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ABSTRACT: Polyurethane (PU) is a highly engineered and cross-
linked polymer found in a plethora of materials such as mattresses,
shoes, windmills, and insulation of refrigerating appliances and
buildings. Because of PU’s inherent stability, chemical recycling is
difficult and often affords a secondary feed with different
characteristics and properties compared to the original input. In
this work, a simple chemical recycling of PU via a solvolysis process
using tert-amyl alcohol both as the solvent and reagent is
demonstrated. The devised methodology is showcased for the
deconstruction of 20 different PU materials with examples of all
four cornerstones of PU (rigid solid, rigid foamed, flexible foamed,
and flexible solid). The solvolysis affords both polyol and dianiline
fractions, constituting monomeric precursors of PU. The method-
ology is used for the depolymerization of 50 g flexible PU foam affording a polyol within specification of the original virgin polyol
(OH value) and an aniline fraction isolated as the precipitated di-HCl salt with a combined mass recovery of 89 wt%. As the
solvolysis process provides access to both the polyol and the aniline precursors of the original isocyanate of PU, the procedure
presented in this study could pave the way toward a viable circular economy for PU. A further potential utilization of the method is
showcased by valorization of a waste stream from split-phase glycolysis, which is another promising method for recovering polyol
from flexible PU foam. Finally, preliminary mechanistic investigations are undertaken to probe the intriguing utility of a hindered
tertiary alcohol in a solvolysis procedure.
KEYWORDS: polyurethane, chemical recycling, polymer deconstruction, solvolysis, end-of-life, base chemicals, circular plastic economy

■ INTRODUCTION
Polymers and engineered plastic products have become an
integrated part of our society with a worldwide production
exceeding 360 million tons in 2020.1 One important and
versatile class of plastics is polyurethane (PU), consisting of
repeating carbamate units formulated from a polyol and a
diisocyanate.2 In 2020, the market volume for PU was nearly
24 million tons, a number, which is forecasted to increase to
27.6 million tons by the year of 2026.3 PU can be found in
everyday consumer goods such as furniture, shoes, and kitchen
sponges, as well as insulation materials in buildings and cooling
devices. It is also applied extensively in advanced materials
such as aviation and automotive parts.4−6 As PU precursors are
traditionally prepared from fossil resources, a circular PU
economy is highly desirable to counter the ever-increasing CO2
emissions. In addition to cutting the need for fossil-based
materials, recycling would ideally mean zero landfilling and
significantly reduce the necessity to incinerate highly
engineered materials.7 Thermoset plastics such as PU cannot
melt due to cross-linkages in the polymeric structure. This
excludes the possibility for melting and remolding as a

recycling strategy.8 PU can be mechanically reused by
granulation and reformulation of the powder as a filler in
combination with a binder (typically polyisocyanates) and
external compression. This technique denoted rebonding
produces second-generation products such as padding from
PU foam scrap and production line slap stock trim.9,10 The
material will in most cases be of a different quality compared to
the prime product and have a narrow product line. In addition,
flexible foam scrap can only be rebonded a finite number of
times before the properties can no longer meet required
specifications.11 Finally, the European market for PU trim is
already saturated, which is evident from the annual export of
300,000 tons, and it is therefore unlikely to absorb future
postconsumer PU, if collected.12 Thus, it is desirable to
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Scheme 1. Chemical Recycling Technologies for Deconstruction of PU Materials
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develop processes that afford the original monomeric PU
building blocks, namely, polyol and diisocyanate or its
industrial dianiline precursor. This would enable repolymeriza-
tion of the components into virgin-grade products. Within
chemical recycling of PU, processes such as hydrolysis,
acidolysis, aminolysis, alcoholysis, and glycolysis can be used
to achieve some degree of recycling of PU materials.
Historically, glycolysis has received most attention on the

industrial scale, although other commercial technologies have
emerged recently mainly targeting the polyol fraction.12−18 In
the traditional glycolysis process, a single-phase reaction
mixture is obtained from heating PU foam with a catalyst in
a low-molecular-weight diol such as diethylene glycol or
diglycerol (Scheme 1). Here, the resulting mixture comprises
residual diol, polyol, dianiline, and (amino)carbamate deriva-
tives of the dianiline. As aromatic amines alter the kinetics of
the ensuing foaming process, as well as being toxic and
changing the foam composition and properties, they are
unwanted in the recycled polyol and are therefore in many
cases capped with an epoxide or a cyclic carbonate to convert
the amines into nonvirgin polyols.19−28 The resulting mixture
contains a measurable amount of aromatics and carbonyl
functionalities, which necessitates addition of significant
amounts of virgin polyol to the recycled polyol to reformulate
PU foams with acceptable physical properties.29−32 Thus, in
single-phase glycolysis of PU, the dianiline is lost from a
recycling perspective as it is incorporated into the recycled
polyol. The new polyol fraction needs to be mixed with a
significant amount of virgin polyol (75−95 wt%) to meet
required specifications. Still this blend may be difficult to sell as
the preexisting PU-value chain is established on the input of
virgin fossil-based monomers.33,34

A notable subcategory of glycolysis is denoted as split-phase
glycolysis.35−38 The name stems from the two-phase post-
reaction mixture that comprises an upper phase rich in polyol
and a lower phase containing a mixture of the glycolysis
solvent, dianilines, dicarbamates, and aminocarbamates
(Scheme 1). In a recent example of split-phase technology,
the group of De Vos treated flexible PU foam with base, a
bismuth catalyst, 2-pyrrolidone, and diglycerol as a solvent at
elevated temperatures to chemically deconstruct the PU
foam.39,40 Here, the upper phase containing the polyol was
further purified to provide a pure polyol fraction. The lower
phase containing catalysts, dianilines, and aromatic (amino)-
carbamates was subjected to hydrolysis at 200 °C to produce
dianilines in a mixture of water, diglycerol, and catalysts. Thus,
split-phase glycolysis targets original polyols, but further
reactions and refinement must be performed to isolate the
dianilines. In a recent patent application, the postreaction
addition of a secondary solvent such as toluene is used to
induce splitting of the upper and lower phases.41 Thus, current
glycolysis technologies strive to separate polyol and dianiline to
optimize the yield of carbon-based materials, especially
targeting the polyol.
Another chemical recycling method, which has received

much attention recently, is acidolysis.18,42−47 This technique
affords polyol and a solid waste stream containing the aromatic
core structure, which can be filtered off (Scheme 1).
Dicarboxylic acids, such as adipic acid, are applied in slight
excess to form thermodynamically stable amide bonds. Thus,
the acid can be regarded as a sacrificial reagent that
encapsulates the amine in an insoluble amide compound that
minimizes the purification to simple filtration or decantation.

However, the amine is removed from the value chain along
with stoichiometric dicarboxylic acid. Acid capping of the
polyol occurs during acidolysis via esterification. This is
minimized by lowering the acid amount as much as possible
while maintaining full degradation.18

As opposed to glycolysis and acidolysis, where the polyol is
the target fraction, hydrolysis of PU provides both the polyol
and dianiline fraction with CO2 as the only by-product
(Scheme 1).48,49 However, hydrolysis normally requires
temperatures exceeding 300 °C at high pressure. This high-
energy input has stalled the development of this technology at
the pilot scale, and to the best of our knowledge, no industrial
process is operating on hydrolysis of PU.8,14,17,50 Another
drawback to this approach is the difficult removal of water
from the polyol fraction.
An interesting emerging technology is the transition metal-

catalyzed hydrogenation of urethanes and other carbonyl
functional groups.51 Recently, the combination of transition
metal catalysts and hydrogen has been applied to depolymerize
PU materials into polyol-, dianiline-, and methanol fractions.
The approach circumvents the use of high-boiling glycol
solvents but relies on expensive metal and ligand combinations
(Scheme 1). In 2020, the groups of Milstein and Schaub
reported the first examples of a transition metal-catalyzed
hydrogenation of PU with a Ru-based catalyst followed by our
work applying an iridium catalyst.52−54 In the ensuing year,
Mn-based catalysts were disclosed by both the Schaub group
and our own, being applicable for the deconstruction of a
variety of PU materials, including end-of-life (EoL) materi-
als.55,56

During our investigations on the transition metal-catalyzed
depolymerization, a peculiar effect was found on the use of
tertiary alcohol solvents and in particular tert-amyl alcohol
(TAA). We observed that this class of alcohols had the ability
to effectively deconstruct PU in the absence of a metal catalyst
upon heating. In this paper, we disclose the details of our study
on the deconstruction of a range of PU materials by the
specific choice of solvent and base (Scheme 1). This method
resembles glycolysis in terms of reaction conditions but affords
high yields of unaltered polyol and dianilines in a single
reaction similar to a hydrolysis process. The absence of high-
boiling solvents, water, and elaborate transition metal catalysts
lowers the complexity of the reaction mixture and eases the
isolation of the target products. The potential of the devised
procedure is demonstrated by a successful scale-up to the
deconstruction of 50 g of flexible foam leading to recycled
polyol with specifications within those of the original polyol
(OH value) and an amine fraction isolated as the precipitated
di-HCl salt. The solvolysis process is also used in combination
with split-phase glycolysis to valorize the lower-phase amine
containing fraction. Finally, a preliminary mechanistic
evaluation has been undertaken to shed light on the role of
TAA in the chemical solvolysis of PU-containing polymers.

■ RESULTS AND DISCUSSION
We began our studies by analyzing the solvolysis of a generic
flexible mattress foam (PU-1), a material which was
investigated in previous studies (see SI for composition).54,56

The screening was performed in a 45 mL autoclave fitted with
a 30 mL poly(tetrafluoroethylene) (PTFE) inlay with stirring
at 200 °C for 18 h. The yield of the regioisomeric mixture of
2,4- and 2,6-toluenediamine (TDA) was determined by gas
chromatography (GC) analysis. Under these conditions, the
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tertiary alcohol TAA gave an 88% yield of TDA (Table 1, entry
1). A control experiment using toluene as the solvent revealed

no conversion to the dianiline product (entry 2). Increasing
the polarity of the solvent by switching to THF resulted in 20%
TDA formation (entry 3). Protic and polar solvents such as a
primary alcohol (n-BuOH) or a secondary alcohol (isopropyl
alcohol) resulted in yields similar to what was observed for
THF (entries 4 and 5). The interesting capability of TAA for
deconstruction of PU materials was further investigated by
screening reaction parameters (Table 2).
Initially, the reaction time was gradually reduced from 18 to

2.25 h resulting in a decline in TDA formation from 88 to 7%
(Table 2, entries 1−4). Maintaining a reaction time of 2.25 h

while increasing the reaction temperature to 225 °C improved
the yield to 64% (entry 5). By elevating the temperature to 250
°C, a >95% conversion of PU-1 to TDA was achieved in 2.25 h
(entry 6). In an effort to lower the temperature, simple bases
such as NaOAc, KOAc, NaOH, and KOH were tested at 200
°C for 2.25 h (entries 7−10). Here, the yield could be
improved from 7% (no base, entry 4) to 61%, when 0.04 mmol
KOH was added. An increase in temperature from 200 to 225
°C afforded >95% TDA (entry 11).
Dibutyltin dilaurate (DBTDL) was also tested, being a

widely used catalyst for curing/foaming of PU and in glycolysis
processes.21,57−61 Its performance in the deconstruction of PU-
1 stood out from the remaining base screening (see the SI).
Here, DBTDL proved to be more effective than KOH at 200
°C with a yield of 74% (entry 12), and complete conversion to
TDA was observed at 225 °C (entry 13). While DBTDL led to
a better conversion than KOH, the depolymerization study was
continued with KOH due to DBTDL’s high molecular mass
and the ease of purification of the ensuing polyol and aniline
fraction when using KOH. Finally, it was tested if TAA could
operate as an additive in a toluene mixture. However, changing
the solvent to a 4:1 solution of toluene and TAA lowered the
yield to 79% (entry 14). The apparent unique role of TAA
with KOH as a base for PU deconstruction was then compared
to other low-weight alcohols (Scheme 2). Tertiary alcohols
such as 1,1-dimethylallyl alcohol and tert-butanol performed
well with yields of the TDA of 78 and 72%, respectively.

Anhydrous α-terpineol (available as an isomeric mixture)
gave quantitative conversion to TDA, but its usage was not
further investigated due to its impractical high boiling point
above 200 °C (see the SI). Methyl vinyl alcohol and isopropyl
alcohol showed that secondary alcohols were compatible,
leading to moderate conversions to TDA of 62 and 65%,
respectively (see the SI for 2-butanol). Besides allylcarbinol
with a yield of 71%, the primary (mono)alcohols were low
yielding as evident from n-butanol, methanol, and isobutyl
alcohol (see the SI). As opposed to other primary alcohols,
ethylene glycol gave a surprisingly good yield of 56%.
However, Karl−Fischer analysis of the ethylene glycol revealed

Table 1. Solvent Effect on Deconstruction of Flexible Foam
PU-1a

entry solvent yieldb (%)

1 tert-amyl alcohol 88
2 toluene <5
3 THF 20
4 n-BuOH 17
5 isopropyl alcohol 18

aAll reactions were performed in 45 mL autoclaves fitted with a 30
mL PTFE inlay at 800 rpm under one bar argon. bGC-FID yield of
TDA was determined using 1,3,5-trimethylbenzene as an internal
standard.

Table 2. Optimization of the Solvolysis of Flexible Foam
PU-1 Using TAAa

entry time (h) temperature (°C) additive yieldb (%)

1 18 200 88
2 9 200 59
3 4.5 200 13
4 2.25 200 7
5 2.25 225 64
6 2.25 250 >95
7 2.25 200 NaOAc 39
8 2.25 200 KOAc 57
9 2.25 200 NaOH 49
10 2.25 200 KOH 61
11 2.25 225 KOH >95
12 2.25 200 DBTDL 74
13 2.25 225 DBTDL >95
14 2.25 225 KOH 79c

aAll reactions were performed in 45 mL autoclaves fitted with a 30
mL TFE inlay at 800 rpm under one bar argon. bGC-FID yield of
TDA was determined using 1,3,5-trimethylbenzene as an internal
standard. cSolvent system: 4:1 solution of toluene and TAA. DBTDL:
dibutyltin dilaurate.

Scheme 2. Effect of Using Tertiary, Secondary, and Primary
Alcohols in the Solvolysis of Flexible Foam PU-1a

aAll reactions were performed in 45 mL autoclaves fitted with a 30
mL PTFE inlay at 800 rpm under one bar argon. GC-FID yield of
TDA was determined using 1,3,5-trimethylbenzene as an internal
standard. bWater content was determined by Karl−Fischer analysis to
be 400 ppm.
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a water content of 400 ppm, which potentially could enable a
hydrolysis process giving unreliably high yields of TDA. As
explained by De Vos and co-workers, detection of dianilines in
a glycolysis process is not unusual.39 Having established
optimal conditions for the solvolysis of PU-1 using TAA, we
set out to test a range of different PU flexible foams. Here, it is

worth mentioning that the global market share of flexible foam
is estimated to be 31%.4 PU-1 was deconstructed affording
54.3 mg TDA and 177.5 mg polyol with a combined mass
recovery of 92% (Scheme 3). The depolymerization of the PU
part of a household kitchen sponge (PU-2) afforded an 87%
mass recovery of the TDA isomers and a polyol fraction.

Scheme 3. Solvolysis of Flexible PU Foam Samplesa

aAll reactions were performed in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under one bar argon. Results are given as an average
of two experiments. bContains significant amounts of impurities as judged by 1H and 13C NMR analysis.

Scheme 4. Scale-up Solvolysis of Flexible Foam PU-1 and Its Purification via TDA·2HCl Salt Precipitationa

aThe reactions on 2 g of PU-1 were performed in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under 25 bar argon. The reaction
on 50 g of PU-1 was performed in a 390 mL autoclave under an ambient atmosphere. Results are given as isolated yields. CPME: Cyclopentyl
methyl ether.
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Flexible foam from an EoL Ford car seat (PU-3), earlier
investigated by our group,56 provided a moderate mass
recovery of 55%. The reaction mixture contained substantial
amounts of solids, which could originate from incomplete
deconstruction or the presence of fillers and/or fire retardants.
A pillow (PU-4) consisting of a flexible foam layer and a
viscoelastic layer was subjected to the reaction conditions
affording 42.3 mg of a mixture of TDA and methylene
diphenyl diamine (MDA) along with 134.3 mg polyol, which
contained detectable amounts of polymeric MDA (polyMDA).
The composition of the four dianilines was determined by 1H
NMR analysis (see the SI). A commercial rebonded granulate
PU pad (PU-5) was also depolymerized affording 35.7 mg
TDA, 15.1 mg MDA with unknown impurities, and a polyol
fraction of 158.8 mg. Thus, the method can be effectively used
on second-generation materials, such as rebond materials in
addition to prime flexible foam and EoL foams. However,
whereas the rebond material can only be recycled a finite
number of times before the material can no longer meet
required specifications, the solvolysis process can be employed
to obtain dianilines and polyols, which can be used for virgin-
grade PU materials. Finally, a black flexible foam packaging
material (PU-6) was subjected to depolymerization under the
reaction conditions affording 49.5 mg TDA and 123.2 mg
polyol with a combined 68% weight recovery.
Based on the broad applicability of the solvolysis process for

depolymerization of flexible foams, the devised methodology
was scaled up to a 2 g reaction for PU-1. By extending the
reaction time to 6 h, it was possible to perform an eightfold
increase in concentration and still attain complete decon-
struction to the monomeric composition (Scheme 4, top). For
the reaction performed on a 250 mg scale, column
chromatography was used for purification, which allowed for
analysis of all by-products. In an industrial setting, distillation is
most likely the preferred method to purify TDA.62,63 However,
with complete deconstruction of PU-1 to the corresponding
aniline and polyol, a precipitation strategy involving addition of
HCl in an ether-based solvent was devised. Once the anilines
had precipitated, a simple filtration afforded the solid double
HCl salt of TDA, whereas concentration of the filtrate in vacuo
conveniently provided the polyol. This simple method of
purification led to high purity of both fractions, and no
substantial difference was observed from performing the
reaction in a glovebox setup (92 wt%) or on the bench (91

wt%). To test the scalability of both the deconstruction and
purification method, 50 g of PU-1 was deconstructed in a
larger autoclave (390 mL) under the solvolysis conditions
(Scheme 4, bottom). The reaction behaved equally well with a
mass recovery of 89%. During the reaction, the maximum
overpressure reading on the manometer was 15−20 bar after 6
h while the overpressure dropped to 1−3 bar after cooling the
reactor. The large pressure drop observed is hypothesized to
partly be an effect of CO2 (re)capture by the anilines at lower
temperatures. At this scale, the CO2 appeared to be released
over the course of a few minutes after the reactor vessel was
opened.
One of the important specifications of a polyol is its

hydroxyl value that refers to the content of free hydroxyl
groups in a chemical substance (measured by titration).
Analysis of the isolated polyol from the 50 g reaction revealed
an OH-number of 58.1 mg KOH/g which is within
specifications of the original virgin polyol (54.5−58.5 mg
KOH/g) (see the SI for full details). As a comparison, state-of-
the-art split-phase glycolysis as earlier published afforded
values of 61 mg KOH/g, where the virgin polyol had OH-
numbers of approx. 48 mg KOH/g.39

Next, it was evaluated if the solvolysis process could be used
in combination with well-established methods, including split-
phase glycolysis. What really sets split-phase glycolysis apart
from “standard” glycolysis is the ease of extracting the original
polyol from flexible foam PU. As this PU material consists of
approx. 60−80% polyol, split-phase glycolysis can be applied to
remove the main fraction of a flexible foam, leaving behind the
lower phase, which contains the amine fraction as free TDA,
monocarbamates, and dicarbamates (see Scheme 1). With this
phase normally valorized through hydrolysis, the solvolysis of
this fraction using TAA would omit the need for tedious
removal of water. Utilizing literature procedures for the split-
phase glycolysis, PU-1 (4.070 g) was deconstructed to obtain
an upper phase mainly containing polyol (2.857 g) and an
aromatic-rich lower phase (3.076 g) (Scheme 5).39 The latter
was then subjected to solvolysis with TAA providing TDA
(430.4 mg) after column purification, highlighting the
synergistic effect of split-phase glycolysis and solvolysis using
TAA.
Having investigated the deconstruction of flexible foams

using TAA and KOH, demonstrated its scalability, and shown
its synergy with split-phase glycolysis, our attention turned to

Scheme 5. Split-Phase Glycolysis of PU-1 and Solvolysis of the Lower Phase Rich in Aromatesa

aThe split-phase reaction was performed in a 50 mL CO tube at 800 rpm under an ambient atmosphere. The solvolysis of the lower phase was
performed in a 45 mL autoclave fitted with a 30 mL PTFE inlay at 800 rpm under an ambient atmosphere. BK850: Bismuth(III) neodecanoate.
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rigid PU foam products. These materials constitute approx-
imately 25% of the PU market.4 Rigid foams are prepared from
low-molecular-weight polyols and isocyanates based on
polymeric methylene diphenyl diisocyanate, contrary to flexible
foam originating from high-molecular-weight polyol and
mainly toluene diisocyanate mixtures.6 The short polyol
chain extenders in combination with the hard segments of
the aromatic methylene diphenyl units bestow the rigid foam
its attributes. The initial solvolysis experiments were based on
a rigid insulating foam PU-7, salvaged from a refrigerator
(Table 3). Under the optimized conditions as used for the

depolymerization of flexible foams, 35.0 mg of 2,4′-MDA and
4,4′-MDA were obtained (entry 1).
Prolonging the reaction time to 4.5 h only led to a modest

increase in MDA formation (entry 2). For both reactions, a
precipitate was observed in the reaction mixtures, suggesting
that the polymer was only partially deconstructed. In previous
studies, 47.2 mg MDA and 73.9 mg polyMDA could be
isolated, which was used as a benchmark for the
deconstruction of PU-7.56 As a means of homogenizing the
reaction, a solvent mixture consisting of four parts TAA and
one part MeOH was tested, delivering 17.6 mg of MDA (entry
3). Here, it was hypothesized that MeOH could act as a small
nucleophile, breaking the polymer into soluble oligomers via a
trans-carbamoylation.64

A drawback to this method was the observed formation of
O-methyl carbamates (see the SI). By lowering the MeOH
amount to 100 μL and increasing the reaction time to 4.5 h,
43.9 mg of MDA could be obtained (entry 4). Much like for
flexible foam (see Table 2), substituting KOH with DBTDL
provided outstanding depolymerizations with excellent con-
version to the corresponding MDA (entries 5 and 6). Again,
the best conditions with KOH as an additive were chosen for
further investigations due to the earlier mentioned drawbacks
with DBTDL compared to KOH.
With the optimized reaction conditions for the solvolysis of

rigid foams in hand, a range of rigid PU products were
submitted to depolymerization. For PU-7, the rigid refrigerator
insulation foam, 50.0 mg of MDA, 69.3 mg of polyMDA, and
81.8 mg of polyol could be isolated (81% weight recovery,
Scheme 6). The mixture was subjected to column chromatog-
raphy to isolate MDA, and a subsequent acid−base extraction
was used to separate polyMDA from the polyol. Rigid EoL
refrigerator scrap (PU-8) obtained from a scrap facility, where

Table 3. Optimization of the Solvolysis of Rigid Refrigerator
Foam PU-7 Using TAAa

entry time (h) base additive yield (mg)b

1 2.25 KOH 35.0c

2 4.5 KOH 37.8c

3 2.25 KOH 1 mL of MeOHd 17.6
4 4.5 KOH 100 μL of MeOH 43.9
5 2.25 DBTDL 37.4c

6 4.5 DBTDL 100 μL of MeOH 47.5
aAll reactions were performed in 45 mL autoclaves fitted with a 30
mL PTFE inlay at 800 rpm under one bar argon. bGC-FID yield of
2,4′- and 4,4′-methylenedianiline was determined using 1,3,5-
trimethylbenzene as an internal standard. cPrecipitate was observed
in the reaction mixture (not further analyzed). d4 mL of TAA.
DBTDL: dibutyltin dilaurate.

Scheme 6. Solvolysis of Rigid PU Foamsa

aAll reactions were performed in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under one bar argon. Results are given as an average
of two experiments. bDianiline fraction contains aromatic impurities as judged by 1H and 13C NMR analysis. PIR: Polyisocyanurate.
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EoL household goods are separated into appropriate recycling
streams, could be deconstructed in a similar manner, although
the material contained minor fragments of other plastics,
metals, and paper. Despite these solid impurities, the weight
recovery amounted to 71% based on isolated MDA, polyMDA,
and polyol. A sample from a polyisocyanurate insulation board,
PU-9, was subjected to the deconstruction conditions affording
52.0 mg of MDA. In addition, 55.9 mg of polyMDA was
isolated from acid−base extraction of the remaining fraction
after flash column chromatography leaving 17.2 mg of an
unknown product (see the SI for full details). The low mass
recovery of 43% was due to the presence of insoluble material
in the reaction mixture, which was filtered off during
purification. PU insulation foams are also found around steel
pipes in which hot water is distributed underground in
residential areas. In our hands, deconstruction of the rigid
insulation foam (PU-10) gave 50.6 mg of MDA, 52.1 mg of

polyMDA, and 79.8 mg of polyol with a 73% weight recovery.
Finally, the rigid foam of a stucco (PU-11) and a PU-based
trowel (PU-12) were subjected to the solvolysis conditions for
rigid foam to afford 87 and 74 wt% of the monomeric units,
respectively.
To verify that the devised methodology for the solvolysis

process was applicable to rigid PU solids, a thermoplastic PU
model (PU-13) and a rigid thermoset PU model (PU-14)
were deconstructed (Scheme 7). Here, the disassembly of PU-
13 led to 117.2 mg of MDA and 83.2 mg of polyol, amounting
to a satisfactory 80% weight recovery, while the deconstruction
of PU-14 afforded 96.6 mg of MDA and 92.4 mg of polyol and
a total of 74% weight recovery. It should be noted that the
polyol fraction of PU-14 contained considerable amounts of
aromatics indicating only partial deconstruction of this highly
cross-linked material.

Scheme 7. Solvolysis of Rigid PU Solidsa

aAll reactions were performed in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under one bar argon. Results are given as an average
of two experiments. bPolyol fraction contains aromatic impurities as judged by 1H and 13C NMR analysis.

Scheme 8. Solvolysis of Flexible PU Solidsa

aAll reactions were performed in 45 mL autoclaves fitted with a 30 mL PTFE inlay at 800 rpm under one bar argon. Results are given as an average
of two experiments.
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Finally, representatives of the fourth cornerstone of PU
materials (flexible solids) were probed under the developed
solvolysis methodology (Scheme 8). Here, a PU shoe shank
(PU-15) was deconstructed using the procedure based on the
prolonged reaction time of 4.5 h with addition of MeOH, as
the 2.25 h reaction time without MeOH gave an opaque
reaction mixture with lower conversion to MDA (see the SI).
Upon purification, 32.0 mg of 4,4′-MDA and 170.4 mg of
polyol were attained giving a combined 81% mass recovery. In
addition, 14.3 mg of an unknown compound was isolated (see
the SI). Next, an EoL inline skater wheel, PU-16, was
depolymerized to provide 32.6 mg of 4,4′-MDA and 179.0 mg
of polyol with an 83% mass recovery. The same unknown
compound as for PU-15 could also be isolated here suggesting
either its formation during the reaction conditions or as a
constituent of flexible solid PU. Two commercial two-
component resins with different ratios of hardener, used as
adhesive or coating, were cured and subjected to the solvolysis
process. For the flexible soft PU-17, 1.9 mg of the UV-
protecting agent diisopropylnaphtalene could be isolated,
underlining its potential purpose as an outdoor coating. In
addition, an elaborate, although common in elastomeric
casts,65 modified 4,4′-MDA hardener could be isolated (10.5
mg) along with 145.8 mg of polyol, and 9.4 mg of 2,4-TDA. In
addition, 41.1 mg of a fifth fraction was collected which,
according to MS analysis primarily contained plasticizers (see
the SI). The same components were found when deconstruct-
ing the more rigid PU-18, where a larger amount of hardener
(27.0 mg) along with 24.0 mg of diisopropylnaphtalene, 50.8
mg of polyol, and 17.6 mg of 2,4-TDA could be isolated.
Again, a fifth fraction was collected that resembled a polyol
with impurities according to 1H NMR analysis (95.3 mg, see
SI).
For the solvolysis of a wheelbarrow wheel (PU-19) and the

sole of a clog (PU-20), both materials obtained from a local
hardware store, only a limited amount of desired product could
be isolated. Here, both reactions proceeded as expected with
formation of 4,4’-MDA, and from GC−MS analysis of the
crude reaction mixtures both materials contained dimethyl
adipate, whereas PU-20 also contained dimethyl phthalate.
These by-products could originate from a polyester polyol or a
phthalate-based plasticizer, but these were not identified in the
purification process.
During the optimization of the solvolysis of PU using TAA,

two olefinic resonances were observed in the 1H NMR analysis
of the crude reaction mixture (see the SI). By doping NMR
and GC-FID samples with authentic samples, these olefinic
resonances were confirmed to stem from 2-methyl-1-butene
and 2-methyl-2-butene. In addition, using a thermal con-
ductivity detector (TCD), a GC-TCD analysis of the
headspace after the solvolysis process revealed substantial
formation of CO2 (see the SI). In the literature, acid-catalyzed
hydration of 2-methyl-2-butene to TAA is well precedented.66

Assuming that elimination of water from TAA to produce 2-
methyl-2-butene or 2-methyl-1-butene is a reversible process
under basic conditions, TAA would be able to act as an in situ
reservoir of water under the solvolysis conditions.
To investigate if the role of TAA in the solvolysis of PU is an

in situ formation of water, PU-1 (flexible foam) was heated in
anhydrous toluene with and without stoichiometric amounts of
water relative to the theoretical carbamate functionalities in the
foam (Scheme 9). Here, the background reaction, which
consisted of heating PU-1 in toluene in the presence of a base,

afforded a 26% yield of TDA, while the addition of 0.8 mmol
H2O (1 equiv) gave a nearly quantitative yield of TDA. It
should be mentioned that the efficiency of the hydrolysis
reaction decreased to 88% of TDA when 1 g of PU-1 was
applied (not shown). On the contrary, when PU-13 (rigid
solid) was subjected to the hydrolysis conditions in toluene,
only a 22% yield of the corresponding amine could be
detected. As the optimized reaction conditions afforded the
desired aniline in excellent yields regardless of the nature of PU
being a rigid solid or a flexible foam, it is fair to assume that the
role of TAA goes beyond an in situ formation of water.
To further evaluate TAA’s function in the solvolysis of the

PU-based materials, a series of experiments were devised. Here,
compounds 1 and 2 were synthesized to mimic intermediates
in the solvolysis of PU materials using either TAA or n-BuOH,
respectively. Moreover, compounds 3 and 4 were synthesized
to mimic common intermediates found in flexible- and rigid
insulation foams. Initially, all four compounds were heated in
toluene under basic conditions for 1 h at 225 °C (Scheme 10).
While the linear n-butyl urethane 2, urea 3, and isocyanurate 4
showed low to no conversion to the corresponding 2,4-TDA or
aniline, the TAA urethane model 1 gave a considerable
conversion to 2,4-TDA, suggesting that the TAA carbamate
could be crucial in the depolymerization of PU-based
materials. When the reactions were performed in TAA, all
substrates were converted into 2,4-TDA or aniline to a
significant extent. Moreover, in the solvolysis of 2 using TAA,
11% of the tert-pentyl aminocarbamate was isolated by column
chromatography along with TDA, suggesting that a trans-
carbamoylation event could occur prior to TDA formation (see
the SI for full details).
Based on these experiments, a reaction pathway is proposed

(Scheme 11). It has been reported that carbamates are in
thermal equilibrium with the corresponding alcohol and
isocyanate.67 Because of steric hindrance, TAA is considered
a poor nucleophile, which points to transcarbamoylation being
a two-step event. Thus, the isocyanate formed at elevated
temperature could be trapped by excess TAA affording a
carbamate capable of undergoing elimination to generate aryl
carbamic acid and 2-methyl-2-butene (or isomers thereof), a
process which is similar to the thermal removal of a tert-
butyloxycarbonyl (Boc) protecting group.67−69 As in the
foaming process of a flexible mattress, the aryl carbamic acid
quickly decarboxylates to the corresponding aniline with

Scheme 9. Hydrolysis of PU-1 and PU-9 in Toluenea

aAll reactions were performed in 45 mL autoclaves fitted with a 30
mL PTFE inlay at 800 rpm under one bar argon. GC-FID yields of
dianilines were determined using 1,3,5-trimethylbenzene as an
internal standard.
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liberation of CO2. While this pathway appears plausible, a
hydrolysis yielding the same by-products (i.e., pentenes and
CO2) has not been ruled out.

■ CONCLUSIONS
In summary, we have disclosed a straightforward methodology
for the depolymerization of PU materials into virgin-grade
polyols and dianilines applying TAA and base. All four
cornerstones of PU were depolymerized with this methodology
including the successful solvolysis of six flexible foams, six
flexible solids, six rigid foams, and two rigid solids. The process
could easily be scaled up to the deconstruction of 50 g of
flexible foam affording the dianiline precipitated as its di-HCl

salt and the polyol with an OH value within virgin-grade polyol
specifications. The method stands out from known glycolysis
(alcoholysis) processes as low-boiling TAA can easily be
removed from the crude reaction mixture and the aromatic
dianilines can be recovered without further reactions. The
process could also create synergistic value through combina-
tion with established PU recycling methods, showcased by the
valorization of the lower aniline-containing fraction from a
split-phase glycolysis. As solvolysis with TAA affords both the
polyol and the dianiline precursor of the original isocyanate
without the need for expensive metal ligand combinations,
tedious purification methods, or excess water, it is our
expectation that this newly established recycling method for
PU could be one of the many approaches, which move our
society closer to a circular PU economy, whereby organic
polymers can eventually be disconnected from its current fossil
origins.
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