¥® ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

TUTORIAL REVIEW

Recent advances in oxidative degradation

’ '.) Check for updates ‘
of plastics

Cite this: Chem. Soc. Rev., 2024,

53,7309 2 and Erin E. Stache (2 *°

Sewon Oh
Oxidative degradation is a powerful method to degrade plastics into oligomers and small oxidized
products. While thermal energy has been conventionally employed as an external stimulus, recent
advances in photochemistry have enabled photocatalytic oxidative degradation of polymers under mild
conditions. This tutorial review presents an overview of oxidative degradation, from its earliest examples
to emerging strategies. This review briefly discusses the motivation and the development of thermal
oxidative degradation of polymers with a focus on underlying mechanisms. Then, we will examine
modern studies primarily relevant to catalytic thermal oxidative degradation and photocatalytic oxidative
degradation. Lastly, we highlight some unique studies using unconventional approaches for oxidative
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Key learning points
1. An overview of the oxidative degradation mechanism of plastics.
2. Traditional thermal oxidative degradation approaches and limitations.

polymer degradation, such as electrochemistry.

3. Catalytic oxidative degradation enables the conversion of plastics to value-added feedstocks.
4. Visible light harnessed to promote mild and selective oxidative degradation of plastics.
5. Emerging electrochemical and mechanochemical examples of oxidative degradation.

1. Introduction

Plastics, also known as polymers, have significantly contributed
to our modern society since large-scale production began in the
1950s." Consisting of light yet inert carbon-based materials,
more than 8 billion metric tons of plastics have been produced
in the past 50 years and used in various applications, from
packaging materials to automobile parts.” For several decades,
engineers have focused on developing the stability of plastics to
ensure consumer confidence. However, this robustness,
unluckily, engenders environmental problems because plastics
linger in nature without degradation.”” These pollutants leak
into ecosystems, posing health threats to humans and other
living organisms. This tension puts society at a crossroads,
where the production of commodity plastics is inexpensive
and efficient but engenders a severe environmental concern.
The end-of-life fate of these plastics needs to be addressed
urgently.’
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Plastic pollution can be mitigated through a few different
types of recycling methods: mechanical recycling, pyrolysis,
and incineration (Fig. 1(a)).*” For mechanical recycling, plas-
tic waste is collected, ground into polymer pellets, and reused
for plastic products.® Although simple and feasible, this
method eventually downgrades the quality of plastics due to
polymer chain scission or cross-linking caused by heat,
mechanical force, or contaminants like acids.” Pyrolysis is an
alternative approach to chemically convert polymers to mono-
mers (the repeating unit of a polymer) or other small molecule
feedstocks under high temperatures in an inert atmosphere.®
This method typically requires high energy inputs (>400 °C);
therefore, the operation cost of pyrolysis can be expensive when
considering the demand for plastic waste recycling.'” Lastly,
incineration is used for energy recovery through the combus-
tion of plastics, yet generates environmentally harmful sub-
stances, such as carbon monoxide, ashes, and carcinogenic
polyaromatic hydrocarbons (PAHs).”>"” Due to the drawbacks
of current recycling techniques, approximately 60% of plastic
waste remains unrecycled.’

Chemical upcycling, a conversion of discarded plastics to
higher-value materials or feedstocks, is another approach to
resolve plastic pollution.”®>* One specific example is oxidative
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degradation, which uses thermally induced radicals and a
cheap oxidant, molecular oxygen (O,), to cleave polymer chains
and produce small molecule oxidized compounds.>>*® In the
environment, plastics slowly degrade in air under sunlight due
to photooxidative degradation, meaning light is involved in the
oxidative degradation of plastics.>® Within recent years, photo-
chemistry has been extensively leveraged to chemically upcycle
polymers by oxidative degradation under mild conditions with
photocatalysts, avoiding the need for high temperatures.”” In
addition, light is an environmentally benign stimulus that can
be less energy-intensive.>®

This tutorial review presents recent advances in thermoca-
talytic and photocatalytic oxidative degradation of synthetic
polymers. To help readers understand this topic, we briefly
discuss an overview of oxidative degradation and the mechan-
isms by which degradation can proceed. Later sections provide
more modern examples of oxidative degradation from the
literature, including unconventional methods like electroche-
mical and mechanochemistry. Lastly, we conclude our tutorial
review with the challenges for future development of oxidative
degradation methods. Photoreforming, biocatalytic degrada-
tion, acid/base hydrolysis, and depolymerization are beyond
the scope of this work (see these great review articles for more
details).”*™**

2. An introduction to oxidative
degradation

This section aims to present an overview of oxidative degrada-
tion of polymers. The degradation mechanism will be reviewed
first, followed by the discussions of external stimuli and
catalysts that improve the rate of oxidative degradation.

Sewon Oh is a PhD student at
Cornell University under the
supervision of Professor Erin
Stache whose research lab is
currently at Princeton University.
He received his BS degree from
Boston College under Professor
Jeffery Byers, working towards
the synthesis of biodegradable
poblylactic acid and iron-based
catalysts. His current research
work is focused on degradation
and depolymerization of
polymers using photochemistry
and development of novel and sustainable materials.

Sewon Oh

7310 | Chem. Soc. Rev,, 2024, 53, 7309-7327

View Article Online

Chem Soc Rev

2.1 The general mechanism of oxidative degradation of
polymers

It has been observed for many years that upon exposure to air,
metals naturally corrode, and fresh foods become stale."”*?
Both cases occur due to the oxidation of the compounds by
molecular O, in air. Moreover, the rate of oxidation can be
accelerated or decreased depending on the surrounding envir-
onments, such as the concentration of O,, temperature, moist-
ure, and pH.***

Similarly, synthetic plastics in landfills or the environment
interact with O, in air, usually by a radical mechanism.*®*¢ The
resulting post-consumer plastics exhibit yellow coloration and
brittle physical properties due to the deterioration of polymer
chains.”” The chemical reaction between polymers and O,
promotes chain scissions on the polymer backbone to degrade
plastics and install ketone moieties.>® This process is also
known as “plastic aging” or ‘“autoxidation,” meaning the
spontaneous oxidation of a polymer in the presence of 0,.*"~*
Previous literature investigated the mechanism of plastics or
polymer degradation in the environment through analytical
techniques, such as gel permeation chromatography (GPC),
mass spectrometry (MS), viscometry, nuclear magnetic reso-
nance (NMR) spectroscopy, and Fourier transform infrared
(FTIR) spectroscopy (Fig. 1(b)).**>*

Oxidative degradation is initiated by radical generation on
the polymer backbone. This first radical generation step typi-
cally requires high energy, such as UV light or high tempera-
tures, to break polymer bonds or species that can abstract
hydrogens on the polymer backbone, like singlet O, or per-
oxides (later sections will discuss these in further detail). The
resulting radicals are quenched by O, to form unstable peroxy
radical intermediates. These peroxy radicals can follow two
major pathways, although both routes eventually converge.
According to Pathway A, they can perform hydrogen atom
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a) Plastic recycling methods
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Fig. 1 A brief introduction to oxidative degradation. (a) Opportunities and challenges of various recycling methods. (b) Accepted mechanism of oxidative
degradation. (c) Uncatalyzed oxidative degradation of polymer under harsh conditions. (d) Catalytic oxidative degradation of polymer under mild
conditions.

transfer (HAT) to abstract from a C-H bond on the polymer bond cleavage, the oxygen-centered radicals are produced.’*>®

backbone, which generates peroxide groups. Upon the O-O Pathway B undergoes a Russell-type mechanism in which two
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peroxy radicals couple to form four consecutive oxygens.
Homolytic cleavages regenerate molecular O, and form two
oxygen-centered radicals on polymer backbones.***” The oxygen-
centered radicals can undergo B-chain scission (beta, meaning two
carbons away from oxygen-centered radicals) to yield ketones and
alkyl radicals or undergo HAT to form alcohols.

Although the mechanism of oxidative degradation is thor-
oughly explored, the autoxidation of plastics in nature is slow,
resulting in incomplete degradation. The slow autoxidation of
polymers is due to their chemical inertness, so the overall
concentration of polymeric radicals would be low under mild
conditions, such as room temperature. Moreover, hydroperoxyl
groups on the polymer backbone do not readily undergo bond
cleavage without being in harsh conditions.? To overcome this
kinetic challenge, many researchers utilized external stimuli
and catalysts to facilitate efficient oxidative degradation. Both
heat and light are important external stimuli that promote the
oxidative degradation of polymers.*® In laboratory setups, using
high temperatures (>200 °C) or intense UV light (254 nm)
improves the polymer degradation rate by increasing the
concentration of reactive oxygen species (ROS, such as singlet
0,, peroxide, superoxide, etc.) and initial polymeric radicals on
the backbone (Fig. 1(c)).*>**®° However, such intense reaction
conditions prevent industry from applying this polymer upcy-
cling strategy due to high energy cost and safety concerns.

2.2 Catalysts

Catalysts are often employed to accelerate the kinetics of
chemical reactions under more mild reaction conditions.®'
Indeed, academic and industrial efforts conducted pyrolysis
at lower temperatures and obtained more selective products
after adopting catalysts.® Likewise, oxidative degradation neces-
sitates using catalysts to speed up polymer degradation under
more environmentally friendly conditions and selectively form
desired products.”® These catalysts can range from organic
compounds to inorganic transition metals and from homoge-
nous to heterogeneous catalysts, depending on the design and
purpose of the reactions.’™°* Typically, these catalysts generate
ROS or form the excited state species that directly perform HAT
on the polymer backbone under mild conditions. This is an
invaluable advantage to bypass harsh and unsafe reaction
conditions (Fig. 1(d)).®*** In the case of photo and electrocata-
lytic systems, specific photocatalysts and electrocatalysts are
used and later discussed in this tutorial review.

3. Recent advances in thermocatalytic
oxidative degradation

This section discusses the oxidative degradation of polymers
using heat as an external stimulus. We begin by briefly pre-
senting uncatalyzed thermal oxidative degradation. Effective
catalysts are employed to improve the kinetics of degradation
and atom economy. The latter part of this section introduces
selected examples from the literature to show recent advances
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and breakthroughs in the thermocatalytic oxidative degrada-
tion of polymers.

3.1 Thermal oxidative degradation of polymers with
molecular oxygen alone

Thermal oxidative degradation of polymers has been exten-
sively investigated in nature and laboratory settings because
heat is easily applied to chemical reactions.*® There are many
examples in the literature of thermal oxidative degradation
without extraneous chemical reagents. Upon exposure to high
temperatures in air, these polymers undergo oxidative chain
scissions and convert to small molecule oxidized products.>>®
However, there are three significant drawbacks to this method.
First, as mentioned in Section 2.2, this technique is inefficient
at mild temperatures (for example, at room temperature), so
the oxidative degradation must be conducted under harsh
conditions and demanding more energy.”'® Considering the
million metric tons of discarded plastics, it would not be
economically desirable to build a large reactor that would
require high maintenance and operation expenses. Second,
the risk of explosion increases with higher temperatures in
the presence of O,, making safety another primary concern.
Lastly, undesired byproducts are more likely to be formed at
extreme temperatures. As the concentration of radicals uncon-
trollably increases due to numerous C-C bond chain scission
events, these radicals undergo side reactions like radical-
radical coupling, elimination, and HAT as opposed to being
trapped by molecular O,."® Therefore, to address these pro-
blems, it would be more beneficial to decrease temperature
while accelerating the efficiency in oxidative degradation.

3.2 Thermal oxidative degradation of polymers with oxidants
other than oxygen

Nemphos and coworkers showed one of the earliest examples
of thermal oxidative degradation of polyethylene (PE) using
ozone in 1957 (Fig. 2(a)).*® PE film was placed in an apparatus
under an O, atmosphere with 2% ozone. The oxidation of PE
was measured by a change in the concentration of carbonyls on
the polymer backbone through IR spectra, with highly oxidized
polymers displaying a larger peak in this region. Surprisingly,
they observed that PE oxidation started even at room tempera-
ture. In contrast, PE oxidation in an atmosphere of pure O,
(with no ozone) did not have comparable results until raising
the temperature to 100 °C. Since ozone is a stronger oxidizing
agent than O,, oxidative degradation of PE occurred more
rapidly. Moreover, they noticed even faster oxidation at higher
temperatures when they tested the PE degradation under the
same conditions with the temperature range from 25 °C to
137 °C. According to the IR spectrum from Fig. 2(b), the
carbonyl stretches (5.6 microns or 1780 cm ') noticeably
increased throughout oxidative degradation. This work
inspired many researchers to develop similar strategies to
degrade various polymers with ozone oxidants.®”%®

Although ozone certainly accelerates the oxidative degrada-
tion of polymers, it poses many health risks, making it desir-
able to use other safer alternatives.®® In fact, other exogenous

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) PE oxidative degradation in the absence or presence of ozone
(2%) in O. (b) IR spectrum of PE oxidative degradation in ozone (2%) at
137.5 °C for 3 h. Reprinted (adapted) with permission from H. C. Beachell
and S. P. Nemphos, Ozone Chem. Technol., 1959, 26, 168-175. Copyright
1959 American Chemical Society. (c) Thermodynamic driving force of
hydroxyl radicals to abstract hydrogens from polymers. (d) PKA oxidative
degradation in natural garden soil versus H,O, in water.

radical oxidants have commonly been used to decrease the
overall degradation temperature while improving the kinetics
of oxidation.>*”®”" As such, hydrogen peroxides are reasonable
surrogates for ozone. Since the O-O bond of hydrogen peroxide
is relatively weak, the homolytic cleavage of hydrogen peroxide
yields hydroxyl radicals (*OH) at low temperatures.””> The
hydroxyl radicals have a high bond dissociation energy
(AHgp(HO-H) = 119 kecal mol ", energy required for homolytic
cleavage of an O-H bond).”® Conversely, AHgpg (C-H) from the
polymer backbone is much less than 119 keal mol~*.”*’> Thus,
HAT of the C-H bonds of polymer backbone by hydroxyl
radicals is thermodynamically favorable for generating poly-
meric radicals and water (Fig. 2(c)). The resulting polymeric
radicals are then trapped by O, and undergo oxidative degrada-
tion. The initial HAT from the polymer backbone enables facile
and effective oxidative degradation of polymers under mild

This journal is © The Royal Society of Chemistry 2024
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conditions. Gratefully, substoichiometric amounts of peroxide
oxidants are typically sufficient to trigger degradation, improv-
ing the atom economy of upcycling.

In 2021, Kiatkamjornwong and coworkers compared the
biological and chemical degradation of poly(potassium acry-
late) and its acrylamide copolymer (Fig. 2(d)).”® Poly(acrylic
acid) (PAA), poly(potassium acrylate) (PKA), and its copolymers
are known as superabsorbent polymers. Moreover, these poly-
mers have excellent mechanical properties, making them
appropriate for diapers or various medical applications.
Although PKA undergoes biodegradation in soil, the degrada-
tion rate in the natural environment is relatively slow; less than
53 wt% of polymer mass was lost in 10 weeks. However, PKA
degraded much more efficiently after PKA was incubated in the
presence of hydrogen peroxide at an elevated temperature.
Approximately 98.4 wt% of solid PKA turned to liquid
(degraded oligomer) after treating the polymer with 12.8%
(v/iw) of hydrogen peroxide in water at 65 °C in just 7.3 h. As
mentioned, hydroxyl radicals from hydrogen peroxide must act
as a hydrogen atom abstractor to trigger oxidative degradation.
Although the authors did not further identify or characterize
liquified products, they showed that the degraded product was
innocuous to seed germination, showing that the resulting
products were not detrimental to the environment. Besides
PKA, there are many similar examples of oxidative degradation
of different polymers, including polyolefins and copolymers,
with hydrogen peroxide or its analogs.”"””~%3

Other reaction conditions can be modified to increase
oxidative degradation rates. In 1998, Sen and coworkers oxida-
tively degraded various polymers in a mixture of high-pressure
nitrogen oxides (NO) and O, at 170 °C for 16 h.?* Although they
could quantify the small molecule products, as shown in
Table 1, the degradation rate was relatively slow because
reactions were conducted in the gas phase. For example,
placing 0.26 g of polystyrene (PS) under the above conditions
resulted in 0.08 g of benzoic acid and 0.19 g of residual PS and
oligomers. To improve upon this degradation method, Zhang
and coworkers developed a solution-phase acid-mediated oxi-
dative degradation of PS in 2023 (Fig. 3(a)).?”> To activate the
benzylic hydrogen of PS, the Zhang group added nitric acid to
their degradation conditions as a cheap acid in conjunction
with an oxidant. They mixed 20% nitric acid and PS in an
autoclave and placed it in an oil bath to heat the system to
180 °C. After 3 h, 90 mol% of PS was converted to benzoic acid.
They also observed that nitric acid concentration decreased
throughout oxidative degradation because it decomposes to
NO, and O,. Although the exact mechanism is understudied,
NO, has been shown to catalyze the oxidation of alkanes
through the formation of various NO, species and
superoxides.**®” Zhang and coworkers proposed that nitric
acid catalyzes benzylic radical formation, and O, acts as a
terminal oxidant to cleave the C-C bonds and yield benzoic
acid. Moreover, the addition of radical traps, such as 2,2,6,6-
tetramethyl-1-piperdinyloxy (TEMPO), suppressed the for-
mation of benzoic acid, which supports that the degradation
pathway was through radical chain mechanisms. Lastly, the

Chem. Soc. Rev,, 2024, 53, 7309-7327 | 7313
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Table 1 Polymer oxidative degradation under NO and O,
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Amount of Amount of

Polymer” starting polymer (g) nonvolatile products (g) Products Amount of products (g)

Polystyrene 0.26 0.19 Benzoic acid 0.08
4-Nitrobenzoic acid 0.02
3-Nitrobenzoic acid 0.02
3,5-Dinitrobenzoic acid Trace

High-density polyethylene” 0.27 0.21 Succinic acid 0.08
Glutaric acid 0.07
Adipic acid 0.02
Pimelic acid 0.03
Unknown volatiles Trace

Low-density polyethylene” 0.26 0.22 Succinic acid 0.08
Glutaric acid 0.06
Adipic acid 0.02
Pimelic acid 0.01
Unknown volatiles Trace

Nylon-6,6 0.26 0.16 Succinic acid 0.01
Glutaric acid 0.01
Adipic acid 0.06
Acetic acid Trace

“ standard condition: NO (275 kPa), N, (3170 kPa), and O, (690 kPa) at 170 °C for 16 h. ® Under the standard condition except using O, (1035 kPa).

GPC trace of PS degradation over time points showed that PS
was efficiently degraded to styrene oligomers within 2 h
(Fig. 3(b)). Although we will not discuss it in detail, there are
some examples of the oxidative degradation of oxygen-

a) Nitric acid as an oxidant
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Fig. 3 (a) PS oxidative degradation in HNOz under 180 °C with or with
TEMPO. (b) GPC of PS oxidative degradation over the course of 2 h
(adapted) with permission from X. Luo, J. Zhan, Q. Mei and S. Zhang,
Green Chem., 2023, 25, 6717-6727. Copyright 2023 Green Chemistry
(RSQ).
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containing polymers (like lignin and epoxy resins) using differ-
ent oxidants, such as KMnO, and acids.?®>

3.3 Thermocatalytic oxidative degradation of polymers

Catalysts are crucial for improving the kinetics of reactions
while mitigating harsh conditions. Transition metal catalysts
adopt different oxidation states, form complexes with various
reagents to change their reactivities, and, in some cases, have
high turnover numbers under rigorous conditions.”® As such,
these catalysts can positively impact the thermal oxidative
degradation of polymers. Metal catalysts can directly reduce
O, to promote ROS to trigger HAT from a C-H bond from a
polymer backbone under mild conditions. Further, they can
behave as Fenton or Fenton-like reagents to rapidly cleave
peroxide bonds to generate oxygen-centered radicals on the
polymer backbone (Scheme 1).°*°> Another advantage of tran-
sition metal catalysts is their recyclability, which makes hetero-
geneous catalysts particularly suitable for industrial
applications.”®

The use of transition metals to boost the polymer degrada-
tion rate has been investigated since the 1950s.*® In 1993,
Rutherford and coworkers screened different metals for

-OH
Redox interaction via electron tramsfer between metals and peroxide

Catalyze the peroxide cleavage to afford oxygen-centered radicals

Scheme 1 Peroxide cleavage through Fenton chemistry.

This journal is © The Royal Society of Chemistry 2024
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Table 2 PP film oxidative degradation with metals at elevated
temperatures

Time to embrittlement Time to embrittlement

Metal at 104 °C (h) at 70 °C (h)
Mn(n) a1 541
Co() 41 720
Cu(u) 41 723
Ce(n) 85 1610
V(i) 172 2114
Fe(n) 750 >3000
Mol(1v) 1050 >3000
Z1(w) 1400 >3000
Ni(u) >2500 >3000
Ti(m) >2000 >2000
Pd(m) >2000 >2000
Pt(n) >2000 >2000

polypropylene (PP) degradation at elevated temperatures.’
After casting films with a mixture of PP and metals (150
ppm), they placed those films at 70 and 104 °C to study the
embrittlement of the materials (Table 2). They observed that
not all transition metals were effective, as the polymer stayed
durable even after 2000 h when treated with metals like Ni and
Pd. However, in the case of Mn, Co, and Cu at 70 °C and Ce, V,
and Fe at 104 °C, PP became brittle over a shorter period,
indicating a faster degradation rate. They supported their
observations by measuring the molecular weights of various
polymer samples. For instance, the molecular weight (M,,) of PP
with M,, catalysts reduced from 47 500 g mol™~ " to 2700 g mol "
over 2 weeks. They proposed a similar mechanism as presented
in Scheme 1. The hydroperoxide groups on polymers are
formed through autooxidation due to the interaction between
polymers and oxygen. Then transition metals donate an elec-
tron to hydroperoxide groups to accelerate the oxidative clea-
vage of polymer. Moreover, hydroperoxide groups on polymer
can reduce metals and form more peroxy radicals, which can
induce HAT on the polymer backbone to further oxidize
polymers.

This concept of metal-catalyzed thermal oxidative degrada-
tion has been investigated more broadly. In 2003, Partenheimer
developed a more complex system in which polymers are
treated with Co/Mn/Zr/Br, catalysts under 70 bar in air at high
temperatures (>150 °C) (Fig. 4(a)).°® This system effectively
degraded various polymers. Indeed, PS was converted to 88
mol% benzoic acid in 5 h. Their proposed mechanism also
relied on the redox chemistry of the metals. They hypothesized
two distinct roles of liquid bromine: bromine radicals could
abstract C-H bonds on polymer backbone to initiate oxidative
degradation, or bromide anion could donate an electron to
reduce Mn"™ to Mn" (Fig. 4(b)). Lastly, the role of the Zr catalyst
in the reaction mechanism was not extensively studied, but the
degradation efficiency slightly improved upon the addition of
Zr. While this system rapidly converted polymer to oxidized
products, it still relied on high temperatures and pressures.
Moreover, this oxidative degradation was conducted in a homo-
genous solution phase, precluding users from recycling the
catalysts.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Tutorial Review

a) Co/Mn/Zr/Br cocatalyst reaction

Co/Mn/Zr/Br,
N (2/2/0.1/4 mol %) 0
n
Ph AcOH Ph)I\OH
PS 180 °C, 70 bar air 88 %
b) Co/Mn/Zr/Br cocatalyst mechanism
H . «Br or 021 0’0H
. > N
Ph Ph Ph  followed Ph Ph Ph
by
1 I -
oxidation Co Mn Br
coll Mn! “Br
o - ., 0
J -
Ph™ "OH <«—  Ph Ph Ph

Fig. 4 (a) PS oxidative degradation to benzoic acid using Co/Mn/Zr/Br, as
metal co-catalysts. (b) Proposed mechanism of the co-catalysts.

Thermocatalytic oxidative degradation via heterogeneous
catalysts has been developed to address the latter issue. In
industry, a heterogeneous catalyst is preferred to its homoge-
neous counterpart because it is generally more stable and can
be recycled many times without losing performance. In 1977,
Sorvik and coworkers used titanium dioxide (TiO,) as a hetero-
geneous catalyst to oxidatively degrade low-density PE at
150 °C.” They witnessed the yellow coloration of polymers,
indicating oxidative degradation. Hinge and coworkers pub-
lished a recent example in 2020, in which they studied the
stability of poly(acrylonitrile-butadiene-styrene) (ABS) blended
with an Fe or Cu-based pigment at 60 °C for 1440 h.'®® The
impact toughness of ABS decreased by up to a factor of four
compared to the absence of heterogenous pigment. A Fenton-
like mechanism pathway was proposed, where peroxides are
easily activated through a single electron transfer with metals.

In 2021, Stahl and coworkers fabricated a creative system to
degrade biomass in the presence of a Co based heterogeneous
catalyst (Scheme 2)."°" Acetone was used for the solvent of their
degradation system because it solubilizes lignin but not their

\©/0Me Meo\©/
CHO COZH
o OH
oo COPANEC (10 wt %) ©/ ©/0Me
HO
acetone
OH 190°C,35bar6% O CHO CO.H
L
OMe carbohydrates
Lignin COH

total = 15 %

Scheme 2 Lignin oxidative degradation with cobalt heterogeneous
catalysts.
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corresponding oxidized products. Products, consisting of alco-
hols and carboxylic acids, would crash out in acetone, prevent-
ing them from further degradation in O,. They chose Co metal
containing polyaniline-doped carbon catalysts (Co-PANI-C)
(aniline was polymerized on the carbon support) because this
compound has already been shown to catalyze the aerobic
oxidation of small molecules. After the oxidative degradation
of lignin with 10 wt% catalyst under 35 bar in air with 6% O, at
190 °C, they recovered 15 wt% of small molecules phenolic
products ranging from aldehydes to carboxylic acids in 12 h.
Although the yield is not incredibly high, using a one pot
system and acetone as a benign solvent is advantageous over
traditional methods with multistep degradations and harsher
conditions. Apart from transition metal catalysts, nano-
particles, carbon-based materials, and other alternatives can
also be used in the thermocatalytic oxidative degradation of

polymers.' 92719

4. Recent advances in photocatalytic
oxidative degradation

This section aims to examine the oxidative degradation of
polymers using photochemical approaches. The first part intro-
duces the concept and previous examples of photo-induced
oxidative degradation without catalysts. The latter part of this
section presents more thorough and recent examples of photo-
catalytic oxidative degradation for both homogeneous and
heterogeneous catalysis.

4.1 Photo-induced oxidative degradation of polymers

Photochemistry has enabled new approaches in organic chem-
istry, as photochemical processes allow us to access novel
synthetic routes that traditional thermal chemistry could other-
wise not achieve.'® Light is a sustainable energy source that
can photo-excite species to perform various mechanistic
steps, such as energy transfer, bond scission, single electron
transfer, hydrogen atom transfer, and many other chemical
transformations."®” In the case of oxidative degradation, direct
excitation of polymers, O,, or photocatalysts by light irradiation
generates radicals that eventually lead to bond scissions.***?
In nature, the autoxidation rate of plastics increases under
sunlight. Particularly, plastics corrode faster when exposed to
more intense sunlight under a high concentration of O,.
Thus, plastics exposed to air would undergo more rapid oxida-
tive degradation than those in seawater where there is a low
concentration of O,, and solar irradiation is less intense.'*%1%°
In the laboratory, many researchers have attempted to
initiate photo-induced oxidative degradation by directly irra-
diating polymers with high-energy photons, such as y-rays or
UV light. Ideally, directly irradiating the polymer would cleave
the backbone to yield polymeric radicals. The resultant radicals
would be combined to form crosslinks or trapped by O, to
generate oxidized products (Fig. 5(a)).'® Indeed, in 1980,
Kuriyama and coworkers demonstrated that after exposing PE
to vy-rays, they observed crosslinking under vacuum and
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Fig. 5 (a) Polymer photodegradation under vacuum vs. O,. (b) PS photo-
degradation under vacuum with 253 nm vs. 356 nm. (c) PS photo-induced
oxidative degradation via PS charge transfer complex with O,.

oxidative degradation under an O,-rich environment. There-
fore, light irradiation and oxygen are necessary to oxidize the
polymers, leading to degradation. Other than this previous
study, more reports of photo-induced oxidative degradation
with other polymers have been published."'*"*?

Singlet O, can also oxidatively degrade polymers after
generation via irradiation. Molecular oxygen exists in its
triplet form at the ground state and is excited to a singlet
state through photo-excitation or energy transfer from
photocatalysts.'™ Triplet O, has two unpaired electrons with
the same spins, but singlet O, undergoes spin inversion to form
two unpaired electrons with opposite spins. These opposite
spins of electrons (that repel each other) make singlet O, highly
™3 Singlet O, can serve as an HAT mediator that
abstracts C-H bonds from the polymer backbone."** In 1965,
Weir and coworkers irradiated PS with UV light (253 or 356 nm)
under vacuum and investigated its effects (Fig. 5(b))."*>''® Uv
light (253 nm) enabled cleavage of C-H and C-C bonds of PS to
generate hydrogen gas and generate alkenes on the backbone.
However, no changes were observed when irradiating with
356 nm UV light. Then, they repeated the experiments in the
presence of O,. Although relatively slow, PS was oxidized under

reactive.
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356 nm UV light. However, the observation could not be
explained through independent activation of PS or O, by
356 nm UV irradiation. Later, in 1974, Rabek and Ranby
explained that the phenyl rings of PS may form a charge
transfer (CT) complex with O,, which can then absorb light
above 280 nm. Thus, triplet O, coordinated with PS gets excited
to the singlet O, species that ultimately abstracts hydrogens on
the PS backbone to initiate oxidative degradation (Fig. 5(c)).*"”
Researchers have also incorporated iron-based catalysts into
polymers to increase the photo-induced oxidative degradation
rate. These catalysts undergo Fenton-like chemistry to acceler-
ate O-O bond scission of the peroxide to oxygen-centered
radicals, followed by oxidative polymer chain cleavage.’>'"'

Although photo-induced oxidative degradation illustrated a
potential solution to degrade polymers under more ambient
conditions, most early examples use high-energy UV light.
Visible light irradiation (>390 nm) would be an ideal
alternative.

4.2 Photocatalytic oxidative degradation of polymer with
homogeneous catalysts

The past few years have witnessed a renaissance in visible light-
mediated oxidative degradation of polymers.'*® The use of
longer wavelength visible light is beneficial compared to UV
light, for it has lower photon energy for a safer alternative."*°
However, visible light does not directly excite many commercial
polymers (like polyolefins and PS) and cannot generate singlet
oxygen. Thus, visible light-absorbing photocatalysts have been
pursued to induce photocatalytic oxidative degradation. The
products obtained from degradation depend on the polymer
microstructure as well as reaction conditions.

In 2022, Xiao and coworkers demonstrated the acid-
catalyzed photocatalytic oxidative degradation of PS
(Fig. 6(a))."*" After irradiating PS with 405 nm light in the
presence of 5 mol% p-toluenesulfonic acid monohydrate
(pTsOH-H,0) in a mixture of benzene and acetonitrile under
1 bar O,, they recovered approximately 50 mol% of benzoic acid
in 15 h. They noticed that adding other strong acids, such as
sulfuric acid and triflic acid, also yielded benzoic acid, albeit in
more modest yields. In the absence of acid, no degradation was
observed. Their mechanistic studies revealed that the strong
acid interacts with PS and that this adduct exhibits the char-
acteristics of photosensitizers. According to their UV-vis study,
neither PS nor the acids absorb visible light, but the adduct
showed a clear absorption peak in the visible light region. They
proposed that the photo-excited adduct sensitizes triplet O, to
form singlet O, that can initiate oxidative degradation of the
polymer. Later, in 2024, Zheng and coworkers adopted a similar
approach to oxidatively degrade PS using porphyrin-based
porous organic polymers (PPOPs).'** They previously developed
the catalytic system for PPOPs and discovered that this catalyst
serves as a photosensitizer to generate singlet O,. Although they
used 370 nm, they conducted their experiment in air and
obtained 63 mol% benzoic acid over 16 h. They also extended
their study by applying the optimized system to styrene
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copolymers and still obtained comparable amounts of benzoic
acid (>40 mol%).

Photocatalysts that enable direct HAT from the polymer
backbone can also accelerate oxidative degradation. In 2000,
Kaczmarek and coworkers irradiated PS in the presence of
benzophenone with UV light and observed that the viscosity
of PS quickly dropped."”® They proposed that photoexcited
triplet benzophenone abstracts C-H bonds from the PS back-
bone to trigger oxidative degradation. The resulting ketyl
radical on benzophenone is oxidized to the ketone in the
presence of O, to turn over the catalyst. Approximately 20 years
later, in 2022, Reisner and coworkers showed the photocatalytic
oxidative degradation of PS with fluorenone HAT catalysts
under blue LED irradiation.’* Under their optimized condi-
tions, they obtained 30 mol% benzoic acid in 16 h when
treating PS with 20 mol% of the HAT catalyst and 1 equiv. of
sulfuric acid under an atmosphere of O, and blue LEDs
(Fig. 6(b)). Their mechanistic studies showed no benzoic acid
when omitting light or O,. Surprisingly, benzoic acid also did
not form without sulfuric acid. They hypothesized that strong
acid enabled catalyst turnover. When the ketyl radical on
fluorenone was oxidized with O,, the strong acid facilitated
the reduction of O, to water or hydrogen peroxide. Their
suggested mechanism was like that proposed by Kaczmarek,
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in which the HAT catalyst abstracts hydrogens from the PS
backbone and the resulting radicals are subsequently
quenched by O, to oxidatively degrade PS to produce benzoic
acid. Then, in 2023, Kokotos and coworkers conducted similar
studies but attempted to simplify the system further.'*
Although they used 390 nm instead of blue LEDs, they success-
fully removed the need for a strong acid and degraded PS under
air using anthraquinone photocatalysts. They oxidatively
degraded PS post-consumer products to benzoic acid (25 to
58 mol%). Similarly, uranyl photocatalysts (UO,(NO3),-6H,0)
have been shown to abstract hydrogens from polymer backbone
similarly to aromatic ketones.'*>"*”

Aromatic ketones are not the only HAT abstractors employed
in photocatalytic oxidative degradation. Halogen radicals
(chlorine or bromine radicals) are widely used in organic
synthesis for functionalizing C-H bonds.'*® Inspired by this
technique, researchers used halogen radicals to activate poly-
mer backbones. In 2021, the Zeng and Hu groups separately
developed iron chloride (FeCl,) catalyzed photocatalytic oxida-
tive degradation of PS. Zeng and coworkers used 10 mol%
FeCls, 10 mol% tetrabutylammonium chloride with 20 mol%
trichloroethanol in acetone to degrade PS in 5 days under an O,
balloon to obtain 67% benzoic acid."* Hu and coworkers
modified the system by using 2 mol% FeCl, in a dichloro-
methane/acetonitrile solvent mixture irradiated with 400 nm
light in an O, balloon for 66 h and isolated 63 mol% benzoic
acid.’®® In 2022 and 2023, Stache and coworkers further sim-
plified the degradation conditions by using FeCl; in acetone
irradiated with white LEDs and an O, balloon to obtain
31 mol% benzoyl products (mainly benzoic acids) in just 20 h
(Fig. 7(a))."*"'** The critical step in the mechanism of these
photocatalytic oxidative degradation reports is the generation
of chlorine radicals. When subjected to polar solvents, FeCl; is
likely to disproportionate, wherein two of the same species
react with each other to form two distinct products. When two
molecules of FeCl, react, the resulting products are [Fe™Cl,]"
and [Fe'Cly]". Upon irradiation, [Fe™Cl,]” can undergo
ligand-to-metal charge transfer (LMCT) (an electron from the
ligand is excited to an empty orbital of the metal) to trigger
homolytic cleavage of an Fe-Cl bond to result in a chlorine
radical and [Fe"'Cl;]". This chlorine radical abstracts a C-H
bond on the PS backbone to initiate oxidative degradation.
[Fe"Cl;]” can now participate in Fenton-like chemistry to cleave
peroxide bonds and regenerate [Fe"™Cl;]. In 2024, Lim and
coworkers developed the in situ generation of chlorine radicals
from HCIl with acridinium photocatalysts to convert PS to
benzoic acid."*?

In 2023, the Stache group showed oxidative degradation of
PS using FeBr;, albeit with lower overall yields of small
molecules."®” Interestingly, the product distribution shifted
from mostly benzoic acid to an equal amount of benzoic acid
and acetophenone. The suggested mechanism is shown in
Fig. 7(b). The alkyl radical is oxidized and eventually proceeds
toward oxidative degradation to afford benzoic acid. However,
H-Br is also known to act as a good hydrogen atom donor for
alkyl radicals."** The primary alkyl radical can easily abstract a
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hydrogen atom from H-Br. With a methyl group, the subse-
quent oxidation leads to acetophenone formation. In contrast,
H-Cl is a much stronger H-X bond than H-Br; thus, hydrogen
atom donation does not readily occur, minimizing the for-
mation of acetophenone. Lastly, the kinetic selectivity of bro-
mine radicals (electrophilic radicals) for electron-rich hydridic
C-H bonds enables selective polymer degradation. In 2024, the
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Stache group demonstrated that bromine radicals could be
used to selectively degrade polymers with electron-rich hydro-
gens (e.g., poly(isobutyl vinyl ethers) (PIBVE)) over polymers
with electron-poor hydrogens (e.g., poly(methyl acrylate) (PMA))
(Fig. 7(c))."?*

Considering industrial applications, photochemistry has
two additional benefits in polymer degradation. First is the
potential to use sunlight, an unlimited energy source with a
broad wavelength range. While it has already been shown that
sunlight can degrade plastics, the degradation is relatively
3% In 2024, Su and coworkers used uranyl photocatalysts
under sunlight for 3 days in air to convert 20 g of PS to 1.6 g of
benzoic acid."”” The second benefit of photochemistry is the
ease with which one can transform batch reactions into a
photo-flow setup. When using large batch reactors, the light
penetration becomes difficult because light is more likely to be
absorbed near the surface of the reactors. Photo-flow chemistry
is an appropriate choice for scaling because large amounts of
samples move through thin tubes with high photon flux."*’
Moreover, the product would not be removed from the system
in the receiving flask, preventing any side reactions from
continuous light irradiation. The Xiao, Stache, and Jiang group
scaled their systems and demonstrated the photocatalytic oxi-
dation of PS on a large-scale wusing photo-flow
chemistry.121,126,13‘l

slow.

4.3 Photocatalytic oxidative degradation of polymers with
heterogeneous catalysts

The works described above are examples of photocatalytic
oxidative degradation with homogeneous catalysts. Some
recent publications highlight heterogeneous photocatalysis in
the oxidative degradation of polymers.>®***® TiQ, is a commonly
used heterogeneous photocatalyst due to its outstanding stabi-
lity in photochemical processes.”*® In 2019, Raditoiu and cow-
orkers cast polyolefin films with and without 1 or 2 wt% TiO,
nanoparticles and irradiated them with an Xenon lamp for
192 h (Fig. 8(a) top)."*° They observed that while pure polyolefin
films did not exhibit any sign of oxidation, films with the
photocatalyst began oxidizing almost immediately after the
irradiation began. They detected strong carbonyl, lactone, or
alcohol peaks in the IR spectrum, which continuously grew
with prolonged irradiation. In 2023, Li and coworkers used
TiO, to convert PS to benzoic acid.'*' They dissolved PS in
DCM, added the photocatalyst, and irradiated the mixture with
370 nm light for 4 h under an O, atmosphere. Initially, only 8
mol% benzoic acid was recovered. To improve the photocata-
lytic reactivity, they modified the surface of the photocatalyst
with organic substrates, such as potassium stearate. Surpris-
ingly, the surface-modified TiO, displayed higher photocurrent
density and, thus, could improve the conversion of PS to
benzoic acid slightly above 40 mol% (Fig. 8(a) bottom). Lastly,
they demonstrated the recyclability of the photocatalyst
through isolation and resubjecting it to the same conditions.
Gratefully, the photocatalyst was recyclable, although its per-
formance decreased by 80% at 6th cycle due to its
decomposition.
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Besides TiO, nanoparticles, other heterogeneous photocata-
lysts, such as Cu, Zn, Nb, and Bi-based nanoparticles, have
successfully converted polyolefins to small molecule oxidized
products and CO, or PS to benzoic acids."****” According to
the suggested mechanism (Fig. 8(b)), the electrons from the
valence band are excited to the conduction band to create a
hole and electron pairs upon irradiation of nanoparticles.’*
These electrons reduce O, to superoxide radical anions that can
react with PS to trigger oxidative degradation. Conversely, the
holes oxidize water to O, or hydroxyl radicals. In either case,
ROS generated by these nanoparticles initiates HAT and the
subsequent oxidative degradation of polymers.
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In 2022, Ma and coworkers utilized graphitic carbon nitride
(g-C3N,) catalysts, rather than metal nanoparticles, to oxida-
tively degrade PS (Fig. 8(c))."*® g-C;N, catalysts are a graphitic
sheet structure with a high surface area that, like metal
nanoparticles, generate electron and hole pairs upon irradia-
tion with light. Approximately 90% PS was converted to 60%
benzoyl products and 30% CO, under an O, atmosphere with
xenon light irradiation at 150 °C for 24 h in their optimized
system. CO, was produced because of the decomposition of
benzoyl products. The longer the PS sample was irradiated, the
more CO, was generated, while the amounts of benzoyl pro-
ducts decreased. Gratefully, a comparable result was achieved
using a broad range of visible light (400-700 nm), so UV light
was unnecessary for successful degradation. They postulated
that the electrons from excited g-C3;N, reduce O, to make ROS
while the holes oxidized PS. They observed an induction period
in which PS was partially oxidized, after which PS became more
rapidly oxidized. Lastly, they showcased the recyclability of
their heterogeneous photocatalyst by applying their reaction
condition 20 times. For the first several rounds of oxidation,
catalyst performance remained, but it gradually worsened until
the 20th cycle, when the catalyst was no longer very effective in
oxidative degradation.

5. Recent advances in other types of
oxidative degradation

This section introduces other novel approaches to the oxidative
degradation of polymers. The examples in Sections 3 and 4 are
thermally or photochemically triggered oxidative degradation,
respectively. However, this section aims to highlight the recent
advances in photothermal chemistry, electrochemistry, and
mechanochemistry in oxidative degradation and raise aware-
ness of these growing fields in chemical upcycling.

5.1 Photothermal oxidative degradation of polymers

Photothermal conversion is when light energy is converted to
heat energy (Fig. 9(a))."*° Upon light irradiation, photothermal
agents emit immense heat, typically through plasmonic loca-
lized heating and nonradiative relaxations (see this review
paper for a more detailed analysis of these mechanisms)."*
Photothermal conversion is particularly attractive for its sus-
tainability and potential spatiotemporal control. A light source
allows high heat generation at a desired space and time,
avoiding extremely high bulk temperatures for safety. More-
over, strong absorption over a wide range of the electromag-
netic spectrum is another asset of photothermal agents, as
visible or even IR light can produce heat.

The photothermal effect has been widely applied in medical
fields, such as cancer therapy, to eradicate toxic cells and
bacteria using relatively safe near-IR light without killing
essential cells and microorganisms. Recently, organic chemis-
try has adopted photothermal catalysis to conduct thermody-
namically demanding organic synthesis and transformations
under mild conditions. Researchers developed photothermal
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catalytic methods to degrade air pollutants like volatile organic
compounds.”®""*  Moreover, recent publications
demonstrated the application of photothermal conversion in
the chemical recycling of polymers, such as polyolefins, poly-
methacrylates, and polyesters.*>>7*5°

Although photothermal-assisted oxidative degradation has
not been extensively studied, a few examples have been found
in the literature. In 2019, Clarke and coworkers used Ag-based
photothermal nanoparticles (AgNPs) to degrade low-density PE
photothermally (Fig. 9(b))."*® As mentioned in previous sec-
tions, metals can catalyze the thermal oxidative degradation of
polymers at slightly elevated temperatures. Their study used
photothermal conversion to generate heat, allowing the metal
catalysts to increase degradation rates. AgNPs were chosen as
they are efficient photothermal catalysts that absorb blue light.
When they irradiated PE film mixed with 0.002 wt% AgNPs and
1.0 wt% cobalt-stearate with blue light, they observed the for-
mation of ketones and alcohols in the sample via UV-vis and FTIR
spectroscopy. When irradiating polyethylene films with either
AgNPs or cobalt catalysts alone, no significant amount of oxida-
tion occurred over 120 h. PE films with both catalysts or only the
cobalt catalyst at 60 °C undergo oxidative degradation, but the
film with only AgNPs did not show a sign of polymer degradation.
These experiments, overall, emphasized that both a heat source
and metal catalysts are necessary and that low incorporation of
AgNPs (<0.1 wt%) was enough to heat the polymer to trigger
thermocatalytic oxidative degradation.

several

5.2 Electrocatalytic oxidative degradation of polymer

Applying electrochemistry for organic transformations is
another emerging technique in organic chemistry. There has

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 (a) A brief introduction to electrochemistry. (b) Electrocatalytic
oxidative degradation of PVC using TiO,/C as cathode.

been a boom in electrochemistry in recent years because
supplying electrons through externally applied potentials
enables diverse chemical reactions that might not be accessible
through traditional thermal or photochemistry.'®” Further,
electricity is considered a clean energy source, bypassing stoi-
chiometric amounts of chemical oxidants or reductants. Other
than those listed above, there are many other advantages of
using electricity as a stimulus in organic synthesis (see these
reviews for more details)."®”"*° Typical electrochemical reac-
tions consist of two simultaneous redox half-reactions, which
are both happening at the electrode surface. Oxidation (remov-
ing electrons) occurs at the anode, while reduction (gaining
electrons) occurs at the cathode (Fig. 10(a)).

As with photochemistry, electrochemistry has been used for
both the synthesis of compounds under mild conditions and
the degradation of toxic small molecules."®”'®" In polymer
chemistry, various electrochemical processes have been shown
to upcycle polymers into more valuable materials or efficiently
degrade many different polymers, including polyolefins and
biomass.'®*"'”" This section presents a few outstanding exam-
ples of electrocatalytic oxidative degradation of polymers with
possible mechanisms.

In 2020, Gao and coworkers developed an electro-Fenton-
like method using a TiO,/graphite (TiO,/C) cathode to degrade
poly(vinyl chloride) (PVC) (Fig. 10(b))."”? Using electrochemistry

This journal is © The Royal Society of Chemistry 2024
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to generate ROS to degrade organic pollutants and polyolefin
microplastics has been studied in the past.”*'”* Moreover, the
dehalogenation of compounds with chlorines can be conducted
electrochemically.’”® Thus, using these two concepts, the Gao
group attempted to oxidatively degrade PVC and obtain small
oxidized products. Their previous work showed that their TiO,/
C cathode can reduce O, to hydroxyl radicals. They then applied
their method to oxidatively degrade PVC using their TiO,/C
cathode under the O,-rich environment at —0.7 V vs. Ag/AgCl at
100 °C for 6 h. According to their FTIR data, carbonyl and
alcohol peaks appeared while the signals for C-Cl and C-H
peaks decreased, indicating that the oxidative degradation and
dechlorination of PVC are occurring. Approximately 56 wt% of
PVC was removed, and 75% of C-Cl bonds were dechlorinated.
When assessing the small molecule products remaining after
degradation, various oxidized products, like oxalic acids, were
observed but eventually decomposed to CO, or water. Their
proposed mechanism indicated that O, reduction and dehalo-
genation occur at the TiO,/C cathode. Hydroxyl radicals oxida-
tively attack saturated PVC and convert polymer to small
alcohols or carboxylic acids, which can be further oxidized to
gaseous molecules.

In 2022, Roman-Leshkov and coworkers demonstrated the
use of electrochemically mediated HAT to degrade PS."”® In
their system, N-hydroxyphthalimide (NHPI) was used as a
mediator, a species used in an electrochemical reaction for
facile electron transfer."””"'”® NHPI is oxidized to a phthalimide
N-oxyl (PINO) radical, abstracting C-H bonds from PS to trigger

a) Electrocatalytic oxidative degradation with a mediator

NHPI, pyridine
,(O carbon (+) | steel (-) HO)LMe HOJJ\H
n 14 % 12 %
Me DCM
iPPO 0.1 MTBABF, i e
rt. 14 %
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Fig. 11 (a) Electrocatalytic oxidative degradation of 'PPO with NHPI as a
mediator of the electrochemical process. (b) Electrocatalytic oxidative
degradation mechanism with NHPI.
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oxidative degradation. They could degrade PS and identify
various products, from benzoyl to pentamer products. In
2024, Fors and coworkers investigated the oxidative degrada-
tion of ether-containing polymers such as poly(vinyl ether)s
(PVEs), polypropylene oxide (PPO), and polyurethanes (PU).'”°
In their optimized electrolysis with 0.2 equiv. NHPI, isotatic
polypropylene oxide (‘PPO) was degraded to acetic acid (14
mol%), formic acid (12 mol%), and acetaldehyde (4 mol%) in
25 h (Fig. 11(a)). Due to the electrophilic nature of N-oxyl
radicals, PINO selectively targets electron rich C-H bonds on
polymer backbone. Thus, the Fors group also showed that PINO
preferentially degraded ether-containing polymers over poly-
mers with electron-poor C-H bonds, such as PMA and
poly(vinyl acetate) (PVAc). In their proposed mechanism
(Fig. 11(b)), NHIP is converted to PINO through oxidation at
the anode, followed by HAT on the polymer backbone to initiate
oxidative degradation. Electrons are consumed at the cathode
to make hydrogen gas in reaction with protons. The Roman-
Leshkov and the Fors groups suggested that pyridine and acetic
acid are essential in their systems. Pyridine acts as a base to
deprotonate NHIP before the oxidation at the anode, while
acetic acid acts as a proton source for the sacrificial generation
of hydrogen gas.

5.3 Mechanochemically induced oxidative degradation of
polymers

In 2021, Luzinov and coworkers developed mechanochemical
processes to oxidatively degrade PS.'®° Mechanochemistry uses
mechanical force to conduct chemical reactions, replacing
other stimuli such as heat or light. It has previously been
shown that polymers can be degraded under mechanochemical
force, but these studies provide a more in-depth mechanistic
understanding."®" In their degradation setup, 1.5 g commercial
PS sample was ball-milled for 12 h in air with either hardened
steel or tungsten carbide balls. In all cases, the high molecular
weight original PS (>80000 g mol™ ') was degraded to a much
smaller polymer (<8000 g mol '). In air, approximately
7-8 wt% of volatile organic chemicals were formed primarily
styrene. NMR spectra revealed the presence of benzoic acid in
the reaction mixture, indicating that PS was oxidatively
degraded as well. However, no volatile chemicals were formed
when PS was ball-milled under an argon atmosphere. Addition-
ally, no volatile chemicals were detected when PS was ball-
milled with a metal-free ball (silicon nitride), even under air.
Considering these experiments, they proposed that a combi-
nation effect of ball milling and O, renders efficient degrada-
tion of PS. First, ball milling causes C-C bond chain scissions;
either O, or metals trap the resulting carbon radicals. The
peroxy radicals lead to oxidative degradation while the metal
catalyzes the depolymerization to recover styrene. Although this
type of degradation does not yield oxidized products like
benzoic acid, O, is still vital in speeding up the generation of
monomers. Even though there are only a few examples of
oxidative degradation through mechanochemistry, this field
has a potential for further development in future.'$*8
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Like mechanochemistry, sonochemistry uses ultrasonic
sound to trigger either C-C bond scissions or the generation of
ROS.’®*1%7 In particular, the rate of polymer degradation
increases as more O, content is present.

6. Conclusion, challenges, and future
directions

Oxidative degradation of polymers is an important upcycling
method that complements traditional recycling techniques.
Despite being studied for many decades, the oxidative degrada-
tion of polymers has recently gained more attention, using
modern approaches in photochemistry, electrochemistry, and
mechanochemistry. In the past, researchers focused on the
oxidative degradation of polymers in natural environments
(namely autooxidation). Still, more case studies showed creative
designs for efficient polymer degradation in the laboratory. To
accelerate the rate of oxidative degradation under mild condi-
tions, researchers have used various metal catalysts, photoca-
talysts, and electrocatalysts that are appropriate for their
respective stimuli.

Despite the recent advances in this field, there are still many
challenges and areas for improvement. The scope of polymers
that can be oxidatively degraded needs to be broadened. While
PS and polyolefins were thoroughly investigated, other poly-
mers like PVC and polyacrylates are significantly less explored.
Additionally, the selectivity of the small molecule products
must be improved for commercial implementation. When PS
is degraded, for example, over 50 mol% benzoic acid can be
recovered and used for other subsequent reactions; however,
for the different polymers, it is less likely to achieve specific
small molecule products with high yields."®® For instance, PE
can degrade to more than 10 small molecules, and overoxida-
tion can cause these molecules to decompose further into CO,.
Thus, it is necessary to achieve precise control over the oxida-
tion rate of polyolefins to obtain high yields of specific small
molecules while suppressing overoxidation. Lastly, chemists
and engineers will need to collaborate to pilot studies on the
oxidative degradation of plastics at a large scale. Although some
photochemistry and thermal chemistry cases demonstrated the
scalability of oxidative degradation, they are not substantial
enough to resolve the world’s plastic crisis. Moreover, most of
the examples (including more contemporary examples) in the
literature still use a high concentration of O, (>1 bar O,
content in air). Such high oxygen concentrations bring about
concerns for explosions, so it would be required that large
reactors are designed that limit safety concerns but degrade
polymers effectively.

Two distinct future directions could mitigate these chal-
lenges. The first is called hybrid recycling, in which two
different recycling techniques are sequentially used
(Fig. 12(a))."®® In 2022, Beckham and coworkers illustrated
polymer waste valorization through oxidative degradation and
biological funneling."® Initially, they oxidatively degraded PS,
PE, and poly(ethylene terephthalate) (PET) to generate

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Potential future directions. (a) A hybrid between oxidative degra-
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functional and easily degradable.

numerous oxidized products, subsequently subjected to micro-
organisms to selectively produce small molecule products. The
oxidized products from the degradation of polymers are more
suitable feedstocks for microorganisms than the polymers
themselves, as solubility in water increases with higher oxida-
tion and shorter hydrocarbon chains."®* These groups engi-
neered special microorganisms to convert these intermediate
chemicals with acetate and carboxylate functionality to polyhy-
droxyalkanoates or B-ketoadipate. Their robust system allowed
the formation of certain specific products from commonly used
plastics. In 2023, Williams, and coworkers conducted similar
studies in PS where they first converted PS to benzoic acid
intermediates and then treated the residues to fungal metabo-
lism to form pharmacologically relevant molecules.’** There-
fore, these hybrid recycling systems showed the potential to
upcycle waste plastics to valuable materials by altering the
mechanistic pathways of bacteria or fungi.

Another field of interest is the invention of a new class of
polymers with comparable mechanical properties to those
commonly used in our lives but are more prone to oxidative
degradation. In 2021, Luo and coworkers synthesized a con-
jugated polymer susceptible to oxidative degradation after its
service life.'”® Conjugated polymers are often designed for
electronic devices due to their delocalized m-systems. They
polymerized deca-4,6-diynedioic acid to make highly conju-
gated poly(deca-4,6-diynedioic acid) (PDDA) (Fig. 12(b)). Under
dark or nitrogen conditions, PDDA showed excellent stability as
a functional material. However, upon exposure to sunlight and
air in a week, PDDA completely degraded to succinic acids as a
major product (60%). The highly conjugated PDDA was sulffi-
ciently reactive with O, to result in efficient degradation, and
no photocatalysts or oxidants were required. Moreover, the
complete degradation of PDDA would not leave residual micro-
plastics, and succinic acids, naturally occurring chemicals in
plant or animal tissues, could be used as a monomer for
synthesizing other polymers. Therefore, further developing
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more materials like PDDA would allow for polymer degradation
under mild conditions and low concentrations of O,.

In conclusion, the future of oxidative degradation of poly-
mers should be focused on improving product selectivity while
increasing the degradation rate under mild settings close to
environmental conditions. Although hybrid methods and the
development of new materials are potential solutions, it would
be even better to repurpose commercial plastics from waste
streams and chemically upcycle them into a desired product in
a single step.
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