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Chemical recycling of plastics, as a promising strategy to reduce
waste pollution and yield value-added chemicals, is showing great
potential in the circular economy. In this work, a photooxidation
method was reported to facilitate the degradation of polystyrene
(PS) in air using porphyrin-based porous organic polymers (PPOPs)
as the photocatalysts, associated with the recovery of benzoic acid
in high yield (72%) and with excellent selectivity (97%). From the
method aspect, the degradation could happen under very mild
conditions using EtOAc as the green solvent and air as the oxidant.
From the application perspective, such a method could efficiently
facilitate the degradation of numerous PS derivatives and PS-based
plastic wastes, with the recovery of benzoic acid. The optimized
PPOP structure was screened with the desired degradation
efficiency and benzoic acid recovery yield. Detailed mechanisms
have been investigated to demonstrate that reactive oxygen
species generated by light-triggered PPOPs play crucial roles in
plastic waste upcycling.

Plastics have been widely used in all aspects of people’s daily
lives due to their low cost and wide range of applications. Up
to the present, more than 8 billion tons of plastics have been
produced, and plastic production is expected to grow at an
annual rate of 2-5%, reaching more than 1.1 billion tons per
year by 2050."* However, most of the plastics are buried in
landfills or leaked into the environment,’ which has caused a
global environmental pollution crisis,*" and the existing
infrastructure cannot solve this crisis,">* which has brought
great trouble to people’s lives and health. This challenge has
accelerated research on new chemical recovery technologies. In
recent years, some technologies that can convert plastic waste
streams into valuable chemicals have emerged.>** " The
development of a more efficient and low-cost chemical recov-
ery method has become a research hotspot.
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Polystyrene (PS), accounting for about 7% of the current
global plastic production,’ is widely used in daily life. Due to
its stable structure, PS is difficult to degrade without special
treatment. In order to facilitate the chemical degradation of
plastics, many methods have been developed for recycling PS
through pyrolysis,>*>* but many of these methods produce a
mixture of organic products. Although purer pyrolysis products
can be obtained by multi-step post-modifications,>*>® higher
temperature and pressure with very special reactors are still
needed, which will lead to an increase in cost (Scheme 1,
method A). In the past 20 years, some advancements in the
oxidative degradation of PS to benzoic acid have been
achieved,?”®® but these approaches often required harsh or
complex conditions (Scheme 1, method B). The use of photo-
catalytic technology in organic reactions has exploded over the
past fifteen years.> Many light-triggered degradation
reactions®”*' and photocatalytic conversion applications®***
have been discovered and utilized. In recent years, several
methods have been able to produce benzoic acid with high
selectivity for the photocatalytic oxidative degradation of
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Scheme 1 Methods for the chemical degradation of PS.
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PS.***! However, photocatalytic technology has been limited
by low energy conversion rates,*” resulting in low or moderate
yields of benzoic acid from PS degradation. Pure oxygen is
usually required as an oxidant to further improve the oxidative
efficiency (Scheme 1, method C). In addition, some other
methods for degrading PS, including electrochemical degra-
dation,” biodegradation,***> and ultrasonic degradation,*®
have also been developed recently (Scheme 1, method D).
However, methods for degrading PS remain limited. Therefore,
it is crucial and urgent to develop a green, clean and simple
method for degrading PS to recover high-value chemical
products.

Previously, we developed a catalytic system based on por-
phyrin-based porous organic polymers (PPOPs) and applied it
to various dehydrogenation reactions.””*®* We found that these
PPOPs can be very efficient at generating reactive oxygen
species (ROS) in air. Porous organic polymers (POPs) are con-
structed by rigid monomers through irreversible covalent
bonds, which endow them with high structural and chemical
stability in various solvents and under harsh conditions.*>*°
Porphyrins and their derivatives are a class of photosensitizers,
which have a wide range of applications in photocatalytic
reactions.?”*® Singlet oxygen ('0,) is a kind of ROS, which can
induce the oxidation of various molecules. It is widely used in
chemical reactions, biochemical processes and organic pollu-
tant treatment.’’ ™’ Xiao’s group has demonstrated that 'O,
can efficiently seize a proton from the benzylic C-H bond of
PS by hydrogen atom transfer (HAT), which produces benzyl
radicals, further induces the oxidative degradation of PS, and
finally obtains benzoic acid.® The critical role of 'O, inspired
us to consider whether the PPOPs can trigger the degradation
of PS efficiently even in the air.

Herein, 7 different PPOPs by copolymerization of bromo-
substituted porphyrins and diynes were afforded with different
structures. Taking advantage of the porous structures and con-
fined spaces, PPOPs could efficiently produce ROS under air
and at room temperature compared to porphyrin monomers
and achieve more efficient photocatalytic oxidative degradation
of PS. Moreover, PPOPs have high structural and chemical
stability. Impressively, controlled experiments have shown that
PPOPs exhibit overwhelming advantages over those small-
molecule photosensitizers. Therefore, such PPOPs provide an
excellent photocatalytic platform for the oxidative degradation
of PS (Scheme 1).

Initially, we synthesized the photocatalyst PPOP-1 by the
Sonogashira polycondensation according to a method reported
in the literature.””*® We performed a series of characterization
methods for the obtained PPOP-1 to confirm its structure
(Fig. S1-S6, in the ESI}). Then we used PS (M, ~ 350000 g
mol ') as a model substrate to optimize the oxidative degra-
dation conditions. We surprisingly found that PPOP-1
(5 mol%) can effectively catalyze the degradation of PS using
p-toluenesulfonic acid monohydrate (p-TsOH-H,0) (10 mol%)
as an additive under the irradiation of black light
(365-370 nm, 20 W) in ethyl acetate (EtOAc), yielding 48% of
benzoic acid (Table 1, entry 1). Light and air were necessary for

1364 | Green Chem., 2024, 26,1363-1369

View Article Online

Green Chemistry

Table 1 Optimization of the reaction conditions®?

Ph PPOP-1 (5 mol%), p-TsOH-H,0 (10 mol%) i

hv (365-370 nm, 20 W), air, rt, 16h Ph” “OH
solvent (2 mL)

Entry  PPOP-1(mol%)  Additive (mol%) Solvent Yield® (%)
1 5 p-TsOH-H,O (10)  EtOAc 49 (48)
2 5 p-TsOH-H,0 (10)  DCE 44

3 5 p-TsOH-H,O (10)  Acetone 27

4 5 p-TsOH-H,0 (10) MeCN Trace
5 5 p-TsOH-H,O (10)  DMC 45

6 2.5 p-TsOH-H,0 (10)  EtOAc 44

7 10 p-TsOH-H,0 (10)  EtOAc 50

8 5 p-TsOH-H,O (5)  EtOAc 38

9 5 p-TsOH-H,0 (20)  EtOAc 50

10 5 HCI (10) EtOAc 35

11 5 CF;COOH (10) EtOAc 26

12 5 ZnCl, (10) EtOAc 37

13 5 Yb(OTf); (10) EtOAc 33

14 5 Sc(OTf); (10) EtOAc 36

154 5 p-TSOH-H,O (10)  EtOAc 55

16° 5 p-TsOH-H,O (10)  EtOAc 63 (62)

“The reaction was carried out with PS (0.2 mmol based on CgHg as the
repeating unit of PS, 1.0 equiv.) in the presence of 5 mol% PPOP-1 and
10 mol% additive in 2 mL solvent under air, black light (365-370 nm,
20 W) and room temperature for 16 h. b The amounts of PPOP-1, addi-
tive and the yield of products were based on the repeating unit of PS.
¢Yield was determined by the crude 'H NMR spectrum with 1,3,5-tri-
methoxybenzene as an internal standard; isolated yield in parentheses.
4 Room temperature for 32 h. ° Room temperature for 48 h.

the degradation since PS could not be degraded without them
(Table S1, entries 2 and 3 in the ESIf). Among different light
sources, black light (365-370 nm, 20 W) performed best for
acquiring benzoic acid (Table S1, entries 1 and 4-6 in the
ESI}). In the case of using photosensitizers without additives,
26% yield of benzoic acid could be obtained (Table S1, entry 7
in the ESIT). Similarly, only 18% yield of benzoic acid could be
obtained using additives without photosensitizers (Table S1,
entry 8 in the ESIf), which corresponded to the literature
reporting that acids could catalyze PS degradation to a certain
extent.>® Next, different solvents were screened (Table 1,
entries 1-5). The results showed that the yield of benzoic acid
using 1,2-dichloroethane (DCE) and dimethyl carbonate
(DMC) as solvents was slightly lower than that using EtOAC,
while no reaction occurred using other solvents. It might be
due to the high solubility of PS in EtOAc.>” Then, the amount
of photosensitizer was studied and the results indicated that
5 mol% photosensitizer was the optimized loading equivalent
(Table 1, entries 1, 6 and 7). The type and amount of additive
was next optimized to be 10 mol% p-TsOH-H,O, with the
highest yield of benzoic acid (Table 1, entries 1, 8-14, see
Table S1t for more details). As the reaction time was extended
to 32 hours and 48 hours, the yield of benzoic acid was also
gradually increased. Finally, 62% yield of benzoic acid was
afforded in 48 hours (Table 1, entries 15 and 16). More optim-
ization details for solvents, additives, amounts of photosensiti-
zers and additives, and light sources are given in the ESI
(Table S17).

This journal is © The Royal Society of Chemistry 2024
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With the optimized reaction conditions in hand, several
photocatalysts were evaluated systematically, including some
commercially available small-molecule photosensitizers and
different PPOPs (Table 2, entries 1-10; see Fig. 1, Fig. S9 and
Table S21 for more details). Among these small-molecule
photosensitizers, tetrabutylammonium decatungstate (TBADT)
(Table 2, entry 1) and 9-mesityl-10-methylacridinium tetra-
fluoroborate (Mes-Acr-MeBF,) (Table 2, entry 2) promoted such
transformation slightly, while 1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN) (Table S2, entry 3 in the ESIf),
tris(2,2"-bipyridyl)ruthenium(u) dichloride hexahydrate (Ru
(bpy)s(Cl),-:6H,0) (Table S2, entry 4 in the ESIf) and bis
[2-(2,4-difluorophenyl)-5-trifluoromethylpyridine][2-2"-bipyridyl ]
iridium hexafluorophosphate ([Ir(dF(CF;)ppy).(dtbbpy)]|PFs)
(Table S2, entry 5 in the ESI}) were not effective. The small-
molecular porphyrin photosensitizers such as 5,10,15,20-tetra-
phenylporphyrin (TPP) (Table 2, entry 3) and 5,10,15,20-tetra
(4-carboxyphenyl)-porphyrin (TCPP) (Table S2, entry 7 in the
ESIT) exhibited a poor oxidative degradation effect on PS.
Based on the structure of PPOP-1, we designed another six
PPOPs by changing the structure of porphyrins and diynes and
evaluated their photocatalytic effects (Table 2, entries 4-10).
We were delighted to find that all the PPOPs containing por-
phyrin components showed much higher photodegradation
efficiency of PS than small-molecule photosensitizers, among
which PPOP-7 with a reduced tetraphenylporphyrin structure
showed the optimal effect (71% yield of benzoic acid)
(Fig. S11-S17 in the ESI}). This may be due to the large
specific surface area (270.07 m*> g~') and suitable pore size
(2.6 nm) of PPOP-7. Therefore, in the following experiments,
PPOP-7 was chosen as a photocatalyst for the degradation of
PS-based plastic waste.

Subsequently, we applied PPOP-7 to the photodegradation
of PS with different molecular weights and styrene copolymers

View Article Online
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PPOP-1

Fig. 1 Structures of photocatalysts, PPOPs.

with different structural units (Table 3). For the PS with
different molecular weights, it could be well aerobically
degraded to benzoic acid, and 69-72% yields could be
obtained (Table 3, entries 1-4). For the copolymers of styrene,
the yields of benzoic acid were not as high as those of PS.
HIPS, graft-copolymerized by styrene and butadiene with
strong impact strength, could be degraded to benzoic acid in
50% yield (Table 3, entry 5). Styrene-based block copolymers
like SAN and ABS possess strong heat resistance and stability
due to their acrylonitrile units, which makes their chemical
degradation full of challenges.*® Considering that the solubi-

Table 3 Aerobic degradation of polymers containing a styrene struc-
tural unit with different molecular weights?

Ph Ph

A i e

x z

Table 2 Optimization of various photocatalysts® PS-1; PS-2 HIPS
PS-3; PS4 PPOP-7 (5 mol%), p-TsOHH,0 (10 mol%) Q
hv (365-370 nm, 20 W), air, rt, 48h
Ph photocatalyst (5 mol%), p-TsOH-H,O (10 mol%) j’\ Ph oN oh on T ok )™ o
hv (365-370 nm, 20 W), air, rt, 48h Ph “OH F O e e T A v e
n EtOAc (2 mL) SAN ABS
Entry Photocatalyst Yield” (%) Yield (%) of benzoic
Entry Polymer acid?

1 TBADT 25
2 Mes-Acr-MeBF, 36 1 PS-1 (M,, ~ 65000 g mol™") 72
3 TPP 17 2 PS-2 (M,, ~ 192 000 g mol ™) 71
4 PPOP-1 63 (62) 3 PS-3 (M,, ~ 350 000 g mol ") 71
5 PPOP-2 61 4 PS-4 (M,, ~ 650 000 g mol ™) 69
6 PPOP-3 60 5 HIPS (M,, ~ 140 000 g mol ", styrene 50
7 PPOP-4 62 30 wt%)
8 PPOP-5 61 6° SAN (M,, ~ 165 000 g mol ™", styrene 42
9 PPOP-6 65 75 wt%)
10 PPOP-7 71 (71) 7° ABS (M,, ~ 238000 g mol ', styrene 40

72 wt%)

“Reaction conditions: PS (0.2 mmol based on CgHg as the repeating
unit of PS, 1.0 equiv.), photocatalyst (0.01 mmol, 5 mol%),
p-TsOH-H,O (0.02 mmol, 10 mol%), EtOAc (2.0 mL), black light
£3657370 nm, 20 W), open in air, and room temperature for 48 h.

Yield was determined by the crude 'H NMR spectrum with 1,3,5-tri-
methoxybenzene as an internal standard; isolated yield in
parentheses.

This journal is © The Royal Society of Chemistry 2024

“Reaction conditions: polymer (0.2 mmol based on CgHg as the repeat-
ing unit of PS, 1.0 equiv.), PPOP-7 (0.01 mmol, 5 mol%), p-TsOH-H,0
(0.02 mmol, 10 mol%), EtOAc (2.0 mL), black light (365-370 nm, 20
W), open air, and room temperature for 48 h. ? Isolated yield. ° Acetone
(2 mL) was used as the solvent and TFA (0.02 mol, 10 mol%) was used
as the additive.
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lity of SAN and ABS in acetone is much better than that in
EtOAc, we used acetone as the solvent with trifluoroacetic acid
(TFA) as the additive instead of p-TsOH-H,O to give a desired
yield of benzoic acid (40-42% yields) (Table 3, entries 6 and 7).
In summary, polymers containing a styrene structural unit can
be aerobically degraded efficiently to produce benzoic acid as
the only product. The method we disclosed provides a con-
venient way for the degradation of such plastics under green
and mild conditions.

According to the above experimental results, we finally
investigated the aerobic degradation of waste PS products from
daily life. As shown in Table 4, these waste PS products can be
aerobically degraded to benzoic acid. PS wastes like these from
EPS foams, plastic plates, food boxes, cup lids, yoghurt con-
tainers and packaging were all suitable as substrates, providing
benzoic acid with 54-65% isolated yields (Table 4, entries 1-6).
In addition, it is worth noting that for the degradation of SBS
plastic, benzoic acid could also be obtained in a 44% isolated
yield (Table 4, entry 7). These results demonstrated the practi-
cality and potential applications of this polymer degradation
strategy.

A series of tracking methods were used to reveal the degra-
dation process. By sampling and analyzing the photodegrada-
tion process of PS, we could observe that the water contact
angle on the PS membrane decreased with the progress of
degradation, which indicated that the hydrophilicity of the
membrane was enhanced, and a large number of hydrophilic
groups, such as hydroxyl and carboxyl groups, were produced
during the degradation process (Fig. 2a). An X-ray diffraction

Table 4 Aerobic degradation of polymer waste from our daily life’

Ph PPOP-7 (5 mol%), p-TsOH-H,O (10 mol%) j’\
hv (365-370 nm, 20 W), air, rt, 48h Ph” “OH
n EtOAc (2 mL)

Entry Substrate Yield (%) Entry Substrate Yield (%)

1  expanded polystyrene foam waste 63 2 polystyrene plastic plate waste 65

3 polystyrene food box waste 54

5 yogurt container waste 55

(v§

=

“Reaction conditions: polymer waste (0.2 mmol based on CgHg as the
repeating unit of PS, 1.0 equiv.), PPOP-7 (0.01 mmol, 5 mol%),

p-TsOH-H,O (0.02 mmol, 10 mol%), EtOAc (2.0 mL), black light
365-370 nm, 20 W), open air, and room temperature for 48 h.
Isolated yield.
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Fig. 2 Characterization of polymer degradation (SC: standard con-
ditions). (a) Comparison of water contact angles on the top surface of
PS-based membranes. (b) X-ray diffraction of PS depolymerization. (c)
Tracing of glass transition temperature for PS degradation when reacting
with or without light. (d) GPC tracing and the degradation trend for PS.

(XRD) experiment was further used to track the change of PS at
different degradation times, which showed that the original
crystal peak of PS gradually decreased upon degradation
(Fig. 2b). The XRD experiment was also carried out using the
PS degradation product (48 hours of degradation). From the
obtained images, obvious diffraction peaks could be seen,
indicating that benzoic acid was generated (Fig. S19b in the
ESI}). The control experiments of PS in EtOAc with or without
light were conducted, and the changes in glass transition
temperature (T,) with degradation time in these two cases were
recorded. It could be clearly seen that PS was gradually decom-
posed during the reaction (Fig. 2¢, red line, and Fig. S20 in the
ESI}). The degradation process of PS under standard reaction
conditions was monitored by gel permeation chromatography
(GPC). Through the decrease of molecular weight, we could
see that PS was gradually degraded during the reaction
(Fig. 2d).

In order to elucidate the possible reaction pathways, a
series of controlled experiments were carried out. Under stan-
dard conditions, the degradation experiments were conducted
in the presence of 9,10-diphenylanthracene (DPA) or NaNj; as
an 'O, trap or scavenger;*® however, the expected degradation
products were not obtained (Scheme 2, eqn (1)). These results
suggested that 'O, played crucial roles in the aerobic degra-
dation of PS. In addition, a radical trap experiment was
designed using 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) as
the radical scavenger. No degradation of PS occurred under
standard conditions with the addition of TEMPO, indicating

This journal is © The Royal Society of Chemistry 2024
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Ph PPOP-7 (5 mol%), p-TsOH-H,0 (10 mol%) o

black light (365-370 nm, 20W), air, rt, 16h Ph)J\OH Q)]
n EtOAc (2 mL)
10, scavenger: NaNj; (0.5 eq) 0% yield
10, trap: DPA (0.5 eq) 0% yield
Ph PPOP-7 (5 mol%), p-TsOH-H,0 (10 mol%) o
black light (365-370 nm, 20W), air, rt, 16h Ph)J\OH (2)
L EtOAC (2 mL)
radical scavenger: TEMPO (0.5 eq) 0% yield

Scheme 2 Controlled experiments.

that the radical also contributed to the degradation of PS
(Scheme 2, eqn (2)).

Based on the above experimental results and related litera-
ture reports,* %7 we proposed a possible reaction mecha-
nism (Fig. 3). 'O, was first produced by two possible pathways.
One way was that the electrophilic protonation of PS initially
occurred under acidic reaction conditions to form an aromatic
cation species A. Under the irradiation of black light, A was
further excited to form an excited state A*. The excited state A*
underwent energy transfer with triplet oxygen (*0,), which led
to the generation of 'O,. Another way was that the photo-
catalyst PPOP-7 was irradiated to an excited state PPOP-7*,
which could generate 'O, by energy transfer from *0,. The 'O,
could react with 1 (PS) via the HAT process to produce benzyl
radical 2 and "OOH. Next, ‘OOH reacted with benzyl radical 2
to generate the corresponding peroxide intermediate 3.
Homolytic O-O bond cleavage under the irradiation of black
light yielded the oxygen radical 4 and the hydroxyl radical
("OH). 4 underwent a p-scission to produce fragments 5 and 6,
which with repeated HAT and p-scission processes generated
benzoylformic acid 7. Under light irradiation, 7 underwent
decarbonylation to form benzoyl radical 8 with CO and "OH
removal. Benzaldehyde 9 was formed from benzoyl radical 8 by
HAT, which was further oxidized to afford benzoic acid 10.

Singlet oxygen generation

PPOP-7* %0,
n n hv
" < sz
PPOP-7
Aerobic degradation of PS
1,
0, *OOH OH ‘OH .
H S
,{/\H, N / N -00H o w Q
n HAT " n "
Ph Ph Ph Ph
1 2 3 4

B-scission

HO._O _[0] H._O .
Y ¥
Ph Ph
9

HO o _ o
Ph repeating

Fig. 3 Proposed reaction mechanism.

This journal is © The Royal Society of Chemistry 2024
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Alternatively, 7 underwent a decarboxylation process to directly
obtain benzaldehyde 9 with CO, release, which was then oxi-
dized to obtain benzoic acid 10.

Conclusions

In summary, the efficient and green degradation of polystyrene
under air was realized using a porphyrin-based porous organic
polymer (PPOP) as a photocatalyst. Benzoic acid was obtained
as the only product with good selectivity and yield (up to 72%
yield). This approach for the degradation of plastics features
mild conditions, green solvents, simple operation, and air as
the oxidant. It can convert a wide range of polystyrene wastes
into high-value products by upcycling. This method is also
suitable for other polymers containing a styrene structural unit
to obtain benzoic acid. Mechanistic studies have demonstrated
that both 'O, and radicals play crucial roles in the degradation
process. We believe that this photo-induced oxidative degra-
dation will not only provide a unique method for upcycling
real plastic wastes, but also address the increasingly serious
environmental crisis in the future.
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