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ABSTRACT: The ubiquitous use of plastics has been driven by their combination of low cost
and properties, but these attributes directly challenge waste management schemes for plastic
recycling. Some postconsumer recycling programs are now nearly 50 years old, but a signiﬁcant
fraction of plastics still ﬁnds landﬁlls or other dumping strategies at their end of life. With the
growing concern regarding plastic waste, especially ocean plastics, there is a need for innovation
and alternative strategies for the economic translation of plastic waste to valued product(s) that
will promote their eﬃcient circular utilization. This review ﬁrst describes the technical and
economic hurdles associated with the recycling of postconsumer plastics, but then it focuses on
providing an overview of emergent strategies to recover plastic waste through new polymer
design, new recycling processes, and chemical transformations to value-added products. Speciﬁc
challenges discussed include plastic waste sorting and separations, product variability including
additives, and the high eﬃciency/low cost in which the existing petrochemical industry can
produce virgin polymers, in particular polyoleﬁns. Although a wide variety of technical strategies
have been demonstrated for recycling of plastics through both mechanical and chemical means, the commercial success of these
diﬀerent strategies is generally limited by either performance, including large variance in key metrics, or economics where the
products can match the performance of virgin materials but the recycling process is expensive. Successful capture of postconsumer
plastic waste through recycling likely will depend on economic incentives and government regulations.
KEYWORDS: sustainability, circular polymers, plastic waste, recycling, reprocessing
product lifetime (mean = 0.5 yr).4 Only a small fraction of this
large potential material stream from packaging materials is
recycled, despite governmental eﬀorts to promote recycling.6
Alternative routes to address the growing plastic packaging
waste have included mandates banning some single use
plastics7−9 and larger multinational directives such as the
“European Strategy for Plastics in a Circular Economy”
through the European Commission.10 However, the eﬃcacy
of limited bans on impacting environmental concerns about
plastic waste has been questioned.7,11,12 Improvements across
the waste management chain from disposal practices, recycling
technology, government regulations, and public incentives are
likely necessary to address global challenges associated with
plastic wastes.
The issues associated with plastic waste and the
ineﬃciencies of its recycling have been recognized for some
time. For example in 1990, three large German chemical
companies (BASF, Bayer, and Hoechst) formed a joint venture
to generate ideas on how to best address plastic waste

1. INTRODUCTION
The question of recycling and reuse of refuse is an old one with
evidence of materials recycling back to the Paleolithic era.1 In
more modern times, the rates for recycling wax and wane with
the political and economic climate.2 In the ﬁrst half of the 20th
century, recycling rates correlated well with shortages and the
associated push of wartime eﬃcacies from 1914 to 1945, but
without these factors, recycling rates fell even in the face of
economic challenges.2 The continued growth of plastic
production3,4 presents a signiﬁcant challenge in waste
(resource) management in the 21st century. The historical
data for the recycling of plastics is bleak when considering all
plastics produced from 1950 to 2015.4 Of the 5.8 billion metric
tons of plastic produced that is no longer in primary use, 5.7
billion metric tons of plastic have been discarded or
incinerated. From more contemporary EPA data on municipal
solid waste (MSW) generation in the US from 2018, 292.4
million tons of MSW was generated, of which plastics
comprised 12.2%, but they only comprised 4.4% of the 69.0
million tons of MSW that was recycled.5 This recycled plastic
is predominately from two types of polymers: natural high
density polyethylene (HDPE, white translucent) and polyethylene terephthalate (PET) with recycling rates of 29.3% and
26.8%, respectively. Packaging is the dominant industrial sector
for annual plastic production (146 million tons in 2015) and
waste generation (141 million tons in 2015) and has a short
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Figure 1. (a) Comparison among the world trade volume, the trade volume of China, and the trade volume of the rest of the world for plastic
waste. (b) Ratio of China’s trade volumes to the total world trade volume. (c) Ratio of China’s trade volumes for the year 2017 and the period
2018/01−2018/06. Reproduced with permission from ref 14. Copyright 2020, Elsevier, B.V.

accumulation.13 However, despite these and many other
eﬀorts, the total annual generation of plastic waste continues
to grow,4 and globally, the fraction of plastics that are recycled
is not increasing. With much of plastic marked for recycling
historically exported to Asia,14 the import ban implemented by
China in 2017 caused a decrease in the waste plastic import to
Asia by 52 kilotons in 2018.15 Figure 1 illustrates the global
impact of this change on the plastic waste import ban. This ban
has indirectly decreased the value of plastic waste due to lack of
alternative waste treatment plants for the recycling of plastics16
and led to changes in the plastics acceptable by some curbside
recycling programs in the U.S. Following the lead of China,
other major importers of plastic waste, primarily in southeast
Asia, have limited plastic waste imports15 to further strain the
existing recycling infrastructure. With these added pressures on
the recycling infrastructure and growing environmental
concerns about plastic waste,17 there have been signiﬁcant
eﬀorts to change the paradigm from the typical downcycling of
plastic waste via mechanical means to circular recycling where
the material can be reused in the same application and
upcycling to provide added functionality or performance
during the recycling process.18 Combined with growing
concerns about plastic waste, in particular from single use
plastics, these factors have provided an environment to
increase industrial eﬀorts in enhancing recycling as part of a
cradle-to-cradle approach in materials management as a
circular economy.19 However, there has been some skepticism
associated with these approaches that has been labeled by
some as greenwashing as the same petrochemical based plastics
are continued to be used and produced.19 With pressure from
environmental concerns, government regulations and limited
infrastructure to handle the current waste stream, innovations
are likely needed to eﬃciently and economically address the
challenges of plastic waste.
In this review, we describe some of the recent innovations to
address challenges associated with the recycling of plastics. The
technical challenges, in general, have been previously identiﬁed
in a review more than a decade old that focused on the
challenges and opportunities of plastics recycling,12 but
changes in political, environmental, and economic factors
have accelerated the need for eﬀective management of plastic
waste.17,20−22 The focus of this review is on postconsumer
recycling, which represents a much more challenging problem
than reclamation of scrap from the manufacturing process due
to the complexity of the mixed plastic waste stream. First, we
describe plastic waste with a brief discussion of plastic waste
streams in terms of its origins and composition by polymer
type. The postconsumer waste stream has several layers of

complexities associated with the formulation of commercial
plastics that include a variety of additives and the increased
engineering of plastic products to enhance properties through
multilayer and composite materials. We provide a cursory
description on how these attributes contribute to recycling
challenges for plastic waste. This is manifested in the current
state for the management of plastic waste at the end of product
life. To understand why the recovery is limited, the primary
method for recycling, mechanical recycling, is then described
in detail with discussion of recent advances and the
technoeconomic challenges of mechanical recycling. To
address these challenges, chemical recycling approaches have
been proposed to recycle the polymers as monomers to build
virgin plastic resins from recycling, which in theory can be
recycled inﬁnitely, but there are signiﬁcant technical and
economic challenges to the realization of a fully circular
materials economy for commodity plastics, in particular
polyoleﬁns. This review brieﬂy touches on some concepts to
redesign polymers from the monomer level to ease the
recovery to monomer or fragments that can be repolymerized
indeﬁnitely for a truly circular materials economy. By relaxing
the circular demands to alternative chemical products, the
chemical transformation of waste plastics to value added
chemicals is an attractive alternative to a fully circular economy
for plastic waste. Finally, this review ﬁnishes with a summary of
some of the key challenges and opportunities for advancement
of the recycling of postconsumer plastics.

2. PLASTIC WASTE STREAMS
Plastics are ubiquitous in modern society, from durable goods
to packaging to components in personal care products. The
disposal of these plastics has been of growing concern based on
environmental impact. Improper dumping has led to the
proliferation of plastic garbage patches in the oceans,23 while
the breakdown of plastic (waste) as well as microbeads from
personal care products present another hazard (microplastics),24 which is going to necessitate additional considerations due to their presence even in remote locations (far
from human activities).25 Despite these environmental
concerns, the plastic generated annually continues to grow as
does the plastic waste.26 This review focuses on the recycling
of solid, postconsumer plastic waste and will not consider the
additional challenges posed by microplastics27 or energy
recovery through incineration to recover value from plastics,28
or eﬀorts into plastics from renewable, biobased feedstocks.29
Understanding the nature of the generated plastic waste stream
is important to provide context to the challenges facing nascent
technologies and strategies to enhance the recycling of plastics.
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2.1. Composition and Disposition of Postconsumer
Plastic Wastes. At the end of service life for plastic goods,
their disposition as waste follows a variety of paths. In general,
at this time, plastics tend to be separated into three streams:
solid waste for landﬁlling/disposal, recycling, and incineration.4
The quantity and characteristics of plastic waste are highly
variable based on location and the socioeconomic status of the
community in which it is generated,30 which provides a
challenge for its eﬃcient reuse and recycling. In the U.S.,
municipal solid waste contains approximately 30 million tons
of plastic, of which approximately 9% is recycled.31 In the EU,
approximately 26 million tons of plastic waste is generated with
nearly 30% of the plastic recycled and 40% incinerated.31,32
These diﬀerences between the U.S. and EU can be partially
associated with higher landﬁll tipping fees leading to increased
recycling rates as an economic driver. For example, the
introduction of the volume-based fee system for waste in South
Korea in 1995 led to signiﬁcant cost increases for waste
disposal and increased the recycling rate from 23.7% in 1995 to
59.1% in 2012.33 In the U.S., local implantation of unit-pricing
for curbside garbage collection increased the mass of recyclable
materials by 16%.34 However, in the U.S., tipping fees for
landﬁlling waste have only increased from $53.04 to $55.11 per
ton from 1994 to 2018.35,36 Economics clearly inﬂuences the
propensity of the local community to recycle plastics, but even
when plastic waste is collected for recycling, there are
additional technological challenges that provide limitations to
the fraction of plastics that can be recycled.
Figure 2 illustrates the composition of plastic produced from
2002 to 2014.4 The dominant plastics are polyoleﬁns (HDPE,

the focus of most research eﬀorts associated with plastic
recycling.
Figure 3A illustrates the outlier nature of the packaging
industry in terms of its proportion of the plastic waste
produced annually in comparison to other industrial sectors
utilizing plastics. The signiﬁcance of the packaging industry on
plastic waste stream can be clearly inferred from Figure 3A
with essentially all of the packaging materials produced
transforming to waste when considering annual plastic
production and waste generation. When considering plastic
waste generation in 2015, nearly 47% of all of the plastic waste
was a result of the packaging industry. For improving plastics
sustainability, the packaging industry has been targeted in
regulations and some corporate policies.10 The packaging
industry has responded to EU regulations with development of
alliances and improving integration of the plastic value chain
toward the goal of a circular economy.10 The eﬀorts for plastic
recycling tend to be strongly coupled with regulations that
inﬂuence the economics of recycling. This changing landscape
can alter the viability of developed technologies for recycling.
When considering the global plastic economy, the annual
input-output provides insight into the ﬂow of plastic goods and
their lifecycle. Figure 3B illustrates the worldwide plastic
production and waste generation from 2016. Approximately
10% of the plastic feedstock was composed of recycled plastic
(either mechanical or chemical). The mass of plastic recycled
was comparable to that which was improperly disposed that is
critical to the management of ocean plastics.39 About twice as
much plastic was incinerated than was actually recycled.
Essentially all of the nondurable plastic produced ended up as
plastic waste, while the waste stream of durable goods was
signiﬁcantly smaller than the mass of durable goods produced
due to their extended lifetimes and growing plastic production.
The limited fraction of the plastic waste stream that is
recaptured oﬀers signiﬁcant opportunities for advancements in
sustainable utilization of plastics. Focus on nondurable goods
would have the most signiﬁcant impact in the short term due
to its short lifetime and its signiﬁcant fraction of the total
plastic.
2.2. Complexity of Commercial Plastics. Although a
majority of the plastic waste is based on polyoleﬁns, simply
breaking down the waste stream on the basis of the polymer
does not provide a full picture of the complexity of this
situation. Almost all plastic utilized in commercial products
contains a mixture of additives,40 ﬁllers,41 pigments, and
modiﬁers to provide processability for producing the product
and the ﬁnal properties critical to the consumer. The additives
present depend on the application and the processing used in
production,42 but their details impact the ability to eﬀectively
recycle the plastic waste.43 Hahladakis et al. have reviewed the
release of additives from plastics through their lifecycle,
including the recycling process.40 The fate of these additives
is another concern when recycling plastic waste,44 beyond how
the additives inﬂuence the processes.
Plastic packaging, which comprises a large share of plastic
waste produced, has become highly engineered to most
economically meet the properties demanded by the customer.
One approach to enhance the properties is through the use of
multilayer ﬁlms, which also can challenge recycling.45 For
improvements in barrier properties, metal or inorganic
deposited coatings on the plastics have also become commonplace.46 With improvements in deposition techniques, welladhered nanocoatings can provide added functionality.47 The

Figure 2. Composition of total polymer resin production from data
for Europe, U.S., China, and India from 2002 to 2014 as tabulated in
ref 4 (Table S2). More than 57% of the mass of plastic produced in
this time period was polyoleﬁns with the breakdown between LDPE
(and LLDPE), HDPE and PP shown in the breakout. The green slice
is all other polymers.

low density polyethylene [LDPE], and polypropylene [PP]),
which account for 57.3% of the plastics produced. This
production mirrors plastic waste streams, but depending on
location, there have been reports of polyoleﬁns comprising
more than 80% of municipal plastic waste.37 The combination
of low cost and performance makes polyethylene and
polypropylene ideal polymers for a wide variety of applications.
In particular, the packaging industry utilizes polyoleﬁns as
primary polymers along with PET.38 When considering plastic
waste and recycling, packaging is a critical industry due to its
ubiquity and low average lifetime for packaging (0.5 yr).4
Thus, the development of more eﬀective routes for the eﬃcient
recycling of polyoleﬁns and PET will provide the greatest
beneﬁt for handling plastic waste, and these plastics should be
4327
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Figure 3. (A) Plastic production (blue) and waste generation (green) as a function of industrial sector in 2015. Data from ref 4, Table S1. (B)
Visual breakdown of the plastic ﬂow from production to waste worldwide. The size of the blocks is directly proportional to the mass of plastic in the
category. 300 million metric tons of virgin plastic were produced, while only 30 million metric tons of plastic was recycled back into plastic
feedstock. Data were obtained from ref 247.

infeasible because the product free energies are much too high
relative to the reactants.53,54 Some reactions, e.g., polyoleﬁn
cross-metathesis, yield smaller, repolymerizable oleﬁns,55−58
but energy-eﬃcient routes for polyoleﬁn upcycling remain a
grand challenge.
While quiescent depolymerization is thus diﬃcult, adding
mechanical forces can change the underlying thermodynamic
balance and make chain fragmentation a favorable proposition.
Frequently, however, this is at the expense of uncontrolled
chain end chemistry, where the resulting materials are not
repolymerizable. Since Staudinger,61 it is well-known that
mechanical stresses can shift the thermodynamics to favor
chain cleavage.62−68 Historically,69,70 these homolytic bond
scission reactions71−90 and ﬂow-induced mechanochemistry78−80,87−102 have been used to reduce polymer molecular
weight (including in polyoleﬁns). However, even when the
overall force-coupled thermodynamics of scission becomes
favorable, signiﬁcant kinetic barriers can remain. Since force
generation is molecular weight dependent and because high
forces (>3 nN) are required to overcome kinetic barriers to
homolytic bond scission, in practice, mechanical degradation is
limited to very high molecular weights.103
In this review, we refer to common processing protocols,
such as extrusion, as “mechanical” recycling. As noted above,
the chain fragmentation that sometimes occurs under the
action of these external forces typically does not lead to
repolymerizable fragments. In contrast, deliberate strategies to
fragment polymers into repolymerizable units is termed as
“chemical” recycling.
3.2. Challenge of Mixed Plastic Waste Streams. The
historically low recycling rates are not by accident. Rather, they
are a consequence of a variety of economic and technical
challenges that disincentivize recycling. Due to the general
poor miscibility of polymer blends, eﬀective sorting of the
waste is critical to the quality of products obtained from
mechanical recycling, which is the predominant recycling
strategy as shown in Figure 3.104 Even blends of amorphous
polyoleﬁns analogous to ethylene/but-1-ene copolymers are

drive to transparent high barrier plastic adds an additional
challenge to rapid identiﬁcation of composite plastics in
packaging.48 The highly engineered nature of emergent
packaging materials provides additional complexity to the
plastic waste stream beyond simple mixtures of diﬀerent
polymers and additives. The impact of these characteristics on
recycling will be described in the next sections.

3. RECYCLING BY REPROCESSING
3.1. Deﬁnitions and Challenges. A key issue which
complicates recycling protocols, especially those that rely on
the deconstruction of chains, is that the free energy of
polymerization, ΔGpoly = ΔHpoly (1 − T/Tceiling), can be
strongly favorable at room temperature (−ΔHpoly ∼ 30−100
kJ/mol49 ). This leads to many polymers having high
thermodynamic stability relative to being depolymerized to a
monomer, as reﬂected in their Tceiling (Table 1; more details are
Table 1. Reported Tceiling for Some Polymers
polymer

Tceiling (°C)

poly(α-methylstyrene)
polyisobutylene
poly(methyl methacrylate)
poly(ethylene terephthalate)
polystyrene
polypropylene (PP)
polyethylene (PE)
polytetraﬂuoroethylene

66
175
198
300
235,a 395b
466a
407,a 610b
1100

a

Data from ref 59. bData from ref 60.

included in the section on Chemical Upcycling). While less
stable polymers with lower Tceiling (e.g., PET and polystyrene,
PS)50 are amenable to many “breakdown” pathways,51 high
Tceiling polymers (e.g., polyethylene, PE, and polypropylene, PP,
that together constitute >60% of all polymers used52) have a
much smaller selection. Coates, for example, argues that
thermo-catalytically fragmenting polyoleﬁns to monomers is
4328
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found to be immiscible at room temperature.105 The general
immiscibility of polymers with other polymers leads to strict
requirements on the eﬃcacy of the sorting process to minimize
contamination by other polymers present in mixed, postconsumer plastic waste. Optical sorting is generally accurate,
but the diversity and quantity of plastic associated with a
typical recycling operation leads undoubtably to some
unwanted plastic in the ﬁnal recycled product. Separation by
ﬂotation can improve the quality of the recycled product,106
but such processes are never perfect. The phase separation
associated with polymer blends in the ﬁnal recycled feedstock
results in additional degradation in mechanical properties,
particularly those associated with failure, beyond the shearinduced reduction in properties from decreased molecular
weight associated with reprocessing. Thus, routes to increase
the tolerance of other polymer impurities in the recycled
stream are highly desired to reduce the sorting requirements.
Block copolymers that are appropriately balanced can
eﬀectively stabilize the interface between the polymer phases
as demonstrated by Balsara and co-workers,108 similar to
surfactants stabilizing an emulsion of oil−water. Alternatively,
Macosko and co-workers illustrated that the kinetic trapping of
the dispersed phase in polymer blends can be further
controlled with the addition of diblock copolymers using
high shear processing, typical of industrial manufacture, and
quenching suﬃciently fast to minimize signiﬁcant ripening of
the dispersed phase.109 These approaches can potentially limit
the size of the defects associated with the undesired polymer
from the perspective of plastic recycling, but the use of
multiblock copolymers better addresses challenges associated
with mechanical properties.107,110 As shown in Figure 4, the
addition of 5 wt % of a tetrablock copolymer dramatically
decreases the size of the dispersed PP phase in a HDPE matrix.
This change in morphology converts the HDPE/PP blend
from brittle to tough and ductile.107 It has been suggested that
these block copolymers could improve the recycling of HDPE
and PP by decreasing sorting requirements, but such
improvements in mechanical performance have not yet been
demonstrated with a more complex feedstock containing a
mixture of diﬀerent HDPE and PP grades, additives, and ﬁllers
that would be present in a postconsumer waste stream. The
properties obtained from compatibilization will depend on the
exact composition of the plastic waste stream, which will be
variable for postconsumer waste. The acceptability of the
compatibilized materials will depend on the variance and the
acceptable performance for a given application. Additionally,
one common challenge with the inclusion of block copolymer
additives is their cost, which tends to be prohibitive even at
their low loadings for eﬃcacy.
The ubiquitous use of polyoleﬁns is driven by their low cost
and design levers that can be utilized to achieve desired
performance. For example, packaging commonly requires low
oxygen and moisture permeation, which is challenging to
achieve without some engineering.47,111 Thin inorganic or
metal coatings can dramatically improve the permeation
performance,46 but are typically diﬃcult to remove and thus
are incorporated into the recycled plastic. For example, the
properties obtained from an aluminum coated LDPE after
mechanical recycling is strongly dependent on the Al
dispersion in the LDPE after processing.112 The growing use
of composites will only act to increase the complexity of the
waste streams and the challenges with maintaining dispersion
to prevent large aggregates that can act as stress concen-

Figure 4. Electron microscopy images of a 70/30 blend of HDPE and
PP (A) without any block copolymer and (B) with 5 wt % of
tetrablock (PP60PE80PP75PE90) copolymer. (C) The blend without
any block copolymer is brittle and there is only modest improvement
with the inclusion of 1 wt % of a diblock (PP60PE80) copolymer. The
use of the tetrablock copolymer results in a blend with mechanical
properties intermediate to the pure (HDPE and PP) components.
Reproduced with permission from ref 107. Copyright 2017, American
Association for the Advancement of Science.
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trators113 will be an additional challenge to mechanical
recycling. 114 Beyond composites, the plastics can be
engineered with a variety of additives and multilayer (plastic)
materials as a means of providing desired functionality, but
these increase recycling diﬃculty.115 In particular, developments in delamination and compatibilization of multilayer
materials are necessary to enable their eﬀective recycling.45
Although a reversible cross-linked adhesive between layers has
been proposed for the recovery of individual components,116
the costs of this additional component will challenge adoption
in the absence of regulations. Alternatively, the separation of
the multilayer materials can be accomplished through
appropriate solvent-based processes that selectively dissolve
and reprecipitate components from clean multilayer material in
high purity.117 Figure 5 illustrates one recently demonstrated
process termed solvent-targeted recovery and precipitation
(STRAP) where these selective solvents can enable the
recovery of individual components.
Technoeconomic analysis has demonstrated the potential to
produce PET from STRAP at a cost point competitive with
virgin PET.117 Every (re)processing step leads to ﬁnite
damage, which will degrade the properties of the recovered
polymer and limit the number of times that a plastic resin can
be recycled.118 With the high purity and control over the
additives present, the degradation is expected to be less than
with traditional mechanical recycling to increase the number of
4329
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Figure 6. Composition of volatile components in postconsumer (PC)
recycled polyethylenes determined from gas chromatography and
mass spectrometry. A vast majority of the identiﬁed compounds
resulted from contaminants acquired through the service life and
recycling process. Reproduced with permission from ref 125.
Copyright 2020, Elsevier B.V.

Figure 5. Schematic illustrating one of the dissolution−precipitation
methods that allow for the recovery of the individual plastics in
multilayer plastic ﬁlms. Scheme adapted from the STRAP method
reported in ref 117.

illustrate the need to understand degradation products and
potential adsorption from the environment125 on the properties of recycled plastics. The complexity of the chemical
mixtures even in sorted plastic waste due to the formulations
and contamination from sorption of chemicals during use and
collection will impact the properties of the recycled plastic.
These recycled plastics can include banned chemicals as a
result of their accumulation through reuse.126 To comply with
governmental regulations, monitoring of plastic waste streams
directed to recycling may be necessary and further increase
costs associated with recycling. To address unintended
inclusion of additives, selective dissolution/precipitation has
been proposed for the recovery of clean plastic waste127 by
removing the additives due to their diﬀerential solubility with
respect to the polymer.128 This method, however, generates
signiﬁcant quantities of solvent waste and the separation of the
solvents from the additives and plasticizers that remain in
solution will incur additional costs for the process. De Meester
and co-workers have recently reviewed solvent separation
methods from the perspective of additive removal to enable
recycling of plastic waste with both economic and environmental assessment, which illustrated the potential of these
processes to improve the quality of the recycled product.128
Despite the added costs from the solvent, the high purity
polymer product from dissolution−precipitation processes
should reduce the variability in the properties of a recycled
product and has led to a number of commercial eﬀorts.
Purecycle Technologies has been working to commercialize a
process to recover high purity PP developed by Proctor &
Gamble129 that exploits a lower critical solution temperature
(LCST) to precipitate PP in an economical manner. While
they have invested $250 million into their ﬁrst plant due to be
completed in 2022, as of March 2021, PureCycle has not
generated any operating revenue and does not expect to until
the end of 2022.130
Similarly, CreoSolv, developed by the Fraunhofer Institute
for Process Engineering and Packaging IVV, has been
promoted for closed-loop recycling of plastic to minimize
solvent requirements and has been commercialized by
PolyStyreneLoop with the initial plant opening in June 2021
for the recycling of polystyrene foam.131 The coming years will
be insightful to determine if these dissolution−precipitation
processes are economically competitive, but these oﬀer the
potential for improved purity and consistency of the recycled
product.

potential times that a resin can be recycled. Similar separations
of multilayer packaging that contain metal components have
been demonstrated using switchable solvents119 and selective
dissolution−precipitation processes.120 The advantage of these
solvent separations is that relatively pure polymer can be
recovered without loss in properties, but the cost of the solvent
and its recycling can be signiﬁcant when considering
polyoleﬁns. Sherwood has recently reviewed a variety of
solvent-based methods for recycling of plastics that includes
PET, PLA, PVC, and polyoleﬁns and has noted the economic
challenges with these approaches, but these solvent-based
methods provide an excellent opportunity to maximize reuse of
postconsumer plastics as they can produce value-added plastics
from diﬃcult to recycle waste streams.121
Alternatively, compatibilization of the mechanically recycled
multilayer plastic material can be applied, similar to that
proposed for tolerance of polymer impurities during sorting of
plastic waste. For example, blending recycled multilayer plastic
ﬁlms from food packaging with virgin resin and a maleic
anhydride containing compatibilizer provides reasonable
processability and mechanical properties.122 However, these
properties are inferior to the virgin resin, so the relative savings
with the recycled plastic must be large for this to be
economically feasible. Direct mechanical recycling without
the need to add virgin resin can be accomplished using block
polymers to provide reasonable mechanical properties of PET
and HDPE (or LDPE) based blends.110 However, the eﬃcacy
of the compatibilization likely depends on the polymer
components present in the multilayer materials and the
availability of appropriate compatibilizers for the mixtures.
Additionally, the variety of additives present in plastic
waste40 may diﬀer from the initial formulation due to
migration from123 or to45 the plastic during their lifetime.124
Examination of postconsumer recycled LDPE and HDPE
identiﬁed over 1000 chemicals from chromatography with a
majority of these associated with the identiﬁed compounds
being predominately from contaminants.125 Figure 6 illustrates
the breakdown of the volatile components in terms of origins
for the HDPE and LDPE. A minority of these compounds
were originally present in the virgin resins and these results
4330
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Even only considering a single polymer type within the
plastic waste, the molecular weight distribution tends to be
engineered to the application to meet the processing and
product property demands.132 Thus, products of nominally the
same plastic may have vastly diﬀerent molecular weight
distributions if produced by injection molding in comparison
to pultrusion or blow molding. These diﬀerences in the initial
molecular weight distribution will alter the rheological
performance of the recycled resin and its suitability for the
variety of melt processing typically associated with the
production of plastic products. Recent work has provided
theoretical-based insights into the processability of such
mixtures of plastics that are encountered in mechanical
recycling,133 which could assist in the processing of recycled
plastics. However, variability in the postconsumer waste stream
leads to a substantial variance in the molecular weight
distribution, additives and ﬁllers present in the recycled
product. As these details impact the processability (rheology)
and ultimate mechanical properties of the material in the
product, key metrics associated with the economics of the
product (production throughput and product performance)
will in general be poorly controlled in mechanically recycled
plastics. Schyns and Shaver have recently reviewed mechanical
recycling of packaging plastics that describes material speciﬁc
considerations for common packaging plastics (PET, LDPE,
HDPE, PP, PVC, PS, and their blends).134
3.3. Mechanical Recycling. The composition of preconsumer plastic waste is well-controlled and this greatly facilitates
their recycling. Even for these controlled recycled feedstocks,
the maximum recycled content is limited as the mechanical
properties of most plastics are degraded by multiple
reprocessing steps.135 For example, the ductility of PET is
reduced by 2 orders of magnitude by the third time being
mechanically recycled.118 For postconsumer plastics, mechanical recycling is more challenging as the composition of the
waste stream is variable. As shown in Figure 7, the typical
mechanical recycling process involves sorting (for postconsumer plastics), grinding, washing, separating, drying, and
compounding of the plastic waste to produce thermoplastics
ready to be reprocessed into products.
The sorting of the plastics is typically accomplished by
optical techniques with separations of plastic waste by polymer
type (typically with near IR, NIR) and for the high value
plastics (PET and HDPE) by color as well. Certain plastics
challenge this NIR sorting, in particular, the black packaging
common in food trays as it tends to absorb strongly in the
NIR.136 There have been some developments to modify the
black colorant to enable NIR sorting without altering the
visible color, such as OnColor IR Sortable Black for Recyclable
Packaging,137 which will increase the fraction of plastics that
can be recycled as there is a high PET content for black food
packaging. After sorting, the plastics are milled, washed, and
separated again by ﬂoatation. The clean plastic particles are
then reprocessed (sometimes including another grinding step)
to produce recycled plastic feedstock to be processed into
products. The high shear environment typically encountered
during polymer processing (both in recompounding and
product fabrication) tends to decrease the average molecular
mass of the plastic to reduce its mechanical performance.138
There have been signiﬁcant eﬀorts to generate new chemistries
and processes138 to mitigate property degradation and enable
increased recycled content in products. For semicrystalline
polymers such as PP for injection molding applications, this
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Figure 7. Schematic illustrating the general steps for the recovery of
plastic waste to plastic feedstock through mechanical recycling. The
transportation steps are not included for simplicity. There are a
variety of additional processes possible in recompounding to
maximize the performance of the recovered plastic.

can be as simple as modifying the molding conditions to
generate a more favorable morphology on crystallization.138
However, this change may adversely impact the cycle time for
injection molding to increase the production costs. Alternatively, the decrease in molecular weight can be reversed
through chain extension via reactive processing, which is a
potentially economical route to mitigate these diﬃculties.139,140 These reactive processing routes also oﬀer the
potential to enhance the properties depending on the
chemistries selected, which may enable upcycling of the
waste plastic.18
For postconsumer recycling of PET, substantial degradation
in performance has been reported due to mechanically
facilitated chemical changes in the polymer. 141 Such
degradation is a common concern with condensation polymers
due to their lower ceiling temperatures and their sensitivity to
moisture and alcohols.142,143 Oxidative changes to PET during
mechanical recycling by extrusion tend to include both chain
scission to reduce the molecular mass as well as branching
induced by chain coupling.144,145 These tend to decrease the
average molecular weight while broadening the polydispersity.
Figure 8A illustrates how the molecular mass of PET decreases
as the PET is mechanically reprocessed via extrusion. The
associated decrease in performance does not hamper its use in
some applications, such as textile ﬁbers, that have lower
intrinsic viscosity requirements than required by blow or
injection molding,146 but this is essentially downcycling of the
PET from high value to low value applications.
Chain extension to reinvigorate degraded feedstocks
provides one route to circumvent the breakdown of
condensation polymers during mechanical recycling.139,147
Solid state polymerization to encourage chain extension to
counter the loss of molecular mass is a typical mitigating
strategy.148 Selection of an oligomeric chain extender, such as
Joncryl-ADR-4368, which is an epoxy-functionalized acrylic,149
can provide a more eﬀective route to counter decreased
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Figure 8. (A) Dependence of molecular mass on the number of extrusion cycles to mimic mechanical recycling for several diﬀerent PET samples
reported in the literature from a variety of authors. Reproduced with permission from ref 144. Copyright 2011, Elsevier B.V. (B) Inﬂuence of an
oligomeric chain extender (Joncryl-ADR-4368) on the postprocessing molecular mass of two commercial PC grades and low value PC scrap from
compact disks. Reproduced with permission from ref 139. Copyright 2006, Elsevier B.V.

molecular mass with reactive extrusion.139 This functionalization enables one chain extender to be applicable to a variety of
condensation polymers with eﬀective reversal of molecular
mass degradation in postconsumer polyesters, polyamides,
polycarbonates, and polyurethanes.139 Figure 8B illustrates the
eﬀect of 1% of chain extender on the molecular mass of several
PC samples through a reactive extrusion. The lowest grade PC
from compact disk scrap demonstrated the greatest increase,
which may be associated with the higher density of reactive
chain ends and the lower viscosity initially in the PC to
promote the eﬃcacy of the chain extension. 139 The
functionality and architecture of the chain extender can
dramatically inﬂuence the properties of the recycled product.150 Fillers can also be used to enhance the mechanical
properties of mechanically recycled PET to produce properties
comparable to virgin PET.151 However, there are still
challenges to “close the loop” to the original application for
the materials as regulations associated with food packaging,
and the entry of contaminants, constrain the use of
mechanically recycled plastics in food contact.152,153
Although the chemical stability of polyoleﬁns is greater than
condensation polymers, the eﬀect of mechanically induced
degradation on the performance of HDPE was simulated by
consecutive extrusions. The decreased modulus after 10
reprocessing cycles154 points to a ﬁnite lifetime to the
recyclability of polyoleﬁns. The potential for increased crack
growth with recycled HDPE due to decreased mechanical
performance on reprocessing has limited its use in some long
service life applications, such as pipes in construction.155
Among polyoleﬁns, PP tends to be the most sensitive to
mechanical recycling, which results in signiﬁcant decrease in
molecular mass to increase crystallinity and a loss of
toughness.156 When adding thermo-oxidative processes, the
decrease in performance of recycled PP is accelerated.156 The
tertiary carbon in the repeat unit of PP is particularly
susceptible and thus additional antioxidants tend to be added
for mechanical recycling to minimize oxidative chain scission.
However, the diversity of additives present in postconsumer
PP can signiﬁcantly alter the properties after recycling.138
3.4. Life Cycle and Technoeconomic Considerations
for Improved Viability of Mechanical Recycling. PET is
currently the best example of large volume mechanical
recycling. The National Association for PET Container
Resources releases an annual report detailing the state of
postconsumer recycling of containers.157 The reported
utilization rate of PET in recycling has remained consistently

near 20% since 2005, despite an overall increase in the
recycling collection rate for PET through 2017.157 The vast
majority of the virgin PET resin is used in the manufacture of
bottles and the plurality (approximately 40−50%) of
postconsumer recycled containers are remanufactured into
ﬁbers based on data collected since 2001. The prevalence of
recycled PET (rPET) in ﬁber applications is likely derived
from two major characteristics.
First, PET mostly exists as either bottle grade or ﬁber
grade,158 with the viscosity of the ﬁber grade typically being
lower. Thus, the degradation of the viscosity of bottle grade
polyesters typically encountered during mechanical recycling
can be acceptable for ﬁber applications. Furthermore, the
extension of the solid-state polymerization technique used to
produce high viscosity PET to recycling streams can boost the
molecular weight to produce a viscosity appropriate for ﬁber
applications. This facile recovery of molecular weight makes
PET somewhat unique among high use commodity plastics,
and thus, there is more latitude economically to recover PET
for mechanical recycling. The lack of a similar, commercial
scale processes for other step growth polymers limits their
mechanical recycling. For example, polyurethane foams,
commonly used in cushions and insulation, are diﬃcult to
reprocess for use in a virgin-like state. Typically, these materials
are shredded, mixed with a binder and consolidated into lower
value carpet underlayment.159
Second, the large PET ﬁber market provides an accessible
target industry for the rPET with market pull from consumer
demands for environmentally friendly fabrics and materials
leading to ﬁbers with increasing content of recycled material in
commercial products. These market conditions have enabled
commercial success for companies like Uniﬁ with their Repreve
material, but virgin resins (>97%) still dominate in the
production of textiles.160
The economic drivers for mechanical recycling require a
convergence of factors, which has primarily limited mechanical
recycling from an economic perspective to PET and natural
HDPE. There are additional societal questions associated with
the impact of mechanical recycling. Signiﬁcant resources are
utilized in mechanical recycling, including the fuel associated
with collection and transportation, water use in cleaning, and
energy in reprocessing. The optimal approach to mechanical
recycling from lifecycle analysis (LCA) may not be generating
extremely clean, virgin-like materials161 as is typically the goal.
In particular, the processes used to clean and reprocess
recycled materials tend be signiﬁcantly more resource intensive
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than simple mechanical recycling with minimal value addition.
Creating clean, eﬃcient processes in combination with
advanced compatibilizers can ﬁll gaps in technology for
mechanical recycling to improve both the economic and
LCA considerations.

tion.167 There are catalysts that are insensitive to pigments and
other additives, such as Brookhart’s Ir(III) catalyst,168 which
provide insights into catalyst designs that would be tolerant for
postconsumer plastic waste. While the interest has been
recently rekindled, the concept of chemical recycling is not
particularly new with patents in the 1950s describing the
depolymerization and chemical recycling of PET.169 Despite
the considerable fraction of PET in the plastic waste stream
(Figure 2), the contribution of chemically recycled plastics to
the overall recycling stream is vanishingly small (Figure 3). In
the following sections, the challenges associated with
realization of chemical recycling back to monomer on an
industrial scale are described along with some strategies being
undertaken to improve the viability of these methods to enable
a circular economy for plastic feedstocks.
4.1. Brief Thermodynamic Considerations for Depolymerization. As the circular economy through chemical
recycling is associated with the depolymerization of the
polymer, generally back to its monomer(s), examination of
the thermodynamics provides a ﬂoor for the energy requirements for chemical recycling (as previously discussed above).
The decrease in entropy associated with the conversion of
small molecules (monomers) to polymers requires polymerization to be exothermic for a negative Gibbs free energy of
reaction (ΔGpoly). The enthalpy−entropy compensation point
where ΔGpoly = 0 is the ceiling temperature for the
polymerization, Tceiling.170,171 This temperature provides insight
into the ease of depolymerization of diﬀerent plastics as ΔGpoly
is a state function associated with the (de)polymerization and
does not consider the kinetic pathways. As shown in Table 1,
there is signiﬁcant variance in the reported values for Tceiling,
but one general trend is that polyethylene exhibits the highest
Tceiling and thus will be challenging to depolymerize back to
ethylene.
The limitation associated with the ceiling temperature limits
depolymerization to monomer at lower temperatures. Pushing
equilibrium toward the monomer is possible with condensation polymers through the use of solvents (water, alcohols,
glycols, amines) that can potentially be products of polymerization.169 However, as these are equilibrium processes, the
products tend to be a mixture of monomers and oligomers plus
the excess solvent required to shift equilibrium toward
monomers.172 The recovery of monomers to complete the
circular economy is thus typically limited by the ability to
eﬀectively purify the products from the equilibrium depolymerization.
The role of the addition of byproducts from the polymerization on depolymerization is best illustrated through
hydrothermal processes that can convert PET, polycarbonate,
and polyamide-6 to monomers as well as a variety of other
chemicals, while limited depolymerization of PP or PS occurs
under the same conditions.173 However, even for condensation
polymers, the product distribution can be messy. Figure 10
illustrates the product distribution from hydrothermal treatment for a variety of polymers. Of the polymers examined,
polycarbonate provided the highest fraction of monomer
(BPA), but this was still under 50% of the total mass.173 To
increase the yield of the desired monomer, more extreme
conditions are typically required. The depolymerization of
PET,174 polycarbonate,175 or polyurethane176 to monomers in
high yield is possible without any catalysts in supercritical
water or alcohols, but the relatively high temperatures and
pressures associated with supercritical ﬂuids tends to adversely

4. CIRCULAR POLYMER ECONOMY BY
DEPOLYMERIZATION
With the challenges associated with mechanical recycling of
postconsumer plastic waste in terms of sorting, degradation in
molecular weight during reprocessing, and compatibilization of
unknown mixtures, there has been growing interest in the
recycling of polymers by fully chemical means.162,163 Figure 9

Figure 9. Circular economy for plastics through polymerization and
depolymerization cycles. The recycled polymer can be essentially
identical with the virgin polymer or completely reformulated to meet
requirements for another high value application.

schematically illustrates the circular economy approach where
monomers are polymerized to make products. At the end of
their service life, the polymer is then depolymerized back to
monomer. The advantages of chemical recycling are associated
with the depolymerization to monomers, which can be more
readily puriﬁed, and then repolymerization to make recycled
plastics that are indistinguishable from virgin resins. Chemical
recycling can potentially address the challenges with multilayer
plastic ﬁlms in packaging to transform the plastics present back
to monomers without addressing the solid state separation
challenge.164 The conversion back to the monomer allows for a
closed materials loop, where the plastics of tomorrow are made
from monomers derived from the plastics of today. This
circular economy for plastics165 could have a signiﬁcant impact
on the overall demands for oil-based or biobased monomers in
the future as the plastic in place now theoretically could be
chemically recycled perpetually through the depolymerization−repolymerization.166 However, the additives that provided challenges in the mechanical recycling of plastics can also
adversely impact their chemical recycling back to monomer
through poisoning of catalysts that enable the depolymeriza4333
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Figure 10. Product distribution in the oil phase from hydrothermal treatment for polycarbonate (PC), epoxy, polyurethane (PUR) and nylon
(PA66) with and without KOH as an alkali catalyst. Reproduced with permission from ref 173. Copyright 2020, Elsevier B.V.

depolymerize diﬃcult to recycle (nonclear PET) postconsumer
PET using the BP Inﬁnia technology.182 A plan by a joint
venture between Loop Industries and Indorama Ventures was
announced in 2019 to depolymerize nearly 40 thousand metric
tons of PET annually with a low temperature/low pressure
process, but the associated production unit has been delayed in
completion from 2020 to 2023 and one contract with a major
customer has already been canceled due to the delays.183 More
recently, Eastman Chemical announced plans in early 2021 to
build the world’s largest chemical recycling facility for plastics
to convert 100 000 t of PET, which cannot be mechanically
recycled, into monomers for “premium specialty plastics made
with recycled content”.184 This announcement marks a circular
return to chemical recycling after the failure of a prior product
line based on chemically recycled PET. It should be noted that
the scale of the investment by Eastman for the methanolysis
facility to chemically recycle PET is an order of magnitude
greater than the investment by DuPont in the 1990s for a
similar technology. For more information about chemical
recycling of PET, readers are directed to a recent review
focused solely on this subject.185
The textile industry has been interested in the depolymerization of polyester to improve the sustainability of synthetic
materials,186 but the presence of pigments and dyes can
hamper the depolymerization and lead to challenges in
obtaining the requisite purity of the obtained monomers for
repolymerization. Instead of repolymerization to primary

impact the economics of such depolymerization. In general, the
depolymerization of addition polymers, such as polyoleﬁns,
back to monomer tends to be challenging due to
thermodynamics.170
4.2. Chemical Recycling of Common Plastics. The
relatively low ceiling temperature of PET along with the ability
to shift equilibrium to favor the monomer with appropriate
solvents has led signiﬁcant eﬀorts over the past several decades
to develop depolymerization methods,164,167,169,177−179 but
large scale implementation industrially remains rare. For
chemical depolymerization of PET, the bench scale yield of
monomer can be nearly 90% with 95% purity from virgin PET
at temperatures near 200 °C, but this tends to decrease with
pigmented or multilayer PET common in plastic recycling
streams.180 With such performance in depolymerization to
monomer, there have been eﬀorts associated with commercialization of depolymerization processes to recover monomers,
bis(2-hydroxyethyl) terephthalate (BHET), dimethyl terephthalate (DMT), and ethylene glycol. In the 1990s, Eastman
Chemical developed a commercial PET product line that used
50% chemically recycled content. The technology was
originally developed as Eastman Kodak to chemically recycle
the polyester in photographic ﬁlm. However, this product line
was short-lived due to lack of demand. Similarly starting in
1994, DuPont operated a chemical recycling (methanolysis)
facility for production of DMT from PET waste instead of pxylene.181 In 2019, BP announced the plans for a pilot plant to
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ﬁbers, the depolymerized product can act as a softener187 or
improved dye for fabrics.186 There are a multitude of
additional issues that also inﬂuence the technoeconomic
viability of chemical ﬁber recycling in terms of a circular
economy.188 Chemical recycling to monomers for condensation polymers has advantages in that the conditions for
depolymerization tend to be relatively mild, but the purity
requirements for monomers for condensation polymerization
are relatively strict as small stoichiometric imbalance in end
functionalities can signiﬁcantly decrease the average molecular
weight. Additionally, the solvent costs to drive the depolymerization is estimated to represent nearly 40% of the cost to
produce BHET by glycolysis due to the large excess of glycol
required to produce a high yield of the BHET monomer.180
This high cost of glycol is likely the rationale for methanolysis
to produce less desired products (DMT and EG) for large
scale facilities.184 Alternatively, recent developments with
engineered depolymerases have demonstrated the ability to
biologically degrade PET back to monomer that can be
recovered for repolymerization,189 but the costs of the
engineered depolymerases need to be decreased to be cost
competitive.
The recovery of monomers from chain growth polymers
tends to be more challenging with increased stability of the
polymer and generally limited functionality along the backbone. From the perspective of signiﬁcantly impacting plastic
waste, the ability to recycle HDPE, LDPE, and PP is a critical
consideration as these polymers represent a majority of the
plastic waste generated. Simple pyrolysis requires temperatures
in excess of the ceiling temperature to crack polyoleﬁns to light
oleﬁns (monomers) that could be used again in the synthesis
of polyoleﬁns, but the residence time must be short to avoid
reduction to methane and other secondary reactions.190 For
HDPE, the yield of light oleﬁns (ethene, propene, and butene)
was maximized at 700 °C.191 The pyrolysis of LDPE, HDPE,
and PP yields a mixture of hydrocarbon liquids and gases that
are primarily aliphatic,192 which requires additional separations
to produce a usable product for repolymerization. As an
alternative to the chemical approach, catalytic pyrolysis of
HDPE to light oleﬁns can be accomplished in a two-step
process; HDPE is ﬁrst cracked at 500 °C to long alkanes and
waxes and then converted catalytically to light oleﬁns over a
zeolite catalyst at 550 °C with about 60% of the carbon from
the HDPE being captured in ethene, propene, and butene
products.193 The temperature for the conversion of long
alkanes into oleﬁns is within the reported range of the ceiling
temperature for polyethylene (Table 1). The product
distribution was mostly propene for the oleﬁns produced and
their yield was reported to decrease signiﬁcantly at lower
temperatures as would be expected.193
Figure 11 illustrates the product distribution of light
alkanes/alkenes from a two-step catalytic cracking of HDPE
using a continuous ﬁxed bed reactor.193 The product yield is
dependent upon the catalyst space time with longer exposure
of the HDPE to the catalysts resulting in higher yield of the
light oleﬁns. At longer space times, the yield of propene
increases, which reaches a maximum of approximately onethird of the product.193 The catalytic conversion of HDPE to
heavier oleﬁns (C3−C6) can be accomplished at lower
temperatures (290 °C) as the ceiling temperature limitation
of polyethylene depolymerization can be sidestepped with
these longer aliphatic chains as products. Higher yields of light
oleﬁns (75%) can be obtained from LDPE when operating at
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Figure 11. Gaseous products obtained from HDPE based on a two
step thermal and catalytic process where the HDPE is ﬁrst pyrolyzed
at 500 °C, followed by catalytic cracking over HZSM-5 zeolite at 500
°C. Reproduced with permission from ref 193. Copyright 2012,
Elsevier B.V.

800 °C.194 The challenges with plastic waste has reinvigorated
eﬀorts in the development of catalysts for chemical recycling to
increase the circularity in the materials economy for plastics,195
but the commercial realization of chemical recycling has been
limited to date (Figure 3) in comparison to mechanical
recycling. Several reviews have recently focused on the
catalysts used for chemical recycling of plastic waste.196,197
The recovery of light oleﬁns (ethene and propene) that
would provide chemical feedstocks for a majority of the plastics
produced require high temperatures for the depolymerization
due to the stability of the C−C σ bonds. This temperature
requirement adds signiﬁcant energy requirements that are
compounded by the modest product selectivity, which will
necessitate additional separations. Even with chemical
recycling by pyrolysis (thermal and catalytic), there are some
sorting requirements as PVC needs to be removed to avoid
generation of signiﬁcant HCl.198 Similarly PET tends to
adversely impact the yield of desired products from
pyrolysis. 199 The low cost of oleﬁns obtained from
petrochemical processing of fossil fuels challenge the
economics associated with chemical recycling to monomers
due to high energy requirements (as well as the adoption of
biobased plastic alternatives).200 Miao et al. have recently
reviewed depolymerization technologies for common plastics,
which provides more depth on the depolymerization
challenges.201
4.3. New Polymers Designed for Depolymerization.
With the economic challenges associated with obtaining high
quality monomers from traditional thermoplastics through
chemical recycling, there has been a concerted eﬀort in recent
years to re-examine the plastics used to rationally design the
polymer from the monomer up to enable recycling and
sustainability,202 while retaining the desired physical properties
of the plastic.195,203,204 A variety of chemistries, such as bridged
thioesters,205 lactones,206 and dynamic covalent diketoenamine
bonds,207 have been developed that provide intrinsically
recyclable plastics through depolymerization/repolymerization.
The challenge with these polymers tends to be the costs. In
order for these new polymer designs to make a major impact
toward chemical recyclability of plastic waste streams, they
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Figure 12. Role of recovery and eﬀective chemical recycling of polydiketoenamines on the economics and environmental impact. With a fully
circular economy (no new chemicals), the cost can approach polyoleﬁns and PET, but ineﬀective recovery of PDK dramatically increases the cost.
This image is adapted from ref 209 and is licensed under CC BY 4.0.

the past 50 years. In 2007, Eastman Chemical successfully
introduced the Tritan line of copolyesters to replace bisphenol
A (BPA)-based polycarbonates (PC) in food packaging. This
new plastic was driven by the voluntary removal of PC from
food packaging due to concerns of BPA as an estrogen-mimic.
Note that PC is a minor overall component in plastic waste,
and only about 3% of PC is used in food packaging, while BPAbased PC is still common in nonfood contact products.
Poly(hydroxyalkanoates) have provided some hope for viable
alternatives to polyoleﬁns, but a previous venture in this class
of polymers (Metabolix) failed to reach true market
viability.210 This prior history associated with the introduction
of new polymers in commodity plastics illustrates some of the
potential pitfalls and need for a clear market pull to successfully
introduce alternatives to polyoleﬁns that are intrinsically
recyclable.
4.4. Life Cycle and Technoeconomic Considerations.
Closed Loop Partners211 has identiﬁed 98 diﬀerent organizations involved from lab scale proof of concept to scaled up
commercial processes that process plastic to monomer
feedstock. Most of these eﬀorts focus on PET due to its
prevalence and potential for ester cleavage chemistry through
hydrolysis, methanolysis, or glycolysis.211 For example, Carbios
relies on an engineered enzyme to induce hydrolysis at pilot
scale, which has been demonstrated to change the paradigm
from bottle-to-ﬁber, the norm for mechanical recycling, to
ﬁber-to-bottle through enzymatic chemical recycling.212 While
claims of great technology for depolymerizing PET are
common, the leap from pilot or small commercial scale to a
major source of PET monomer has been daunting, although
Eastman has recently announced intentions for a large scale
plant for depolymerization of PET.184 Other step growth
polymers have also been examined, but the challenges are
generally greater than with PET for commercial viability.
Nylon-6 depolymerization to caprolactam as feedstock to spin
new yarns is being investigated by Aquaﬁl.211 The Rampf
group has developed and commercialized chemical recycling of
waste polyurethanes with this technology planned to be scaled
to 2000 t annually for converting polyurethane foams to
polyols.213

must be able to eﬀectively replace the primary packaging
materials (PET, HDPE, LDPE, and PP, which comprise a
signiﬁcant fraction of the plastic waste), while being cost
competitive. A condensation polymer based on oleates from
natural sources can produce polyethylene like structures,
including crystallinity, but can be nearly fully recovered as
building blocks for repolymerization to provide a simple route
to circular analogs to polyethylene.208 Although carbonate
linkages between C18 alkane in the backbone enable facile
depolymerization, the relative economics of this system
compared to polyethylene is not known. Recent analyses of
the circular economy for polydiketoenamines (PDK), which
are intrinsically recoverable as monomers, has demonstrated
that the recycled resin cost is within a factor of 2 of the
production cost of HDPE and PET.209 However, as illustrated
in Figure 12, the recovery of the polymer is critical to provide
any potential for a cost-eﬀective resin. A circular (fully
chemically recycled) PDK has a minimum selling price of
$1.5/kg, but the loss due to eﬃciencies in manufacturing even
when 100% of the PDK is recovered raises the minimum sale
price by nearly an order of magnitude. Given the current
collection rates of plastics for recycling,5 the cost of PDK is
likely to be noncompetitive for commodity plastic replacement
without signiﬁcant government incentives or new regulations
that limits the use of polyoleﬁns and PET in some applications.
Although properties similar to current commercial packaging
have been demonstrated for polymers designed to be
intrinsically recycable,206 the scale of production of polyoleﬁns,
which is approaching one-quarter of a billion metric tons
annually, may be challenging to replicate with the new
chemistries. Additionally, with this scale, small diﬀerences in
the price compared to polyoleﬁns will be magniﬁed
substantially by any major user of the plastics. Considering
an increase of price in the production of the recyclable plastic
by 0.1 cent per kg in comparison to commodity polyoleﬁn
would lead to an overall cost to the producers of the
polyoleﬁns of more than $230 million (based on historical data
shown in Figures 1 and 2). This sensitivity to the production
cost and thin margins in the commodity plastic market have
limited the number of new large scale polymers introduced in
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Figure 13. (A) Products from a dual catalyst approach for the conversion of pure PP, pure HDPE, LDPE bottle, HDPE bottle, HDPE bag, and
composite (45 vol % PP/45 vol % PE/10 vol % PS) tape at 250 °C and 30 bar H2. The three diﬀerent HDPE materials examined are circled to
illustrate the product dependence on the material source. (B) Detailed breakdown of the hydrocarbon products in terms of number of carbons.
Data were extracted from ref 220.

there are tremendous breakthroughs in mechanical recycling of
PP.215 Design of catalysts and the details of the plastic
feedstock can be used to tune the products being produced,166
e.g., from ﬁne chemicals to fuels.192,216 These processes tend to
rely on pyrolysis to convert the plastics into liquid organics. An
industrial process has been implemented by RES Polyﬂow
LLC to convert postconsumer plastic waste directly to
petroleum mimics.217 The process uses multiple reactor
zones to convert the plastics to a variety of chemicals in
>90% yield to a liquid that mimics crude oil and can be
processed with existing petrochemical infrastructure.217 Due to
the prevalence of polyoleﬁns in the waste streams, pyrolysis
tends to produce alkane-rich streams with characteristics best
suited for fuels (after additional cracking).218,219 There have
been some examples of partial depolymerization to oligomers
that provide raw materials to other applications.139,177 In
general, the economic incentives for chemical recycling of
commodity plastics to monomer have been limited by the low
cost of the monomers from petroleum products.139 This has
driven most commercial eﬀorts associated with pyrolysis of
waste plastics to focus on fuels as the product.162 Recently, a
dual catalyst approach has been demonstrated to convert
polyoleﬁns to fuels and light lubricants at modest temperatures.220 Figure 13 illustrates the product distribution from a
number of diﬀerent polyoleﬁns. The approach generally avoids
overcracking of the polyoleﬁns to low value, light alkanes
(C1−4), but there is an increase in the residual solids for the
commercial plastics, potentially due to additives, and in the
case when other plastic (PS) is present.
However, this ultimate combustion of the carbons from the
plastic is detrimental to the circular materials economy as the
molecular structures are destroyed to yield H2O and CO2.118
The generation of fuel from waste plastics is an intermediate
approach between recycling back to a usable material and the
common incineration for energy recovery approach (Figure 3).
Davidson et al. have provided a critical review of chemical
recycling from the perspective of life cycle assessment.221

Although there appear to be economic obstacles for
widespread adoption of chemical recycling, regional production of monomers from waste plastics for circularity may have
signiﬁcant advantages from a LCA perspective with improved
economic viability, in particular for PET. In 2017, 52% of the
PET production capacity of 30.3 million tons worldwide was in
Asia.214 The shale gas boom in the United States has reduced
the availability of terephthalic acid (PTA), which is traditionally obtained from the naptha cut in cracking of heavy
hydrocarbons in the manufacture of ethylene. This shift has
been blamed for recent supply disruptions in PTA in North
American. Domestic supply chain capability for resilience is
generally desired, but this is challenged by the lack of
infrastructure and feedstock availability in North America
and the economic disincentives from an overcapacity of raw
materials in Asia. Advances in chemical PET recycling could
provide supply chain security as well as energy and pollution
savings from minimizing the shipment of PET overseas.
However, adoption will likely require the costs for the PET to
match the delivered price of PET from petrochemical sources.

5. CHEMICAL CONVERSION OF PLASTICS TO
VALUE-ADDED CHEMICALS
Since the thermodynamics associated with depolymerization
for polyoleﬁns indicates signiﬁcant energy requirements, the
value of the light oleﬁns is low, and the depolymerization tends
to produce a distribution of products, there is need for other
chemical approaches to address this major component of
plastic waste. The conversion of waste plastics to other
chemicals oﬀers the potential for the upcycling of the carbon in
low value polyoleﬁns to higher value organics. Thus, the energy
requirements associated with depolymerization to monomers
can be avoided and conditions associated with the cracking of
hydrocarbons can be used to produce a variety of chemicals.162
This assertion is borne out by a recent technoeconomic
analysis of waste polypropylene (PP), which has indicated that
fast pyrolysis to produce heavy gases and oils is favored unless
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Beyond fuels, appropriate cracking catalysts can transform
polyethylene into liquid lubricants and waxes.222 Fine
chemicals, such as alkylaromatics, can be generated from
polyethylene via tandem catalytic conversion.223 However, the
reaction rates for the catalytic conversion of polyoleﬁns in the
melt tend to be sluggish due to polymer diﬀusivity limiting
catalyst turnover. A recent review has highlighted pyrolysis
technologies for polyoleﬁns and provides additional details on
catalysis, reactor design, and material integration in existing
reﬁnery processes.224 For a more detailed description of
chemical recycling of common postconsumer plastics into fuels
and chemical feedstocks, interested readers are directed to
several recent reviews.162,225,226
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Figure 14. Illustration of the trade-oﬀs between economics and
sustainability for the pyrolysis of HDPE. The most environmentally
friendly design is shown by point A where a lower ReCIPe score (a
standardized method for calculation of life cycle impact) is favored.
Conversely, the most proﬁtable (highest net present value, NPV)
conﬁguration is shown as point C. A small hit to the return on
investment can dramatically decrease the environmental impact
(point B). Reproduced with permission from ref 233. Copyright
2020, American Institute of Chemical Engineers.

6. KEY CHALLENGES AND OPPORTUNITIES
Despite the challenges associated with plastic waste, there are
clear societal beneﬁts to the utilization of plastics. Prime
examples include the improvement in hygiene in healthcare
enabled by sterile plastic packaging as well as the improvements in fuel economy of automobiles through lightweighting
with plastics and plastic composites replacing metal parts.227
Trends to improve the sustainability of plastics have focused
on the circular economy with an end goal of a closed loop
industry for plastics where the input to new plastic materials is
solely from waste plastics. Much research has been devoted to
fundamental studies to develop new paths in the lifecycle of
polymers that could integrate better into a circular
economy.215,228,229 However, beyond these technical challenges, there remain questions about the economic and
environmental realities. A value chain analysis of the plastic
recycling market in the Nordics identiﬁed several key reasons
for low demand of recycled plastics: price, traceability, and
design deﬁciencies in the recyclability of plastics from
products.230 These aspects relate to the economics of the
processes involved in recycling and the quality of the recycled
product, which in general are intertwined.
An appropriate assessment model that accounts for material
value, economics and environment is key to provide insights
into decisions about what is (are) the most sensible route(s) to
address plastic waste. For example, the consideration of the
energy and material worth of constructed C−C bonds in
plastics in comparison to CO2 from its incineration will
inﬂuence decision trees.118 In some cases, the incineration with
waste energy recovery can have lower environmental impact
than mechanical recycling for addressing plastic waste.231 A
recent study found that the optimum for waste management of
plastics is recycling only 25% of plastics while the remainder is
better suited for waste-to-energy incineration.232 With the
variety of recycling routes and potential products, considering
economic and sustainability issues during process design using
an optimization algorithm provides a route to assess the
favorability of diﬀerent route to recycle plastics. Even for the
pyrolysis of HDPE, the selection of processes can signiﬁcantly
alter the economic viability and environmental impacts.233
Figure 14 illustrates the trade-oﬀs between economics and
environmental impact for this process with a major improvement in the sustainability possible with only a small impact on
the economics. However, this may be challenging to
implement for some publicly traded companies as activist
hedge funds can inﬂuence the corporate boards into avoiding
strategies that do not maximize proﬁts as well as the direct
tying of executive compensation to short-term proﬁts.234

Even if mechanical recycling is the best from a
technoeconomic perspective, the question of improving plastic
recycling rates is multifaceted and requires examination of
challenges from all viewpoints. One of the ﬁrst challenges is the
wide diversity of polymers, additives, ﬁllers, and other
components that comprise the plastic waste that is dominated
by packaging with short lifetime. This creates a challenge for
recycling as the heterogeneities in the waste stream can lead to
high variability for mechanical recycling and can alter the
product distribution with chemical recycling. The recent
California recycling commission report included a recommendation to develop policy proposals that eliminate some
packaging that impedes recycling.235 With the size of the
economy of California, implementation of these policies may
decrease the overall variety of plastic generated in postconsumer waste to ease some of the challenges in recycling.
For postconsumer waste, there are two problems associated
with decisions made by individuals about curbside recycling
programs. First, materials that could be recycled can be
landﬁlled to decrease the fraction of materials recycled.
Potentially even more problematic from an economic
perspective is the inclusion of plastics that cannot be recycled
and contaminants in the plastics38 in the mixed recycling
streams,236 which necessitates signiﬁcant added costs associated with sorting and disposal of the waste materials. Sorting
technology of plastic waste is key to the eﬃcacy of both
chemical50 and mechanical237 recycling. Low level contaminants can be nearly impossible to remove, and this tends to
degrade the quality of mechanically recycled plastics.38 There
have been eﬀorts to separate plastic out of standard municipal
waste, but it is unlikely to ever be economically viable.238
There are potentially some opportunities for informal sorting
eﬀorts that could help to build toward improved recycling
eﬃciency in developing countries.239 Irrespective of all these
facts, the eﬃcient sorting of plastic waste is a critical
shortcoming in current technologies, despite signiﬁcant
improvements in the past years.240 Alternative methods
associated with selective dissolution−precipitation improves
the product quality at additional costs;127,128 scaled processes
associated with selective dissolution are being commercialized
by Polystyvert,241 APK, and Creacycle. It remains to be seen if
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this solution-based separation methodology will overcome the
shortcomings of mechanical and optical sorting to produce
higher quality recycled plastic products at a cost that the
market will bear.
The intrinsic variability in the plastics being recycled leads to
similar variation in the properties of mechanically recycled
plastics. This variation is attributed to diﬀerences in molecular
mass of the polymers in the recycling stream, additives, and the
eﬃcacy of the sorting. Examination of the product portfolio of
Avient (formerly PolyOne), which is one of the largest plastic
suppliers to end-users, shows that there are more than 4000
grades of resin currently being oﬀered, which does not include
the variation in the variety of additives associated with their
Masterbatches to supply plastics to a variety of industries,
including those with a strong focus on packaging. This
variability is predominately in the molecular weight distributions, which are tuned to the application to provide high
throughput for production while also producing the required
mechanical performance of the plastic part. The engineered
nature of plastic resins to match processing and application can
lead to some challenges in the performance of mechanically
recycled polymers due to the uncontrolled nature of the
mixtures in the recycled product, even with perfect sorting.
These subtle diﬀerences sometimes drive manufacturers with
diﬀerent colors for their product to sometimes use diﬀerent
sourced resins as this can inﬂuence the color of the product,
even when the resin is technically the same polymer. These
factors can lead to variation in performance of recycled plastics
that tends to limit applications for the recycled product with
downcycling of the plastic to a lower performance
application.177 Removal of additives through dissolution−
precipitation based separations appears to improve the
performance of mechanically recycled products,117 but this
will need to be further investigated for a broader range of
plastics to understand how mixtures of base resins from
diﬀerent suppliers interact to inﬂuence the properties of
mechanically recycled plastics. An alternative route to remove
some additives (in particular, ink and dye) from recycled
plastics is being commercialized by Cadel Deinking through
surfactant-based extractions.242 Depolymerization to recycle
monomers in a circular materials economy will avoid any
challenges with the mixed molecular weight distribution, but
the impact of the variety of additives on the (catalytic)
depolymerization reactions will remain a challenge to the
eﬃcacy of chemical recycling.
Beyond these technical and economic challenges, there are
regulatory issues that can inﬂuence the favorability of recycling
of plastic waste. For example, the EU has implemented a series
of policies that promote the development of a circular
economy for plastics.243 The packaging industry has responded
with improved integration of the plastic supply chain to
enhance the sustainability of the plastics used.10 Both the EU
and California have both been aggressive in their policies and
regulations to promote recycling and the vision of a circular
materials economy for plastics, which will impact the viability
of certain recycling processes as well as the use of some plastics
in impacted applications. Regulations can also adversely impact
the potential uses of recycled plastics. For example, the
contamination and regulatory requirements associated with
food contact represent a signiﬁcant hurdle for the closed loop
recycling of food packaging.237 These regulatory factors
present opportunities to dramatically shape how plastics are
used and recycled, but there is also a danger of unintended

consequences.8 The bans of single use plastic bags have been
popular with local governments,9 but these complete bans can
actually be unfavorable from a LCA perspective if water use is
considered, due to water use for the production and cleaning
of multiple use natural textile bags.11 The use of regulations
and mandates244 is likely to be a critical factor to the success of
initiatives to increase the recycling rates for postconsumer
plastics, as the economics to promote recycling has been
lacking historically.240
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7. CONCLUSIONS
There has been tremendous progress made in developing new
materials and processes for the recycling of plastics in the past
decade with the mounting pressures associated with the evergrowing plastic waste generation. However, challenges remain
to address the limited recycled fraction of postconsumer plastic
waste. Many of these are rooted in economics as one of the
drivers of the large scale use of certain plastics is the
combination of low costs and properties to meet the
requirements of the application. This is particularly true for
polyoleﬁns, which comprise nearly 60% of the plastics
produced annually. Low cost routes to recycle polyoleﬁns
mechanically tend to lead to inferior plastics, while chemical
recycling oﬀers the potential to produce indistinguishable
plastics but the costs may not be competitive with those for
virgin resins. This cost competitiveness with polyoleﬁns is
particularly challenging in the era of shale gas, which has
dramatically decreased the cost of ethylene. From the fourth
quarter of 2017 to the fourth quarter of 2019, the price of
polyethylene dropped from $1.488/kg to $1.036/kg.245 This
reduction in value of polyethylene places added strain on its
eﬀective recycling, but also limits economic pressure to reduce
plastic use. Historically, the mechanical recycling of natural
HDPE is an exception where the properties obtained tend to
be suitable for some applications, which is responsible for the
relatively large fraction of HDPE that is recycled mechanically
in comparison to other polyoleﬁns. Development of low-cost
processes (competitive economically) to produce recycled
LDPE and PP with properties comparable to the virgin resins
is a key challenge to increase the fraction of plastics that can be
readily recycled. The complex nature of the plastic
formulations is also a challenge with the variety of additives,
ﬁllers, pigments, etc. used in commercial applications. The
development of any new technologies for plastic recycling
needs to take into account the complexities of the plastic waste
as the diﬀerent additives can adversely impact the quality of the
recycled product or the recycling process itself, especially for
chemical recycling. Low-cost removal of these compounds or
understanding of the inﬂuence of their interactions on
mechanical properties or catalyst performance for mechanical
and chemical recycled plastics, respectively, would greatly
beneﬁt the ability to produce high performing recycled plastics.
Additionally, the variability in the properties of the recycled
plastics signiﬁcantly limits their applications. This variability
arises from the ever changing, diverse, postconsumer plastic
waste feedstock for the recycling. Routes to improve the
uniformity in properties from a highly variable feedstock
(waste plastic) would provide new applications for recycled
plastics. The redesign of plastics toward intrinsic chemical
recycling would provide a simple solution to enable a circular
materials economy, but the cost of these plastics in comparison
to polyoleﬁns is likely to limit their adoption in high volume
applications, namely packaging which accounts for a majority
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of the plastic waste generated annually. The wild card for the
adoption of redesigned plastics is government policies and
regulations, which could through mandates require full
circularity where the ﬁnite nature of mechanical recycling
would limit commodity polyoleﬁns. The recently implemented
EU tax on nonrecycled plastic packaging waste provides some
economic advantages to improving recyclability of packaging
materials, but this is likely insuﬃcient to cover the added costs
over polyoleﬁns at only €0.80/kg of nonrecycled waste.246 The
complexity of postconsumer plastic waste will likely necessitate
a multipronged approach with technoeconomic analyses
critical to directing the most appropriate recycling processes
(mechanical, chemical to monomer, and chemical to high value
chemicals).

(3) Chen, Y.; Awasthi, A. K.; Wei, F.; Tan, Q. Y.; Li, J. H. Single-Use
Plastics: Production, Usage, Disposal, and Adverse Impacts. Sci. Total
Environ. 2021, 752, 141772.
(4) Geyer, R.; Jambeck, J. R.; Law, K. L. Production, Use, and Fate
of All Plastics Ever Made. Sci. Adv. 2017, 3, No. e1700782.
(5) Advancing Sustainable Materials Management: 2017 Fact Sheet;
Assessing Trends in Material Generation, Recycling, Composting,
Combustion with Energy Recovery in the United States; U.S. Environmental Protection Agency: 2019; EPA 530-F-19-007.
(6) Arli, D.; Badejo, A.; Carlini, J.; France, C.; Jebarajakirthy, C.;
Knox, K.; Pentecost, R.; Perkins, H.; Thaichon, P.; Sarker, T.; Wright,
O. Predicting Intention to Recycle on the Basis of the Theory of
Planned Behaviour. Int. J. Nonprofit Volunt. Sect. Mark. 2020, 25,
No. e1653.
(7) Herberz, T.; Barlow, C. Y.; Finkbeiner, M. Sustainability
Assessment of a Single-Use Plastics Ban. Sustainability 2020, 12, 3746.
(8) Kish, R. J. Using Legislation to Reduce One-Time Plastic Bag
Usage. Econ. Aff. 2018, 38, 224−239.
(9) Wagner, T. P. Reducing Single-Use Plastic Shopping Bags in the
USA. Waste Manage. 2017, 70, 3−12.
(10) Foschi, E.; Bonoli, A. The Commitment of Packaging Industry
in the Framework of the European Strategy for Plastics in a Circular
Economy. Adm. Sci. 2019, 9, 18.
(11) Le Page, M. Plastic Bag Ban is No Plan for a Green Future. New
Sci. 2018, 237, 25−25.
(12) Hopewell, J.; Dvorak, R.; Kosior, E. Plastics Recycling:
Challenges and Opportunities. Philos. Trans. R. Soc., B 2009, 364,
2115−2126.
(13) O'Sullivan, D. German Chemical Giants Join to Recycle
Plastics. Chem. Eng. News 1990, 68, 8−8.
(14) Wang, C.; Zhao, L. F.; Lim, M. K.; Chen, W. Q.; Sutherland, J.
W. Structure of the Global Plastic Waste Trade Network and the
Impact of China’s Import Ban. Resour., Conserv. Recycl. 2020, 153,
104591.
(15) Liang, Y. Y.; Tan, Q. Y.; Song, Q. B.; Li, J. H. An Analysis of the
Plastic Waste Trade and Management in Asia. Waste Manage. 2021,
119, 242−253.
(16) Huang, Q.; Chen, G. W.; Wang, Y. F.; Chen, S. Q.; Xu, L. X.;
Wang, R. Modelling the Global Impact of China’s Ban on Plastic
Waste Imports. Resour., Conserv. Recycl. 2020, 154, 104607.
(17) MacLeod, M.; Arp, H. P. H.; Tekman, M. B.; Jahnke, A. The
Global Threat from Plastic Pollution. Science 2021, 373, 61−65.
(18) Korley, L. T. J.; Epps, T. H.; Helms, B. A.; Ryan, A. J. Toward
Polymer Upcycling - Adding Value and Tackling Circularity. Science
2021, 373, 66−69.
(19) Scott, A. BASF is Embracing the Circular Economy. Should We
Be Skeptical? Chem. Eng. News 2021, 99, 21−22.
(20) Stubbins, A.; Law, K. L.; Munoz, S. E.; Bianchi, T. S.; Zhu, L.
Plastics in the Earth system. Science 2021, 373, 51−55.
(21) Prata, J. C.; Silva, A. L. P.; da Costa, J. P.; Mouneyrac, C.;
Walker, T. R.; Duarte, A. C.; Rocha-Santos, T. Solutions and
Integrated Strategies for the Control and Mitigation of Plastic and
Microplastic Pollution. Int. J. Environ. Res. Public Health 2019, 16,
2411.
(22) Jefferson, M. Whither Plastics?-Petrochemicals, Plastics and
Sustainability in a Garbage-Riddled World. Energy Res. Soc. Sci. 2019,
56, 101229.
(23) Ostle, C.; Thompson, R. C.; Broughton, D.; Gregory, L.;
Wootton, M.; Johns, D. G. The Rise in Ocean Plastics Evidenced
from a 60-year Time Series. Nat. Commun. 2019, 10, 1622.
(24) Barnes, D. K. A.; Galgani, F.; Thompson, R. C.; Barlaz, M.
Accumulation and Fragmentation of Plastic Debris in Global
Environments. Philos. Trans. R. Soc., B 2009, 364, 1985−1998.
(25) Bergmann, M.; Mutzel, S.; Primpke, S.; Tekman, M. B.;
Trachsel, J.; Gerdts, G. White and Wonderful? Microplastics Prevail in
Snow from the Alps to the Arctic. Sci. Adv. 2019, 5, No. eaax1157.
(26) Borrelle, S. B.; Ringma, J.; Law, K. L.; Monnahan, C. C.;
Lebreton, L.; McGivern, A.; Murphy, E.; Jambeck, J.; Leonard, G. H.;
Hilleary, M. A.; Eriksen, M.; Possingham, H. P.; De Frond, H.;

■

AUTHOR INFORMATION

Corresponding Author

Bryan D. Vogt − Department of Chemical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16803, United States; orcid.org/0000-0003-1916-7145;
Email: bdv5051@psu.edu
Authors

Kristoﬀer K. Stokes − Geisys Ventures, LLC, Lunenburg,
Massachusetts 01462, United States
Sanat K. Kumar − Department of Chemical Engineering,
Columbia University, New York, New York 10027, United
States; orcid.org/0000-0002-6690-2221
Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.1c00648
Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the ﬁnal version of
the manuscript.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
B.D.V. acknowledges the support of start-up funds from The
Pennsylvania State University. The authors thank R. Rioux and
B. Chandler for discussions related to the catalytic conversion
of plastic waste and D. Vlachos and P. Kots for providing the
product distribution data from their catalytic studies.

■

ABBREVIATIONS
BHET, bis(2-hydroxyethyl) terephthalate; BPA, bisphenol A;
DMT, dimethyl terephthalate; EU, European Union; HDPE,
high density polyethylene; LCA, lifecycle analysis; LCST,
lower critical solution temperature; LDPE, low density
polyethylene; LLDPE, linear lower density polyethylene;
NPV, net present value; PDK, polydiketoenamines; PET,
polyethylene terephthalate; PP, polypropylene; PS, polystyrene; PTA, terephthalic acid; PUR, polyurethane; PVC,
poly(vinyl chloride); rPET, recycled PET

■

REFERENCES

(1) Amick, D. S. The Recycling of Material Culture Today and
During the Paleolithic. Quat. Int. 2015, 361, 4−20.
(2) Cooper, T. Challenging the ‘Refuse Revolution’: War, Waste and
the Rediscovery of Recycling, 1900−50. Hist. Res. 2007, 81, 710−731.
4340

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Gerber, L. R.; Polidoro, B.; Tahir, A.; Bernard, M.; Mallos, N.; Barnes,
M.; Rochman, C. M. Predicted Growth in Plastic Waste Exceeds
Efforts to Mitigate Plastic Pollution. Science 2020, 369, 1515−1518.
(27) Alimi, O. S.; Farner Budarz, J.; Hernandez, L. M.; Tufenkji, N.
Microplastics and Nanoplastics in Aquatic Environments: Aggregation, Deposition, and Enhanced Contaminant Transport. Environ. Sci.
Technol. 2018, 52, 1704−1724.
(28) Makarichi, L.; Jutidamrongphan, W.; Techato, K. A. The
Evolution of Waste-to-Energy Incineration: A Review. Renewable
Sustainable Energy Rev. 2018, 91, 812−821.
(29) Altman, R. The Myth of Historical Bio-Based Plastics. Science
2021, 373, 47−49.
(30) He, H.; Reynolds, C. J.; Hadjikakou, M.; Holyoak, N.; Boland,
J. Quantification of Indirect Waste Generation and Treatment Arising
from Australian Household Consumption: A Waste Input-Output
Analysis. J. Cleaner Prod. 2020, 258, 120935.
(31) Vingwe, E.; Towa, E.; Remmen, A. Danish Plastic Mass Flows
Analysis. Sustainability 2020, 12, 9639.
(32) Kawecki, D.; Scheeder, P. R. W.; Nowack, B. Probabilistic
Material Flow Analysis of Seven Commodity Plastics in Europe.
Environ. Sci. Technol. 2018, 52, 9874−9888.
(33) Park, S. Factors Influencing the Recycling Rate under the
Volume-Based Waste Fee System in South Korea. Waste Manage.
2018, 74, 43−51.
(34) Fullerton, D.; Kinnaman, T. C. Household Responses to
Pricing Garbage by the Bag. Am. Econ. Rev. 1996, 86, 971−984.
(35) National Solid Wastes Management Association(NSWMA)
Municipal Solid Waste Landﬁll Facts; October 2011.
(36) Ardoin, C. EREF Study Shows Average MSW Landﬁll Tip
FeeContinues to Rise; https://www.waste360.com/landﬁll-operations/
eref-study-shows-average-msw-landﬁll-tip-fee-continues-rise-2019 (accessed April 9, 2021).
(37) Areeprasert, C.; Asingsamanunt, J.; Srisawat, S.; Kaharn, J.;
Inseemeesak, B.; Phasee, P.; Khaobang, C.; Siwakosit, W.;
Chiemchaisri, C. Municipal Plastic Waste Composition Study at
Transfer Station of Bangkok and Possibility of its Energy Recovery by
Pyrolysis. Energy Procedia 2017, 107, 222−226.
(38) Roosen, M.; Mys, N.; Kusenberg, M.; Billen, P.; Dumoulin, A.;
Dewulf, J.; Van Geem, K. M.; Ragaert, K.; De Meester, S. Detailed
Analysis of the Composition of Selected Plastic Packaging Waste
Products and Its Implications for Mechanical and Thermochemical
Recycling. Environ. Sci. Technol. 2020, 54, 13282−13293.
(39) Hahladakis, J. N. Delineating and Preventing Plastic Waste
Leakage in the Marine and Terrestrial Environment. Environ. Sci.
Pollut. Res. 2020, 27, 12830−12837.
(40) Hahladakis, J. N.; Velis, C. A.; Weber, R.; Iacovidou, E.;
Purnell, P. An Overview of Chemical Additives Present in Plastics:
Migration, Release, Fate and Environmental Impact during their Use,
Disposal and Recycling. J. Hazard. Mater. 2018, 344, 179−199.
(41) Iwaya, T.; Tokuno, S.; Sasaki, M.; Goto, M.; Shibata, K.
Recycling of Fiber Reinforced Plastics using Depolymerization by
Solvothermal Reaction with Catalyst. J. Mater. Sci. 2008, 43, 2452−
2456.
(42) Polychronopoulos, N. D.; Vlachopoulos, J., Polymer Processing
and Rheology. In Functional Polymers; Mazumder, M. A. J.,
Sheardown, H., AlAhmed, A., Eds.; Springer International Publishing
Ag: Cham, Switzerland, 2019; pp 133−180.
(43) Gu, F.; Guo, J. F.; Zhang, W. J.; Summers, P. A.; Hall, P. From
Waste Plastics to Industrial Raw Materials: A Life Cycle Assessment
of Mechanical Plastic Recycling Practice based on a Real-World Case
Study. Sci. Total Environ. 2017, 601, 1192−1207.
(44) Wagner, S.; Schlummer, M. Legacy Additives in a Circular
Economy of Plastics: Current Dilemma, Policy Analysis, and
Emerging Countermeasures. Resour., Conserv. Recycl. 2020, 158,
104800.
(45) Horodytska, O.; Valdes, F. J.; Fullana, A. Plastic Flexible Films
Waste Management - A State of Art Review. Waste Manage. 2018, 77,
413−425.

(46) Lange, J.; Wyser, Y. Recent Innovations in Barrier Technologies
for Plastic Packaging - a review. Packag. Technol. Sci. 2003, 16, 149−
158.
(47) Gokhale, A. A.; Lee, I. Recent Advances in the Fabrication of
Nanostructured Barrier Films. J. Nanosci. Nanotechnol. 2014, 14,
2157−2177.
(48) Benmalek, M.; Dunlop, H. M. Inorganic Coatings on Polymers.
Surf. Coat. Technol. 1995, 76−77, 821−826.
(49) McGrath, J. E. Chain Reaction Polymerization. J. Chem. Educ.
1981, 58, 844.
(50) Rahimi, A.; Garcia, J. M. Chemical Recycling of Waste Plastics
for New Materials Production. Nat. Rev. Chem. 2017, 1, 0046.
(51) Delle Chiaie, K. R.; McMahon, F. R.; Williams, E. J.; Price, M.
J.; Dove, A. P. Dual-Catalytic Depolymerization of Polyethylene
Terephthalate (PET). Polym. Chem. 2020, 11, 1450−1453.
(52) Advancing Sustainable Materials Management: 2016 and 2017
Tables and Figures; Environmental Protection Agency: 2019.
(53) Coates, G. W.; Getzler, Y. D. Y. L. Chemical Recycling to
Monomer for an Ideal, Circular Polymer Economy. Nat. Rev. Mater.
2020, 5, 501−516.
(54) Tennakoon, A.; Wu, X.; Paterson, A. L.; Patnaik, S.; Pei, Y.;
LaPointe, A. M.; Ammal, S. C.; Hackler, R. A.; Heyden, A.; Slowing, I.
I.; Coates, G. W.; Delferro, M.; Peters, B.; Huang, W.; Sadow, A. D.;
Perras, F. A. Catalytic Upcycling of High-Density Polyethylene via a
Processive Mechanism. Nat. Catal. 2020, 3, 893−901.
(55) Jia, X.; Qin, C.; Friedberger, T.; Guan, Z.; Huang, Z. Efficient
and Selective Degradation of Polyethylenes into Liquid Fuels and
Waxes under Mild Conditions. Sci. Adv. 2016, 2, No. e1501591.
(56) Morlanes, N.; Kavitake, S. G.; Rosenfeld, D. C.; Basset, J. M.
Alkane Cross-Metathesis Reaction between Light and Heavy Linear
Alkanes, on a Silica Supported Well-Defined Single-Site Catalyst. ACS
Catal. 2019, 9, 1274−1282.
(57) Haibach, M. C.; Kundu, S.; Brookhart, M.; Goldman, A. S.
Alkane Metathesis by Tandem Alkane-Dehydrogenation−OlefinMetathesis Catalysis and Related Chemistry. Acc. Chem. Res. 2012,
45, 947−958.
(58) Goldman, A. S.; Roy, A. H.; Huang, Z.; Ahuja, R.; Schinski, W.;
Brookhart, M. Catalytic Alkane Metathesis by Tandem Alkane
Dehydrogenation-Olefin Metathesis. Science 2006, 312, 257−261.
(59) Sawada, H. Thermodynamics of Polymerization; Dekker: New
York, 1977.
(60) Stevens, M. P. Polymer Chemistry an Introduction, 3rd ed.;
Oxford University Press: New York, 1999.
(61) Staudinger, H.; Bondy, H. F. Isoprene and Rubber. XIX. The
Molecular Size of Rubber and Balata. Ber. Dtsch. Chem. Ges. B 1930,
63, 734−736.
(62) Craig, S. L. Polymer Mechanochemsitry: Up Another Rung.
Nat. Chem. 2017, 9, 1154−1155.
(63) Klukovich, H. M.; Kouznetsova, T. B.; Kean, Z. S.; Lenhardt, J.
M.; Craig, S. L. A Backbone Lever-Arm Effect Enhances Polymer
Mechanochemistry. Nat. Chem. 2013, 5, 110−114.
(64) Wang, J. P.; Kouznetsova, T. B.; Niu, Z. B.; Rheingold, A. L.;
Craig, S. L. Accelerating a Mechanically Driven anti-WoodwardHoffmann Ring Opening with a Polymer Lever Arm Effect. J. Org.
Chem. 2015, 80, 11895−11898.
(65) Wang, Q. M.; Gossweiler, G. R.; Craig, S. L.; Zhao, X. H.
Mechanics of Mechanochemically Responsive Elastomers. J. Mech.
Phys. Solids 2015, 82, 320−344.
(66) Xia, Z. Y.; Alphonse, V. D.; Trigg, D. B.; Harrigan, T. P.;
Paulson, J. M.; Luong, Q. T.; Lloyd, E. P.; Barbee, M. H.; Craig, S. L.
‘Seeing’ Strain in Soft Materials. Molecules 2019, 24, 542.
(67) Lin, Y. J.; Kouznetsova, T. B.; Chang, C. C.; Craig, S. L.
Enhanced Polymer Mechanical Degradation through Mechanochemically Unveiled Lactonization. Nat. Commun. 2020, 11, 4987.
(68) Ghanem, M. A.; Basu, A.; Behrou, R.; Boechler, N.; Boydston,
A. J.; Craig, S. L.; Lin, Y. J.; Lynde, B. E.; Nelson, A.; Shen, H.; Storti,
D. W. The Role of Polymer Mechanochemistry in Responsive
Materials and Additive Manufacturing. Nat. Rev. Mater. 2021, 6, 84−
98.
4341

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(69) Beyer, M. K.; Clausen-Schaumann, H. Mechanochemistry: The
Mechanical Activation of Covalent Bonds. Chem. Rev. 2005, 105,
2921.
(70) Odell, J. A.; Keller, A. Flow-Induced Chain Fracture of Isolated
Linear Macromolecules in Solution. J. Polym. Sci., Part B: Polym. Phys.
1986, 24, 1889−1916.
(71) Campbell, D.; Peterlin, A. Free-Radical Formation in Uniaxially
Stressed Nylon. J. Polym. Sci., Part B: Polym. Lett. 1968, 6, 481−5.
(72) Casale, A. Temperature Effect on Polymer Mechanochemistry.
J. Appl. Polym. Sci. 1975, 19, 1461−73.
(73) Chen, R.; Tyler, D. R. Origin of Tensile Stress-Induced Rate
Increases in the Photochemical Degradation of Polymers. Macromolecules 2004, 37, 5430−5436.
(74) Chen, R.; Yoon, M.; Smalley, A.; Johnson, D. C.; Tyler, D. R.
Investigation of the Origin of Tensile Stress-Induced Rate Enhancements in the Photochemical Degradation of Polymers. J. Am. Chem.
Soc. 2004, 126, 3054−3055.
(75) Harrington, R. E.; Zimm, B. H. Degradation of Polymers by
Controlled Hydrodynamic Shear. J. Phys. Chem. 1965, 69, 161−75.
(76) Janke, G.; Frendel, A.; Schmidt-Naake, G. Polymer
Modification in a Vibratory Mill. Chem. Eng. Technol. 1999, 22,
997−1000.
(77) Abbas, K. B.; Kirschner, T.; Porter, R. S. Cryogenic
Degradation of Polystyrene in Solution. Eur. Polym. J. 1978, 14,
361−367.
(78) Sakaguchi, M.; Yamakawa, H.; Sohma, J. ESR Evidence for
Main-Chain Scissions of Polypropylene Molecules Induced by
Mechanical Fracture. J. Polym. Sci., Polym. Lett. Ed. 1974, 12, 193−
197.
(79) Sasai, Y.; Yamauchi, Y.; Kondo, S.-i.; Kuzuya, M. Nature of
Mechanoradical Formation of Substituted Celluloses as Studied by
Electron Spin Resonance. Chem. Pharm. Bull. 2004, 52, 339−344.
(80) Schaich, K. M.; Rebello, C. A. Extrusion Chemistry of Wheat
Flour Proteins: I. Free Radical Formation. Cereal Chem. 1999, 76,
748−755.
(81) Sivalingam, G.; Agarwal, N.; Madras, G. Distributed Midpoint
Chain Scission in Ultrasonic Degradation of Polymers. AIChE J. 2004,
50, 2258−2265.
(82) van den Einde, R. M.; Akkermans, C.; van der Goot, A. J.;
Boom, R. M. Molecular Breakdown of Corn Starch by Thermal and
Mechanical Effects. Carbohydr. Polym. 2004, 56, 415−422.
(83) Vettegren, V. I.; Novak, I. I.; Friedland, K. J. Overstressed
Interatomic Bonds in Stressed Polymers. Int. J. Fract. 1975, 11, 789−
801.
(84) Watson, W. F. Mechanico-Chemical Reactions of Polymers.
Makromol. Chem. 1959, 34, 240−52.
(85) Zhurkov, S. N.; Korsukov, V. E. Atomic Mechanism of Fracture
of Solid Polymers. J. Polym. Sci., Polym. Phys. Ed. 1974, 12, 385−98.
(86) Saitta, A. M.; Klein, M. L. Polyethylene Under Tensile Load:
Strain Energy Storage and Breaking of Linear and Knotted Alkanes
Probed by First-Principles Molecular Dynamics Calculations. J. Chem.
Phys. 1999, 111, 9434−9440.
(87) Buchholz, B. A.; Zahn, J. M.; Kenward, M.; Slater, G. W.;
Barron, A. E. Flow-Induced Chain Scission as a Physical Route to
Narrowly Distributed, High Molar Mass Polymers. Polymer 2004, 45,
1223−1234.
(88) Kauzmann, W. J.; Eyring, H. The Viscous Flow of Large
Molecules. J. Am. Chem. Soc. 1940, 62, 3113−25.
(89) Kuijpers, M. W. A.; Iedema, P. D.; Kemmere, M. F.; Keurentjes,
J. T. F. The Mechanism of Cavitation-Induced Polymer Scission;
Experimental and Computational Verification. Polymer 2004, 45,
6461−6467.
(90) Nguyen, T. Q.; Liang, Q. Z.; Kausch, H.-H. Kinetics of
Ultrasonic and Transient Elongational Flow Degradation: AComparative Study. Polymer 1997, 38, 3783−3793.
(91) Ausman, K. D.; Rohrs, H. W.; Yu, M.; Ruoff, R. S.
Nanostressing and Mechanochemistry. Nanotechnology 1999, 10,
258−262.

(92) Berkowski, K. L.; Potisek, S. L.; Hickenboth, C. R.; Moore, J. S.
Ultrasound-Induced Site-Specific Cleavage of Azo-Functionalized
Poly(ethylene glycol). Macromolecules 2005, 38, 8975−8978.
(93) Paulusse, J. M. J.; Huijbers, J. P. J.; Sijbesma, R. P.
Quantification of Ultrasound-Induced Chain Scission in PdIIPhosphine Coordination Polymers. Chem. - Eur. J. 2006, 12, 4928−
4934.
(94) Paulusse, J. M. J.; Sijbesma, R. P. Reversible Mechanochemistry
of a Pd(II) Coordination Polymer. Angew. Chem., Int. Ed. 2004, 43,
4460−4462.
(95) Thompson, L. H.; Doraiswamy, L. K. Sonochemistry: Science
and Engineering. Ind. Eng. Chem. Res. 1999, 38, 1215−1249.
(96) Ribas-Arino, J.; Marx, D. Covalent Mechanochemistry:
Theoretical Concepts and Computational Tools with Applications
to Molecular Nanomechanics. Chem. Rev. 2012, 112, 5412−5487.
(97) Hermes, M.; Boulatov, R. The Entropic and Enthalpic
Contributions to Force-Dependent Dissociation Kinetics of the
Pyrophosphate Bond. J. Am. Chem. Soc. 2011, 133, 20044−20047.
(98) Huang, Z.; Boulatov, R. Chemomechanics: Chemical Kinetics
for Multiscale Phenomena. Chem. Soc. Rev. 2011, 40, 2359−2384.
(99) Akbulatov, S.; Tian, Y. C.; Kapustin, E.; Boulatov, R. Model
Studies of the Kinetics of Ester Hydrolysis under Stretching Force.
Angew. Chem., Int. Ed. 2013, 52, 6992−6995.
(100) Tian, Y. C.; Boulatov, R. Comparison of the Predictive
Performance of the Bell-Evans, Taylor-Expansion and StatisticalMechanics Models of Mechanochemistry. Chem. Commun. 2013, 49,
4187−4189.
(101) Sakaguchi, M.; Sohma, J. ESR Evidence for Main-Chain
Scission Produced by Mechanical Fracture of Polymers at Low
Temperature. J. Polym. Sci., Polym. Phys. Ed. 1975, 13, 1233−45.
(102) Nagamura, T.; Takayanagi, M. ESR Study of Primary Radical
Formation during Mechanical Degradation of Poly(2,6-dimethyl-pphenylene oxide) Solid. J. Polym. Sci., Polym. Phys. Ed. 1975, 13, 567−
78.
(103) Vanapalli, S. A.; Ceccio, S. L.; Solomon, M. J. Universal
Scaling for Polymer Chain Scission in Turbulence. Proc. Natl. Acad.
Sci. U. S. A. 2006, 103, 16660−16665.
(104) Paul, D. R.; Barlow, J. W. Polymer Blends (or Alloys). J.
Macromol. Sci., Polym. Rev. 1980, C18, 109−168.
(105) Balsara, N. P.; Fetters, L. J.; Hadjichristidis, N.; Lohse, D. J.;
Han, C. C.; Graessley, W. W.; Krishnamoorti, R. Thermodynamic
Interactions in Model Polyolefin Blends Obtained by Small-Angle
Neutron-Scattering. Macromolecules 1992, 25, 6137−6147.
(106) Shent, H. T.; Pugh, R. J.; Forssberg, E. A Review of Plastics
Waste Recycling and the Flotation of Plastics. Resour., Conserv. Recycl.
1999, 25, 85−109.
(107) Eagan, J. M.; Xu, J.; Di Girolamo, R.; Thurber, C. M.;
Macosko, C. W.; LaPointe, A. M.; Bates, F. S.; Coates, G. W.
Combining Polyethylene and Polypropylene: Enhanced Performance
with PE/iPP Multiblock Polymers. Science 2017, 355, 814−816.
(108) Lee, J. H.; Ruegg, M. L.; Balsara, N. P.; Zhu, Y. Q.; Gido, S. P.;
Krishnamoorti, R.; Kim, M. H. Phase Behavior of Highly Immiscible
Polymer Blends Stabilized by a Balanced Block Copolymer Surfactant.
Macromolecules 2003, 36, 6537−6548.
(109) Sundararaj, U.; Macosko, C. W. Drop Breakup And
Coalescence In Polymer Blends - The Effects Of Concentration
And Compatibilization. Macromolecules 1995, 28 (8), 2647−2657.
(110) Nomura, K.; Peng, X. Y.; Kim, H.; Jin, K. L.; Kim, H. J.;
Bratton, A. F.; Bond, C. R.; Broman, A. E.; Miller, K. M.; Ellison, C. J.
Multiblock Copolymers for Recycling Polyethylene-Poly(ethylene
terephthalate) Mixed Waste. ACS Appl. Mater. Interfaces 2020, 12,
9726−9735.
(111) Burrows, P. E.; Graff, G. L.; Gross, M. E.; Martin, P. M.; Shi,
M. K.; Hall, M.; Mast, E.; Bonham, C.; Bennett, W.; Sullivan, M. B.
Ultra Barrier Flexible Substrates for Flat Panel Displays. Displays
2001, 22, 65−69.
(112) Paula, M. M. D.; Rodrigues, F.; Bernardin, A. M.; Fiori, M. A.;
Angioletto, E. Characterization of Aluminized Polyethylene Nlends
via Mechanical Recycling. Mater. Sci. Eng., A 2005, 403, 37−41.
4342

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(113) Moczo, J.; Pukanszky, B. Polymer Micro and Nanocomposites: Structure, Interactions, Properties. J. Ind. Eng. Chem.
(Amsterdam, Neth.) 2008, 14, 535−563.
(114) Evens, T.; Bex, G. J.; Yigit, M.; De Keyzer, J.; Desplentere, F.;
Van Bael, A. The Influence of Mechanical Recycling on Properties in
Injection Molding of Fiber-Reinforced Polypropylene. Int. Polym.
Process. 2019, 34, 398−407.
(115) Lahtela, V.; Silwal, S.; Karki, T. Re-Processing of Multilayer
Plastic Materials as a Part of the Recycling Process: The Features of
Processed Multilayer Materials. Polymers 2020, 12, 2517.
(116) Kaiser, K. M. A. Recycling of Multilayer Packaging using a
Reversible Cross-Linking Adhesive. J. Appl. Polym. Sci. 2020, 137,
49230.
(117) Walker, T. W.; Frelka, N.; Shen, Z. Z.; Chew, A. K.; Banick, J.;
Grey, S.; Kim, M. S.; Dumesic, J. A.; Van Lehn, R. C.; Huber, G. W.
Recycling of Multilayer Plastic Packaging Materials by SolventTargeted Recovery and Precipitation. Sci. Adv. 2020, 6, No. eaba7599.
(118) Garcia, J. M. Catalyst: Design Challenges for the Future of
Plastics Recycling. Chem. 2016, 1, 813−815.
(119) Mumladze, T.; Yousef, S.; Tatariants, M.; Kriukiene, R.;
Makarevicius, V.; Lukosiute, S. I.; Bendikiene, R.; Denafas, G.
Sustainable Approach to Recycling of Multilayer Flexible Packaging
using Switchable Hydrophilicity Solvents. Green Chem. 2018, 20,
3604−3618.
(120) Georgiopoulou, I.; Pappa, G. D.; Vouyiouka, S. N.; Magoulas,
K. Recycling of Post-Consumer Multilayer Tetra Pak (R) Packaging
with the Selective Dissolution-Precipitation Process. Resour., Conserv.
Recycl. 2021, 165, 105268.
(121) Sherwood, J. Closed-Loop Recycling of Polymers Using
Solvents Remaking Plastics for a Circular Economy. Johnson Matthey
Technol. Rev. 2020, 64, 4−15.
(122) Jonkkari, I.; Poliakova, V.; Myllari, V.; Anderson, R.;
Andersson, M.; Vuorinen, J. Compounding and Characterization of
Recycled Multilayer Plastic Films. J. Appl. Polym. Sci. 2020, 137,
49101.
(123) Alin, J.; Hakkarainen, M. Type of Polypropylene Material
Significantly Influences the Migration of Antioxidants from Polymer
Packaging to Food Simulants During Microwave Heating. J. Appl.
Polym. Sci. 2010, 118, 1084−1093.
(124) Teuten, E. L.; Saquing, J. M.; Knappe, D. R. U.; Barlaz, M. A.;
Jonsson, S.; Bjorn, A.; Rowland, S. J.; Thompson, R. C.; Galloway, T.
S.; Yamashita, R.; Ochi, D.; Watanuki, Y.; Moore, C.; Viet, P. H.;
Tana, T. S.; Prudente, M.; Boonyatumanond, R.; Zakaria, M. P.;
Akkhavong, K.; Ogata, Y.; Hirai, H.; Iwasa, S.; Mizukawa, K.; Hagino,
Y.; Imamura, A.; Saha, M.; Takada, H. Transport and Release of
Chemicals from Plastics to the Environment and to Wildlife. Philos.
Trans. R. Soc., B 2009, 364, 2027−2045.
(125) Horodytska, O.; Cabanes, A.; Fullana, A. Non-Intentionally
Added Substances (NIAS) in Recycled Plastics. Chemosphere 2020,
251, 126373.
(126) Pivnenko, K.; Granby, K.; Eriksson, E.; Astrup, T. F. Recycling
of Plastic Waste: Screening for Brominated Flame Retardants (BFRs).
Waste Manage. 2017, 69, 101−109.
(127) Pappa, G.; Boukouvalas, C.; Giannaris, C.; Ntaras, N.;
Zografos, V.; Magoulas, K.; Lygeros, A.; Tassios, D. The Selective
Dissolution/Precipitation Technique for Polymer Recycling: APilot
Unit Application. Resour., Conserv. Recycl. 2001, 34, 33−44.
(128) Ugduler, S.; Van Geem, K. M.; Roosen, M.; Delbeke, E. I. P.;
De Meester, S. Challenges and Opportunities of Solvent-Based
Additive Extraction Methods for Plastic Recycling. Waste Manage.
2020, 104, 148−182.
(129) Layman, J. M.; Gunnerson, M.; Bond, E. B.; Neltner, A. E.;
Hosmer, J. E. Articles of Reclaimed Polypropylene Compositions.
WO 2017/003802 AI, 2017.
(130) PCT 10-Q ﬁling for PureCycle; United States Securities and
Exchange Commission: 2021; https://ir.purecycle.com/sec-ﬁlingsand-reports/quarterly-reports/content/0001830033-21-000008/
0001830033-21-000008.pdf. (assessed July 7, 2021).

(131) European Climate Infrastructure and Environment Executive
Agency Closing the loop: Grand opening of PolyStyreneLoop’s recycling
plant; https://cinea.ec.europa.eu/news/closing-loop-grand-openingpolystyreneloops-recycling-plant-2021-07-07_en (accessed July 20,
2021).
(132) Zhang, Q. P.; Xia, X. C.; He, S.; Feng, J. M.; Yang, M. B.; Li,
Y. T.; Zhou, Y. L. Tuning Crystalline Morphology of High-Density
Polyethylene by Tailoring its Molecular Weight Distribution for
Coupling with a Secondary Flow Field. Macromol. Mater. Eng. 2015,
300, 901−910.
(133) van Gisbergen, J.; den Doelder, J. Processability Predictions
for Mechanically Recycled Blends of Linear Polymers. J. Polym. Eng.
2020, 40, 771−781.
(134) Schyns, Z. O. G.; Shaver, M. P. Mechanical Recycling of
Packaging Plastics: A Review. Macromol. Rapid Commun. 2021, 42,
2000415.
(135) Yao, S.; Tominaga, A.; Fujikawa, Y.; Sekiguchi, H.; Takatori,
E. Inner Structure and Mechanical Properties of Recycled
Polypropylene. Nihon Reoroji Gakkaishi 2013, 41, 173−178.
(136) Turner, A. Black Plastics: Linear and Circular Economies,
Hazardous Additives and Marine Pollution. Environ. Int. 2018, 117,
308−318.
(137) OnColor IR Sortable Black Infraread Sortable Black for
Recyclable Packaging; https://www.avient.com/sites/default/ﬁles/
2020-08/detectable-blacks-product-bulletin.pdf (accessed April 10,
2021).
(138) Jansson, A.; Möller, K.; Gevert, T. Degradation of PostConsumer Polypropylene Materials Exposed to Simulated Recycling Mechanical Properties. Polym. Degrad. Stab. 2003, 82, 37−46.
(139) Villalobos, M.; Awojulu, A.; Greeley, T.; Turco, G.; Deeter, G.
Oligomeric Chain Extenders for Economic Reprocessing and
Recycling of Condensation Plastics. Energy 2006, 31, 3227−3234.
(140) Li, Y. C.; Wu, X. L.; Song, J. F.; Li, J. F.; Shao, Q.; Cao, N.; Lu,
N.; Guo, Z. H. Reparation of Recycled Acrylonitrile-ButadieneStyrene by Pyromellitic Dianhydride: Reparation Performance
Evaluation and Property Analysis. Polymer 2017, 124, 41−47.
(141) Torres, N.; Robin, J. J.; Boutevin, B. Study of Thermal and
Mechanical Properties of Virgin and Recycled Poly(ethylene
terephthalate) before and after Injection Molding. Eur. Polym. J.
2000, 36, 2075−2080.
(142) Goitisolo, I.; Eguiazabal, J. I.; Nazabal, J. Effects of
Reprocessing on the Structure and Properties of Polyamide 6
Nanocomposites. Polym. Degrad. Stab. 2008, 93, 1747−1752.
(143) Antonakou, E. V.; Achilias, D. S. Recent Advances in
Polycarbonate Recycling: A Review of Degradation Methods and
Their Mechanisms. Waste Biomass Valorization 2013, 4, 9−21.
(144) Nait-Ali, L. K.; Colin, X.; Bergeret, A. Kinetic Analysis and
Modelling of PET Macromolecular Changes during its Mechanical
Recycling by Extrusion. Polym. Degrad. Stab. 2011, 96, 236−246.
(145) Nait-Ali, K. L.; Bergeret, A.; Ferry, L.; Colin, X. Chain
Branching Detection by Cole-Cole Modeling of Rheological Properties Changes during PET Mechanical Recycling. Polym. Test. 2012,
31, 500−504.
(146) Tapia-Picazo, J. C.; Luna-Barcenas, J. G.; Garcia-Chavez, A.;
Gonzalez-Nunez, R.; Bonilla-Petriciolet, A.; Alvarez-Castillo, A.
Polyester Fiber Production Using Virgin and Recycled PET. Fibers
Polym. 2014, 15, 547−552.
(147) Incarnato, L.; Scarfato, P.; Di Maio, L.; Acierno, D. Structure
and Rheology of Recycled PET Modified by Reactive Extrusion.
Polymer 2000, 41, 6825−6831.
(148) Awaja, F.; Pavel, D. Recycling of PET. Eur. Polym. J. 2005, 41,
1453−1477.
(149) Standau, T.; Nofar, M.; Dorr, D.; Ruckdaschel, H.; Altstadt, V.
A Review on Multifunctional Epoxy-Based Joncryl (R) ADR Chain
Extended Thermoplastics. Polym. Rev. 2021, 1.
(150) Arayesh, H.; Golshan Ebrahimi, N.; Khaledi, B.; Khabazian
Esfahani, M. Introducing Four Different Branch Structures in PET by
Reactive Processing–A Rheological Investigation. J. Appl. Polym. Sci.
2020, 137, 49243.
4343

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(151) Velasquez, E.; Garrido, L.; Valenzuela, X.; Galotto, M. J.;
Guarda, A.; Lopez de Dicastillo, C. Physical Properties and Safety of
100% Post-Consumer PET Bottle-Organoclay Nanocomposites
towards a Circular Economy. Sustainable Chem. Pharm. 2020, 17,
100285.
(152) De Tandt, E.; Demuytere, C.; Van Asbroeck, E.; Moerman,
H.; Mys, N.; Vyncke, G.; Delva, L.; Vermeulen, A.; Ragaert, P.; De
Meester, S.; Ragaert, K. A Recycler’s Perspective on the Implications
of REACH and Food Contact Material (FCM) Regulations for the
Mechanical Recycling of FCM Plastics. Waste Manage. 2021, 119,
315−329.
(153) Brouwer, M. T.; Alvarado Chacon, F.; Thoden van Velzen, E.
U. Effect of Recycled Content and rPET Quality on the Properties of
PET Bottles, Part III: Modelling of Repetitive Recycling. Packag.
Technol. Sci. 2020, 33, 373−383.
(154) Oblak, P.; Gonzalez-Gutierrez, J.; Zupancic, B.; Aulova, A.;
Emri, I. In Mechanical Properties of Extensively Recycled High
Density Polyethylene, Annual Conference and Exposition of Society-forExperimental-Mechanics on Experimental and Applied Mechanics, Costa
Mesa, CA, June 8−11; Springer: Costa Mesa, CA, 2015; pp 203−208.
(155) Juan, R.; Dominguez, C.; Robledo, N.; Paredes, B.; GarciaMunoz, R. A. Incorporation of Recycled High-Density Polyethylene
to Polyethylene Pipe Grade Resins to Increase Close-Loop Recycling
and Underpin the Circular Economy. J. Cleaner Prod. 2020, 276,
124081.
(156) Aurrekoetxea, J.; Sarrionandia, M. A.; Urrutibeascoa, I.;
Maspoch, M. L. Effects of Recycling on the Microstructure and the
Mechanical Properties of Isotactic Polypropylene. J. Mater. Sci. 2001,
36, 2607−2613.
(157) Report on Postconsumer PET Container Recycling Activity in
2017; 2018.
(158) Scheirs, J.; Long, T. E. Modern Polyesters: Chemistry and
Technology of Polyesters and Copolyesters; John Wiley & Sons Ltd.:
West Sussex, England, 2003.
(159) Zia, K. M.; Bhatti, H. N.; Ahmad Bhatti, I. Methods for
Polyurethane and Polyurethane Composites, Recycling and Recovery:
A Review. React. Funct. Polym. 2007, 67, 675−692.
(160) A New Textiles Economy: Redesigning Fashion’s Future; https://
www.ellenmacarthurfoundation.org/assets/downloads/A-NewTextiles-Economy_Full-Report_Updated_1-12-17.pdf (accessed
April 10, 2021).
(161) Horodytska, O.; Kiritsis, D.; Fullana, A. Upcycling of Printed
Plastic Films: LCA Analysis and Effects on the Circular Economy. J.
Cleaner Prod. 2020, 268, 122138.
(162) Thiounn, T.; Smith, R. C. Advances and Approaches for
Chemical Recycling of Plastic Waste. J. Polym. Sci. 2020, 58, 1347−
1364.
(163) Garcia, J. M.; Robertson, M. L. The Future of Plastics
Recycling; Chemical Advances are Increasing the Proportion of
Polymer Waste that can be Recycled. Science 2017, 358, 870−872.
(164) Ugduler, S.; Van Geem, K. M.; Denolf, R.; Roosen, M.; Mys,
N.; Ragaert, K.; De Meester, S. Towards Closed-Loop Recycling of
Multilayer and Coloured PET Plastic Waste by Alkaline Hydrolysis.
Green Chem. 2020, 22, 5376−5394.
(165) Bucknall, D. G. Plastics as a Materials System in a Circular
Economy. Philos. Trans. R. Soc., A 2020, 378, 20190268.
(166) Jehanno, C.; Perez-Madrigal, M. M.; Demarteau, J.; Sardon,
H.; Dove, A. P. Organocatalysis for Depolymerisation. Polym. Chem.
2019, 10, 172−186.
(167) George, N.; Kurian, T. Recent Developments in the Chemical
Recycling of Postconsumer Poly(ethylene terephthalate) Waste. Ind.
Eng. Chem. Res. 2014, 53, 14185−14198.
(168) Monsigny, L.; Berthet, J. C.; Cantat, T. Depolymerization of
Waste Plastics to Monomers and Chemicals Using a Hydrosilylation
Strategy Facilitated by Brookhart’s Iridium(III) Catalyst. ACS
Sustainable Chem. Eng. 2018, 6, 10481−10488.
(169) Paszun, D.; Spychaj, T. Chemical Recycling of Poly(ethylene
terephthalate). Ind. Eng. Chem. Res. 1997, 36, 1373−1383.

(170) Ivin, K. J. Thermodynamics of Addition Polymerization. J.
Polym. Sci., Part A: Polym. Chem. 2000, 38, 2137−2146.
(171) Dainton, F. S.; Ivin, K. J. Reversibility of the Propagation
Reaction in Polymerization Processes and its Manifestation in the
Phenomenon of a Ceiling Temperature. Nature 1948, 162, 705−707.
(172) Karpati, L.; Fogarassy, F.; Kovacsik, D.; Vargha, V. One-Pot
Depolymerization and Polycondensation of PET Based Random
Oligo- and Polyesters. J. Polym. Environ. 2019, 27, 2167−2181.
(173) dos Passos, J. S.; Glasius, M.; Biller, P. Screening of Common
Synthetic Polymers for Depolymerization by Subcritical Hydrothermal Liquefaction. Process Saf. Environ. Prot. 2020, 139, 371−379.
(174) Goto, M. Chemical Recycling of Plastics using Sub- and
Supercritical Fluids. J. Supercrit. Fluids 2009, 47, 500−507.
(175) Ikeda, A.; Katoh, K.; Tagaya, H. Monomer Recovery of Waste
Plastics by Liquid Phase Decomposition and Polymer Synthesis. J.
Mater. Sci. 2008, 43, 2437−2441.
(176) Dai, Z. Y.; Hatano, B.; Kadokawa, J.; Tagaya, H. Effect of
Diaminotoluene on the Decomposition of Polyurethane Foam Waste
in Superheated Water. Polym. Degrad. Stab. 2002, 76, 179−184.
(177) Geyer, B.; Lorenz, G.; Kandelbauer, A. Recycling of
Poly(ethylene terephthalate) - A Review Focusing on Chemical
Methods. eXPRESS Polym. Lett. 2016, 10, 559−586.
(178) Fukushima, K.; Lecuyer, J. M.; Wei, D. S.; Horn, H. W.; Jones,
G. O.; Al-Megren, H. A.; Alabdulrahman, A. M.; Alsewailem, F. D.;
McNeil, M. A.; Rice, J. E.; Hedrick, J. L. Advanced Chemical
Recycling of Poly(ethylene terephthalate) through Organocatalytic
Aminolysis. Polym. Chem. 2013, 4, 1610−1616.
(179) Helms, B. A.; Russell, T. P. Reaction: Polymer Chemistries
Enabling Cradle-to-Cradle Life Cycles for Plastics. Chem. 2016, 1,
816−818.
(180) Aguado, A.; Martinez, L.; Becerra, L.; Arieta-Araunabena, M.;
Arnaiz, S.; Asueta, A.; Robertson, I. Chemical Depolymerisation of
PET Complex Waste: Hydrolysis vs. Glycolysis. J. Mater. Cycles Waste
Manage. 2014, 16, 201−210.
(181) DuPont to Start Up PET Methanolysis Unit, 1994; https://
www.icis.com/explore/resources/news/1994/04/04/35106/dupontto-start-up-pet-methanolysis-unit/ (accessed April 10, 2021).
(182) BP’s New Technology to Enable Circularity for Unrecyclable PET
Plastic Waste; BP press oﬃce: London, 2019; https://www.bp.com/
en/global/corporate/news-and-insights/press-releases/bp-newtechnology-to-enable-circularity-for-unrecyclable-pet-plastic-waste.
html (accessed April 10, 2021).
(183) Goldsberry, C. Loop Industries: Pay No Attention to the Man
Behind the Curtain. Plastics Today; https://www.plasticstoday.com/
advanced-recycling/loop-industries-pay-no-attention-man-behindcurtain (accessed April 10, 2021).
(184) Eastman and Governor Lee Announce World-Scale Plastic-toPlastic Molecular Recycling Facility to be Built in Kingsport; Tenn.
Eastman Chemical: Kingsport, TN, 2021. https://www.eastman.com/
Company/News_Center/2021/Pages/Eastman-and-Governor-LeeAnnounce-Plastic-to-Plastic-Recycling-Facility.aspx (accessed April
10, 2021).
(185) Payne, J.; Jones, M. D. The Chemical Recycling of Polyesters
for a Circular Plastics Economy: Challenges and Emerging
Opportunities. ChemSusChem 2021, DOI: 10.1002/cssc.202100400.
(186) Shukla, S. R.; Harad, A. M.; Jawale, L. S. Chemical Recycling
of PET Waste into Hydrophobic Textile Dyestuffs. Polym. Degrad.
Stab. 2009, 94, 604−609.
(187) Shukla, S. R.; Harad, A. M.; Jawale, L. S. Recycling of Waste
PET into Useful Textile Auxiliaries. Waste Manage. 2008, 28, 51−56.
(188) Muthu, S. S.; Li, Y.; Hu, J. Y.; Mok, P. Y. Recyclability
Potential Index (RPI): The Concept and Quantification of RPI for
Textile Fibres. Ecol. Indic. 2012, 18, 58−62.
(189) Tournier, V.; Topham, C. M.; Gilles, A.; David, B.; Folgoas,
C.; Moya-Leclair, E.; Kamionka, E.; Desrousseaux, M. L.; Texier, H.;
Gavalda, S.; Cot, M.; Guemard, E.; Dalibey, M.; Nomme, J.; Cioci, G.;
Barbe, S.; Chateau, M.; Andre, I.; Duquesne, S.; Marty, A. An
Engineered PET Depolymerase to Break Down and Recycle Plastic
Bottles. Nature 2020, 580, 216−219.
4344

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(190) Lopez, G.; Artetxe, M.; Amutio, M.; Bilbao, J.; Olazar, M.
Thermochemical Routes for the Valorization of Waste Polyolefinic
Plastics to Produce Fuels and Chemicals. A Review. Renewable
Sustainable Energy Rev. 2017, 73, 346−368.
(191) Kaminsky, W.; Schlesselmann, B.; Simon, C. Olefins from
Polyolefins and Mixed Plastics by Pyrolysis. J. Anal. Appl. Pyrolysis
1995, 32, 19−27.
(192) Achilias, D. S.; Roupakias, C.; Megalokonomos, P.; Lappas, A.
A.; Antonakou, E. V. Chemical Recycling of Plastic Wastes Made from
Polyethylene (LDPE and HDPE) and Polypropylene (PP). J. Hazard.
Mater. 2007, 149, 536−542.
(193) Artetxe, M.; Lopez, G.; Amutio, M.; Elordi, G.; Bilbao, J.;
Olazar, M. Light Olefins from HDPE Cracking in a Two-Step
Thermal and Catalytic Process. Chem. Eng. J. 2012, 207, 27−34.
(194) Sodero, S. F.; Berruti, F.; Behie, L. A. Ultrapyrolytic Cracking
of Polyethylene - A High Yield Recycling Method. Chem. Eng. Sci.
1996, 51, 2805−2810.
(195) Worch, J. C.; Dove, A. P. 100th Anniversary of Macromolecular Science Viewpoint: Toward Catalytic Chemical Recycling
of Waste (and Future) Plastics. ACS Macro Lett. 2020, 9, 1494−1506.
(196) Mark, L. O.; Cendejas, M. C.; Hermans, I. The Use of
Heterogeneous Catalysis in the Chemical Valorization of Plastic
Waste. ChemSusChem 2020, 13, 5808−5836.
(197) Kosloski-Oh, S. C.; Wood, Z. A.; Manjarrez, Y.; de los Rios, J.
P.; Fieser, M. E. Catalytic Methods for Chemical Recycling or
Upcycling of Commercial Polymers. Mater. Horiz. 2021, 8, 1084−
1129.
(198) Miskolczi, N.; Bartha, L.; Angyal, A. Pyrolysis of Polyvinyl
Chloride (PVC)-Containing Mixed Plastic Wastes for Recovery of
Hydrocarbons. Energy Fuels 2009, 23, 2743−2749.
(199) Kumagai, S.; Yoshioka, T. Feedstock Recycling via Waste
Plastic Pyrolysis. J. Jpn. Pet. Inst. 2016, 59, 243−253.
(200) Horvat, D.; Wydra, S.; Lerch, C. M. Modelling and Simulating
the Dynamics of the European Demand for Bio-Based Plastics. Int. J.
Simul. Model. 2018, 17, 419−430.
(201) Miao, Y.; von Jouanne, A.; Yokochi, A. Current Technologies
in Depolymerization Process and the Road Ahead. Polymers 2021, 13,
449.
(202) Kakadellis, S.; Rosetto, G. Achieving a Circular Bioeconomy
for Plastics. Science 2021, 373, 49−50.
(203) Hong, M.; Chen, E. Y. X. Future Directions for Sustainable
Polymers. Trends Chem. 2019, 1, 148−151.
(204) Tang, X. Y.; Chen, E. Y. X. Toward Infinitely Recyclable
Plastics Derived from Renewable Cyclic Esters. Chem. 2019, 5, 284−
312.
(205) Shi, C. X.; McGraw, M. L.; Li, Z. C.; Cavallo, L. G.; Falivene,
L.; Chen, E. Y. X. High-Performance Pan-Tactic Polythioesters with
Intrinsic Crystallinity and Chemical Recyclability. Sci. Adv. 2020, 6,
No. eabc0495.
(206) Sangroniz, A.; Zhu, J. B.; Tang, X. Y.; Etxeberria, A.; Chen, E.
Y. X.; Sardon, H. Packaging Materials with Desired Mechanical and
Barrier Properties and Full Chemical Recyclability. Nat. Commun.
2019, 10, 3559.
(207) Christensen, P. R.; Scheuermann, A. M.; Loeffler, K. E.;
Helms, B. A. Closed-Loop Recycling of Plastics Enabled by Dynamic
Covalent Diketoenamine Bonds. Nat. Chem. 2019, 11, 442−448.
(208) Haussler, M.; Eck, M.; Rothauer, D.; Mecking, S. Closed-Loop
Recycling of Polyethylene-like Materials. Nature 2021, 590, 423−427.
(209) Vora, N.; Christensen, P. R.; Demarteau, J.; Baral, N. R.;
Keasling, J. D.; Helms, B. A.; Scown, C. D. Leveling the Cost and
Carbon Footprint of Circular Polymers that are Chemically Recycled
to Monomer. Sci. Adv. 2021, 7, No. eabf0187.
(210) Tullo, A. H. PHA: A Biopolymer Whose Time Has Finally
Come. Chem. Eng. News 2019, 97, 20−21.
(211) Partners, C. L. Accelerating Circular Supply Chains for Plastics:
A Landscape of Transformational Technologies that Stop Plastic Waste,
Keep Materials in Play and Grow Markets; https://www.
closedlooppartners.com/wp-content/uploads/2021/01/CLP_

Circular_Supply_Chains_for_Plastics_Updated.pdf (accessed April
10, 2021).
(212) Carbios Produces First Clear Plastic Bottles from Enzymatically
Recycled Textile Waste; Carbios: Clermont-Ferrand, France, 2020;
https://www.carbios.com/en/carbios-produces-ﬁrst-clear-plasticbottles-from-enzymatically-recycled-textile-waste/ (accessed April 10,
2021).
(213) Robinson, S., Repsol Chooses Rampf Technology for
Polyurethane Recycling Project. Rubber Plastic News 2021; https://
www.rubbernews.com/sustainability/repsol-chooses-rampftechnology-polyurethane-recycling-project (accessed April 10, 2021).
(214) Polyethylene Terephthalate (PET): Production, Price, Market
and its Properties; https://www.plasticsinsight.com/resin-intelligence/
resin-prices/polyethylene-terephthalate/ (accessed April 10, 2021).
(215) Bora, R. R.; Wang, R.; You, F. Q. Waste Polypropylene Plastic
Recycling toward Climate Change Mitigation and Circular Economy:
Energy, Environmental, and Technoeconomic Perspectives. ACS
Sustainable Chem. Eng. 2020, 8, 16350−16363.
(216) Sasse, F.; Emig, G. Chemical Recycling of Polymer Materials.
Chem. Eng. Technol. 1998, 21, 777−789.
(217) Schabel, J.; Schwarz, R. A.; Grispin, C. W.; Gencer, M. A.;
Hensel, J. D. Process, Apparatus, Controller and System for Producing
Petroleum Products. 2017. World Patent: WO 2017163006A2.
(218) Abnisa, F.; Anuar Sharuddin, S. D.; bin Zanil, M. F.; Wan
Daud, W. M. A.; Indra Mahlia, T. M. The Yield Prediction of
Synthetic Fuel Production from Pyrolysis of Plastic Waste by
Levenberg-Marquardt Approach in Feedforward Neural Networks
Model. Polymers 2019, 11, 1853.
(219) Faussone, G. C. Transportation Fuel from Plastic: Two Cases
of Study. Waste Manage. 2018, 73, 416−423.
(220) Liu, S. B.; Kots, P. A.; Vance, B. C.; Danielson, A.; Vlachos, D.
G. Plastic Waste to Fuels by Hydrocracking at Mild Conditions. Sci.
Adv. 2021, 7, No. eabf8283.
(221) Davidson, M. G.; Furlong, R. A.; McManus, M. C.
Developments in the Life Cycle Assessment of Chemical Recycling
of Plastic Waste: A Review. J. Cleaner Prod. 2021, 293, 126163.
(222) Celik, G.; Kennedy, R. M.; Hackler, R. A.; Ferrandon, M.;
Tennakoon, A.; Patnaik, S.; LaPointe, A. M.; Ammal, S. C.; Heyden,
A.; Perras, F. A.; Pruski, M.; Scott, S. L.; Poeppelmeier, K. R.; Sadow,
A. D.; Delferro, M. Upcycling Single-Use Polyethylene into HighQuality Liquid Products. ACS Cent. Sci. 2019, 5, 1795−1803.
(223) Zhang, F.; Zeng, M. H.; Yappert, R. D.; Sun, J. K.; Lee, Y. H.;
LaPointe, A. M.; Peters, B.; Abu-Omar, M. M.; Scott, S. L.
Polyethylene Upcycling to Long-Chain Alkylaromatics by Tandem
Hydrogenolysis/Aromatization. Science 2020, 370, 437−441.
(224) Kumagai, S.; Nakatani, J.; Saito, Y.; Fukushima, Y.; Yoshioka,
T. Latest Trends and Challenges in Feedstock Recycling of
Polyolefinic Plastics. J. Jpn. Pet. Inst. 2020, 63, 345−364.
(225) Datta, J.; Kopczynska, P. From Polymer Waste to Potential
Main Industrial Products: Actual State of Recycling and Recovering.
Crit. Rev. Environ. Sci. Technol. 2016, 46, 905−946.
(226) Chen, H.; Wan, K.; Zhang, Y. Y.; Wang, Y. Q. Waste to
Wealth: Chemical Recycling and Chemical Upcycling of Waste
Plastics for a Great Future. ChemSusChem 2021, DOI: 10.1002/
cssc.202100652.
(227) Andrady, A. L.; Neal, M. A. Applications and Societal Benefits
of Plastics. Philos. Trans. R. Soc., B 2009, 364, 1977−1984.
(228) Vollmer, I.; Jenks, M. J. F.; Roelands, M. C. P.; White, R. J.;
van Harmelen, T.; de Wild, P.; van der Laan, G. P.; Meirer, F.;
Keurentjes, J. T. F.; Weckhuysen, B. M. Beyond Mechanical
Recycling: Giving New Life to Plastic Waste. Angew. Chem., Int. Ed.
2020, 59, 15402−15423.
(229) Jang, Y. C.; Lee, G.; Kwon, Y.; Lim, J. H.; Jeong, J. H.
Recycling and Management Practices of Plastic Packaging Waste
towards a Circular Economy in South Korea. Resour., Conserv. Recycl.
2020, 158, 104798.
(230) Milios, L.; Christensen, L. H.; McKinnon, D.; Christensen, C.;
Rasch, M. K.; Eriksen, M. H. Plastic Recycling in the Nordics: A Value
Chain Market Analysis. Waste Manage. 2018, 76, 180−189.
4345

Review

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Review

(231) Aryan, Y.; Yadav, P.; Samadder, S. R. Life Cycle Assessment of
the Existing and Proposed Plastic Waste Management Options in
India: A Case Study. J. Cleaner Prod. 2019, 211, 1268−1283.
(232) Pluskal, J.; Somplak, R.; Nevrly, V.; Smejkalova, V.; Pavlas, M.
Strategic Decisions Leading to Sustainable Waste Management:
Separation, Sorting and Recycling Rossibilities. J. Cleaner Prod. 2021,
278, 123359.
(233) Zhao, X.; You, F. Q. Waste High-Density Polyethylene
Recycling Process Systems for Mitigating Plastic Pollution through a
Sustainable Design and Synthesis Paradigm. AIChE J. 2021, 67,
No. e17127.
(234) Denis, D. J. Is Managerial Myopia a Persistent Governance
Problem? J. Appl. Corp. Finance 2019, 31, 74−80.
(235) Statewide Commission on Recycling Markets and Curbside
Recycling, Policy Recommendations; 2020; https://drive.google.com/
drive/folders/17URSu4dubsoX4qV0qH3KciSWZhV595o5. (accessed
July 7, 2021).
(236) Brouwer, M.; Picuno, C.; Thoden van Velzen, E. U.; Kuchta,
K.; De Meester, S.; Ragaert, K. The Impact of Collection Portfolio
Expansion on Key Performance Indicators of the Dutch Recycling
System for Post-Consumer Plastic Packaging Waste, a Comparison
between 2014 and 2017. Waste Manage. 2019, 100, 112−121.
(237) Eriksen, M. K.; Christiansen, J. D.; Daugaard, A. E.; Astrup, T.
F. Closing the Loop for PET, PE and PP Waste from Households:
Influence of Material Properties and Product Design for Plastic
Recycling. Waste Manage. 2019, 96, 75−85.
(238) Feil, A.; Pretz, T.; Jansen, M.; Thoden van Velzen, E. U.
Separate Collection of Plastic Waste, Better than Technical Sorting
from Municipal Solid Waste? Waste Manage. Res. 2017, 35, 172−180.
(239) Gall, M.; Wiener, M.; Chagas de Oliveira, C.; Lang, R. W.;
Hansen, E. G. Building a Circular Plastics Economy with Informal
Waste Pickers: Recyclate Quality, Business Model, and Societal
Impacts. Resour., Conserv. Recycl. 2020, 156, 104685.
(240) Okan, M.; Aydin, H. M.; Barsbay, M. Current Approaches to
Waste Polymer Utilization and Minimization: AReview. J. Chem.
Technol. Biotechnol. 2019, 94, 8−21.
(241) Cote, R. Processes for Recycling Polystyrene Waste. 2017. US
Patent US20170298207A1.
(242) Fullana Font, A.; Lozano Morcillo, A. Method for Removing
Ink Printed on Plastic Films. 2013. Patent WO 2013144400A1.
(243) Silvestri, F.; Spigarelli, F.; Tassinari, M. Regional Development
of Circular Economy in the European Union: A Multidimensional
Analysis. J. Cleaner Prod. 2020, 255, 120218.
(244) Simon, N.; Raubenheimer, K.; Urho, N.; Unger, S.; Azoulay,
D.; Farrelly, T.; Sousa, J.; van Asselt, H.; Carlini, G.; Sekomo, C.;
Schulte, M. L.; Busch, P.-O.; Wienrich, N.; Weiand, L. A Binding
Global Agreement to Address the Life Cycle of Plastics. Science 2021,
373, 43−47.
(245) Tullo, A. Petrochemical Makers Look Ahead to an Uncertain
Decade. Chem. Eng. News 2020, 98 (10), 16−19.
(246) Tullo, A. Polymers: Europe is Implementing a Tax on Plastic.
Chem. Eng. News 2021, 99 (2), 34−34.
(247) Hundertmark, T.; Mayer, M.; McNally, C.; Simons, T. J.;
Witte, C., How Plastics-Waste Recycling Could Transform the
Chemical Industry. McKinsey on Chemicals; December 2018. https://
www.mckinsey.com/industries/chemicals/our-insights/how-plasticswaste-recycling-could-transform-the-chemical-industry (accessed July
7, 2021).

4346

https://doi.org/10.1021/acsapm.1c00648
ACS Appl. Polym. Mater. 2021, 3, 4325−4346

