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Development of tin oxide catalysts promoting
the ring-closing depolymerization of
poly(e-caprolactone) under mild conditions

Tetsu Nakatani,ab Kohei Mishima,a Sho Yamaguchi, c Akira Miura, d

Takato Mitsudome *ae and Tomoo Mizugaki *aef

An effective heterogeneous catalyst for the depolymerization of

poly(e-caprolactone) into e-caprolactone was demonstrated using a

tailored SnO catalyst. The yield of e-caprolactone reached up to 94%

under mild conditions. The catalyst also exhibited excellent durability

and scalability. The high catalytic performance was attributed to the

formation of SnO nanoparticles generated by calcination, which

provided increased surface area and accessible Sn2+ sites.

Plastic pollution has emerged as a major global environmental
issue due to its persistence, widespread distribution, and harmful
effects on ecosystems and human health.1–6 To address this
growing concern, closed-loop chemical recycling, which enables
the recovery of monomers from end-of-life plastics, has attracted
increasing attention as a sustainable solution that complements
or surpasses conventional degradation-based approaches.7–12

Poly(e-caprolactone) (PCL), typically synthesized via ring-
opening polymerization (ROP) of e-caprolactone (CL), is of
particular interest as a green plastic because of its mechanical
properties such as flexibility and durability, along with high
biodegradability, and potential biomedical applications.13–16

However, unmanaged biodegradation of PCL in the environ-
ment can lead to environmental risks, including microbial
proliferation and greenhouse gas emissions.17–19 Furthermore,
the production of CL from fossil-derived resources relies on

carbon-intensive processes that emit substantial greenhouse
gases and generate acidic waste.20 Such concerns highlight the
need for efficient chemical recycling strategies to depolymerize
PCL back into CL. These approaches would promote resource
circularity, and reduce the environmental footprint of PCL-
based materials.21–23

Ring-closing depolymerization (RCDP) of PCL to CL is in
thermodynamic equilibrium with the ROP. RCDP is significantly
less favourable than ROP due to the instability of the seven-
membered ring structure of CL. The equilibrium conversion of
CL at 180 1C is estimated to be 15.4% in toluene at 1 M
concentration and significantly lower under bulk conditions.24

Scheme 1 and Table S1 provide a concise summary of previous
key research efforts.

Herrera-Kao et al. reported that temperatures exceeding
430 1C are required for effective RCDP of PCL.25 On the other
hand, continuous removal of CL by reactive distillation enables

Scheme 1 Comparison of previously reported methods and this work for
the RCDP of PCL to CL.
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the equilibrium shift toward depolymerization. However, at lower
temperatures, the depolymerization rate becomes extremely slow,
requiring prolonged reaction times. The use of catalysts such as
Sn(Oct)2, Bu2Sn(OMe)2, and Mg(HMDS)2 enables high yields of CL
within 4.5 hour even at relatively low temperatures below 270 1C
under pressures below 20 kPa.22,26,27 Recently, Gallin et al. reported
the lower temperature RCDP of PCL at 160 1C by combining ZnCl2
catalyst with ethylene glycol-based additives, achieving a 98% yield
of CL under 0.1 torr vacuum.28

However, all these advances rely exclusively on thermally and
chemically unstable homogeneous catalysts, which suffer from
limited recyclability and the risk of product contamination by
catalyst degradation residues. In contrast, heterogeneous cata-
lysts offer advantages in reusability and operational simplicity,
making them promising for sustainable depolymerization
systems.

In this study, we report that SnO nanoparticles (NPs) serve as
a heterogeneous catalyst for RCDP of PCL in the presence of
polyethylene glycol (PEG), achieving up to 94% yield of CL under
mild conditions. The SnO NPs catalyst also demonstrated
excellent durability, including high reusability and scalability.

Screening of various metal oxides was conducted using PEG
(average molecular weight 400 g mol�1) as the additive in sealed
reaction vessels at 180 1C for 16 h (Fig. 1a). The reaction was carried
out under autogenous pressure to suppress vaporization effects,
and ensure consistent comparison of catalytic activity. Under these
conditions, all catalysts predominantly produced PEG-CL rather
than free CL, which represents the transesterification step involved

in the depolymerization pathway (Scheme 2). Among the metal
oxides tested, tin(II) oxide (SnO) and magnesium oxide (MgO)
afforded PEG-CL in 12% and 16% yield, respectively, whereas other
metal oxides —ZnO, TiO2, Al2O3, and SnO2—resulted in low yields
(o10%). Although SnO appeared less effective than MgO on a
weight basis, Table S2 suggests that its activity per mole of metal
could be superior to that of MgO. Subsequently, calcination effects
of SnO and MgO were investigated by pre-calcining the oxides in air
at various temperatures for 1 h prior to the reaction. Hereafter, SnO
and MgO calcined at XXX 1C are denoted as SnO-XXX and MgO-
XXX, respectively. Notably, the calcined SnO exhibited a clear
volcano-type catalytic trend in the 300–700 1C range, while MgO
showed negligible improvement in PEG-CL yield regardless of the
calcination temperature (Fig. 1b). The activity of SnO increased
with calcination temperature and SnO-500 achieved a maximum

Fig. 1 Catalytic performance of SnO catalysts for the depolymerization of PCL with PEG. General reaction conditions: catalyst (0.25 g), PCL (Mw 10 kg mol�1,
0.25 g), PEG (Mw = 400 g mol�1, 3.60 g), Ar (0.3 MPa), 180 1C, 16 h. (a) Comparison of various metal oxides under non-vacuum condition. (b) Effect of calcination
temperature under non-vacuum condition. (c) Reuse experiment using SnO-500 under non-vacuum condition (reaction time: 24 h). (d) Product distribution using
SnO-500 under non-vacuum and vacuum conditions for 16 h. (e) Gram-scale experiment using SnO-500 under vacuum condition: SnO-500 (0.25 g, 4 mol% Sn
to PCL monomer unit), PCL (Mw 10 kg mol�1, 5.00 g), PEG (Mw = 400 g mol�1, 3.6 g), 180 1C, 24 h.

Scheme 2 Equilibrium relationships driven by transesterification among
PCL, CL, and PEG-CL species in a closed system with excess PEG.
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PEG-CL yield of 70%. The PEG-CL yield further increased to 83% by
extending reaction time to 24 h under the same conditions,
indicating that the reaction approached equilibrium (Fig. S3).

After the reaction, the used SnO-500 catalyst was readily
recovered by simple filtration and reused for three consecutive
cycles without significant loss of activity, demonstrating high
durability (Fig. 1c). A hot filtration test was conducted by
terminating the reaction at 6 h and removing the catalyst, after
which the reaction was continued for an additional 10 h under
identical conditions. The CL yield remained nearly constant at
42% (6 h) and 44% (16 h), supporting that the depolymerization
of PCL proceeds under heterogeneous conditions (see Fig. S4).

The SnO-500 catalyst was then employed for PCL depolymer-
ization under vacuum to obtain free CL. Remarkably, CL was
obtained as a distillate in an excellent yield of 94% (Fig. 1d). To the
best of our knowledge, SnO-500 represents the first example of a
heterogeneous catalyst capable of promoting the selective depoly-
merization of PCL into CL. Moreover, this catalyst system was 20-
fold scalable: 5 g of PCL efficiently transformed to CL with an 83%
yield, confirming the robustness of SnO-500 (Fig. 1e). These results
demonstrate that SnO-500 catalyzed depolymerization of PCL to
CL is a highly active, durable, and scalable heterogeneous catalyst
system under mild conditions.

To gain insight into the calcination effect on SnO, its structural
evolution was monitored by in-situ synchrotron X-ray diffraction

(SXRD) during heating at 80 1C min�1 from 60 to 800 1C in air
(Fig. 2a). The left figure shows SXRD patterns at 100 1C intervals,
while the right figure presents a heatmap of diffraction intensity
changes as a function of temperature and diffraction angle. Below
500 1C, peaks corresponding exclusively to tetragonal SnO were
observed (see details in Fig. S5). Peaks attributed to rutile-type
tetragonal SnO2 appeared above 440 1C and became dominant
above 700 1C, SnO undergoes disproportionation upon heating,
producing metallic Sn and SnO2 (see details in Fig. S6).29,30 These
results indicate that SnO is the catalytically active species, while
the formation of SnO2 leads to a significant loss of activity in the
PCL depolymerization.

Although SXRD showed that both uncalcined SnO and SnO-500
samples consisted of SnO, their catalytic activities were markedly
different. To investigate the origin of this difference, Fig. 2b and c
compare the nitrogen adsorption–desorption results including
BJH pore size distribution curves and BET surface area values
for uncalcined and calcined SnO. The calcination induced the
formation of small pores (o5 nm). It is noted that a significant
increase in mesoporous structures (2–100 nm) was observed at
temperatures above 500 1C (highlighted yellow area in Fig. 2b).
Correspondingly, the BET surface area increased between 400 and
500 1C (Fig. 2c). These results indicate that calcination produces
SnO nanoparticles with micro- and mesoporous structures, leading
to the enhanced catalytic activity in PCL depolymerization.31

Fig. 2 Structural and textural changes of SnO induced by calcination investigated using in situ SXRD, nitrogen physisorption, and crystal structure
analysis. (a) In situ SXRD patterns (left), and heatmap of diffraction intensity changes (right). (b) BJH pore size distribution curves of SnO at different
calcination temperatures. (c) BET surface area of SnO at different calcination temperature, (d) Crystal structure of tetragonal SnO (P4/nmm).
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SnO nanoparticles generated from calcination exhibited
high activity for PCL depolymerization in PEG solvent, which
can be ascribed to their crystal structure (Fig. 2d). The lone pair
on Sn2+ induces a pseudo-layered arrangement that exposes Sn
layers on the surface.32,33 These surface-exposed Sn sites are
accessible to the bulky PCL molecules and can act as Lewis acid
centers that activate the carbonyl or hydroxyl moieties of PCL
and PEG-CL, thereby facilitating the depolymerization.34–37

In conclusion, this study demonstrates the first hetero-
geneous catalyst system capable of depolymerizing PCL into
CL under mild conditions. The use of calcined SnO with PEG
promotes PEG-CL intermediate formation, offering alternative
to conventional high-temperature, energy-intensive methods,
while also providing advantages in reusability and operational
simplicity. These results highlight a promising direction toward
practical, scalable, and environmentally responsible recycling of
biodegradable polymers.
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