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ABSTRACT: Cross-linked polyurethane (PU) is extensively used
as thermoset foam; however, methods to directly reprocess PU
foam waste derived from commercial sources into similar value
materials have not been developed. We demonstrate that
introducing dibutyltin dilaurate (DBTDL) into cross-linked PU
foams and films enables their reprocessing at elevated temperatures
via dynamic carbamate exchange reactions. Both model and
commercial cross-linked PU foams were continuously reprocessed
using twin-screw extrusion to remove gaseous filler and produce
PU filaments or films with elastomeric or rigid thermoset
mechanical properties. The properties of microcompounded
model PU foam were in excellent agreement with PU film
synthesized using the same monomers, indicating that this process occurs efficiently. These findings will enable the bulk reprocessing
of commercial thermoset PU waste and inspire the further development of reprocessing methods for other thermosets and the
compatibilization of chemically distinct cross-linked materials.

■ INTRODUCTION

Polyurethanes (PUs) are commonly synthesized as thermoset
polymer networks used as foams, elastomers, coatings, sealants,
adhesives, and rubbers.1 PUs represent 31% of the thermoset
materials market and are widely incorporated into mattresses
and furniture, thermal and sound insulation, automobiles,
footwear, and construction materials.2,3 Although many of
these applications represent durable goods, inevitable wear and
replacement of PU-containing products generates a vast waste
stream and necessitates the synthesis of new PUs, largely from
toxic isocyanate-containing precursors. Methods to reprocess
PUs, especially PU foams, are therefore attractive, but
thermosetting foams are by definition chemically cross-linked,
which precludes melt reprocessing and severely restricts their
practical reuse. Current approaches for repurposing and
recycling PUs are limited to mechanical methods, including
rebonding for carpeting, or chemically recycling via catalyzed
glycolysis, which results in the formation of reactive oligomeric
polyols.4 Both of these approaches are forms of downcycling
rather than direct recycling of the PU waste into similar value
products.5 These limitations motivate alternative strategies to
reprocess PU foams into similar or even higher-value products,
which will improve the sustainability and circularity of their
manufacture and use.
These sustainability goals might be achieved if processes to

controllably reconfigure the cross-links of commercial PU
foams are introduced. One promising approach is to formulate

these systems as covalent adaptable networks (CANs),6−11

whose cross-links undergo exchange in response to a stimulus,
such as increased temperature or photoexcitation. An ideal
CAN combines the robust mechanical properties associated
with traditional thermosets along with the processability of
thermoplastics.6−11 Reports of CANs based on reversible
Diels−Alder adducts12−14 and alkene addition/fragmenta-
tion15 demonstrated the ability to impart malleable character
into cross-linked networks. Following this observation, Leibler
and co-workers demonstrated bulk reprocessability of cross-
linked polyester networks using Zn2+-catalyzed transesterifica-
tion chemistry.16 This seminal work directly related rapid stress
relaxation to efficient reprocessability of cross-linked polymers.
Subsequently, stress relaxation and bulk reprocessing have
been demonstrated in CANs using many dynamic linkages,
including boronate esters,17 disulfides,18,19 carbonates,20 and
vinylogous urethanes.21 Many of the synthesized CANs are
amenable to typical plastic processing methods such as
injection molding,16 compression molding,22 melt blowing,23,24

and twin-screw extrusion.25 Despite these advances, CANs rely
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on dynamic linkages that are not generally present in
established commercial thermosets, which will require new
materials to be developed and formulated within a
commoditized marketplace that does not yet fully value
circularity and sustainability. Recently, Manas-Zloczower and
co-workers demonstrated that introducing dynamic cross-links
into networks is possible by postsynthetically introducing
transesterification catalysts into polyester networks via solution
swelling methods.26 Most reported CANs rely on catalyzed
dynamic exchange and are directly synthesized in the presence
of these catalysts. Extending this processability to already
synthesized static PUs remains largely unexplored and will
enable repurposing of vast amounts of already-deployed
materials into equal- or even higher-value products.
The direct reprocessing of PUs using the dynamics of

urethane bonds was demonstrated in polyhydroxyurethanes,
which reprocess in the absence of external catalysts likely
through hydroxyl-carbamate exchange reactions.27,28 More
recently, Lewis acid and tertiary amine activated carbamate
exchange reactions have been employed in cross-linked PU
networks that exhibit a rapid stress relaxation behavior.29−34

Although very promising, all of these examples of PU CANs
involve rigid or elastomeric films, despite the fact that 67% of
commercial PU materials are synthesized as foams.35

Consideration of PU foam gas content and cell morphology,
additional commercial additives such as halogenated flame-
retardants and surfactants, and various polymer backbone
chemical functionalities, such as urea and isocyanurates, add
more processing complexities and potential side reactions that
may hinder the breakage and reformation of carbamate cross-
links.36 Due to the prevalence of cross-linked PU foam
materials in daily life, coupled with the significant space
polyurethane foams take up in landfills,37 developing bulk
reprocessing methods for the recycling of cross-linked PU
foam is essential to ensure the sustainable use of these
materials.
Here, we reprocess cross-linked PU foams by postsyntheti-

cally introducing dibutyltin dilaurate (DBTDL) as a carbamate
exchange catalyst (Figure 1A) followed by melt reprocessing at
elevated temperatures. This process is first demonstrated for a
noncommercial rigid polyester PU foam without additives, and
then for a flexible, open-cell commercial PU foam used in
furniture. While catalyst-loaded model foams showed efficient
dynamics during stress relaxation experiments, poor efficiency
was observed in reprocessing by compression molding alone,
which we attribute to poor mixing and the presence of trapped

air in reprocessed materials. Therefore, we developed a twin-
screw extrusion methodology that enables continuous
reprocessing of PU foams (Figure 1B) into films with
mechanical properties similar to other films made from the
same monomers. We anticipate that these findings will enable
the recycling of postconsumer PUs and will empower the use
of cross-linked PU systems in emerging additive manufacturing
techniques.

■ RESULTS AND DISCUSSION
To determine if our proposed methodology of postsyntheti-
cally introducing catalyst and directly reprocessing foams
would be practical, we first developed a model system to better
understand how carbamate exchange occurs in both PU foams
and films. Using methylene diphenyl diisocyanate and a
commercially available polyester polyol ( f = 2.5), cross-linked
PU films were first cast from toluene at 60 °C with no added
catalyst to serve as comparatives to model foams (Scheme 1).
The stress relaxation and thermomechanical properties of both
catalyst-free and catalyst-loaded films were compared to foams
synthesized using the same monomers to understand how the
foam morphology influences reprocessability. Rigid, cross-
linked PU foams were synthesized by reacting the same
monomers used in film synthesis in the presence of either
isopentane or water as physical blowing (PB) or chemical
blowing (CB) agents, respectively. CB foams lose cross-links
through generation of CO2 and contain urea functional groups
as byproducts. Although mechanical properties will differ in
CB foams, it is important to probe their stress relaxation
because most foams are chemically blown with water.38 The
synthesis of foams required low concentrations of a DBTDL
catalyst (0.35 mol %) to appropriately balance the rates of
polymerization and gas generation. These model PU foams
were evaluated prior to testing commercial PU foam
formulations because the commercial products contain
proprietary additives that might complicate carbamate
exchange stress relaxation. Both foams and films showed
complete disappearance of the isocyanate stretch at 2285 cm−1

and appearance of a carbamate stretch at 1708−1724 cm−1 by
Fourier-transform infrared spectroscopy (FT-IR), indicating
complete curing of the polymer networks (Figure S1). The
films and foams both degraded to volatile byproducts between
Td = 260 and 284 °C, as characterized by thermogravimetric
analysis (TGA) (Figure S2), which is typical of cross-linked
PUs. Differential scanning calorimetry (DSC) showed that the
PB foams had higher glass transition temperatures (Tg = 61
°C) compared to control films (Tg = 45 °C Figure S3), which
was attributed to the air in foam. Gel fractions of model PU
films and PB foams were 87% and 89%, respectively, which is
consistent with a well-cured polymer network. Both PB and
CB foams exhibit closed cell morphologies with many cells
collapsed, likely because silicone surfactants typically used to
prevent this behavior were omitted (Figure S4).39 However,
the exclusion of common foam additives means that the
synthesized PU films and PB foams are chemically similar,
enabling a more direct comparison of the differences in
reprocessing between film and foam morphologies.
To determine if diffusing DBTDL into cross-linked PUs by

postsynthetically swelling in a concentrated catalyst solution
would provide processable PU networks, we first evaluated this
method using catalyst-free PU films. PU film was ground and
stirred (100 mg PU/mL) in a solution of DBTDL in CH2Cl2
(30 mg/mL), after which the PU was filtered, collected, and

Figure 1. (A) Method of introduction of catalyst into static PU foams
postsynthetically using solvent swelling in dichloromethane catalyst
solution. (B) Scheme of microcompounding catalyst-loaded PU foam
into filaments or films with removal of trapped air.
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dried under vacuum. Inductively coupled plasma−optical
emission spectrometry (ICP−OES) was used to determine
that the PU film contained 0.56 wt % of Sn after swelling in
catalyst solution (Table S1). The catalyst-loaded, powdered
PU sample was subjected to compression molding at 160 °C
for 12 min, during which the sample fused into a homogeneous
solid film. Stress relaxation analysis (SRA) was performed to
compare the viscoelastic properties of the as-synthesized PU
film with no catalyst and compression molded catalyst-
containing PU films. Films treated with catalyst solution
relaxed stress rapidly (τ* = 28 s at 160 °C), suggesting that the
material undergoes rapid dynamic exchange under these
conditions. Films lacking the catalyst relaxed stress much
more slowly and showed poor reprocessability, suggesting that
carbamate exchange only occurs rapidly in catalyst-treated PU
(Figure 2A). DBTDL was next introduced to both physically
blown and chemically blown foams, and the foams were
compression molded using the previous procedure. ICP−OES
confirmed the presence of Sn at a concentration of 0.92 wt %
in PB PU foam which is notably higher than the PU film results
(0.56 wt %). Despite being chemically identical to PU control
films and containing higher Sn by weight, PB foams relaxed
stress more slowly than PU films (71 s at 160 °C, Figure 2B).
CB foams relaxed more rapidly (53 s at 160 °C) than the PB
foams, indicating that dynamic carbamate exchange is not
hindered by other functional groups formed in PU foams
blown with water (e.g., ureas). At all temperatures measured,
stress relaxation times were significantly slower in compression
molded PU foams compared to compression molded PU films.
Activation energies of relaxation in both compression molded
PB PU foam (159 ± 6 kJ/mol) and CB PU foam (188 ± 16
kJ/mol) are higher than that in PU film (143 ± 4 kJ/mol)
suggesting that foam morphology increases the temperature
dependence of stress relaxation in reprocessed PU material.

Overall, the stress relaxation differences between compression
molded foams and films could be due to the fact that the PUs’
initial foam morphology restricts the viscous flow of the
resulting compression molded material.
In addition to influencing reprocessability, the initial foam

morphology of the PU negatively impacts the thermomechan-
ical properties of the materials reprocessed by compression
molding. The Tg and rubbery plateaus of the reprocessed
materials were determined by dynamic mechanical thermal
analysis (DMTA) (Figure 2B). Compression molded PB
foams exhibited broader peaks in tan(δ), with only 61%
integrated area relative to compression molded PU films. Area
under the tan(δ) curve is thought to correspond to the chain
mobility, damping, and impact strength of the network.40 Even
when compression molding was performed for longer time (1
h), the resulting films exhibited broad glass transitions (Figure
S5). To determine if catalyst loading was responsible for the
broad glass transitions, PU film and PB PU foam were
synthesized with 1 mol % DBTDL and subsequently
compression molded. The glass transition remained broad in
compression molded foam suggesting that foam morphology is
the major contributing factor (Figure S6). We attributed the
broader glass transitions of the compression molded foams to
inhomogeneity caused by trapped air still present within the
resulting films (Figure 3A). Indeed, scanning electron
microscopy (SEM) revealed voids in films derived from
compression molded PU foams (Figure 3B). Optical
microscopy of the molded foam samples showed cracking
and greater inhomogeneity compared to samples derived from
film-to-film reprocessing (Figure S7). These findings suggest
that compression molding is not an effective reprocessing
method for reprocessing PU foams, although it is effective for
film-to-film PU reprocessing.

Scheme 1. Synthesis of PU Film with No DBTDL (Green), Physically Blown Foam with 0.35 mol % DBTDL (Red), and
Chemically Blown Foam with 0.35 mol % DBTDL (Blue)

Figure 2. (A) Stress relaxation analysis of PU films without catalyst treatment (black) and with catalyst treatment (red) at 160 °C. (B) DMTA of
compression molded postsynthetically treated PU films (red) and PB foams (blue).
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Although the compression molded foam-to-film PU samples
have inferior thermomechanical properties and stress relaxa-
tion rates compared to their film-to-film counterparts, foam-to-
film samples nevertheless exhibit relatively rapid stress
relaxation at elevated temperatures associated with dynamic
carbamate exchange, suggesting that PU foam is still
reprocessable. The broad glass transitions, higher rubbery
plateaus, and higher glass transition temperatures are similar to
those of polymer networks containing fillers.41−43 In these
systems, fillers occupy free volume of the polymer network and
interfere with segmental motion, which broadens the glass
transition and increases the rubbery plateau modulus.44−46

Foams are formally gas−solid composite materials,47−49 and
their processing into films therefore requires the removal of air
from the network. Therefore, we turned our attention to
alternatives to compression molding that would provide
improved mixing and gas removal to achieve more
homogeneous films.
Microcompounding refers to mixing of polymer formula-

tions in the melt state on a small scale and is commonly

accomplished with continuous mixing in a twin-screw extruder.
We hypothesized that distributive and dispersive mixing
mechanisms involved in microcompounding would cause the
PU to homogenize more effectively and more efficiently expel
air from the extrudate.50,51 Therefore, catalyst-loaded PB foam
was microcompounded in a twin-screw batch mixer and
extruded as a film, whose rheological properties and micro-
scopic morphology were directly tested (Figure 3C). The
extrusion was performed at 200 °C under nitrogen with a
residence time of ∼1 min. The voids observed in the SEM
images of compression molded PB foams were notably absent
in images of the microcompounded PB foams (Figure 3D),
which appear uniform.
Given the microscopic evidence of air removal in micro-

compounded PB foam, DMTA was used to quantitatively
evaluate the reprocessing efficiency. Compared to compression
molded PB foam, microcompounded PB foams exhibited
drastically sharper tan(δ) responses more similar to
compression molded PU films (Figure 4A). The area under
the tan(δ) curve exceeds that of the compression molded PU
film (1.27 normalized to that of compression molded films),
demonstrating that the inherent damping behavior and
molecular motion of the PU are largely recovered. We
speculate that the excess area under the tan(δ) curve is related
to the increased density of microcompounded PU foam
compared to cast PU films (1.33 vs 1.13 g/cm3), but more
work is required to determine the cause of the increase in area.
Microscopic evidence coupled with rheology strongly suggests
that microcompounding results in superior reprocessing of PU
foams into films, compared with compression molding
methods.
To determine the practical implications of this improved

mixing methodology, tensile testing was performed on a
continuously extruded film and compared to both as-
synthesized PU films and compression molded PB foam-to-
film samples (Figure 4B). The tensile strengths and yield
points of both early and late portions of microcompounded PB
foams were within error of those of as-synthesized PU films
(Table S2), demonstrating excellent recovery of these material
mechanical properties throughout the extrudate. In contrast,
compression molded PB foams exhibited drastically lower
tensile strengths and elongations at break, which supports our
hypothesis that improved mixing and air removal are essential
for obtaining desirable mechanical properties in foam-to-film
reprocessed samples. Despite its excellent reprocessability, we
observed that the extrudate does not relax stress significantly

Figure 3. (A) Image of compression molded PU film (left) and
compression molded physically blown (PB) PU foam (right). (B)
SEM of reprocessed PB foam using compression molding. (C) Image
of continuously extruded PB foam into film. (D) SEM of reprocessed
PB foam using twin-screw microcompounding.

Figure 4. (A) DMTA of compression molded PU films (red), compression molded physically blown (PB) PU foams (blue), and
microcompounded PB PU foams (green). (B) Tensile testing of synthesized PU films (red), compression molded PB PU foams, and
microcompounded PB PU foams into continuous films.
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after microcompounding (Figure S8). To determine the major
source of degradation of catalyst, PU films with catalyst were
annealed at 200 °C for 2 min in air, which mimic the
temperature of screw extrusion conditions but lack the
mechanical agitation. SRA of these samples indicated only
mild reduction of the stress relaxation, such that we speculate
that high shear followed by subsequent air cooling may be the
source of catalyst degradation (Figure S9).52 This degradation
can be a desirable feature if films with minimal creep and
maximum shape stability are desired, at the expense of multiple
reprocessing cycles. However, these results suggest that other,
more stable carbamate exchange catalysts should be inves-
tigated if materials capable of many reprocessing operations are
desired. Based on our previous study, DBTDL was replaced
with the less toxic and greener catalyst, bismuth neodecanoate
(Bi(neo)3). Microcompounding led to noncontinuous ex-
trusion and discoloration of the resulting materials (Figure
S10). Interestingly, the materials retained stress relaxation in
both light and dark portions of the PU film (Figure S11).
Nevertheless, despite the loss of dynamic behavior after
extrusion, the DBTDL-catalyzed films extrude continuously
while maintaining excellent mechanical properties.
Having established reprocessing conditions for model PB

PU foams, we applied this method to PU foams taken from
consumer products, envisioning that this methodology could
be applied to reprocess the vast amounts of PU waste created
annually (1.3 million tons of PU waste in the US alone).53

Commercial PU foam (Air Lite) was purchased, infused with
DBTDL catalyst, and microcompounded under similar
conditions. ICP−OES confirmed that the Sn catalyst was
present in treated commercial PU foams at similar weight
percentages (0.64 wt %). As with the model PB PU foam,
compression molding the commercial PU foam yielded
inhomogeneous films with broad glass transitions, as well as
obvious air voids observed by SEM (Figure S12). The catalyst-
loaded commercial PU foam, despite containing a proprietary
mixture of additives, such as surfactants, flame retardants, and
stabilizers, underwent microcompounding and extrusion
similar to the model PB PU foams (Figure 5A), suggesting
that this methodology is tolerant of commercial PU
formulations. Efforts to microcompound foams without
added DBTDL failed, demonstrating the importance of
introducing the catalyst to facilitate dynamic exchange and
malleability into commercial PU foam (Figure S13). Optical
microscopy and SEM of the extruded film indicated relatively
homogeneous materials that were free of trapped air (Figure
S14). DMTA of microcompounded films indicates much more
homogeneous films with a near 50% increase in the area under
the tan(δ) curve relative to compression molded samples

(Figure 5B). Microcompounded foams exhibited a 5 °C lower
glass transition by DSC compared to as-supplied foams, which
is similar to the glass transition decrease in microcompounded
PB PU foams (Figure S15). The tensile strength of
microcompounded commercial PU foam was 3.4 MPa with
average elongation of break of 168%, values typical of loosely
cross-linked elastomeric materials (Figure S16). Interestingly,
the microcompounded commercial foams relax stress after
microcompounding (Figure S17) which is in stark contrast to
model PB PU foam, suggesting that these commercial materials
may be capable of further reprocessing cycles and demonstrat-
ing the promise of this methodology for continuous recycling
of commercial PU foam waste.

■ CONCLUSIONS

We have demonstrated that PU thermosets can be made
continuously processable via postsynthetic introduction of
DBTDL as a carbamate exchange catalyst. This process imparts
malleability into cross-linked PU materials traditionally
considered as thermosets. DMTA and SEM imaging indicate
that reprocessing via compression molding is inefficient at
removing air from foam materials. Microscopy and thermo-
mechanical experiments show that air can be efficiently
removed from PU foam using industrially relevant twin-screw
extrusion which allows for continuous quantitative reprocess-
ing of cross-linked PU foam into film. Additionally, we
demonstrate the efficacy of this reprocessing method with
commercial PU foams, suggesting its applicability to
continuous recycling of the large amounts of PU waste
currently produced. We expect that postsynthetic introduction
of catalyst combined with twin-screw extrusion mixing will
enable recycling of a wide variety of PU waste into high-value
materials and will inspire the development of a similar
methodology for the recycling of other commodity thermosets.
These findings should also motivate the further development
of carbamate exchange catalysts that withstand multiple
reprocessing cycles and are both green and nontoxic.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscentsci.0c00083.

Synthesis and characterization of PU foams, methods of
imaging reprocessed materials, and thermal and
mechanical characterization of synthesized and reproc-
essed films (PDF)

Figure 5. (A) Images of the PU foam reprocessed into films by microcompounding. (B) DMTA of compression molded commercial PU foam
(blue) and microcompounded PU foams (green).
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