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1. Introduction

In the context of the climate crisis and the finiteness of fossil re-

ABSTRACT

The pyrolysis of four kinds of common polyurethanes comprising a rigid and a flexible foam, a cast elastomer,
and a thermoplastic polyurethane (TPU) was investigated by thermogravimetric analysis and pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS). All samples are based on methylene diphenyl diisocyanate
(MDI), with polyether polyols as the soft segment of the foams and polytetrahydrofuran as the soft segment of the
cast elastomer and TPU. Each polyurethane degrades in a two-step manner with a high correlation between the
polymer structure and the mass loss in each step. Two kinetic modeling approaches based on either parallel or
consecutive reactions were successfully applied to describe the pyrolytic degradation. The virgin polymers and
pyrolysis intermediates obtained from thermogravimetry with isothermal segments at different temperatures of
350-450 °C were investigated by ATR-FTIR. Both foams exhibit retention of feedstock nitrogen in a carbona-
ceous intermediate while no significant residue formation and nitrogen retention are observable for cast elas-
tomer and TPU pyrolysis. Aromatic amines in the foam pyrolysis intermediates point to the formation of a
secondary polymer originating from the urethane segments in the course of the degradation. In Py-GC/MS, the
foams yield nitrogen-carrying fragments of the MDI. MDI and 1,4-butanediol are regenerated from TPU pyrolysis,
indicating different degradation pathways. CE pyrolysis also releases 1,4-butanediol but no nitrogen-carrying
compounds are detectable. This work demonstrates the individuality of polyurethane materials in terms of
their pyrolysis behavior and released products. Potential high-value products are identified in pyrolysis at lab-
oratory scale. The findings of this study underline the need for a comprehensive examination of polyurethane
pyrolysis with differentiation of polyurethane composition and morphology to optimize technical scale poly-
urethane pyrolysis.

thermoplastic polyurethanes for various industrial and end consumer
products. Due to the comparatively complex chemistry of PUR, estab-
lished recycling routes are only suitable to a limited extent. Mechanical

sources, sustainable solutions for plastic wastes are needed [1]. While
many thermoplastics are suitable for mechanical recycling, a more
diffuse picture emerges for thermoset plastics such as polyurethanes
(PUR) and complex, partially inseparable mixed plastic wastes [2]. PUR
represent approximately 5.5% of global plastics production [3]. They
are synthesized from polyisocyanates and polyhydric alcohols, which
form the eponymous urethane bonds by a polyaddition reaction [4]. The
use of various isocyanates and polyols, as well as additives such as
foaming agents, enables a wide variety of PUR with versatile properties.
Typical applications include insulation materials (rigid foams), flexible
foams e.g. in mattresses and upholstery as well as cast elastomers, and
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recycling is often limited to grinding and rebonding, effectively down-
cycling the material [5,6]. Solvolysis aims to depolymerize and recover
products of high value, e.g. polyols, or isocyanate precursors. It is a
potential option for the recycling of single-variety PUR, such as soft and
rigid foams, but has proven to react pronely to contaminations and is
difficult to operate economically [6]. Given the limited suitability of
mechanical recycling and solvolysis for PUR, pyrolysis comes into
question as a robust recycling process. In pyrolysis, the goal is to convert
otherwise unrecyclable and often mixed wastes to products that can
substitute fossil feedstocks in the chemical industry. While the appli-
cability of pyrolysis for complex mixed plastic wastes has been proven, it
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was also shown that further treatment is necessary to remove hetero-
atoms and condition the pyrolysis products for high-value applications
[7-9]. As carriers of significant amounts of nitrogen and oxygen, PUR
are challenging pyrolysis feedstocks in this respect.

Numerous investigations on pyrolytic PUR degradation mechanisms
and products are reported in the literature. It is generally accepted that
PUR pyrolysis proceeds in two stages. In the first decomposition stage in
the range of lower temperatures, the urethane bonds decompose in two
competing mechanisms. Depending on the temperature and the polymer
composition, either depolymerization via 4-membered ring transfer
resulting in the formation of an isocyanate group and an alcohol group,
or the formation of an amine and release of carbon dioxide via 6-
membered ring transfer is favored. In the second decomposition stage,
the polyol and secondary polymeric structures formed during the initial
degradation step pyrolyze and form various products carrying nitrogen
and oxygen. Available investigations often cover a specific type of PUR
waste, e.g. foams [10-13], elastomers [14,15], or lab-prepared samples
designed for targeted research questions [16-18].

Comparative considerations and an overall view of the pyrolysis of
various PUR plastics have already been presented in several reviews
[19-22]. However, a clear understanding of the pyrolysis process and
critical process parameters is still missing [20]. In light of the large
variety of PUR, analytical methods, and equipment, reasonable care
must be taken when comparing results. In particular, the transfer and
comparison of kinetic parameters are impacted in this regard [23]. Tang
et al. [14] demonstrate the great benefit of combined analytical methods
for the evaluation of the thermal degradation of PUR and other complex
materials. Numerous recent studies dealing with polymer wastes and
waste mixtures substantiate this [24-28]. In the presented study, key
PUR compositions and morphologies are investigated with the aim of
better understanding and mathematically describing their specific
thermal degradation while maintaining comparability based on uniform
analytical methods. Time- and temperature-resolved pyrolytic decom-
position is observed by thermogravimetry and kinetic parameters are
derived. Segmented thermogravimetric analysis provides access to
non-volatile pyrolysis intermediates and approximates process condi-
tions of technical pyrolysis processes. Py-GC/MS analyses complement
this with qualitative information on the volatile pyrolysis products on a
laboratory scale.

2. Material and Methods
2.1. Polymer Samples

Four model PUR representing rigid foam (RPUF), flexible foam
(FPUF), cast elastomer (CE), and thermoplastic polyurethane (TPU)
were selected for this study as they represent four different structural
PUR applications. Coatings and adhesives, while important applications
of PUR, were not considered since they typically occur in close associ-
ation with other materials, rendering them less relevant for pyrolysis.
Methylene diphenyl diisocyanate (MDI) was chosen as a universal iso-
cyanate basis. The compositions of CE, RPUF, and FPUF are given in
Table 1. The use of additives was avoided as far as possible to be able to
attribute observed effects exclusively to the thermal decomposition of
the PUR. To achieve the desired properties, the use of catalysts could not
be completely avoided.

The TPU investigated in this study is comprised of poly-
tetrahydrofuran (PTHF), 1,4-butanediol (1,4-BDO), and MDI with small
amounts of dibutylhydroxytoluene-based antioxidant. It is commercially
available, so the exact composition is not disclosed. Elemental Analyses
were performed in a Leco TruSpec Micro. The results are displayed in
Table 2.

Table 1
Composition of model PUR investigated in the presented study.
Ingredient Rigid Flexible Cast
Foam Foam Elastomer
Wt.-% Wt.-% Wt.-%
Polytetrahydrofuran - - 77.6
Propylene oxide-based 31.7 56.1 -
Polyetherols
Ethylene oxide-based Polyetherols - 10.3
Sorbitol 7.2 -
Glycerine 4.1 1.6 -
MDI 56.3"2 28.8%2 20.3!
1,4-Butanediol - - 2.0
Sum® 99.3 96.8 99.9

1 the exact isomer composition is unknown
2 sum of MDI and polymeric MDI
3 difference to 100% includes undisclosed additives and foaming agent water

Table 2

Elemental composition of model PUR investigated in the presented study.
Sample C H N O (Difference)

Wt.-% Wt.-% Wt.-% Wt.-%

Rigid Foam 70.0 6.7 6.9 16.3
Flexible Foam 68.1 8.5 3.3 20.1
Cast Elastomer 70.5 9.4 2.1 17.9
Thermoplastic Polyurethane 71.5 8.4 3.7 16.3

2.2. Experimental Setups

2.2.1. Thermogravimetry

Thermogravimetric analyses (TGA) were performed using a Netzsch
TG 209 F1 Libra with an automatic sample changer. The default sample
size was 10 mg + 2% weighed in corundum crucibles without a lid.
Dynamic runs were carried out with heating rates from 2 K/min to 30 K/
min from 30 °C to 900 °C in a nitrogen atmosphere with a total flow of
approximately 60 ml/min. At the end of each experiment, the atmo-
sphere was switched to synthetic air to oxidize residues and pyrolysis
product deposits in the crucibles and the oven chamber. Experiments
with isothermal segments were conducted with a constant heating rate
of 5 K/min to either 350 °C, 400 °C, or 450 °C. The targeted isothermal
temperature was held for 4 h. Subsequently it was heated up further to
900 °C. For detailed chemical investigation, experimental runs were
terminated after the isothermal period to recover the pyrolysis in-
termediates. For these experiments, higher sample masses of up to
approx. 35 mg were used per experiment. Each experimental setting was
carried out at least twice to ensure the validity and reproducibility of the
results.

2.2.2. Pyrolysis-Gas Chromatography-Mass Spectrometry

A CDS Pyroprobe 6200 DISC micropyrolyzer coupled to an Agilent
7890B Gas Chromatograph (GC) and an Agilent 5977B Mass spectrom-
eter (MS) was employed to conduct isothermal Pyrolysis-GC/MS ex-
periments. The micropyrolyzer is equipped with a quartz glass pyrolysis
chamber wrapped by a resistively heated platinum filament, allowing
precise temperature control and heating rates of several 100 °C /s. The
plastic samples introduced into the pyrolysis chamber were hence py-
rolyzed at quasi-isothermal conditions. The sample size was approxi-
mately 50 ug for all conducted experiments. Pyrolysis experiments were
carried out at temperatures of 600 °C for one minute. The internal piping
and the transfer line to the GC/MS were heated to 350 °C to minimize
condensation of high boiling products.

The released pyrolysis products were swept to the GC by a helium gas
flow and separated by a Restek RXI-5MS column (30 m, 0.25 mm inner
diameter, 1.0 um film thickness). The GC inlet was set to the maximum
temperature of 300 °C in split mode with a split of 100:1. A constant
pressure of 70 kPa was applied. The GC oven temperature was initially
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held at 35 °C for 15 min and subsequently ramped up to 120 °C at a rate
of 1 °C/min followed by a second temperature ramp to 280 °C at 2.5 °C/
min with a final holding time of 16 min. The MS was operated in scan
mode in the range from 10 to 600 m/z with a step size of 0.1 m/z and a
cycle time of 210.15 ms.

2.2.3. ATR-FTIR

ATR-IR measurements were performed on a Bruker Optics Tensor II
spectrometer equipped with a deuterated triglycine sulfate (DTGS) de-
tector and a Golden Gate ATR cell with a diamond crystal (Specac LTD,
Orpington, UK). Spectra were acquired in the range 400-4000 cm !
with 64 scans and a spectral resolution of 2 cm !. OPUS 8 software was
used for the acquisition and evaluation of the IR spectra.

2.3. Kinetic Modeling

Dynamic TGA runs with and without isothermal segments with
heating rates from 2 K/min to 30 K/min were considered for the fitting
of the model parameters of PUR mass degradation. Data preparation was
performed as recommended [29].

Two models from the literature were adapted for this work. Both
have proven to be suitable for the modeling of the multi-staged pyrolysis
process that is typical for PUR. The model used by Jomaa et al. [30]
employs multiple independent parallel reactions, while Garrido et al.
[10,11] assume two consecutive reactions, with the rate of the second
degradation reaction influenced by the progress of the initial degrada-
tion. Since this model assumes consecutive reactions, it represents the
generally accepted degradation mechanisms of PUR more precisely but
is difficult to adapt for the kinetic modeling of the pyrolysis of plastic
mixtures, where interactions between the polymers are possible, but do
not necessarily take place. An approach based on independent parallel
reactions has proven to be suitable for such complex materials [31].

The models and the parameter fitting procedures were adapted from
the literature with minor changes.

Both models are based on kinetic equations using an Arrhenius
approach to describe the yield o; in dependency of the time t. Fitting
parameters of the kinetic equations are the preexponential factor ko ; and
the activation energy E, ;. The kinetic model f(a;)is dependent on the
chosen approach. R and T refer to the universal gas constant and the
temperature respectively.

% = ko.rexp( %) f (@) (@)
2.3.1. Independent parallel reactions approach

The independent parallel reactions model (IPRM) approach uses a
kinetic model f(a)commonly used for plastics pyrolysis according to Eq.
(2).

fla)=(0 a)" (2)
Here, n; is the order of reaction. The volatile yield a at time t is
defined as follows:

my  m(r)

a(t) = 3

my Me

The masses my and m,, are the initial sample mass and the sample
mass at the end of the experiment, respectively.

A linear combination of multiple kinetic equations is used to calcu-
late the total volatile yield. Per reaction a proportion parameter g; is
fitted, which determines the proportion of the yield generated in the
respective reaction to the total yield. The number of parallel reactions
can be chosen freely, giving the model high flexibility.

da < da;
a Zl: ‘]i’z (€]

Zq,- =1 5)

Per employed reaction a pre-exponential factor ko;, an activation
energy Ea;, an order of reaction n;, and a proportion parameter g; are
fitted. For 5 parallel reactions, this results in a total of 4.7 model pa-
rameters, which are bundled in the vector a.

a=[q,...;qp. Ear, s Eayykors ooos ko, iy ooy iy (6)

For the parameter optimization, the patternsearch algorithm in
MATLAB [32] was used to find the minimum of the optimization func-
tion shown in Eq. (9). The variables Nyg4 and N, in Eqgs. (7) and (8)
describe the number of TG experiments and the number of data points
contained therein. The least-square errors of the measurement curves
are each normalized to the number of data points as well as the square of
the maximum conversion rate. The parameter 1 allows a weighting of
the optimization function with respect to integral and differential curve
fits. It creates flexibility and adaptability to a wider range of plastics and
can also be used as an optimization parameter [30].

ptcat, (25 T a”z

N16A Nexpl aM exp, l(t ) cali\lzy L7y
lﬂ 7
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{da\/lexp A(t)  daygca(12,T:a) ] 2
N; ex dt
OFur(a)= |37 anute) ®
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In test runs, the best results were obtained with an equal distribution
of differential and integral proportions, so that 1 was fixed at 0.5. The
starting values of the optimization were determined using the Friedman
method [33].

2.3.2. Consecutive reactions approach

The consecutive reactions model (CRM) used in this work is fixed to
two steps, with the kinetics of the second reaction being dependent on
the first step. The kinetic model of the first reaction is equivalent to Eq.
(2), although using a different definition of «, as described in Eq. (10).

103

Here, v; is the amount of volatiles released in the respective degra-
dation step at time t, while v;, is the maximum volatile amount, that is
released per step. Hence, for v, ., this value ranges from 0 to 1 and for
V2., from O to (1-v; ). These variables are subject to the optimization
performed to obtain the kinetic parameters. The parameters to be
optimized are bundled in vector b.

b= [Vico:Vacos Eats Enp, ko, koo, ni, o] an

The volatile release of reaction 2 depends on the yield of reaction 1,
resulting in the kinetic model Eq. (12).

flo)=(m @) 12

The normalized sample mass m.q at time t, which gives the amount of
volatiles released in pyrolysis is thus expressed by Eq. (13).

mml(t) =1

The optimization function used for parameter fitting is:

N1Ga N&xpl
§ § =1 muxp l(t

MATLAB algorithms MultiStart and GlobalSearch [32] were employed
for the optimization.

(a1Vie0o +MV200) 13)

Vioal = 1

Meay (12, 0) ] a4
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3. Results & Discussion
3.1. Dynamic Thermogravimetry

Fig. 1 gives the mass loss curves (left) and their derivatives (right) of
the four model PUR at a heating rate of 10 K/min. The plastics differ
significantly in the mass loss observed in the respective decomposition
stages and the amount of formed residue.

The rigid PUR foam decomposes in a pronounced first stage begin-
ning at roughly 250 °C with a peak at approx. 340 °C and a mass loss of
approx. 62% until approx. 420 °C. The peak of the secondary decom-
position is at approx. 480 °C with a further mass loss of about 22% until
the maximum conversion is reached at ca. 550 °C. The residual mass
fraction at 900 °C is about 14%. In contrast, the initial decomposition in
the FPUF is low at about 11% and blurs with the secondary decompo-
sition stage in the temperature window from 220 °C to about 450 °C. A
residual amount of approx. 6% remains. More distinct decomposition
ranges are observed for the PTHF-based CE and TPU. CE releases 28%
and 70% volatiles in its decomposition stages at peak temperatures of
363 °C and 418 °C, respectively. No significant residue remains. TPU
decomposes with an initial mass loss of 54% up to approx. 390 °C and a
secondary mass loss of 45% from 390 °C onwards, without the formation
of a significant residue. Based on the thermoplastic properties of the
material, it can be assumed that a high proportion of long-chain polyols
is contained and that the chains are only sparingly crosslinked. The
lower proportion of MDI is also expressed in the elemental composition
(Table 2). Short-chain polyols and a high isocyanate content (see
Table 1) were used for the synthesis of the RPUF. The proportion of
urethane bonds in the polymer is thus high, which explains the intense
initial decomposition stage and the increased tendency to form a res-
idue. Since lower mass fractions of MDI and longer-chain polyols were
used for the synthesis of the FPUF, the observed decomposition behavior
is conclusive. Although the MDI content of CE at 20% (Table 1) is still
somewhat lower than for the FPUF, the mass loss in the first decompo-
sition stage is greater, which may be due to the added volatile 1,4-BDO,
which is released during depolymerization and evaporates.

Since very little residue is formed in CE and TPU pyrolysis, it can be
assumed that, in addition to the 1,4-BDO, the nitrogen-carrying products
of the urethane decomposition also evaporate. The absence of a foaming
agent in the CE and TPU formulation prevents the formation of nitrogen-
containing bonds other than urethane during synthesis and thus alters
the pyrolytic degradation behavior. The strong mass loss in the first
stage of TPU pyrolysis can be explained, as in the case of the CE, by the
release of the chain extender 1,4-BDO and the urethane pyrolyzates.

3.2. Segmented Thermogravimetry & Intermediate Analysis

Experiments with isothermal segments, shown in Fig. 2, reveal that
in the low-temperature range, only incomplete conversion of the PUR
can be achieved. At an isothermal temperature of 350 °C, which in the
case of RPUF is in the range of the peak of the first decomposition step,
almost no mass loss is noticeable after 4 h for RPUF. The residual mass at
the end of the isothermal period is about 33%. It can be assumed that the
decomposition of the polyol components of the PUR already takes place
at 350 °C, but only comparatively slowly, and long-chain secondary
polymers are formed as decomposition products. These evaporate only
with difficulty, which is why only a slow decrease in mass can be
observed. At isothermal temperatures of 400 °C and 450 °C, approx.
21% and 17% of the original sample mass remain after 4 h, respectively.
At these two isothermal temperatures, the decomposition range of the
urethane bonds is crossed, which is why a rapid decomposition of these
bonds with a superimposed decomposition of the soft segment can be
assumed here. Due to the elevated temperature, the rate of decomposi-
tion of the urethane and polyol bonds is increased. The higher temper-
ature facilitates the evaporation of the pyrolysis products, as evidenced
by the more rapid mass loss. Almost complete conversion is achieved.

The residual mass at 900 °C is not significantly affected by the
isothermal pyrolysis at the holding points studied. The selected
isothermal phases in the pyrolysis thus do not appear to have any in-
fluence on the amount and mechanisms of the residue formed. Several
authors report an influence of the pyrolyzate evaporation and secondary
reactions on the product spectrum and thus the residue formation [13,
34,35]. In the isothermal experiments performed in this work, no such
effects are registered. Samples of the resulting pyrolysis intermediates
were obtained from experiments terminated after the end of the
isothermal phase and were analyzed with respect to their structure and
elemental composition. After cooling, the intermediates present them-
selves as a black, brittle, partially blistered structure similarly observed
by Kumagai et al. [16]. Thus, a softening or melting process of the per se
thermoset polymers must have taken place.

Fig. 3 shows the IR spectra of the virgin polymers. The spectrum of
the RPUF is dominated by the bands at 1222, 1511, and 1708 cm L
which are assigned to the vibrations of the urethane group. Their
different intensities point to an increasing number of urethane groups in
the row FPUF < CE < TPU < RPUF. The band at 1222 cm * could be
attributed to asymmetrical stretching of N-CO-O [18,36] but also can be
strongly influenced by (O=)C-O-C stretching mode [37-39]. The band
at 1708 cm ! is due to the stretching mode of C=0 of the carbonyl
urethane group [38] and is a product of the polymerization of isocyanate
with a polyol. The broadening towards lower frequencies points to a
strong influence of hydrogen bonding confirmed by the higher intensity
of the vs N-H stretching band at 3302 cm 1 [40,41]. Whereas this band is
very broad in the spectrum of RPUF, the spectra of the other three
samples show two differentiated bands: one at 1700-1710 cm ! and the
second at 1730 cm ! as observed in [41]. Correspondingly, the N-H
modes in these samples are observed at lower frequencies
(3300-3340 cm ') than that of RPUF (3300-3380 cm !) [42]. TPU
shows the strongest H bonding with a very intense 1700 cm ! band. The
bands in the range 1500-1540 cm ' are due on one hand to skeleton C-C
stretching within the benzene ring [18,36], but also to in-plane bending
of N-H, leading to substantial broadening towards higher wavenumbers.
Generally, two bands could be resolved at about 1510 cm ! and
1530 cm 1, respectively, which are with different intensity ratios in the
four samples. The most intense band are observed in the spectra of RPUF
(1511 cm 1) and TPU (1529 cm !) implying the greatest number of
urethane groups in these samples. Additional ring opening vibrations
give rise to bands at 1412 cm 1 (v C-C) and 1595-1610 cm 1 (v C=0)
possibly split by Fermi resonance [43]. In the range of 1000-1120 cm !
intensive composite bands assigned to v,s C-O-C vibrational modes are
observed. RPUF shows bands at 1074 cm ! with shoulders at 1044 cm !
and 1100 cm . The soft segments of FPUF show a spectrum very similar
to that of polypropylene glycol (Spectrum Nr. 25322-69-4 FDM ATR
polymer database) with a very strong band at 1094 cm !. Therefore, the
FPUF sample consists of a significantly lower number of urethane groups
and correspondingly longer chainlike structures typical for the soft
segment. The corresponding C-O-C stretching bands in the spectra of CE
and TPU are positioned at about 1102 cm ! with a shoulder at 1063 !
(CE) and 1105 cm !, 1076, and 1068 cm (TPU). Several C-N(C) vi-
brations give rise to bands with middle intensity at 766, 815, and
845 cm ! (v; C-N and C-N-C). Corresponding v,s C-N-C is observed at
1156 cm 1. Coupled bending N-C-O and CH, are observed at
1308-1310 cm ! [38]. Stretching vibrations of C-H in methylene and
methyl groups are observed at 2872, 2904, and 2930 cm (s modes)
and at 2977 cm ! (v3 modes) in the spectra of RPUF and FPUF. Corre-
sponding bending modes are observed as bands at 1018 cm  (in-plane §
C-H), at 1375cm ! (8 CHs), and at 1453 cm ' (5,5 CHs) probably
mixed with (85 CHg). The C-H stretching region shows quite similar
bands in the spectra of TPU and CE. They are at considerably lower
frequencies 2800 cm 1 2856-2860 cm ' (most intense band),
2920 cm !, and 2940 cm ! than those of the RPUF and FPUF.

All bands in connection with C-N, N-H, C=0, and C-C vibrations of
the benzene rings are with significantly lower intensity in the spectrum



M. Zeller et al.

RPUF 020

L
>
L

% 0,08 1

Mass Loss Rate / 1/min
=)
)
|

:

Normalized Sample Mass / -
= = 2 o =
N = > % =)
h 1 1 1 h

0,04 4
00 0,00 4
70100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature / °C Temperature / °C
0,24

FPUF 0,20

Mass Loss Rate / 1/min

Normalized Sample Mass / -
= N 2 2 =
N = > % =
h 1 1 f N
R
=

0,124
% 0,08
0,04 4
00 0,00 4
"0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature / °C Temperature / °C
0,24
1,04
CE 0,20
=08
2] =
g £ 016
™ =
20,64 s
E Zo0,12+
% 2
B 3
S 041 % 0,08
£ >
15
“ 024 0,04
00 0,00 4
"0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature / °C Temperature / °C
0,24
1,04
TPU 0204

o
%
|
&
>
L

Normalized Sample Mass / -
o o
[ -
h 1
4
2

o
EN
I
Mass Loss Rate / 1/min
i
o)
!

0,04 4

0,00 4
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

Temperature / °C Temperature / °C

0,0

Fig. 1. Mass loss curves (left) and derivatives (right) of model PUR in dynamic pyrolysis experiments with a heating rate of 10 K/min.
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Fig. 2. Thermogravimetric Mass Loss of RPUF (top left), FPUF (top right), CE (bottom left), and TPU (bottom right) in segmented experiments with 5 K/min dynamic

heating rate and 4 h isothermal holding time at different temperatures.

of the FPUF sample. None of the samples show N-C-O bands in the range
2100-2300 cm ! typical for MDI leading to the conclusion that the
educts are fully reacted.

The IR spectra of the pyrolysis intermediates show significant dif-
ferences from that of the virgin RPUF (Fig. 4). The spectra of the samples
pyrolyzed at 400 °C and 450 °C are very similar, pointing to the almost
identical conversion at these temperatures with the isothermal time of
4 h. The most significant changes in the spectrum of the 350 °C include a
complete drop of the intensity of the carbonyl urethane group band at
1708 cm ! (vC=0), 2) and disappearance of the C-O-C stretching bands
in the range 1040-1150 cm ! pointing to the disintegration of the soft
segments (polyols). The band at 1308 cm ! assigned to coupled bending
of N-C-O and CHj;, also loses intensity. Therefore, the first stage of the
PUR degradation is a reverse polyaddition with subsequent formation of
alcohol and isocyanate groups [44]. The N = C=O bands typical for
isocyanate at 2100, 2280 cm ! are not observed because monomeric
isocyanate either evaporates [45] or undergoes secondary reactions. The
breakdown of the carbamate group begins already at 200 °C [36]. Bands
typical for C-N and C-N-C vibrations (768 cm ! and 815 cm !, respec-
tively) are on the contrary persistent and are seen even after 450 °C. The
bands typical for C-C and C—=C stretching of the benzene rings (1412,
1510, and 1600 cm 1) show similar behavior, being the most intense
peaks in the intermediate products after 400 and 450 °C. This

observation is consistent with the accumulation of aromatic structures
as a result of the depolymerization and volatilization of the soft seg-
ments [15]. The spectrum of the 350 °C sample shows striking similar-
ities with 4,4’-MDA (Spectrum Nr. 101-77-9 FDM database). Especially
the CHz and N-H stretching bands in the range 2800-3100 and
3100-3500 cm 1, respectively, show almost identical frequencies with
these of MDA. The band at 1177 cm !, assigned to the C-N stretching
mode of the 4,4-MDA, seems to lose intensity upon increasing the
temperature of treatment. Similar behavior shows the band at
1270 cm . Therefore, at least a partial disintegration of the 4,4'-MDA
to polyaromatic char residue takes place.

The broad band at about 1600 cm * could be additionally influenced
by bending mode vibrations of type N-H typical for amines as probable
derivates of isocyanate [46]. A comparison with the FDM database
confirmed the similarity of the 400 and 450 °C spectra with N-dime-
thylbenzenamine. The band at 1510 cm * could be influenced by d N-H
and v C-N modes [38]. It is smeared in the 450 °C spectrum, which
implies partial decomposition of urethane groups during pyrolysis. The
in—plane bending 8-CH (1017 cm yand § CHj3 (1376 cm 1) bands are
also clearly seen in these spectra.

The occurrence of the band at 3630 cm ! in all intermediate prod-
ucts is interesting. It could be unambiguously assigned to OH stretching
mode and points to alcohol as a natural product of the depolymerization
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of the PUR as per the commonly accepted mechanism.

According to the IR spectra (Fig. 5), FPUF behaves similarly to RPUF.
The strongest C-O-C band at 1094 cm !, typical for the soft segment of
FPUF is absent in the spectrum of the 350 °C product. Thus, complete
depolymerization and volatilization take place already at lower tem-
peratures. Despite the lower proportion of urethane linkages in the
FPUF, in the IR spectra of its intermediate products there are bands of
isocyanate derivates at 768 cm 1, 815 cm ! (C-N and C-N-C vibrations)
and 1177 cm L. The C-C and C=C bands typical for skeleton vibrations
in the benzene ring (1601 cm 1, 1510 cm 1, 1412 cm 1) are present in
the 350 and 400 °C samples. With increasing pyrolysis temperature, the
bandsat 1510 cm !and 1601 ecm ! gain in intensity, the latter being the
strongest band in the spectrum of the 450 °C sample. Therefore, the
spectra of the 350 and 400 °C show similarities with MDA as a derivate
of MDI. The difference to the behavior of RPUF is that the MDA formed
from FPUF seems to be persistent at 400 °C before a partial disintegra-
tion takes place at 450 °C. The bands in the high-frequency range
behave very similarly to those in the spectra of the RPUF intermediates.

The spectra of the intermediates of CE and TPU samples (Fig. 6 and
7) behave very similarly. The spectra after 350 °C treatment show
breakage of the carbonyl urethane bond by disappearing of the bands at
1700 and 1730 cm !. In addition, the low-frequency bands at
1070 cm ! in the range of C-O-C vibrations are also not present. The
band at 1007 cm ! is on the contrary the most intense band in the
spectra. Therefore, only a certain part of the polyol segment seems to be
not stable at 350 °C. In the CH range, no significant changes are
observed. An obvious difference between the 350 °C spectra of CE and
TPU on one side and these of RPUF and FPUF on the other is the absence
of OH in the former. The spectra after 400 and 450 °C of all samples are
strikingly similar, especially those after 450 °C. A reorganization of the
CH groups and breakage of the H bonds takes place leading to a fre-
quency shift of the N-H vibrations from 3300 to 3400 cm . Stretching
OH bands are clearly observed in the spectra of CE and TPU at slightly
higher frequencies (3637 cm 1y than these of RPUF and FPUF
(3630 cm ).

For a more general indication of the substance release of the pyro-
lyzing polymer, elemental analyses of the intermediates were carried out
(see Tables SI 1-4 in the supplementary information).

Table 3 shows element mass balances for the intermediates obtained
from the segmented TG experiments. For RPUF, in the experiments with
an isothermal segment at 350 °C, about 67% of the initial sample mass
was converted to volatile products. In the residue, 37% of the original
carbon, 27% of the original hydrogen, and 55% of the original nitrogen
remain. Thus, a proportionately greater mass of carbon and hydrogen
than of nitrogen is expelled. This agrees with the conclusions from the
ATR-FTIR investigations. The nitrogen, which is present exclusively in
the urethane bond in the polymer under consideration, is incorporated
into secondary polymeric structures, or low-volatility products, during
the decomposition of the urethanes. Some of these low-volatility nitro-
gen-bearing intermediates appear to further decompose or evaporate
upon increasing the pyrolysis temperature, as the samples obtained at
400 °C and 450 °C contain less nitrogen, at 34% and 25% of the initial
mass, respectively. Nevertheless, the proportion of retained nitrogen is
large here, so it can be assumed that the isocyanates regenerated from
depolymerization, their amine derivatives, and intermediates formed
from these are essentially involved in the residue formation. FPUF shows
similar behavior in this respect. In the 400 °C and 450 °C intermediates,
41% and 32% of the nitrogen originally contained in the sample is still
bound.

Ravey and Pearce [13] and Woolley [47] report an almost quanti-
tative release of the nitrogen contained in flexible PUR foam in the form
of the toluene diisocyanate used into the gas phase. This is not the case
with the MDI-based FPUF investigated in this work. Lattimer et al. [48]
found that during pyrolysis of MDI-polyether-based PUR, cyclic ure-
thane oligomers are formed, which decompose at 325 °C. The remaining
nitrogen is in the form of MDA. Guo et al. [12] report large quantities of
nitrogen bound in heterocyclic compounds, nitriles, and aromatic
amines with aniline, p-aminotoluene, and 4-[(4-aminophenyl)methyl]
aniline as the main compounds. These results fit the phenomena
observed in this work. The hydrogen contained in the virgin polymer is
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Fig. 5. ATR-FTIR spectra of FPUF and pyrolysis intermediates obtained from segmented thermogravimetric experiments.
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Table 3
Elemental Mass Balance of pyrolysis intermediates obtained from segmented
TGA experiments.

Sample Residual Residual Residual Molar H/ Residual
Mass C H C Ratio N
Wt.-% Wt.-% Wt.-% - Wt.-%
RPUF
Virgin Polymer 100 100 100 1.2 100
350°C 33 37 27 0.8 55
Intermediate
400°C 21 25 13 0.6 34
Intermediate
450°C 17 19 9 0.5 25
Intermediate
FPUF
Virgin Polymer 100 100 100 1.5 100
350°C 14 16 8 0.8 48
Intermediate
400°C 12 13 6 0.7 41
Intermediate
450°C 10 11 4 0.6 32
Intermediate
CE
Virgin Polymer 100 100 100 1.6 100
350°C 18 19 17 1.4 12
Intermediate
400°C 4 5 2 0.6 2
Intermediate
450 °C 3 4 1 0.5 1
Intermediate
TPU
Virgin Polymer 100 100 100 1.4 100
350°C 23 25 23 1.3 14
Intermediate
400 °C 7 7 3 0.7 9
Intermediate
450°C 5 6 2 0.5 2
Intermediate

almost completely expelled at 450 °C. The H/C molar ratio shifts from
well above 1 in the virgin polymers to about 0.5 in the pyrolysis in-
termediates at 450 °C. This also reveals residue formation due to double
bond formation and cyclization of the pyrolyzing polymer.

The two PTHF-based PUR TPU and CE do not form any significant
amount of residue in dynamic, as well as in segmented experiments, and
pyrolyze almost completely already at 450 °C. Lattimer et al. [48]
observed no formation of cyclic polyethers as pyrolysis products in ex-
periments with PUR based on MDI and PTHF, which is thus similar to the
CE and TPU considered in this work. MDI/PTHF-based PUR elastomers
studied by Nishiyama et al. [17] also decomposed without significant
residue  formation in the TGA. They suggest three
temperature-dependent pyrolysis stages, in which hard (urethane) and
soft segments (PTHF) decompose independently. This suggested
behavior is confirmed by our findings.

The effect of nitrogen retention evident in the foams is not observed
for CE and TPU. Accordingly, there appears to be no incorporation of the
nitrogen-bearing compounds from the depolymerization into the res-
idue. This may be related to the chain structure of the polymers. While
cross-links are formed in the foams, long, linear chains are present in CE
and TPU. One factor here is the use of the blowing agent water in the
production of the foams. Water leads to a change in the molecular
structure since ureas and biurets are formed in addition to urethane
bonds, which crosslink the chains. Released pyrolysis products from the
urethane bonds bind as reaction partners to the existing cross-links and
form more temperature-stable oligomers and consequently coke. In the
unfoamed PUR TPU and CE, there are little to no cross-links, which is
why the evaporation of the pyrolysis products plays a greater role than
secondary polymerization and coking.

The foams are based on ethylene oxide and propylene oxide poly-
ether polyols, respectively, while PTHF is used for CE and TPU. The
coking behavior of the pure, unpolymerized polyols was investigated in

the TGA, where no char formation was observed (see Figure SI 1 in the
supplementary information). This is a further indication that the residue
formation primarily and initially originates from the decomposing hard
segments.

3.3. Py-GC/MS-Screening

Thermogravimetry and solids analyses described in the previous
sections provide good insights into the decomposition behavior of PUR
but supply little information about the gaseous and condensable phases
of the product spectrum. The aim of the screening investigations pre-
sented here was to obtain an overview of the volatile pyrolysis products
to complement the aforementioned analyses. Comprehensive and
especially quantitative analyses of the product spectrum of PUR require
advanced method development. In contrast to TGA, Py-GC/MS as per-
formed here is quasi-isothermal, which results in an overlapped
decomposition of the hard and soft segments of the PUR. A pyrolysis
temperature of 600 °C was chosen to lower the risk of tar deposition in
the system. Fig. 6 and 7.

The pyrograms shown in Fig. 8 reveal characteristic volatile products
generated during pyrolysis of the investigated PUR. Various gaseous and
highly volatile products eluting in the first minutes of the analysis
cannot be separated satisfactorily by the employed GC method. For this
reason, the pyrograms were cut to show retention times from 3 to
180 min. Peak intensities were normalized with respect to the highest
peak in each pyrogram.

In the case of RPUF, 4,4-MDA is detected, indicating urethane
degradation via 6-membered ring transition [16,17,19] and matching
the findings from the ATR-FTIR analyses of the pyrolysis intermediates.
A pronounced peak of N,N-dimethyl-cyclohexaneamine is to be noted.
This substance was added as a catalyst during sample production and is
thus not to be considered a decomposition product of the PUR. Beyond
that, p-aminotoluene occurs as a typical product of PUR degradation
[12,18,49,50]. Other substances with high abundances, namely dipro-
pylene glycol, propylene glycol, and 1-hydroxy-2-propanone are to be
attributed to the soft segment degradation.

The pyrogram of FPUF shows similar compounds to RPUF with 4,4'-
MDA, o-aminotoluene and aniline, which hints to equivalent decom-
position mechanisms. Plenty of oxygenated compounds with short
retention times are detected, which result from the soft segment
degradation.

The most abundant peak in the pyrogram of TPU is that of 4,4’-MDIL.
The presence of 1,4-BDO points to depolymerization of the urethane
groups according to 4-membered ring transfer [19] with little MDI
derivatization and hence a low tendency for residue formation. The
volatile 1,4-BDO generated from this depolymerization gives reason to
the intense primary mass loss observed in thermogravimetry. The
degradation of the PTHF-based soft segments yields THF and similar
compounds.

In relation to the other investigated samples, comparatively high tar
deposition in the pyrolysis chamber was observed for the CE. From the
TGA results it is evident, that the pyrolysis products of CE initially
volatilize. Vaporized pyrolysis products may subsequently condense at
cold spots in the micropyrolyzer and consequently cannot be detected in
the MS. The product spectrum is therefore only partially captured in the
pyrogram. Nonetheless, the pyrogram of the CE shows a large number of
peaks, very few of which can be assigned to a compound with a satis-
factory match quality. The products of the soft segment decomposition
are almost identical to those of TPU. It is striking that none of the typical
nitrogen-bearing compounds can be detected. 1,4-BDO is released,
which suggests the 4-ring transfer mechanism also found in TPU py-
rolysis. However, the likewise expected isocyanate is completely absent.
The typical isocyanate decomposition products, MDA, aminotoluene,
and aniline, are also not detectable. Despite the same reactants, the
polymer structure of CE is different from that of the TPU. A higher
fraction of MDI is bound to the long-chained PTHF than to the chain
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hard segments consisting of MDI and 1,4-BDO decompose at lower
temperatures and yield different products than urethane bonds linking

extender 1,4-BDO. One might assume that the simultaneous degradation
of the PTHF and the urethane segments yields oligomers that are prone

soft segments. This may explain the deviation in the product spectra

to condense in cold spots. According to Nishiyama et al. [17] urethane
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presented here.

A manifold of lower-intensity peaks is observed for all PUR samples,
indicating a very broad spectrum of further degradation products. Mass
spectra obtained for these peaks point to oxygenated products attrib-
utable to the soft segments but are not unambiguous. The product
spectrum can be resolved more accurately by advanced 2-dimensional
gas chromatography, as demonstrated by Eschenbacher et al. [51].

3.4. Kinetic Modeling

In the literature, two pseudo-reactions are usually assumed to
describe the pyrolytic degradation of PUR. To find kinetic parameters
that describe the decomposition behavior of the investigated PUR as
accurately as possible, the IPRM and the CRM were applied. The iden-
tified parameters are shown in Table 4. A deviation of the parameter sets
of the two models is noticeable, which we attribute to the differences in
the model functions. Our results lie well within the range of kinetic
parameters reported in the literature [10,11,16,30,50,52-54].

As shown in Fig. 9, both models reproduce the experimental data of
all PUR well. Coefficients of determination (R?) and root mean square
errors (RMSE) calculated from experimental data and the respective
kinetic models are given in Table 5. The experiments used for validation
were conducted with a heating rate of 15 K/min and experimental
conditions identical to the experiments used for the parameter

Table 4
Optimized kinetic parameters for pyrolysis of PUR.
Sample Model Reaction Vi o q; ko; Es; n
- - - 1/s kJ/mol
RPUF IPRM 1 0.70 5.68-10!2 174 1.52
2 - 0.29 3.58-101° 179 2.08
CRM 1 0.65 - 9.37.1012 175 2.05
2 0.21 - 6.41-10%4 238 2.37
FPUF IPRM 1 0.07 3.75.10"! 152 0.97
2 - 0.91 1.05-10'3 191 0.97
CRM 1 0.1 - 4.92.1013 171 2.86
2 0.83 - 1.26-101 203 1.5
CE IPRM 1 - 0.18 1,15.10! 157 0.97
2 - 0.82 9.08:10'2 198 0.97
CRM 1 0.21 - 9.23.1012 178 1.22
2 0.76 - 6.24-1014 223 1.16
TPU IPRM 1 0.41 5.82-10!! 166 0.97
2 - 0.58 1.75-10° 150 0.96
CRM 1 0.56 - 3.42.101 198 2.51
2 0.42 - 1.08-10%4 211 1.46

optimization, following the methodology described in Section 2.2.1.

The R? values close to unity indicate the high accuracy of both
models. The IPRM slightly outperforms the CRM in terms of fit quality.
This is also reflected in the RMSE. Values for the IPRM range between
0.011 and 0.017 and are thus lower than CRM RMSE between 0.025 and
0.039.

4. Conclusion

In this work, four different model PUR were investigated by ther-
mogravimetry, Py-GC/MS, and ATR-FTIR. Analyses of the pyrolysis in-
termediates obtained from TG experiments with isothermal segments
with water-blown FPUF and RPUF reveal retention of isocyanate deri-
vates and large fractions of feedstock nitrogen in the form of amines. In
intermediates formed in pyrolysis of CE and TPU, little residue forma-
tion, and little nitrogen retention were observed. This is attributed to the
weakly crosslinked structure, lesser amount of urethane bonds, and
absence of blowing agent water.

Py-GC/MS-Analyses show a manifold of degradation products. 1,4-
BDO and MDI detected in the product spectrum of TPU indicate depo-
lymerization and evaporation with little derivatization, matching the
findings from thermogravimetry and IR spectroscopy. For both TPU and
CE, the soft segments consisting of PTHF decompose into various
oxygenated products derived from THF. The pyrograms of the PUR
foams show MDA and fragments of MDI such as aniline and amino-
toluene, pointing to a different degradation route as also evidenced by
the IR spectra of the pyrolysis intermediates.

Despite the differences in the pyrolysis products, a two-step degra-
dation mechanism, highly dependent on the PUR structure was
confirmed for all materials. Two kinetic modeling approaches based on
independent parallel reactions and consecutive reactions respectively
were successfully applied for the description of the pyrolytic conversion
of the investigated PUR. The distinct two-step degradation behavior of
all investigated polymers is reproduced well by both models. In sum, a
clearer picture emerges of how PUR compositions and properties
correlate with the pyrolysis characteristics and the product spectrum.
ATR-FTIR has proven a valuable tool for assessing PUR in this regard.

Future work should focus on PUR-pyrolysis on a scale larger than Py-
GC/MS and TGA to characterize the influence of secondary reactions on
the product yield and spectrum. The amendment of existing kinetic
models to resolve the release of specific products or product groups
requires further clarification of the exact products generated during
pyrolysis. Both are necessary to develop optimal design parameters for
technical PUR pyrolysis to maximize product yield and quality. It is
evident that these depend on the PUR type and morphology.
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Table 5
Performance indicators for the PUR pyrolysis models.
RPUF FPUF CE TPU
IPRM RMSE 0.015 0.017 0.011 0.016
R? 0.9989 0.9986 0.9995 0.9988
CRM RMSE 0.025 0.039 0.037 0.030
R? 0.9956 0.9918 0.9935 0.9957
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Data will be made available on request.
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