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1. ABSTRACT 

To date, the recycling of polyurethane (PU) and polyisocyanurate (PIR) waste still poses a 

significant problem. Within this contribution, the thermal degradation of high-resilient ether PU, 

semirigid PU, rigid PU, and (PIR) with and without TCPP flame retardant was studied at different 

temperatures to identify and quantify the main products. For this, a tandem micropyrolyzer coupled 

to GC × GC with FID and ToF-MS detectors was used, and the yield volatiles, light gases, and 

residue was quantified. The volatile pyrolysis vapours obtained from pyrolyzing high-resilient 

ether PU and semirigid PU at 600 °C were very similar, and the main products obtained were 

ethylene and propylene (combined yield of ~13 wt%), ~16 wt% of various oxygenates, and 4-6 

wt% organic nitrogen compounds. The oxygenates included mostly poly-ether type compounds 

with varying molecular weight, and these are attributed to the decomposition of the polyol chains 

forming the soft segments of the polymer. The main semi-volatile nitrogen compound was 4,4'-

methylenedianiline, attributed to the decomposition of the hard segments in the PU structure 

synthesized from MDI. The pyrolysis vapours from rigid PU contained several ether-type 

compounds and high yields of heteroatom-free monoaromatics—in particular styrene. 

The PIRs were more difficult to decompose and volatilize than the PUs, resulting in ~20 wt% 

higher residue yields. The charring propensity was even higher in the absence of a flame retardant 

in the formulation. Pyrolysis of TCPP-containing PIR produced Cl-containing pyrolysis vapours 

such as allyl chlorides. While the yield of H2O was comparable for the different PUs and PIR, 

pyrolysis of PIR produced higher yields of CO2 and less CO compared to the different PUs. The 

use of catalysts can help to convert PU waste pyrolysis vapours more efficiently to desirable 

chemicals.  
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2. INTRODUCTION 

Polyurethanes (PUs) are widely used in industrials applications and daily life due to their 

versatility, cost benefits, and durability. Their applications include furniture, bedding, carpets, 

automotive seating, molded polyurethane foam, insulation in building and automotive, electronic 

components and other commercial goods [1]. In addition, polyurethanes are used as adhesives with 

different solvents such as ketones.  

PUs are co-polymers comprising hard segments from the use of p,p-methylene diphenyl 

diisocyanate (MDI) and toluene diisocyanate (TDI) in their formulation and soft segments such as 

polyester or polyether polyols. Polyether-based polyurethanes are preeminent in the industry, 

accounting for ~90% [1]. The ratio of polyol to diisocyanate is 2:1 to form polyurethane [2], and 

the -OH groups of the polyol react with the -NCO groups of isocyanate forming urethane 

(=carbamate) linkages. By adding water, two water molecules react with the NCO of isocyanate, 

thereby forming urea and CO2 acting as a blowing gas needed to create polyurethane foams. For 

most applications, using water alone would not result in satisfactory product quality or durability, 

and therefore additional organic blowing agents are used [3].  

The molecular weight, functionality, and molecular structure of the polyol chains are important 

parameters in the formulation. Thus, foams with a wide range of densities can be produced that 

can be flexible, semi-flexible or rigid in structure [4]. Compared to flexible foams, rigid foams 

have a higher degree of branching or cross-linking, which gives rigid PUs an increased chain 

stiffness, interchain attraction, and crystallinity [1]. This is achieved by using lower MW polyols 

with a higher functionality and hydroxyl number for the production of the latter [1]. Flexible PU 

foams have a nearly complete open-cell structure with bulk densities as low as 20 kg/m3, while 

rigid PUs have a mostly closed cell structure with higher bulk densities, typically ~35 kg/m3
 [5]. 

Commercial PU formulations often also include catalysts, chain extenders, flame retardants, 

pigments, cross-linkers, fillers, blowing agents, stabilizers, lubricants, and surfactants which are 

either useful during the synthesis of the PU and/or which enhance specific properties in the cured 

PU [1].  

Polyether polyols are synthesized by polyaddition of propylene oxide (PO) and/or ethylene oxide 

(EO) to a polyfunctional low MW initiator molecule (polyalcohol or polyamine), for example 

glycerol. 

On the other hand, rigid polyurethane foams (PUR) are produced using methylene diphenyl 

diisocyanate (MDI) and an (aromatic) polyester polyol instead of using an ether polyol. This 

creates a highly cross-linked thermoset plastic of low density and low thermal conductivity, used 

as a high-performance material for insulating materials in the construction sector. 

As a further development of PUR, the variant polyisocyanurate (PIR) displays excellent thermal 

insulation properties. Compared to PUR, for PIR production, an excess of the MDI component is 

used, which results in a different chemical structure with an increased level of linkages, creating a 
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very rigid and highly stable material. Chemical reactions occurring in the manufacturing of PIR 

foam are the reaction of isocyanate with alcohol (gel reaction), the reaction of isocyanate with 

water, releasing CO2 that contributes to the expansion of the foam, and the trimerization of 

isocyanate [6]. The reactions are catalysed with tertiary amines, carboxylates and/or tin organic 

compounds. PIR’s most notable differentiating factor is its higher resistance to flame and smoke 

compared to PUR products.  

Out of the ~3 Mt/year PU consumption in Europe in 2020, ~36% were as flexible foams, ~32% as 

rigid foam, and ~32% as reaction injection molding and elastomers [5]. Owing to their 

advantageous properties, including lightweight, high thermal insulation, good strength, resistance, 

and rigidity, PUs are used in many everyday applications and industrial uses [5,7]. However, they 

are difficult to recycle, and the continuous growth of PU demand results in an enormous waste 

accumulation [5,7,8]. To date, only ~30% is recycled, ~40% is recovered through energy recovery 

processes, and the remainder, unfortunately, is landfilled [4]. PUs are non-biodegradable and enter 

the municipal solid waste stream in the form of discarded products from consumers and industry 

such as upholstered furniture, mattresses and automobile parts [3]. Recycling approaches for PU 

wastes include mechanical, chemical, and thermo-chemical degradation approaches [8]. In 

mechanical/physical recycling, the particle size of the PU waste is reduced, and the resulting 

powder is used as a filler for new PU compounds. The chemical route tries to break down the PU 

backbone to recover raw materials that can be re-processed into new PUs of similar nature [4]. 

Chemical recycling approaches include glycolysis, hydrolysis, aminolysis, and biodegradation 

processes [4]. The thermo-chemical route attempts to convert the PU waste to valuable monomers 

(pyrolysis) or syngas (gasification) [8]. Notable concentrations of chlorine compounds were 

reported in the pyrolysis of PU waste from household appliances at 500-700 °C [9], originating 

from Cl-containing flame retardants such as tris(2-chloropropyl) phosphate (TCPP) [10]. To make 

rigid urethane foams more resistant to burning, special flame-retardant additives based on 

phosphorous, sulfur, nitrogen, and halogens are added to the foam components by simple 

mechanical mixing. Alternatively, if phosphorous and/or chlorine-containing polyols are used, 

they can chemically bound in the polymer chain due to their functional hydroxyl group [1].The 

research objective of the present work was to study the thermochemical conversion of industrially 

relevant PUs and PIRs via pyrolysis to identify and quantify potentially valuable products for 

chemical recycling. Like energy recovery via combustion, pyrolysis reduces the volume of the PU 

waste, thereby avoiding landfilling. However, compared to combustion, a pyrolysis approach 

would allow collecting high-valuable chemicals released as volatiles. Considering that there exists 

limited research in this field reporting quantitative product yields from the pyrolysis of 

commercially relevant samples, an essential objective of the present work was to close this gap; in 

particular, concerning semi-volatile organic products for which sometimes only very low yields 

<5 wt% [9,11] or often only qualitative data was reported [12–17].  
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In addition to different commercial PU samples (flexible foam, semirigid and rigid), the pyrolysis 

of PIR was studied to determine if a fast pyrolysis approach could recover valuable products from 

mixed PU/PIR waste that waste handling facilities will encounter in the decades to come. Finally, 

pyrolysis of a TCPP-free PIR formulation was studied to assess if the absence of flame retardant 

in PIR would increase the recovery of valuable chemicals. The present work also lays the basis for 

future work to develop catalysts that positively affect the recovery of valuable chemicals from PU 

and PIR waste by thermochemical conversion. 

3. EXPERIMENTAL 

3.1 Feedstock 

Commercial flexible PU foams, i.e. semirigid, and ether PU samples, were provided from the 

company Recticel (Belgium), and a commercial rigid PU foam was provided from the company 

Unilin (Belgium). The high resilient (HR) ether polyol was produced using polyalcohol glycerol 

and EO/PO to obtain a MW around 6000 g/mol and a hydroxyl value of 28 mg KOH/g sample. 

The final functionality (number of OH groups per polyol molecule) was around 2.2. In addition, a 

polyoxyethylene triol obtained by ethoxylation of glycerine with a MW of 1600 g/mol was used 

in the formulation. The rigid polyurethane foam was produced using methylene diphenyl 

diisocyanate (MDI) and an aromatic polyester polyol instead of ether polyol. This created a highly 

cross-linked thermoset plastic of low density and low thermal conductivity.  

Unilin produced non-commercial PIR samples of high industrial relevance according to the 

formulation given in Table 1, similar to available literature [6]. The used polyol was Stepanpol 

PS2352, which is an aromatic polyester polyol. Note that all compounds that have a hydroxyl value 

will react with the MDI isocyanate. As a silicone surfactant and foam stabilization product, 

Tegostab B 8462 (Evonik) was used. As a trimerization catalyst, Kosmos 75 was chosen, which 

consists of potassium octoate dissolved in polyglycol. As amine co-catalyst, the tertiary amine 

pentamethyldiethylenetriamine (PMDETA) was used. While in earlier literature, 

chlorofluorocarbons such as CFCl3 were used as blowing agents besides water [18], the Montreal 

Protocol restricted chlorinated blowing agents in the 1990s to reduce their impact on the ozone 

layer. Nowadays, pentanes have mostly replaced the environmentally harmful chlorofluorocarbons 

[8,19]. For the production of PIR in the present work, iso-pentane was used as a blowing agent.  

As a widely used flame retardant, tris (1-chloro-2-propyl) phosphate (TCPP) was added [20]. The 

industry is aware that TCPP will need replacement in the medium term; however, in polyurethane 

insulations installed to date and in the polyurethane insulations to be recycled in the coming 

decades, TCPP will be found [10]. In addition to the flame retardant-obtaining formulation, a 

TCPP-free PIR was synthesized under otherwise same conditions. 
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Table 1. PIR Formulation with TCPP flame retardant  

 OH number pphp* 

Polyol (Stepanpol PS2352) 240 100 

Water 6233 0.5 

Silicone surfactant (Tegostab B 8462) 42 2 

Flame retardant (TCPP) 0 15 

Trimerisation catalyst (Kosmos 75) 420 5.5 

Amine co-catalyst 

pentamethyldiethylenetriamine (PMDETA) 
0 0.2 

Iso-pentane (blowing agent) 0 17 

Low functional MDI  200 

*weight parts per 100 weight parts of the polyol (Stepanpol PS2352) 

All samples were ground to obtain particles <500 µm for the pyrolysis tests to facilitate thermal 

degradation [9]. 

3.2 Feedstock characterization 

The fraction of volatiles, fixed carbon, and the content of inorganics (=ash) in the different PU 

samples was determined by thermogravimetric analysis using a Netsch STA 449F3 instrument 

following the procedure described by Johnston [21]. 10 mg of sample was loaded in an alumina 

crucible, and the temperature was first ramped to 105 °C at 10 °C/min in a nitrogen atmosphere 

(100 ml/min) and held at that temperature for 40 min in order to determine any moisture content. 

For the analysis of volatiles, the temperature was ramped under the same flow conditions in N2 

from 105 to 900 °C at 10 °C/min, and the temperature was held at 900 °C for 20 min. Finally, 

nitrogen was replaced by air, and the temperature was held at 900 °C for 30 min, to determine the 

fixed carbon content. The remaining mass after the combustion of fixed carbon was considered 

ash.  
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3.3 Analysis of pyrolysis products 

The pyrolysis tests were performed using a tandem micro-pyrolyzer (RX-3050 TR, Frontier Lab., 

Japan) coupled to two-dimensional gas chromatography (GC) and a separate GC dedicated to 

analysing light gases, H2O and light oxygenates. The unit has been described in detail in earlier 

work [22–24]. The first reactor was used for pyrolysis at different temperatures between 300 and 

800 °C. The second reactor contained an empty quartz tube and was operated at 350 °C which was 

considered a high enough temperature to avoid the condensation and deposition of tars and/or high 

molecular weight compounds on the reactor walls. At the same time, 350 °C of this transfer section 

was considered low enough to avoid secondary thermal decomposition during the short additional 

residence time (<0.1 s). The column flow was controlled to 2.1 mL/min, and a split-flow of 105 

mL/min was used as the carrier gas in the micropyrolyzer, resulting in a short vapour residence 

time [25]. The interface between the micropyrolyzer and the GC inlet was maintained at 350 °C, 

and the GC inlet was maintained at 300 °C. The gases and volatile components from the reactor 

were trapped inside the GC × GC oven by a cryo-trap (MJT-1035E) cooled with liquid nitrogen. 

The cryo-trap was held for 14 min and then switched off. During that time, the GC oven was held 

at -40 °C by cryogenic cooling. As soon as the cryo-trap was switched off, the column temperature 

instantly increased to the oven temperature, and trapped vapours were released according to their 

boiling points. The oven program consisted of 14 min hold at -40 °C, followed by heating at 3 

°C/min to 320 °C and holding the final temperature for 5 min. Downstream the cryo-trap, the 

product vapours were split into two streams. The first allows for the simultaneous analysis of 

permanent gases and water in a customized multicolumn GC (Trace 1300). The second stream is 

send to a GC × GC (TRACE Ultra, Thermo Scientific, Belgium). For the product separation by 

GC × GC, a two stage cryogenic modulator (liquid CO2) was positioned between the first and 

second dimension column and the modulation time was set to 5 s. The 1st dimension column was 

a non-polar RTX-1 PONA (50 m, ID = 0.25 mm) and the 2nd dimension column was a polar BPX-

5 column (2 m, ID = 0.15 mm). Tests with time-of-flight mass spectrometer (ToF/MS) and FID 

detectors were run separately for the identification and quantification of the products. The ToF/MS 

was a BenchTOF-Select™ (Markes, United Kingdom) and the spectra obtained in a scanning range 

of m/z = 20–600 at 70 eV were compared with the NIST library database (MS search 2.2). The 

FID data was processed using GC Image software.  

The sample amount for the fast pyrolysis tests was ~300 μg and loaded with a high precision 

balance (±1 μg) into a deactivated stainless steel sample cup (Eco-cup SF). For FID tests, 

fluoranthene (Sigma Aldrich, purity >99%) was added as an internal standard. Since the loading 

of ~10 μg pure fluoranthene would result in a peak saturating the FID detector, a solid mixture 

comprising a low surface area -Al2O3 and fluoranthene at a weight ratio of 30:1 was prepared. 

This reduced the uncertainty inherent in weighing an extremely small amount of internal standard. 
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In addition, certain runs were also performed using iso-butane as internal standard, which was 

dosed using a six-port sample loop with known volume, pressure, and temperature of the sample 

loop, thereby improving the accuracy of the internal standard quantification. The yield of all other 

compounds was calculated using the effective carbon number method [26]. In addition, aniline 

calibration was performed by preparing a solution of aniline in acetone and injecting different 

volumes directly into the pyrolyzer operated at 200 °C. A dedicated multicolumn GC (Thermo 

Scientific Trace 1310) equipped with thermal conductivity (TCD) and pulsed discharge (PDD) 

detectors were used for the analysis of light gases (H2, CO, CO2, CH4), H2O, and small oxygenates. 

Calibration was performed by feeding different certified gas mixtures via the six-port sample loop 

to the micro-pyrolysis reactor.  

Due to the small weight of char remaining after pyrolysis, the balance precision became more 

relevant. In order to determine the char yield after pyrolysis tests more accurately, higher sample 

loadings of ~600 μg were pyrolyzed at different temperatures without detailed analysis of the 

volatiles. Once the pyrolysis reactor had cooled down to <100 °C, the sample cups were carefully 

retrieved and weighed together with the remaining char/residue. The higher sample loadings 

significantly improved the accuracy and repeatability of the char determination.  

The volatiles from pyrolysis of semirigid PU and high-resilient ether PU were almost identical, 

and the precise determination of the gas and char yields were limited to high-resilient ether PU, 

rigid PU, and PIR samples.  

4. RESULTS 

4.1 Properties of PU and PIR 

Table 2 summarizes the elemental composition of the different PU and PIR samples studied in the 

present work, and their elemental composition lies well within the range reported by other research 

groups reported for different polyurethane waste: 2–6 wt% N, 58–66 wt% C, 6–9 wt% H, and the 

difference being made up of primarily oxygen but also other elements contained in flame retardants 

such as Cl, P, Br [11,13,27–33]. Amongst the different materials, the PIR materials with and 

without TCPP showed the highest N content (~7 wt%), while the different PUs had a N content of 

~4 wt%. Chlorine was not detected by the elemental analysis method; as such, the indicated oxygen 

content as determined by difference will be lower for the TCPP-containing PIR compared to what 

is indicated in Table 2. 

Table 2. Elemental composition of PU and PIR samples 

 
N 

wt% 

C 

wt% 

H 

wt% 

Other elements 

wt% (by difference) 

Ether PU 4.4 65.5 8.6 21.5 

semirigid PU 4.3 64.7 8.8 22.2 
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Rigid PU 3.9 63.4 7.5 25.2 

PIR (with TCPP) 6.8 66.0 5.6 21.6 

TCPP-free PIR 7.5 68.1 5.3 19.1 

 

Thermogravimetric analysis revealed that for temperatures >400 °C, a higher char residue 

remained for PIR compared to the different PUs when heated in an inert atmosphere (Figure 1). 

At 900 °C, 26 wt% of the initial mass remained for PIR while only 8-12 wt% remained for the 

different PUs (Table 3), even though the initial weight loss occurred at a lower temperature of 

~210 °C for the PIR than the PUs (~280 °C). Among the different PUs, rigid PU showed the 

highest fixed carbon content, which may be attributed to a higher aromatics content due to the 

presence of an aromatic polyester polyol in its formulation. The higher resilience towards thermal 

deconstruction and decreased volatility of the PIR sample can be explained by its different 

chemical structure (higher degree of linkages) and higher density. PIR contains isocyanurate rings 

from the trimerization of isocyanates [20] with higher thermal stability compared to urethane 

groups [34] and therefore requires higher temperatures to degrade these stabilized structures. From 

an application point of view, high char formation tendency is desirable since it limits the amount 

of volatile fuel produced by the burning polymer and it provides an insulating layer at the surface 

of the burning polymer that reduces heat and mass transmission into the material [20]. Phosphorous 

compounds from the flame retardant, Si in the silicone surfactant and K present as potassium 

octoate in the KOSMOS® 75 catalyst were either volatile enough to be released under inert 

atmosphere, or they were released during the combustion together with the fixed carbon since there 

was no appreciable mass of inorganics/ash remaining at the end of the TGA program (see Figure 

1).  

The different PU/PIR samples primarily comprised volatiles and fixed carbon, with negligible 

moisture content (<0.5% for PUs and ~1% for PIR). For polyurethane waste, 8-12 wt% of fixed 

carbon and low ash residue was also reported by other researchers [27,30,32], albeit one study  

[33] found a fairly high ash content of 5.5 wt% in mattresses made from flexible polyurethane. For 

all samples there was a continued weight loss even when holding the temperature constant at 

900 °C under N2 atmosphere, indicating a continued but very slow thermal decomposition of the 

char. A continued and slow weight loss between ~500 and 950 °C was also reported by Yao et al. 

when heating PUR waste in inert atmosphere [15]. 
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Figure 1. Proximate analysis by thermogravimetric analysis of different PU and PIR samples. 

Table 3. Content of volatiles and fixed carbon as determined by thermogravimetric analysis 

 Semi-rigid PU ether PU rigid PU PIR PIR (TCPP-free)a 

Volatiles (wt%) 92 90 88 74 65 

Fixed carbon (wt%) 8 10 12 26 33 

adifference to 100% are ~1% moisture and 1% ash  
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4.2 Product yields from fast pyrolysis 

Figure 2a shows the yield of char/residue determined in 100 °C steps for pyrolysis temperatures 

ranging from 300 to 800 °C. In line with the TGA observations, rigid PU and ether PU are much 

more prone to volatilization compared to PIR since the PU char yield was already very low (<5%) 

at a pyrolysis temperature of 500 °C (Figure 2a). Despite the differences in heating rate between 

TGA (0.167 °C/s) and the micropyrolyzer (~100-250 °C/s [35]), the different trends between the 

PUs in terms of reactivity and fixed carbon content agree well. The residue at relevant pyrolysis 

temperatures (400-800 °C) was lower using the micropyrolyzer compared to the TGA. The slower 

heating using the TGA likely allowed for poly/oligomerization reactions of the molten/softened 

polymer and thus promoted char formation, e.g. via the condensation of aromatic rings to PAHs. 

The high heating rate during fast pyrolysis using the micropyrolyzer, on the other hand, promoted 

devolatilization and limited the extent of secondary reactions. This is in line with observations for 

thermochemical conversion of lignocellulosic feedstocks [36–40] and implies that there is an effect 

of particle size since both the maximum temperature and the heating rate increase with decreasing 

particle size [9]. 

Considering the combined yield of gas and water shown in  Figure 2b, there was a moderate 

increase when increasing the pyrolysis temperature from 400 to 600 °C, but a much more severe 

cracking to lighter gases (predominantly H2, CH4, CO) occurred when conducting the pyrolysis at 

800 °C. This is attributed to the decomposition of methylene bridges, cracking of pendant methyl-

groups, and H2 release via further condensation of aromatic rings in the PAH residue/char. Rigid 

PU was most prone to volatilization with higher yields of light gases compared to high-resilient 

ether PU and PIR (Figure 2b). Besides H2O, the identified and quantified light gases included CO2, 

C2H4, C2H6, H2, CH4, CO, NH3, HCN, MeOH, acetaldehyde, and acetonitrile (Table S1). PUR was 

the most prone to decarbonylation (=release of CO), followed by ether PU and PIR. Pyrolysis of 

PIRs, on the other hand, produced 3-6 times more CO2 than ether PU and PUR. For ether PU and 

PUR, the yield of NH3 decreased with increasing pyrolysis temperature, an observation in line 

with the results by Font et al. [11]. Appreciable amounts of HCN were only observed from PIR at 

temperatures >700 °C. Some MeOH and acetaldehyde were detected among light oxygenates, 

albeit without a consistent trend between the different samples and pyrolysis temperatures. Grittner 

et al. [18] reported water yields of ~4 wt% for a polyether PU based on MDI and poly(ethylene 

oxide)-poly(propylene glycol) at fast pyrolysis temperatures of 700 and 800 °C. This agrees well 

with the H2O yields observed in the present work.  
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Figure 2. (a) Char yield as a function of pyrolysis temperature for different PUs and PIR. b) Combined yield of light 

gases and H2O as a function of pyrolysis temperature. Yields of individual compounds are listed in Table S1. 

The two-dimensional gas chromatograms obtained from pyrolyzing high resilient ether PU (Figure 

S2) and semirigid PU (Figure 3) at 600 °C show a multitude of different oxygen functionalities; 

most notably, oxygen is bound as ether, ester, ketone, or aldehyde, and also some primary alcohols 

were detected. Ether-type compounds such as ethoxy-ethene likely stem from the 

cracking/breakdown of polyether polyols representing the soft segments in the PU structure [41]. 

Nishiyama et al. [12] reported that the soft segments require higher pyrolysis temperatures for their 

decomposition, while the diphenylmethane containing hard segments are the first to decompose 

[20]. Yao et al. [15] observed that for pyrolysis/combustion of PUR, the rupture of the C–N bond 

of the urethane bond could result in 2-ethoxyethanol, and compounds similar to 2-(2-

ethoxyethoxy)-ethanol were also observed in our work. The polyalcohols used for the production 
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of the flexible foams were synthesized by polyaddition of propylene oxide (PO) and/or ethylene 

oxide (EO) to glycerol, thereby forming a polyfunctional initiator molecule with a low MW in the 

range of 500–6000 g/mol [42,43]. The polyether and polyether alcohols observed with MW of 

~150 to 300 g/mol (RT~60 to 110 min) may thus be attributed to cracking the straight polyalcohols 

from the glycerol segment. Since the fragmentation patterns of the polyether alcohols with a 

different number of repeating units were very similar, future studies may need to use lower 

ionization voltage to enable more accurate identification of the parent m/z by mass spectrometry.  

The existence of different ethylene oxide (also called oxirane) structures, most notably EO with 

~4 wt% yield at 600 °C, ~2 wt% methyl-oxirane (=PO), tetramethyl-oxirane, and (1-

methylethoxy)methyl-oxirane could be related to the use of PO and EO in the production of the 

polyalcohols. Tetramethyl-oxirane, EO, and PO, or there decomposition products ethanal and 

propanal were also observed by others during the pyrolysis of PUs with polyether polyols in their 

formulation [17,41,44,45], particularly in the 400-600 °C range [41] while they were not detected 

at higher pyrolysis temperatures (850 °C) anymore, indicating their thermal decomposition [45]. 

Our results are in line with observations by Nishiyama et al. [12] as their results showed that the 

soft segments decompose sufficiently at a fast pyrolysis temperature of 450 °C. Besides low MW 

cracking products such as CH4, ethylene, and propylene, also formaldehyde and dimethylamine 

were detected in the present work. The latter may be a product of the thermal decomposition of 

dimethylethanolamine and triethylene diamine, which was used as catalysts to produce the flexible 

PU foams. Formaldehyde is a known thermal decomposition product from oxymethylene dialkyl 

ethers and has also reported by others when pyrolyzing flexible polyurethane foam [45]. 

The isocyanate compound 4-ethylphenyl isocyanate at a yield of ~0.6 wt% could be a product from 

C-C bond scission of unreacted MDI, or, more likely, from the dissociation of urethane linkages 

to isocyanate and alcohol [12,46–48], in agreement with the presence of several polyether alcohols. 

Linear polyether compounds without terminal -OH group may result from dehydration of 

polyether alcohols. Phenyl isocyanate compounds were also reported by others from thermal 

decomposition of a PU elastomer [12,49] and rigid PU foams [50], and in both studies MDI was 

used in the foam preparation.  
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Notably, for pyrolysis of ether PU and semirigid PU, 4,4’-diaminodiphenylmethane at RT ~105 

min was observed in high concentration. Note that also the tailing peaks towards the end of the 

chromatogram are related to the diaminodiphenylmethane structures (MDA). This was recently 

addressed by attempting in-situ derivatization of the highly reactive PU pyrolysis products such as 

amines and isocyanates with the objective to prevent their polymerization in the GC column [51]. 

4,4’-diaminodiphenylmethane was also observed by others as the main nitrogen-containing tar 

compound for pyrolysis of polyurethane foam [12,30,51], and higher temperatures promote the 

formation of the amine end. Even when heated at a much slower ramp of 10 °C/min using a TGA, 

4,4’-diaminodiphenylmethane was reported among the main evolving products during PU 

degradation [12,52]. It is noteworthy that some works suggest MDI as the primary product from 

PU pyrolysis [53], and in the presence of water MDI may then hydrolyse to yield MDA and CO2 

[54]. Despite the short vapour residence time and dilution of the pyrolysis vapours in the helium 

carrier stream, these seemed to have been the case in the work. The combined yield of the different 

diaminodiphenylmethane structures amounted to 3.8 wt% for ether PU and 1.8 wt% for semirigid 

PU. The most likely pathway would be the decomposition of the urethane bond to an amine end, 

carbon dioxide, and olefin via a six-membered ring transition state [1,12]. While the exact 

formulation of the PUs cannot be disclosed due to proprietary reasons, the presence of the 

diaminodiphenylmethane compounds is a strong indication that MDI was used in the formulation 

to synthesize the urethane groups. 4,4’-diaminodiphenylmethane is a valuable product since it may 

be used as an aromatic amine extender [42] to produce new PUs, or it can be reconverted into 

isocyanate and thereby used for the production of new PU in a circular approach [8,51].  
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Figure 3. GC×GC-FID analysis of volatiles from fast pyrolysis of semirigid PU at 600 °C. The internal standard (IS) 

fluoranthene is not a product of PU pyrolysis. 

The main pyrolysis vapour compounds detected from pyrolyzing rigid PU at 600 °C are shown in 

Figure 4. Since rigid PU was produced with an aromatic polyester polyol, the rigid foam had 

different pyrolysis products than the semirigid and flexible foam produced with a polyether polyol 

(vide supra). This can explain why the pyrolysis of rigid PU showed a much higher content of 

monoaromatic compounds, particularly styrene, with a yield of 11 wt%. Styrene as a pyrolysis 

product from waste rigid polyurethane foam was also observed by others[9] . 

In the present work, rigid PU polyethylene oxide derived compounds in varying chain lengths were 

observed. In addition, different types of monoaromatic nitriles were observed for both PUR and 

PIR pyrolysis, and reports of elevated concentrations of nitriles such as benzonitrile in the 

pyrolysis vapour slate of waste polyurethane can be found in the literature [11,18,30,33,45,50,55]. 

 
Figure 4. GC×GC-FID analysis of volatiles from fast pyrolysis of rigid PU at 600 °C. Fluoranthene at RT = 103 min 

was used as internal standard (IS) and is not a product from PU pyrolysis. 

PIR thermal decomposition.  

At low pyrolysis temperatures of 400 °C, TCPP was observed as a product from pyrolysis of the 

flame retardant-containing PIR formulation (Figure 5). As expected, by excluding the TCPP in the 

PIR  formulation, the pyrolysis products did not contain any Cl-containing compounds (see Fig 

S1). The absence of the flame retardant, however, did not have a significant effect on the 

decomposition mechanism, considering that similar products were observed (see Figure S1).  
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Figure 5. GC × GC-FID analysis of volatiles from fast pyrolysis of TCPP-containing PIR at 400 °C. 

Pyrolyzing TCPP-containing PIR at a higher temperature such as 700 °C produces a range of other 

products such as HCN, higher yields of heteroatom-free aromatics, benzene-nitriles, isocyanato-

benzenes, and several phenyl-substituted 1H-isoindole-1,3(2H)-dione structures (Figure 6). 

Possible pathways that could explain the formation of this phenyl-substituted 1H-isoindole-1,3 

(2H)-dione structures are discussed in the Supporting Information (Figure S3 and S4). 

 
Figure 6. GC × GC-FID analysis of volatiles from fast pyrolysis of TCPP-containing PIR at 700 °C.  
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Effect of temperature on yields of volatiles from PIR and TCPP-free PIR 

The yields of the major volatile products observed from TCPP-free PIR as a function of pyrolysis 

temperature are summarized in Figure 7. Increased cracking to light gases such as CH4, light 

olefins, and CO was observed at pyrolysis temperatures of 600 °C and higher. There was a 

continued increase in the yield of hetero-atom free aromatics with temperature, but even at 800°C, 

the recovery of benzene and toluene was relatively low with ~0.7 wt% (Figure 7a). A steeper 

increase in Di+ polyaromatic hydrocarbons (PAHs) was observed at temperatures >700 °C, and 

this observation is in line with reports by Garrido et al. [45] who observed PAHs amongst the most 

abundant products at 850 °C at yields of 0.7 wt% when using flexible polyurethane foam as the 

feedstock. Considering the high concentration of monoaromatics compared to PAH, it seems likely 

that the PAHs are a result of the monoaromatics condensing and growing together to from heavier 

PAHs. The likelihood of this increases with increased residence time.Maximum yields of aniline 

and methyl-aniline of ~1 wt% were recovered at a pyrolysis temperature of ~500 °C, and their 

yields decreased at higher temperatures, in agreement with observations by Stančin et al. [9]. 

Interestingly, these researchers found that the yields of aniline increased with decreasing particle 

size, and as such, there may be further potential to increase the recovery of aniline at an optimized 

particle size and pyrolysis temperature. Aniline and formaldehyde are the reactants for producing 

the diisocyanate MDI used in many PU formulations [42,43]. Therefore, the isolation and 

purification of aniline could be a route to chemically recycle a portion of PIR waste via pyrolysis 

and produce new PU/PIR materials. The recovery of benzyl-nitrile compounds reaches appreciable 

yields from 500 °C and higher (Figure 7b). Similarly, an increase in the yield of benzonitrile from 

0.25 to 0.85 wt% was observed by Garrido et al. [45] at a pyrolysis temperature of 550 and 850 

°C, respectively, when pyrolyzing flexible polyurethane foam. From pyrolysis temperatures of 700 

°C and higher, benzene, 1-isocyanato-4-methyl- was observed in the present work. High 

prevalence of simpler phenyl-and tolyl-isocyanates at high pyrolysis temperature of 800 -850 °C 

was also observed by other researchers for fast pyrolysis of rigid PU foams and elastomers 

[12,33,45,49,50]. This could be due to the breakdown of diisocyanates and radical reaction 

between phenyl radicals and isocyanates groups at high temperatures. Isocyanates are strong skin 

and respiratory irritants and the European Commission considers TDI as a possible carcinogen to 

humans. Hence, regulations for permissible exposure limits exist. On the other hand, capturing 1-

isocyanato-4-methyl- and adding another isocyanato group to it would allow to produce the 

monomer TDI, which could be used to produce new PU. We note that the ~1 wt% yield quantified 

in our work for the benzene, 1-isocyanato-4-methyl- compound is considerably higher than 0.023 

wt% of phenyl isocyanate emission at reported by Garrido et al. [33] in a dedicated study 

measuring the isocyanate emissions from pyrolysis of mattresses containing flexible and 

viscoelastic PU foam. This is likely due to the different chemical structure and higher nitrogen 

content of PIRs compared to PUs. In addition, the residence time of the pyrolysis vapours in the 
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heated zone was reported to 7 s in Garrido et al.’s work [33], while the residence time in our work 

was considerably shorter (<0.1 s). 

Amongst larger phenyl-containing nitrogen compounds, 4,4’-diaminodiphenylmethane was 

recovered with the highest yield of close to 4 wt% at a pyrolysis temperature of 500 °C (Figure 

7c). This compound is also observed for pyrolysis of PUs [12,30,51] and is a valuable product to 

recover since it is the main precursor yielding MDI after treatment with phosgene, thus facilitating 

the production of new PU in a circular approach [8,51]. In addition, 4,4’-diaminodiphenylmethane 

may be used as an aromatic amine extender [42] in the production of new PUs.  

Regarding oxygenates (Figure 7d), subjecting the material to a low pyrolysis temperature of 300 

°C allowed to recover high yields of diethylene glycol (2.1 wt%) and benzoic acid derivate (6.1%). 

Diethylene glycol is not observed at temperatures above 400 °C anymore, while the yield of 2-((2-

(2-Methoxyethoxy)ethoxy)carbonyl)benzoic acid more gradually decreased and was only 

completely cracked at temperatures >600 °C. In the temperature range of 400-700 °C, small 

amounts of ~0.1 wt% vinyl benzoate and 1,2-Benzenedicarboxylic acid are observed as likely 

decomposition products. This qualitatively agrees with reports in literature that oxygenates with 

ester linkages were observed from pyrolysis of polyurethanes at 600 °C, but these were missing at 

higher temperatures [53], indicating their thermal decomposition. 

Part of the weight loss observed in the TGA at temperatures <400 °C is associated with the release 

of oxygen-containing compounds (diethylene glycol and benzoic acid derivate), CO2, H2O, 

diaminodiphenylmethanes, and TCPP. The pyrolysis of TCPP-containing PIR showed similar 

products and trends with temperature (not shown). However, the TCPP-containing PIR produced 

Cl-containing pyrolysis products in addition to the products observed from pyrolyzing the TCPP-

free material. At a low pyrolysis temperature of 400 °C, TCPP was recovered in high yields of ~3 

wt% since it is not chemically bound in the structure. However, at higher temperatures, the TCPP 

yields rapidly declined, likely primarily reacting to a stable char product in the melted phase and 

decomposition, as there was an increasing trend for allyl chlorides (Figure 7). The yield of allyl-

chlorides peaked at ~600 °C, and their decline at higher temperatures most likely resulted in 

increased yields of HCl, which was not analysed in the present work. HCl would be a corrosion 

concern for larger-scale continuous thermochemical recycling plants [56], and replacing TCPP 

with a Cl-free flame retardant could limit this issue. It is interesting to note that for pyrolysis of 

TCPP-containing PU using Py-GC-MS, other researchers [9,50] observed TCPP at pyrolysis 

temperatures of 700-800 °C, while in our work TCPP was practically absent at temperatures of 

700 °C and higher.  
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Figure 7. Product yields of (a) oxygen-free hydrocarbons, (b) HCN and N-containing monoaromatics, (c) N-

containing di-phenyl structures, and (d) oxygenates as function of temperature for pyrolysis of TCPP-free PIR.  

 
Figure 8. Yield of main Cl-containing compounds observed in pyrolysis of TCPP-containing PIR. Lines 

are fits to guide the eye. 
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Table 4 summarizes the yields of the main products from the different PUs and PIRs for a pyrolysis 

temperature of 600 °C. Amongst the pyrolysis vapours, the main product group were oxygenates 

for the different PUs and PIR. However, no cyclic ketones were observed. C5 and C6 cyclic ketones 

were reported by others [13,49] for polyester-polyurethanes and attributed to the degradation of 

the polyester. This indicates that no polyester polyol was used in the formulation of the samples 

subjected to pyrolysis in the present work. 

N-containing heteroatoms were found in appreciable yields, with the highest yield found in PIR 

pyrolysis vapours. The yield of monoaromatics was particularly high for pyrolysis of rigid PU. In 

addition, the pyrolysis of the different PUs yielded 12-14 wt% ethylene and propylene, which 

could either go into the production of different plastics such as PE/PP or be incorporated into new 

PUs by producing EO and/or PO, which is then used for the production of polyols (via epoxidation 

of glycerol) as a key component in the formulation of PUs. From PIR, the yields of C2-C3 olefins 

were much lower compared to what was obtained from pyrolysis of PUs; however, pyrolysis of 

PIR produced more C5+ aliphatics as pairs of n-alkanes and alpha-olefins, which could indicate 

that a small amount of polyethylene was produced during the synthesis. 

At a pyrolysis temperature of 600 °C, a mass balance of 96 wt% was obtained for rigid PU while 

for ether PU and PIR, the mass closure was less than 60 wt%. This is in line with the observations 

from TGA that rigid PU was most prone to volatilization. The undetected mass likely comprises 

higher MW fragments with higher boiling points, and either deposited inside the reactor-transfer 

section (350 °C), the GC inlet (300 °C), or inside the columns since the maximum oven 

temperature used in the present work was 320 °C.  

Considering the list of chemicals used for PIR production (see Table 1), PIR contains several other 

heteroatoms besides oxygen and nitrogen, which the FID did not detect. Further inorganics that 

likely remained in the char may include Si from the silicone surfactant (2 pphp) and K contained 

in the form of potassium octoate in the KOSMOS® 75 catalyst  (5.5 pphp). Any volatile Si 

compounds could not unambiguously be attributed to the PU-derived pyrolysis vapours due to the 

bleeding of Si compounds from the stationary column phase, which was not quantified in present 

work but is sometimes erroneously attributed to PU pyrolysis products [50].   



20 

 

The elemental composition of the PIR derived vapours quantified by FID contained ~3 wt% N, 

71 wt% C, 8 wt% H, 6 wt% Cl, and 12 wt% O. A comparison with the elemental composition of 

the solid sample (Table 2) suggests that a higher proportion of oxygen and nitrogen was removed 

as light gases compared to the vapour phase compounds. This agrees with a high yield of CO2 (~11 

wt%) for pyrolysis of PIR at 600 °C. While no appreciable amounts of HCN, NH3, or C₂ H₃ N 

were detected at 600 °C from PIR pyrolysis, the release of nitrogen as N2 or NO (which were not 

analysed for), and the presence of N in the char residue or high MW tar deposits cannot be 

excluded. Comparing the elemental composition of the volatile pyrolyzates (including light gases) 

at pyrolysis temperatures of 400 and 700 °C for TCPP-containing PIR reveals concentrations of 

around 47% C wt% (for both 400 and 700 °C), 1.4 and 7.0 wt% N, 10 and 9 wt% H, 37 and 34 

wt% O, and 5 and 2 wt% Cl at 400 and 700 °C, respectively. The lower concentration of C and 

higher concentration of H and O compared to the feedstock suggests an enrichment of carbon in 

char, and it is well known that pyrolysis char from plastic waste and biomass often is highly 

carbonaceous. Noteworthy deviations to the feedstock elemental composition include the lower N 

content (1.4 vs 6.8 wt%) and high Cl concentration (5 wt%) of the pyrolyzate obtained at a 

pyrolysis temperature of 400 °C. This can be explained by the selective desorption of TCPP at this 

low pyrolysis temperature, while on the other hand little of the nitrogen contained in the thermally 

stable isocyanurate groups decomposed. At a higher pyrolysis temperature of 700 °C, the N 

concentration in the pyrolyzate matches the feedstock N content of ~7 wt%. 

Table 4. Yields (in wt% of feed) for the main products observed at a pyrolysis temperature of 

600 °C.  

 
ether PU and 

semirigid PU 
rigid PU PIR 

TCPP-free 

PIR 

CO 2.4 2.1 0.5 0.2 

CO2 3.3 3.0 10.7 9.7 

H2O 3.8 4.6 4.0 2.6 

H2 0.1 0.1 0.1 0.1 

C1-C3 alkanes 1.6 1.2 0.2 0.4 

C2-C3 olefins 12.6 14.4 1.0 0.5 

C5+ aliphatics 0.2 0.1 1.5 1.0 

HC aromatics 0.1 13.8 1.0 1.0 

O-containing 16.3 36.2 5.3 3.2 

N-containing 7.6 5.4 6.6 7.6 

Cl-containing 0.0 0.0 3.2 0.0 

char/residue 4.2 0.8 21.2 30.5 

mass closure (%) 56 96 55 56 
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A slight increase in mass closure by 4–8 %-points could be obtained when pyrolyzing ether PU 

and PIR at an increased pyrolysis temperature of 800 °C. This was mainly due to the increase in 

light gases, while the yield of vapours identified by GC × GC (excl. C2-) decreased from 31 to 20 

wt% for ether PU and from 18 to 11 wt% for PIR. 

When comparing the 2D GC chromatograms obtained from pyrolyzing ether PU at 800 °C and 

600 °C (Figure S2), a higher concentration of low MW compounds such as allyl ethyl ether derived 

from the soft segments was observed for 800 °C. The terminal unsaturation is a strong indication 

that this is a secondary product resulting from the dehydration of an initially formed alcohol. In 

addition, at 800 °C, there was an increased yield of heteroatom-free monoaromatics and phenyl-

amines and nitriles, likely resulting from the thermal decomposition of the di-phenyl amines 

observed at high concentration at the lower pyrolysis temperature at RT ~103 min and 106 min 

(Figure S2). For ether PU, the extent of dehydration and the yield of C2-C3 olefins did not further 

increase when raising the pyrolysis temperature from 600 to 800 °C, indicating the dehydration of 

fragmented alcohols from the polyol had already reached its maximum rate at 600 °C. Gaboriaud 

and Vantelonand [41] reported that for the thermal degradation of PU based on MDI and 

trimethylolpropane propoxylate at a heating rate of 20 °C/min, the main mechanism up to 400 °C 

was the fracture of the polyurethane molecule into a primary amine, carbon dioxide, and propenyl 

ether, the last leading to propene. For temperatures above 400 °C, a depolymerization process 

followed by the radical breakdown of the polyol chain and rearrangement of simple radicals may 

become more dominant [41]. Nishiyama et al. [12] also observed more low molecular weight 

compounds at an increased pyrolysis temperature of 850 °C. 

5. DISCUSSION & OUTLOOK 

While the present work suggests that valuable O and N-containing chemicals can be recovered via 

thermochemical conversion of PU and PIR waste, for the valorisation routes, the product 

separation needs to be studied in more detail in order to recover the desired chemicals, e.g., using 

a staged condensation or selective extraction from the liquid product. 

Catalytic upgrading of PU/PIR pyrolysis vapours could be another approach to boost the recovery 

of heteroatom-free monoaromatics such as benzene, toluene, ethyl-benzene, and styrene, as these 

base chemicals could be used to produce aniline and MDI, this way increasing the recycling rates. 

Considering the high concentration of nitrogen and oxygen-containing vapour compounds present 

in the fast pyrolysis vapours of commercial PUR and PIR samples, upgrading the vapours over a 

solid acid cracking catalyst may not be ideal as this will likely lead to rapid catalyst deactivation 

by coking. Instead, a catalytic vapour upgrading under hydrogen atmosphere could significantly 

reduce the loss of carbon in the feedstock towards coke on the heterogeneous catalyst that will 

eventually be lost to CO2 during catalyst regeneration. In addition, this approach may increase the 

recovery of alcohol functionalities by in-situ hydrogenation of esters, aldehydes, and ketones. 
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Preliminary results from our group indicate that using a MoO3-promoted HZSM-5/-Al2O3 catalyst 

active in hydro-deoxygenation [57,58] under hydrogen atmosphere (pH2 ~ 1.3 bar) can boost the 

yield of heteroatom-free aromatics from 1% in the thermal pyrolysis of PIR at 500 °C to ~15%, 

with 4.4 wt% benzene and 4.8 wt% toluene recovered. When operating the pyrolysis at 700 °C and 

the catalyst at 500 °C,  the recovery of benzene and toluene from PIR increased to 6.6 and 7.5 wt% 

(total yield of aromatics = 19%), from ~0.5 and 0.8 wt%, under thermal conditions. From the 

recovered benzene, aniline can be produced as an important building block in MDI production. 

From toluene, TDI can be produced. The recovered MDI and TDI could then be used to produce 

new rigid polyurethane foams with increased recycled content.  

Instead of using a catalyst, the secondary vapour-phase thermal decomposition of tars and/or high 

molecular weight compounds at moderate temperatures is another approach that may allow  

increasing the yields of desirable compounds. This approach will require optimization of the 

reactor temperatures of the primary and secondary reactor. Particularly for the ether and semirigid 

PU, and the PIRs for which the incomplete mass balance ( 

Table 4) suggests the presence of volatile high molecular weight compounds, this approach 

deserves future attention. Likewise, testing the effect of vapour residence time as a means to affect 

bi-molecular secondary reactions and studying different reaction atmospheres such as steam, H2, 

and recycled product gas is of interest. Lastly, it is worth considering the processing of PIR waste 

in a single reactor but in two thermal stages. Firstly, subjecting the waste to low-temperature 

pyrolysis at ~300-400 °C could recover DEG and benzoic acid derivates at high yields while 

removing TCPP, and since only a few compounds volatilize at low temperature, their isolation 

would be straightforward. In a second stage, the remaining residue (~70% of initial mass) could 

then be subjected to either thermal pyrolysis at ~500 °C for the recovery of aromatic-amine 

functionalities or catalytic fast pyrolysis (e.g. thermal pyrolysis at 700 °C followed by vapour 

upgrading at 500 °C). Due to PIR’s high charring propensity, the combustion of the char residue 

is expected to provide sufficient process heat, but further investigations in this regard are required.  

For economic considerations, a multitude of factors needs to be taken into account in addition to 

the value of certain valuable chemicals than can be produced from PU/PIR waste. For once, 

pyrolysis itself can be an attractive technology for reducing the volume of the waste, similar to 

combustion. On the other hand, pyrolysis requires heat to be supplied to the reactor, and there is 

an interplay between the desired pyrolysis temperature and the energy available by combusting 

product gas and solid residue. In addition to the operating costs associated with the pyrolysis 

reactor, there are cost associated with product separation and purification. Introducing a catalyst 

for vapour-phase upgrading may improve the selectivity to desired compounds and facilitate the 

product separation, but it also constitutes an extra cost. As such, if cheaper approaches such as 

“moderate (steam) cracking” would have a similar effect than using a catalyst, this would be 

economically preferred. Lastly, emissions of harmful pollutants such PAHs and isocyanates can 
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be of concern, requiring efficient vapour condensation systems and product gas treatment, hence 

further contributing to the overall plant operational cost. 

6. CONCLUSIONS 

The thermochemical degradation of different PUs (high-resilient ether PU, semirigid PU, and rigid 

PU) and polyisocyanurate (PIR), with and without TCPP flame retardant, was investigated using 

a TGA and a fast pyrolysis unit coupled to two-dimensional gas chromatography. The main 

volatile products obtained from pyrolyzing ether PU and semirigid PU were light olefins, various 

oxygenates derived from the polyether polyols, and methylenedianiline compounds, next to CO, 

CO2, H2O, and light nitrogenous gases such as NH3 and dimethylamine. While the light gases 

obtained from rigid PU were in a similar range compared to ether PU and semirigid PU, the 

pyrolysis vapours from rigid PU not only contained products from the conversion of polyether 

polyols, but also high yields of styrene and other heteroatom-free monoaromatics. Pyrolysis 

temperatures above 600 °C caused excessive gas formation. 

PIR was more difficult to thermally decompose and volatilize compared to the different PUs and 

also produced more CO2 and less CO compared to the different PUs. Pyrolysis of PIR at a low 

temperature of 300 °C allowed to recover diethylene glycol (2 wt%) and benzoic acid derivate 

(6%), and the yield of these rapidly decreased with increasing temperature.  

Maximum recovery of aromatic compounds with amine functionality such as aniline, methyl-

aniline, and diaminodiphenylmethanes was obtained at a pyrolysis temperature of 500 °C with 

yields of ~1 wt%, ~1 wt%, and ~4 wt% from PIR. The isolation and purification of these amines 

could be a route to chemically recycle a portion of PIR waste via pyrolysis and produce new 

PU/PIR materials. Towards higher pyrolysis temperatures, the yield of aromatic amines declined, 

whereas more aromatic nitriles and isocyanates were formed. In addition, the yield of heteroatom-

free monoaromatics increased with temperature, reaching ~0.7 wt% at 800 °C. 

Since the multitude of pyrolysis products with different heteroatoms and functionalities make 

purification difficult, an alternative strategy could be to favour the production of benzene and 

toluene, which are used in the production of MDI and TDI, thereby limiting the fraction of fossil-

derived chemicals used in the production of new PU/PIR. Preliminary results using a MoO3-

promoted HZSM-5/-Al2O3 catalyst under hydrogen atmosphere suggests that benzene and toluene 

yields can be increased from <1 wt% under thermal conditions to ~7 wt%  with direct catalytic 

vapour upgrading. This was the first attempt of direct catalytic upgrading of PIR pyrolysis vapors 

via a shape-selective (hydro)deoxygenation catalyst for the production of valuable base chemicals. 

 

ACKNOWLEDGMENT 

This work was performed in the framework of the Catalisti clusterSBO project WATCH 

(HBC.2019.0001 “Plastic waste to chemicals”), with the financial support of VLAIO (Flemish 



24 

 

Agency for Innovation and Entrepreneurship). The authors express their gratitude to Recticel and 

Unilin for providing the industrially relevant PU and PIR samples. In particular, the authors are 

indebted to Jorrit Gillijns (Unilin) and Jan Willems (Recticel) for sharing their insight from 

industry and proofreading the manuscript. The research leading to these results has also received 

funding from the European Research Council (ERC) under the European Union’s Seventh 

Framework Programme (FP7/2007-2013)/ERC grant agreement no. 818607 (OPTIMA). 

 

ABBREVIATIONS 

EO, ethylene oxide; TGA, thermogravimetric analysis, GC, gas chromatography; MDI; methylene 

bisphenyl diisocyanate; TDI, toluene diisocyanate; MS, mass spectrometry; FID, flame ionization 

detection; TCD, thermal conductivity detector; PO, propylene oxide; pphp, part per hundred parts 

polyol by weight; PIR, polyisocyanurate; PU, polyurethane;  

 

SUPPORTING INFORMATION 

Yield of light gas components and H2O; chromatogram from pyrolysis of TCPP-free PIR at 400 

°C; chromatogram from pyrolysis of ether PU at 600 °C and 800 °C; possible formation pathways 

for 1H-isoindole-1,3(2H)-dione structures;  



25 

 

REFERENCES 
[1] M. Szycher, Basic concepts in polyurethane chemistry and technology, 2012. https://doi.org/10.1201/b12343. 

[2] What is High Resilience Foam? Facts (Pros & Cons), (n.d.). https://www.slumbersearch.com/what-is-high-

resilience-foam (accessed December 22, 2020). 

[3] M.M.A. Nikje, A.B. Garmarudi, A.B. Idris, Polyurethane waste reduction and recycling: From bench to pilot 

scales, Des. Monomers Polym. 14 (2011) 395–421. https://doi.org/10.1163/138577211X587618. 

[4] R. V. Gadhave, S. Srivastava, P.A. Mahanwar, P.T. Gadekar, Recycling and Disposal Methods for 

Polyurethane Wastes: A Review, Open J. Polym. Chem. 09 (2019) 39–51. 

https://doi.org/10.4236/ojpchem.2019.92004. 

[5] Y. Deng, R. Dewil, L. Appels, R. Ansart, J. Baeyens, Q. Kang, Reviewing the thermo-chemical recycling of 

waste polyurethane foam, J. Environ. Manage. 278 (2021) 111527. 

https://doi.org/10.1016/j.jenvman.2020.111527. 

[6] A.C. Brandl, J. Grimminger, J. Paul, Advances in Additives for Polyisocyanurate Foams, n.d. 

[7] S. Ebnesajjad, Recycling of Polyurethane Foams, n.d. 

https://books.google.com.tr/books?id=8aRBDwAAQBAJ&pg=PA115&lpg=PA115&dq=polyurethane+recy

cling+greenhouse&source=bl&ots=8c50t_2TvI&sig=ACfU3U2t4dmSkO_TqgAfpMA5MzYtlilFOw&hl=en

&sa=X&ved=2ahUKEwi53KTYouLlAhVmzqYKHT7vA_AQ6AEwC3oECAoQAQ#v=onepage&q=polyur

etha. 

[8] B. Eling, Ž. Tomović, V. Schädler, Current and Future Trends in Polyurethanes: An Industrial Perspective, 

Macromol. Chem. Phys. 221 (2020). https://doi.org/10.1002/macp.202000114. 

[9] H. Stančin, J. Růžičková, H. Mikulčić, H. Raclavská, M. Kucbel, X. Wang, N. Duić, Experimental analysis 

of waste polyurethane from household appliances and its utilization possibilities, J. Environ. Manage. 243 

(2019) 105–115. https://doi.org/10.1016/j.jenvman.2019.04.112. 

[10] Environment and Climate Change Canada, Risk Management Scope for TCPP, 2016. 

http://www.ec.gc.ca/ese-ees/0F6111A3-1074-47DD-BF76-6D6F88FDE4DC/RMA DY3 _En.pdf. 

[11] R. Font, A. Fullana, J.A. Caballero, J. Candela, A. García, Pyrolysis study of polyurethane, J. Anal. Appl. 

Pyrolysis. 58–59 (2001) 63–77. https://doi.org/10.1016/S0165-2370(00)00138-8. 

[12] Y. Nishiyama, S. Kumagai, S. Motokucho, T. Kameda, Y. Saito, A. Watanabe, H. Nakatani, T. Yoshioka, 

Temperature-dependent pyrolysis behavior of polyurethane elastomers with different hard- and soft-segment 

compositions, J. Anal. Appl. Pyrolysis. 145 (2020) 104754. https://doi.org/10.1016/j.jaap.2019.104754. 

[13] Y. Zhang, Z. Xia, H. Huang, H. Chen, A degradation study of waterborne polyurethane based on TDI, Polym. 

Test. 28 (2009) 264–269. https://doi.org/10.1016/j.polymertesting.2008.12.011. 

[14] K. Pielichowski, D. Slotwinska, Flame-resistant modified segmented polyurethanes with 3-chloro-1,2- 

propanediol in the main chain - Thermoanalytical studies, Thermochim. Acta. 410 (2004) 79–86. 

https://doi.org/10.1016/S0040-6031(03)00374-5. 

[15] Z. Yao, S. Yu, W. Su, D. Wu, J. Liu, W. Wu, J. Tang, Probing the combustion and pyrolysis behaviors of 

polyurethane foam from waste refrigerators, J. Therm. Anal. Calorim. 141 (2020) 1137–1148. 

https://doi.org/10.1007/s10973-019-09086-8. 

[16] R.P. Lattimer, H. Muenster, H. Budzikiewicz, Pyrolysis tandem mass spectrometry (Py-MS/MS) of a 

segmented polyurethane, J. Anal. Appl. Pyrolysis. 17 (1990) 237–249. https://doi.org/10.1016/0165-

2370(90)85013-D. 

[17] J. Pagacz, E. Hebda, S. Michałowski, J. Ozimek, D. Sternik, K. Pielichowski, Polyurethane foams chemically 

reinforced with POSS—Thermal degradation studies, Thermochim. Acta. 642 (2016) 95–104. 

https://doi.org/10.1016/j.tca.2016.09.006. 

[18] N. Grittner, W. Kaminsky, G. Obst, Fluid bed pyrolysis of anhydride-hardened epoxy resins and polyether-

polyurethane by the Hamburg process, J. Anal. Appl. Pyrolysis. 25 (1993) 293–299. 

https://doi.org/10.1016/0165-2370(93)80048-5. 

[19] Ozone hole mystery: China insulating chemical said to be source of rise - BBC News, (n.d.). 

https://www.bbc.com/news/science-environment-44738952 (accessed December 27, 2020). 

[20] D.K. Chattopadhyay, D.C. Webster, Thermal stability and flame retardancy of polyurethanes, Prog. Polym. 

Sci. 34 (2009) 1068–1133. https://doi.org/10.1016/j.progpolymsci.2009.06.002. 

[21] P.A. Johnston, Thermochemical methylation of lignin to produce high value aromatic compounds, Iowa State 

University, 2017. https://lib.dr.iastate.edu/etd/15544. 

[22] S.B. Gorugantu, Fast Pyrolysis of Renewable Feedstocks for the Production of Green Chemicals, Ghent 

University, 2019. 

[23] H.E. Toraman, Fast pyrolysis for the circular economy : from plastic waste to genetically engineered poplar, 



26 

 

Ghent Univeristy, 2017. 

[24] L. Li, R. Van de Vijver, A. Eschenbacher, O. Dogu, K.M. Van Geem, Primary Thermal Decomposition 

Pathways of Hydroxycinnamaldehydes, Energy & Fuels. 35 (2021) 12216–12226. 

https://doi.org/10.1021/acs.energyfuels.1c01662. 

[25] P.R. Patwardhan, D.L. Dalluge, B.H. Shanks, R.C. Brown, Distinguishing primary and secondary reactions 

of cellulose pyrolysis, Bioresour. Technol. 102 (2011) 5265–5269. 

https://doi.org/10.1016/j.biortech.2011.02.018. 

[26] K. Schofield, The enigmatic mechanism of the flame ionization detector: Its overlooked implications for fossil 

fuel combustion modeling, Prog. Energy Combust. Sci. 34 (2008) 330–350. 

https://doi.org/10.1016/j.pecs.2007.08.001. 

[27] M.M. Esperanza, R. Font, A.N. García, Toxic byproducts from the combustion of varnish wastes based on 

polyurethane in a laboratory furnace, J. Hazard. Mater. 77 (2000) 107–121. https://doi.org/10.1016/S0304-

3894(00)00182-5. 

[28] Y. Zhang, Z. Xia, H. Huang, H. Chen, Thermal degradation of polyurethane based on IPDI, J. Anal. Appl. 

Pyrolysis. 84 (2009) 89–94. https://doi.org/10.1016/j.jaap.2008.11.008. 

[29] M.A. Garrido, R. Font, Pyrolysis and combustion study of flexible polyurethane foam, J. Anal. Appl. 

Pyrolysis. 113 (2015) 202–215. https://doi.org/10.1016/j.jaap.2014.12.017. 

[30] X. Guo, L. Wang, L. Zhang, S. Li, J. Hao, Nitrogenous emissions from the catalytic pyrolysis of waste rigid 

polyurethane foam, J. Anal. Appl. Pyrolysis. 108 (2014) 143–150. https://doi.org/10.1016/j.jaap.2014.05.006. 

[31] S. Wang, H. Chen, L. Zhang, Thermal decomposition kinetics of rigid polyurethane foam and ignition risk by 

a hot particle, J. Appl. Polym. Sci. 131 (2014) n/a-n/a. https://doi.org/10.1002/app.39359. 

[32] X. Guo, W. Zhang, L. Wang, J. Hao, Comparative study of nitrogen migration among the products from 

catalytic pyrolysis and gasification of waste rigid polyurethane foam, J. Anal. Appl. Pyrolysis. 120 (2016) 

144–153. https://doi.org/10.1016/j.jaap.2016.04.018. 

[33] M.A. Garrido, A.C. Gerecke, N. Heeb, R. Font, J.A. Conesa, Isocyanate emissions from pyrolysis of 

mattresses containing polyurethane foam, Chemosphere. 168 (2017) 667–675. 

https://doi.org/10.1016/j.chemosphere.2016.11.009. 

[34] P.I. Kordomenos, J.E. Kresta, Thermal Stability of Isocyanate-Based Polymers. 1. Kinetics of the Thermal 

Dissociation of Urethane, Oxazolidone, and Isocyanurate Groups, Macromolecules. 14 (1981) 1434–1437. 

https://doi.org/10.1021/ma50006a056. 

[35] J. Proano-Aviles, J.K. Lindstrom, P.A. Johnston, R.C. Brown, Heat and Mass Transfer Effects in a Furnace-

Based Micropyrolyzer, Energy Technol. 5 (2017) 189–195. https://doi.org/10.1002/ente.201600279. 

[36] J. Yu, N. Paterson, J. Blamey, M. Millan, Cellulose, xylan and lignin interactions during pyrolysis of 

lignocellulosic biomass, Fuel. 191 (2017) 140–149. https://doi.org/10.1016/j.fuel.2016.11.057. 

[37] O. Onay, Influence of pyrolysis temperature and heating rate on the production of bio-oil and char from 

safflower seed by pyrolysis, using a well-swept fixed-bed reactor, Fuel Process. Technol. 88 (2007) 523–531. 

https://doi.org/10.1016/j.fuproc.2007.01.001. 

[38] A. Filipovici, D. Tucu, A. Bialowiec, P. Bukowski, G.C. Crisan, S. Lica, J. Pulka, A. Dyjakon, M. Debowski, 

Effect of temperature and heating rate on the char yield in sorghum and straw slow pyrolysis, Rev. Chim. 68 

(2017) 576–580. https://doi.org/10.37358/rc.17.3.5504. 

[39] K. Zeng, D.P. Minh, D. Gauthier, E. Weiss-Hortala, A. Nzihou, G. Flamant, The effect of temperature and 

heating rate on char properties obtained from solar pyrolysis of beech wood, Bioresour. Technol. 182 (2015) 

114–119. https://doi.org/10.1016/j.biortech.2015.01.112. 

[40] A. Trubetskaya, P.A. Jensen, A.D. Jensen, M. Steibel, H. Spliethoff, P. Glarborg, Influence of fast pyrolysis 

conditions on yield and structural transformation of biomass chars, Fuel Process. Technol. 140 (2015) 205–

214. https://doi.org/10.1016/j.fuproc.2015.08.034. 

[41] F. Gaboriaud, J.P. Vantelon, Mechanism of thermal degradation of polyurethane based on MDI and 

propoxylated trimethylol propane, J. Polym. Sci. Polym. Chem. Ed. 20 (1982) 2063–2071. 

https://doi.org/10.1002/pol.1982.170200809. 

[42] C. Hepburn, Polyurethane elastomers, 1982. 

[43] T.M. Crescentini, J.C. May, J.A. McLean, D.M. Hercules, Mass spectrometry of polyurethanes, Polymer 

(Guildf). 181 (2019) 121624. https://doi.org/10.1016/j.polymer.2019.121624. 

[44] H.C. Beachell, C.P.N. Son, Color formation in polyurethanes, J. Appl. Polym. Sci. 7 (1963) 2217–2237. 

https://doi.org/10.1002/app.1963.070070621. 

[45] M.A. Garrido, R. Font, J.A. Conesa, Pollutant emissions during the pyrolysis and combustion of flexible 

polyurethane foam, Waste Manag. 52 (2016) 138–146. https://doi.org/10.1016/j.wasman.2016.04.007. 

[46] E. Dyer, G.C. Wright, Thermal Degradation of Alkyl N-Phenylcarbamates, J. Am. Chem. Soc. 81 (1959) 



27 

 

2138–2143. https://doi.org/10.1021/ja01518a030. 

[47] E. Dyer, R.E. Read, Thermal Degradation of O-1-Hexadecyl N-1-Naphthylcarbamates and Related 

Compounds, J. Org. Chem. 26 (1961) 4388–4394. https://doi.org/10.1021/jo01069a050. 

[48] E. Dyer, G.E. Newborn, Thermal Degradation of Carbamates of Methylenebis-(4-phenyl Isocyanate), J. Am. 

Chem. Soc. 80 (1958) 5495–5498. https://doi.org/10.1021/ja01553a045. 

[49] M. Herrera, G. Matuschek, A. Kettrup, Thermal degradation of thermoplastic polyurethane elastomers (TPU) 

based on MDI, Polym. Degrad. Stab. 78 (2002) 323–331. https://doi.org/10.1016/S0141-3910(02)00181-7. 

[50] X. Liu, K.A. Salmeia, D. Rentsch, J. Hao, S. Gaan, Thermal decomposition and flammability of rigid PU 

foams containing some DOPO derivatives and other phosphorus compounds, J. Anal. Appl. Pyrolysis. 124 

(2017) 219–229. https://doi.org/10.1016/j.jaap.2017.02.003. 

[51] Y. Nishiyama, S. Kumagai, T. Kameda, Y. Saito, A. Watanabe, C. Watanabe, N. Teramae, T. Yoshioka, Direct 

Gas-Phase Derivatization by Employing Tandem μ-Reactor-Gas Chromatography/Mass Spectrometry: Case 

Study of Trifluoroacetylation of 4,4′-Methylenedianiline, Anal. Chem. 92 (2020) 14924–14929. 

https://doi.org/10.1021/acs.analchem.0c01830. 

[52] J.J. He, L. Jiang, J.H. Sun, S. Lo, Thermal degradation study of pure rigid polyurethane in oxidative and non-

oxidative atmospheres, J. Anal. Appl. Pyrolysis. 120 (2016) 269–283. 

https://doi.org/10.1016/j.jaap.2016.05.015. 

[53] H. Ohtani, T. Kimura, K. Okamoto, S. Tsuge, Y. Nagataki, K. Miyata, Characterization of polyurethanes by 

high-resolution pyrolysis-capillary gas chromatography, J. Anal. Appl. Pyrolysis. 12 (1987) 115–133. 

https://doi.org/10.1016/0165-2370(87)85061-1. 

[54] M. Matsueda, M. Mattonai, I. Iwai, A. Watanabe, N. Teramae, W. Robberson, H. Ohtani, Y.M. Kim, C. 

Watanabe, Preparation and test of a reference mixture of eleven polymers with deactivated inorganic diluent 

for microplastics analysis by pyrolysis-GC–MS, J. Anal. Appl. Pyrolysis. 154 (2021) 104993. 

https://doi.org/10.1016/j.jaap.2020.104993. 

[55] T. Takeuchi, Identification and analysis of urethane foams by pyrolysis-gas chromatography, J. Chromatogr. 

Sci. 6 (1968) 542–547. https://doi.org/10.1093/CHROMSCI/6.11.542. 

[56] P. Lu, Q. Huang, A.C. (Thanos. Bourtsalas, N.J. Themelis, Y. Chi, J. Yan, Review on fate of chlorine during 

thermal processing of solid wastes, J. Environ. Sci. (China). 78 (2019) 13–28. 

https://doi.org/10.1016/j.jes.2018.09.003. 

[57] A. Eschenbacher, A. Saraeian, B.H. Shanks, U.V. Mentzel, P.A. Jensen, U.B. Henriksen, J. Ahrenfeldt, A.D. 

Jensen, Performance-screening of metal-impregnated industrial HZSM-5/Al2O3 extrudates for 

deoxygenation and hydrodeoxygenation of fast pyrolysis vapors, J. Anal. Appl. Pyrolysis. (2020). 

[58] A. Eschenbacher, A. Saraeian, B.H. Shanks, U.V. Mentzel, P.A. Jensen, U.B. Henriksen, J. Ahrenfeldt, A.D. 

Jensen, Micro-pyrolyzer screening of hydrodeoxygenation catalysts for efficient conversion of straw-derived 

pyrolysis vapors, J. Anal. Appl. Pyrolysis. (2020) 104868. https://doi.org/10.1016/j.jaap.2020.104868. 

 


