
Highlights 

· Pyrolysis and thermal or catalytic cracking of mattress foam waste was carried 
out. 

· Calcined dolomite and olivine and HiFUEL® were considered as an effective 
catalyst. 

· A valuable gas fraction was maximized keeping CO and CH4 as the main 
components.  

· A solid refuse-derived fuel was obtained for further energy requirements. 
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Abstract 7 

Pyrolysis coupled to either thermal or catalytic cracking of mattress foam waste was 8 

performed in a laboratory-scale facility consisting of a fixed-bed reactor joined to a 9 

tubular cracking reactor. The results showed a great potential for the production of 10 

syngas specially at high cracking temperatures. Particularly, fixing 800 ºC in the 11 

cracking reactor, a CO and CH4 rich gas with a remarkable amount of H2 was obtained. 12 

The addition of catalysts (dolomite, olivine or HiFUEL®) significantly decreased 13 

undesirable tar formation, (below 10 wt%), simultaneously increasing the gas yield and 14 

keeping CO and CH4 as the main components in the stream, becoming a preferable 15 

route that the non-catalytic process. Accordingly, this stream could be used preferably 16 

for further applications in energy generation because its heating value ranged between 17 

15.7 MJ/Nm3 and 19.6 MJ/Nm3. In particular, the gas obtained by the use of dolomite 18 

could be advantageous for the production of organic compounds such as dimethyl ether 19 

(DME) as well as its use an engine or boiler to generate electricity in small facilities. In 20 

addition, the solid fraction obtained after de process could be used as a medium quality 21 

refused derived fuel (LHV ~ 12 MJ/kg) in order to support the internal energy 22 

requirements of the process.23 
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27 

1. Introduction 28 

The most common end to waste mattresses is their disposal in landfills. Indeed, about 29 

60 % of waste mattresses in the European Union end up in landfills, being the 40 % 30 

remaining incinerated (Garrido, Font et al. 2016). This supposes a serious waste 31 

management and environmental problem, since it is estimated that up to 30 million of 32 

waste mattresses per year reach their end of life. In addition, this problem is 33 

significantly increased considering their inherent low density and remarkable size. 34 

Usually, this waste is composed of polyethers and polyesther polyols, methyl diphenyl 35 

diisocyanate and toluene diisocyanate (Chattopadhyay and Webster 2009). Hence, the 36 

incineration of this waste may cause severe environmental and health problems mainly 37 

caused by nitrogen-derived compounds such as NOx, NH3 and HCN (Guo, Wang et al. 38 

2014, Czajczyńska, Anguilano et al. 2017). Therefore, this common mechanism of 39 

waste management needs to be replaced by effective waste-to-energy strategies as 40 

neutral as possible for the environment and human health. In this point, pyrolysis 41 

emerges as one of the most versatile processes to achieve this aim, being a more flexible 42 

and environmentally friendly route than actual incineration plants or landfill disposal 43 

(Chen, Yin et al. 2014). The flexibility of this process lies on the scaling-up 44 

possibilities. In this sense, the possible industrial plants using this technology can be 45 

adjusted to the amount of waste material generated. Relatively small plants but still 46 

profitable, can be erected close to the generation points minimising logistics and 47 

transport cost of the waste material and reducing CO2 emissions associated to the 48 

transport of this bulky material (Campuzano, Brown et al. 2019). Moreover, the fact that 49 
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it is possible to produce three potential products (solid, liquid and gas) to be later used 50 

in different applications or even be recirculated to support the energy requirements of 51 

the process confirms the great flexibility of this process. In particular, liquid is potential 52 

to be used as fuel or source of chemical products (Miandad, Barakat et al. 2017), char 53 

can be used in gasification or combustion applications or in order to supply the energy 54 

requirements of this process (Chanaka Udayanga, Veksha et al. 2019) and gas, could be 55 

used in an engine or in a boiler to generate electricity as well as to support the energy 56 

requirements of the process (Wang, Qian et al. 2020). Moreover, the relative yields of 57 

the conversion products may be changed simply by tuning the process operational 58 

conditions. Another great advantage of this process lies on the wide range of different 59 

materials that can be treated with a relative success. These materials range from 60 

industrial, forestry or agricultural biomass waste (Yildiz, Ronsse et al. 2016, Guedes, 61 

Luna et al. 2018, Perkins, Bhaskar et al. 2018, Dupuis, Grim et al. 2019, Hu and 62 

Gholizadeh 2019), to waste plastic materials such as polystyrene (Artetxe, Lopez et al. 63 

2015, Miandad, Nizami et al. 2016), polyethylene (Elordi, Lopez et al. 2007, Gaurh and 64 

Pramanik 2018) or waste tires (Martínez, Murillo et al. 2013, Martínez, Puy et al. 2013), 65 

as well as electronic waste (Hassan, Lim et al. 2016) or municipal solid waste 66 

(Demirbas 2004, Czajczyńska, Anguilano et al. 2017).  67 

Pyrolysis is a thermochemical process focused on the devolatilisation of organic 68 

materials at moderate temperatures that is carried out in an inert (non-oxidative) 69 

atmosphere. Interestingly, several authors have already pointed out that this kind of 70 

waste could be successfully valorised by pyrolysis (Garrido and Font 2015). 71 

Interestingly, since the combustion of N-containing polymers such as mattress foam can 72 

lead to the formation of toxic gases (specially NH3 and HCN), working under a non-73 

oxidative atmosphere could have some benefits related to toxic emissions, mainly with 74 
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nitrogen-derived compounds (Herrera, Wilhelm et al. 2001, Garrido and Font 2015, 75 

Czajczyńska, Anguilano et al. 2017). Indeed, several researchers have already shown 76 

that although a remarkable concentration of nitrogen-containing compounds were 77 

obtained during the pyrolysis process, these compounds were not toxic. They concluded 78 

that pyrolysis can be considered an environmentally friendly process since the 79 

formation of pollutants that can damage environment as well as the human health is 80 

avoided. More specifically, it has been demonstrated that the possibility of using lower 81 

temperatures than other thermochemical processes such as combustion or gasification 82 

allows the system to generate lower pollutant emissions (Wyrzykowska-Ceradini, 83 

Gullett et al. 2011). Indeed, high temperatures (≥850 ºC) seem to favour the production 84 

of undesired compounds such as phenyl isocyanate in gas emissions (Garrido, Gerecke 85 

et al. 2017). Particularly, most of these studies have been conducted in a one-step 86 

configuration at different temperatures and also have shown a poor quality of the 87 

produced liquid fraction (Takamoto and Petrich 1994). Thus, an interesting alternative 88 

could be the use of a second step at moderate temperatures (lower than 850ºC) to 89 

convert the vapours generated during the pyrolysis process at moderate temperatures 90 

into a more valuable product. By doing that, the gas fraction would be maximized in 91 

comparison with that obtained after the one-step pyrolysis process (Guo, Zhang et al. 92 

2016). Moreover, since one of the crucial drawbacks related to conventional catalytic 93 

processes lies on recovering a pure solid fraction to be commercialized, the main 94 

characteristics of the char, which could be used as a refuse-derived fuel, would be 95 

maintained under this configuration. At this point, it should be mentioned that the use of 96 

different catalysts such as CaO, CaCO3 NaOH and Ca(OH)2 has been tested by other 97 

authors (Guo, Wang et al. 2014). In this study, although experiments were conducted in 98 

a tubular fixed-bed reactor, CaO was found to be efficient on decreasing NOx 99 
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precursors in the gas stream. In addition, no detailed information about tar yields was 100 

provided and, although the effect of catalysts promoting the conversion of tar N to N2101 

was evidenced, this fraction can be still considered as an undesired by-product. In this 102 

sense, a further optimisation of the variables of the process and a wider range of 103 

catalysts would be necessary to confirm this process as a potential solution for mattress 104 

foam waste. For that, the use of catalysts in the proposed two-stage configuration could 105 

be offer an interesting alternative to deal with the afore-mentioned drawbacks in 106 

mattress foam valorisation and could provide a useful database for future research. In 107 

this line, to the best of our knowledge, there is no published data related to this two-108 

stage process for mattress foam waste valorisation at different temperatures and using 109 

different catalysts in the second stage. Thus, we explore this potential and attractive 110 

alternative in this study. 111 

The aim of the study is to perform a pyrolysis process followed by a subsequent thermal 112 

or catalytic cracking step under the same inert atmosphere as a thermochemical 113 

valorisation route of mattress foam waste. Thus, adjusting the operational conditions of 114 

the second thermal or catalytic cracking stage, the objective focus in the production of a 115 

potential good quality gas (avoiding as possible toxic components using moderate 116 

temperatures) and avoiding undesirable by-products (tar). To achieve this aim, a real 117 

waste mattress sample was first pyrolysed and then, different temperatures in the second 118 

cracking step (350 ºC, 600 ºC, 700 ºC and 800 ºC) were analysed. The influence of three 119 

different catalysts (calcined dolomite, calcined olivine and a nickel-based catalyst) was 120 

also assessed. The potential application of this technology was explored by measuring 121 

the non-condensable gas composition and its heating value, the potential use 122 

applications of the remaining solid fraction and the minimization of operational 123 

problems due to tar formation.  124 
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125 

2. Materials and methods 126 

2.1 Mattress foam 127 

The mattress foam residue treated in the present research was provided by a local 128 

mattress manufacturer. Prior to the experiments and for a better handling, the received 129 

samples (see Figure S1, supplementary data) were crushed and sieved achieving an 130 

average size between 2-3 mm, approximately. As proximate analysis evidenced (Fixed 131 

Carbon: 0.8 wt%; Volatile matter: 98.2 wt%; Ashes: 1.0 wt%), this material is 132 

practically composed by volatile matter showing similar values showed in other studies 133 

(Garrido, Font et al. 2016). Elemental composition was also determined (C: 62.2 wt%; 134 

H: 8.6 wt%; N: 5.8 wt%; S: 0.3 wt%; O: 23.1 wt%).  It should be highlighted that the 135 

carbon content can be considered relatively high  and, in consequence, a  remarkable 136 

LHV was evidenced. (27.3 MJ/kg). 137 

138 

2.2 Catalysts  139 

Three different commercial catalysts were tested in this work: two natural minerals as 140 

calcined dolomite and olivine and a nickel-based steam reforming catalyst, HiFUEL® 141 

R110, provided by the Johnson Matthey Company in non-reduced form. Dolomite and 142 

olivine were calcined in a static-air furnace at 875 °C for 2 h. The elemental 143 

composition of these catalysts was determined by inductively coupled plasma-optical 144 

emission spectrometry (ICP-OES). The main elements of the dolomite were CaO (47.6 145 

wt%) and MgO (33.2 wt%) while the remaining elements observed were detected in 146 

quantities lower than 1.0 wt% (Al2O3, K2O and SiO2). On the other hand, Olivine was 147 

characterised by a high MgO (51.6 wt%) and SiO2 content (36.5 wt%) , followed by a 148 

remarkable Fe2O3 concentration (10.2 wt%). The remaining components such as CaO, 149 
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CuO, NiO, MnO or Cr2O3 were found in lower concentrations (below 1 wt%). 150 

HiFUEL® catalyst was activated by reduction during 3 h at 900 °C in a passing gas 151 

mixture of 90/10 vol%/vol% of N2/H2. Then, this catalyst was directly used in pellet 152 

form (in a 4-hole quadralobe pellet form). The Ni content was in the range of 19 - 153 

20 wt% (Grasa, Navarro et al. 2017, Navarro, López et al. 2017). For a greater 154 

knowledge, Table S1 (supplementary data) shows additional information about textural 155 

properties of the catalysts (porosity, BET surface and density).  156 

157 

2.3 Thermogravimetric analysis 158 

An initial thermogravimetric analysis was conducted in a Netzsch Libra F1 159 

thermobalance. The aim of this study was to analyze the thermal behaviour of the 160 

received mattress foam residue under pyrolysis conditions. The sample (9 mg) was 161 

treated from room temperature up to 800 ºC using a heating rate of 20 ºC/min under N2 162 

atmosphere (50 Nml/min). Finally, the sample was kept at the same temperature for 10 163 

min in air atmosphere. The solid weight loss and temperature were recorded. 164 

2.4 Fixed bed reactor 165 

Pyrolysis and cracking experiments were performed in a lab-scale plant consisting of a 166 

vertical stainless steel fixed-bed reactor (length: 52.5 cm; internal diameter: 5 cm) 167 

followed by a horizontal tubular reactor (length: 29.5 cm; internal diameter: 1.5 cm). 168 

Figure 1 shows a detailed scheme of the main components of this plant that has been 169 

used in previous works for similar purposes (Sanahuja-Parejo, Veses et al. 2018, 170 

Sanahuja-Parejo, Veses et al. 2018, Veses, Sanahuja-Parejo et al. 2020). As can be 171 

observed, this fixed-bed reactor has the feature of incorporating a vertical mobile liner 172 

where samples of 10 g of waste mattress are deposited. As a result, it is possible to 173 

preheat the reactor to the desired temperature, while avoiding the contact with the 174 
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feedstock. Thus, once the required temperature (550 ºC) is achieved in the reactor, the 175 

liner is introduced into the reaction zone, ensuring the fast heating rates needed for the 176 

devolatilisation process. The samples were processed under an inert atmosphere, using 177 

N2 as carrier gas (300 Nml/min). Taking into account the results obtained in the TGA 178 

tests, a unique pyrolysis temperature was fixed at 550 ºC for all experiments and 179 

different temperatures were studied in the cracking reactor (350 ºC, 600 ºC, 700 ºC and 180 

800 ºC). The plant included two thermocouples in order to control sample temperature 181 

and cracking temperature situated in the liner and in the catalyst bed, respectively (see 182 

Figure 1, Tp and Tc). To ensure a total devolatilisation of the mattress sample, 30 min 183 

were considered as the minimum reaction time. In addition, different catalytic tests 184 

using dolomite, olivine and HiFUEL® were also carried out keeping the pyrolysis 185 

temperature at 550 ºC and cracking reactor at 800 ºC. Based on previous results using 186 

this process (Veses, Sanahuja-Parejo et al. 2020), a feedstock to catalyst ratio of 3 was 187 

selected. At this point, it should be commented that non-catalytic experiments were 188 

conducted using silica sand to confirm the role of heat transfer. A tailor-made condenser 189 

using a water reflux at 3 ºC was used to collect the possible liquid fraction. Tar fraction 190 

was considered the organic fraction deposited along the different parts of the reactor 191 

that cannot be collected directly. This fraction was located mainly in cracking reactor, 192 

condenser walls, and filter (see Figure 1). Thus, the different parts of the installation 193 

were weighted and tar was obtained by difference. Char was directly recovered and 194 

finally, the non-condensable gas yield was calculated by the gas composition sampled in 195 

a gas bag located at the end of the installation. To ensure the repeatability of the tests, 196 

two runs were performed at each temperature. It should be pointed out that only the 197 

results that showed a relative standard deviation (RSD) lower than 5% in product yields 198 

were included and considered as valid.  199 
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200 

2.5 Product characterization 201 

After the two-step process, char, tar and non-condensable gas fractions were 202 

characterized. The solid fraction (char) was analysed by measuring its calorific value, 203 

elemental composition and proximate analysis according to analytical standards. In 204 

addition, the ash composition was also determined. The heating value was measured 205 

experimentally with an IKA C-2000 calorimetric bomb using the Spanish (UNE) 206 

standard procedure UNE 164,001 EX. Elemental composition of the mattress sample 207 

and solid fraction was determined in a Thermo flash 1112, according to UNE-EN 208 

15407:2011. Regarding the proximate analysis, ash content was determined following 209 

UNE-EN 154033:2011, volatile matter conforming to UNE-EN 15402:2011 and fixed 210 

carbon by difference. The ash composition of the char was determined by inductively 211 

coupled plasma-optical emission spectroscopy (ICP-OES). 212 

A chemical characterisation of the tar fraction deposited in the filter and in the 213 

condenser was determined by GC/MS. For that, a Varian CP-3800 gas chromatograph 214 

connected to a Saturn 2200 Ion Trap Mass Spectrometer was used. A low bleed 215 

capillary column, CP-Sil 8 CB: 5% phenyl, 95% dimethylpolysiloxane (60 m x 0.25 216 

mm i.d. x 0.25 µm film thickness) was utilized. The initial oven temperature was set at  217 

40 ºC and was maintained during 4 minutes. Then, the final column temperature 300 ºC 218 

(ramp rate of 4 ºC/min) was maintained for 16 minutes. A carrier gas (He BIP - quality) 219 

was used at constant column flow of 1 mL/min. Temperatures of the injector, the 220 

detector and the transfer line were 300 ºC, 220 ºC and 300 ºC, respectively. The sample 221 

was diluted with acetone and 1µL was injected were injected with a split ratio 25:1 and 222 

a 7.5 min solvent delay. The MS operated in electron ionisation mode in 35-550 m/z 223 
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range. The chemical composition obtained by the mass spectra was determined based on 224 

the automatic library search NIST 2011. 225 

The non-condensable gases were quantified by gas chromatography using a Hewlett 226 

Packard series II gas chromatograph coupled to a TCD detector. The system was 227 

equipped with a Molsieve 5 Å column to analyse H2, O2, N2 and CO (isothermal at 228 

60 ºC), and with a HayeSep Q column to analyse CO2 and light hydrocarbons 229 

(isothermal at 90 ºC). Additionally, C1–C4 hydrocarbons were measured through a 230 

capillary column in a Varian GC using a temperature programmed method (isothermal 231 

at 60 ºC for 5 minutes, followed by a heating rate of 20 ºC/min up to 120 ºC, 232 

maintaining this temperature steady for 5 minutes).  233 

234 

3. Results and discussion 235 

3.1 Thermogravimetric analyses 236 

The results of the thermogravimetric analysis (weight loss and rate of weight loss) for 237 

the mattress foam residues are summarized in Figure 2. Two main peaks at 300 ºC and 238 

400 ºC respectively are observed, suggesting two devolatilisation steps. According to 239 

literature (Chen, Huo et al. 2013, Jiao, Xiao et al. 2013, Garrido and Font 2015, 240 

Rogulska, Kultys et al. 2015, Garrido, Font et al. 2016), the first peak can be associated 241 

to the generation of several compounds such as cyanates, amines, CO2 and the 242 

formation of a condensable phase. The second peak, more intense than the first one, is 243 

related to the gas products released by thermal decomposition of the previous 244 

condensable phase. This phase is mainly composed by aliphatic hydrocarbons, high 245 

polarity ethers and aromatic hydrocarbons since toluene diisocyante and polyether 246 

polyols are common raw materials in the production of polyurethane based mattresses. 247 
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These results are in line with the work carried out by Garrido et al. (Garrido, Font et al. 248 

2016). These authors studied the thermal behaviour of similar mattress samples 249 

obtained directly from the landfill, evidencing two decomposition steps; the first one, of 250 

smaller area, around 275 °C and the other, greater, around 380 °C. 251 

Finally, a final residue around 1% was produced. This value is in agreement with other 252 

works in the literature where this material is practically composed by volatile mater and 253 

a very low portion of ashes (Garrido, Font et al. 2016). For all these reasons, 550 ºC 254 

seems to be a sufficient temperature to ensure the complete devolatilisation of this 255 

material. 256 

257 

3.2 Performance of the experiments  258 

3.2.1 Product yields 259 

Table 1 summarizes the product yields obtained after the two-stage process. The 260 

product distribution consists of a condensable liquid fraction, referred as tar, a solid 261 

fraction, referred as char and a non-condensable gas stream. At this point, it should be 262 

stated that the condensable fraction (tar) is excessively viscous as well as solidified over 263 

time at room temperature. Indeed, this poor quality of the liquid produced after 264 

pyrolysis processes was already evidenced by other authors (Takamoto and Petrich 265 

1994, Guo, Wang et al. 2014). To a better knowledge, GC/MS technique was used for 266 

tar characterisation. The results confirm the poor quality and toxicity of this fraction 267 

since mainly a great variety of nitrogen compounds and some polycyclic aromatics 268 

(PAHs) were evidenced both in the condenser and in the filter for all the samples. It 269 

should be noted that similar components were identified in the tar fraction for all 270 

experiments. Thus, as an example to a better knowledge, a GC/MS chromatogram of tar 271 
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fraction produced after the pyro-cracking of mattress foam using 550 ºC in the first 272 

reactor and 800 ºC in the cracking reactor was summarized in Figure 3. Thus, some of 273 

the main identified compounds were benzonitrile, isoquinoline, indole, quinoline, 274 

napthalene, among others.. Thus, from this point, tar fraction, promoted by the inherent 275 

characteristics of the feedstock and reactor design, is considered an undesirable product. 276 

Hence, the minimization of this fraction would reduce issues related to handling, 277 

storage and management of this low-quality liquid fraction. It can be observed in Table 278 

1 that this by-product is the main conversion product when the cracking reactor operates 279 

at 350 ºC, reaching 48.0 wt%. Fortunately, as it can be also observed in Table 1, the 280 

production of this by-product is significantly reduced as temperature in the cracking 281 

reactor is increased, concluding that high temperatures favoured an appropriate 282 

operation. Thus, tar production is reduced bellow 12.3 wt% using the highest cracking 283 

temperature (800 ºC). Although it can be considered undesirable, due to the great 284 

variety of chemical organic components identified in the tar fraction, this product could 285 

be used as a feedstock for the chemical industry (Anzano, Collina et al. 2017). In 286 

addition, the application of this product to be used as an alternative fuel in this process 287 

supplying a part of the energy needed should be also considered.  288 

Focusing on char yields, the experiments show a good repeatability with almost 289 

constant char yield values ranging between 7.3 and 8.2 wt%. This repeatability in the 290 

char yield is an expected result since pyrolysis temperature in the first reactor is fixed at 291 

the same value (550 ºC) for all the runs.  292 

293 

294 

295 
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Focusing on the gas yields, Table 1 shows that the effect of temperature in cracking 296 

reactor is a key factor to maximize this fraction. First, the lowest gas yield (43.3 wt%) is 297 

observed when relatively low temperatures in the cracking reactor (350 ºC) are used. 298 

This result, together with the relative meaningful operational problems because of 299 

excessive tar formation, suggest that a remarkable increase on this parameter to enhance 300 

gas productivity is necessary, as other researchers were already stated (Garcia, Font et 301 

al. 1995, Luo, Xiao et al. 2010, Dong, Chi et al. 2016). Consequently, the higher the 302 

temperature, the higher the gas yield and the lower the operational problems. Thus, gas 303 

yield increases up to 65.9 wt% and 68.8 wt% when 600 ºC and 700 ºC were set in the 304 

cracking reactor, respectively. Simultaneously, tar fraction is reduced to 22.8 wt% and 305 

19.8 wt%. A further increment in gas stream generation is observed by setting 800 ºC in 306 

the cracking reactor. Accordingly, at this temperature, gas fraction is maximized up to 307 

75.0 wt% whereas a minimum tar formation is observed (12.3 wt%). This tendency was 308 

also observed in previous works (Chen, Yin et al. 2014) and confirms that temperatures 309 

lower than 800 ºC can lead to undesired products.  310 

However, other authors reported that a remarkable formation of undesired and toxic 311 

compounds such as nitrile compounds (acrylonitrile, acetonitrile), hydrogen cyanide and 312 

some polycyclic aromatic hydrocarbons, can be observed at temperatures higher than 313 

850 ºC (Garrido, Font et al. 2017, Garrido, Gerecke et al. 2017). For this reason, it was 314 

decided not to increase the temperature above 800 ºC in any test. Thus, a cracking 315 

temperature of 800 ºC was selected to carry out the catalytic tests since this temperature 316 

enhanced gas production while minimizing undesirable tar formation, Interestingly, 317 

regarding the catalytic tests, it can be also observed in Table 1 that the undesirable tar 318 

fraction is reduced by the addition of catalysts in the cracking reactor. This means a 319 

remarkable reduction of tar yield (25 % - 30 % approximately) in comparison with the 320 
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non-catalytic tests. Particularly, although tar values could be considered similar, the 321 

lowest tar formation (8.4 wt%) was achieved using dolomite as cracking catalyst. 322 

Consequently, since char yields can be considered constant, higher gas yields were 323 

obtained. Indeed, a gas yield up to 79.0 wt% was evidenced using dolomite as catalyst. 324 

325 

3.2.2 Composition and potential value of the gas stream 326 

Gas composition was determined by gas chromatography and is summarized in Table 2 327 

on a free N2 basis. The main components of the gas stream at the lowest temperature in 328 

the cracking reactor (350 ºC) are CO, CO2 and C1-C4 hydrocarbons. This composition 329 

entails a remarkable LHV of 33.5 MJ/Nm3. 330 

331 

332 

333 

The component distribution of the gas stream is significantly different at higher 334 

temperatures. At temperatures above 600 ºC, the presence of CH4 is enhanced in 335 

comparison with lower temperature experiments, confirming the effect of temperature 336 

on cracking reactions. In this regard, a greater production of CO and H2 was also 337 

observed as cracking temperature is increased. Specifically, it was possible to achieve a 338 

significant hydrogen production of 6.0 g of H2/100gfeedstock (~50 vol% in N2-free basis) 339 

at 800 ºC. This tendency was already observed by other authors in waste (He, Xiao et al. 340 

2010, Barbarias, Lopez et al. 2016, Sipra, Gao et al. 2018) and biomass pyrolysis (Turn, 341 

Kinoshita et al. 1998, Ni, Leung et al. 2006) since dehydrogenation through the 342 

cleavage of C-H bonds is promoted at these temperatures. This effect can be also 343 
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attributed to tar reforming (Balat, Balat et al. 2009). In addition, It should be also 344 

pointed out that steam reforming and the decomposition of hydrocarbons into CO and 345 

H2 (CnHm + nCO2 ⇌ 2nCO + (m/2) are also favoured (Zhang, Kajitani et al. 2006).  346 

In addition, the CO2 yield in the gas stream, that reaches the highest value when 347 

cracking temperature is 350 ºC (11.6 g/100gfeedstock), is remarkably reduced in the 348 

experiments at higher temperature (values lower than 6.8 g/100gfeedstock). Particularly, 349 

the lowest CO2 composition (6.2 g/100gfeedstock ~2 vol% in N2-free basis), corresponds 350 

with the highest temperature. This tendency is not in line with other combustion or 351 

pyrolysis studies, where this compound, specially under an oxidative atmosphere 352 

(Garrido, Font et al. 2017), increases with the temperature. Hence, the fact of using a 353 

N2-inert atmosphere in both steps seems to have a positive effect in the reduction of 354 

CO2. Thus, not only carbonization reactions (CnH2n+2 → nC + (n+1)H2) attached to the 355 

decomposition of tars and hydrocarbons are enhanced at higher temperatures, but also 356 

Boudouard (C + CO2 ⇌ 2CO ) and dry reforming (CnHm + nCO2 ⇌ 2nCO + (m/2) H2) 357 

reactions seem to be prevalent (Wang, Chen et al. 2017).    358 

Regarding to the catalytic tests, it can be also observed a prevalence of CH4, CO and H2359 

in the gas stream. H2, remained at remarkable values of 5.0-5.9 for the three catalysts. 360 

Interestingly, the presence of CO is directly related to the CH4 composition. In this 361 

sense, the presence of CO (36.8 g of CO/100gfeedstock) in the gas stream produced after 362 

the use of dolomite is lower than that produced after the use of olivine (40.9 g of 363 

CO/100gfeedstock) or HiFUEL® (54.4 g of CO/100gfeedstock) catalysts. In consequence, the 364 

CH4 follows the opposite tendency reaching the higher values with dolomite (19.8 g of 365 

CH4/100gfeedstock) and its content decreases with the use of olivine (16.8 g of 366 

CH4/100gfeedstock) and HiFUEL®  (8.3 g of CH4/100gfeedstock) catalysts. These results are 367 

evidencing that CH4 reforming is clearly taking place when a commercial and specific 368 
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catalyst such as HiFUEL® is used. In addition, the reforming of other hydrocarbons 369 

(C2-C4) is also occurring, increasing CO and H2 production. This composition is also 370 

directly related to the LHV of the gas stream. Thus, the LHV of the gas obtained using 371 

dolomite and olivine reach values of 19.6 and 18.4 MJ/Nm3
, respectively, slightly higher 372 

than the heating value produced without catalyst. On the contrary, the LHV using 373 

HiFUEL® catalyst is lower (15.7 MJ/Nm3) due to the remarkable reduction of CH4 and 374 

other hydrocarbons in the gas stream.375 

Thus, the gas obtained at higher temperatures could be considered as a potential source 376 

of H2 for industrial use (Balat, Balat et al. 2009) or even as transportation fuel (Sahoo, 377 

Sahoo et al. 2012). In this sense, the M-module, either the H2/CO molar ratio or (H2-378 

CO2)/(CO + CO2)) ratio, are commonly used as parameters for studying the potential 379 

use of the syngas in synthesis processes. Thus, particular H2/CO molar ratios are 380 

suggested for the production of different chemicals. For instance, the Fischer-Tropsch 381 

process demands a syngas with a H2/CO molar ratio of 2 in order to generate synthetic 382 

liquid fuels, whereas for the production of aldehydes by hydroformylation lower ratios 383 

(H2/CO molar ratio = 1) are required. Thus, since H2/CO molar ratio found in this 384 

process is between 1.0-2.1 (see Table 3), the gas produced could be used as a potential 385 

feedstock for the production of different chemicals or fuels. On the other hand, it is 386 

possible to obtain a (H2-CO2)/(CO + CO2) ratio of 1.9 at the highest temperature and 387 

without catalyst, that could be advantageous for the production of organic compounds 388 

such as dimethyl ether (DME) (Martínez, Kulakova et al. 2020). Although H2389 

production was slightly superior for no-catalytic test in comparison with catalytic tests, 390 

it should be pointed out that dolomite and olivine showed similar ratios, keeping their 391 

potential application while operational problems due to tar formation were reduced. 392 

Moreover, the use of this product in an engine or in a boiler to generate electricity in 393 
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small facilities could be also considered an immediate potential application. On the 394 

contrary, different ratios were obtained for HiFUEL®, thus considering the production 395 

of aldehydes by hydroformylation a more suitable application.  396 

It should be highlighted that catalytic treatment is considered as the best alterative for 397 

tar elimination (Ma, Zhao et al. 2019), one of the objectives of this study. However, the 398 

cost and deactivation of the catalyst are the main drawbacks of these catalytic processes 399 

(Islam 2020). In this sense, although the three catalysts have shown interesting results 400 

depending on gas application, the results obtained with dolomite together with the great 401 

naturally availability and low-cost associated to this material (Islam 2020), make this 402 

solid as a potential material for the waste management of mattress foam residues from 403 

pyrolysis process. These results can be considered in line with those carried out by other 404 

authors for the same aim but using different processes and feedstocks (Ma, Zhao et al. 405 

2019).    406 

At this point it should be commented that this type of feedstock (polyurethane) includes 407 

nitrogen-derived compounds in their structure, so nitrogen compounds in the gas stream 408 

are expected. It should be stated that nitrogen compounds could not be determined in 409 

this study. However, other authors have shown that working under a non-oxidative 410 

atmosphere, nitrogen compounds could be even minimized in comparison with other 411 

thermochemical processes such as gasification or combustion (Wyrzykowska-Ceradini, 412 

Gullett et al. 2011). In addition, even though different reaction conditions or reactor 413 

configuration have been used for this purpose, other researchers have observed that N-414 

derived compounds such as caprolactam or glutaronitrile are emitted after pyrolysis 415 

processes (Herrera, Wilhelm et al. 2001), being these compounds considered non-toxic. 416 

In addition, although a complete characterisation of the gas stream is necessary to 417 

confirm these findings, there is a consensus in the scientific community that the 418 
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appearance of N-containing compounds such as NH3, HCN or specific PAHs in 419 

combustion processes, considered as toxic and hazardous compounds, can be avoided 420 

by pyrolysis processes below to 850 ºC (Garrido, Font et al. 2016). Finally, it is worth 421 

stating that although the impact of the three different catalysts on the yields, properties 422 

and composition of the products has been revealed in the manuscript, the feedstock to 423 

catalyst ratio could be a key parameters. Hence, further experiments studying the vapour 424 

residence time in the catalyst bed are required to determine the optimal conditions. 425 

3.2.3 Char characterisation 426 

Char fraction was characterised by determining the proximate and ultimate analyses and 427 

lower heating value. Since pyrolysis temperature was fixed at 550 ºC for all the 428 

experiments, there were no significant differences in char properties. Table 4 429 

summarizes the main characteristics of this solid product. It should be highlighted the 430 

relative high ash content (43.1 wt%) and the relative low carbon content (36.2 wt%) that 431 

indicates a very successful devolatilisation. Consequently, the heating value for this 432 

solid is relatively low (12.9 MJ/kg). The identification and composition of ashes was 433 

also determined by ICP-OES and it is summarized in Table 4.  434 

The production of a solid fuel seems interesting from an energy utilisation point of 435 

view. This solid, considered as a refuse-derived fuel, could be used to support the 436 

thermal requirements of the process. Hence, the application of this process could reduce 437 

the environmental problems related to mattress waste management since avoids 438 

landfilling and incineration that are two of the main harmful destination of this product. 439 

In any case, it should be pointed out that waste management issues associated to the 440 

great volume of initial residue in landfills can be significantly reduced through this 441 

process (see figure S2, supporting information).    442 
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In addition, due to the relative high ash content, the use of this product in cement plants 443 

as additive could be considered as a potential application. Moreover, the potential 444 

application as a cracking catalysts due to their relevant mineral content (Wang, Chen et 445 

al. 2017), could offer a further potential use.  446 

On the other hand, it should be also mentioned that in order to mitigate the low-density 447 

problems inherent to this waste, and to facilitate their energetic valorisation, several 448 

authors have already studied the briquetting process of mattress foams waste (Garrido, 449 

Font et al. 2017). For that, it is necessary to achieve temperatures up to 180 °C in the 450 

process to ensure a correct operation. In this sense, due to the versatility of pyrolysis 451 

processes, the use of the char as refuse derived fuel could help to supply the energy 452 

requirements of this process driving to a fully autonomous process from an energy 453 

management perspective.  454 

455 

3.3 Energy balance applied to the two-stage pyrolysis process 456 

The energy distribution among the different products in the pyro-cracking process was 457 

calculated, as shown in Table 5. The energy content of each product was determined as 458 

the percentage of the energy introduced with the mattress foam, all of them calculated 459 

using the LHV. Tar fraction composition was calculated by solving the individual atom 460 

balances to the process (i.e. C, H, N, S and O) since the elemental analyses to the gas 461 

and solid fractions were known (see Tables 2 and 4). Then, LHV was calculated from 462 

the HHV, which was estimated as a function of the elemental composition (mass basis) 463 

using equation 1 (Channiwala and Parikh 2002, Patel, Baldanza et al. 2013).  464 

 = 34.91 ·  + 117.83 ·  + 10.05 ·  − 10.34 ·  − 1.51 ·    (1) 465 
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As it can be appreciated from the energy balance, the energy recovered with the char 466 

fraction remains fairly constant at around 3.4-3.8 % of the energy introduced with the 467 

mattress foam (calculated using LHV in Table 4). This result is reasonable based on the 468 

constant values for the solid yield shown in Table 1. Regarding to the experiments 469 

performed without catalyst in the cracking reactor, the same trend for the energy 470 

distribution as for the product yields is observed. However, when a catalyst is 471 

introduced in the cracking reactor at 800 ºC, different behaviour is observed. As 472 

appreciated in Table 5, the largest amount of energy recovered with the gas product 473 

corresponds to the experiment performed using dolomite as catalyst (i.e. 93.7 % of that 474 

introduced with the mattress foam). The reason for such energy content in the gas 475 

product is due to the high content of light hydrocarbons in the gas product in this 476 

experiment (c.a. 28 vol% in N2-free basis), which makes the energy of the gas phase to 477 

be raised. In fact, the light hydrocarbons in this case accounted for the 60 % of the LHV 478 

of the gas product. On the contrary, for the experiment using the HiFUEL® catalyst, the 479 

gas product represents barely 67 % of the energy introduced with the mattress. In this 480 

case, the gas product contained mainly CO and H2 while 13 vol% (N2-free basis) 481 

corresponded to light hydrocarbons.  482 

Based on these numbers, the feasibility of using the char product as fuel for sustaining 483 

the pyrolysis reactor was evaluated. The enthalpy for the pyrolysis reaction was 484 

calculated using the product yields for the experiment using sand in the cracking reactor 485 

at 350 ºC. Detailed information about the calculation of the enthalpy of the pyrolysis 486 

reaction can be consulted in the supporting information (S.1). The formation enthalpy 487 

for the mattress foam, the char and the liquid fractions were calculated from the LHV, 488 

solving the combustion reaction in each case. As a result, a reaction enthalpy of 195 489 

kJ/kg is obtained for the pyrolysis reaction at 25 ºC. This energy demand corresponds to 490 
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c.a. 20 % of the energy obtained from the complete combustion of the char fraction 491 

obtained. At this point, it should be remarked  that the energy consumption associated to 492 

feedstock and inert gas heating up to 550ºC was not considered as well as the energetic 493 

consumption associated to mattress foam devolatilisation. In this sense, a more detailed 494 

study including all these variables should be done to ensure the feasibility of using char 495 

combustion to fulfil the energy demand in the pyrolysis reactor, resulting in an 496 

autothermal process. In addition, the tar produced as well as a fraction of non-497 

condensable gas could be also used as fuel in this process supplying the energy needed 498 

for heating the liquid and gas products from 550 ºC until the operating temperature of 499 

the cracking reactor. 500 

501 

4. Conclusions 502 

A novel two-step process for waste mattress foam comprising an initial pyrolysis step 503 

followed by a thermal or catalytic cracking under inert atmosphere was carried out at 504 

laboratory-scale. The results reveal that this process is a promising route to valorise a 505 

hazardous material such as waste mattresses into a H2-rich gas. Particularly, fixing an 506 

optimum temperature of 800 ºC in the cracking reactor is possible to reach 507 

concentrations of H2 up to 60 vol% (N2-free basis). This stream becomes a potential 508 

source of H2 to be further used for synthesis processes or as low-carbon fuel (~18 509 

MJ/Nm3). Interestingly, the use of different catalysts such as dolomite, olivine or 510 

commercial HiFUEL®, can be considered preferable since undesired tar fraction is 511 

reduced and gas yields are consequently increased while keeping CO, H2 and CH4 as 512 

main components in the gas stream. Specifically, due to the highest gas yield obtained 513 

by the use of dolomite, considered as a low-cost and naturally available worldwide 514 

solid, its use could be advantageous. In addition, a solid fraction obtained after de 515 
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process could be used as fuel (LHV ~ 12 MJ/kg) in order to cover a part of the energy 516 

requirements of the process. 517 
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679 

TABLES 680 

681 

Table 1. Product yields (tar, char and gas) in wt% after the pyro-cracking of mattress 682 
foam using 550 ºC in the first reactor and different temperatures in the cracking reactor 683 
(350 ºC, 600 ºC, 700 ºC and 800 ºC). Non catalytic tests were conducted using inert 684 
silica sand. Catalytic experiments using a feedstock to catalyst mass ratio of 3 are also 685 
included.   686 

Pyrolysis 
Temperature  

(ºC) 

Cracking 
Temperature  

(ºC) 
Catalyst 

Yields (wt%) 

Tar Char Gas Total 
550 350 No catalyst  48.0 ± 1.4 7.3 ± 0.3 43.3 ± 1.3 98.5 
550 600 No catalyst 22.8 ± 0.7 8.2 ± 0.2 65.9 ± 1.9 96.9 
550 700 No catalyst  19.8 ± 0.6 7.3 ± 0.3 68.8 ± 1.4 95.9 
550 800 No catalyst 12.3 ± 0.3 7.7 ± 0.2 75.0 ± 1.1 95.5 

Catalytic experiments 

550 800 Dolomite 8.4 ± 0.4 8.0 ± 0.1 79.0 ± 1.3 95.3 
550 800 Olivine 10.0 ± 0.5  8.1 ± 0.2 76.4  ± 1.2 94.2 
550 800 HiFUEL®  9.0 ± 0.5 8.0 ± 0.1 77.5 ± 1.2 94.5 
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Table 2. Gas composition (g/100gfeedstock) after the two-step process using 550 ºC in the 687 
first reactor and different temperatures in the cracking reactor (350 ºC, 600 ºC, 700 ºC 688 
and 800 ºC). Non catalytic tests were conducted using inert silica sand. Catalytic 689 
experiments using a feedstock to catalyst mass ratio of 3 are also included. 690 

Pyrolysis 
Temperature  

(ºC) 

Cracking 
Temperature  

(ºC) 
Catalyst 

Gas Composition (g/100gfeedstock) LHV  
(MJ/Nm3) 

H2 CO CO2 CH4 C2H4 C2H6
C3-
C4

550 350 No catalyst 0.4 10.2 11.6 4.5 5.0 1.0 10.6 33.5 
550 600 No catalyst 0.8 22.2 6.8 13.6 16.0 0.7 5.8 31.8 
550 700 No catalyst 1.7 23.8 6.7 18.6 3.0 2.5 12.4 28.3 
550 800 No catalyst  6.0 38.9 6.2 17.0 4.7 N.D. 3.0 17.9 

Catalytic experiments 

550 800 Dolomite 5.6 36.8 4.8 19.8 0.4 10.0 0.7 19.6 
550 800 Olivine 5.9 40.9 3.9 16.8 0.2 5.7 3.3 18.4 
550 800 HiFUEL®  5.0 54.4 4.1 8.3 N.D. 2.9 2.7 15.7 

691 

692 

693 

694 

Table 3. Calculated M-modules of gas produced after the process: H2/CO molar ratio 695 
and (H2-CO2)/(CO + CO2)) ratio.  696 

Pyrolysis 
Temperature 

(ºC) 

Cracking 
Temperature (ºC) Catalyst 

Ratio  
(H2-CO2)/ 
(CO + CO2)) 

H2/CO 
molar 
ratio 

550 350 No catalyst  -0.1 0.5 
550 600 No catalyst  0.3 0.5 
550 700 No catalyst 0.7 1.0 
550 800 No catalyst  1.9 2.1 

Catalytic experiments 

550 800 Dolomite 1.9 2.1 
550 800 Olivine 1.9 2.0 
550 800 HiFUEL®  1.2 1.3 
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Table 4. Characterisation of char fraction by determining proximate and ultimate 699 
analyses and higher and lower heating value. Ash composition of mattress foam char 700 
determined by ICP-OES was also included 701 

Properties of Mattress foam char 

Proximate analysis (wt%) 
Ash 43.1 

Volatile matter 13.6 
Fixed Carbon 32.5 

Ultimate analysis (wt%) 
C 36.2 
H 1.2 
N 0.7 
S 1.2 

LHV (MJ/kg) 12.8 

Elements (wt %) 
Al 0.14 
Ca 0.67 
Fe 0.71 
K 0.19 
Si 0.55 

702 

703 

Table 5. Energy distribution among the three product fractions (tar, char and gas) after 704 
the pyro-cracking of mattress foam using 550 ºC in the first reactor and different 705 
temperatures in the cracking reactor. 706 

Pyrolysis 
Temperature  

(ºC) 

Cracking 
Temperature  

(ºC) 
Catalyst 

Energy (%  
of feedstock energy,  

LHV based) 
Tar Char Gas 

550 350 No catalyst  55.1 3.4 41.5 
550 600 No catalyst 21.3 3.8 74.8 
550 700 No catalyst  16.7 3.4 79.9 
550 800 No catalyst  13.2 3.6 83.2 

Catalytic experiments 

550 800 Dolomite 2.6 3.7 93.7 
550 800 Olivine 9.9 3.8 86.3 
550 800 HiFUEL®  29.8 3.7 66.5 

707 
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708 

FIGURES 709 

710 

711 

712 

Figure 1. Schematic diagram of the fixed-bed reactor used for the experiments. The plant 713 

included two thermocouples in order to control sample temperature (Tp) and cracking 714 

temperature (Tc) situated in the liner and in the catalyst bed, respectively   715 

716 

717 

718 

719 

720 

721 

722 

723 

724 



29 

725 

726 

727 

728 

729 

730 

Figure 2. Thermogravimetric results of mattress foam residues (rate of mass loss and % of mass 731 
remaining) at 20 °C/min.  732 
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746 

747 

748 

749 

750 

Figure 3. GC/MS chromatogram of tar fraction produced after the pyro-cracking of mattress 751 
foam using 550 ºC in the first reactor and 800 ºC in the cracking reactor. Samples were 752 
recovered from condenser and filter. Filter: 1=Benzonitrile; 2=Naphthalene; 3= Isoquinoline; 753 
4=Indole; 5=Methanimidamine,N-(2,4-dimethylphenyl)-N´-methyl-; 6= 2-754 
Naphthalenecarbonitrile; 7= 4-Isoquinolinamine; 8= 6-Quinolinamine, 2-methyl-; 9= 1,7-755 
Phenanthroline;  Condenser:  1=2-Propanone, 1-(1-methylethoxy)-; 2=2-Pentanone,4-amino-4-756 
methyl-; 3=1H-Imidazole,2,4-dimethyl-;4= Benzonitrile; 5=1,2,3-Trimethylpiperidin-4-one; 757 
6=4-Piperidinone,2,2,6,6-tetramethyl-; 7= Naphthalene; 8= Isoquinoline; 9= Indole; 10=1,3-758 
Benzenediamine,4-methyl; 11=Cholesta-3,5-diene;) 759 
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