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ABSTRACT: Plastics, with their ubiquitous presence in our daily
lives and environment, pose an uncomfortable conundrum.
Producers and consumers are aware of the value of these organic
ingredients in material flow, yet their persistence and disruption to
the ecological milieu desperately stipulate a shift in the status quo.
Biodegradable plastics—as the name suggests—has its appeal in
ensuring the safe return of carbon to ecosystems by complete
assimilation of the degraded product as a food source for soil or
aquatic microorganisms. However, despite more than a decade of Application
commercial presence, these plastics are still far from replacing the Development
demand for fossil-fuel-based commodity plastics. We discuss this

apparent disconnect herein through a material value chain

perspective. We review the current state of commercial

biodegradable plastics and contrast it against the desired state of the zero-waste-focused circular economy. To close the gap, we
suggest critical research needs concerning the structure and properties of biodegradable plastics, testing standards, application
development, and waste management. The ultimate success in displacing conventional plastics with biodegradable alternatives will
be predicated on collaboration between all stakeholders across the product value chain.
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1. INTRODUCTION to degrade. In the marine or terrestrial setting, mechanical forces
of waves, UV light, or the abrasive force of sediment grains may
disintegrate the plastics article, reducing their physical
dimension by physical or physio-chemical mechanisms without
addressing the concerns of persistence. In contrast, biode-
gradation invokes an ideal vision of matter, lapsing back into
nature without leaving a visible residue. Biodegradability draws
attention to how things become “nonthings”."” It is no wonder
biodegradable plastics offer such promise.

As public awareness around environmental issues such as
marine plastic pollution and global warming continues to
grow,”"'™"* biodegradable plastics are rapidly advancing in
consumer markets. Still, unanswered critical issues have
hampered the progress of biodegradable plastics. They have
been commercially available for several decades; however, this
niche market is challenged with a variety of headwinds such as

Plastics are the definitive symbol of consumer culture with their
convenient, cheap, and versatile value proposition. However,
plastics are also inexorably linked with persistency, toxicity, fossil
fuels, and climate change.'”* While plastics are not the sole
culprit in the modern solid waste crisis, they are perhaps the
most visible component. Single-use plastics’’ exacerbate the
problem because of their short life with the consumer. Although
the useful lives of durable plastics—such as Lego blocks and
reusable water bottles—may be as long as several years, the
useful lives of others—such as candy wraps, sachets, or food
wrappers—can be as brief as a few minutes. Fortunately, because
of the sheer volume of plastics in solid waste streams, even
relatively slight improvements can make a significant difference
in the extent of the solid waste crisis.

There is no question that the accumulation of visible
plastics—mountains of plastic articles in oceans, waterways,

and fields—has captured the attention of scientists, media, and Received: February 4, 2021 Sistalnable
[

Chemistry: Enginegring

the general public for some time now. More recently, the Revised:  April 6, 2021
accumulation of nonvisible plastics—so-called microplastics and Published: April 30, 2021
nanoplastics—is increasingly understood to have perhaps even

more dire consequences”’ in the ecosystems. Conventional

plastics do not easily degrade, in fact, they were never formulated
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Figure 1. Conceptual model of biodegradable plastics from a material value chain perspective. Biodegradable products, surviving the lifetime of a
product, are expected to be completely mineralized in a contained waste management system with triggers induced in those media. However, plastics,

irrespective of their nature, inadvertently leak into the environment.

high prices, poor performance, lack of industrial infrastructure,
and inconsistent quality standards. New biodegradable plastics
are being publicized, accompanied by the consistent withdrawal
of other biodegradable products. Also, key companies are
entering and exiting this market, which is often representative of
new products/markets. New entrants, tightening environmental
restraints, and confusing terminologies, among other factors,
shape the dynamics of the market. This combination of issues
prompts an up-to-date review of the current state-of-the-art
technology with an emphasis on knowledge gaps and research
needs.

Without a doubt, it is a challenging task that biodegradable
plastics set to achieve. Products must survive the entire value
chain with a negligible ecological impact, but after disposal in a
contained environment, they must completely assimilate as a
food source for soil microorganisms, thereby ensuring the safe
return of carbon to the ecosystem (Figure 1). Decades of
product development efforts were diverted to optimize shelf life
stability without considering end-of-life fate. In this modus
operandi, sustainable end-of-life criteria pose a seemingly
paradoxical challenge. Even if we ascertain this monumental
structure—performance—price trade-off, in this context, a key
question lingers: will the current biodegradable product meet its
goal if it leaks into the environment or if it is disposed of in an
nonideal manner, such as in a landfill where greenhouse gas
emissions will not be controlled? These queries led us to cast a
critical eye across the academic, trade, and policy literature and
embrace a holistic view rather than a fragmented interpretation.
This perspective—balancing crisis and opportunity—surveys
the field, providing succinct summary accounts of current
practices, along with a wealth of new research needs for these

products to shape, unsettle, and exceed the negative perception
of plastics. The productive implementation and consumer
acceptance of biodegradable plastics demands a multidiscipli-
nary collaboration involving all parts of the value chain.

2. SCOPE AND METHODOLOGY

In this perspective, we describe the current commercial state of
biodegradable plastics with an analysis of the public databases of
certified products. We focus specifically on enzyme-mediated
biodegradation of plastics. To clarify the confusion between
degradation, biodegradation, and compost, readers are referred
to Figure 2. The broad definition of degradation encompasses an
irreversible change of materials” chemical and physical proper-
ties influenced by multiple environmental factors.'* Biodegra-
dation is a subset of degradation involving mineralization by
microorganisms primarily to CO,, H,0, and CH,, which are the
final products of aerobic or anaerobic degradation. Compost is

A

Degradation

B.

Bio-based / Biodegradable

iodegradation

arine
Concerns around Concerns around
the feed-stock of the " the end-of-life fate of

Compost [ the polymers

Figure 2. (A) Distinction between degradation, biodegradation, and
compost. (B) Difference between the biobased and biodegradable
polymers.
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one possible biodegradation medium along with water, soil, and
marine (Figure 2A). Abiotic processes that occur in the natural
environment, such as hydrolysis or oxidation, can accelerate
degradation, and biodegradable polymers can be designed to
have cradle-to-cradle life cycles.'> Biodegradable plastics come
with discrete labeling relating to the preferred end-of-life
treatments (industrial compost, home compost, soil, water, or
marine) and are distinct from biobased products. The biobased
designation concerns the source of raw material, and it has very
little to say on the fate of the product in different environmental
conditions. Biobased products may offer different end-of-life
possibilities such as biodegradability or compostability, which is
often considered as an important environmental advantage and
cardinal product functionality. However, not all biobased
products are biodegradable or compostable (Figure 2B). We
have excluded biobased products that are not biodegradable
from the focus of this perspective.

To give the readers a sense of major issues in the field of
biodegradable plastics, we have been selective rather than
exhaustive. While we discuss most of the major contributions in
the field, we focus primarily on depicting a holistic system-level
view with multiple stakeholder involvement. This comprehen-
sive view differentiates the scope and breadth of this persgective
from the already published review articles in this field.'°~** In
addition, while the reader should certainly draw inspiration from
the existing literature regarding biodegradable polymers for
medical or in vivo applications™~>*—indeed, the development
of biodegradable polymers has been driven substantially by such
applications—we focus specifically on biodegradable polymers
applied as alternatives to environmentally persistent, non-
degradable commodity plastics.

We do not discuss additive-mediated degradation of conven-
tional “oxo-degradable” plastics (e.g., polyolefins with transition
metal catalyst) as such pro-oxidant additives that are not proven
to be effective for complete mineralization,”® and their
mechanism is distinct from the enzyme-mediated biodegrada-
tion process.

3. PROMISE OF BIODEGRADABLE PLASTICS

Society responded to the challenge of accumulation of plastic
wastes in the environment by producing biodegradable plastics.
Unfortunately, the promise of biodegradable plastics has been
obfuscated by greenwashing.””** Here, we propose four distinct
scenarios.With each scenario, we reason a case for biodegradable
plastics.

Scenario 1: Some Pastics Are Difficult to Recycle. The
need to divert plastics from landfllls is aggravated by difficult-to-
recycle materials such as multilayer packaging, food waste,
partially degraded or contaminated agricultural products, or
other organically soiled packaging. For example, at festivals and
sporting events, traditional plastics (e.g, nonbiodegradable
foodware) along with food residues and leftovers form assorted,
nonseparable, and nonrecyclable waste in a collection stream,
where plastic and food residues coexist and contaminate each
other.”” Under these situations, the only fate of these
contaminated plastics is either landfills or incinerators. However,
if foodware (or other contaminated plastics) is compostable
then the heterogeneous waste becomes homogeneous from a
solid waste management perspective and can be handled
through composting. Hence, in this and many other examples,
biodegradable plastics promise to increase the available end-of-
life options by diverting landfill accumulation or incineration to
compost. Compost serves the dual purpose of being a long-term
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biofertilizer and soil conditioner. The high temperature resulting
from industrial composting guarantees the elimination of
pathogens and thus removes the environmental risk of applying
compost in the soil.>"~** This zero-waste model®® has seen
tremendous success especially at community, sporting, and
other large-scale events where reusable foodware and the
separation of food waste are not economical or logical.
Extrapolating from this case, the advantage of using compostable
plastics is evident when there is a risk of cross-contamination
between plastics and organic waste. Also, conventional non-
degradable, noncertified commodity polymers represent
potential contamination of the organic waste stream with a
serious source of microplastic in the soil.>***

Scenario 2: A Landfill Is an Unsustainable Way of
Waste Management. End-of-life plastics are amassing in
landfills resulting in both management issues and environmental
harm.***’ Plastics occupy 5—25 wt % of the total waste in
landfills.*®* Accumulation, uncontrolled methane release, and
leakage of plastics from the landfills exceed the estimated 8
billion USD economic loss’”*’ in the USA. European
legislation®' (2008/98/EC Waste Framework Directive) and
the U.S. Environmental Protection Agency (EPA) placed
landfills as the least preferred waste management option.
Without a doubt, the system of collecting, landfilling, and
incinerating waste is a costly one that contributes to global
warming and creates toxic air and water pollution. Put simply,
composting of biodegradable plastics provides alternative end-
of-life waste management options by diverting the amount of
trash sent to landfills and incinerators.*”

Scenario 3: Every Material Has a Finite Mechanical
Recycling Capability. Mechanical recycling, despite its
apparent simplicity in implementation, has several drawbacks.
Consumer-discarded plastics are heterogeneous. Either they are
contaminated with multiple constituents® or the additives
present are difficult to recover.** Further, the recycled plastics
suffer from a loss of quality with each processing cycle as
mechanical recycling imposes deteriorated performance in
plastic articles.*”*® Aiming toward environmental nonpersis-
tence through biodegradable polymers is unarguably a superior
alternative if we fail to close the loop with mechanical recycling
efficiently.

Scenario 4: Plastics Do Leak into the Environment.
Biodegradable plastics are designed to mineralize in a controlled
waste management environment. However, littering is an
uncontrolled event without the space—time constraint, making
it pertinent to different environments.”” Larger plastic litter,
including everyday items such as drink bottles and other types of
plastic packaging, as well as synthetic textiles, migrate to the
ocean from land-based sources (Figure 1). Regardless of any
improvement in our collection systems, leakage of plastics is
unavoidable.*”*® Unlike the other three scenarios, this situation
straddles a thin boundary between minimizing the impact of
accidental leakage and encouraging intentional littering.
Biodegradable plastics can alleviate the impact of accidental
leakage by lowering the likely permanence time and the risks
associated””*” with the product’s persistence and accumulation.
However, this tacit assumption is not an excuse to litter. We
revisit this dilemma in Section 5.4.4.

4. CURRENT STATE

Commercial biodegradable plastics are marketed through a
certification (or labeling). Certification of the marketplace
products establishes the credibility of sustainability claims. In an

https://doi.org/10.1021/acssuschemeng.1c00801
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Table 1. Brief Summary of Certified Products from TUV Austria Database®®

No. finished products No. raw materials

Main constituents Maximum thickness

Industrial compostable 1463 496 PLA, PHAs, PBS, PBAT, Thermoplastic starch, Regenerated Cellulose, 3.3 mm
Cellulose Acetate
Home compostable 739 187 PBAT, Thermoplastic starch, PHAs, Regenerated Cellulose, Cellulose 1.1 mm
Acetate
Soil 23 52 PHAs, Thermoplastic starch, Regenerated Cellulose, Cellulose Acetate Not required”
Water 1 20 Regenerated Cellulose, Cellulose Acetate, PHAs S mm
Marine 0 20 Thermoplastic starch, PHAs N/A

“TUV Austria does not impose any disintegration criteria for soil biodegradable products.

alternative perspective, the certification translates a set of
complex information (lab test protocol, test results) into an
easily understandable message across the value chain. Each
product (even with the same raw material) needs a separate
certification as their composition and end-of-life degradation
profile can be different based on the thickness, size, and minor
constituents. Generally, the certification process follows three
steps. First, the brand owner recognizes the brand to certify and
which certification to obtain based on the customer need.
Second, a third-party testing laboratory (OWS, AIMPLAS,
Innovhub SSJ, etc.) conducts the test following the prescribed
test protocols by the International Organization for Stand-
ardization (ISO), American Society for Testing and Materials
(ASTM), European Committee for Standardization (CEN),
and others.’°™* Third, the certifying body (DIN Certco,
Biodegradable Products Institute (BPI), TUV Austria, and
others) reviews the data from the third-party testing lab and
makes the decision on certification.

In biodegradation testing, several critical aspects need
attention. The first is that biodegradation should principally
be determined by measuring carbon to carbon dioxide
conversion (and methane in case of anaerobic conditions).
For aerobic conditions, oxygen consumption is a good
alternative to carbon dioxide titration. Other parameters, such
as weight loss, decrease of molecular weight, and deterioration of
mechanical characteristics, are only secondary parameters and
are not definitive proof of complete degradation. A second
important aspect is the necessity to specify the testing
environment, as both the level and rate of biodegradation can
be different from one environment to another. For example,
poly(lactic acid) (PLA), a commonly known industrially
compostable plastic, exhibits limited degradation in anaerobic
landfill or soil medium.>®

A summary of certified products is provided in Table 1.
Several insights can further be drawn from the detailed analysis
of these products:

(a) Out of all possible biodegradation media (Figure 1A), the
industrial compost environment is the most prevalent
among brand owners because it can easily be introduced
into the current organic waste management systems, and
it is the most aggressive medium for plastic degradation.
In general, in terms of microbial diversity and the rate of
biodegradation: industrial composting > home compost-
ing > soil > water > marine. The number of certified
products for each media type indirectly confirms this
observation.

(b) The size of an item (i.e,, thickness) is a critical factor in
determining the certification. Unsurprisingly, the greater
the thickness of the article, the longer it takes to

disintegrate and biodegrade in the environment.
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(c) PLA is certified only in an industrial composting
environment. Poly(hydroxyalkanoates (PHAs), starch,
and cellulose or cellulose derivatives are certified for a
significantly broader range of environments.

(d) Garden, agricultural, and horticultural applications

dominate the soil biodegradable application list, while

food packaging products dominate the compostable
products list.

(e) No acceptable test standards exist for the marine medium,

but still, there are significant product development efforts

in those areas. Although there are no ASTM standards for
home composting, there are French (NF T 51-800) and

Australian standards (AS 5810) for home compostability

available.

The commercial spectrum of compostable plastics is
dominated by aliphatic polyesters and copolyesters (PLA,
PHAs), polybutylene succinate adipate (PBSA), polycaprolac-
tone (PCL), polyglycolic acid (PGA), aliphatic aromatic
polyesters (polybutylene adipate terephthalate (PBAT)), and
carbohydrates (cellulose, cellulose acetate, starch, starch
blends). Global consumption of biodegradable polymers was
335,000 tin 2017.”” Western Europe remains the largest market
for biodegradable polymers (52%), followed by Asia and
Oceania (25%) and the U.S. (22%).

Figure 3 outlines the main applications of compostable
products based on BPI certification. Foodware, dishes, cutlery,
and bag sectors are the major end-use markets, as well as the
major contributors for biodegradable polymer consumption.
Bans on single-use nondegradable plastic bags remain the most
popular policy interventions by governments, and often,
biodegradable plastic shopping and produce bags surface as an

Foodservice | 6093
Bags [ 1068
Packaging - 472
Components . 268

Main applications of industrially compostables

Hot cups Clamshells
i Cutlel Loosefill packagin
Re.sms . 260 Cold ?Lps Cold drink lids b
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Figure 3. Current landscape of application for industrial compostable
products. The figure is generated from the analysis of Biodegradable
Plastics Institute (BPI) certified industrial compostable products
database.®® BPI has over 8000 certified industrial compostable
products.
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Figure 4. Roadmap to biodegradable plastics.

alternative. Kitchen waste bags are the second-largest end-use
segment for biodegradable polymers. The gradual expansion of
composting systems and increasing interest in diverting organic
waste such as leaves and grass clippings and food scraps from
landfills contribute to the growth of this application. The
development of starch-based loose-fill packaging is the major
reason for the growth in the foam packaging market replacing
polystyrene foam materials. Currently smaller but potentially
larger volume markets for biodegradable polymers include
agriculture and horticulture (mulch films, plant pots, land-
scaping groundcovers, and more) applications. Paper coatings
(extrusion coatings for paper and paperboard for use in cups and
cartons), adhesives, colorant, ink for printing, or other additives
and minor constituents are growing their share due to the
requirements of the certification bodies. Other significant uses
include textiles and nonwovens, restorable medical devices
(implants, sutures), downhole materials for oil and gas
processes, and filaments for additive manufacturing. Legislation
is the single most important driver’” for biodegradable
polymers. For example, bans or taxes on the use of non-
biodegradable shopping bags in Italy, France, or coastal cities
have led to a substantial surge in the consumption of
biodegradable plastics.” In contrast, the growth of biodegradable
polymers is slow in places that lack mandates.

5. BARRIERS/RESEARCH NEEDS

Industries have successfully developed and promoted compo-
stable, soil biodegradable, and water biodegradable products
(Section 4) in response to the scenarios where such products
have the strongest case in the material value chain (Section 3).
However, some of the lingering questions remain. Why do the
compostable plastics end up in landfills? Are biodegradable
plastics promoting an alternative to sound waste management
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practices? How are formulators handling these new classes of
materials? These questions have, of course, been around for a
long time. What is new these days is an influx of ideas, tools, and
methodologies outside of traditional chemistry, including
microbial ecology, polymer physics, and process science. We
acknowledge the current state based on the certified products in
the marketplace and speculate the desired scenario based on the
goal and aspirations of a circular economy and other sustainable
models.”” "% To close the gap between the current and desired
states, we present the barriers and subsequent research needs in
the context of product development, product realization, and
waste management efforts. Figure 4 laid out the roadmap by
organizing these intertwined research needs. While identifying
these 16 research needs, divided over four focus areas, an
emphasis has been placed on recognizing significant accomplish-
ments in the relevant directions. To build on those findings, we
advocate collaborative research to translate those knowledge,
methods, and insights into the other parts of the value chain.

5.1. Focus Area 1: Structure and Properties. Biodegrad-
able polymers inherently carry a greater concentration of
heteroatoms than their fossil-fuel counterparts like polyethylene
and polypropylene. In addition, biodegradable polymers are
often derived from feedstocks considered inferior to their
petroleum-based counterparts in several aspects. We identify
four areas where these challenges can be addressed.

5.1.1. Mechanistic Understanding. The term biodegrada-
tion involves biological activity. If we assume biodegradation is
an isolated event, devoid of any environmental variables, three
well-defined® sequential steps—biodeterioration, biofragmen-
tation, and assimilation—can be conceived. However, in the
natural environment, biotic and abiotic factors synergistically
affect biodegradable polymers in a complex interplay of
processes and chemistries (Figure 5).°* Conceptually, all these

https://doi.org/10.1021/acssuschemeng.1c00801
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Figure S. Multivariable space of biodegradation. Microbe—environment—polymer dialogue is dependent on the interplay of abiotic and biotic factors.

aspects can influence the microenvironment (pH, redox
potential), interfacial chemistry, and inherent chemistry and
physics (chemical composition, crystallinity, polydispersity) of
the polymers. Hence, augmented environments in the form of
chemical, biological, or mechanical pretreatments (as discussed
in Section 5.4.3)—conducive to deterioration and fragmenta-
tion—remain attractive methods to achieve the optimal
pathways for microbial metabolism.

Microscopic fungi and bacteria or other biological agents
(such as earthworms, insects, roots, and rodents) can also
fragment the product. To ascertain the microbial assimilation,
Zumstein et al.®> have reasoned that both CO, evolution (in
aerobic degradation) and incorporation of polymer-derived
carbon into microbial biomass are essential to track carbons.
They used "*C- labeled PBAT and nanoscale secondary ion mass
spectrometry to show microbial assimilation of the labeled
carbon from the polymer.

Despite the heterogeneity and diversity of the environmental
conditions, several basic mechanistic principles can be
extrapolated to all classes of biodegradable polymers:

(a) For aerobic biodegradation, water is crucial. Hydrolysis of
the material proceeds either via a bulk or surface erosion
mechanism. In bulk erosion, the degradation process
takes place throughout the thickness of the final article,
whereas surface erosion proceeds through a decrease in
thickness. Different polymers exhibit different dominant
rnechgénisms, based on water diffusivity and reaction
rates.

(b)

(c)
(d)

The higher the surface area is, the greater the rate of

. ¢ . . 67
microbial degradation is.

Soil biodegradation follows the Arrhenius equation.*®

Microbial degradation rates are enhanced in polymers
. s 69 1. .
with lower glass transition temperature,” higher loading
of plasticizers,”” and lower crystallinity,” each of them

contributing to faster rates of diffusion.

Nevertheless, as described in an excellent review by Laycock
et al,”' our understanding of all interdependent factors
controlling degradation in natural environments is not yet
sufficiently advanced to permit a lifetime prediction of
biodegradable polymers. Such examples of mechanistic under-
standing in the natural environment applicable to realistic
conditions need to be expanded not only to better predict the
biodegradation (as discussed in Section 5.2.4) but also to aid in
designing a degradable polymer (as discussed in Section S5.1.4.).
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5.1.2. Alternative Feedstock. The feedstock of biodegradable
polymers—mostly derived from food or another natural
source—remains a consistent concern. Agricultural feedstocks
raise a serious question around the long-term sustainable
prospects.”” Alternative solutions can come from effective
utilization of renewable feedstock or waste.”*~"’

The cheap price of the plastics is attributed to the often-
overlooked advantage of the platform approach.”® The starting
material of commodity polymers—ethylene, propylene, butane,
benzene, toluene, xylenes, and methanol—are used in multiple
applications, and they are sourced from a byproduct of the oil
refinery industry. In addition to technological leveraging, these
platform chemicals benefit from an economic advantage in
which multiple products share investment and infrastructure
costs without customized production requirements. To mimic
or displace fossil-fuel-based plastics with biobased biodegrad-
able plastics, we need a similar approach buoyed by deep
mechanistic understanding. The biorefinery concept analogous
to the conventional concept of an oil refinery has potential
provided the resulting processes reduce costs, ensue alternative
teedstocks, or obtain more valuable organic materials. One of the
emerging trends is the combination of two or more waste
streams that could avoid the requirement of additional synthetic
streams and/or compensate for the nutrients balance in the
process.”” This includes a pretreatment phase to adjust the waste
material to an appropriate feed stream. In the future, the
integration of PHA production into processes such as
wastewater treatment plants, hydrogen production, or biodiesel
factories could enhance its implementation at an industrial
scale.””

Capture and utilization of carbon dioxide (CCU) technology
to drive the sustainable production and consumption of
biodegradable plastics™ may represent another option in the
right direction; it also would avoid the unwanted competition of
the plastics industry with the world’s food supply.

Tang et al. reported®’ a novel catalytic method to produce
copolymers of PHA from the diastereomeric mixtures of
monomers. This method avoids the need for a wasteful
separation process with an added benefit of enhanced ductility
and toughness.

5.1.3. Alternative Materials. To compete with the versatility,
performance, and volume of commodity plastics, a continual
search for alternative biodegradable plastics should be directed
toward a new backbone or side-chain chemistry (or both). The
commercial and academic efforts are dominated by aliphatic
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Figure 6. Test methods and certification for industrially compostable plastics. To be certified as an industrially compostable product, each product

needs to go through the four test methods.

polyesters based on glycolic acid, lactic acid, and similar a-
hydroxy acids or plant-derived polymers.** This lack of diversity
is a serious problem because a wide range of degradable
materials will be desirable so that the structure—property
relationships can be appropriately matched to the specific and
unique requirements of each biodegradable application. Some of
the recent notable efforts in searching for alternative potential
biodegradable materials include the following: (1) utilization of
seaweed polysaccharides, such as alginate and carrageenan,*
(2) microalgae-based plastics,””** (3) 2,5-furan dicarboxylic
acid-based polyesters,” and (4) salicylic acid-based aromatic
polyesters.*®

When designing new biodegradable chemistries, special
attention needs to be paid to their processing condition (as
discussed in Section 5.3.3). For example, proteinaceous material
offers a rich combination of functionality and sustainability.
However, denaturation, cross-linking, and plasticization are
generally unavoidable aspects of protein processing that results
in a substantial compromise of the final property.”’ ™’

5.1.4. Engineered Degradation. The design of polymers that
are robust and durable in use yet readily degrade if discarded
indiscriminately in the environment presents a functional
dichotomy (Figure 1). One potential tool to address this
dichotomy is to tune the degradation profile of the plastic (while
meeting the requirements of a specific application, see Section
5.3), that is, to develop plastics that are carefully engineered to
degrade. Consider, for example, work from Hakkarainen et al,”®
in which caprolactone/1,5-dioxepan-2-one (CL/DXO) copoly-
mers with various random and block architectures were
synthesized. They found that the placement of the more
hydrolysis-sensitive DXO units profoundly impacted degrada-
tion characteristics of the copolymers in buffered aqueous
media. In a similar vein, Terzopoulou et al. reviewed”' progress
in polyesters based on furandicarboxylic acid, noting several
pertinent examples in which copolymerization affects degrada-
tion in different media. Likewise, Kumar and Maiti have
reviewed’” the impact of nanoparticles on biodegradation of
various biodegradable polymers, identifying scenarios in which
degradation rates are both increased and decreased. Very
recently, Giundani et al.”* showed that copolymerization of CL
with globalide and subsequent functionalization of the globalide
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unsaturation by N-acetylcysteine leads to enhanced degradation
in enzymatic assays and in activated sludge.

These examples, and many others, indeed illustrate how
biodegradable plastics can be engineered to degrade. However,
we further stress that there exists a vast, unexplored parameter
space regarding application of the same principles to tradition-
ally nondegradable polymers. For example, if a hydrolytically

4,95
”> can the

sensitive unit is copolymerized with a polyolefin,”
resulting material be designed such that oligomeric products of
hydrolysis become bioavailable in compost? For inspiration, we
highlight a recent, excellent piece of work from Haider et al,”*in
which orthoester and octadiene sequences were copolymerized
and hydrogenated to polyethylene mimics; the unsaturated
precursors were shown to exhibit enhanced and tunable
hydrolysis rates, although the hydrogenated mimics were not
biodegradable under the test conditions employed, leaving a
clear opportunity for further development. More generally, can
emerging and established principles borrowed from self-healing
materials, controlled release, sensory amplification, and transient
electronics be translated to engineer degradation?

In advancing such concepts, we must reiterate the importance
of participation from stakeholders across the value chain. A
cautionary tale involves oxodegradable plastics. These plastics
were introduced into the market as biodegradable materials and
saw significant commercial success, yet due to a lack of
appropriate testing and certification (Section 5.2) coupled
with subsequent research showing that such products merely
fragment,”® withdrawal of such products is anticipated. To avoid
this fate, the introduction of new plastics engineered for
degradation must be thoroughly supported by fundamental
studies, most crucially concerning the corresponding degrada-
tion pathways (Section S.1.1), degradation in realistic
conditions (Section 5.2.2), ecological fate of partially degraded
products (Section 5.3.4), and potential consequences of littering
(Section 5.4.4).

5.2. Focus Area 2: Testing. The lack of complete
mechanistic understanding and the heterogeneity of the test
medium establishes a need for standard test methods. Despite
tremendous progress, the multivariable nature of the test
medium and our evolved understanding prompts research needs
in four primary directions.
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5.2.1. Adherence to Standard Test Protocols. As Haider et
al.*” and others”””® have pointed out, in primary literature, the
term “biodegradable” is frequently misused, abused, or
misinterpreted where the term is in the title or main texts,
without any proof or degradation tests being discussed in the
actual paper. In some cases, the degradation conditions are often
harsh (high temperatures, extreme pH values) or not environ-
mentally realistic (isolated and enriched microorganism/
enzymes). To circumvent misunderstanding and incorrect
claims, the degradation process needs to strictly adhere to the
standard test protocols (Figure 6). Standards are not perfect and
deserve scrutiny, but they provide a foundation for a structured
database, improve transparency, and increase the reproducibility
of the test results across the test laboratories. Standard
development is a collaborative, comprehensive, and continual
process where the developing test methods are critiqued,
approved, and published by recognized standardization bodies.
Standardization processes exist at national, continental, and
international levels, for example, American Society for Testing
and Materials (ASTM), European Committee for Stand-
ardization (CEN), and International Organization for Stand-
ardization (ISO), respectively. The practice of using correct
terminology—to describe and differentiate the multiple path-
ways of degradation—requires formal education, communica-
tion, and training by the publication bodies.

For example, the testing and certification of industrially
compostable plastics, as illustrated in Figure 6, provide a
framework for designing a formulation appreciating the whole
disposal lifecycle of the product. Compostable products,
through the disintegration and inherent biodegradation process,
should not leave any impact on the ecological system. The only
way to ensure that is to follow the testing protocols developed by
the standard bodies.

5.2.2. Gap between Lab and Field Tests. The gap between
the lab and the actual environmental test is self-evident. The
variables in the lab are well defined, controlled, and
reproducible. In contrast, polymers are subjected to multiple
assaults that are interrelated (discussed in Section 5.1.1) when
they are in the environment. This universal paradox is
paramount where microbes are an integral and instrumental
part of the process. Replication of the microbial ecology—
population, diversity, and dynamics—from the field to the lab is
a monumental task. An additional issue becomes apparent when
recognizing that, in a natural environment, the polymer may not
be the preferred substrate in the presence of alternate
nutrients.”” Lab inoculum may be capable of degrading
polymers, but the laboratory tests were limited to these specific
microorganisms, where the tested polymer was the sole carbon
source for the microorganism. Lab test—field experiment
integration initiated by waste management contractors and
standardization bodies will close the gap.

Here, we illustrate the crux of the challenge for the example of
a centralized industrial compost environment (Figure 7).

Each of the compost medium variables (pH, temperature,
moisture content, aeration rate, feedstock composition) does
impact the environmental degradation process of the polymer
and the diversity of the microbial consortia. For example, higher
pH, temperature, and moisture, in the initial stages of
composting, accelerate the hydrolysis of the polymer backbone
or side chain with alkaline hydrolysis."”” A typical composting
process has three steps:
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Figure 7. Gap between the laboratory and field tests, relevant to the
composting environment.

1. Mesophilic phase (25—50 °C, pH 7-8): lasts for 2—3
days with mesophilic bacteria and fungi as the dominant
microbial species.

. Thermophilic phase (temperature 60—70 °C, pH 8—10):
lasts for 10—15 days, where the thermophilic bacteria,
actinomycetes, and heat-tolerant fungi survive.

3. Another mesophilic phase (25—50 °C, pH 7—8): lasts for

a couple of months, dominated by mesophilic bacteria,
actinomycetes, and fungi.

Actinomycetes are responsible for the earthly smells of
finished compost and may overwhelm bacterial populations by
producing antibiotics. Fungi thrive in acidic, poorly aerated, and
cold environments. Anaerobic organisms may survive in the
anoxic pockets of the compost. As a general guideline, the variety
of organic feedstock determines microbial diversity and
population growth.'”" A critical balance of feedstock, turning
frequency, aeration, and temperature is instrumental for a good
quality of compost with optimum C/N ratio, Oporosity, electrical
conductivity, pH, and moisture balance.'” Importantly, a
significant margin””'°~'%* for optimization exists to facilitate
the conducive environment for organic waste mineralization
without sacrificing compost quality. The scenario described here
presents a strong case to complement lab-scale biodegradation
tests with pilot or industrial-scale composting studies.

The development of a reliable test method in soil and marine
media present the same issues but in a much larger spatial
dimension. Accordingly, a clear distinction between the purpose
of laboratory tests (to establish the intrinsic biodegradability
under optimal conditions) and the environmental condition (to
establish the nonpersistence of plastics) needs to be made. A
simulated or mesocosm test media that links the laboratory test
and field test is relevant especially where there is a gap between
the scale of those two media. Miiller’' addressed this by
introducing a three-scale approach, and the Open-Bio Test
Development Effort'”® adopted a laboratory-mesocosm-field-
scale test to evaluate marine biodegradation with environmental
significance.

5.2.3. Lack of Test Methods for Marine Biodegradation.
Currently, few test methods for the assessment of the
biodegradation of materials in the marine environment are
available from ISO and ASTM. No European CEN test method
has been developed so far. The available test methods concern
the biodegradation under aerobic conditions. Two active test
methods from ASTM are ASTM D6691-17, which determines
aerobic biodegradation of plastics in the marine environment by
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a defined microbial consortium or natural seawater column, and
ASTM D7473-12, which only addresses disintegration. The
other standard, ASTM D7081-05, for nonfloating biodegradable
plastics in the marine environment, was withdrawn in 2014, and
no replacement has been proposed. In early 2015, the Belgian
private nonprofit agency, Vingotte (acquired by TOV Austria),
introduced a certification scheme for an “OK biodegradation
MARINE label” based on the criteria of ASTM D7081.

The challenges of developing a suitable comprehensive
marine biodegradation test method'**'% are multifaceted.
First, 80% of marine litter comes from land. Thus, the quest for a
standard on all-encompassing marine biodegradability of
plastics requires a consideration of the degradation profile
through the lifecycles of plastic litters.”” Second, the marine
medium itself is highly heterogeneous. The temperature varies
significantly, and microbial profiles'*® fluctuate based on the
many marine areas that are low in oxygen (hypoxic) or free from
oxygen (anoxic). Also, vast regions are covered with very fine
sediment (mud).'”” Third, a major difference between the
marine environment and soil is the consequence of biofouling'**
(colonization by micro- and macro-organisms) on the
biodegradation process, which has not been investigated in the
marine environment, and its effects remain essentially unknown.
Fourth, as compared to freshwater, soil, and compost
conditions, the marine environment, especially seawater, is
considered less aggressive but significant enough to promote the
release of dissolved organic carbon'®” from a biodegradation
point of view.

Open-Bio is a research project'®® funded by the European
Commission within FP7 (Seventh Framework Program for
Research and Technological Development). One part of the
project (WPS: in situ biodegradation) concerns the biode-
gradation behavior in natural environments: soil, freshwater, and
marine. Biodegradation in the sandy eulittoral (intertidal beach)
zone, in the sublittoral (benthic) zone at the water/seafloor
interface, and in the pelagic (free water column) zone are all in
consideration to develop a comprehensive marine biodegrada-
tion test method.

5.2.4. Lack of Predictability. Biodegradation of plastic is a
slow and natural process. The typical timeline for evaluating
biodegradation of plastics results from months to years.
Industrial compost tests run for three months, and soil
biodegradation is for two years, according to the ASTM, ISO,
and CEN standards. The process of new formulation develop-
ment becomes an excruciatingly long process. That sole reason is
a sufficient driver for predicting the biodegradation outcome.”"
The goal of lifetime modeling for all classes of polymers is to
predict the degradation rate, taking all-controlling variables as
input (Figure S). However, because of the interdependency of
all the variables, the aspirational goal of achieving a single-
unified predictive model is not a trivial task. Pockets of
knowledge from degradation chemistry, drug delivery, and
enzyme chemistry should be rendered by using the broader
framework of structure—property relations to relate macro-
molecular and chemical changes to engineering properties.”’

Abi-Akl et al."'” recently described the crux of the challenge
inherent to lifetime modeling, in that conventional scaling
arguments are insufficient due to the mutually inclusive effects of
physical and biochemical processes. They developed a
theoretical model that accounts for the biochemo-mechanically
coupled kinetics of polymer degradation. They produced
biodegraders and examined their capability to both dissociate
the material from its external boundaries and to penetrate it to
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degrade its internal mechanical properties. Their model
quantitatively captures the experimental results and reveals
distinct signatures of different bacteria independent of the
specific experimental conditions (i.e., particle volume and initial
concentrations). In a separate attempt,l ' with the degradation
of the marine oil spill as an example, a quantitative under-
standing of microbial community structure and function
relationship was attempted. Yadav and Hakkarainen''”
proposed the use of cellulose acetate (CA) as a model to
study the complex interplay between structure, environment,
and degradation. CA is produced from a highly biodegradable
and chemically robust cellulose backbone through acetylation of
some of the hydroxyl groups. The environmental and microbial
process introduces a structural change as the lower degree of
substitution alters the degradation rates and fate in different
environments.

5.3. Focus Area 3: Application Development. Applica-
tion development of a biodegradable plastic is a challenging task
where the performance requirements of the application need to
be balanced with the end-of-life degradability requirements
(Figure 8). Primary challenges include the expectation of the

Wat 1
g ek 1 Water
Oxygen 1
¥9 1 Oxygen
Microb 1
c1obes 1 Microbes
Carbon dioxide 1
- ! Nutrients
1
Grease I UVlight
UV light )]

Barrier requirements Disposal requirements
of a packaging of a biodegradable
packaging

Figure 8. Conflicting performance requirementsof a biodegradable
product. We have illustrated the paradox with an example of
biodegradable packaging where the same variables that are instrumental
for biodegradation are detrimental during consumer use and shelf life.
Solid lines indicate impermeable criteria of the variables, and the dotted
line indicates the facile diffusion criteria during waste management.

formulators to utilize the new materials in their existing
equipment and processes and lack of understanding of the
certification requirements across the value chain. Considering
these circumstances, we have identified four research areas
where research and development efforts should be directed.
5.3.1. End-of-Life Specific Application. The penetration of
biodegradable products in the marketplace is driven by the
regulations around single-use plastics. To advance as a
sustainable alternative to the banned counterparts, these
products must carry a certification logo so that consumers,
product owners, and waste management facilities are aligned
with the same objective around the end-of-life fate of these
plastics. Additionally, an in-depth knowledge of end-of-life fate
helps in the material selection process early in the product
development process. With examples of biode%radation of
polymeric mulch films in agricultural soils, Sander' " eloquently
assessed the importance of knowing end-of-life knowledge and
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Figure 9. Biodegradation capacity of several bioplastics and their blends in managed and unmanaged environments tested following international

biodegradation standards. Adapted from ref 130 with permission.

connecting to material properties. Mulch film addresses the
need of crop growth, earliness, and weed control. However, an
ideal mulch film, as promised by soil biodegradable
compositions, is the one that would degrade at the end of the
crop cycle and that would entirely biodegrade in a short time
when buried in soil.""* Unfortunately, a significant number of
the biodegradable mulch products''® (as registered in GreenPla,
Japan Bioplastics Association) are designed from PLA, which
does not pass the soil biodegradable test criteria.

European Bioplastics''® recommends that compostable
plastics should be promoted if the following criteria apply:

(1) Plastics are contaminated with food waste.

(2) Plastics whose expected fate is organic waste collection,
and mechanical recycling is not possible.

(3) Plastics provide a potential to reduce nonbiodegradable
plastic contamination of biowaste collection.

(4) Alternative reusable solutions cannot be redesigned.

Similarly, a series of drivers''” can be identified for promoting
a case of soil biodegradable agricultural plastic products:

(1) There is a short to medium shelf life in the field, on
average from one to three seasons (3 years).

(2) Plastic waste produced at the end of the use is
contaminated with soil or other plant residues (e.g., nets
for growing crops under greenhouses, geotextile applied
in reforestation, or in landscaping).

(3) Plastic waste is difficult to detach from plant residues or
collect (e.g., pheromone dispensers, clips, twines).''® In
this case the organic residue is contaminated with plastic.

In the third application, the water biodegradable plastics offer
certain benefits where the large quantities of materials migrate
into nature as a part of their normal usage. The cosmetic
industry, for example, has a regulatory and environmental need
to develo]I;) lubricants and microbeads that are biodegradable in
water,"' %

5.3.2. Trade-Off between Performance and Degradability.
While biodegradability is an attractive postconsumer character-
istic, these plastics must meet performance objectives in the
market before disposal. Nonetheless, many biodegradable
plastics often fail to meet material design criteria such as
flexibility, strength, and toughness. Unsurprisingly, they do not
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match their established nondegradable counterparts for
applications such as packaging and thus require modifica-
tions.'”'** Some of the well-adopted strategies to overcome
these constraints include the following:

(1) Copolymers and homopolymer blends can efficiently
disrupt the native crystalline structures of the aliphatic
homopolymers to improve ductility and thermal proc-
essability.'*?

(2) Improvements to processability via viscosity and melt-
strength enhancement can be accomplished through
chain modifications such as chain extension, branching,
and cross-linking.u4_126

(3) Mechanical properties of PHAs and PLA can be tuned by
using plasticizers and nucleating agents,'””'** which can
lead to order-of-magnitude increases in elongation at
break, reduced brittleness, and increased crystallinity.

However, each of these modifications comes with the cost of
impacting biodegradation potential.'* Literature reports often
fail to address the trade-off between performance and
degradability. The diversity of biodegradable materials and
environments makes it difficult to extract simple and generic
assessments of their end-oflife fate. One notable effort'*’
investigated the fate of a range of selected biodegradable plastics
and their blends, simulating controlled vs uncontrolled environ-
ments (Figure 9) to gain a superior understanding of their
potential environmental fate and possible future end-of-life
management options. They identified a surprising synergy,
wherein plastic blends exhibit improved biodegradation in home
composting as compared to the constituent individual plastics.
Conversely, they also discovered antagonistic situations,
primarily in aquatic and soil environments, where plastic blends
exhibited poor biodegradation. More studies of this ilk are
desperately needed, as the findings expand new end-of-life
management considerations but also raise a concern about the
potential release of specific material combinations in certain
uncontrolled environments.

5.3.3. Process Adjustment. Two of the most commonly
studied polymers—PLA and PHAs—are inherently susceptible
to thermal and hydrolytic degradation'’’ during processing,
which can severely limit their applications. For example, poly(3-
hydroxybutyrate) (PHB) is often processed slightly below the
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melting temperature or at elevated temperatures for only brief
periods of time; however, even at submelting temperatures,
thermal degradation is still observed. Some of the innovative
strategies to overcome processing limitations include the
following:

(a) Heat treatments, such as annealingl‘?’2 and fiber/film-melt
drawing,"**~"** which can impart improvements in
crystallinity and morphology that enhance mechanical
properties and thermal stability. This approach contrasts
the use of copolymers and blends, which reduces
crystallinity and makes these materials more ductile and
more processable (as discussed in Section 5.3.2). The
choice of strategy is dependent on the performance
metrics of the application and needs to be balanced with
end-of-life specific applications (as discussed in Section
5.3.1)

Raising the degradation temperature by hindering the
degradative mechanisms or lowerin% the melting temper-
ature by increasing chain mobility."*®

(b)

(c) Utilizing melt rheological information'*”"** to optimize
screw design for specific bioplastics, composites, or blends
of materials, as well as to determine the specific geometry

and flight configuration of the feedscrew.

Successful case histories of overcoming processing challenges
are often obscured in the trade secret of the company literature.
However, the basic knowledge of different shaping technologies
and their tolerance to basic polymer chemical and physical
parameters (glass transition temperature, melt temperature,
degradation point, melt flow index, and more) will save
significant time and resources in identifying alternative materials
(as discussed in Section 5.1.3) and design principles (as
discussed in Section 5.1.4).

5.3.4. Ecologically Conscious formulation. Ecologically
conscious formulation demands a thorough end-of-life knowl-
edge for each ingredient and can alter the product design.
Plastics are a formulated final product where individual
polymers are usually mixed with additives such as strengtheners
(e.g, carbon or silica), thermal stabilizers, plasticizers, fire
retardants, UV stabilizers, colorants, matting agents, opacifiers,
or luster additives. These additives can introduce the possibility
of adverse health issues, such as in the case of plasticizers'*”~'*!
or in the case of black plastics.'"** The compostable standards
(EN 13432, ASTM D6400, ISO 17088, AS 4736) specify the
limit values for heavy metals and fluorine. It also means that the
compost obtained at the end of the composting trial, ultimately
containing biomass or undegraded residuals from the final
formulated plastics, should not adversely impact the germina-
tion and growth of plants (and also earthworms in case of AS
4736). The requirement of ecologically conscious formulation
forces us to critically reevaluate the choice of synthetic strategies,
selection of catalysis, and option of additives. Zimmermann et
al."" studied the toxicity and chemical composition of biobased
and biodegradable materials using in vitro bioassays and high-
resolution nontarget mass spectrometry. Their results show that
the majority (67%) of bioplastics and plant-based products carry
toxic chemicals. They precisely proposed the selection of
materials using green chemistry to “design out” toxicity during
the formulation development.

5.4. Focus Area 4: Waste Management. Successful
implementation of sustainable waste management'*"'** of
biodegradable plastics requires a thorough understanding of
the end-of-life management options (Figure 10) and the
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Figure 10. Waste management practice and their importance in
handling biodegradable plastics waste.

environmental impact of these polymers, which in turn requires
the integration of policies, regulations, and standards. Thus,
close collaboration, cooperation, and communication between
academia, industry, and government—identified as four
research needs—will enable the broader value chain to address
these imminent issues.

5.4.1. Capability Investment. Biodegradable plastics can
benefit waste management only if efficient collection and sorting
systems are implemented (Figure 10).”* Without a dedicated
place for containment, biodegradable plastics may adversely
impact the current waste management practices.ls’97 For
example, due to their physically indistinguishable nature,
biodegradable plastics may end up in the current recycling
scheme with the nondegradable counterpart initiating degrada-
tion and cross-contamination issues.”®

Interestingly, anaerobic digestion and biogasification are
controlled waste management options where significant value
can be extracted from biodegradable plastics, yet there exists a
comparative dearth of facilities. On the basis of the Biocycle
Snapshot survey,'*® there are 204 farm-based anaerobic
digesters compared to 4713 composting facilities in the U.S.
In anaerobic digestion,*’~"*’ organic matter is degraded by an
anaerobic microbial population producing methane, carbon
dioxide, and nutrient-rich residues while producing minimal
heat. The biogas can be integrated with a heat and power plant
generating electricity and heat or can be upcycled to
biomethane. Additionally, anaerobic digestion provides better
odor control making them attractive in densely populated
areas.””” In contrast to the polymer degradation behavior in
aerobic compost, results in the anaerobic media'”’ are scarce
and suffer from a lack of fundamental understanding and wide-
scale replication across the laboratories. Clearly, the discussion
and standardization requirements for anaerobic treatments are
still in their infancy.

Additionally, the option of innovative pretreatments,
leveraged from the mechanistic understanding (Section $.1.1)
and new design principles (Section 5.1.4), should be examined
closely to achieve faster cycles (or reduce residence time of
plastics) of composting or anaerobic digestion. Some of the
pretreatment strategies include the following:

(a) Mechanical pretreatment,'>> where high energy ball
milling can increase the effective surface area producing
a faster rate of biodegradation
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(b) Chemical recycling'>” strategies, where plastic articles can
be chemically treated to trigger the production of
bioavailable feedstocks

D . . 154,155
(c) Biological augmentation strategies, where a con-

ducive environment is created for microbial growth and
proliferation

To present an economic case for bioremediation as a plastic-
removal mechanism, some of the relevant questions need to be
answered: To what extent does the microbial population
recirculate the chemical effects of additives (as discussed in
Section 5.3.4) into the water and through the food chain? What
are the side effects of bioremediation if it is implemented on a
large scale? The answers to these questions require an inclusive
assessment of microbial communities, time spans, and resources.
In other words, if a significant fraction of traditional plastics is
ultimately displaced by biodegradable alternatives, then the scale
of the bioremediation would be daunting; hence, a sound,
reliable techno-economic analysis is required.

5.4.2. Goal Alignment. Most often, composting facilities have
unique goals, driven by the fact that the quality of the final
compost °>"*” determines the selling price and consumer
favorability. To optimize that goal, composters most often
focus on accelerating the compost cycle, which is likely
counterproductive to plastics degradation, especially for thicker
articles. Additionally, the demand for complete bioremediation
of plastics must also be balanced against the economic
sustainability of composting methods, which may drive plant
operators to prioritize throughput over compost quality.'>®
Further, the composting industry itself presents additional
challenges'®” that may not align well with plastics remediation
goals. It needs to be established whether the plastic has any value
in impacting the quality of the compost without impacting the
microbial consortia.'>” Biowaste collections lie in the hands of
private companies or municipalities, who have no obligation to
collect compostable plastics. Out of 4713 composting facilities
in the U.S.,"* only 18% accept food waste and multiple organics.
Contamination of compostable plastics with noncompostable
wastes or the concern of microglastics or nanoplastics arising
from incomplete degradation®**>"° are some of the outstanding
concerns contributing to the waste disposal contractors’
reluctance to accept any plastics. Another important fact is 90-
day disintegration criteria imposed by standard test methods
(ASTM D6400 or EN 13432) are not aligned to composting
goals. Many industrial composting plants operate at cycles of 8
weeks or even down to 3 weeks to maximize the feedstock and
operational cost ratio. This disconnect certainly will not have a
simple solution, rather it will require creative research (as
discussed in Section 5.1.4 and Section 5.4.3) and perhaps, more
crucially, education, discussion, and communication among all
stakeholders. To be sure, certification for compostable products
and use of the correct logo (Figure 6) is instrumental for
ensuring that items have been properly tested, meet interna-
tional standards, and can be identified as such by composters,
municipalities, restaurants, consumers, and others engaged in
the diversion of organic waste.

5.4.3. Leveraging Biotechnology. Leveraging biotechnology
has an enticing prospect, particularly if coupled to waste
management, to address plastics remediation. We do not discuss
the what, how, and why of this technologg as it has been
introduced in multiple exemplary reviews.'"~'°> One of the
possible pathways to improve the biodegradation time is to
leverage the microbial metabolism—accepted as a safer and
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efficient tool for the removal of many organic pollutants.'®

Microbial diversity can be exploited to identify desirable
degradative genes and/or properties via the construction of
metagenomic libraries.'®* Subsequently, the genetic information
can be transferred to culturable bacteria for enhanced
bioremediation,'**'%° Although the resulting genetically en-
gineered microorganisms (GEMs) are expected to have
increased efficiency for bioremediation, they pose a threat to
the environment because of the possibility of horizontal gene
transfer and uncontrolled proliferation. The construction of
containment systems is thus a prerequisite for the release of
GEMs in situ to resolve these concerns.'®>'%”

A significant inspiration can be drawn from the reports of
mealworms, waxworms, and superworms eating nonhydrolyz-
able plastics'®® like polyethylene (PE) and polystyrene (PS).
However, those results, with some exceptions,169 will benefit
from greater rigor and critique (as discussed in Section 5.2.1).
Inderthal et al."®® have argued the importance of studying the
enzymatic degradation of polyethylene, polypropylene, poly-
styrene, and polyvinyl chloride as these macromolecular
structures without any heteroatoms offer significant insight on
the autoxidation mechanism which complements the hydrolysis
mechanism—the primary pathway through which biodegrad-
able polymers degrade—and the structure-guided knowledge
gleaned from these interactions should be directed to enhance
enzyme effectiveness and stability.

While developing biocatalysis for plastics degradation, we
primarily rely on the one gene-one enzyme-one function
concept, originalléy framed by Beadle and Tatum.'”® Despite
their success, “»'®’ the increasing discrepancy between lab tests
and field tests (as discussed in Section 5.2.2) points us to the
need of deciphering the underlying microbial ecologies and their
impact on polymer degradation. Bacteria, fungi, archaea,
protists, and a host of viruses and phage represent a diverse
microbial population. The mechanism by which they cooperate,
compete, and use energy-efficient strategies''' to degrade
polymeric materials and assimilate in their metabolic pathway
remain a daunting challenge.

5.4.4. Risk and Impact of Littered Plastics. Like their
nondegradable counterparts, biodegradable plastics may share
the same end-of-life fate if they are not a part of controlled waste
management systems. Microplastics and nanoplastics, irrespec-
tive of their chemical nature, likely present a greater threat to the
environment as compared to monolithic plastics. From a
biotechnology perspective, microplastics may not be a nutri-
tional carbon source for microorganisms, impeding their
assimilation into the environment."®

Greenetal.'”" and Green'”” studied the effect of conventional
plastics and biodegradable plastics (0.02%, 0.2%, and 2% of wet
sediment weight) upon microbial diversity and community
growth. The results confirmed that PLA acted as a stressor in
sandy sediment, inducing an unfortunate surge in microbe
respiration rate. Gonzalez-Pleiter et al.'”* explored the toxicity of
secondary PHB nanoplastics on three representative aquatic
organisms. This study implied that secondary biodegradable
nanoplastics, due to partial biodegradation of PHB, induced a
significant decline in cell growth in all three aquatic organisms.

Additionally, biodegradable microplastics can act as stronger
vectors than conventional microplastics.'”* Zuo et al.'’®
disclosed that the adsorption and desorption capacity (with
phenanthrene as one of representative organic pollutants) of
microplastics from PBAT (2338 + 486 ym) was greater than
that of conventional microplastics (PS, 2628 + 623 ym; PE, 250
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um), suggesting biodegradable microplastics may be a preferred
carrier of pollutants and microbial contamination to non-
degradable microplastics.

Lack of data prevents us from concluding the threat status of
biodegradable microplastics; a true assessment is certainly
nontrivial as microplastics enter the food chain through
complex, nonlinear, and dynamic interactions with the
ecosystems. We reemphasize the need for collection—existing
in developed countries, often absent in developing countries—
as a primary strategy to prevent leakage. The fate of compostable
plastics in open and mixed environments is poorly studied and
cannot be predicted. Hence, to stretch the claim of
biodegradability as ready for littering may frequently be
disingenuous. Degli Innocenti and Breton™ have assessed this
critical issue and stressed the importance of a specific
methodology for the assessment of the risk and impact of
postconsumer littered waste—which is not yet available.

Clearly, the successful prevention of littering requires an
enhanced appreciation to the accountability across the supply
chain. A proposed integrated block chain'’® that tracks the flow
of products, measures, and integrates every player’s contribution
to waste management in a reliable, transparent, and sustainable
way can be a tool to ensure extended producer responsibility
(EPR). Several industries, including BASF, already launched a
reciChain technology'’’ to improve the traceability of their
materials and ingredients.

6. CONCLUSIONS

Financial, regulatory, consumer, and technology aspects are
cited as the potential driver for biodegradable plastics.””** The
overall global production of plastics in 2017 was 335 million
tonnes. In comparison, according to an estimate by European
Bioplastics57 (an association based in Germany representing
about 70 members from the entire value chain of bioplastics),
global production capacities of bioplastics are predicted to grow
from around 2.11 million tonnes in 2018 to approximately 2.62
million tonnes by 2023. This is still insignificant compared to the
global plastics market, but with 40% of the global plastics market
dominated by packaging,'”® biodegradation polymers have
substantial room to grow. However, as we have attempted to
convey, broader implementation of biodegradable plastics in the
marketplace faces tremendous, intertwined challenges. As we
rapidly untangle the complex chemical conversations between
the microbes and the abiotic world, we are also extracting
valuable information about how to apply this knowledge to
improve plastic’s nonpersistence. Ultimate success depends on
interorganizational and intervalue chain collaboration on the
myriad aspects of product realization and waste management.
Exploring the synergies between the interested and concerned
parties—researchers, government agencies, nongovernment
organizations, industry, media, and the general public—enables
meaningful progress on material quality, efficiency, and
sustainability to be made. By encouraging interdisciplinary
knowledge, we align on terms, methods, regulations, and goals,
and avoid miscommunication that disenfranchises stakeholders
and ultimately delays technological progress.

The environmental and health issues society faces today in the
epoch of plastics mostly stem from the fact that the impact of the
scales of plastic consumption and disposal was not fully
considered until after mass-production reached full scale. A
multidimensional value assessment that offers the means of
capturing materials and financial flows, interactions, and
dynamics between different players is essential for factual
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comprehension of the alternative plastics. Lifecycle assessments
(LCAs), albeit not without their challenges,"””"* will be
necessary to ensure that these new choices and alternatives justly
reduce the sum of adverse effects, ranging from undesired
human exposure in plastics manufacturing and consumer uses to

environmental pollution from inappropriate disposal.

‘While much is still to be learned about the ecological impact
of plastics, the emerging science is already having a major
influence on adopting the basic philosophy of circularity.”'*!
As we are at a crossroads of materialization and dematerializa-
tion, we propose that rather than continuing to ask, “how should
we ban or upcycle plastics?” we might instead ask, “how can we
choose the right materials for the right application?” These are
not the same thing. We need to take steps to exclude the uses of
plastics that have been linked with harmful health effects and
choose reusable over single use. The long-term solution may lie
in prioritizing which applications are unavoidable and which
ones offer short-term convenience only, then developing

biodegradable plastics to bridge that gap.
We proposed 16 research needs to integrate efforts over a

spectrum of the material value chain. These research needs are
interrelated and benefit from the introspection of mechanism,
the development of a repertoire of design tools, and appreciation
of the multiscale dynamic complex system associated with
microbe—polymer—environment crosstalk—all in sync with the
needs of different stakeholders. We hope the framework
proposed here can serve as a resource—to avoid the disconnect
resulting from the rapid progress—to practitioners working on
the development of sustainable materials that meet society’s
demands without compromising the quality of life of current and

future generations.
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