plat-
form for dynamically crosslinked materials®”** since sul-

a) Covalent Adaptable Networks

fur is an abundant feedstock™ and this class of materials

has even been produced on a kilogram scale®. In a final
example, crosslinked PU foam PCW, which was previously
unrecyclable, was recently reprocessed (physically recy-
cled) by adding an organometallic catalyst to enable dy-
namic carbamate exchange reactions.'*

b) Self-Immolative Polymers
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Figure 4. Emerging recycling strategies for next-generation materials a) covalent adaptable networks and b) self-

immolative polymers

Self-immolative polymers (SIP) are attracting consider-
able interest in the materials community since they pos-
sess one of the most desirable properties in a consumer
plastic - the ability to “trigger” complete depolymeriza-
tion for on-demand material disposal (Figure 4b).” This
would circumvent one of the main issues associated with
current biodegradable polymers, where their end-of-life
environment (especially moisture and temperature) can
greatly impact the subsequent degradation kinetics or
products. Although SIP degradation is often irreversible
(more evocative of biodegradable polymers), it is poten-
tially reversible (i.e. chemically recyclable) when mono-
meric units are recovered. Many reversible SIPs are based
on polymers with low ceiling temperatures (T,), meaning
that the spontaneous depolymerization of the polymer
begins to occur at or above this temperature, but below
this temperature it is stable. The use of a cleavagable end-
capping unit on the polymer can also provide adequate
chain stability above the respective ceiling temperature
which allows for polymers with extremely low ceiling
temperatures (for example, T, < 20 °C) to be practical.
There are now several classes of reversible SIPs, including
polybenzyl ethers (PBEs)*’, polygyloxylates'”, polyglyox-
ylamides'®, and polyphthalaldehydes (PPA) (Figure 4b)."*”
Furthermore, a growth area for SIPs is within composite
materials due to their high recoverability after depolymer-
ization processes.

Attention has also been directed at enhancing material
toughness and strength since many non-composite SIPs
display poor mechanical properties. Recently, McNeil and
coworkers were able to finely modulate ceiling tempera-
ture by rational functionalization of the polymer back-
bone to afford a thermally robust PPA that is a promising
thermoplastic material.”” Additionally, a carbon fiber re-
inforced PPA composite was fully recycled with quantita-
tive monomer recovery, thus showing that composite en-
gineering will certainly be in play.” A final important ex-
ample in the area is a self-amplifying degradable polymer
based on the degradation of a 3-iodopropyl acetal
moiety.”> The novelty here is that a catalytic species
prompts and accelerates chain cleavage (usually the trig-
gering species is stoichiometric in nature) and each de-
graded monomer unit produces another equivalent of the
same catalyst agent leading to an accelerating degradation
event. New depolymerization triggers for SIPs, such as
mechanical chain scission (e.g. sonication)”", should
also open up interesting applications. We predict that
SIPs will have a part in the shifting materials economy.

A final hurdle to achieving a more sustainable material
economy is making new plastics that are actually com-
petitive, in terms of thermomechanical properties, to ex-
isting commercial plastics. Many novel plastics simply fall
short of commodity polymer properties which usually
feature the following: low glass transition, high melting



temperature, great ductility, and high tensile strength.
Nevertheless, there is progress to be made on this front
and replacement materials are improving. Polycarbonates
often possess robust thermomechanical properties and
there is accelerating research to create them more sus-
tainably, mainly using CO,/epoxide copolymerization.”
7° In addition to chemical upcycling opportunities, or-
ganobase-promoted recycling to monomer has been
demonstrated for sustainably sourced poly(limonene car-
bonate) (Figure 5).”” Polyester bioplastics are also matur-
ing as evidenced by the fully recyclable linear polyester
reported by Chen and coworkers where they
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Figure 5. Exemplary novel linear polymers formed from
ROP.

described repeated transition metal-catalyzed”® or or-
ganocatalytic”® chemical recycling of a fused-ring y-
butyrolactone monomer (Figure 5). In a major innovative
step, this same monomer was copolymerized with another
cyclic lactone to create chemically recyclable materials
with barrier and mechanical properties comparable to
commodity plastics such as PE or PET.*® Aromatic poly-
mers such as PET, are renowned for good thermomechan-
ical properties, but most sustainable biopolyesters contain
aliphatic backbones. Shaver and coworkers have reported
a novel aromatic polyester with full chemical recyclability
to monomer.™®* Such polymers still remain rare, but this
study is an important advancement to tougher chemically
recyclable plastics.

Chemically recyclable thermoplastics should gain trac-
tion as new polymers existing near thermodynamic equi-
librium (polymerization/depolymerization reaction) are
continually developed. Significant advancements in the
field trend toward the use of cyclic monomers capable of
ring-opening polymerization (ROP) where the thermody-
namic parameters™ or reaction conditons™ can be judi-

ciously adjusted to control monomer/polymer equilibri-
um (Figure 5). In fact, there are fresh, intriguing mono-
mers that have been used for dynamic ROP. A naturally
occurring cyclic disulfide monomer that reversibly forms
poly(disulfides) was used for switchable architectural con-
trol (cyclic versus linear), including reversible supramo-
lecular network formation (Figure 5).**"®” Sustainably
sourced thiolactones synthesized from collagen derived 4-
hydroxyproline®® (Figure 5) or the naturally occurring
amino acid penicillamine'®, exhibited high polymerizabil-
ity and the resultant polythioesters could be catalytically
depolymerized back to thiolactones for subsequent
polymerization. A recent exciting example employs a scal-
able bridged bicyclic thiolactone monomer to afford ste-
reocontrolled polythioesters with robust thermomechani-
cal properties and maintenance of intrinsic chemical recy-
clability.”® These innovative examples offer the prospect
of robust chemically recyclable plastics and lead the field
ahead, beyond the first-generation bio-polyesters formed
from cyclic lactones such as lactide or e-caprolactone.”

OUTLOOK

Despite the pervasive issues associated with plastics us-
age, it would be naive to speculate a transition to a “plas-
tic-free” society since they are so critical to current (and
future) infrastructures. Plastics have revolutionized mod-
ern society and we cannot do without them, nor should
we try. Nevertheless, it remains acutely imperative to ad-
dress the poor sustainability. Ultimately, new materials
will be essential to advancing the sustainable materials
economy by delivering polymers that are actually de-
signed for recyclability, reducing our reliance on fossil
sources, and increasing their overall biodegradability.
Ensuring that these plastics will eventually biodegrade
should be a priority for all newly designed formulations
since any closed-loop, circular economy process is bound
to suffer from material leakage and the products will
eventually reach end-of-life regardless of salvage efforts.
Infinitely recyclable renewable bio-polyesters™* could sat-
isfy most of these requirements, but more work is war-
ranted to address their inferior thermomechanical proper-
ties before wider implementation and adoption.

The development of more efficient, selective, and low
energy chemical recycling processes will be required to
lessen the complicating impact this could introduce into
recycling systems, as well as to deal with our legacy PCW
plastic from petroleum sources. Many catalytic chemical
recycling technologies are immature when compared to
thermal pyrolytic methods and physical recycling. While
commercial scale catalytic chemical recycling processes
are being pioneered for materials such as PET'?, it will be
prudent to apply these lessons to other materials, both
present and future. We propose several desirable targets
for depolymerization conditions that serve as a research



directive and target for groups in the field to identify and
encourage industrially viable processes:

1) High reaction efficiency under mild conditions (tem-
perature < 100 °C, time <1 h)

2) Reaction selectivity (reaction products = 95 % purity,
< 5 per plastic)

3) Catalyst tolerance (minimal interaction and/or deac-
tivation by contaminants, especially additional plas-
tics, additives or food waste)

4) Catalyst recyclability (suitable for repeated batch re-
actions or flow chemistry processes)

Even though the challenges to recycling are not identi-
cal among different cities, regions, or countries in the
world, there remains a ubiquitous lack of infrastructure
for collecting, sorting and storing PCW plastic streams
and/or their depolymerized resins. Nevertheless, innova-
tions regarding catalyst development are accelerating and
chemo-selective technologies to handle mixed-waste
streams containing different classes of polymers would be
a watershed moment for the field. In spite of these chal-
lenges, chemical recycling technologies hold considerable
potential to modernize the plastics industry.

Recent public engagement on our relationship with
plastics is reassuring. However, we must be careful about
impulsive policy reactions in response to this civic senti-
ment, which has been overwhelmingly negative. Much of
the reason for this backlash can be attributed to the emo-
tive consequences of seeing plastic within and negatively
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