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Circular polymer systems, specifically polyesters operating through chemical and biological tech-
nologies, are approaching a critical moment of industrial adoption and scale-up feasibility. At the same
time, polyhydroxyalkanoate (PHA) production, scale-up,
converging toward commodity applications. The current PHA end-of-life philosophy, however, focalizes

and resulting material development is
leveraging inherent biodegradability to circumvent plastic waste accumulation. If indeed a substantial
replacement of incumbent single-use plastics with PHA alternatives is to be met in commercial
manufacture, we emphasize the importance of linking PHA development with feasible polymer recycling
technologies. In other words, a PHA materials economy is significantly more carbon- and cost-favorable
when efficient mechanical (reprocessing), chemical (deconstruction, depolymerization), or biological
(enzymatic) recycling is prioritized over biodegradation or composting. In this perspective, we discuss
strategies for PHA recyclable-by-design principles, guidable by developing machine learning tools, as
well as material compatibility with closed-loop recycling technologies. Additionally, we posit compelling
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we hope this narrative further inspires the alignment between PHA design with growing calls for a
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PHAs in the circular economy

Material circularity is arguably the top priority of the polymer
research community, responding to growing calls for reductions
in environmental, climate, and energy consequences related
to plastics manufacture and consumption. Today’s commodity
plastics are dominated by single-use, non-renewable polyethylene
(PE) and polypropylene (PP). Forecasts suggest 20% of all oil and
natural gas consumption will be redirected towards supplying
1 billion tons of fossil-derived plastics by 2050."* The recalcitrant
nature of polyolefin materials (PE and PP, primary materials in
single use packaging) in particular precludes any capability for
closed-loop recycling, promoting a linear material flow dominated
by landfilling, pyrolysis to fuels, and negligent discard to the
natural environment at end-of-life (EoL). Models by Meys et al.
project that a net zero and circular materials economy must
combine both biomass and CO, utilization with an effective
recycling rate of at least 70%,* relieving an estimated 34-53% of
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current energy demand from plastics manufacture. Furthermore,
redesigning plastic production to be fully decoupled from fossil
fuels, complemented by lower manufacture energy and high
recycling rates, will substantially improve carbon footprint.* Thus,
sustainable practices at both the means (production) and ends
(disposal) of polymer life-span are required for a truly circular,
net-zero materials economy.

Polyesters have the potential to dominate a future bio-based
and circular plastics system. Polyesters contain ester linkages
that are prevalent in naturally occurring materials (e.g:, cutin,
suberin), which can readily enable the use of bio-based feed-
stocks and more energy efficient deconstruction into feedstock
materials through known chemical and biological recycling
techniques. Polyhydroxyalkanoates (PHAs) are a class of poly-
esters that have attracted significant attention over the last few
decades as a “natural polymer” class that can support the
transition towards a circular materials economy. PHAs are
naturally occurring in Earth’s biome, whereby synthesis occurs
through microbial metabolic pathways, and thus the resulting
polymers demonstrate high biocompatibility with environmen-
tal ecosystems.”” This property affords timely degradation in
home-compost (“backyard”), soil, and freshwater conditions®
(depending on the PHA side chain functionality) in contrast to
other synthetic ‘“biodegradable” plastics such as poly(lactic
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acid) (PLA) which require specific industrial compost facilities
for biological degradation.” ™" Additionally, PHAs have demon-
strated polyolefin-like mechanical properties, remarkably low
water vapor and oxygen permeability,’>'* and high crystallinity
or melt temperatures (T},) for processability.'***

Another compelling aspect of PHAs lies in their versatility in
synthesis, which can be achieved through either a biological or
chemo-catalytic route. Each method presents distinct advan-
tages and disadvantages, as illustrated graphically in Fig. 1 and 2.
Several compelling arguments are posited for an all-PHA materials
economy, including the mitigation of issues inherent in the
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recycling of mixed polymer products and waste streams. In a
recent commentary, Quinn et al. illustrate a mono-material
approach to multi-layer packaging films wherein sealant, tie,
structural, and barrier layers can be accessed entirely by poly(3-
hydroxybutyrate) (P3HB) with varying stereomicrostructures.'®
Acknowledging that biological pathways for PHA production
have an inherent limitation to the isotactic poly-(R) stereo-
microstructure (Fig. 1), this mono-material approach indicates
that the future of PHA manufacture will likely rely on both
natural and synthetic routes. Exciting advancements in chemo-
catalytic synthetic routes are poised to revolutionize the
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Fig. 1 Current PHA life-cycle trade-offs for biologically synthesized PHAs. Challenges and opportunities corresponding with biological PHA production
considering feedstock sourcing, synthetic production, application-oriented engineering, and end-of-life avenues.
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Fig. 2 Current PHA life-cycle trade-offs for chemo-catalytically synthesized PHAs. Challenges and opportunities corresponding with biological PHA
production considering feedstock sourcing, synthetic production, application-oriented engineering, and end-of-life avenues.

production of PHA-based polymers, offering a promising alter-
native to conventional petroleum-based plastics. These innova-
tive methods hold the potential to match, or even surpass, the
performance of current commodity plastics. Moreover, the
integration of machine learning tools (ML) opens new avenues
for designing PHA polymers with enhanced properties and
performance characteristics. By leveraging ML algorithms, we
can target tailored PHA backbones to exhibit advantageous
attributes, further propelling the competitiveness of these
sustainable materials.

As the demand for natural polymers continues to rise, it
becomes imperative to address EoL solutions for these materials.
While PHAs currently available on the market today are often
promoted as both home and industrially compostable,'” there
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is a pressing challenge to contend with. Many composting
facilities worldwide are increasingly reluctant to accept compo-
stable plastics due to concerns about the high carbon and
oxygen content, which can disrupt the balance and health of
composting processes. While biodegradability is a key advan-
tage for PHA adoption, the plastics economy is moving towards
scaling of mechanical recycling, pyrolysis, solvolysis, and
enzymatic hydrolysis as primary avenues of plastic waste
management.'® It is thus important to understand PHA com-
patibility in these growing infrastructures to achieve circularity.
Recognizing the limitations of the current waste management
system,"® we should consider how emerging plastic waste
streams, such as PHAs, could benefit from multiple end-of-
life options. Ideally, these materials should be recyclable to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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monomers first, compostable second, and ultimately biode-
gradable as a safety net.

This perspective provides a broad yet insightful discussion
on the pivotal role of chemo-catalytic and biologically synthe-
sized PHAs within the circular economy framework. We explore
the opportunities and challenges inherent in both production
routes, emphasizing the potential of leveraging advanced ML
tools to design innovative PHA-based materials aligning with
principles of polymer circularity. Additionally, we examine the
significance of PHAs in the circular economy landscape,
addressing their compatibility with both established and emer-
ging recycling platforms. Furthermore, we delve into the life
cycle impacts of PHAs and underscore the importance of
designing plastic materials with recyclability as a central focus.

Biological PHA synthesis

It has been nearly a century since PHAs were first discovered as
the intracellular product of carbon and energy storage in
Bacillus megaterium.”® Since then, PHA polymers with increas-
ing pendent chain lengths beyond that of methyl-substituted
poly(3-hydroxybutyrate) (P3HB) have been discovered in the
same and other bacterial strains from a range of different
environments.””** The increasing access and variability in
PHAs have evolved not only with chemical synthesis operating
on strategic monomer design, but through emerging techni-
ques for genetic modification or enzyme engineering to expand
both microorganism feedstocks and products.’” These include
thermoplastics spanning from short-chain length (scl) C; (e.g.,
brittle P3HB) to medium-chain length (mecl) Co" (e.g., elasto-
meric P3HDD).”?

Notably, PHAs available on the commercial market are
predominantly produced by microorganisms. When compared
to the chemo-catalytic production of PHAs, various tradeoffs
emerge at different stages of production (Fig. 1). One limitation
to the large-scale production of PHAs lies in the bio-based
feedstocks available for PHA fermentation. Currently, feed-
stock accounts for 40-50% of the total production costs for
PHAs.>*7® Historically, these feedstocks were limited to crops
that also competed in the food market. However, the PHA
industry is starting to shift to utilizing waste-based feedstocks
for PHA production.”” !

A variety of PHA side-chain functionality and copolymer
design can be achieved by modulating the feedstock and
bacterial strain used for biological synthesis. Microbial engineering
by Chen and colleagues demonstrated expressed combinations
of acetoacetyl-CoA, 3-ketovaleryl-CoA, and 3-ketohexanoyl-CoA
affords the corresponding 3HB, 3-hydroxyvalerate (3HV), and
3-hydroxyhexanoate (3Hx) units, respectively. In tandem, these
genetic modifications can yield copolymers such as poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3-hydroxy-
butyrate-co-hydroxyhexanoate) (PHBHx).*>** Copolymers are
increasingly deployed in consumer items and packaging films,
leveraging differences in chain packing behavior to disrupt the
high 3HB crystallinity for ductile and tough materials. PHBV and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PHBHXx have attracted significant attention for applications in
packaging, textiles, and biomedical technologies such as
implants, drug delivery, and tissue engineering.** It is worth
mentioning that PHAs have also recently been applied toward
technologies requiring crosslinked architectures, such as elas-
tomers, as a result of typically low parent polymer T,. Specifi-
cally, Cywar et al. demonstrated the microbial production of
mcl-PHAs equipped with alkene functionality for chemical
installment of boronic ester crosslinks, yielding vitrimers with
three-fold recyclability via melt reprocessing, chemical de-
networking, and biodegradability.?”

Despite the remarkable diversity in possible PHA structures,
biological synthesis encounters limitations in controlling
tacticity, microstructure, and molar mass of the final PHA
product.*®?*” Biological processes typically yield PHAs with
molar mass in the hundreds of kilodaltons, necessitating a
degradation processing step to lower the molecular weight
before further processing into products. Additionally, the melt
temperatures of resulting PHAs often approach the carbon
degradation point, resulting in narrow processing windows
and posing challenges for effective processing.

Chemo-catalytic PHA synthesis

Some of the challenges associated with biological PHA produc-
tion can be overcome via synthetic routes (Fig. 2). Obtaining
PHAs through chemo-catalytic synthesis affords precise control
over the polymer MW, architecture and performance profile.
Specifically, the monomer and catalyst can be selected to
fine-tune the polymer tacticity and stereochemistry,*® in turn
affecting the microstructure, a luxury currently not available via
microbial PHA production.

Substantial innovation has recently come from chemo-
catalytic PHA synthesis, whereby either B-butyrolactone or
8-membered diolide (*DL) monomers are engaged in ring-
opening polymerization (ROP) by organometallic coordination
catalysts.>®*® While P3HB is a rather brittle material, simple
synthetic substitutions at the backbone f-position have become
a modern tunability handle for optimizing thermal and
mechanical properties. For example, Westlie et al. demon-
strated that ROP of benzyl-substituted ®*DL in the presence of
an Yttrium-based complex returned high-T, P3BnB."" Other
®DL substitutions range from C;-C, pendents, and behave
identically to natural PHAs when isotactic stereochemistry is
achieved. Upon evaluating the utilization of these *DL mono-
mers, however, it is noticeable that the multi-step synthesis,
low yields, and use of unsustainable precursors or chemical
reagents (e.g., alkyl halides) are hindersome to the scalability of
these systems. More optimistically, Zhou et al. recently high-
lighted the nature-inspired production of methylated PHAs
(PHMB) from the carbonylation of abundant and inexpensive
2-butene oxide.*

As with any innovative process, the chemo-catalytic pathway
to PHA production entails its share of trade-offs. Given its
relatively recent emergence, there’s a scarcity of studies delving
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into the economic and life cycle implications of synthetic PHAs.
While numerous monomers suitable for PHA synthesis can be
derived from bio-based sources, most are not yet produced
at commercial scales. Although some commercially available
monomers, like B-butyrolactone, exist, their synthesis often
involves complex, multi-step procedures, thus acting as a bot-
tleneck for chemo-catalytic PHA production. Additionally, the
synthesis of highly pure monomers necessary for polyester
production entails energy-intensive purification processes.
Lastly, the utilization of homogeneous organometallic catalysts
in many reported PHA synthesis methods presents a significant
cost barrier, necessitating further innovation in catalyst design
to enhance feasibility.

While chemo-catalytic PHAs are not at the production scale
of biologically synthesized PHAs, key learnings from their
development have the potential to play a vital role in eliciting
structure-property relationships and expediting the discovery
of high-performance PHA candidates. More specifically, syn-
thetic PHAs can greatly assist in directing biological engineer-
ing, which has also demonstrated tunability by varying the
metabolic feedstock. A recent report from Li & Zhang et al.
revealed that a,o-dimethyl di-substitution to B-butyrolactone,
yielding P3Me,HB following ROP, circumvents thermally-
triggered f-elimination, the main culprit for P3HB’s low
(<250 °C) thermal stability.*> Even more importantly, the
geminal di-substitution promotes ring-closure to the 4-mem-
bered starting monomer during catalyzed depolymerization
instead of the traditional thermodynamic trimer product,
achieving a true chemically recyclable-to-monomer PHA. The
achievement here is a powerful example of the potential
translatability to metabolic engineering, which can subse-
quently select complementary renewable feedstocks with this
and future target structures in mind.

Machine learning for next-generation
PHA discovery

As noted at the start of this perspective, the future manufacture
of PHAs is likely one that integrates both biological and chemo-
catalytic routes for production. Given the immense design
space available for tailored PHAs (Fig. 1 and 2), it is critical
that intelligent and accurate screening strategies narrow the
possibilities to the most promising formulations for synthesis
and characterization. Novel approaches to map molecular
features to polymer performance are being pursued via the
development and application of increasingly advanced high-
throughput ML tools for polymer property prediction.**™*°® For
example, PolyID (Fig. 3) is a multioutput, message passing
neural network (MPNN) specifically designed to enable quanti-
tative structure-property relationship (QSPR) analysis for
polymers.*” From input monomer SMILES strings that encode
chemical structure, in silico polymerization allows for specifica-
tion of comonomer ratio (if applicable) and degree of polymer-
ization. The PolyID MPNN, trained on ~1800 experimental
data points extracted from literature and existing polymer
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Fig. 3 The main components of the PolylD machine learning tool.
As illustrated, PolylD comprises three primary components: (1) a database
of monomer structure(s) with mapping to polymer property (top) curated
from literature, existing property databases, and experimental measure-
ments, (2) an in silico polymerization scheme (middle), and (3) a message-
passing neural network (MPNN) for high-fidelity polymer property
prediction (bottom). In the context of chiral polymers such as PHAs,
stereochemical information must be included at all three levels, namely
the training data, the in silico polymerization, and into the MPNN, e.g. as
atom or global features.

databases, predicts polymer performance attributes, including
thermal, mechanical, and barrier properties with high accuracy
(e.g., mean absolute error of ~20 °C for T, predictions).
Additionally, PolyID was constructed to be interpretable, thus
enabling not only the direct prediction of specific polymer
properties, but also the development of structure-function
relationships that can guide the establishment of design
principles.

Given the dependence of polymer performance properties
on stereochemistry, computational prediction tools must
include tacticity when applied to PHAs.**° Experimental
training databases must be assembled with extra care when
incorporating data specifically from biologically produced
PHAs due to their broader molecular weight distribution,
co-monomer integration, and exclusive stereochemistry. ML
models have been applied to PHA property prediction with
some success for limited properties but have not incorporated
tacticity, generally citing the scarcity of available data.>'”*
Examples of how tacticity can be incorporated include atom
tags at chiral centers or at the global feature level (e.g:, through
Py, the probability of a meso-linkage between two repeat units).
Advanced notations for specifying polymer structures such as
BigSMILES,>* are another possible means for incorporating
tacticity throughout the training-to-prediction workflow. Lastly,
incorporating tacticity will be increasingly important as syn-
thetic routes to PHAs allow for tailored tacticity, which is
generally inaccessible biologically.

Going forward, there is great opportunity for computational
tools to guide novel PHA design, but several challenges must be
addressed. The relative dearth of publicly available data that
links polymer structure, particularly tacticity-labeled data, to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performance attributes is a significant hindrance to model
prediction accuracy. One significant area of interest is the
a priori formulation of EoL strategies for a given PHA chemistry.
That is currently a significant challenge given the limited
experimental data that links chemical structure to quantified
recyclability, compostability, or biodegradability metrics. Ide-
ally, these data would be produced experimentally, though this
may constitute a prohibitively large investment of resources
given the number of desired polymer chemistries and proper-
ties. Molecular modeling approaches to data generation could
be employed to address this need. For example, high through-
put data generation can be achieved by estimations of ring
strain, enthalpy, entropy, etc. from density functional theory
(DFT) or hydrophobicity, molecular mobility, density, etc. from
molecular dynamics (MD) simulations.>**® The development of
empirical or theoretical relationships linking more readily
accessible physical properties (e.g., Ty, crystallinity, Ty,) with
properties that are more tedious to measure (biodegradability,
recyclability) could also be especially powerful when met with
modern computing power.>” Alternative approaches to getting
more out of less data can also be done at the ML stage with
techniques such as transfer learning wherein abundant data
collected on more easily measured/estimated properties can
pre-train ML models to be further refined with less abundant,
experimentally-measured properties.>®™%°

Life cycle impact considerations for
PHAs

Given the diversity of synthetic protocols for PHAs, the envir-
onmental impacts of these polymers are highly dependent on
the utilized feedstock, processing conditions, and EoL waste
management. Most published life cycle assessment (LCA)
studies of PHA manufacturing have been conducted on the
biological production of PHAs, which currently lends to all
commercially available PHA materials, and this section will
therefore focus primarily on this route. LCAs of biological PHA
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manufacturing have reported greenhouse gas (GHG) emissions
ranging from —4 to 6 kg CO, kg™, in comparison to 1.5 to
3.5 kg CO, kg for fossil-based plastics such as polyethylene
terephthalate (PET), PE, and PP.°’ Most GHG emissions in
the production of PHAs are associated with feedstock pretreat-
ment and product separation, although in some cases these
energy- and consumable-related impacts are counteracted by
GHG credits for the biogenic carbon stored in biomass-derived
PHA 5.%27%

Potential EoL routes for PHAs are outlined in Fig. 4. PHAs on
the market today are promoted as compostable materials.
We explore a simplified model scenario in which all global
plastic packaging (~140 million metric tonnes per year; MMT
per year) is converted into PHAs and composted at the EoL.®®
Most organic compounds decay during composting and release
~80% of their original carbon content as GHGs (i.e., only
~20% is stabilized in carbon-based soil compounds).®® Com-
posting PHAs would therefore release 230 MMT per year of CO,
according to eqn (1) and a gaseous yield of 80%. These emis-
sions would substantially neutralize the credits received for the
utilization of biogenic carbon during PHAs manufacturing. To
handle this quantity of compostable material, global compost-
ing capacity would need to double from its current 110 MMT of
municipal solid organic waste.®” Such an infrastructure expan-
sion would be challenging from both investment and technical
perspectives, as the lack of nitrogen or phosphorous in PHA
formulations could prevent the compost from retaining a
suitable carbon to nitrogen/phosphorous ratio.

2(C4Hg0,), + 90, — 8CO, + 6H,0 1)

One of the key selling points of PHAs is their biodegradability,
which can mitigate the impact of short lifetimes coupled with
leakage and persistence in the environment. PHA microplastic
litter has been shown to have fewer physical effects on marine
plants and animals than some fossil-based plastics such as
polystyrene (PS), PE, and PP.°® If PHAs were leaked to marine
environments at the current global plastic leakage rate of
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Fig. 4 PHA end-of-life considerations. Avenues for waste-stream PHAs by increasing life-cycle favorability. It is important to note that the principles
here are not directly translatable to other biopolymers such as PLA, for which landfilling is preferable to environmental discard.
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5-13 MMT per year and, hypothetically, fully biodegraded, 10—
27 MMT of biogenic CO, (<0.05% of global GHG emissions)
would be released according to eqn (1).%° Alternatively, 100% of
PHA packaging could be sent to landfill, the predominant EoL
pathway for plastics today.”®”* PHA is expected to anaerobically
degrade in landfill into a mixture of CO, and CH, known as
landfill gas (eqn (2)),”> which is often vented to the
atmosphere.”® Because CH, is a more potent GHG, an esti-
mated 1590 MMT CO, eq. per year would be released, 1300
MMT CO, eq. per year of which could not be offset by biogenic
carbon credits. This corresponds to approximately 2.5% of
global annual GHG emissions.

4(C4H0,), + 6H,0 — 7CO, + 9CH, ()

It should be emphasized that these numbers are initial estima-
tions and based on volumes and waste management systems
for non-PHA based plastics. Regardless of the hypothetical
nature of these estimations, the results highlight the impor-
tance of keeping valuable biogenic carbon in circulation and
avoiding landfill and composting at EoL. When considering life
cycle emissions, a net-zero emissions state can be potentially
achieved when combining biomass/CO, utilization in the pro-
duction of PHAs with high recycling rates via existing or
emerging technologies such as mechanical, chemical, or enzy-
matic recycling.

Mechanical recycling of PHAs

Mechanical recycling represents the state-of-the-art of post-
consumer plastic waste recycling today. This process involves
meticulously sorting mixed plastics into their respective
chemical families, followed by shredding, washing, melt extru-
sion, and pelletization to yield recycled plastic pellets for
further processing into various products. However, challenges
arise when considering the recyclability of PHAs as they are
prone to thermal degradation during processing, potentially
limiting their suitability for mechanical recycling. For example,
mechanical recycling studies for P3HB have reported a notable
decrease in physical properties after two reprocessing cycles.”
Moreover, due to the brittleness and costliness of biologically
synthesized P3HB, they are often blended with other polymers
to enhance overall properties rather than being used in
their pure form.” Consequently, research on pure PHA recycling
is limited. However, mechanical recycling studies on PHA blends,
such as PHBV blends with PLA, suggest that PLA can stabilize the
blends and mitigate thermal degradation of the PHA component.”®
Nevertheless, the complexity of PHA blends poses challenges for
downstream mechanical recycling, potentially complicating the
recycling process as formulations become more intricate.

Chemical recycling of PHAs

Chemical recycling of polymers, in which monomers can
be refurbished for re-polymerization back to virgin-quality
polymer, is considered a closed-loop process. Despite PHA
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facile biodegradability in ambient environments, efficient
chemical recycling that would enable the recirculation of
biogenic carbon would likely be favored from an LCA perspec-
tive. Furthermore, conversion of PHAs back into microbial
feedstocks can mitigate the 3-12x higher cost (compared
to incumbent plastics) of producing biological PHAs, where
feedstocks dominate the cost of manufacture.”” Most examples
of PHA chemical recycling describe methods for monomer
upgrading to higher-value products (referred to as “upcycling”)
as preferential to re-polymerization through biological or
chemical means. This is because under typical depolymeriza-
tion conditions established for polyesters, PHAs can return
oligomers or linear o,B-unsaturated acids.”®’® The incentives
for re-polymerization are thus severely reduced by lack of
depolymerization selectivity and subsequent separations and
purification requisites.

With rapidly growing interest in chemical deconstruction or
degradation of polyesters, specifically scalable solvolysis tech-
nologies, it is important to consider implications for PHA
deconstruction. Glycolysis, hydrolysis, and methanolysis are
all well-known ester degrading chemistries that are attracting
significant investment to scale and commercialize for polyester
recycling. Reported and predicted compounds from PHA feed-
stocks in common solvolysis processes are summarized
in Fig. 5, though by no means exhaustive due to variations
with PHA feedstock, reaction conditions, and deconstruction
catalysis.””®> Rather than focusing on recovering these com-
pounds in high purities for chemo-catalytic polymerization
back into PHAs, which is the process that has been widely
adopted for fossil-based polyesters such as PET, research into
using molecules from deconstruction as carbon sources for
biological PHA synthesis should be explored to decrease PHA
production costs and close the loop in its polymer lifecycle. In
some cases, this may require additional chemical or biological
conversions to produce microbially digestible feedstocks.337%¢
As an example, deconstruction during high temperature metha-
nolysis of PHBV promotes product mixtures including a signi-
ficant fraction of unsaturated methyl crotonate (MC) and
methyl 4-pentenoate (MP). MC and MP, however, can be readily
hydrogenated over simple supported catalysts such as Pd/C
to form their corresponding saturated methyl esters, methyl
butyrate and methyl valerate, respectively. These compounds
can then be fed to microbes, as it is well established that
volatile fatty acids, and butyrate in particular, are ideal sub-
strates for PHA production.®”*® To demonstrate the feasibility
of doing so, we performed model hydrogenation reactions of
both MC and MP as described in Fig. 6A, obtaining saturated
analogues with quantitative conversion by gas chromatogra-
phy-mass spectrometry (GC-MS) (Fig. 6B and C).

The variety and heterogeneity of products that result from
the chemical recycling of biologically produced PHAs has led
to further motivation towards producing synthetic PHAs with
altered and non-traditional structures aiming to maximize
chemical recyclability and selectivity of depolymerization
back to monomers. In a more promising direction, a recent
advancement in chemical PHA synthesis has shown that by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hydroxybutyrate (M3HB), and 2-hexylethyl-3-hydroxybutyrate (2HE3HB), respectively. Also included are possible, reported unsaturated crotonate
side-products generated by thermolytic dehydration (right, red) of the B-hydroxyl.
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achievable for hydrogenation products from unsaturated methyl crotonate and (C) unsaturated methyl 4-pentenoate, along with an internal standard.
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installing a geminal dimethyl group at the alpha-position of adhesives, where the main industrial use is in co-polymers with
B-butyrolactone, the resulting P3HMe,B can be considered fully  vinyl acetate.’™*"

circular; it can be selectively depolymerized to either lactone or

hydroxyacid monomer, which can then be re-polymerized through

ROP or step-growth polycondensation, respectively.** None- Enzym atic recycling PHAs

theless, the focus of P3BHB EoL management has been pyrolytic

degradation to selectively yield crotonic acid, considered a plat- Large scale biomass turnover is dependent on a wide range
form chemical. It can be used in coatings, paints, textiles, and of microorganisms that have evolved to produce enzymes that
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penetrate and deconstruct polyesters.”> While some of these
enzymes have long been known to cleave ester bonds in
synthetic polyesters,”® the discovery of a bacterium with the
remarkable ability to utilize PET as a sole carbon and energy
source® spawned multiple campaigns worldwide to apply
advanced discovery and engineering approaches for improved
enzymes for the conversion of waste polyesters to their respective
monomers.” " In other microorganisms, PHAs are utilized
directly as carbon and energy storage, and thus have a unique
suite of enzymes for both their synthesis and depolymerization.'%>
Combined with the identification of multiple organisms that
secrete PHA depolymerases, there is a large natural diversity of
intracellular and extracellular enzymes available to characterize
and adapt for industrial recycling processes.'**"'** After compost-
ing, enzymatic hydrolysis is the most well studied downstream
recycling process reported for PHA materials with hundreds of
reported enzymes in the literature that can break down PHA
polymers to monomer constituents. %>

Several companies (e.g., Carbios, Samasara Eco, Protein
Evolution Inc.) are engaged in the enzymatic deconstruction
of waste PET packaging and textiles at industrial scale, with a
50 000 metric-ton per year facility currently under construction
in France. While this scale has not yet been realized for PHAs, the
potential for low energy, low waste, enzymatic process develop-
ment remains an attractive option for the conversion of EoL PHAs
back to monomers or microbial feedstocks. The drive for PHAs
with material properties that match or exceed those of current
polyolefins creates an opportunity to mitigate some of the current
challenges for mixed-plastics recycling.'® The scale-up of techno-
logies that can depolymerize and process a range of mixed
polyesters will not only support the transition from fossil-based
PET to recycled PET, but it will accelerate recycling technologies
that can maintain compatibility towards new PHAs.

With respect to circularity, we note that engineered enzymes,
when combined with chemical approaches, offer alternative routes
towards a wide spectrum of monomer synthesis and bespoke
modification for PHAs with enhanced material properties. Alter-
natives to fermentation processes could take advantage of
advances in cell-free processes and scale-up, offering potential
benefits from a technoeconomic perspective.'® While these devel-
opments further embolden an exciting materials engineering
space, the impact of selective modifications on the biodegradative
properties of new PHAs should be considered and tested
carefully."" Biological deconstruction of polymers, in both con-
trolled and environmental scenarios, is intrinsically linked to the
designed polymer properties.'”” Thus, parallel research avenues
that pair novel synthesis routes with EoL deconstruction solutions,
ideally guided by integrated LCA, will hopefully help to avoid
unforeseen negative environmental impacts in the future, and
ensure true circularity.

Future outlooks

We see the development of both chemical (solvolysis, depoly-
merization) and biological (enzymatic) polyester recycling
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technologies as an opportunity complementing emerging
chemo-catalytic and biological PHA production pathways.
While composting and biodegradation are simple and pre-
ferred to conventional incineration and landfilling waste man-
agement, issues relating to capacity, compost health, and
emissions may become prevalent with increasing volume of
PHA production and subsequent post-consumer waste. We thus
emphasize two major points in the future development of PHA
materials: (1) a circular materials economy will require efforts
in aligning current and future application-oriented PHAs with
reclamation and recirculation principles as a top priority, and
(2) avenues of PHA production must maintain a high degree
of convergency when considering structural derivation for
application-specific needs. When practiced, these principles
both mitigate waste-stream complexity following recycling
and promote the sequential waste management of recycling-
first, composting-second, and environmental degradation-
third. To these ends, we note practical (potentially linked)
chemical and biological pathways for funneling recycling pro-
ducts to serve as feedstocks in next-life materials. ML predic-
tion platforms and accompanied experimental feedback loops
can play a significant role in the expedited discovery, design,
and synthetic feasibility of functional and circular PHA-based
materials, but more work is necessary to account for key
structural factors such as stereomicrostructures. Overall, global
efforts amassed on computational, experimental, and waste
management fronts indeed support PHA adoption to the com-
mercial landscape and must be united to translate these
materials to scalable recycling infrastructures. It is our hope
that this perspective will aid in coupling green chemistry
principles between polymer and waste-stream as the field
continues to innovate.
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