Open Access Article. Published on 02 July 2024. Downloaded on 12/4/2025 9:28:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

W) Check for updates

Cite this: Green Chem., 2024, 26,
8528

™ COYAL SOCIETY
ap OF CHEMISTRY

Photochemical upcycling and recycling of plastics:
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The pervasive effects of plastic waste pollution affect both humanity and the environment, thus innovative

and environmentally-friendly methods for recycling of plastics are crucially needed. The application of

light to degrade or transform plastics into valuable products has gained significant attention. Numerous

researchers have explored irradiation to achieve the photocatalytic breakdown of highly resilient plastic

waste components into valuable monomers, which can be utilized for the synthesis of novel materials of

synthetic or pharmacological interest. Many of these techniques have resulted in H, evolution, while
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Introduction

The indispensability of plastics in modern society spans in
multiple aspects.” Their remarkable versatility is overshadowed
by their resistance to degradation, coupled with reckless dispo-
sal practices, leading to one of the world’s most discussed
challenges: plastic waste accumulation. The ever-increasing
production and mismanagement of plastic waste has led to a
global crisis, with massive volumes of accumulating plastics.>?
Currently, 9% of plastic waste is recycled, while the majority is
discarded in landfills or the environment. If present trends
persist, by 2050, the world will struggle with 12 billion metric
tons of plastic waste.> The pervasive presence of plastics has
markedly heightened environmental pollution and climate
change, resulting in significant socio-economic challenges.
Reducing plastic emissions and employing effective waste
management are crucial to combat plastic pollution (Fig. 1A).>

The primary methods for managing plastics present chal-
lenges (Fig. 1B).* Landfills require vast space and perpetuate
pollution. Incineration leads to generation of microplastics, as
well as increased carbon and toxic pollutant emissions.*>
Mechanical recycling often results in a downcycling effect,
diminishing quality and imposing limits on the number of
cycles and the presence of contaminants.® In contrast, chemi-
cal upcycling aims at converting plastics into high-added-value
compounds (Fig. 1C). Representing a “plastic-based refinery”
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efforts were also made to reduce carbon emissions. In some cases, light was combined with additional
energy sources, leading to development of photothermal or photoelectrochemical processes. With this
tutorial review, our aim is to offer an overview of these novel photochemical upcycling protocols for the
degradation of polymers, aspiring toward the introduction of novel processes in the near future.

strategy, chemical upcycling holds promise in addressing
environmental pollution, reducing carbon emissions and pro-
moting circular economy.’ Pyrolysis and gasification have also
been developed. More recent methods, like hydrogenolysis,
solvolysis or biocatalysis, cleave plastics into smaller mole-
cules, while electrocatalysis and photocatalysis leverage electri-
city or light to promote chemical reactions."*®

The use of photocatalysis is promising, since visible
light or sunlight is an ideal energy source to facilitate
chemical transformations, previously considered challenging
or unattainable.®'® Photocatalysis is environmentally-friendly
and cost-effective, enabling highly efficient decomposition of
plastics without high energy input demand or harsh reaction
conditions.*

The processes involved in initiating reactions through light
can be categorised into three main types: (a) reactions initiated
by electron transfer, also known as photoredox reactions, (b)
reactions initiated by hydrogen atom transfer (HAT), and (c)
reactions initiated by energy transfer (ET).°** Hydrogen atom
transfer (HAT) stands as a fundamental and widely observed
phenomenon in both chemical reactions and biological
systems, presenting an effective strategy for cleaving C(sp’)-H
bonds. This process entails the coordinated movement of both
an electron and a proton (H' = H' + e7) from the substrate,
referred to as the hydrogen donor, to an acceptor referred to as
the abstractor.” References in the literature pertaining to the
HAT process can be divided into two distinct approaches:
indirect HAT (i-HAT) and direct HAT (d-HAT). In the former,
the photocatalyst (PCggr) absorbs light and, upon excitation,
generates the excited chemical species (X', a radical or radical
ion) responsible for hydrogen abstraction via a single electron

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 A. Pyramidal diagram of a zero-waste hierarchy for plastics management; B. common methods for managing plastics; C. widely used upcy-

cling methods.

transfer (SET) step. Conversely, in the d-HAT process, the
photocatalyst (PCyar) directly triggers HAT upon becoming
excited. In essence, the PC*yr acts as the X'.°

When exposed to irradiation, macromolecules’ degradation
is triggered, causing chain scission, branching, cross-linking
or oxidation reactions. This approach allows for the selective
manipulation of traditionally inert aliphatic C-H bonds, but
also facilitates acceleration of the stable, non-polar C-C bond
activation, essential for plastics depolymerisation, which typi-
cally spans hundreds of years under natural conditions.*®”’
The conversion of plastic waste into high-value fuels, organic
molecules or functionalized materials via light-driven plastic
upcycling represents an effective approach that significantly
mitigates the environmental impact of plastic production, con-
tributing to a sustainable circular economy.'*-%*112

In the past few years, especially during 2023-2024,
there has been a surge in literature discussing novel
approaches utilising light for the photochemical upcycling of
plastics, accompanied by numerous review articles detailing
the reactions and conditions of these methods. This review
delves into the utilisation of light to transform polymers into
valuable small molecules, rather than simply breaking them
down. It offers a comprehensive examination of the most com-
monly employed polymers, with a particular focus on poly-
styrene, presenting a more in-depth analysis of this widely-
used polymer, including new photochemical protocols—some
of which are being reported for the first time in a review.
Additionally, this review elucidates degradation mechanisms
and evaluates the effectiveness of these methodologies. To
facilitate a thorough understanding of the unique character-

4,11-13
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istics of each depolymerisation process, we conduct a com-
parative analysis of various methodologies specifically applied
to polystyrene, leveraging the wealth of research available in
this domain. The objective of this tutorial review is to motivate
and assist researchers keen on investigating light-driven upcy-
cling approaches for diverse polymer plastics.

Polystyrene

The photochemical upcycling of polystyrene (PS) presents
several advantages, particularly due to its potential to yield
PhCO,H, a versatile compound with numerous industrial
applications, making it an attractive target for chemical upcy-
cling. Since 1984,"* research on photo-induced degradation of
PS has markedly increased, since it is an efficient technique
for converting plastics into higher-value compounds
(Scheme 1A-D). Hu’s introduction of a pioneering metal-based
photochemical protocol in 2021, employing FeCl, in solution
under 400 nm LED irradiation and oxygen to yield PhCO,H,
underscored innovative approaches toward sustainable solu-
tions for the plastic pollution crisis."® In the same vein, Zeng
used FeCl; for the photochemical oxidation of alkyl aromatics
to carboxylic acids under blue LED irradiation and 0,.'° The
incorporation of a photocatalytic system (solid FeCl;, tetra-
butylammonium chloride and 2,2,2-trichloroethanol) demon-
strated the versatility of the protocol, showcasing its appli-
cation in the oxidative degradation of polystyrene."® Similarly,
Oh and Stache exploited the use of Fe(u), leading to the for-
mation of chlorine radicals."” This innovative approach using
10 wt% FeCl; dissolved in acetone proved effective as they suc-
cessfully converted polystyrene into a 23 mol% benzoyl
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product mixture. Their protocol converted commercial PS pro-
ducts, like packaging materials. Additionally, a gram-scale
photoflow-based process was developed (Scheme 1A)."” Later,
they delved into polystyrene’s photochemical degradation via
halogen radicals.'® They investigated the different outcome
regarding the use of Cl" or Br’ to the production of PhCO,H or
acetophenone, respectively, revealing that Cl' yielded exclu-
sively PhCO,H, while Br’ led to the formation of acetophenone
and PhCO,H in nearly equal amounts. These observations are
due to 2° C-H bond activation primarily yielding PhCO,H,
while 3° C-H bond cleavage results in either PhCO,H or aceto-
phenone. Br’ mainly triggers 3° C-H bonds, due to a hydrogen
atom transfer (HAT) on HBr [as a result of its low bond dis-
sociation energy (BDE)], attributing an H atom to a methyl
radical on the chain end, leading to acetophenone, whilst
addition of LiBr led to acetophenone over PhCO,H."® Chlorine
and bromine radicals exhibit high reactivity, facilitating the
efficient decomposition of PS into smaller molecular frag-

8530 | Green Chem., 2024, 26, 8528-8549

ments. Cl-based compounds, being easily accessible and cost-
effective, can successfully serve as radical initiators in photo-
chemical upcycling processes. Even though Br” shows superior
selectivity in contrast to Cl°, which arises from its lower radical
reactivity, bromine-based compounds tend to be pricier and
less accessible than their chlorine counterparts, potentially
constraining their feasibility in large-scale applications. While
both chlorine and bromine radicals demonstrate promising
outcome in the photochemical PS degradation, they also elicit
concerns regarding environmental repercussions and product
selectivity.

Even though iron is considered among the most sus-
tainable metals, the cost of its removal from fine chemicals
requires alternative approaches.

In all these examples, chlorine or bromine salts function as
photocatalysts, consistently facilitating the reactions and sub-
sequent product formation (Scheme 2). The use of irradiation
is essential for generating reactive radicals. Following a cata-

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 General reaction mechanism for the photochemical upcycling of polystyrene using Fe salts as the photocatalysts.

lytic cycle, the catalyst is also regenerated, ensuring continu-
ous activity. In the given mechanisms, FeCl; plays a crucial
role in facilitating a photoinduced ligand-to-metal charge
transfer (LMCT) process, as well as participating in single elec-
tron transfer (SET) reactions. More specifically, when FeCl; is
exposed to light, it undergoes a photoinduced LMCT, a
process which involves the transfer of an electron from the
chloride ion (CI7) to the iron centre (Fe**). This electron trans-
fer results in the generation of chlorine radicals (Cl') and the
reduction of Fe** to Fe>*. The chlorine radical (CI') is a highly
reactive species that can initiate succeeding hydrogen atom
transfer (HAT) processes. Subsequently, the generated chlorine
radical (Cl") can abstract a hydrogen atom from polystyrene,
leading to the formation of organic radicals. These organic
radicals can undergo further transformations to yield the
desired products. At the same time, regeneration of Fe(mur)
occurs, enabling the formation of superoxide anion radicals
0,’". After the initial generation of CI', the Fe>" species needs
to be regenerated to Fe®* to sustain the catalytic cycle. This
regeneration occurs via a single electron transfer (SET) process
between molecular oxygen (O,) and the generated Fe®*
meaning that Fe>* donates an electron to O,, forming Fe** and
superoxide anion radical (O, ™), which is also highly reactive
and can participate in deep oxidation processes, leading the
intermediate organic radicals or other species in the reaction
mixture to further oxidation and the formation of final pro-
ducts (Scheme 2). Thus, in most cases, the metal salt is mostly
used as a source of halogen radical, in particular chlorine
radical, which are known for their abilities as HAT catalysts,
but also facilitates O, generation through oxidation of the
metal. This is primarily due to the fact that when chlorine rad-
icals abstract hydrogen atoms from hydrocarbons, the result-
ing HCI formation is more stable, since most C-H bond dis-
sociation energies are generally lower than the H-Cl bond for-
mation energy. Consequently, chlorine radicals can easily
break the weaker C-H bonds in hydrocarbons and form new
bonds with hydrogen atoms. The higher bond dissociation
energy (BDE) of H-CI (BDE, H-CI = 103 kcal mol™"), compared
to most C-H bonds, make the hydrogen abstraction process
thermodynamically favorable."”” In the meantime, the gene-
ration of singlet oxygen from the reduced metal is a side

This journal is © The Royal Society of Chemistry 2024

process, which also facilitates the generation of reactive species
enabling the promotion of the degradation mechanism. Even
though the above mentioned observations can be applied to
most of the photochemical protocols, in Hu’s proposed
mechanism,"” while the possibility of an -HAT mechanism via
a Cl radical was not dismissed, the process primarily involves
Fe(u) being oxidised to Fe(m), which acts as the active photo-
catalyst under an oxygen atmosphere. Upon excitation, Fe(i)*
facilitates the desired initial oxidative C-H bond cleavage
through a SET process."”

In 2022, Reisner studied fluorenone for the light-induced
degradation of polystyrene to PhCO,H. Utilising blue LED
irradiation at 50 °C led to the formation of ~40% PhCO,H and
~20% other aromatic products, although the use of diluted
H,S0, was a significant drawback."® In the same spirit, Huang
et al. reported the light-driven, acid-catalysed methodology for
the photochemical upcycling of polystyrene to HCO,H,
PhCO,H and acetophenone, using pTsOH-H,O under 405 nm
irradiation and 0,.>° Although strong acids usually serve as
effective oxidizing agents in industrial processes, their corros-
ive nature can pose both environmental and safety challenges
requiring careful handling.

Additionally, Das exploited HAT chemistry generated from
N-bromosuccinimide and CF;SO,Na for the upcycling of poly-
styrene under 390 nm irradiation.>' The protocol was applied
to real-life plastics, leading to PhCO,H in high yields, while a
tandem reforming of PhCO,H into different aromatics, not
only widened the study’s scope, but also accentuated the prac-
ticality and adaptability embedded in the devised approach.”
In 2022, Liu introduced a photochemical degradation of poly-
styrene to value-added aromatics (Scheme 1C).”> The authors
proposed the photodegradation of PS waste under UV
irradiation with subsequent transformation to diphenyl-
methane. Moreover, an industrial-scale techno-economic ana-
lysis took place, suggesting high economic viability for the
elimination of end-of-life plastics.* These photochemical pro-
cesses are highly desirable, due to their ability to convert
polymer plastics into valuable monomers, without the use of
expensive or hazardous catalysts, while also requiring mild
reaction conditions. Most significantly, they effectively
upcycled polystyrene into PhCO,H and benzene. Thus, poly-

Green Chem., 2024, 26, 8528-8549 | 8531
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styrene can be efficiently transformed into PhCO,H or other
valuable monomers, achieving optimal yields under appropri-
ate reaction conditions, not only improving the economic
feasibility of the upcycling process, but also maximising valu-
able compound production.

Metal-free catalysis emerged as a promising substitute for
traditional metal-based catalytic systems, providing opportu-
nities for selectivity, and versatility across a spectrum of reac-
tion conditions and substrates. Additionally, it facilitates suc-
cessful reactions without relying on typically toxic metals,
while the relatively lower cost of organocatalysts, compared to
the high expenses associated with metal derivatives, further
support the efficacy of this method. In this spirit, Kokotos
introduced another attractive metal-free aerobic upcycling
process of polystyrene to PhCO,H, using anthraquinone under
390 nm irradiation and air as the sole oxidant.>® A noteworthy
application was the synthesis of two pharmaceuticals, salicylic
acid and acetylsalicylic acid, from the upcycled PhCO,H. This
underscores the prospect of implementing sustainable
approaches in the pharmaceutical industry, while expanding
the application of green chemistry to the production of valu-
able compounds.*?

An alternative method for the PS upcycling involves employ-
ing heterogeneous catalysis.>**> In contrast to homogeneous
catalysts that are mainly soluble in the reaction mixture,
heterogeneous catalysts remain separate from the reaction pro-
ducts, facilitating simpler separation and facile catalyst recov-
ery. Furthermore, heterogeneous catalysis promotes cleaner
and more sustainable processes by enabling the utilisation of
mild reaction conditions, thereby reducing energy consump-
tion and minimising by-products’ generation. Titanium
dioxide, being insoluble in both aqueous and organic solvents,
exhibits enhanced stability which makes it suitable for a multi-
tude of applications. Additionally, it displays photocatalytic
characteristics, allowing it to expedite chemical reactions upon
exposure to light. In 2023, Yang introduced a FeB/TiO, photo-
catalyst using 365 nm LED, where oxygenated aromatics,
including benzaldehyde, phenylacetaldehyde and PhCO,H
were detected from microplastics (Scheme 1D).>® Additionally,
Li introduced a potassium stearate—N,N-diethyl-3-(trimethoxy-
silyl)-propan-1-amine system for the enhancement of the cata-
Iytic activity of TiO, under 370 nm irradiation and 1 bar 0,.*”

Also in 2023, Chen proposed a two-step photocatalytic
method for the degradation of styrofoam. Initially, styrofoam
waste was functionalised by addition of acyl or bromine
groups on the polymeric chain (Scheme 1B).*® Subsequent
depolymerisation of reformed PS, using solid FeCl; under
365 nm UV irradiation and heating at 100 °C enabled the for-
mation of acylated and brominated styrene at >50% yield.*®
Although the method effectively assesses the functionalisation
of polymers into acylated and brominated polystyrene, its sus-
tainability is questioned primarily in the case of the generation
of halogenated compounds, which raise significant environ-
mental concerns. Specifically, the production of brominated
polymers poses risks to the environment, due to the potential
release of bromine-containing compounds. Moreover, the pres-
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ence of brominated polymers complicates recycling processes,
diminishing the overall recyclability of the materials.
Furthermore, although the method distinguishes itself from
other processes typically involving the degradation of poly-
styrene, it lacks specificity regarding the yields of the newly
formed compounds. While functionalisation and subsequent
depolymerisation are primarily observed via FT-IR and
'"H-NMR, no additional information regarding the precise yield
of the newly formed monomers is provided, thereby complicat-
ing the estimation of the process efficacy.

The field of quantum dots has gained tremendous interest,
highlighted by the Nobel prize in Chemistry in 2023. In the
same year, Stache proposed a novel photothermal protocol,
based on the activation of carbon quantum dots, which upon
photoexcitation, produce thermal gradients, capable of depoly-
merisation of commercial plastics.” This elegant method con-
stitutes the first carbon dots-based photothermal process for
the chemical recycling of polymers. Photothermal processes
involve the use of light absorbers, which convert light energy
directly into heat, thereby driving chemical reactions through
localized heating. This method contrasts with the combined
use of heat and irradiation, where an external heat source is
employed alongside light irradiation. In photothermal pro-
cesses, materials such as nanoparticles, absorb light and
convert it into thermal energy via non-radiative relaxation, sub-
sequently inducing thermal reactions like polymer degra-
dation. Conversely, the combination of heat and irradiation
utilises light to excite photocatalysts, generating reactive
species (e.g., electron-hole pairs or radicals), while heat is pro-
vided by an external source. The primary distinction lies in the
heat source: photothermal processes rely solely on light-
induced heat generation, whereas combined approaches rely
on an external heat source, supplementing the photochemical
effects of light. It’s imperative to note that these terms should
not be used interchangeably, as they entail distinct mecha-
nisms and operational principles. For the purpose of our
review, to underscore the differentiation between these meth-
odologies, we employ the term “synergistic thermal-photoche-
mical approach” when referring to the integrated utilisation of
heat and irradiation to maintain consistency and clarity in ter-
minology and reserve the term “photothermal” for processes
exclusively reliant on light-induced heat generation. The
photothermal protocol was well-applied to several polymers,
including PLA and polystyrene, as well as PMMA [ poly(methyl-
methacrylate)], leading to r-lactide, styrene and methyl meth-
acrylate monomers, respectively under white LED irradiation
in good yields and in short time,?® while Li proposed a metal-
free photochemical benzylic C(sp®)-H oxidation, using 6-bro-
mobenzo[d]thiazole as the photosensitizer, under 390-400 nm
LED irradiation and air for the aerobic oxidation of methyl-
arenes and benzyl derivatives. Slight modifications to the pro-
tocol enabled photo-oxidation of PS to PhCO,H in 58% yield.*°

Exploring relatively uncommon photocatalysts, Jiang and
Soo both suggested the synergistic photocatalytic degradation
of different plastics, including polystyrene by employing
uranyl- or vanadium-based complexes.>'** The methods were

This journal is © The Royal Society of Chemistry 2024
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applied to commercial polymers, while the incorporation of
continuous flow chemistry further highlighted the adaptability
and scalability of these approaches.*’? Lastly, within the
range of innovative methods, acridinium salts, though
common photocatalysts for organic transformations, had not
been used for plastic upcycling, until Ong et al. exploited their
known ability to reach highly oxidising excited states through
visible light photo-activation for the low-energy visible light
oxidative degradation of polystyrene.*® They anticipated that
photoexcitation of acridinium salts could offer better control,
resulting in improved product selectivity. The catalyst efficien-
tly converted polystyrene into PhCO,H (33% under 390 nm
irradiation, O, atmosphere, 10 mol% catalyst and aq. HCI).
Interestingly, when the HCl concentration was increased
(200 mol%), the yield rose (46%), even with a reduced catalyst
loading (5 mol%). Subsequent in silico screening aimed at
identifying superior photocatalysts. The study pinpointed a
fluorinated acridinium catalyst, whose synergistic action with
HCI allowed for low catalyst loadings (<5 mol%), yielding 55%
PhCO,H. Real-world PS waste could be employed, while the
low toxicity of acridinium salts is advantageous, regarding
trace metal contamination in upcycled PhCO,H.*?

In 2024, Kokotos and colleagues introduced two new photo-
chemical protocols utilising bromine radicals for converting
polystyrene polymer into benzoic acid through synergistic
i-HAT catalysis.>*® The initial method involved a mild, easy-
to-perform photochemical aerobic process, exploiting the com-
bined effects of HAT catalysis and aerobic oxidation, utilising
ambient air as the oxidizing agent. Employing a catalytic
system comprising of NBS/2,4-diethylthioxanthone under UVA
390 nm LED irradiation, this method achieved a benzoic acid
yield of up to 54% from the upcycling of everyday polystyrene
items.*® The resulting benzoic acid was easily recovered
through acid/base wash and extraction, following a purifi-
cation process pattern similar to their previous protocol.
Furthermore, investigations into a large-scale reaction of 2 g
and catalyst recycling experiments were conducted, alongside
a comprehensive analysis using high-resolution mass spec-
trometry (HRMS), which identified numerous intermediates,
confirming the proposed reaction pathways.>* Similarly, the
second protocol introduced a practical photochemical
approach for the aerobic upcycling of polystyrene through
synergistic indirect HAT catalysis, utilising a BrCH,CN/thiox-
anthone system and 390 nm irradiation in the presence of
air.*> Both polystyrene and everyday polystyrene-based pro-
ducts were transformed into benzoic acid, yielding up to 49%
following a simple base-acid workup. An analytical HRMS
study was conducted to identify potential intermediates
(Scheme 3C), and recycling experiments were carried out.
Notably, the environmental sustainability of this methodology
was assessed by calculating environmental metrics, such as
the environmental factor (E), reaction mass efficiency (RME),
and process mass intensity (PMI). These metrics were then
compared with those of other photochemical protocols,
demonstrating the sustainability of the protocol, mainly attrib-
uted to the elimination of column chromatography, high yield

This journal is © The Royal Society of Chemistry 2024
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of benzoic acid, and utilisation of air as the oxidant, which sig-
nificantly enhanced atom economy, compared to processes
requiring an oxygen balloon. Furthermore, while a 2 g scale
reaction was successfully conducted, the photochemical proto-
col was upscaled to a 20 g reaction, yielding 45% of benzoic
acid. Although only 10 mol% of the catalyst was required, the
amount of thioxanthone was halved to 5 mol% for economic
reasons, which still yielded satisfactory results, though necessi-
tating an extension of the reaction period to 14 days.>”

After examining all previous protocols on the photochemi-
cal upcycling of polystyrene, we concluded that in most cases
where polystyrene is used as the starting material for the pro-
duction of benzoic acid, numerous p-scission and oxidation
events occur along the polymer backbone. Based on estab-
lished studies, we found that Oh and Stache, in their mechan-
istic investigations, proposed a detailed and accurate mecha-
nism that elegantly explains the processes occurring during
the irradiation of the polymer in the presence of a catalyst
(in this case halogen radicals were used as HAT catalysts,
Scheme 3A and B).'® Photochemical upcycling of polystyrene
in the presence of a photocatalyst can proceed via two mechan-
istic pathways: HAT (hydrogen atom transfer) or singlet oxygen
pathways. In the first case, degradation occurs via 3° C-H or 2°
C-H abstraction along the polymer chain (Scheme 3A)."®

Following 3° HAT and oxidation with oxygen, f-chain scis-
sion in the polystyrene backbone produces an aromatic
ketone at one chain end (pathway 1) and a 1° alkyl radical at
the other chain end (pathway 2). In pathway 1, X (typically
derived from HAT events within the catalytic system) abstracts
a B-C-H to produce a benzylic radical, which subsequently
oxidises to an oxygen-centred radical in the presence of
oxygen. Following another p-chain scission event, a polymer
fragment with an aromatic ketone and an a-acyl radical is
formed. The latter, is then oxidised, leading to decarbonyla-
tion or decarboxylation, ultimately resulting in the formation
of benzoic acid."®

Pathway 2 involves three different routes for the conversion
of PS fragments into small molecules. First, the alkyl radical
can be oxidised to form an aldehyde or, alternatively, a
primary alcohol which, subsequently oxidises to an aldehyde.
Another HAT event leads to the formation of an acyl radical,
followed by decarbonylation or decarboxylation, yielding a 2°
benzylic radical on the PS fragment. In the presence of O,, the
benzylic radical can form an aromatic ketone, which could
eventually lead to production of benzoic acid following
pathway 1. Additionally, the 1° alkyl radical has the potential
to abstract a proton either through intermolecular HAT on
another PS backbone, intramolecular 1,5-HAT on the same PS
backbone, or HAT on the catalyst, leading to the formation of a
methyl-group chain end on the PS fragment. Sequential HAT,
oxidation, and f-chain scission events, could lead to formation
of acetophenone, along with another 1° alkyl radical, which
could then re-enter pathway 2.'® When 2° C-H abstraction
occurs, p-chain scission of the oxygen-centered PS radical
results in the generation of aldehyde and benzylic radical
chain ends. By following the procedures described earlier, sub-
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C. Trapped Intermediates from HRMS study
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Scheme 3 A. Plausible HAT-mediated mechanistic pathways for the photochemical upcycling of polystyrene through 3° and 2° C—H abstraction; B.
plausible singlet oxygen-mediated mechanistic pathway for the photochemical upcycling of polystyrene; C. intermediates observed via DI-HRMS of
the photochemical oxidation of model substrate 1,3-diphenylbutane using BrCH,CN-thioxanthone as the catalytic system.

sequent aromatic ketone groups could be formed. These
ketone groups, upon proceeding along pathway 1, could lead
to the formation of benzoic acid."

Upon irradiation of polystyrene,
pathway is possible, where initiation of the process happens
through generation of singlet oxygen by the excited state of the
catalyst. Singlet oxygen exhibits the capability to either directly
insert at the activated benzylic position or react similarly
through HAT to the benzylic C-H bond of PS,*° leading to for-
mation of intermediates bearing the peroxy moiety.
Breakdown of these high-energy peroxy intermediates has the
potential to generate reactive oxygen species (ROS), such as
oxygen-centred PS radicals, hydroxyl radicals, and superoxide
radical anions, which possess high oxidative activity and act as
potent hydrogen atom abstractors. Subsequent f-chain scis-
sion events, once again, conclude in formation of intermedi-
ates following pathways 1 and 2 (Scheme 3B).>* These mecha-
nisms facilitate B-scission and oxidation events on the polymer
backbone in a similar manner across various catalysts.

Through a comprehensive analysis of adducts corres-
ponding to the intermediates of the previous mechanisms,
certain scientific studies have contributed to the accumulation
of experimental evidence supporting these pathways, thus vali-
dating the theoretical hypotheses (Scheme 3C).>***3°

To ensure a comprehensive understanding of the dis-
tinctive features of each depolymerisation process, we have
chosen to undertake a comparative analysis of the diverse

another mechanistic

8534 | Green Chem., 2024, 26, 8528-8549

methodologies applied specifically to polystyrene, since
there is plenty of research available in this field, providing us
with ample material for a thorough investigation and mean-
ingful comparison (Table 1). As already mentioned, photo-
chemical upcycling of polystyrene (PS) into valuable products
represents a promising strategy for effective plastic waste
management. Various catalytic methods, including use of
iron or other metal salts, photoorganocatalysts, acid catalysis
or heterogeneous catalysis, have been explored for this
purpose, each presenting its own set of advantages and
disadvantages.

Commencing with iron salts, they present numerous advan-
tages as catalysts in diverse chemical reactions, primarily
attributed to their abundance and affordability, rendering
them highly appealing choices and offering cost-effective cata-
Iytic solutions. Furthermore, their environmental compatibility
is noteworthy, given iron’s relatively low toxicity compared to
other metals, thus aligning with endeavours towards environ-
mental sustainability. Notably, the versatility of iron salts in
participating across a wide spectrum of chemical transform-
ations highlights their desirability as catalysts in various
photochemical processes. Specifically, ferric chlorides are
recognised for their role in generating chlorine radicals under
light exposure, a pivotal process in initiating polymer radical
formation, as chlorine radicals act effectively as hydrogen
abstraction catalysts. Nonetheless, there are drawbacks to con-
sider. Notably, the catalytic process may lead to the formation

This journal is © The Royal Society of Chemistry 2024
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Table 1 Photochemical polystyrene upcycling protocols sorted by photocatalytic system

Yield% of BA in

Entry Catalytic system/conditions reaction Main products/comments on practical aspects Ref.
Iron salts protocols
1 FeCl, - O, balloon - LED 400 nm Up to 68% Benzoic acid - thorough mechanistic studies - no scale-up 15
demonstration
2 FeCl;/TBACI/CI;CCH,0H - O, balloon  Up to 67% Benzoic acid - wide spectrum application to the oxidation of 16
- blue LED (390 nm) alkyl aromatics (including 1°, 2°, and 3° alkyl aromatics) to
carboxylic acids - no real-life applications
3 FeCl; - O, balloon - white LED Up to 16% Benzoic acid (in mixture with other benzoyl products) - low 17
yields - flow application - promising but room for improvement
4 FeCl; - 100 °C - UV 365 nm n/a Pp-Br or Ac styrene - modification of polymer first, brominated 28
derivatives and microplastics release risk, elevated T - no efficacy
data
Organic molecules protocols
5 p-TsOH-H,0 - O, balloon - blue LED 51% Benzoic acid - toxic benzene as solvent - flow application 20
(405 nm)
6 NBS/CF;SO,Na - O, balloon - LED Up to 73% Benzoic acid - high yields, gram scale application and 21
390 nm subsequent synthesis of bioactive molecules and compounds
with high market value
7 Fluorenone/H,SO, - O, balloon - blue  ~40% Benzoic acid - use of corrosive strong acid - gram-scale 19
LED (450 nm) application to substrate as well as real-world plastics
8 Anthraquinone - open-air reaction - Up to 59% Benzoic acid - real-life applications, synthesis of 23
LED 390 nm pharmaceuticals and 2-gram scale-up, ambient air as O, source
9 6-Bromobenzo|[d|thiazole/HCl - open 58% Benzoic acid - no real-life and gram applications, ambient airas 30
air reaction - 390-400 nm LEDs O, source
10 Ph-Acr-Ph-BF* or FPh-Acr-Np-BF ™/ Up to 55% Benzoic acid - DCE as solvent, limited applications and no scale- 33
HCI-O, balloon - LED 390 nm up data
11 NBS/2,4-diethylthioxanthone - open Up to 54% Benzoic acid - several real-life applications and scale-up, 34
air reaction - 390 nm LED ambient air as O, source, simple isolation, extensive HRMS
mechanistic studies
12 BrCH,CN/thioxanthone -open air reac-  Up to 49% Benzoic acid - several real-life applications and scale-up of 2 g 35

tion — 390 nm LED

Metal-based protocols

13 AICl; - UV reactor equipped with 12
light bulbs (253.7 nm)

14 UO,(NO;),-6H,O/HCI - O, balloon -
bue LED (460 nm)

91.9 wt% benzene
(GC)
46%

15 V(O)(acac), - O, balloon - white LED(s)  33.3%/33.0%
Heterogeneous protocols

16 g-C3N, — 150 °C - 10 bar O,-Xe lamp
17 F-g-C3N, - 2 bar O,-Hg lamp or

Up to 74%
72.8% PS conv.

sunlight 81.6% AP/18.4% BA
18 FeB/TiO, - reactor equipped with LED  H, (103.5 pmol)
365 nm
19 PSA-1-TiO, or DTSPA-0.6-TiO, - 1 bar Up to 44%
0, LED 370 nm
20 CQDs, BaO or ZnO - photothermal - Up to 50%

white LED chip

of by-products, complicating purification processes, and iron
salts may lack high selectivity among photochemical reactions.
Moreover, while iron halides typically serve as effective cata-
lysts for diverse photochemical transformations, they may at
times necessitate the presence of synergistic compounds for
enhanced reaction yields, and limited solubility in certain
reaction solvents poses additional challenges. Despite these
limitations, the beneficial characteristics of iron salts position
them as valuable contenders for catalysing various chemical
transformations, with their application in polystyrene upcy-
cling frequently resulting in the isolation of benzoic acid in
high yields.

This journal is © The Royal Society of Chemistry 2024

and 20 g, ambient air as O, source, simple isolation, sustainabil-
ity evaluation, extensive HRMS mechanistic studies

Benzene (then modified to diphenylmethane) - scale-up 22
demonstration - proof of concept with socioeconomic analysis
Benzoic acid - wide application to different polymers - 31

successful to copolymers - uranium-based catalyst raises

concerns on sustainability

Formic/benzoic acid - broad plastic categories application, long 32
reaction times (>4 days), flow application for scale-up

Benzoic acid - elevated T and P, harsh and expensive Xe lamp 24
Acetophenone and benzoic acid - mildly elevated P, Hg lamp, 25
use of sunlight is possible

H, and organic compounds - complex mixture without selectivity 26
and yield data

Benzoic acid and monomers - real plastic application, short 27
reaction time, no scale-up demonstrated
Styrene - novel approach, short reaction times, real-life 29

applications - suitable for different polymers

Other metal salts, including those derived from titanium,
vanadium or uranium, offer distinct advantages as catalysts in
various chemical reactions due to their high efficiency, robust
light absorption, and catalytic properties. These salts can
facilitate a wide range of transformations, enhancing their ver-
satility and applicability across different reaction systems.
However, there are certain drawbacks to consider. Cost and
availability are significant factors, as some metal salts can be
expensive and less accessible. Additionally, the toxicity of
many metal-derived compounds presents environmental and
health risks, requiring careful handling and disposal proto-
cols. For example, even though the less toxic isotope **®U is
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used in Jiang’s uranyl-based protocol®" (where naturally occur-
ring uranium consists of 2*U, *°U, and ***U, with the latter
two being highly radioactive), the industrial application of
such processes still raises concerns about environmental
impact.

Photoorganocatalysts offer unique benefits as catalysts in
diverse chemical reactions. One significant advantage lies in
their lower toxicity, compared to metal-based catalysts.
Additionally, the structure of photoorganocatalysts can be
modified by introducing different functional groups, enhan-
cing their properties. These modifications often result in high
selectivity for specific chemical reactions. Furthermore, photo-
organocatalysis typically yields high conversion rates in
organic transformations, thanks to the homogeneous nature
of the reaction mixtures. This is primarily attributed to the
excellent solubility of the reactants, which greatly facilitates
the photochemical processes. These processes usually do not
require extreme reaction conditions, such as high pressures or
temperatures, and are easy to handle. However, challenges
exist in their utilisation. These include limited applicability at
an industrial scale, posing challenges in terms of both cost
efficiency and scalability. Additionally, thorough optimisation
of reaction conditions, such as the choice of solvent,
irradiation wavelength, catalytic amount, and reaction time,
can be time-consuming.

Over the years, acid catalysis has emerged as an appealing
option for various chemical transformations. It offers numer-
ous advantages in facilitating chemical reactions, particularly
in polymer degradation processes. Acids are effective in activat-
ing substrates, especially in polymer degradation methods,
contributing to enhanced reaction efficiency. Additionally,
many acids possess strong oxidising properties, allowing them
to actively participate in intermediate reactions during the
generation of monomers or oligomers. This strong activation
boosts overall reaction efficiency, resulting in improved yields
and reaction rates. Furthermore, the widespread availability
and low cost of acidic reaction counterparts make them acces-
sible for a broad range of applications. However, the corrosive
nature of acids complicates their handling, especially on an
industrial scale. Careful management of reactions and
thorough purification of the reactions’ mixtures are necessary
precautions. Moreover, although acids are highly effective in
the photochemical degradation of polymers, their application
may be limited in processes, where specific compound for-
mation is desired. Their reactive nature can pose risks of
unwanted side reactions or by-product formation.

Heterogeneous catalysis presents numerous benefits for
facilitating chemical reactions, especially in industrial pro-
cesses. One major advantage of heterogeneous catalysts is
their ease of separation from the reaction mixture, allowing for
efficient reuse without loss of catalytic activity. Additionally,
their stability enhances their utility. However, there are several
challenges associated with their use. For instance, hetero-
geneous catalysts often exhibit low solubility in many reaction
solvents, which may hinder their effectiveness in processes,
such as polymer degradation. This low solubility can also lead

8536 | Green Chem., 2024, 26, 8528-8549
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to difficulties in trapping reactants or products onto the cata-
lyst surface, potentially impeding reaction completion.
Furthermore, the characterisation of heterogeneous catalysts
can be time-consuming, and issues with yield reproducibility
may arise. Additionally, these catalysts often require the appli-
cation of heat or high pressures to facilitate reaction com-
pletion, while certain carbon nanomaterials, in particular,
exhibit reduced absorption of visible light, compared to semi-
conductor materials like TiO,, this characteristic can constrain
their photocatalytic efficacy under specific circumstances.

It’s evident that each catalyst type comes with its own dis-
tinct set of advantages and drawbacks, when it comes to
photochemical plastic upcycling. Consequently, selecting the
most suitable catalyst requires careful consideration of various
factors, such as reaction conditions, availability of reactants,
cost, and environmental impact. It’s crucial to weigh both the
benefits and drawbacks of each method thoroughly to make
the right choice for the upcycling process.

Polyethylene/polypropylene

The upcycling of linear polymers found in plastics, such as
polyethylene (PE) and polypropylene (PP), presents significant
challenges, due to their resistance to degradation and the
limited availability of valuable compounds upon breakdown.
PE and PP are solely composed by long and resistant hydro-
carbon chains, while the absence of functional groups, such as
ester or hydroxyl groups, which usually participate in degra-
dation processes, enhance the polymers’ resistance to degra-
dation even further. Furthermore, the chemicals generated
through their upcycling processes are predominantly mixtures
of gaseous compounds, presenting challenges in handling and
raising doubts about their practical utility. In 2021, Reisner
investigated the photodegrative activity of platinum-doped
nanocatalysts to convert pure succinic and glutaric acid to
ethane and propane as main products, and ethylene and pro-
pylene, as secondary decarboxylation products, respectively
(Scheme 4A).*° Despite the involvement of low energy input,
less complicated product mixtures and easy separation of
gases from liquid phase, the process yielded a poor 1.0% of
the aforementioned hydrocarbons, while Xing designed a
hybrid nanocatalyst for the upcycling of polyolefins and real-
life plastics, namely PE, PE bags, PP, PP surgical masks and
PVC plastic wrap into HCO,H under visible-light irradiation
and oxygen atmosphere.’” At this point, it is worth mentioning
that most of the existing processes require pretreatment steps
to facilitate the breakdown of polymeric bonds, resulting in
upcycling primarily through the transformation of these break-
down compounds. Liu compared polarised and non-polarised
KNbO; nanosheet to degrade PE, PP and real-world plastics.
The polarised material exhibited higher degradation efficiency,
thanks to its enhanced photoelectrical properties, while real-
life PE and PP plastics displayed even higher CO, production
than pure polymers, with the authors speculating that particle
size might play a role.*® Zhang’s group fabricated an hetero-
geneous catalyst for the PEG microplastics’ upcycling,*® while
the degradation of polyolefins has been reported using metal-

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 A. Photoelectrocatalytic PE degradation; B. photothermal process for embedding DIAD into PE; C. light-induced polyolefin upcycling to

modified polymers.

based catalysts.’® These processes share a similar mechanistic
background, initiated by the generation of exited e~ and holes
(h") on the heterogeneous catalyst by excitation. These lead to
the generation of reactive oxygen species (ROS), namely, O,
and 'OH, which are responsible for the polymer chain cleavage
by the formation of carbon-centred radicals on the polymer
chain. The oligomer radical intermediates formed continue to
undergo cleavage until they are combined forming small
organic molecules, that are over-oxidised to CO, and H,O. This
is also the main drawback of such processes, since lack of
control over the oxidation process leads to a non-valuable
gaseous product.

Opting for an alternative route, Kong designed a synergistic
thermal-photochemical process to embed diisopropyl azodi-
carboxylate (DIAD) groups into PE and commodity plastics,
using TBADT as the photocatalyst and sunlight irradiation
(Scheme 4B).*' Resultantly, modified DIAD-grafted PE was
obtained, while the molecular weight of the newly-formed
material was decreased, due to photochemical $-scission. The

This journal is © The Royal Society of Chemistry 2024

authors asserted that the modified polymers have the potential
utility as compatibilizers in blending polyolefin-starch. This
blending process generates degradable polyolefin plastics,
representing a significant step towards addressing the perva-
sive issue of plastic pollution.”* Another approach for the
light-induced polyolefin upcycling to modified (multi)functio-
nalized polymers was recently presented, exploiting the photo-
chemical properties of TBAFeCl,, which once again acted as a
chlorine radical generator, abstracting a hydrogen atom from
the polymeric chain, resulting in the formation of an inter-
mediate hydrocarbon radical, under 390 nm LED at 120 °C to
introduce an electron-withdrawing group onto the polymer
backbone (Scheme 4C).*> The process was successful for PE,
PP, PS and real-life plastics. Furthermore, even employment of
poor levels of functionalization into the polymers led to
altered materials’ physical properties, such as increase of
toughness and hydrophilicity.** These particularly intriguing
approaches present solutions to address the challenge posed
by the inert, hydrophobic hydrocarbon chains found in PE and
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Table 2 Reported photochemical PE/PP upcycling and photoreforming protocols and upcycling methods to novel materials

Main products/comments on practical

Polymer/entry Catalytic system/conditions Yield% of reaction aspects Ref.
PE/PP 1 (i) HNO;, 80 °C Succinic acid: P25|Pt: main Ethane and propane (major products) 36
hydrocarbon — ethane (56.3 pmol ¢! from succinic and glutaric acid - not
h? isolable gaseous hydrocarbons -
(ii) P25|Pt or NNCN,|Pt - solar simu-  N°NCN,|Pt: main hydrocarbon — significant H, and CO, formation -
lator (AM 1.5G, 100 mW cm ™ >) with  ethane (7.2 pmol g~ ' h™") acid pretreatment leads to molecules
water filter (removing infrared light)  Glutaric acid: P25|Pt: main that are then transformed photoche-
hyilroclarbon — propane (17.1 pmol mically - flow application
g h™)
NENCN, |Pt: main hydrocarbon —
propane (4.9 pmol g”* h™)
2 V-Substituted phosphomolybdic acid Formic acid evolution for PE — Formic acid - no up-scale reaction — 37
clusters/g-C;N, nanosheets (VPOM/ (24.66 mmol g* h™") for PP — only one real-life example for each
CNNS) - O, balloon - 300 W Xe lamp ~ (26.68 mmol g™ h™") polymer
3 Polarized KNbOj; (P-KNbO;) CO, production rates for P-KNbO; for  CO, - enhanced photocatalytic 38
nanosheet and several hetero- photocatalytic degradation PE and PP  efficiency of P-KNbO; due to external
geneous and metal-based catalysts - are 17.4 mgg " h ' and 28.3 mgg™" electric field induced KNbO;
150 W Xe lamp with AM 1.5G filter ~ h™", respectively, vs. 8.2 mg g¢~* h™" polarisation
and 19.6 mg g~ h™" of KNbO;
4 Ag,0 nanoparticle encapsulated Fe 1.7 mmol g~* h™" H, Microplastics to H, - real-life-plastics 39
based MOF (Ag,0/Fe-MOF) - 300 W derived MPs - no data on organic
Xe lamp with AM 1.5G filter molecules produced - no scale-up
5 Pretreatment: 110 °C (due to 14.8% formic acid for HDPE Formic acid for PE and formic/acetic 32
insolubility) - V(O)(acac), - O, 9.9% formic acid for LDPE acid mixture for PP - long reaction
balloon - white LED(s) 29.6% formic acid for PP times - CO, by-product - limited real-
22.9% acetic acid for PP life plastic application
6 Pretreatment in HNOj3, 180 °C - 1.13 £ 0.06 mmol g~' h™" H,, 196.2 +  Pretreatment-derived mixture of 46
MoS,-tipped CdS nanorods - 300 W 1.76 pmol g~* h™" CHy, 1.86 + 0.04, glutaric and succinic acid afforded
Xe lamp illumination equipped with ~ 0.78 + 0.20, and 7.60 + 0.60 pmol g™*  formic acid, H, from H,0 splitting
an AM 1.5 solar simulator h™! (C2He, C3Hg, CsHy,) and 1- to 5-carbon hydrocarbons -
increased contents of formic acid and
acetic acid after photoreforming of
pretreated PE are possibly originated
from the photo-oxidation reaction of
dicarboxylic acids (i.e., glutaric acid
and adipic acid) - no real-life appli-
cation for PE
Upcyclingto 7 TBADT, DIAD, sunlight and 110 °C 80-144% weight of grafted units PE modification to DIAD- 41
novel relative to the PE/11-20 grafted DIAD  functionalised polymer - 1,1,2,2-
materials groups per 100 ethylene tetrachloroethane dangerous solvent -
although sunlight is an abundant and
renewable energy source, daylight is
not always available - high T - real-life
plastic application - no scale-up
8 TBAFeCly, polar olefins, UVA LED 4-11% level of functionalisation Alkylated polyolefins - diverse polar 42

(390-395 nm) and 120 °C

olefin scope — multi-polar polyolefins
synthesis through modularly polar
group assembly via C-H bond
modification - real-plastic applications
- scale-up application

PP (Table 2). By altering these chains, the properties of the
polymers can be modified, resulting in the creation of novel
polymers with improved characteristics.

Polyethylene terephthalate and polylactic acid

Photoreforming is the use of light to generate H, from a sub-
strate (electron donor) and water (reduction to H,)
(Scheme 5A).** Photochemical PET reforming has received
increased interest, where usually an alkaline pretreatment to
release monomers is followed by photoreforming of the
aqueous mixture. Usually, PET reforming is studied along with
PLA, thus the oxidation refers to ethylene glycol (terephthalic

8538 | Green Chem., 2024, 26, 8528-8549

is inert to oxidation) and lactate, respectively (Scheme 5B). The
issue of product selectivity presents a significant challenge in
PET and PLA photoreforming, since it usually leads to the
generation of a complex mixture of outputs incidentally, rather
than relying on the careful design to afford high-value pro-
ducts. Despite the potential yield of hydrogen, a valuable fuel
source, the current technology for its utilisation and safe hand-
ling is still in its infancy. Moreover, the necessity for an
additional pretreatment step, which most of the times entails
harsh reaction conditions, blurs the distinction between
genuine recycling efforts and mere workaround solutions, as
well as diminishes the sustainability of the process. However,

This journal is © The Royal Society of Chemistry 2024
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photoreforming is a popular research topic at this moment,
thanks to its potential.

Laying the foundations for polyester photoreforming,
Reisner designed the mild photoreforming of PET and PLA,
utilising a CdS/CdO, quantum dot photocatalyst. Along with
the release of H,, organic molecules were produced. It was
observed that alkaline pre-treatment and centrifugation signifi-
cantly boosted photoreforming efficiency, since hydrolysis
enables formation of monomers, while PLA, being soluble in
ag. NaOH, does not need pre-treatment. Regarding the organic
products of photoreforming, lactate monomer was oxidized to
pyruvate or its derivatives, while oxidation of ethylene glycol
led to a mixture of formate, glycolate, ethanol and acetate.**
However, the use of highly toxic cadmium was necessary.**
Later, the same group, designed a similar process avoiding Cd,
using a carbon nitride/nickel phosphide photocatalytic system
(CN,/Ni,P). This process offers a more benign and easily-scal-
able alternative, albeit with a comparably lower efficiency. In
both cases, no greenhouse gases are released.*?

Carbon nitride is a useful platform for photoreforming
catalyst development. Yang synthesised carbonised polymer
dots-graphitic carbon nitride (CPDs-CN) composites for the
upcycling of plastics, coupled with H, production,*®> while Cd
has also reappeared in the literature regarding PET photore-
forming by Qiu’s group, who designed MoS,-tipped CdS nano-
rods to simultaneously upcycle plastics via water reduction to
H,."® Many studies focus on PET-to-H, photoreforming, not
significantly taking into consideration the production of high-
added-value chemicals, using heterogeneous fabricated cata-
lytic systems, like in situ formation of carbon nanotubes/
carbon nitride/NiMo (CN-CNTs-NiMo) hybrids enabling H,
production, as well as glyoxal/glyoxalate and formate, from
PET and PLA,"” MXene/Z,C,_,S nanocomposites for the photo-
chemical H,, glycolate, acetate, ethanol and methanol pro-
duction, followed by a PET bottle degradation® and defect-
rich chalcogenide nanosheet-coupled photocatalysts, producing
H,, along with acetates and pyruvate-based products from PLA
and formate, acetate and glycolate from PET.*°

Photoelectrochemistry constitutes a modern tool in plas-
tics’ reforming, combining photoreforming’s selectivity and
electroreforming’s efficiency. A recent example uses a Fe,O3/Ni
(OH), visible-light active photoanode. The system’s oxidation
ability is tuned to selectively produce formic acid/formate and
avoid overoxidation to CO,. Employment of a PET hydrolysate
in the reaction mixture enhanced production of PET’s mono-
mers, while H, was produced, due to water splitting.>°

Another photothermal approach with low energy invest-
ment and carbon emission, similarly to Stache’s approach
described above for the upcycling of PS,>*>! for the depolymer-
isation of PET to bis-2-hydroxyethyl terephthalate (BHET) in
ethylene glycol was designed by Chen, utilizing a solar absor-
ber of carbon nanotubes pre-modified by polydopamine
(CNT-PDA), to convert simulated sunlight to heat, creating a
localised heating effect and allowing a low depolymerisation
temperature (150 °C). The addition of cholinium phosphate
introduced a nucleophilic addition-elimination mechanism to
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yield BHET.”" Natural sunlight was successfully utilised, while
the authors successfully repolymerised the yielded BHET to
PET.> This process holds considerable promise, as it demon-
strates how the output of reforming can be effectively utilised
to re-synthesize the polymer, aligning harmoniously with the
principles of the circular economy and exemplifying genuine
recycling in action (Table 3).

Although the photodegradation of PLA is usually enclosed
within the scope of other polymers studies, many groups have
studied its upcycling alone. Huang reported a Ni,Co;_,P/
reduced graphene oxide/g-CsN, (Ni,Co;_,P/rGO/CN)-based
photocatalytic protocol for the photoreforming of PLA into
value-added compounds.®® Formate and acetate were identi-
fied as the main products, while the production of H, was
detected.>®In 2023, Zhang launched the use of metal tung-
states (FeCoNiCuZn)WO,, which were incorporated into polya-
crylonitrile (PAN) nanofibers, enabling enhanced photo-
catalytic activity for the conversion of PLA microparticles,
obtained by basic pretreatment, into AcOH under 300 W Xe
illumination and simulated natural environment conditions
(Table 4).>® The same group employed a zinc oxide/Ui066-NH,
heterojunction to the photo-conversion of PLA and PVC, as
well as commercially-available polymer-based products, into
AcOH under irradiation, whereas H, generation was
observed.”® The photocatalytic process was compatible with
LDPE and PET, suggesting a promising avenue for addressing
a wider range of plastic waste.>

Hydroxylated polymers

Research has demonstrated significant advancements in the
field of photochemical polymer upcycling, yet is mainly
focused on non-polar polyolefins. Meanwhile, less is known
about the depolymerisation of synthetic polymers, like
hydroxylated macromolecules. In 2019, Soo presented an
appealing photochemical protocol, using a vanadium (V)-
based photocatalyst that enabled C-C bond f-scission of unac-
tivated aliphatic alcohols, exploiting oxygen as the oxidant
under visible light irradiation (Scheme 6A).>> This method
paved the way for the synthesis of oxygenated hydrocarbons,
using aromatic, aliphatic or unsaturated alcohols and was also
applied to several hydroxyl-terminated polymers, PE and PE-
copolymers, enabling the formation of alkyl formates and
formic acid as products.’®

In 2021, Knowles introduced the photo-degradation of com-
mercially available hydroxylated polymers via proton-coupled
electron transfer (PCET) for the generation of a,w-bifunctional
compounds (Scheme 6B).>® The authors studied the phenoxy-
resin of bisphenol A, utilizing a combination of [Ir(dF(CF;)
PPYy)2(5,5-d(CF;3)bpy)]PF, as the photocatalyst, collidine as the
base and 3,4-difluorothiophenol, whereas addition of MeOH
to the reaction mixture accelerated the photocatalytic trans-
formation through the formation of hemiacetal intermediates,
which enabled O-H PCET and subsequent p-scission, promot-
ing the generation of dimethyl bisphenol A as the main
product. Treatment of the latter with BBr; led to bisphenol A,
while irradiation of phenoxy resin in the presence of other

This journal is © The Royal Society of Chemistry 2024
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Table 3 PET photochemical upcycling and photoreforming methods existing in literature

Polymer/ Main oxidation products/comments on
entry Catalytic system/conditions Yield% of reaction practical aspects Ref.
PET 1  CdS/CdO, quantum dots in alkaline solu- Overall conversion <40% for H, and mixture of organic compounds from 44
tion after pretreatment — simulated solar all polymers 12.4 + 2 mmoly,  pretreatment-derived ethylene glycol, namely
light (AM 1.5G, 100 mW c¢cm™?) Zoas Th™! formate, glycolate, ethanol, acetate, lactate —
controlled to not produce CO, - real-plastic
application, proof-of-concept - use of highly
toxic Cd
2 Alkaline pretreatment then CN,/Ni,P - (62% pretreatment yield to H, and acetate, formate, glycolate, glyoxal - 43
simulated solar light (AM 1.5G, 100 mW ethylene glycol) 82.5 + upscale and real-life applications - extended
cm™?) 7.3 pmoly, g | reaction time
3 KOH, 120 °C pretreatment - carbonised H, production rate of 1034 + H, from H,O splitting and complex mixture 45
polymer dots-graphitic carbon nitride 134 pmol g h™* consisting of glycolaldehyde, glycolic acid,
(CPDs-CN) composites — 300 W Xe lamp formic acid, ethanol, acetaldehyde and acetic
acid
4  KOH pretreatment — MoS,-tipped CdS 3.90 +0.07 mmolg " h™' H,,  H, from H,O splitting and formate, acetate, gly- 46
nanorods - 300 W Xe lamp illumination 5.96 + 0.02 and 0.95 + colate from pretreatment-derived ethylene
equipped with an AM 1.5 solar simulator 0.01 mmol L™" after 5 h glycol - real-life applications
formate and acetate
5  CN-CNTs-NiMo hybrids - 500 W Xe lamp H, (90 mmolg " h™")in10M  H, from H,O splitting, glyoxal and glycolate - 47
(simulated solar light, 95 mW cm™?) KOH aqueous solution real plastic application, no scale-up
6  MZXene/Z,C,;_,S nanocomposites - 300 W Up to 14.17 mmol g™* h™" H, H, and glycolate, formate, acetate, methanol 48
Xe lamp etc.
7  Alkaline pretreatment — defect-rich 31.38 mmol g, "h " H,in2 H, and formate, acetate, glycolate - real plastic = 49

chalcogenide nanosheets - 300 W xenon

M KOH 62.4 pmol yield of

application, no scale-up

lamp

8  Fe,0;/Ni(OH), photoanode - PET hydroly-
sate in reaction mixture for
depolymerisation

organic acids

9  Solar absorber of carbon nanotubes pre-
modified by polydopamine (CNT-PDA) and
cholinium phosphate in ethylene glycol -
simulated sunlight (600 mW cm™2)

10 Ag,O nanoparticle encapsulated Fe based
MOF (Ag,0/Fe-MOF) - 300 W Xe lamp with
AM 1.5G filter

11 UO,(NO;),-6H,0/HCI/HFIP - O, balloon -
blue LED (460 nm)

Up to 88%

polymers, like PVC or PS, led to only a slight decrease of the
degradation yield.”®

Polyvinylchloride

In 2023, Zhang introduced a Pt/Bi;,04,Cl, photocatalytic
system with abundant oxygen vacancies (OVs) for the upcycling
of PVC and PLA into AcOH and HCO,H (Scheme 6C).”” The
catalyst displayed great PVC dechlorination efficiency reaching
78.1% within 10 h, which can be attributed to the considerably
lower C-Cl bond energy, compared to C-C and C-H bonds.””
The same group additionally investigated MOF chemistry
for the conversion of PVC into value-added carboxylates
(Scheme 6D).*®

A slightly different approach was proposed by Arnold study-
ing the dechlorination of PVC using lanthanide complexes
(Scheme 6E).”° A Ce(m) cyclopentadiene-based photocatalyst
was employed for the removal of chlorine from PVC alongside
MgBn,(THF), under 440 nm irradiation, leading to C-Cl bond
cleavage and subsequent polyethylene formation at a 79%

This journal is © The Royal Society of Chemistry 2024

Up to 82% BHET (100%
conversion of PET)

1.9 mmol g™' h™ H,

Up to ~100% faradaic efficiency of formic acid/ 50
formate H, from water splitting, formic acid/
formate without CO, formation - photoelectro-
chemical method, improved selectivity with

lower energy consumption

Bis-2-hydroxyethyl terephthalate (BHET) - light 51
to thermal energy approach, selective process,
depolymerisation, repolymerization

application, lower energy consumption data,
large-scale application in natural sunlight

Microplastics to H, - real-life-plastics derived 39
MPs - no data on organic molecules produced

- no scale-up

Terephthalic acid without pre-treatment and 31

strong conditions - flow application up to kg-
scale — uranium-based catalyst raises concerns
on sustainability

rate, while no polymer chain breakage was detected.’®
Although not polymer degradation-related, we chose to
include this elegantly-applied photochemical protocol, since
removal of chlorine from PVC can offer a range of environ-
mental and health benefits preventing release of chlorine-con-

taining compounds.

Polyacrylate-based polymers

Recent exploration of photocatalysis for polymethacrylates and
polyacrylates degradation aims at producing oligomers, rather
than small organic molecules, potentially reducing plastic
waste by offering avenues for faster degradation or transform-
ation into other valuable products, like copolymers or oils.
These methods usually follow a pathway involving carbon-
centred radical formation via co-monomers and subsequent
backbone C-C bond f-scission. Although, not entirely within
the concept of upcycling, the following few selected examples
demonstrate the broad potential of different photochemical
approaches in the polymer upcycling endeavour.®

Green Chem., 2024, 26, 8528-8549 | 8541
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Catalytic
Polymer/  system/ Main products/comments on
entry conditions Yield% of reaction practical aspects Ref.
PLA 1 Ni,Co,_,P/reduced graphene oxide/ Up to 576.7 pmol h™" g™ H, from H,O splitting, formate and 52

g-C3N, (Ni,Co,_,P/rGO/CN) - alkaline
solution - 300 W Xe lamp

2 Alkaline pretreatment -
(FeCoNiCuZn)WO, in polyacryloni-
trile nanofibers (PAN-NFs)
PAN-NFs for the in situ growth of
highly arrayed, triangular XWO,,
which served as a photocatalytic
membrane for filtration of plastic. —
300 W Xe lamp

Up t0 770.24 Mg oot

14.4% acetic acid [the turnover
number (TON) and turnover

acetate - focus is given on H, pro-
duction, gram-scale reactions

Acetic acid (propionic acid and 53
propanol were also detected) -
employment of PLA microparticles

after pretreatment, all reactions are
gram-scale in a filter reactor with a
pump and a feed tank to establish a
continuous flow condition

Acetic acid - all reactions are gram- 54
scale, real-plastic application

frequency (TOF) of acetic acid
generation of ZnO/UiO66-NH,
were 17.92 and 0.51 h™", respect-
ively. The conversion rate of PLA
was 57.10 mg Zeo * h™']

3 ZnO/Ui066-NH, heterojunction - 300
W Xe lamp

4 CQDs, ZnO - photothermal - white
LED chip

5 CdS/CdO, quantum dots in alkaline

solution - simulated solar light (AM
1.5G, 100 mW cm™?)

6 Alkaline pretreatment then CN,/Ni,P
- simulated solar light (AM 1.5G,
100 mW cm™?)

7 KOH pretreatment — MoS,-tipped
CdS nanorods - 300 W Xe lamp illu-
mination equipped with an AM 1.5
solar simulator

8 Alkaline pretreatment - defect-rich
chalcogenide nanosheets — 300 W
xenon lamp

9 Pt/Bi;,04,Cl, - 300 W xenon lamp
100 mW cm™>

In 2022, Sumerlin and Seidel introduced a pioneering
method for polymer modification and degradation through
the photocatalytic direct decarboxylation of carboxylic acids,
using a violet LED light source, operating at a wavelength of
395 nm and an acridine photocatalyst (Scheme 7A and B). This
technique generates carbon-centred radicals in polymer
chains, facilitating the synthesis of unique copolymers, such
as acrylate-olefin copolymers and those with pendent alkenes,
while also enabling polymer degradation. By utilising de-
carboxylation in the presence of a hydrogen atom donor (i.e.
PhSH), statistical acrylate-ethylene and acrylate-propylene
copolymers, which are challenging to obtain through direct
polymerisation, can be formed. Additionally, decarboxylation
of methacrylic acid units within polymethacrylates can trigger
the degradation of polymer backbones. Furthermore, a dual
catalytic approach, combining an alternative acridine photo-
catalyst with a cobaloxime catalyst, is employed to produce

8542 | Green Chem., 2024, 26, 8528-8549

Up to 95%

Overall conversion <40% for all
polymers 64.3 + 14.7 mmoly,
ngS_l h™!

(72% of PLA solubilized to
lactate) 178 + 12 pmoly, oub

6.68 +0.10 mmol g~* h™ H,,
(alkalinity degree of 10 M) after
5 h 90% of PLA to lactate after
pretreatment

39.76 mmol g, " h™" H,
78.1 pmol yield of organic acids

474.3 Mg Zeor ' & 287.6 M eor
(for formic acid and acetic acid,
respectively, in 10 h)

Lactide — novel approach, short 29
reaction time, real-life applications,
suitable for different polymers

H, and pyruvate or derivatives from 44
hydrolysis-derived sodium lactate

H, and acetate, formate - extended 43
reaction times for better efficacy

H, from H,O splitting and formate 46
as well as CO;>~ (accumulated con-
centrations of 5.37 + 0.67 and 23.50
+2.43 mmol L") - no real-life
application for PLA

H, and 13.6 pmol of acetates and 49
64.5 pmol of pyruvate-based pro-

ducts plus carbonates, including
pyruvate and derivatives - real

plastic application, no scale-up

Formic and acetic acid main 57
products, 6-7 products detected in

total after 10 h reaction (for

60SP-BOC) - all gram-scale

reactions

unique copolymers with pendent alkenes. The process is
advantageous as it operates under mild conditions without
requiring preactivation of acid groups.®*

At the same time, another approach was studied by the
Summerlin group. A photocatalytic strategy using a low mole
percent of a redox-active comonomer, specifically N-(acyloxy)
phthalimide, to induce backbone cleavage, upon light
exposure, was developed. When the N-(acyloxy)phthalimide
comonomer receives an electron from a single-electron trans-
fer (SET) donor [in this case Eosin Y (EY)], it undergoes de-
carboxylation, producing a backbone-centred radical.
Depending on this radical and the neighbouring monomer
substitution, a thermodynamically favoured f-scission pathway
leads to backbone cleavage. This method significantly reduces
molecular weight in methacrylate, whereas acrylate- and
styrene-based redox-active copolymers primarily underwent
polymer coupling reactions as indicated by increased mole-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc01556h

Open Access Article. Published on 02 July 2024. Downloaded on 12/4/2025 9:28:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

NO,

View Article Online

Tutorial Review

A B.
(]
x g
o [Ir(dF(CF3)ppy)2(5,5'-d(CF3)-bpy)IPFg
FoNNO GAS! (1.0 mol%)
. 070 —
F. /‘ OMe OH collidine (1.2 eq.)
H,O\ B L 3,4-difluorothiophenol (0.5 eq.) )©><‘A\
il F o N 5 (M, ~60,000 g/mol) a0 (3.0 eq.), CHoCly, Ar, 35-40 °C, 48 h—= “o LA~ 0, o~ 00
F (5 mol%) 3 OH + (U
__F Ik ™ o
o0 0,, rt, white LED o'u Q™u 0%
Ir PC (3 mol%) o )
YA
V PC (5-10 mol%) oH PBu,4OP(0)(OMe); (25 mol%) pac?
A o
/\M/\/OH 0,, white LED HCOOH +HCOOMe + other products 4/\/)\(\4\ TRIP thiol (25 mol%) PMP. . o 4 steps without
Cascade C-C i intermediate purification
; Hydroxylated PMP 'N Ya 4
“polymers. bond cleavage 46%
- - PMP_~(,~_PMP
¥
Substrate model polymers: / 20%
HO_~,~_OH PMP\/\W\,OH excess NaBHy
T4 4
0_|~~_OH Hl,m' JOH ﬁ _OH 15% 47% ; - i
HOAo~ o HO. OH]
m n HO A~y |

n
PEG 400 (16)
TON 29; TOF 0.5 h!

PE-PEG (2.3)
TON 37; TOF 0.2 h!

PE-monoalcohol (1.3)
TON 21; TOF 0.1 h!

PMP_~,~_PMP

19% PMP, 43%

HoP~ O ~off Oy
o m n

C.
VA
X %
A acetic acid
formic acid
. Pt/Bi;204;Cl,
PCs with abundant
Ovs
® PVCand PLA
derived
plastic waste
CDs
D. /- Wy
[_ ' /nrganlc linkers
f,_ (1 I/‘
y !/ I /r
H cl [ J} ' a
[ —
g=g CH3COOH
L acetic acid

m
PCL-PEG-PCL (0.40) OH
TON 19; TOF 0.4 h°! W

otBs N

oTBS, 30%
Ir PC (3 mol%)

o, .0
PBu4OP(0)(OMe); (25 mol%) L 7
TRIP thiol (25 mol%) 10% — .
0 -pot reduction/
f TBSO\/\(“G\/ deprotection
14%
TBSO oTBS

5%

n =Ty
Dechlorination
process

% F?Fw

RCOOH

I—n—:

i e
CH;COOH ¢c-C
A
v
H
Cleavage ']' 9 ‘/(
G-+ N o
cat
% #\Ln\ (

H
H ¢l Dechlorination T H
[y |
4ol process L
[ cat (5 mol%) [
oo MgBn,(THF), H R, Ln: Ce, La, Nd, Sm

-6

THF
MgBn,(THF] .
2 j\cé + MgBn,(THF), 2 jcé
ZRCIJTHF hv %

LN
Koy

produced via H-atom abstraction
from solvent

Scheme 6 A. Vanadium (V)-based photocatalytic degradation of aliphatic alcohols; B. iridium-based photo-degradation of hydroxylated polymers;
C. design of a Pt/Bi;;047Cl, photocatalytic system for upcycling PVC and PLA; D. Zr-MOF framework catalyst for the photochemical upcycling of

PVC; E. photochemical PVC dechlorination.

cular weight observed by GPC. Introducing a hydrogen donor
suppressed these couplings, resulting in statistical styrene-
ethylene copolymers (Scheme 7C and D). this
method did not achieve degradation of polystyrene or polyacry-
lates.®®* The same group also attempted a post-polymerisation
modification strategy to create statistical olefin-acrylate copoly-
mers by applying an activated monomer ideal for radical copo-
lymerisation with polar vinyl monomers (e.g., acrylates) and
capable of post-polymerisation modification to reveal an olefin
repeat unit. Under green light, SET from an organic photo-
catalyst (EY) to a polymer containing redox-active phthalimide
ester units generates reactive carbon-centred radicals on the
polymer backbone. Statistical olefin-acrylate copolymers were
produced by decarboxylation in the presence of a hydrogen
atom donor, which caps the backbone radical with a hydrogen
atom, resulting in an ethylene or propylene repeat unit.®*” One

However,

This journal is © The Royal Society of Chemistry 2024

year later, Sumerlin, Seidel, and colleagues developed another
photochemical convenient method for degrading polyacrylate
homopolymers through a one-pot sequential dehydrodecarbox-
ylation and ozonolysis process to generate mid-chain radicals,
leading to p-scission, consistent with previously proposed
mechanisms. In this sequential process, by partially hydrolys-
ing ester side chains, carboxylic acids are introduced along the
polymer backbone, which are further converted into alkenes
and, then, oxidatively cleaved. This approach is compatible
with a wide range of polymers made from vinyl monomers,
including copolymers of acrylic acid with acrylates, acryl-
amides, and styrene-derived molecules.®*

In the same spirit, Ouchi explored the degradation of poly-
mers, demonstrating two different photochemical protocols.
In the first scenario, the carbon-boron (C-B) bond of a vinyl
boronate unit was used as a trigger for main-chain degradation

Green Chem., 2024, 26, 8528-8549 | 8543
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Scheme 7 A. Direct decarboxylation of copolymers with AA or MAA units, resulting in the creation of acrylate-olefin or acrylate—alkene copoly-
mers, or the breakdown of polymethacrylate backbones; B. catalytic cycle demonstrating acridine-catalysed photodecarboxylation and the sub-
sequent capping of radicals by PhSH; C. synopsis of observed outcomes for copolymers containing phthalimide-ester groups following SET-
induced decarboxylative backbone radical generation; D. proposed mechanism outlining single-electron transfer (SET)-mediated decarboxylative
backbone generation in polymers, emphasizing the three possible outcomes of the backbone radical: quenching, degradation, and coupling.

of the copolymer. This was achieved by generating radicals
from the C-B bond through the addition of a base, such as
sodium methoxide, which interacts with Lewis acidic boron,
followed by photocatalysis with an organic photocatalyst.
Although the C-B bond in the side chain and the carbon-
carbon (C-C) bond in the main chain are thermally stable, the
copolymer underwent main-chain degradation via p-scission,
when the C-B bond was unlocked by dual stimuli. The degra-
dation was controllable by switching the light on and off,
while control experiments confirmed the crucial role of the C-
B bond in triggering this degradation process.®** Ouchi and
coworkers also explored vinyl ether as a comonomer in radical
copolymerisation in radical copolymerization of (meth)acrylate
via a hydrogen atom transfer (HAT) approach, using UV
irradiation combined with heat and benzophenone as the
catalyst.®”

While the aforementioned methodologies prioritise
polymer modification and degradation, the upcycling of polya-
crylate-based polymers into high-value molecules remains

8544 | Green Chem., 2024, 26, 8528-8549

unaddressed. To address this gap, protocols facilitating
the conversion of these polymers back to their monomeric
constituents have been developed. The Summerlin
group explored photoassisted radical depolymerisation as a
method to recycle back into
Depolymerisation of addition-fragmentation
chain transfer (RAFT)-synthesized poly(methyl methacrylate)
(PMMA) with various end groups (trithiocarbonate, dithio-
carbamate, p-substituted dithiobenzoate) was examined,
using UV, blue or green light irradiation. UV light, in particu-
lar, significantly accelerated the depolymerisation of their
synthesized polymers, achieving up to 87% efficiency within
1 hour at 100 °C. Notably, as the wavelength shifted from the
visible range to the UV range, the depolymerisation rate sig-
nificantly increased. This approach demonstrates promising
results not only for designing recyclable materials, but
also significantly enhances the potential of polymethacry-
late depolymerisation systems to achieve plastic life-cycle
circularity.®*

polymers
reversible

monomers.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc01556h

Open Access Article. Published on 02 July 2024. Downloaded on 12/4/2025 9:28:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

In a similar vein, Anastasaki’s group demonstrated the
light-accelerated depolymerisation of polymethacrylates using
Eosin Y as the photocatalyst. Experimental findings revealed
that light exposure and ppm concentrations of EY can enhance
depolymerisation rates and conversions compared to conven-
tional thermal methods, typically conducted at high tempera-
tures (such as 120 °C). Screening of different solvents and light
wavelengths revealed that the combination of green light and
Eosin Y resulted in the most substantial enhancement in
depolymerisation conversions, while a variety of solvents,
which are not typically utilised in such processes, proved com-
patible with the photocatalytic procedure, with DMSO achiev-
ing notably higher depolymerisation conversions (up to 82%)
in an 8 h period of time.®® The same group also presented a
photocatalytic =~ RAFT-controlled radical depolymerisation
method with precise temporal control under visible light for
PMMA. This technique achieves a stepwise decrease in mole-
cular weight by enhancing deactivation of polymer chain-ends,
allowing controlled depolymerisation at lower temperatures.
The approach offers promising opportunities for chemical re-
cycling of polymers, providing valuable mechanistic insights
and on-demand access to polymer properties.®® Continuing in
a similar fashion, the group, in collaboration with
Matyjaszewski, presented a novel photocatalytic ATRP depoly-
merisation method for poly(benzylmethacrylate) using iron-
based catalysts, FeCl, and FeCl;, at low ppm concentrations.
This approach allows temporal control of the depolymerisation
rate by switching light on and off, preventing depolymerisation
during dark periods, providing high-yield monomer recovery
and end-group fidelity preservation at reduced temperatures,
compared to thermal depolymerisations.®”

Miscellaneous

In this review, we focused on the most fundamental cat-
egories of plastics and included less commonly upcycled
plastics, such as hydroxylated polymers, PVC, and polyacry-
lates. Despite significant advances in photochemical upcy-
cling for some polymers, several remain underexplored in
this context. For instance, while there are a few documented
examples of photochemical upcycling of polyurethanes,****
polyamides have virtually no such studies. This is particularly
surprising given the widespread use of polyamides in various
industries. Limited existing literature primarily addresses the
degradation of polyamides via photochemistry rather than
their upcycling. Remarkably, FeCl; has been studied for the
degradation of polyamides, highlighting the potential of iron
salts to facilitate the upcycling of a wider scope of polymers.®®
This promising approach suggests that future research could
successfully expand photochemical upcycling methods to
include polyamides, addressing a significant gap in sustain-
able plastic waste management. The potential use of such cat-
alysts could significantly expand the scope of photochemical
upceycling, offering new pathways for converting previously
underexplored waste into valuable materials. As the field of

This journal is © The Royal Society of Chemistry 2024

View Article Online

Tutorial Review

upcycling is relatively new, exploring and developing these
techniques further could lead to more sustainable methods
for managing plastic waste, ultimately reducing environ-
mental pollution and contributing to the advancement of a
circular economy.

Photochemical upcycling processes: commonalities and
differences

Categorizing catalysts or methodologies by polymer-type
proves challenging, due to the extensive variety utilised for
various objectives, resulting in diverse outcomes. While there
are no rigid categories, there are identifiable patterns in the
selection of photocatalysts based on the chemical structure of
the polymer and the desired outcome of the upcycling process.
Heterogeneous catalysts dominate the landscape of photoche-
mical upcycling, due to their stability, reusability, and capacity
to facilitate complex reactions under light irradiation. Three
wide categories of catalysts are recurring in the literature
regarding photochemical plastic upcycling, while their prefer-
ence for such processes stems from their known photochemi-
cal properties. These are metal oxides, g-C;N, and MOFs.
Metal oxides, like titanium dioxide (TiO,) and zinc oxide
(ZnO), are frequently used, since they efficiently generate elec-
tron-hole pairs when exposed to light. These pairs promote
photochemical processes, where the electrons typically partici-
pate in reduction reactions and the holes facilitate the oxi-
dation of plastic polymers. The versatility of these catalysts lies
in their ability to utilise light energy to activate and transform
plastic waste, but they typically operate under UV light, limit-
ing their applicability, since UV light irradiation is harsher
and requires higher energy than visible light. This limitation
has led to the modification of these oxides, providing a variety
of protocols that study modified metal-oxide nanoparticles
and their application in plastic upcycling. Graphitic carbon
nitride (g-C3N,) has emerged as another significant hetero-
geneous catalyst in photochemical upcycling, since it can
absorb visible light, making it a promising candidate for solar-
driven processes. g-C3N, generates electron-hole pairs simi-
larly to metal oxides, where the photogenerated holes oxidize
the plastic polymers, contributing to the upcycling process.
However, the efficiency of g-C3;N, can be limited by rapid
recombination of photogenerated electron-hole pairs, which
necessitates further modifications, such as doping with metals
or coupling with other semiconductors, to improve its per-
formance. Metal-organic frameworks (MOFs) represent
another novel class of heterogeneous catalysts with high
surface areas and tunable pore structures, which can be tai-
lored for specific catalytic reactions. MOFs, composed of metal
ions coordinated to organic ligands, are utilised in photoche-
mical upcycling, due to their ability to incorporate various
metal centers and organic functionalities. This tunability
allows for the optimisation of electron-hole generation and
separation, enhancing their efficiency. However, the stability of
MOFs under reaction conditions can be a concern, and their
relatively high cost compared to traditional metal oxides may
limit their widespread application.
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Polyethylene terephthalate (PET) emerges as a significant
polymer in the domain of photochemical upcycling, due to its
extensive utilisation. Nevertheless, PET poses distinct chal-
lenges that require pretreatment before engaging in upcycling
procedures. Across most of the majority of the reported pro-
cedures, it is clear that PET must undergo hydrolysis to break
down its polymer chains into monomers, such as terephthalic
acid (TPA) and ethylene glycol (EG), which are more amenable
to further transformation. After hydrolysis, terephthalic acid
(TPA) remains largely inert to any transformation procedure
and is insoluble in most solvents, rendering it a passive com-
ponent in the process. Introducing an additional pretreatment
step in the upcycling process can inadvertently undermine its
efficiency and viability, since not only it escalates the energy
and resource requirements, but also prolongs the processing
duration, potentially compromising the economic feasibility of
PET upcycling endeavours. Furthermore, the reliance on
hydrolysis as a pretreatment method presents additional
hurdles, particularly concerning waste management and the
disposal of reaction byproducts. The byproducts generated
from hydrolysis, such as residual acids and oligomers, pose
environmental concerns and require careful handling and
treatment to mitigate their impact. Consequently, while PET
remains an attractive feedstock for upcycling initiatives, due to
its ubiquity and potential value, the need for extensive pre-
treatment procedures highlights the urgency of developing
alternative approaches. Streamlining the upcycling process by
minimising or eliminating pretreatment steps, not only
enhances the sustainability and scalability of plastic waste
management efforts, but also ensures the competitiveness of
PET upcycling as a viable solution to the global plastic pol-
lution crisis. Another prevalent characteristic of processes
involving polyethylene terephthalate (PET) is prioritising
hydrogen production over selectively generating value-added
molecules. Often, for these processes, the polymer is used as a
sacrificial agent for hydrogen generation from water splitting,
rather than an organic-molecule platform, resulting in
complex mixtures of organic acids, without consideration
given to their separability. While hydrogen production,
especially from PET, has received significant attention in
photochemical upcycling, it is crucial to acknowledge the
potential for diverse product outcomes from different plastic
polymers. The same characteristics are sometimes applicable
to polyolefins (PE/PP) and PLA as well, however, it is note-
worthy that for the majority of processes, small organic acids,
like acetic acid emerge as the primary product.

Conversely, polystyrene (PS) presents unique opportunities
for the production of more intricate and valuable products,
owing to its distinctive chemical structure. This characteristic
has garnered wider attention and focus on PS in the realm of
photochemical upcycling. Unlike polyethylene terephthalate
(PET), which typically undergoes non-selective transformation
of ethylene glycol, PS upcycling offers the potential for a
careful conversion to valuable products, such as the oxidation
product benzoic acid or styrene monomers, each possessing
diverse industrial applications. The distinct chemical compo-
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sition of PS enables the careful selection and design of pro-
cesses that involve hydrogen atom transfer (HAT) catalysis, fol-
lowed by oxidation. This sequential process allows for selective
conversion of PS into one or two specific products. Through
HAT catalysis, PS can be selectively broken down into radical
intermediates, which can then undergo controlled oxidation to
yield desired end products. Such precision in product for-
mation is facilitated by the inherent reactivity of PS molecules,
bearing a benzylic position. This inherent reactivity allows for
more efficient and controlled reactions, making homogeneous
catalysis more suitable for PS upcycling, compared to other
polymers with less reactive chemical structures. While, this
provides a plausible explanation for the preference for homo-
geneous catalysis in PS upcycling processes, heterogeneous
catalysts being engineered with active sites on their surface,
can accommodate the diverse chemical structures found in
PET, PE, and PP. This adaptability enables heterogeneous cata-
lysts to effectively catalyse reactions in these complex and
varied environments. Furthermore, the presence of active sites
on the catalyst surface could enhance the accessibility of reac-
tants to these catalytic sites, thereby promoting efficient reac-
tion rates. In the context of upcycling processes involving poly-
mers, such as PET, PE/PP etc., where mixtures and gases are
generated through heterogeneous catalysis, diverse approaches
are employed for expressing yields. These approaches often
involve rates and multiple parameters, rendering the evalu-
ation of upcycling efficacy, particularly concerning organic
compounds, and the comparison between methodologies chal-
lenging. The expansion on the various conditions of these pro-
cesses, which may vary across different studies and are
occasionally presented as incomplete proof-of-concepts, con-
tributes to a sense of disarray within the literature.

Future opportunities

The rapid advancements in the photochemical upcycling of
plastics over the past few years highlight a promising future
for this field. One of the most critical areas for future explora-
tion is the expansion of the range of polymers that can be
effectively depolymerised under photocatalytic conditions.
Currently, the applicability of several approaches is limited to
certain polymers. Developing new photocatalysts and optimis-
ing reaction conditions to target more polymer categories will
be essential. Enhancing the scalability and efficiency of photo-
chemical processes through innovations in flow chemistry will
also be pivotal in transitioning from laboratory-scale experi-
ments to industrial applications. Addressing the environ-
mental and practical challenges associated with current meth-
odologies is equally crucial. Many present strategies rely on
toxic solvents and catalysts, necessitating the development of
more environmentally benign alternatives. There is a pressing
need for versatile strategies that enable the direct degradation
of commodity polymers, eliminating high-temperature
approaches for depolymerisation, which could improve
efficiency and reduce energy consumption. Accurately evaluat-
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ing the effectiveness of processes remains challenging, due to
difficulties in analysing their yields. Overcoming these limit-
ations requires innovative solutions that simplify the pro-
cedure and improve output yields of products that can readily
be utilised for industrial use. Carefully optimising the choice
of wavelengths for photochemical reactions and conducting
thorough studies on their effects is also essential to further
enhance process effectiveness. Many existing methods produce
product mixtures that are difficult to separate, and some
require acidic or thermal degradation of the polymer, adding
extra steps to the process. Integrating photochemical upcycling
technologies into existing waste management systems and
scaling up processes from laboratory-scale demonstrations to
industrial applications are ongoing endeavours. These efforts
are essential for promoting resource efficiency, diminishing
waste generation and mitigating environmental impacts, ulti-
mately contributing to a more sustainable approach to plastic
waste management. Furthermore, the integration of compu-
tational approaches for predicting and designing efficient
photocatalytic protocols presents an exciting opportunity to
accelerate advancements in this field. However, a significant
gap remains: most laboratory scientists lack knowledge of
industrial-scale machinery and the intricacies of industrial
processes. Bridging this gap is crucial for leveraging laboratory
innovations into viable industrial applications. Laboratory-
scale protocols, while often innovative, frequently lack the
applicability required for industrial implementation. This is
because many parameters critical to industrial success—such
as cost, yield, generation of unwanted byproducts, and toxicity
—must be thoroughly considered. Thus, to design and develop
effective photocatalytic procedures, it is essential to incorpor-
ate an understanding of industrial requirements from the
outset. By doing so, we can ensure that new protocols are not
only scientifically advanced, but also practical and scalable,
paving the way for their adoption in real-world applications
and significantly contributing to environmental sustainability.

Conclusion

Photochemical upcycling of plastics is a promising area of
research aimed at addressing the environmental challenges
posed by plastic waste. Until now, significant progress has
been achieved in the realm of photochemical conversion of
polymers into high-added-value compounds. Initially,
researchers have combined innovative photocatalytic
materials capable of effectively breaking down plastic poly-
mers when exposed to light. The utilisation of light in these
photochemical processes proves highly efficient, as it is
demonstrated to be cost-effective, facilitating the decompo-
sition of plastics without necessitating high energy inputs or
harsh reaction conditions. Furthermore, these processes can
selectively depolymerise plastics into their constituent mono-
mers, instead of entirely converting them into smaller frag-
ments. It is noteworthy that photochemical upcycling of plas-
tics promotes resource efficiency, diminishes waste gene-
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ration and mitigates environmental impact. Concurrently,
endeavours are ongoing to integrate photochemical upcycling
technologies into existing waste management systems and
industrial processes with researchers endeavouring to scale
up photochemical upcycling processes from laboratory-scale
demonstrations to industrial applications. Addressing these
critical questions and challenges is not only essential for
advancing the field of photochemical upcycling of plastics,
but also for realising its full potential as a sustainable solu-
tion for plastic waste management. Considering its possibili-
ties prompts the question: “Is photochemical upcycling the
innovative solution we have been seeking to address the issue
of plastic overaccumulation?”
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