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® Under atmospheric pressure and mild conditions with O, or air as the oxidant.
m Compatible with HDPE, LDPE, PS, PP, and mixed polyolefins.
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The chemical recycling of polyolefin presents a considerable challenge,
especially as upcycling methods struggle with the reality that plastic wastes
typically consist of mixtures of polyethylene (PE), polystyrene (PS), and
polypropylene (PP). We report a catalytic aerobic oxidative approach for
polyolefins upcycling with the corresponding carboxylic acids as the prod-
uct. This method encompasses three key innovations. First, it operates un-
der atmospheric pressure and mild conditions, using O, or air as the oxidant.
Second, it is compatible with high-density polyethylene, low-density polyeth-
ylene, PS, PP, and their blends. Third, it uses an economical and recoverable
metal catalyst. It has been demonstrated that this approach can efficiently
degrade mixed wastes of plastic bags, bottles, masks, and foam boxes.

INTRODUCTION

Plastics, renowned for their high performance and cost-effectiveness, are
extensively used across various industries including packaging, textiles, medical
care, construction, transportation, and electronics, significantly contributing to
the advancement of modern society. The global annual production of plastics
has now surpassed 360 million tons."” However, the accumulation of plastic
waste has resulted in severe environmental issues. Polyolefins, encompassing
polyethylene (PE), polystyrene (PS), and polypropylene (PP), represent nearly
two-thirds of the total post-consumer plastic waste (Figure 1A)."° The COVID-
19 pandemic has further exacerbated this issue, leading to a surge in the use
of disposable polyolefins, such as medical packaging, masks, and gloves.* Cur-
rent disposal methods of these materials, primarily landfill and incineration,' pose
significant environmental threats.® Mechanical recycling,” ® the predominant
method for plastic recycling, requires sorting to obtain pure polymers, but often
leads to a decline in the performance of most plastics. The development of
chemical recycling methods® '® is seen as a promising and much-needed solu-
tion for mitigating polyolefin waste pollution. However, the chemical inertness of
aliphatic C-H and C-C bonds, their condensed state, as well as high molecular
weight make chemical recycling of polyolefins, especially in an upcycling manner,
extremely challenging.'* ?® So far, the practical implementation of chemical up-
cycling for polyolefins is still in its nascent stages.

PP and PE (high-density polyethylene [HDPE], low-density polyethylene
[LDPE], and linear low-density polyethylene [LLDPE]) account for 50% of all
plastic waste (Figure 1A)." Regrettably, these plastics are generally consid-
ered less degradable. Intriguingly, recent developments have led to novel up-
cycling methods specifically for PE.?°"*' Concurrently, a series of photoca-
talytic chemical recovery methods for PS have also been developed.* *°
Despite these advancements, the upcycling of PS under mild non-light con-
ditions, the upcycling of PE under mild conditions,”' and especially the up-
cycling of mixed polyolefins, have not yet been accomplished. Recently,
Beckham, Stahl, and their colleagues have demonstrated significant chemi-
cal oxidation of mixed PE and PS, using the resulting products for further
biological funneling treatment (Figure 1B).5? This research has substantially
advanced the field of polyolefin upcycling; however, their approach to the
chemical oxidation of mixed plastics still necessitates harsh conditions,
such as high temperatures (180°C) and high pressures (80 atm), which
may lead to coking and dependence on high-pressure equipment. Therefore,
there is considerable scope for the optimization and improvement of the
oxidative degradation process for mixed plastics.

The groundbreaking findings discussed above will advance the exploration of
amore feasible method for upcycling polyolefins, encompassing the following re-
quirements (Figure 1C): (1) mild reaction temperature; (2) atmospheric pressure
to circumvent the constraints of large-volume and high-pressure reaction ves-
sels; (3) neutral solvent with superior solubility to address issues of corrosion, ef-
ficiency, and space utilization; (4) cost-effective and/or recyclable catalysts; and
(5) compatibility with mixed polyolefins. By adhering to these criteria, this
approach holds the potential to overcome the existing challenges in polyolefin
upcycling, thereby laying the groundwork for a more sustainable and environ-
mentally benign future.

Inspired by recent advancements in oxidative C-C bond cleavage reac-
tions,”®®° we report a catalytic aerobic oxidation system, capable of upcycling
PE, PS, PP, and their blends under mild conditions and atmospheric pressure
(Figure 1D). This system is also compatible with polyvinylchloride (PVC). Impor-
tantly, the utilization of a highly soluble neutral solvent and atmospheric pressure
addresses the challenges of size and high-pressure limitations in scaling up high-
pressure reactors. The implementation of simple air flow at atmospheric pres-
sure effectively enables the upcycling of mixed plastic bags, bottles, masks,
and foam boxes, yielding corresponding carboxylic acids. This approach may
offer a solution for upcycling of non-sorting plastic wastes.

RESULTS AND DISCUSSION

Following numerous screening attempts, we have identified an economical
bimetallic catalytic system, consisting of CoCl,-6H,0 and MnSQ,-H,0, capable
of efficiently degrading HDPE under atmospheric pressure, producing dicarbox-
ylic acids as the product (see supplemental information 4.1). Subsequently, poly-
styrene was selected as the template substrate to optimize the degradation con-
ditions (Table 1). Remarkably, even under relatively mild conditions and
atmospheric pressure, styrofoam (M, = 69.5 kDa) underwent degradation, result-
ing in a 75% yield of benzoic acid (Table 1, entry 1). Both the "H NMR (nuclear
magnetic resonance spectroscopy) and GPC (gel permeation chromatography)
confirmed the complete degradation of the starting material PS. Given the pres-
ence of additives and foaming agents in styrofoam,®’ the efficiency of the pre-
sent protocol is notably high. The protocol's efficacy can be attributed to the
use of n-butyl acetate as a solvent with excellent solubility for polystyrene, crucial
for facilitating the reaction under normal pressure (Table 1). Additionally, classical
solvents used in traditional oxidation reactions such as acetic acid, chloroben-
zene, and mixtures, did not enhance the reaction (Table 1, entries 5—7). Most
significantly, the present oxidative upcycling procedure operates exceptionally
well using air as the sole oxidant under atmospheric pressure (Table 1, entry
15), obviating the need for high-pressure reaction vessels and enabling large-
scale, safe polyolefin upcycling.

Interestingly, it was observed that throughout the reaction process, the con-
centration of manganese ions remained consistently low (Figure 2A, left),
whereas the concentration of cobalt ions peaked during the first hour and sub-
sequently decreased to the same level as that of manganese ions. Additionally,
the formation of solid precipitates upon the completion of the reaction indicated
the potential for catalyst recycling. When these precipitates were used as a
metal catalyst with an addition of 6% HBr for the next run, the yield of the target
product was only 37% (Table S5). Intriguingly, with each addition of only T mol %
CoCl,-6H,0 and 6 mol % HBr each time, the recovered catalyst could be
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Figure 1. Current situation of plastics and degradation strategies (A) Global primary plastics production and primary waste generation in 2015. (B) The upcycling of mixed poly-
olefins. (C) The requirements for a practical plastic degradation method. (D) Aerobic oxidative carboxylation with mild conditions.

successfully reused for eight consecutive runs at the same scale as the initial
reaction (1.04 g), achieving yields between 50% and 70% (Figure 2A, right).
These findings demonstrate the potential for recycling this cost-effective cata-
lyst combination.

To accurately study the upcycling of PE and PP, deuterated solvents
were utilized to eliminate background reactions stemming from solvent hy-
drolysis and oxidation. As depicted in Figure 2B, LDPE (M, = 29.9 kDa) pro-
duced acetic acid, formic acid, and C4-C7 dicarboxylic acids in yields of
5.5%, 9.7%, and 16.2%, respectively. Notably, succinic and glutaric acids
constituted 97% of the total dicarboxylic acids. Moreover, HDPE (M,, =
38.7 kDa) produced 5.6% acetic acid, 9.2% formic acid, and C4-C7 dicar-
boxylic acids at a yield of 23%, with 93% being succinic and glutaric acids.
These dicarboxylic acids can be further transformed into value-added com-

pounds.'®*? The complete degradation of the polymer was confirmed by
GPC, with no residual polymer detected. Significantly, CO, was observed
in the gas phase of the reaction system (Figure S105). Under standard
conditions, PP selectively converted into acetic acid and formic acid with
yields of 41% and 22%, respectively (Figure 2C), and no residual polymer
was detected by GPC after the post-reaction.

Remarkably, using air as the oxidant with a small air pump, 52.3 g of sty-
rofoam was upcycled into benzoic acid with an isolated yield of 59% (Fig-
ure 3A). To further validate the utility of this protocol, a mixture of 2.1 g of
disposable plastic gloves and droppers (LDPE) was degraded, resulting in a
33% vyield of dicarboxylic acids, of which C4-C9 dicarboxylic acids consti-
tuted 85% of the total products. Additionally, the system contained 636%
acetic acid and 57% formic acid, partially obtained through hydrolysis
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Table 1. Optimization of reaction conditions

Entry Derivation from standard conditions® Yield (mol %)
1 None 75 (66)
2 no CoCl,-6H,0 trace

3 no MnSO,4-H,0 14

4 no HBr 25

5 AcOH instead of AcO"Bu 0

6 PhCl instead of AcO"Bu 0

7 AcOH: PhCI (1:1) instead of AcO"Bu 0

8 1,4-Dioxane instead of AcO"Bu 0

9 PhCl instead of AcO"Bu, "PrCHO (20 mol %) 39

10 NaBr instead of HBr 74

1 r.t. instead of 120°C 0

12 [Col:[Mn] = 1:1 (IMn] = 1 mol %) 77 (67)
13 M,, = 35 kDa (standard conditions) il

14 M, = 15,188 kDa (standard conditions) 76

15° air flow instead of 0, 61

®Reaction conditions: Styrofoam (83.0 mg, M,, = 69.5 kDa, 0.8 mmol, based on the
repeating styrene unit), CoCl,-6H,0 (3 mol %, based on the repeating styrene unit),
MnS0,-H,0 (3 mol %), HBr (48% aqueous solution, 6 mol %) in AcO"Bu (2.0 mL) at
120°C under O, (balloon) for 36 h. Yields were determined by '"H NMR using 1,1,2,2-
tetrachloroethane as internal standard, the isolated yield was indicated in parenthesis.
The yield of benzoic acid was based on the single repeat unit (theoretical yield: 100%).
bStyrofoam (1.04 g, M,, = 69.5 kDa) under air flow (120 mL/min).

and oxidation of the solvent (see supplemental information 5.3). Only 0.6 g
of solid residue (M, = 0.7 kDa) was recovered post-reaction (Figure 3B).
Similarly, 2.1 g of milk bottle (HDPE) was converted into dicarboxylic acids
with a 41% yield, including 75% of C4-C9 dicarboxylic acids, alongside the
detection of acetic acid and formic acid. In this instance, 0.7 g of solid res-
idue remained (Figure 3B). Intriguingly, 22.0 g of surgical masks (excluding
the wire and cotton mask straps) were successfully degraded, yielding ace-
tic acid and formic acid with an 89% conversion rate, while a PP lunch box
of the same weight exhibited a conversion rate of 78% (Figure 3C).

Encouraged by the preceding results, the degradation of mixed polyolefins un-
der standard conditions was explored (Figures 3D—3F). A mixture of LDPE, PS,
and PP totaling 17.4 g was degraded together, producing benzoic acid ata 72%
yield with an overall conversion rate of 86% (Figure 3D). In this instance, besides
benzoic acid, only acetic acid and formic acid were prominently detected in the
filtrate by "H NMR. Excitingly, the mixture of HDPE, PP, and PS weighing 24.4 g
in total could also be degraded using air as the oxidant with a simple air pump
(Figure 3F).

The mixture of PP, PS, LDPE, and PVC, totaling 23.7 g, produced benzoic acid in
at a91% yield and a 26% yield of mixed dicarboxylic acids, of which C4-C9 dicar-
boxylic acids constituted 94% of the total dicarboxylic acids. The "H NMR spec-
trum of the solution indicated the presence of 1,547% acetic acid and 168% for-
mic acid, while the GPC traces of the reaction solution revealed M, of 7.7 kDa
(Figure 3E). These results demonstrate that the presence of PVC does not
adversely impact the efficiency of the current catalytic protocol for degrading
mixed polyolefins. Given the presence of additives and forming agents in these
plastic materials, the efficiency and conversion rate of this protocol are consid-
ered quite satisfactory.

Subsequently, a preliminary characterization of the recovered metal catalyst
was performed. In the X-ray diffraction (XRD) pattern of the recovered metal
catalyst (Figure 4A), a series of distinct diffraction peaks were observed, which
could be indexed to MnS0,4-4H,0 (JCPDS 33-0906) and CaS0,4-0.62H,0
(JCPDS 47-0964). (Since real plastic [Styrofoam] was used in this experiment,
then it would contain some additives such as calcium carbonate.®’ The calcium
element contained in the catalyst obtained by recycling should come from the
plastic additives.) The content of cobalt in the recovered catalyst determined by
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ICP-MS was as high as 11.5 wt %, although no signal of Co species was
observed in the XRD pattern. These results suggest that the Co species in the
recovered metal catalyst is in an amorphous state. The composition and chem-
ical nature of the recovered metal catalyst were analyzed by X-ray photoelectron
spectroscopy (XPS), as shown in Figures 4B, 4C, and S97. The peaks with
bonding energies at approximately 782.1, 642.1, 532.1, and 285.1 eV corre-
spond to Co 2p3/2, Mn 2p3/2, C 1s, and O Ts, respectively (Figure S97). In
the high-resolution XPS spectra, the Mn 2p3/2 peak was deconvoluted into
three peaks (641.2 eV, 642.7 eV, and 646.4 eV), attributed to Mn2*, Mn®*, and
a satellite peak, respectively.”°® The Co 2p3/2 peaks, centered at 781.0,
783.0, and 786.3 eV, were ascribed to Co?*, Co®", and a satellite peak, respec-
tively.°*** The hexagonal peak signals in the electron paramagnetic resonance
(EPR) experiments of the aqueous solution of the recovered metal catalyst were
attributed to Mn?* (Figure 4D).°® The electronic and coordination structures of
cobalt atoms were analyzed using X-ray absorption fine structure (XAFS) tech-
niques. The X-ray absorption near edge structure (XANES) analysis indicated
that the energy absorption threshold of cobalt lay between the Co(OH), and
Co,03 standards, suggesting that the majority of cobalt atoms in the catalyst
were positively charged, possibly in a mixed valence state (Figure 4E). The Four-
ier transformed (FT) k*weighted extended X-ray absorption fine structure
(EXAFS) spectra of the recovered metal catalyst exhibited a prominent peak
at approximately 1.6 A (unphased corrected), falling between the Co-O scat-
tering peaks of Co(OH), and Co,03 (Figure 4F), suggesting an amorphous state
of cobalt in the recovered metal catalyst with Co-O coordination. The EXAFS
fitting results (Figures S98, S99, and Table S18) further revealed an average
Co-0 bond distance of 2.08 A in the recovered catalyst. Additionally, a minor sec-
ondary scattering feature was well-fitted to a Co-Co scattering path, indicating
the presence of a very small amount of Co(0) nanoparticles. No Co-Cl scattering
path was detected.

Figures 5A and 5B, respectively, illustrate the time courses of benzoic acid for-
mation and the overall molecular weight (M) of the reaction system during the
degradation of PS. These findings reveal that the polymer degradation was
exceptionally rapid in the first hour (M, decreasing from 69.5 kDa to 6.7 kDa), sub-
sequently slowing down (Figure 5B). Notably, the generation of target products
does not occur in synchrony with the degradation of polymer chains
(Figures 5A and 5B). As the reaction progresses, the molecular weight of the sys-
tem gradually shifts from higher to lower values, with a corresponding decrease
in dispersity (Figure 5C).

To elucidate the role of individual components of the Co/Mn/Br ternary cata-
lyst in this reaction, a series of controlled experiments were conducted (see sup-
plemental information 5.1). Based on the results in supplemental information
5.1.3, it is clear that the cobalt catalyst plays a pivotal role in the reaction, with
the manganese and bromine catalysts acting as auxiliary catalysts. Cobalt cata-
lyzes the conversion of polyolefins into corresponding carboxylic acids. While
manganese and bromine catalysts can only cleave the polymer chain and not
convert them into carboxylic acids, their addition enhances the catalytic activity
of cobalt, leading to an increased yield of carboxylic acids. According to the re-
sults in supplemental information 5.7.4, HBr significantly enhances the dissolu-
tion of metal ions (Co/Mn) in the solution, highlighting an additional role of
bromine in the reaction. We propose that the combination of catalysts drives a
catalytic process akin to the reported Co/Mn/Br catalysis under high-pressure
conditions.'*%6°7

The screening results presented in Table 1 underscore the essential role of
n-butyl acetate as a solvent in the present mild degradation reaction. To elucidate
the critical role of n-butyl acetate, several supplementary experiments (see supple-
mental information 5.4) were conducted, investigating the potential reaction of
the solvent under standard conditions without polyolefins. Intriguingly, n-butanol,
n-butyraldehyde, and n-butyric acid were detected by gas chromatography-mass
spectrometry (GC-MS) (Figure 5D). As indicated in supplemental information 5.4,
the significance of n-butyl acetate as a solvent in this discovery encompasses two
critical functions: (1) it demonstrates excellent solubility for polyolefins, ensuring
effective dissolution of these polyolefins; and (2) the solvent facilitates the contin-
uous generation of key components such as n-butanol and subsequent n-butyr-
aldehyde. We hypothesize that n-butyraldehyde may undergo oxidation into
peroxide species, further enhancing the current oxidative degradation,®®®® which
was corroborated by a control reaction with the addition of extra n-butyraldehyde
(Table 1,entry 9; supplemental information 5.4.2, entry 3). To date, the mechanism
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Figure 2. Degradation of polyolefins (A) (Left) Time course of metal ions concentration monitored by ICP-MS in PS degradation. (Right) Metal catalyst recycling experiment in PS
degradation (styrofoam, 1.04 g in each recycling run, M, = 69.5 kDa). (B) Degradation of PE to dicarboxylic acids. (C) Degradation of PP to acetic acid and formic acid. “The yield of
acetic acid was based on the repeating CHCH3 unit of PP (theoretical yield: 100%), and the yield of formic acid was based on the corresponding repeating CH, unit of PP (theoretical
yield: 100%). The yields of both PS and PE degradation products were determined based on a single replicate unit (theoretical yield: 100%). Polymer feedstocks and catalysts were

quantified by the corresponding repeating monomer unit.

of this mild protocol remains incompletely understood, with more comprehensive
mechanistic studies under way.

CONCLUSION

In summary, a general method has been developed for the upcycling of
polyolefins under atmospheric pressure, utilizing O, or air as the oxidant.
This approach has been extended to effectively degrade a mixture of
waste plastic bags, bottles, masks, and foam boxes. Considering the
recent advancements in microbial metabolic engineering by Beckham,

Stahl, and their colleagues, these mixtures of organic acids can be further
converted into more singular and valuable organic compounds through
biological funneling treatment. We anticipate that the employment of
cost-effective catalysts, alongside recovered metal catalysts and the safe
operating conditions, will significantly enhance the industrial recycling of
waste plastics.

MATERIALS AND METHODS
See supplemental information for details.
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Figure 3. Practical application (gram scale) (A) Degradation of styrofoam (PS) under air atmosphere. (B) Degradation of disposable plastic gloves and droppers (LDPE) and milk
bottles (HDPE). (C) Degradation of PP (commercial polypropylene, surgical masks and disposable lunch boxes). (D) Degradation of mixed polyolefins (LDPE, PS, and PP). (E)
Degradation of mixed polyolefins (PS, PP, LDPE, and PVC). (F) Degradation of mixed polyolefins (HDPE, PP, and PS) under air atmosphere. ?Isolated yield. °Since some solvents can
also produce acetic acid and formic acid, the yield of acetic acid and formic acid could not be accurately calculated, and the total amount of acetic acid and formic acid at the end of the
reaction was determined by '"H NMR. The yield calculations were the same as in Figure 2.
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Figure 4. Recovered metal catalyst characterization (A) Survey scan XRD patterns of the recovered metal catalyst of PS degradation. (B) XPS spectra of Mn 2p3/2 for the recovered
metal catalyst of PS degradation. (C) XPS spectra of Co 2p3/2 for the recovered metal catalyst of PS degradation. (D) EPR spectra (X band, 9.8 GHz) of the aqueous solution of the
recovered metal catalyst at room temperature. (E) XANES spectrum of the recovered metal catalyst with relevant standards at the Co K-edge. (F) FT-EXAFS spectrum of of the
recovered metal catalyst with relevant standards.
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Figure 5. Reaction process investigation (A) Time course of benzoic acid in PS degradation reaction. (B) Overall molecular weight (M,,) of the reaction system during PS degradation.
(C) GPC traces of PS degradation reaction. (D) Key products of pure n-butyl acetate under standard conditions (without substrate).
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