¥® ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

HIGHLIGHT

Photochemical upcycling of polymers via visible
light-driven C—H bond activation

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2025,

61, 407 Wei Yi,1*® Jing Liut® and Xiao-Qiang Hu ) *

The excessive use and improper disposal of plastics have placed a significant burden on the
environment. To mitigate this impact, prioritizing the chemical upcycling of plastics is crucial. Unlike
traditional thermochemical upcycling, which requires harsh conditions such as high temperatures and
pressures, photochemical upcycling is viewed as a more environmentally friendly and cost-effective
alternative. This includes using light to promote C—H bond activation to achieve the oxidative degrada-
tion of plastics, generating various valuable small molecules, or employing light-induced C-H bond
activation for post-polymerization modification of post-consumer plastics to obtain polymers with

Received 2nd November 2024, enhanced properties. These methods are highly attractive approaches within the realm of chemical

Accepted 26th November 2024 upcycling. This mini-review highlights the scientific breakthroughs in upcycling polymers through
oxidative degradation and post-polymerization modification via visible light-driven C—H bond activation.

In addition, the reaction mechanism compatibility as well as practical application have been emphatically
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Introduction

Plastics are convenient, inexpensive, and durable materials that
have become deeply embedded in various aspects of human life
through years of extensive use." They are widely applied across
numerous fields such as packaging, electronics, construction,
medicine, textiles and many other fields. However, the exces-
sive use and improper disposal of plastics have created a
significant burden on the environment. The statistics on plastic
pollution are alarming. Plastic production rose from 320 mil-
lion tons in 2015 to 430 million tons in 2023, and it is expected
to double by 2050, leading to a global per capita plastic
consumption of 84.37 kg per year. A considerable portion of
this production is designed for single-use applications, with
less than 10% being recycled.” It is estimated that between 19
to 23 million tons of plastic end up in lakes, rivers, and oceans
each year, with single-use plastics discarded or incinerated
posing threats to human health and biodiversity, directly
harming the entire ecosystem.’ Moreover, plastic products
consume energy and emit greenhouse gases throughout their
entire lifecycle, from production and manufacturing to recy-
cling and disposal, exacerbating the climate crisis. In 2015,
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plastic-related greenhouse gas emissions were estimated at
1.7 billion tons of carbon dioxide equivalent, and this figure
is projected to increase to approximately 6.5 billion tons of
carbon dioxide equivalent by 2050, accounting for 15% of the
global carbon budget.* As plastic continues to exert a signifi-
cant influence on daily life, it simultaneously poses serious
environmental challenges. Consequently, there is an urgent need
for effective recycling and repurposing of plastic materials.
Nowadays, the plastic wastes can be recycled through
mechanical reprocessing and chemical upcycling.> Mechanical
reprocessing entails the collection of plastic waste, which is
then ground into flakes or pellets for use in creating new plastic
products, all while maintaining the original chemical
structure.® This method is appreciated for its simplicity and
efficiency; however, it can result in a decline in the quality of
the final products due to issues such as polymer degradation,
contamination, and physical wear during the processing
stages.” In contrast, chemical upcycling refers to the process
of converting low-value or waste plastics into higher-value
materials or products through chemical reactions.® Unlike
mechanical recycling, which merely reprocesses plastics into
similar forms, chemical upcycling breaks down plastic poly-
mers into their fundamental monomers or other valuable
chemicals. This process can involve various methods, such as
pyrolysis,® depolymerization,'® or hydrolysis,'* allowing the
recovery of raw materials that can be used to create new
plastics, fuels, or other chemicals. The key benefits of chemical
upcycling include the potential to convert difficult-to-recycle
plastics into useful products, reduce environmental pollution,
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and create opportunities for a circular economy by trans-
forming waste into valuable resources. For example, through
chemical upcycling, plastics such as polyethylene and poly-
propylene can be converted into basic chemicals (e.g., ethyl-
ene, propylene) or more complex organic molecules, which
can serve as new raw materials for synthesizing other products.
This transformation not only enhances the economic value
of the materials but also promotes resource reuse. The circu-
lar economy emphasizes the closed-loop utilization of
resources to minimize waste generation. Within this frame-
work, technologies for photochemical upcycling can help
achieve the reuse of plastics, reducing the need for new
materials. By converting waste plastics into useful chemicals,
companies can achieve resource recycling while minimizing
environmental impacts.

In recent years, methods for upcycling plastics using cataly-
tic processes have gained great attention, primarily through
thermocatalytic'*> and photocatalytic approaches.”® Unlike
thermochemical methods such as pyrolysis, which typically
demand significant energy and operate under extreme condi-
tions like high temperatures and pressures,'? photocatalysis is
regarded as a more environmentally friendly and cost-effective
alternative.™ This is due to its ability to function under mild
conditions at ambient pressure and temperature, utilizing
sunlight or low-energy artificial light sources like LEDs. Addi-
tionally, while thermocatalysis often involves harsh conditions,
photocatalysis allows for the gentle activation of specific
chemical bonds while preserving other functional groups,
enabling a high degree of selectivity for desired products."®

Photocatalytic oxidative degradation of polymers'” is a
prime example of chemical upcycling, as it transforms poly-
mers into valuable oxidized molecules by activating the C-H
bonds in the polymer backbone. This process facilitates the
cleavage of polymer chains in the presence of oxygen through
photo-induced hydrogen atom transfer (HAT) catalysis."® Like-
wise, through the activation of C-H bonds, C-H functionalization
of polymers involves the incorporation of additional functional
groups while preserving the integrity of the C-C bonds in the
polymer backbone. This technique, commonly applied to virgin
polymers and referred to as post-polymerization modification,"®
can be considered a form of chemical upcycling when it trans-
forms post-consumer plastics into new polymers of higher value.
With the rapid advancements in photocatalysed C-H activation of
small molecules in recent years,”® numerous studies on photo-
chemical oxidative degradation and post-polymerization modifica-
tions utilizing C-H activation have emerged, facilitating the
chemical upcycling of post-consumer plastics. Recently, there are
some reviews that summarize polymer degradation®" and polymer
modification.” For example, the Kokotos group reported a review
focusing on photochemical upcycling protocols for the degra-
dation of polymer categories, ranging from polystyrene to
polyacrylate-based polymers.>® While, there remain very few that
specifically address photochemical upcycling, particularly in terms
of recent advancements in photochemical oxidative degradation of
polymers and photochemical polymer modification from the
perspective of C-H activation approaches.
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Scheme 1 Chemical upcycling of polymers via visible light-driven C—-H
bond activation.

In this review, we aim to summarize the recent strategic
advances in the burgeoning field of photochemical upcycling,
focusing on two types of reactions: photochemical oxidative
degradation and photochemical C-H functionalization of poly-
mers via C-H bond activation (Scheme 1). Meanwhile, this
review will also highlight the development, outlook, and chal-
lenges of this emerging field. Notably, this work will not
include discussions on heterogeneous photocatalyst-promoted
polymer upcycling and photoreforming as a few recent reviews
have already addressed this topic.>*

Photochemical C—H functionalization
of polymers via C—H bond activation

Post-polymerization modification (PPM) is an appealing strat-
egy for converting low-cost polymers into functional materials.
This approach takes advantage of the high-volume production
of these plastics while introducing functionality that is ran-
domly distributed along the polymer backbone. In addition, the
advancement of PPM techniques aimed at boosting the value of
both post-industrial and post-consumer polymers could serve
as a foundational approach for upcycling plastic waste. In 2018,
Leibfarth and co-workers reported a visible light-driven
approach for radical-mediated C-H xanthylation, which allows
for the regioselective functionalization of branched polyolefins
without leading to simultaneous scission of the polymer
chains.?® After subjecting an trifluorotoluene solution of poly-
(ethylethylene) (PEE) with M,, = 3.6 kg mol " and P = 1.26 in the
presence of N-xanthylamide (1 equiv. per repeat unit) under
blue LED light illumination (450 nm) for 19 hours at room
temperature, the polyolefin was successfully functionalized,
achieving the C-H xanthylation with level of up to 18 mol%.
Importantly, the functionalization of PEE at 60 °C was just as
effective in the neat state as it was in trifluorotoluene at 25 °C.
Following xanthylation, the gel permeation chromatography
(GPC) demonstrated an increase in both the number average
(M,,) and weight average (M,,) molecular weights because of
introduction of xanthate groups. Of note, the molecular weight
distribution (MWD) remained relatively unchanged, suggesting
the excellent chemoselectivity of this approach. By harnessing
the remarkable versatility of alkyl xanthates in both radical-
mediated and polar bond-forming reactions, xanthylated poly-
olefins can be considered as a material platform for creating
diverse functional materials that unlock a wide array of new
polymer properties.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Visible light-driven C—H xanthylation of polymers.

As illustrated in Scheme 2, xanthated PEE can be converted
into a range of valuable functionalized polyolefins through
processes such as functionalization, crosslinking, and polymer
grafting. The selectivity of this approach, governed by the
reagent, can inhibit the formation of tertiary radicals in the
polymer backbone, which are known to compromise material
properties.”® Commercial polymers such as polyethylene (PE),
high-density polyethylene (HDPE), linear low-density polyethyl-
ene (LLDPE), and hyperbranched polyethylene were regioselec-
tively xanthylated, achieving up to 8 mol% xanthylation with
only 10 mol% loading of N-xanthylamide 2. For both PEE and
HDPE, the polymers were xanthylated at comparable levels,
with no signs of chain scission observed.

The iron-catalysed photoinduced ligand-to-metal charge
transfer (LMCT) strategy®” has recently emerged as a powerful
method for the C-C bond cleavage® and functionalization of
C(sp®)-H bonds.* This approach generates chlorine radicals
that initiate intermolecular hydrogen atom transfer (HAT)
processes, triggering a series of subsequent functionalization
reactions. In this context, Zeng and co-workers disclosed a
method for controllable C-H bond alkylation of polyethers with
electron-deficient alkenes under mild conditions through
photoinduced iron catalysis.>® Under LED light (390 nm) irra-
diation, the iron-catalysed C-H functionalization of polyethyl-
ene glycols (PEG 6000) with electron-deficient alkene 5 in MeCN
allows for controlled and selective production of alkylation
products with varying levels of functionalization, reaching a
maximum level of 19.8 mol%. Reducing the reaction concen-
tration to 0.5 or 0.2 M can suppress chain cleavage and allow
for better control over the molecular weight (M,,) and dispersity
(P) value. Under standard conditions, PEGs with diverse term-
inal groups, along with polytetrahydrofuran (PTHF), polypro-
pylene glycol (PPG), and PEG-PPG-PEG, could be efficiently
functionalized. To illustrate the significant synthetic potential
of the iron-catalysed alkylation approach, the authors prepared
novel hydrogels from PEG-6000 and maleic anhydride. The
modified polyethylene oxide (PEO) containing dinitrile groups
were then utilized as solid-state electrolytes, resulting in
enhanced lithium ionic conductivities (Scheme 3).

An extensive density functional theory (DFT) calculation was
carried out to examine the proposed mechanism, using the
reaction of dioxane with compound 5 as a model system. The
Gibbs energy profile calculated for the iron catalytic cycle is
presented in Scheme 4. Upon light excitation, catalyst A was
converted to catalyst B, requiring an endothermic energy of

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 C-H alkylation of polyethers via iron photocatalysis.
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Scheme 4 Possible mechanism for C—H alkylation of polyethers via iron
photocatalysis.

45.6 kecal mol ™. Following this, catalyst B undergoes a LMCT
process, resulting in the formation of Fe(u) and a chlorine
radical. This chlorine radical can subsequently abstract a
hydrogen atom from 1,4-dioxane through a HAT mechanism,
leading to the generation of radical INT1. The C-H bond
cleavage in INT1 occurs via transition state TS2A, which has a
small energy barrier of 1.9 kcal mol™", yielding INT2 and
releasing a molecule of HCI. The regioselectivity of INT2 in its
reaction with alkene 5 was evaluated, revealing that the path-
way through transition state TS3B, which involves the carbon
atom bonded to two cyano groups, is higher in energy by
9.5 kecal mol™". In contrast, the pathway via transition state
TS3A, associated with the electron-deficient carbon center, has
an energy of 3.8 kcal mol ™', making it 5.7 keal mol~" lower in
energy relative to TS3B. Fe(u) exhibits greater stability, which
renders the SET process between Fe(u) and INT3 thermodyna-
mically unfavorable. To promote the subsequent reaction, Fe(u)
was exposed to a second excitation via LED light, resulting in
the formation of the photoexcited state Fe(u)*. The excited state
Fe(u)* acts as a reductant, facilitating the reduction of INT3 to
INT4 while concurrently being oxidized to Fe(m). Subsequently,
the anion INT4 undergoes protonation by the HCI generated
the desired product 6a, while the released chloride anion is
captured by Fe(m), thus regenerating the catalyst A and com-
pleting the catalytic cycle.*”

Using the same strategy, the Zeng group successfully
achieved the C-H bond alkylation of polyolefins.>' The level
of functionalization in this reaction can be modulated by

Chem. Commun., 2025, 61, 407-418 | 409
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adjusting the equivalent of olefins. Under optimal conditions,
plastic bags made from high-density polyethylene (HDPE),
disposable containers made from polypropylene (PP), and foam
boxes made from polystyrene (PS) are all suitable for C-H bond
alkylation. Additionally, this method allows for the synthesis of
polyolefins containing multi-polar groups through either step-
wise or one-pot multiple installations of functional groups
(Scheme 5). Furthermore, ionomers and hydrophilic materials
can be easily produced from commodity polyethylene with this
method, highlighting the significant potential for developing
innovative materials.

In addition to the photo-induced HAT strategy, carbene-
mediated C-H bond insertion reactions® can also be utilized
for the functionalization of polymers. Recently, the Pan group
presented a novel carbene-mediated post-polymerization mod-
ification (PPM) strategy that employs diazo compounds.® This
reaction can be initiated under either photochemical or ther-
mal conditions. In photochemical conditions, diazo com-
pounds are activated by visible light** to extrude nitrogen and
generate a carbene intermediate. This intermediate then facil-
itates the insertion into the C-H bonds of polymer backbones,
enabling effective functionalization of commodity polymers
with a variety of properties, including hydrophobicity, hydro-
philicity, and epoxy modification. For example, this approach
can be used to enhance the polarity of polyolefin elastomer
(POE), thereby improving its compatibility with polylactic acid
(PLA) during blending, which reinforces the mechanical prop-
erties of PLA (Scheme 6).

In 2015, Stephenson®® reported a photocatalytic trifluoro-
methylation of arenes and heteroarenes using trifluoroacetic
acid and its anhydride as CF; radical precursor (Scheme 7).
Inspired by this work, Leibfarth and his team reported a
photocatalytic platform for the C-H functionalization of aro-
matic polymers.*® This method utilizes mild reaction condi-
tions to generate electrophilic fluoroalkyl radicals, enabling the
fluoroalkylation of a variety of commercially relevant poly-
aromatic substrates, including both post-industrial and post-
consumer plastic waste, while maintaining their otherwise
appealing thermomechanical properties. With 1.0 mol% of
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Ru(bpy);Cl, as the photocatalyst, a 32 £ 2 mol% trifluoro-
methylation of polystyrene 13 could be accomplished by com-
bining 1.0 equiv. of pyridine N-oxide and 1.1 equiv. of
trifluoroacetic anhydride (TFAA) per repeat unit in dichloro-
methane at room temperature, utilizing 420 nm blue light
irradiation. Control experiments showed that both photocata-
lyst and visible light are essential for this polymer trifluoro-
methylation. By adjusting the stoichiometry of TFAA and
pyridine N-oxide relative to the repeat unit, a tuneable level of
C-H trifluoromethylation in the polymer was achieved. In
addition to polystyrene, polycarbonates and Eastman’s Tritan®™
copolyester can be functionalized with 14 mol% and 20 mol%
incorporation, respectively, using 2.0 equivalents of pyridine
N-oxide and 2.2 equivalents of TFAA relative to the repeat unit.
Remarkably, post-industrial expanded polystyrene (EPS) foam
waste can be upcycled through this polymer trifluoromethyla-
tion method, without any significant change in molecular
weight distribution (MWD) after functionalization. Further-
more, the incorporation of a bromodifluoromethyl group intro-
duces functionality that acts as an initiator for atom transfer

This journal is © The Royal Society of Chemistry 2025
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radical polymerization (ATRP), offering an easy method for the
chemical diversification of commodity polymers. Subsequently,
the Leibfarth group accomplished this transformation using
organic photoredox catalysts as an alternative to Ru(bpy);Cl,.
In addition to commodity polymer substrates, the metal-free
functionalization method was also applicable to post-consumer
and post-industrial plastic waste.*”

Photochemical oxidative degradation
via C—H bond activation

Photo-induced oxidative degradation is a chemical process in
which polymers undergo degradation when exposed to light,
particularly UV radiation.?® This process typically involves the
generation of reactive oxygen species (ROS), such as singlet
oxygen, superoxide anions, and hydroxyl radicals. These reac-
tive species can interact with polymers, leading to the cleavage
of C-C bonds. As the degradation process propagates, the
material breaks down into smaller fragments or undergoes
alterations in its chemical structure. Given the rapid advance-
ments in visible light-promoted C-H bond activation strategies,
researchers are investigating the potential of visible light-
induced polymer oxidative degradation as a means to obtain
valuable small molecules more efficiently, safely, and selec-
tively, while avoiding the use of ultraviolet light.

In 2022, the Reisner group introduced a mild method for the
deconstruction of plastics via photocatalytic CEH oxidation of
tertiary carbons in the polymer backbone.** An ethyl acetate
solution of polystyrene (PS) with a molecular weight
of 260000 g mol ' was subjected to blue LED light illumin-
ation (450 nm, 14.4 W) for 48 hours, along with 20 mol%
fluorenone, 1 equiv. of H,SO,, and oxygen balloon, resulting in

View Article Online
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the successful converting polystyrene into benzoic acid and
other aromatic products. Benzoic acid was obtained as the
major product with a yield of about 38%. Other aromatic
compounds, including ethyl benzoate, acetophenone, benzal-
dehyde, as well as aromatic oligomers, were identified as by-
products using "H NMR spectroscopy, HPLC and GC-MS. After
48 hours of reaction, about 95% of the fluorenone photocatalyst
remained intact, and the recycled photocatalyst was able to
yield 34% of benzoic acid in a subsequent 24-hour reaction.

Control experiments demonstrated that the photocatalyst,
light, and acids are essential for this reaction. Additionally,
diluted acid was found to be tolerable and resulted in a
reasonable yield. To demonstrate the practicality of this
approach, a gram-scale reaction was carried out using expanded
PS packaging foam (M,, ~ 250 000, PDI ~ 4.2). By extending the
reaction time to 72 hours, the yield of aromatic products was
comparable to that obtained from pure PS, with 36 + 2% of
benzoic acid included in the total yield. The authors performed a
range of mechanistic study, including radical trapping studies,
UV-vis absorption measurements, Stern-Volmer analyses and
DFT calculation. Specifically, DFT calculations showed that the
free energy changes (AG) and the kinetic energy barrier (AG*) for
the HAT step catalyzed by fluorenone are —24.6 kcal mol " and
+20.3 kecal mol *, respectively. In comparison, the AG for the
HAT step in the absence of the photocatalyst is +77.5 keal mol %,
which clearly demonstrates the catalytic function of fluorenone.
Additionally, the AG* for the B-scission process in the presence
of an acid additive is +3.9 keal mol . In contrast, the C-C bond
cleavage without the participation of H' has a significantly
higher AG* of +66.1 kcal mol™, highlighting the crucial role of
the acid. A stoichiometric amount of acid is employed as a
sacrificial reagent to remove H,O from INT3 and to facilitate the
oxygen reduction reaction.
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Scheme 8 Photocatalytic deconstruction of polystyrene via a C—H oxidation pathway.
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According to the results of theoretical calculations and
experimental results, a possible mechanism was provided as
shown in Scheme 8. The HAT process involving PS and the
excited state of the photocatalyst initiates the formation of PS
radicals, in addition to a ketyl radical. Following this, O, is
reduced to regenerate the photocatalyst. The PS radicals are
then subjected to oxygenation, leading to the formation of
INT2. This is succeeded by the HAT reaction of the peroxyl
radical, which yields INT3, and subsequently, H,O is elimi-
nated to form INT4 in the presence of acid. The reaction
progresses through an acid promoted B-scission mechanism,
generating radical species INT5 alongside a terminal aromatic
C=O0 group. INT5 will be oxidized and hydrated to produce
alcohol INT7, which will undergo further oxidation to form a
carboxylic acid. The continuous breakdown through these
reactions will ultimately lead to the generation of phenyl-
glyoxylic acid, which can then decarboxylate to yield benzoic
acid along with CO, and CO. Similarly, by employing aromatic
ketones as HAT abstractors, Kokotos and his team achieved
the depolymerization of PS in air without the use of acid
additives, utilizing anthraquinone photocatalysts."® The proto-
col can be applied to everyday polystyrene-based plastic
waste to yield benzoic acid, which can subsequently be con-
verted into pharmaceutical agents like salicylic acid and
acetylsalicylic acid.

To develop a practically applicable methods achieving the
degradation of PS in a highly selective manner, Xiao and
colleagues have disclosed a photoinduced acid catalysed selec-
tive aerobic degradation of commercial PS to valuable com-
pounds (Scheme 9).*' Using pTsOH-H,O (5 mol%) as the
catalyst and O, (1 bar) as the oxidant, PS (F.W.: 192 000) was
converted into formic acid and benzoic acid as the main
products in a benzene/CH;CN (1:1, 1 mL) mixture under blue
light irradiation (405 nm) at room temperature. The primary by-
products generated from the aerobic degradation process
included acetophenone and oxidized PS with a reduced average
molecular weight. Notably, different forms of PS waste includ-
ing cup lids, yogurt containers, loose-fill chips, EPS foam, food
boxes, and laboratory weighing boats can be effectively utilized,
furnishing the benzoic acid as a pure white crystalline powder
in satisfying yields. Moreover, the gram-scale aerobic degrada-
tion of PS was further achieved by employing continuous-flow

Oy OH
Ph PTsOH+H,0 (5 mol%) o
At benzene/CH,CN (1/1, 1 mL) T G
Blue LED (405 nm), Oy, 1t, 15 h H™ OH 07 "Me
18 19 24 20
H 0, .
+ "OOH
f
Ph Ph 00, PhPh
25 o INT9
4 AG* = 4.8 kcal/mol
Ph  Ph

TS

Scheme 9 Acid-catalysed aerobic degradation of polystyrene under visi-
ble light.
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microreactor technology. The desired products were smoothly
obtained from the flow degradation of PS by mixing a solution
of PS and pTsOH-H,0 with oxygen gas at a pressure of 6 bar and
a temperature of 70 °C, with 420 nm high power lamp present
during the process. Density functional theory (DFT) calculations
were conducted using 1,3-diphenylbutane 25 as a model sub-
strate to explore the hydrogen atom transfer between 1,3-
diphenylbutane and various reactive oxygen species (ROS), such
as singlet oxygen (*O,), hydroxyl radical (*OH), superoxide ion
(0,*7), and triplet oxygen (*0,). Among these, the HAT involving
0, occurs through the transition state TS, which has the lowest
energy barrier (AG* = 4.8 kcal mol™?). This suggests that 'O, is
the most likely ROS to initiate the degradation of the PS.
Consistently, quenching experiments involving 0,, EPR inves-
tigations collectively demonstrate that 0, is the reactive oxygen
species responsible for the degradation of PS. This process
involves the abstraction of a hydrogen atom from a tertiary
C-H bond, resulting in hydroperoxidation and subsequent C-C
bond cleavage through a radical mechanism. UV-vis absorption
experiments indicated that the generation of singlet oxygen in
the absence of a photosensitizer is facilitated by a potential
polystyrene-acid adduct. The isolated oxidized polystyrene also
demonstrated strong absorption at 405 nm, suggesting that the
in situ formation of oxidized polystyrene enhances its concen-
tration and acts as a photosensitizer. Therefore, the interaction
between these components is crucial for the effective generation
of reactive oxygen species.

Polystyrene can also undergo aerobic degradation effectively
under visible light without the requirement of acid promotion.
In 2022, The Das group revealed a photocatalytic method for
the selective upcycling of PS waste into benzoic acid, facilitated
by NBS/CF;SO,Na (Scheme 10).*> In this process, bromine
radicals serve as hydrogen atom transfer (HAT) agents, enhanc-
ing the generation of carbon radicals on the polymer backbones
in the presence of O, atmosphere and under the irradiation of
Kessil light (390 nm). With commercial PS (M,, ~ 260000 g
mol ™', M;, ~ 104000 g mol ') as the starting material, benzoic
acid could be produced with a yield of 73% by employing 15
mol% NBS and 50 mol% CF3;SO,Na, alongside small amount of
benzoyl by-product such as benzoyl bromide, acetophenone
and benzaldehyde. The reaction demonstrates high efficiency,
as evidenced by the significant reduction in polymer molecular
weight from 260 000 ¢ mol " to 1560 g mol ™' within just 2 hours
of photoactivation. It is worth noting that the aerobic upcycling
of PS is also feasible in the air, albeit with slightly lower
efficiency. Thirteen varieties of real-life plastics, both high and
low molecular weight, were selectively depolymerized into ben-
zoic acid with yields of up to 68%, regardless of the presence of
polymer additives. Notably, the benzoic acid generated from PS
degradation can undergo further transformation into benzene,
biphenyl, salicylic acid, toluene, and various important bioactive
compounds through tandem reactions. This presents a viable
alternative to conventional petrochemical feedstocks in the
chemical and pharmaceutical sectors. Detailed mechanistic
studies elucidated that pentacoordinate sulfide was the actual
active species, produced from CF3SO,Na in the presence of O,

This journal is © The Royal Society of Chemistry 2025
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Scheme 10 NBS/CF3SO,Na facilitated aerobic degradation of polystyr-
ene under visible light.

and light, which participates in hydrogen atom transfer (HAT)
alongside the product of NBS (Scheme 11).

Recently, researchers are increasingly focused on discover-
ing new photocatalysts capable of absorbing visible light to
enable photocatalytic oxidative degradation. In 2023, Jiang
group disclosed a novel uranyl-photocatalysis enabled
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Scheme 11 Possible mechanism for NBS/CF3SO,Na facilitated aerobic
degradation of polystyrene under visible light.
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degradation of plastic wastes to commercial chemicals and
monomers under visible light (Scheme 12).** In this process,
irradiating a solution of PS in dichloromethane with blue light
(460 nm) in the presence of uranyl nitrate hexahydrate
(UO,(NO3),-6H,0) resulted in the formation of benzoic acid
with a yield of 30%, using HCI as an additive. Importantly, five
kinds of styrene-based block copolymers, recognized for their
strong impact strength and heat stability that contribute to
their resistance to degradation, can be effectively depolymer-
ized into benzoic acid with some oligomers. Additionally, these
styrene-based block copolymers can be depolymerized into
benzoic acid in a mixed waste stream, eliminating the need
for sorting plastic waste and enhancing upcycling efficiency. By
using different solvents and additives, this approach can also
be applied to the degradation of polyethers, polycarbonates,
and polyesters. Specifically, polyethersulfone (PES) and poly-
carbonate (PC) were degraded into the monomers bis(4-
hydroxyphenyl)sulfone and bisphenol A, respectively. To show-
case the practical application of this method, a continuous flow
photoreactor with a 180 mL residue volume was developed for
the degradation of kilogram-scale PET bottles. This setup
achieved a 54 800-fold increase in efficiency compared to tradi-
tional batch operations,** yielding terephthalic acid (TPA) in
88% yield within 2 days while using a reduced dosage of catalyst
and solvent. Further, the degradation profile was analysed using
scanning electron microscopy (SEM) imaging, X-ray diffraction,
and gel permeation chromatography (GPC) to trace the degrada-
tion process.

For the polystyrene block copolymers and polyesters that
yield acidic products, a synergistic mechanism involving single-
electron transfer (SET) and hydrogen atom transfer (HAT)
processes is proposed (Scheme 13). In this mechanism, the
excited state *UO,”" captures hydrogen radicals from the benzyl
site, leading to the formation of carbon radicals. These radicals
then undergo peroxidation and bond scission to obtain the
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benzoic acid. In contrast, for polycarbonates and polyethers,
a synergistic mechanism involving oxidative addition transfer
(OAT) and SET is suggested. Here, the aromatic rings of the
polymers are oxidized by the excited state *UO,>" through the
SET process, generating aryl radical cation species. These
species then undergo an OAT process followed by a second
SET, resulting in the formation of unilateral phenol. Finally, the
intermediated will undergo reduplicative OAT and SET sequen-
tially to yield the monomer. Inspired by this work, the Su group
recently developed a method for promoting the degradation of
PS using blue light or sunlight in conjunction with uranyl
photocatalysis.*® In this approach, ethyl acetate serves as the
reaction medium, offering a safer alternative to conventional
solvents that are often toxic, volatile, and explosive.

By leveraging the successful cleavage of C-H and C-C bonds
achieved through light-driven LMCT involving iron chloride,

414 | Chem. Commun., 2025, 61, 407-418

the next logical step is to extend this knowledge to the oxidative
degradation of polymers. In 2021, Zeng and coworkers explored
the photoinduced oxidation of alkyl aromatics using FeCl; as a
catalyst and extended this reaction to the degradation of
polystyrene.’® By introducing tetrabutylammonium chloride
(TBAC) as additives and 2,2,2-trichloroethanol as HAT catalyst,
PS will undergo FeCl; promoted oxidative degradation under
390 nm light irradiation for 5 days to obtain benzoic acid in
67% yield (Scheme 14(a)). It is important to mention that alkoxy
or chlorine radicals can be produced from 2,2,2-trichloro-
ethanol or Cl—- via photo-induced LMCT. However, the genera-
tion of chlorine radicals is favored since the reaction can take
place even without alcohol. In 2022, the Stache group reported
a similar approach for the degradation of polystyrene.?” Using a
white LED lamp as the light source, they irradiated polystyrene
in the presence of FeCl; in acetone under air for 20 hours.

This journal is © The Royal Society of Chemistry 2025
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Scheme 14 Photo-induced iron catalysed oxidative degradation of
polystyrene.

This process produced polystyrene oligomers (M;, = 0.8 kg mol ")
and small molecules at a yield of 11 mol% (on a per monomer
basis), primarily consisting of benzoyl products such as benzoic
acid, benzaldehyde, benzoyl chloride, and acetophenone. When
the reaction was charged with an oxygen balloon, the formation
of benzoyl products can be increased to 23 mol% within 20 h
(Scheme 14(b)). Some commercial polystyrene samples were
subjected to the standard reaction conditions; however, the
degradation resulted in high molecular weights and broad
dispersities when measured the Mn and dispersities via SEC
analysis.*®*°

The mechanism of these FeCl;-promoted degradations
involves the light-induced generation of chlorine radicals,
which abstract a hydrogen atom from the polystyrene backbone
(Scheme 15). Following the trapping of the polystyrene radical
with oxygen, the catalyst is regenerated during the formation of
hydroperoxides. This is followed by a reduction process that
generates alkoxy radicals INT4, leading to irreversible carbon-
carbon bond cleavage via B-scission and ultimately resulting in
the production of benzoic acid.

Hu and co-workers also reported a practical iron catalysed
selective degradation of PS under visible light.>® In this process,
two solvent systems (DCM/MeCN, acetone) were employed as
ideal media when using FeCl, as the catalyst under blue LED
(Scheme 14(c)). Furthermore, the degradation conditions can
be simplified by using sunlight irradiation in the air without
the need for a solvent. This photocatalytic protocol is highly
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Scheme 15 Possible mechanism of FeCls-promoted degradations under
visible light.
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efficient for PS particles of varying molecular weights, copoly-
mers of styrene, and commercial plastic waste derived from PS,
all of which can be converted into benzoic acid.

Fluorescence quenching experiments with Fe'" suggested
that a different mechanism was involved in this process. It was
proposed that a carbon radical on the polymer backbone is
generated through a single-electron transfer (SET) process with
the excited Fe™. The formation of a four-membered ring
intermediate,® derived from the enol form of the ketone and
singlet oxygen, is considered a crucial step in this conversion,
which subsequently decomposes to produce benzoic acid as the
end product. However, the light-induced ligand-to-metal charge
transfer (LMCT) mechanism cannot be ruled out, as TBAC
was used as an additive when non-chloride iron salts were
employed as the catalyst, and chloride ions are always present
in the system.

Recently, the Zeng group reported a Brgnsted acid-promoted
oxidative degradation of polyethylene terephthalate (PET) into
its monomer, ethylene terephthalate, through photoinduced
iron catalysis (Scheme 16).> Upon irradiation with 390 nm
LEDs and in the presence of FeClz;, 50 mol% conc. HCI, and
oxygen balloon, PET (25 kDa) can be depolymerized efficiently
to give the ethylene terephthalate in up to 97% yield. Remark-
ably, the catalyst loading can be reduced to just 0.25 mol%
while still maintaining high reactivity. Following a simple
shredding process, various types of PET waste from daily life
can be converted into the monomer via the catalytic approach,
yielding moderate to high results. Thanks to the presence of
weaker C-H bonds located next to the oxygen atoms within the
polymer chains, it is possible to selectively depolymerize PET
from mixed plastics. Preliminary control experiments and UV-
vis studies suggested that HCI engaged in the formation of
reactive species [Fe(ur)Cl,]™ in the presence of FeCl; to facilitate
the light induced LMCT (Scheme 17). The resulting chlorine
radicals will capture a hydrogen atom from the site adjacent to

I~
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Scheme 16 Photo-induced iron catalyzed oxidative degradation of poly-
ethylene terephthalate.
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the oxygen atoms, generating carbon radical INT1 on the
backbone that participates in the subsequent oxidative degra-
dation. The ethylene glycol moiety of PET underwent extensive
oxidation, leading to the formation of oxalic acid or formic
acid, which ultimately decomposes into carbon dioxide (CO,).

In a similar approach to facilitating polystyrene degradation
by generating chlorine radicals that extract hydrogen atoms
through photocatalysis, the Lim group created a fluorinated
acridinium photocatalyst. This work involved a combination of
experimental and computational methods for screening cata-
lysts aimed at the aerobic degradation of PS. The reaction
reactivity can be preserved at low catalyst loadings of less than
5 mol%. Moreover, real-life PS waste that contain dyes and
additives are suitable for this degradation process.>?

The aforementioned initiatives have primarily focused on
polystyrene due to the relative ease of activating its C-H bonds.
In contrast, the effective and widespread photocatalytic upcy-
cling of polyethylene (PE), polyvinyl chloride (PVC), polypropyl-
ene (PP), and other conventional plastics has not yet been
resolved, largely because of their significantly higher bond
dissociation energies (BDEs). To tackle this issue, the Soo group
has developed a degradation approach utilizing commercially
available homogeneous vanadium photocatalysts (Scheme 18).>*
Irradiating polystyrene (M, 35000) with 2 mol% V(O)(acac), in
DCM for 5 days under an O, atmosphere resulted in the highest
yields of formic acid (43.6%), benzoic acid (38.4%), and aceto-
phenone (6.4%). The CHN elemental analyses of the oligomeric
residue, combined with HSQC NMR data and FTIR spectroscopy,
demonstrated a considerable reduction in the majority of
the aliphatic C-H bonds present in the original polystyrene.
Noteworthily, three practical methods to preprocess the poorly
soluble plastics were provided in detail. Under the established
conditions, a wide range of common conventional plastics,
including HDPE, LDPE, PVC, PP, PS, (polyvinyl acetate) PVAc,
and (ethylene-vinyl acetate copolymer) EVA, proved to be potent
substrates, yielding modest to good amounts of carboxylic acid
products. Moreover, plastic wastes from post-consumer multi-
layered packaging, styrofoam, and PP food containers are also
suitable for depolymerization. A continuous segmented flow
photoreactor, featuring a horizontal spiral of quartz coils, was
assembled for the degradation of polymers on a gram scale,
allowing for higher concentrations of plastic degradation within
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Scheme 18 Photo-induced oxidative degradation of polymers with vana-
dium photocatalysts.
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Scheme 19 Proposed mechanism for photo-induced oxidative degrada-
tion of polymers with vanadium photocatalysts.

a comparable duration. The presence of both V(v) and V(w)
during the photocatalytic conversion was confirmed through
UV-Vis spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy, and X-ray photoelectron spectroscopy (XPS).
Furthermore, kinetic studies of the photocatalytic oxidation
reaction were performed using sec-butylbenzene as a represen-
tative substrate. The results showed that the conversion of
sec-butylbenzene displayed first-order relationships with the
concentrations of the substrate, the catalyst, the partial pres-
sure of O,, and the light flux. The first-order dependence on O,
concentration indicates that increasing O, levels enhances the
yields of carboxylate products. DFT calculations were per-
formed using isopentane as a model for polypropylene. The
formation of intermediate INT1 occurs through the oxidation of
V(O)(acac), by O,, which is initiated by photoexcitation via
LMCT (Scheme 19). Subsequently, INT2 participates in the
C-H oxidation of isopentane through transition state TS1,
characterized by a low activation barrier of just 10.1 kcal mol .
The alkyl radical produced from this step can then react
with the V" intermediate INT3, overcoming a barrier of
17.7 kecal mol ™! and leading to the formation of INT4. Addi-
tionally, the photoexcitation of INT4 via LMCT facilitates the
desired C-C cleavage with a minimal barrier of only 3.4 keal mol %,
resulting in the production of INT6. Finally, oxidation of INT6 with
0,, along with the dissociation of carbonyl and alcohol products,
regenerate INT1 with a very low barrier of just 5.1 keal mol ™.

Conclusions

This review mainly summarize the recent advances in chemical
upcycling of polymers under visible light irradiation via C-H
bond activation. Based on different reaction types, this review is
mainly divided into two sections: photochemical C-H function-
alization of polymers and photochemical oxidative polymer
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degradation. In each section, the reaction mechanisms, com-
patibility as well as practical application have been emphatically
discussed. In contrast to the conventional thermocatalytic
approach for polymer upcycling, photocatalytic approach is con-
sidered as a more environmentally friendly and cost-effective
alternative. These methods operate under mild conditions and
exhibit good reactivity, enabling the selective conversion of plastic
waste into value-added molecules or high-performance materials.

Despite these significant advances, challenges remain in
this field. In photochemical oxidative degradation, polystyrene
has primarily been upcycled to produce value-added organic
molecules such as benzoic acid. In contrast, widely used plastics
with higher BDEs, such as polypropylene and polyethylene,
currently lack sufficient methods for achieving efficient and
selective degradation, not to mention the degradation of co-
polymers. Addressing this challenge requires future research to
explore new catalysts and reaction conditions that can enhance
the degradation efficiency of these more resilient polymers.
Besides, numerous current strategies rely on hazardous sol-
vents like benzene and chloroform, as well as corrosive cata-
lysts such as sulfuric acid. This situation highlights the urgent
necessity to create safer and more sustainable alternatives.
In the photochemical modification of polymers, the exploration
of new methods for C-H functionalization is essential for future
development. Meanwhile, there is a strong demand for the devel-
opment of more efficient and cost-effective photocatalysts to facil-
itate chemical upcycling with enhanced selectivity. Additionally,
photo-induced synergistic catalysis may provide new opportunities
to expand the range of upcycling methods.

While photochemical upcycling technologies show promis-
ing results in small-scale laboratory tests, several challenges
arise when applying them at an industrial scale, including
reactor design, catalyst stability, and optimization of reaction
conditions. For instance, the choice of light source, control of
reaction temperature, and pressure require meticulous adjust-
ments to suit large-scale production needs. In industrial appli-
cations, the continuity and stability of the reaction process are
critical. Factors such as catalyst lifecycle management, the
purity of reactants, and control of reaction time all need careful
consideration. Additionally, the investment and maintenance
costs of industrial equipment must be factored in to ensure the
economic viability of the technology. Innovations in the labora-
tory often struggle to be directly translated into commercial
applications. To address this, interdisciplinary collaboration
mechanisms involving chemical engineering, materials science,
and industrial design are needed to facilitate the development
and optimization of technologies. Technologies that succeed in
the laboratory need to undergo multiple rounds of prototype
development and testing to ensure their effectiveness and relia-
bility in actual production.

Photochemical upcycling of polymers not only provide effec-
tive solutions to reduce plastic pollution but also offer potential
pathways to achieve circular economy goals. We hope this high-
light will inspire chemists to pursue further advancements,
develop innovative methods for polymer upcycling, and achieve
large-scale applications to address plastic pollution.

This journal is © The Royal Society of Chemistry 2025
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