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Carbamate-bond breaking on bulk oxides
realizes highly efficient polyurethane
depolymerization
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Polyurethane is a versatile plastic finding applications across diverse sectors
ranging from construction to household products. Recently, there is growing
interest in the chemical recycling of polyurethane via catalytic hydrogenation
to recover anilines andpolyols. However, examples of heterogeneous catalysts
are lacking despite their practicality for scale-up to a commercially relevant
level. Herein, the conversion of model carbamate compounds is investigated
usingdifferentmetal-oxide catalysts,withCeO2 exhibiting thebest activity and
achieving the highest yield of aniline products (up to 100%conversion and92%
yield of anilines). A volcanic correlation is found between the acidity of the
metal-oxide catalysts and their activity in cleaving the carbamate bond. The
high activity of CeO2 may be primarily attributed to a low oxygen vacancy
formation energy and highly redox active Ce3+/Ce4+ pairs. Based on control
reactions under different conditions and in situ NMR studies, a mechanism for
carbamate bond dissociation on CeO2 was proposed. Notably, both solvent-
free hydrogenation and hydrogen-free transfer hydrogenation approaches
may be utilized to depolymerize various commonly encountered poly-
urethane (thermoplastic and thermoset) products using CeO2.

The proliferation of plastic waste poses an increasingly pressing
environmental challenge for the near future1. Developed nearly a
century ago by Bayer and co-workers, polyurethanes (PU) represent a
type of plastic derived from the addition polymerization of diisocya-
nates and polyols. PUs are renowned for their versatility and can be
modified by selecting different monomer fractions to create a wide
array of elastomers, flexible and rigid foams, fibres, adhesives, and
coatings2. Methylene diphenyl diisocyanate (2,4-MDI or 4,4′-MDI) and
toluene diisocyanate (2,4-TDI or 2,6-TDI) are the predominant iso-
cyanate monomers used for PU synthesis3, due to their lower volatility
which allows for safer handling4. These monomers are industrially
manufactured from the phosgenation of their respective diamines,
methylene diphenyl diamine (MDA) and toluene diamine (TDA), which
are sourced from commodity feedstocks such as aniline5. Therefore,

there is an incentive to explore new PU recycling pathways to recover
these compounds and reduce the reliance on fossil resources for PU
production6. Furthermore, the high toxicity of these chemicals poses
concernduring degradation of PU in the environment, highlighting the
importance of implementing appropriate end-of-life treatment7.

Chemical recycling of PU has been extensively studied, mainly via
solvolysis8,9, aminolysis10 and glycolysis11,12 Recently, Gausas et al.
reported the depolymerization of PU via a hydrogenation pathway
catalysed by a commercially available Ir pincer complex13. It was sug-
gested that the catalyst facilitates depolymerization bymeans of a two-
step process, initially breaking the carbamate bond via hydrogenolysis
to yield aprimary amide and alcohol, followedbyhydrogenationof the
amide to produce aniline14. Metal pincer complexes based on Ru and
Mn have also been reported to exhibit activity in PU hydrogenation,
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resulting in high conversion and selectivity towards the aniline pro-
ducts (MDA and TDA)15,16. Although isocyanates are the PU monomer,
obtaining high yields of their aniline derivatives, which can be readily
converted to isocyanates3, could also be valuable for producing new
polymers or other compounds. Nevertheless, the methods employed
necessitate the use of a base and homogeneous catalysts, making
separation of the catalyst and products challenging, thereby dimin-
ishing the overall sustainability of the approach. Ideally, the depoly-
merization of PU could be conducted in a system that utilizes an
inexpensive catalyst that is recoverable and reusable.

Metal-oxide catalysts (MOCs) are the cornerstone of industrial
catalysis due to their high abundance and low cost17, making them
promising candidates for PU depolymerization and recycling (Fig. 1).
Despite having limited hydrogenation ability compared to noblemetal
catalysts, MOCs can dissociate hydrogen into surface proton, hydride
or hydroxyl species18,19. The activity of MOCs depend on various fac-
tors, such as surface acid-base sites, electronic structure, and the
presence of surface defects20. They have been investigated for the
depolymerization of polycarbonates into monomers, with the activity
of the catalyst found tobe correlated to its surface and lattice defects21.
Herein, various commercially available MOCs, including early transi-
tion metals and zeolites, were screened for their activity towards
cleaving the carbamate bond in different model compounds, identi-
fying CeO2 as the most active catalyst. The mechanistic basis for the
high activity and selectivity of CeO2 was elucidated, and the mechan-
ism of carbamate bond dissociation was studied, resulting in the
establishment of two different pathways. The first pathway involves
using pressurized hydrogen gas under solvent-free conditions, con-
ducted above themelting temperatureof PU, to convert thermoplastic
PU. The second pathway involves transfer hydrogenation, which uses
alcohol as both a solvent and a hydrogen source, to convert both
thermoplastic and thermoset PU at lower temperatures.

Results and discussion
Conversion of model carbamate compounds with
hydrogenation
The conversion of model carbamate compounds was performed with
several commercially available MOCs to assess their ability to cleave
the carbamate bond. A simple analogue of PU, phenylurethane (M1),
anddicarbamates containing theMDImonomer—ethane-1,2-diylbis((4-
benzylphenyl)carbamate) (M2) with aromatic terminal groups and
dibutyl(methylenebis(4,1-phenylene))dicarbamate (M3) with butyl
terminal groups—were selected as the model compounds for screen-
ing (Fig. 2). The catalysts were annealed at 550 °C in air before reaction
in order to activate them (see Supplementary Fig 1 for powder X-ray
diffraction patterns). The reactions were performed without a solvent

under 10 bar H2 at 200 °C, the temperature at which hydrogen dis-
sociates on the catalyst surface22.

It should be noted that all model compounds underwent some
conversion in the control reaction without any catalyst, reflecting the
low thermal stability of the carbamate species23. However, adding a
catalyst improved both the overall conversion and yield of the aniline
and alcohol products, but to varying extends. Among theMOCs, CeO2

achieved near-quantitative conversions of the model compounds with
an outstanding yield of aniline products, i.e. 100% conversion of M1
with 92% aniline, 100% conversion of M2 with 90% 4-benzylaniline (4-
BA), and 94% conversion of M3 with 92% 4,4′-MDA. In contrast, the
selectivity of CeO2 to forming alcohol products was considerably
lower, at 22% ethylene glycol selectivity and 67% 1-butanol selectivity
from the conversion M2 and M3, respectively. The yield of ethanol
(EtOH) fromM1 was not quantified as it overlaps with the solvent peak
in the GC-MS spectrum (Supplementary Fig 2). The lower alcohol
selectivity was attributed to the mechanism of carbamate bond clea-
vage on CeO2 (see below).

Besides aniline, phenylisocyanate was also detected from the
conversion of M1, but only for reactions with low overall conversion
(Supplementary Table 1). MOCs that achieve high conversion, includ-
ing CeO2, acidic γ-Al2O3, AlCeO3 and La2O3, do not afford phenyliso-
cyanate under these conditions. Other aromatic species detected in
trace amounts include dimers and trimers of imine and urea, pre-
sumably produced from side reactions involving aniline or phenyli-
socyanate. A prolonged reaction time can lead to these undesired side
reactions24,25, hence control of reaction time is an important factor for
achieving high selectivity to anilines. The conversion of M1 with CeO2

was performed over different durations (Supplementary Table 4), with
the yield of aniline decreasing as the reaction extends beyond 2 hours.
Phenylisocyanate was detected after 1 hour of reaction, suggesting
that it is formed before aniline. It is likely that an equilibrium exists
between the carbamate and the products, as CeO2 has been reported
to be active for the formation of carbamate or urea26. Interestingly, no
traces of aryl or cyclohexyl species, such as benzene or cyclohex-
ylamine, were observed even after 5 hours of reaction, indicating the
absence of aniline C‒N bond cleavage or ring-hydrogenation. This
observation reveals the poor capacity of MOCs for hydrogenation,
making them suitable catalysts for the selective cleavage of the car-
bamate bond.

For the conversion ofM2 andM3, the catalysts generally achieved
a higher aniline product yield forM2 and a higher alcohol yield forM3,
due to only one carbamate bondbeing cleaved. Higher conversionwas
achieved for M2 compared to M3 due to an extended reaction time of
3.5 hours. Similar to M1, prolonging the reaction time for the CeO2-
catalysed reactions leads to a decrease in yield of both the aniline and

Fig. 1 | Scheme of the proposed circular life cycle of polyurethane (PU). PUwaste can be converted using a metal-oxide catalyst into aniline, which is the precursor for
synthesizing new polymers.
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alcohol products (Supplementary Tables 5 and 6). In addition to the
reduction in aniline product yield due to dimerization, the yield of
alcohol products also decreases due to dehydrogenation occurring on
CeO2

27,28. A fraction of the alcohol products likely remains adsorbed on
the catalyst after the reaction, as evidenced from thermal gravimetric
analysis (TGA) of the spent CeO2 following the conversion of M2
(Supplementary Fig 3). Furthermore, the direct correlation between
the CO2 yield and the overall conversion (Supplementary Tables 1-6)
suggests that a portionof the alcoholproductswas converted toCO2

29,
which was the only gaseous product detected. The surface oxygens of
CeO2 are suspected to be involved in the formation of CO2, where
oxygen from the bulk can replacedepleted surface oxygens via aMars-
van Krevelen mechanism30,31.

From the catalyst screening, CeO2 emerged as themostpromising
MOC for investigating PU depolymerization. The CeO2 catalyst exists
as nanoparticles of diameter <30 nm (Supplementary Fig 5), with a
high BET surface area of 42 m2/g (Supplementary Table 8), and has an
excellent tolerance for polar molecules, such as water, which tend to
inhibit the active sites of other MOCs32,33. ICP-MS analysis revealed
negligible metal impurities in the catalyst (Supplementary Table 9),
indicating that the high activity was attributed to CeO2. As Lewis acids
have been previously reported to catalyse the conversion of PU to

isocyanates34, the Lewis acidic sites of the MOCs were suspected to be
the active sites for carbamate bond cleavage. Temperature-
programmed desorption of ammonia (NH3-TPD) measurements were
performed to compare the acidity of the MOCs (Fig. 3a), where the
integral at the first desorption maxima in the spectra was used as a
relative comparison of total surface acidity (Supplementary Fig 4).
Interestingly, the correlation observed between carbamate bond
cleaving activity and catalyst acidity follows a volcanic distribution
(Fig. 3b), with CeO2 exhibiting higher catalytic activity despite having a
lower overall acidity thanZSM-5, zeolite-Y and acidic γ-Al2O3, which are
all irreducibleMOCs. 31P solid-state NMR spectroscopy was performed
using tributylphosphineoxide (TBPO) toprobe the Lewis andBrønsted
acid sites in CeO2 and γ-Al2O3 (Supplementary Fig 6), revealing that
CeO2 contains a significantly lower Lewis acidic site density than γ-
Al2O3 (0.076 vs. 1.074mmol/g). This suggests that in addition to Lewis
acidity, other factors play a key role in carbamate conversion. Potential
factors include catalyst reducibility and amount of surface oxygen
vacancies, where CeO2 has a lower surface oxygen vacancy formation
energy compared to the other MOCs35. To confirm this hypothesis,
CeO2 was annealed under argon at different temperatures to investi-
gate the effect of oxygen vacancies on the conversion of the model
compounds (Fig. 3c). More oxygen vacancies are generated when the

Fig. 2 | Catalyst screening for the conversion of model carbamate compounds
using various MOCs. Yield of aniline and alcohol (only for M2 and M3) products
from the conversion of (a) M1, (b) M2 and (c) M3, yield of ethanol from the con-
version of M1 was not quantified. Reaction conditions: model carbamate (250mg),

catalyst (25mg), H2 (10 bar), 200 °C, 2 hours (M1 and M3) and 3.5 hours (M2). The
products were analysed using GC-MS. Full data of the conversions is available in
Supplementary Tables 1-3.
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oxide is annealed at higher temperatures24, and CeO2 achieves full
conversion of the model carbamates after annealing at temperatures
above 500 °C. Notably, both the conversion and selectivity to aniline
products increasewith higher annealing temperatures, suggesting that
surface oxygen vacancies play a role in the formation of aniline. Fur-
thermore, the high reducibility of Ce4+ to Ce3+ in CeO2 may explain its
superior activity compared toAlCeO3

36. AlthoughCeO2 annealed using
the typical procedure (at 550 °C under air) showed slightly lower
activity than the CeO2 annealed at 600 °C under argon (98% average
conversion vs. 100% average conversion), it was used for further stu-
dies due to its lower cost of preparation and regeneration.

To investigate the effect of hydrogen during carbamate bond
cleavage, M2 was reacted under 1 bar H2 in the presence of CeO2,
resulting in 83% conversion (Supplementary Table 10, entry 6).
Increasing the pressure to 50 bar H2 did not result in significant
improvement in the rate of reaction (Supplementary Table 10, entry 5),
which suggests that the conversion is not fully dependant on hydrogen
pressure. Surprisingly, conversion also occurred under the inert and
oxidising atmospheres of nitrogen and air, albeit with lower alcohol
and aniline product yields. The hydrogen required to generate the
aniline products under these conditions may originate from the
dehydrogenation or dehydration of the alcohol on CeO2

37, e.g. ethy-
lene glycol may be converted to either hydrogen and ethylenedioxyl,
or water and CO2 during the conversion of M238. Furthermore, the 1H
NMR spectrum of the product mixture after the conversion of M1
under 10 bar D2 reveals a higher-than-expected proton count for EtOH
(-OH) and aniline (-NH2/-NHD) (Supplementary Fig 7), suggesting that
hydrogen from the carbon chain in EtOH may be partially consumed
for hydrogenation of the carbamate bond. To examine whether water
plays a role during the conversion, it was introduced to the reaction
conducted under nitrogen (Supplementary Table 11). The high con-
versions of 100%, 94% and 97%, for M1, M2 and M3, respectively,
indicate that the reactions are enhanced by the presence of water. This
is presumably due to the formation of more hydroxyl species on the
CeO2 surface39, which could be generated from either the

deprotonation of water or the dissociation of hydrogen40,41. Notably,
the conversion of the model compounds decreases significantly when
water is used as a solvent, possibly due to the poor solubility of the
aromatic carbamates.

Transfer hydrogenation of model compounds with CeO2

Instead of water, alcohols can be used as a source of protons for
transfer hydrogenation reactions, especially in the presence of an
excellent dehydrogenation catalyst such as CeO2

42, producing active
surface hydroxyls27. In addition, alcohols disperse PU and its mono-
mers, which could facilitate improved surface contact between the
catalyst and the reactant. This is particularly useful for converting
thermoset PU, which does not soften at high temperatures3. The fea-
sibility of the transfer hydrogenation pathway for PU depolymeriza-
tion was investigated using the model compounds in alcohol solvents
(Fig. 4). The reactions were first performed using isopropanol (iPrOH)
as the solvent, at 160 °C for 24 hours. Under these conditions, CeO2

achieved near quantitative conversion of all model compounds. In
comparison to the hydrogenation pathway, the yield of aniline pro-
ducts decreases due to side reactions resulting from the extended
reaction time. In addition, the alcohol solvent is able to react with the
aniline products to form secondary and tertiary imines or amines24.

Since EtOH is cheaper than iPrOH, and bio-EtOH can be readily
derived at scale from renewable sources43, it was compared as the
hydrogen source. Gratifyingly, high conversions of M2 (98%) and M3
(74%) were also achieved after 24hours when using EtOH as the
hydrogen donor, due to the strong dehydrogenating ability of CeO2,
allowing further exploration of EtOH as a solvent for PU depolymer-
ization. Reducing the reaction time to 2 hours resulted in only 15%
conversion of M2 in EtOH (Supplementary Table 12, entry 6). The
conversion increases to 41% when 10 bar H2 was added (Supplemen-
tary Table 12, entry 7), presumably due to the additional hydrogen
reducing CeO2 to generate more surface hydroxyl species or oxygen
vacancies that promote transfer hydrogenation44. At 200 °C, 99%
conversion of M2 was achieved after 3.5 hours in EtOH under air

Fig. 3 | Investigationof catalyst properties governing carbamate bond cleaving
activity. a NH3-TPD spectra of the MOCs. The temperatures for the first ammonia
desorption maxima are shown in Supplementary Fig 4. b Volcano correlation
between total acidity and carbamate bond cleaving activity of theMOCs. The y-axis
represents the average conversion of the model compounds achieved by each

catalyst. c Conversion of the model compounds using CeO2 annealed under argon
at different temperatures. * Unannealed CeO2. Reaction conditions: model carba-
mate (250mg), catalyst (25mg), H2 (10 bar), 200 °C, 2 hours (M1 and M3) and
3.5 hours (M2). Full data of the conversions is available in Supplementary Table 7.
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(Supplementary Table 12, entry 8), although the yield of 4-BA was
lower compared to the solvent-free reaction performed under H2 (58%
vs. 90%), due to further reactions with the solvent. The high conver-
sions achieved in both pathways signifies that CeO2 exhibits similar
reactivity under both conditions, and the temperature for the transfer
hydrogenation pathway must be controlled to avoid side reactions.

Compared to M2 and M3, the conversion of M1 in EtOH at 160 °C
was distinctly lower, at only 33% after 24hours, presumably as EtOH is
also the alcohol product from the reaction.When the conversion ofM1
was performed in methanol, phenylisocyanate and methylbenzylcar-
bamate were detected (Supplementary Fig. 8). Methylbenzylcarba-
mate could be generated from the reaction of phenylisocyanate with
methanol, suggesting that the isocyanate is an intermediate species
during transfer hydrogenation, which explains the significantly lower
conversion of M1 in EtOH, as the reverse reaction could readily occur.
Overall, an improvement in alcohol yield was obtained from the
transfer hydrogenation pathway compared to the hydrogenation
pathway. This was particularly evident in the conversion of M2, with
the yield of ethylene glycol increasing from 22% (under the hydro-
genation pathway) to 48% when the reaction was performed in EtOH.
The improved yield likely results from the lower reaction temperature
used, which disfavours side reactions of the alcohol products37,45.
These reactions can be further mitigated by using an inert N2 atmo-
sphere, leading to an increased improvement in the ethylene glycol
yield, to 76% (Supplementary Table 12, entry 12). The reactions per-
formed in EtOHwithout CeO2 catalyst reveal that the bicarbamatesM2
and M3 are highly susceptible to nucleophilic addition by the EtOH
solvent. Although high conversions of M2 and M3 were achieved
without catalyst, there was negligible aniline products yielded. Thus,
the CeO2 catalyst modulates formation of anilines, presumably by
strong binding of highly reactive isocyanate intermediates to prevent
the reformation of carbamates.

The conversion of M1 was also performed in deuterated ethanol
(d6-ethanol) at 120 °C and the reaction was monitored in situ by NMR
spectroscopy. From analysis of the 13C NMR spectra, the only products
detected during the reaction were aniline and EtOH (Fig. 5a). Under
these conditions, peaks for phenylisocyanate were not observed. In
contrast, peaks corresponding to phenylisocyanate were observed in
the 13C NMR spectra acquired after the reactionmixture was cooled to
room temperature (Supplementary Fig 9). This suggests that pheny-
lisocyanate is adsorbed on the CeO2 surface during the reaction, with
its transformation to aniline rapidly occurring at 120 °C. The detection
of isocyanate in both the hydrogenation and transfer hydrogenation
reactions suggests that the two pathways follow the same tentative

mechanismproposed in Fig. 5b. First, hydrogen dissociationor alcohol
deprotonation at the Lewis acid sites will generate hydroxyl species
and oxygen vacancies on the CeO2 surface

39, where the carbamate will
be adsorbed, weakening (activating) the C-OR bond. After adsorption,
the carbamate bond dissociates, generating an alcohol and an inter-
mediate isocyanate species, similar to previous studies involving Lewis
acids34. The isocyanate can readily react with a surface hydroxyl spe-
cies to form carbamic acid, which spontaneously decomposes to CO2

and the aniline product. It is possible that the lower energy required to
generate oxygen vacancies on CeO2, compared to other MOCs35,
allows rapid release of a surface hydroxyl to stabilize the isocyanate
intermediate after carbamate dissociation, rationalizing its high
activity. Furthermore, as long as the alcohol remains adsorbed on
CeO2, the reverse reaction will not occur, thereby driving the forma-
tion of aniline. Besides recombination with the isocyanate inter-
mediate, the adsorbed alcohol could also either undergo
dehydrogenation or be protonated and released. The strong dehy-
drogenation ability of CeO2 improves the aniline product yield at the
expense of the alcohol.

This mechanism differs from the two-step mechanism previously
proposed for metal-catalysed carbamate bond cleavage, which first
generates an amide that is then further hydrogenated to the aniline
product14. Interestingly, carbamate dissociation on MOCs produces
isocyanate, which is the direct monomer for PU, as an intermediate
species.However, the removal of free alcohol from the reaction system
is necessary to prevent recombination with isocyanate. The isocyanate
is also highly reactive towards water and surface hydroxyl species,
making it challenging to isolate.

Conversion of PUs
The conversion of a model PU, PU-1 (synthesized using 4,4’-MDI and
1,6-hexanediol (Mw ~1300 g/mol, see Supplementary Fig 10 for the
1H NMR spectrum), was studied in detail (Fig. 6a). PU-1 undergoes
full depolymerization at 200 °C after 4 hours, affording 4,4’MDA
and 1,6-hexanediol in 97% and 89% yields, respectively. Interest-
ingly, the 1,6-hexanediol yield obtained from the depolymerization
reaction is higher than the yield of ethylene glycol from the con-
version of M2, presumably due to the lower reactivity by virtue of
the longer carbon chain (C6 vs C2). Increasing the reaction time
gives a trend similar to that seen for themodel compounds, with the
yield of aniline and alcohol products decreasing as they react fur-
ther to afford byproducts (Supplementary Table 13). For instance,
4-cyclohexanediol and oxepines were observed from the dehy-
drogenation or dehydration of 1,6-hexanediol after 8 hours. When

Fig. 4 | Conversion of the model compounds catalysed by transfer hydro-
genation using CeO2 as the catalyst and alcohols as the hydrogen donor.
Reaction conditions: model carbamate (250mg), CeO2 (25mg), solvent (2mL),

160 °C, 24hours. *Without catalyst. Full data of the conversions is available in
Supplementary Table 12.
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compared to CeO2, acidic γ-Al2O3 resulted in a lower PU-1 conver-
sion of 79%, with 45% 4,4’-MDA yield after 24 hours (Supplementary
Table 13, entry 10). Apart from trace amounts of N-methylated side
products (~3%)46, such as 4,4’-methylenebis(N,N-dimethylaniline),
the remainder of the aniline fraction likely remained as diethyl

ether-soluble oligomers due to the lower catalytic activity of
γ-Al2O3.

Subsequently, the conversion of thermoplastic PU granules (Mw

~120,000g/mol, NMR spectra shown in Supplementary Fig. 11) was
tested using CeO2. Due to its high elasticity and high tensile strength,

Fig. 5 | Probing the mechanism of carbamate bond activation and cleavage. a In-situ 13C NMR spectra for the conversion of M1 in d6-ethanol at 120 °C. Reaction
conditions:M1 (50mg), CeO2 (50mg), d6-ethanol (2mL), 120 °C, 96 hours.b Proposed reactionmechanism showing the conversionofM1on a hydroxylatedCeO2 surface.

Fig. 6 | Conversion of PUs. a Conversion of model PU-1 using CeO2 via the hydro-
genation pathway, with separate reactions performed for different durations. Reaction
conditions: PU-1 (250mg), CeO2 (25mg), H2 (10bar), 200 °C. b Conversion of com-
mercial PU products using CeO2 via both hydrogenation and transfer hydrogenation

pathways. Reactionconditions: PU (500mg), CeO2 (50mg),H2 (10bar), 200 °C, 8hours
for the hydrogenation pathway, and EtOH (5mL), 160°C (thermoplastic PU), 180°C
(rigid PU foam), 14hours for the transfer hydrogenation pathway. Full data of the
reactions of (a) and (b) are available in Supplementary Tables 13 and 15, respectively.
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thermoplastic PU is becoming increasingly prominent in various
manufacturing applications, including 3-D printing47,48. It is well-suited
for depolymerization via the hydrogenation pathway as its melting
point is below 200 °C, and the Mw of the THF-soluble residue
decreased to 40,600g/mol after 1 hour (12% conversion, Supplemen-
tary Table 14). The conversion rate of thermoplastic PU granules is
slower than that of PU-1, presumably due to its higher Mw and the
presence of additives, such as crosslinkers and plasticizers, used in
commercial PU. The solid residue collected after 3 hours (71% con-
version) has aMwof ~3000g/mol, with only a slight decrease in theMw

observed for residues from reactions performed at longer durations.
After 8 hours of reaction, 87% of the thermoplastic PU granules was
converted into diethyl ether-soluble compounds, compared to less
than 1% conversion in the control reaction (without catalyst, Supple-
mentary Table 15, entry 2), and 4,4′-MDA was obtained as the only
aniline product (Supplementary Fig 12). 124mg of 4,4′-MDA was iso-
lated from the product mixture using flash-column chromatography,
corresponding to 81% yield based on the aniline-to-polyol ratio
obtained from 1H NMR spectroscopy of the polymer. Additionally, a
butanediol-based polyol fraction was also isolated from the reaction.
This promising result demonstrates the solvent-free depolymerization
of a commercial PU into its aniline derivatives (Fig. 6b). To evaluate the
reusability of the catalyst, the spent CeO2 was reused directly in a
subsequent reaction after drying at 80 °C for 16 hours, without any
additional treatment. The catalyst achieved 64% conversion after
24 hours reaction time due to partial deactivation. However, the CeO2

catalyst could be regenerated by calcination in air at 550 °C (see
SupplementaryMethods for regeneration procedures), uponwhich its
activity was restored in full. This process was repeated for five reaction
cycles with negligible change in catalytic activity (Supplementary
Fig 13). The transformation of thermoplastic PU granules was also
investigated via the transfer hydrogenation pathway in EtOH. After
14 hours of reaction at 160 °C, full conversion of the polymer was
achieved (Supplementary Fig 14). The isolated yield of 4,4′-MDA of
132mg (86%) closely resembled the yield obtained from the hydro-
genation reaction (81%), demonstrating the feasibility of both
pathways.

The substrate scope was then extended to other commercial PU
products, including a flexible foam used as a stopper, a rigid foam
used for insulation (Tricast-5), and a common washing sponge. The
flexible foam (Mw ~13,000 g/mol), which is a thermoplastic, is cap-
able of undergoing depolymerization via solvent-free hydrogenation.
A conversion of 79% was obtained after 8 hours and the isolated
aniline fraction (78mg) was found to contain a mixture of 2,4-TDA
and 2,6-TDA with a 3:1 ratio (Supplementary Fig 15). The polyol
fraction was identified as polyethylene glycol and accounted for the
majority of the mass yield (302mg), primarily contributing to the
flexibility of the foam. Next, the PU component of a washing sponge
was separated from its scouring pad and investigated for conversion
via hydrogenation. Although the sponge is also a flexible PU foam, it
contains additives, such as surfactants, colorants and softening
agents49,50, which have the potential to hinder the reaction or poison
the catalyst51. Remarkably, a conversion of 93% was achieved after
8 hours, surpassing even the conversion rate of the pure thermo-
plastic PU granules, likely due to the lower molecular weight of the
sponge (Mw ~8000 g/mol). The isolated aniline fraction (98mg) was
found to contain both 2,4-TDA and 2,6-TDA in a 2:1 ratio (Supple-
mentary Fig. 16). The presence of additives did not decrease the
activity of the catalyst nor the selectivity to aniline, highlighting the
resilience of CeO2 to poisoning compared to noble metal catalysts.
To explore the scalability of the process, the conversion of the
sponge was repeated on a larger scale, using an entire sponge,
including the scouring pad (Supplementary Fig. 17). Remarkably, 91%
conversion was achieved and 1.02 g of TDA was isolated (21 wt.% of
initial sponge) using the hydrogenation pathway, demonstrating the

potential for scaling-up the reaction to convert actual thermoplastic
PU waste.

Lastly, the conversion of the high-density rigid PU foam was
explored. As the foam is a thermoset, it does not soften at elevated
temperatures, which poses a challenge for conversion via the hydro-
genation pathway. Consequently, only 8% conversion was achieved
under solvent-free conditions, although visible changes to the foam
was observed after reaction (Supplementary Fig. 18). The transfer
hydrogenation pathway was employed to improve the conversion,
with the reaction conducted in EtOH at 160 °C. After 14 hours, a con-
version of 55%was obtained, with themajor products being aniline and
p-toluidine. These products are presumably obtained from the dea-
mination of TDA over a prolonged reaction time52. Due to the high
durability of the rigid foam13, near-complete conversion was only
achieved by increasing the reaction temperature to 180 °C. Despite the
high conversion, only monoaniline products (89mg) were isolated
from the depolymerization of the rigid PU foam (Supplementary
Fig. 19). These examples demonstrate the effective conversion of
commonly encountered PU-based products using CeO2 as a hetero-
geneous catalyst.

In summary, we identified CeO2 as an outstanding heterogeneous
catalyst for the depolymerization of PUs. Among several MOCs tested,
CeO2 achieved the highest overall conversion and selectivity to ani-
lines. Isocyanate was identified as a key intermediate species during
carbamatebonddissociation. Thehighly redox activeCe3+/Ce4+ pairs in
CeO2 allow it to act as an oxygen source for the conversion of the
isocyanate into CO2 and aniline. Two pathways for PU depolymeriza-
tion were demonstrated. The hydrogenation pathway aligns with cur-
rent hydrogenolysis methods for plastic recycling and can be
performed under solvent-free conditions53, whereas the transfer
hydrogenation pathway is capable of converting thermoset PU by
employing a renewable solvent, such as EtOH, and can achieve a higher
yield of the polyol fraction. As CeO2 is relatively inexpensive compared
to noble metals and is widely utilized in catalytic converters54, there is
considerable potential to adopt CeO2 as a catalyst for PU recycling.

Methods
Materials
Cerium(IV) oxide, aluminium cerium(III) oxide, niobium(V) pentoxide,
acidic gamma-alumina oxide, methylenediphenyl-4,4’-diisocyanate, 1-
butanol, 1,6-hexanediol, 4-benzylaniline, ethylenebis(chloroformate)
and dibutyltindilaurate were purchased from Sigma-Aldrich. Pheny-
lurethane (M1) was purchased from TCI. Zirconium(IV) oxide, silicon
dioxide, Y-zeolite and ZSM-5 zeolite were purchased from acbr GmbH.
Titanium(IV) oxide was purchased from Fluka. TBPO was purchased
from Chemie Brunschwig. Lanthanum(III) oxide was purchased from
Strem Chemicals. Thermoplastic PU granules and rigid PU foam (Tri-
cast-5) were purchased from Goodfellow. Flexible PU foam stoppers
were purchased from Thermo Fisher.

Reaction procedure: hydrogenation method
In a typical hydrogenation reaction, 25mg (50mg) of catalyst and
250mg of model compound (500mg of PU) was added to a pre-
weighed glass vial with a stir-bar. The vial was transferred into a
stainless-steel Parr autoclave (volume 75mL) and was tightly sealed.
The autoclave was pressurized to 10 bar of H2 and underwent five
purge cycles. The autoclave was placed in a pre-heated Parr ceramic
heater at 200 °C with stirring maintained at 700 r.p.m. At the end of
the reaction, the autoclave was placed under running water in a water-
bath until cooled.

Reaction procedure: transfer-hydrogenation method
In a typical transfer-hydrogenation reaction, 25mg (50mg) of catalyst,
250mg of model compound (500mg of PU) and 2mL (5mL) of
ethanol was added to a pre-weighed glass vial with a stir-bar. The vial
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was transferred into a stainless-steel Parr autoclave (volume 75mL)
and was tightly sealed. The autoclave was placed in a pre-heated Parr
ceramic heater at 160 °C with stirring maintained at 700 r.p.m. At the
end of the reaction, the autoclave was placed under running water in a
water-bath until cooled.

Product analysis: model compounds
The autoclave was depressurized and the gaseous products were col-
lected in a balloon for GC-FID analysis. The yield of CO2 was quantified
using a calibration curve and calculated as the percentage carbon
balance of the reactant. The glass-vial was removed from the autoclave
and the products were extracted with diethyl ether (M1) or methanol
(M2, M3 and PU-1). The insoluble fraction, containing catalyst and
reactant, was separated from the soluble fraction via centrifugation.
The insoluble fractionwasdried for 1 hour at 80 °Candweighed for the
conversion calculation for M2, M3 and PU-1 using Eq. (1).

Conversion= 1�Mass of insoluble fraction�Mass of catalyst
Mass of initial reactant

� �
× 100%

ð1Þ

The conversion of M1 was determined from GC-MS analysis using
a calibration curve. The liquid fraction was analysed using GC-MSwith
hexadecane (M1) orp-xylene (M2,M3 andPU-1) as an internal standard.
The yields of the aniline and alcohol fractionswere calculated using Eq.
(2).

Yield of aniline or alcohol

=
Mol of aniline or alcohol quantified from GC�MS
Mol of aniline or alcohol present in the reactant

× 100%
ð2Þ

Product analysis: commercial PU
The glass-vial was removed from the autoclave and the products were
extracted using diethyl ether. The insoluble fraction, containing cata-
lyst and insoluble polymer, was separated from the soluble fraction via
centrifugation. The insoluble fraction was dried for 1 hour at 80 °C and
weighed for the conversion calculation using Eq. (3).

Conversion = 1�Mass of insoluble fraction�Mass of catalyst
Mass of initial polymer

� �
× 100%

ð3Þ

The soluble products were separated into aniline and polyol
fractions using flash column chromatography with pentane/ethyl
acetate (1:1) as the eluent, with a gradual increase of polarity by
increasing the amount of ethyl acetate gradually up to pentane/
ethyl acetate (1:4). Lastly, methanol was used to extract the polyol
fraction. The solvent was removed on a rotary-evaporator, and the
products were weighed and analysed by 1H NMR spectroscopy in d6-
chloroform.

Data availability
The experimental data generated in this study have been deposited in
the Zenodo database. https://doi.org/10.5281/zenodo.14762014.
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