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Contemporary polymer science is shifting toward the development
of recycling systems to curb global resource depletion and
environmental contamination. However, most methods of polymer
recycling require cleavage of chemical bonds, which diminishes
the quality of the polymers during recycling. Here, we propose a
recycling strategy for tough polymers based on microparticles,
which allows materials recycling without loss of their properties
(‘closed-loop’ recycling). The polymer microparticles can be used
to generate tough polymer films by controlling the interparticle
physical cross-linking, and subsequently recycled on demand by
disassembling into individual microparticles without chemical
reactions. Our “microparticle-based concept” for polymer re-
cycling circumvents the infamous trade-off between mechanical
stability and degradability of polymers and be expected to open
new avenues for closed-loop recycling of polymer materials.
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Introduction

If materials could be easily decomposed into individual
resources after use and recycled without deterioration of their
properties, human society could maintain its quality of life
while being one step closer to a truly sustainable society.'”®
However, huge amounts of materials are currently incinerated
or deposited in landfills, which contributes to resource
depletion and environmental contamination on a global
scale.” Especially in the case of polymer materials, commer-
cially available and recyclable products that can be recycled
without impairment of their properties, such as polyethylene
terephthalate (PET) bottles, are limited.*® Therefore, much
attention has recently been focused on fundamental research
that would allow polymers to be recycled without loss of their
properties (‘closed-loop’ recycling). Although several methods
to convert polymers to monomers, such as thermal decompo-
sition and the use of dynamic covalent bonding, have been
proposed,®®™ these methods still require custom-designed
monomers, complicated purification processes, and the manu-
facturing costs are often much higher than those of conven-
tional polymers.®” Clearly, several innovations are necessary to
improve the practical feasibility of fully recyclable polymers.
Polymer microparticles are colloids, whose size ranges from
tens of nanometers to several micrometers, that are typically
suspended in water. They are usually synthesized in an
aqueous system, and thus, they are generally regarded as envir-
onmentally friendly materials.">™*® Such polymer microparti-
cles can be transformed into films through solvent evaporation
and are of crucial importance in the polymer industry in e.g.,
adhesives, paints, and paper processing, evident from their
worldwide production, which was on the multimillion-ton
scale as of 2020."°° In general, the mechanical properties of
polymer films composed of microparticles are low due to the
presence of fracture regions such as particle interfaces linked
by non-covalent bonds.*'"** Thus, various additives including
plasticizers, as well as post-polymerization modifications for
creating chemically cross-linking networks, are required,*®>®

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Recycling of microparticle-based polymers. Schematic illus-
tration of the closed-loop recycling process of a polymer film composed
of polyacrylate-based microparticles, which can be disassembled into
individual microparticles. The recycling of microparticle-based polymers
could potentially be applied to the circulation of other resources in
advanced heterogeneous (composite) materials.

resulting in materials that are mechanically stable but cannot
be decomposed after use. It has been believed that it is
difficult to obtain mechanically stable microparticulate films
without chemical bonding at the interface.

Under such background, in this study, we discovered that
tough polymers are formed via simple water evaporation from
particle dispersions without chemical crosslinking between
microparticles, and microparticle-based recycling of the tough
polymer materials can be achieved without loss of mechanical
properties of polymers (Fig. 1). Our experimental results indi-
cate that mechanically stable polymer films composed entirely
of polyacrylate-based microparticles can be prepared without
chemical bond at the particle interfaces and be disassembled
into individual microparticles by reversibly controlling the
interparticle physical cross-linking, which enables the resource
circulation not only for polymers, but also for other valuable
resources (Fig. 1).

Results and discussion

The polymer microparticles used to realize this concept here
were prepared via aqueous emulsion polymerization'>"* from
methyl acrylate (MA), which is the simplest acrylate monomer
(Fig. 2a and Table S17). The formation of poly-MA microparti-
cles proceeded via the controlled aggregation of polymer
chains in water, which afforded uniform spherical microparti-
cles (Fig. S1t). After exhaustive purification by centrifugation
and dialysis, poly-MA microparticles maintain their nano-
structures due to their intraparticle chemical cross-linking and
are colloidally stable in water for at least a year. The aqueous
suspensions that contained these poly-MA microparticles were

This journal is © The Royal Society of Chemistry 2023
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dried at ambient temperature to form thin polymer films
(Fig. 2a). The resulting poly-MA-microparticle films exhibited
unexpectedly high mechanical stability against external forces
such as pulling and piercing (Fig. 2b). In more detail, the
quantitative stress-strain relationship evaluated using a tensile
test revealed that the fracture energy, which is an indicator of
the toughness of a material, of the poly-MA-microparticle
films was comparable or superior to those of conventional
poly-MA bulk films (Fig. 2c). The fracture energy of these films
is moreover no longer inferior to the strength of natural-
rubber-latex films®>*>"! and other tough latex films, whose par-
ticle interfaces are chemically crosslinked.**

Conversely, we confirmed that the tough poly-MA-micropar-
ticle films could be readily disassembled by immersing the
films in a good solvent such as an aqueous solution of 80%
(v/v) ethanol (Fig. S2t). The poly-MA-microparticle films dis-
assembled into individual particles (Fig. 2d). When the poly-
MA microparticles were not completely disassembled into
individual particles, the corresponding recycling yield was low
due to the presence of large microparticle aggregates
(Fig. S27). The maximum recycling yield (~99%) was achieved
for a degradation time of 24 h, at which point the films were
already disassembled into individual microparticles but did
not yet show deterioration (Fig. 2d, e, and Fig. S3, S4%).
Furthermore, stable poly-MA-microparticle films could be
reformed by drying the aqueous suspension that contain the
recycled microparticles (Fig. 2¢, and Fig. S31). Importantly, the
recycled poly-MA-microparticle films were also tough, and
their fracture energy was close to that of the original films.
Based on these results, we concluded that closed-loop re-
cycling of polymer materials can be realized using microparti-
cles (e.g., based on poly-MA) as the key. It should also be noted
here that, in principle, this recycling system can be scaled-up
to the industrial level (tons), considering that e.g., ton-scale
centrifuges for the isolation and purification of the microparti-
cles are available. Closed-loop recycling based on polymer
microparticles has potential as a versatile approach, given that
the degradation conditions for the polymer materials are mild
and straightforward, i.e., simple immersion in a good solvent.
The recyclable and tough polymer shown in Fig. 2 is particu-
larly fascinating because facile degradability and good stability
are the ultimate trade-off in polymer recycling. That is, the
mechanical properties of polymer films that consist of micro-
particles are generally poor, given the high degree of interfaces
between the microparticles in the films.>'"*> Moreover, other
types of tough films that consist of microparticles cross-linked
by rotaxanes'® can also be disassembled into single particles
by good solvents (Fig. S5t), suggesting that it is feasible to
expect that this microparticle-based recycling strategy can be
improved and extended to other functional polymers, includ-
ing hard microparticles and soft microgels,>*° considering
that living organs are mechanically stable even though they are
composed of organized ultrasoft microparticles (cells).

In order to clarify the origin of the desirable mechanical
properties and high degradability of the polymer films of poly-
MA microparticles, we subsequently examined the morphology

Green Chem., 2023, 25, 3418-3424 | 3419
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Fig. 2 Polymer recycling using poly-MA microparticles. (a) Schematic illustration of the closed-loop-recycling process of a polymer film. (b)
Representative photographs of tough poly-MA-microparticle(0.1 mol%_122 nm) films during mechanical testing. (c) Representative mechanical pro-
perties of poly-MA-microparticle(0.1 mol%_497 nm) films (original and cyclel), which exhibit higher mechanical properties than a poly-MA bulk film.
(d) Degradation in an aqueous solution of 80% (v/v) ethanol and resuspension in water of poly-MA-microparticle(0.1 mol%_497 nm) films. (e) AFM
height images and determined size (i.e., full width at half maximum (FWHM)) of poly-MA-microparticles(0.1 mol%_497 nm) before and after the re-

cycling process; scale bar: 5 pm.

and nanostructure of pristine and recycled poly-MA-micropar-
ticle films (Fig. 3a). High-speed atomic force microscopy
(HS-AFM),**** which allows imaging with high spatial resolu-
tion, revealed that the original spherical shape of poly-MA
microparticles was retained in the films and that the poly-MA
microparticles are ordered on/in the films regardless of the
cross-linking density of the microparticles (Fig. 3b, Fig. S6,
and Movies S1, S21). Moreover, a clear characteristic in the
nanostructures of the microparticle films was confirmed via
small-angle X-ray scattering (Fig. 3c). Initially, for the films
that are degradable but fragile, (i.e., highly cross-linked poly-
MA microparticles), the Bragg peaks derived from face-cen-
tered cubic (fcc) colloidal crystals were observed in the low-
scattering vectors (Fig. 3c, black), which is consistent with con-

3420 | Green Chem., 2023, 25, 3418-3424

ventional colloidal films.*> Conversely, the scattering profiles
of degradable and tough poly-MA-microparticle films (ie.,
sparsely cross-linked poly-MA microparticles) do not exhibit
these characteristic peaks (Fig. 3c, yellow, blue, green); similar
profiles were observed when the films were prepared from
sparsely cross-linked poly-MA microparticles of different sizes
(Fig. S7t), even though the poly-MA microparticles were
ordered for fcc colloidal crystals on/in the films (Fig. 3b,
Fig. S6, and Movies S1, S2f). Moreover, the Bragg peaks
observed for highly cross-linked poly-MA-microparticle films
was attenuated by thermal annealing (Fig. 3c, red). These
results indicate that the disappearance of the Bragg peaks is
most likely due to the high deformation of the poly-MA micro-
particles and their fusion to each other, while the poly-MA

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Structural characterization of tough poly-MA-microparticle films. (a) Schematic illustration of a poly-MA-microparticle film. (b) AFM images
of films composed of poly-MA microparticles (0.1 mol%_497 nm), phase image, and 3D image reconstructed from the height image, as well as
cross-sectional height profile for the surface and cross-section of the film. (c) Small-angle X-ray scattering (SAXS) intensities of a series of poly-MA-
microparticle films. The scattering intensities are vertically offset for clarity. (d) Relationship between interfacial thickness (t;,;) and fracture energy of
the poly-MA-microparticle films. The key to realizing mechanically stable microparticle film is the deep interpenetration of an interface between the
microparticles. For the annealing process, the films were heated in a convection oven (70 °C; 24 h, 48 h, 72 h, or 1 week). Henceforth, the annealed
poly-MA-microparticle films will be denoted as (X mol.%_Y nm [Z]) film, whereby Z represents the annealing time (0 h, 24 h, 48 h, 72 h, or 1 week).

microparticles are indeed ordered in the films. The scattering
profiles of the poly-MA-microparticle films did not change sig-
nificantly upon recycling, suggesting that the nanostructures
of the microparticles and the films were preserved without
deterioration (Fig. S7t). In more detail, the interfacial thick-
ness between microparticles, ti,, which correlates well with
the fracture energy of the microparticle films, is affected by the
degree of cross-linking in the microparticles and the thermal
annealing time (Fig. 3d and Fig. S8t). It is thus plausible that
the recyclable poly-MA-microparticle films exhibit tough
mechanical properties comparable to bulk materials because
the polymer chains on the microparticle surfaces are so deeply
interpenetrated with each other in the films that the presence
of a particle interface becomes negligible.

This journal is © The Royal Society of Chemistry 2023

Finally, to improve the properties of the recyclable polymer
films, the concept was expanded to mixtures with other nano-
materials (Fig. 4a). Initially, tougher microparticle films were
obtained by drying mixtures of poly-MA microparticles and a
silica nanofiller (Fig. 4b and Fig. S91). The resulting films were
disassembled into individual microparticles by immersion in
a good solvent, i.e., an aqueous solution of 80% (v/v) ethanol,
and the resultant mixtures were successfully separated via a
short centrifugation into polymer microparticles and silica
nanofiller. Thus, toughness (i.e., fracture energy) of the com-
posite poly-MA-microparticle film could be controlled repeat-
edly with silica nanofiller (Fig. 4b and Fig. S107). Importantly,
such mixing/separation cycles can be continued four times
without significant loss of the mechanical properties of the

Green Chem., 2023, 25, 3418-3424 | 3421
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Recycling of poly-MA-microparticle films that contain other nanomaterials. (a) Schematic illustration of closed-loop recycling of poly-MA-
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colored and pigment-free poly-MA-microparticle(0.1 mol%_122 nm) films after different numbers of recycling processes: (e) cycle 0, (g) cycle 1, (i)

cycle 2, and (k) cycle 3.

poly-MA-microparticle film (Fig. 4b and Fig. $S107). In addition
to the mechanical properties, the optical properties of such
poly-MA-microparticle films can be tuned by adding a pigment
(Fig. 4c and Fig. S11%). For instance, blue microparticle films
were obtained by drying mixtures of poly-MA microparticles
and a blue pigment (Fig. 4d and e). The resulting film did not
exhibit any color irregularities. Subsequently, the colored films
were disassembled into individual microparticles by immer-
sion in a good solvent, and the resultant mixtures were suc-
cessfully separated via a short centrifugation into polymer
microparticles and inorganic pigments (Fig. 4f). Since the in-
organic pigments were completely separated from the polymer
microparticles as confirmed by the reflection spectra of micro-
particle films (Fig. 4c), the recycled aqueous suspension of
poly-MA microparticles afforded colorless films after drying
(Fig. 4g), and the fracture energy of the films was close to that
of the original films (Fig. S11b, df). It is worth noting here
that the pigment can be recycled without deterioration of their
optical properties (Fig. S11ct). After disassembling the color-

3422 | Green Chem., 2023, 25, 3418-3424

less films, differently colored microparticle films were success-
fully obtained using the recycled poly-MA microparticles and a
red pigment (Fig. 4h and i). The color of the microparticle
films could subsequently be changed to yellow, with high
efficiency and without deterioration of mechanical properties
of poly-MA-microparticle films (Fig. 4j, k and Fig. S117). These
investigations regarding the functionalization with inorganic
nanoparticles support our concept (Fig. 1) that closed-loop re-
cycling of polymer materials is possible and expandable using
polymer microparticles as the key.

Conclusion

In summary, polymer microparticles promise outstanding
potential as microconstituents of recyclable polymer materials,
given that polymer-microparticle films can be readily dis-
assembled into individual microparticles with the aid of a suit-
able solvent under mild conditions. The key to realizing this

This journal is © The Royal Society of Chemistry 2023
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concept is the design of an appropriate interface between the
microparticles, which results in mechanically stable polymer
materials despite their large interface area. This work constitu-
tes only the proof of concept, albeit that we are convinced that
it represents a significant step toward a more sustainable
human society, since vast amounts of polymer microparticles
have already been commercially produced, and these are cru-
cially initially produced via environmentally friendly synthetic
methods in water.
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