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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Hydrothermal treatments were applied 
to recycle rigid polyurethane foam 
waste.

• The operating parameters strongly in
fluence hydrochar yields and properties.

• An inverse relationship is observed be
tween severity values and hydrochar 
yields.

• Hydrochar has potential applications as 
nitrogen doped material and solid fuel.

• Organic phase is rich in compounds with 
potential applications as chemicals.
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A B S T R A C T

Polyurethane foams are widely used polymers. Their end-of-life is largely managed through landfilling and 
incineration, causing environmental concerns and resource loss. Hydrothermal carbonization and hydrothermal 
liquefaction have recently emerged as promising thermochemical approaches to valorise polyurethanes waste 
into value added products. This study presents a systematic investigation of the effects of operating parameters 
on hydrochars (HCs) yields and properties, using a rigid polyurethane foam as feedstock. Product yields were 
rationalized using the Severity Value (SV) parameter and the obtained HCs were characterized by ultimate 
analysis, FTIR, SEM and thermogravimetric analysis. An increase in SV led to a reduction of HCs yields, whereas 
the effect of the feedstock to solvent ratio exhibited only a minor influence. Ultimate analysis revealed decreased 
H/C and O/C ratios in all HCs, while the nitrogen content increased in all samples compared to PUR, suggesting 
their potential application as nitrogen-doped carbon materials. All produced HCs exhibited HHVs higher than 
that of PUR (27.59 MJ/kg), indicating energy densification. The calculated combustion parameters indicated 
that HCs exhibit lower reactivity and a slower, more controlled combustion process compared to PUR. These 
results together with their positioning in the coal-like regions of the Van Krevelen diagram, suggest their po
tential use as solid fuels. The liquid phases recovered for each test were rich in value-added compounds, 
including aromatic heterocycles. Overall, these findings offer valuable insights for advancing circular economy 
strategies in PUR waste management, highlighting the potential of HTC and HTL to simultaneously produce 
energy-dense solid fuels and value-added platform chemicals.
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1. Introduction

Polyurethanes (PUs) are one of the high consumption commodity 
polymers [1], and their world production in 2023 has reached 21.93 Mt 
[2]. Polyurethanes are synthesised through a polyaddition reaction be
tween an isocyanate and polyols both with a functionality of at least 2 
[3], producing carbamate groups, commonly called urethane groups. 
Their enormous success and use on the market are linked to their easy 
synthesis process, which can be carried out at room temperature and 
under non-severe conditions. Depending on the nature of the building 
blocks and the additives used, a wide range of products can be obtained 
such as coatings, adhesives, construction materials, paints, elastomers, 
furniture, and synthetic leather [4]. Polyurethane foams (PUFs) domi
nate the PU market, accounting for 67 % of global consumption [5]. 
Solid foams can be defined as binary component materials which 
contain a continuous phase (solid matrix) and a disperse phase (gas). 
The structure of most foams originates the growth of gas bubbles in the 
polymer matrix [6]. Blowing agents play a key role in forming the 
cellular structure of PUFs and are commonly classified as physical or 
chemical. The first ones include low-boiling point solvents such as 
pentane, acetone, or hexane which expand the polymer matrix by 
vaporization, instead the second one includes molecules such as water, 
that reacting with PUs building block, produce CO2 which expands the 
polymer [5].

PUFs market can be divided into three main groups: flexible PU, rigid 
PU (PUR) and spray PU foams [6]. Flexible foams are widely used in 
furniture (e.g., mattresses), whereas PUR are primarily employed in 
thermal and acoustic insulation and in the automotive sector, owing to 
their high closed-cell content, low thermal conductivity, high 
strength-to-weight ratio, and good shock absorption [7].

Polyurethane foam wastes belong to the so-called white pollution 
[8], and they are mainly destined to landfilling and incineration. 
Landfilling is the predominant disposal route for polyurethane waste, 
but the low density of foams results in high landfill space consumption 
[9,10]. As reported by Kemona et al. [9], air trapped within foam cells 
can sustain deep-seated fires and hinder extinguishment, while com
bustion releases highly toxic fumes. In incineration, polyurethane foams 
are burned to recover energy in the form of heat. Through burning, the 
volume of waste can be reduced by 99 % [10]. Incineration not only 
causes the emission of toxic substances and air pollution, but from a 
circular economic perspective, it causes a significant loss of resources. 
Mechanical and chemical recycling represent promising alternatives to 
landfilling and incineration; however, they have not yet become pre
dominant routes for PUFs waste management due to several technical 
and economic limitations discussed below.

Mechanical recycling is characterized by low cost and simplicity of 
implementation and consists in reducing the size of the wastes to subject 
them to further processing, e.g., mixing with adhesives or compression 
molding. The disadvantages of this type of recycling are related to 
obtaining cheap products with reduced performance and a limited 
market [11].

In chemical recycling, functional groups such as urethane, ester, 
ether, and amine bond can be gradually depolymerized using organic 
solvent and heat. The main processes used for PUFs include glycolysis, 
hydrolysis, aminolysis, and phosphorolysis [11]. Considering costs, 
applied temperature and additional substrates, chemical recycling is still 
much more challenging than the mechanical one [9].

In recent years, the thermochemical recycling processes of PUFs have 
attracted great interest because they enable the treatment of not segre
gate waste streams and allow the decomposition of long polymeric 
chains into less complex molecules to recover chemical products, en
ergy, and fuels [12]. The main thermochemical processes include py
rolysis, gasification, hydrogenation and hydrothermal methods such as 
hydrothermal liquefaction (HTL), carbonization (HTC) and gasification 
(HTG). Hydrothermal processing involves the use of hot-compressed 
water as reaction medium [13]. The critical point of water is localized 

at Tc = 373 ◦C and Pc = 221 bar [14],. At standard conditions (25 ◦C and 
0.1 MPa), water has a high dielectric constant of 78, making it a polar 
solvent and generally unsuitable for dissolving nonpolar organic com
pounds. With increasing temperature, the dielectric constant decreases, 
reaching a value of 14 at 350 ◦C. Water at near critical point can dissolve 
hydrophobic compounds such as polycyclic aromatic hydrocarbons 
(PAHs) and polychlorinated biphenyls (PCBs) [15].

At 180–280 ◦C, the hydrothermal process is called HTC, producing a 
solid carbonaceous residue known as hydrochar (HC). Between 280 and 
375 ◦C, the process is called HTL, yielding a water-insoluble organic 
liquid (crude), an aqueous phase rich in soluble substances [16].HTC 
and HTL are promising routes for chemical recycling of polyurethanes, 
enabling efficient depolymerisation of crosslinked PU using water as a 
reactive solvent under subcritical or near-critical conditions. Moreover, 
they do not need energy-intensive pretreatments such as drying, 
enhancing process sustainability [17]. Owing to these advantages, hy
drothermal treatments represent a promising and scalable route for PUR 
recycling, which forms the focus of the present study.

There are several studies in literature on HTC or HTL processes of 
waste polyurethanes. Most of them focus on the characterization of the 
reaction products [18–21] or their potential industrial applications 
[22–24]. For example, Passos JSd et al. [18] carried out a subcritical 
hydrothermal liquefaction screening of different plastic including 
polyurethane foam, working at 350 ◦C for 20 min. They obtained oil 
phase with a complex composition containing similar molecules to 
polyurethane’s monomers and longer hydrocarbons. Hartmann D. et al. 
[19], studied the HTL reactions of TPU working at 250, 300, 350, 400, 
450 ◦C for 60 min. The oil produced at 400 ◦C was found to have the 
highest carbon content (70 ± 4 wt%), a calorific value of 33 ± 2 MJ/kg, 
and a concentration of aniline and p-aminotoluene respectively of 
94 ± 11 mg/g and 41 ± 3 mg/g.

Other studies have examined the potential uses of solid carbon res
idues for industrial application.

Chen et al. [22] carried out HTC on PU foam waste from insulating 
layers of spent refrigerators working at 160–220 ºC for 2–15 h. The 
obtained HCs were activated with K2CO3 at 800 ◦C and effectively tested 
for H2S adsorption capacity. Duan et al. [23] instead enhances PUFs 
from dumped sofas working with glutaric dialdehyde (50 %) at 200 ◦C 
for 10 h. The solid product was chemically activated using ZnCl2 and the 
so-prepared nitrogen-doped carbon nanosheets were successfully used 
for the removal of Cr(VI) from polluted waters. Liu et al., [24] evaluated 
the use of hydrochar obtained from HTC of PUF with the assistance of 
glucose, for the use as supercapacitors. The effects on the electro
chemical performances were systematically examined in a symmetric 
two-electrode configuration.Although these studies characterize HTC 
and HTL products in depth and evaluate their possible applications, 
none of them addresses in detail how the operating conditions used in 
the HTC and HTL processes influence the chemical and physical prop
erties of the solid residue. To the best of our knowledge, previous studies 
investigating the influence of operating parameters in HTC and HTL 
processes have been conducted exclusively on biomass feedstocks, while 
systematic analyses for plastic materials are still lacking. In this study, 
we evaluated for the first time in literature, how the operating condi
tions employed in the HTC and HTL processes affect not only the reac
tion yield but also the chemical and physical properties of the resulting 
solid fractions.

Moreover, the combustion behaviour of the HCs and their possible 
use as solid fuels were evaluated via TGA-DTG method. For complete
ness, the liquid phases obtained for each test were analysed by pH 
measurements and GC-MS analysis.

2. Materials and methods

2.1. Feedstock

A PUR for model making and thoroughly characterized in our 
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previous study [25] was used as feedstock for the tests. Further char
acterizations of the foam were carried out in this study using optical and 
electron microscopy, porosimetry, along with ultimate and proximate 
analyses. The presence of additives in PUR formulation was evaluated by 
Soxhlet extraction with acetone. The results of the analysis are reported 
in paragraph 3.1. Before undergoing hydrothermal processes, the feed
stock was cut into small pieces with a long side of approximately one 
centimeter (Fig. S1).

2.2. Experimental equipment and procedure for HTC/HTL experiments

The HTC/HTL experiments were carried out in a 250 mL alloy 600 
Parr autoclave 4576 HP. The heating system consisted of a high wattage 
ceramic fiber heater. The autoclave was equipped with a stirrer, a 
pressure sensor (Parr Model 4848) and a J-type thermocouple.

Overall, tests were carried out in duplicate. The operating parame
ters of each test (temperature, T; reaction time, tr; feedstock to solvent 
ratio, f/s) are reported in Table 1. The tests in acidic environment were 
carried out using a smaller quantity of solution to compare the obtained 
results with those present in the literature for basic catalysis [25].

The processes scheme is reported in Fig. 1.
For each test a defined quantity of PUR was inserted into the reactor 

with a specific amount of demineralised water (see Table 1). In tests 5 
and 6, an acetic acid solution with pH= 2.0 was used instead of water. 
The reactor was sealed and before each experiment three purging cycles 
with Ar (5 bar) were carried out to ensure an inert atmosphere. Finally, 
the autoclave was loaded with 10 bar of Ar for the test. The reaction time 
was measured only after reaching the target temperature. The time 
required to reach 250 ◦C was approximately 30 min, whereas about 56 
min were required to reach 345 ◦C. The heating rates for each temper
ature are reported in Figure S2 in the Supplementary Information. All 
the tests were carried out without stirring. Although the absence of 
agitation in hydrothermal reactions can limit heat and mass transfer, 
potentially reducing product yields and reaction uniformity [26], in this 
study mechanical stirring was not feasible due to the bulky nature of the 
plastic feedstock which occupied the entire body of the reactor (Fig. S3) 
preventing the movement of the stirrer and damaging the stirrer shaft.

At the end of the reaction, the autoclave was cooled at room tem
perature, and the gas was vented out. The slurry was filtered under 
vacuum, and the liquid phase is separated from the wet cake. The wet 
cake was washed several times with acetone and then dried in a oven at 
50 ◦C until constant weight. The solid product thus obtained was the HC. 
The obtained HCs were characterized by elemental analysis, FTIR 
spectroscopy, SEM analysis and their combustion properties were eval
uated by TGA-DTG. A qualitative analysis of the organic compounds in 
liquid phase was carried out at the end of each test. The liquid phase (LP) 
consisting of the process water and chemicals was subjected to a liquid- 
liquid extraction. In particular, 20 mL of the liquid phase were placed in 
a separating funnel together with 20 mL of dichloromethane (DCM). 
Once the two fractions have been separated, the residual moisture in the 
DCM fraction was removed using anhydrous sodium sulphate. Then the 
two fractions were dried under nitrogen flow and subsequently injected 
into GC-MS using methanol as solvent. The aqueous fraction is desig
nated AP, while the organic fraction is designated OP. This procedure 

was adopted for all samples except for ID5 and ID6, to minimize their 
handling due to potential safety concerns related to the possible for
mation of hydrogen cyanide in the acidic reaction conditions. We are 
aware that the absence of a liquid-liquid extraction can lead to certain 
analytical disadvantages such as lower selectivity, lower sensitivity and 
matrix effects.

2.3. Determination of the solid residue yield

From each HTC/HTL experiment the yields of the solid fraction were 
calculated using Eq. 1, in which wsolid indicates the weight of the solid 
product recovered from the reaction and wfeedstock indicates the weight of 
the feedstock used in the test. 

Solid residue yield(%) =
wsolid

wfeedstock
∗ 100 (1) 

2.4. Analytical methods

2.4.1. Extraction of PUR additives in Soxhlet
Additives extraction was carried out in a Soxhlet [27] for 8 h using 

100 mL of acetone, 177.9 mg of foam and at 84 ◦C. At the end of the 
reaction, the solvent was evaporated from the flask using a N2 flow, and 
the additives were solubilized in methanol for subsequent injection into 
GC-MS.

2.4.2. Analysis of liquid phase

2.4.2.1. pH measurement. pH measurements were carried out using the 
pH60 Violab equipped with XS 201 T DHS digital electrode with inte
grated temperature sensor. Before each measurement the pHmeter was 
calibrated with standard solutions at pH 4 and 7.

2.4.2.2. GC-MS. The analyses were performed with a GCMS-QP2020 
NX instrument (Shimadzu, Nishinokyo Kuwabara-cho, Kyoto, JP), 
equipped with a SH-Rxi-5 ms column (length 30 m, internal diameter 
0.25 mm, film diameter 0.25 μm). The injector temperature was set at 
280 ◦C, while a gradient from 55 to 300 ◦C was set for the column over a 
total of 25 min (heating rate: 9.8 ◦C/min). Qualitative analysis was 
performed by comparing the mass spectra with those of the NIST 20 
library. Only compounds with a match greater than 85 % were consid
ered, the others were designated “unknown”.

2.4.3. Analysis of feedstock and solid phase

2.4.3.1. Digital microscopy. Images of the foam structure were acquired 
using the digital microscope Andonstar AD249S-M equipped with the 
lens D, with magnification ratio of 1800–2040x. The device features an 
adjustable stand, integrated LED illumination, and real-time image 
capture capability via HDMI or USB connection, allowing for precise 
visualization and documentation of surface morphology.

2.4.3.2. Scanning electron microscopy. SEM micrographs were acquired 
using a Zeiss Sigma FE-SEM equipped with a GEMINI column and In- 

Table 1 
Operating parameters for each test.

ID T (◦C) tr (min) Feedstock (g) Solvent (mL) f/s Catalyst ID abbreviation

1 250 120 3 150 0.02 - ID1 250_120_0.02

2 250 120 3 100 0.03 - ID2 250_120_0.03

3 250 20 3 100 0.03 - ID3 250_20_0.03

4 345 20 3 100 0.03 - ID4 345_20_0.03

5 250 120 3 70 (pH=2.0) 0.04 Acetic acid ID5 250_120_Ac

6 345 20 3 70 (pH=2.0) 0.04 Acetic acid ID6 345_20_Ac

7 250 120 6 100 0.06 - ID7 250_120_0.06

8 345 120 3 100 0.03 - ID8 345_120_0.03
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Lens detector, capable of providing high-resolution images on conduc
tive and non-conductive samples. The microscope was operated at low 
voltage of 2 kV, working at a distance of about 3 mm with magnification 
of 20000. The microscope is also equipped with an X-ray detector (EDS) 
and a backscattered electron (BSE) and secondary electron (SE) detector.

2.4.3.3. Porosimetry. Mercury intrusion porosimetry was carried out 
using a Micromeritics AutoPore V porosimeter equipped with a 5-bulb 
penetrometer to determine the pore size distribution, total pore vol
ume, pore surface area, porosity, and densities of the sample. The 
analysis was performed in two stages: a low-pressure (LP) run and a 
high-pressure (HP) run. The instrument operated over a pressure range 
from 0.10 psia to 61,000.00 psia, enabling the detection of pore di
ameters ranging from approximately 3 nm to several microns, based on 
the Washburn equation, assuming a contact angle of 140◦ and a mercury 
surface tension of 485 dyn/cm. Prior to analysis, PUR sample was 
degassed and dried at 105 ◦C to remove moisture.

The PUR sample used had a mass of 0.0308 g and was loaded into a 
penetrometer with a volume of 5.8752 mL and a mass of 63.5332 g. The 
mercury temperature during the measurement was 26.01 ◦C, and a 
blank correction was applied. A stem volume usage of 68 % was recor
ded. Both bulk density and skeletal density were measured, and the total 
porosity was calculated from these values.

2.4.3.4. FTIR spectroscopy. FTIR spectra of the samples were obtained 
using a Shimadzu IR Tracer-100 spectrometer, equipped with a QATR 10 
Single-Reflection ATR with a Diamond Crystal (Shimadzu, Nishinokyo 
Kuwabara-cho, Kyoto, JP), operating with a maximum resolution of 
0.25 cm− 1 and a spectral range in the mid-IR region (4100–500 cm− 1). 
The spectra have been acquired in transmittance mode (%) using 45 
scans for each sample.

2.4.3.5. Ultimate analysis. The ultimate analysis was carried out using 
the Flash Smart Elemental Analyzer CHNS/O instrument (Thermo
scientific, Waltham, Massachusetts, USA). The instrument allows the 
quantitative determination, fully automated, of the elements C, H, N, S 
and O by chromatographic analysis of combustion gases. The gases, 
formed during the combustion process, are detected by a thermal con
ductivity detector (TCD). A calibration curve with standard compounds 
(acetanilide, sulfanilamide or 2,5-bis(5-tert-butyl-2-benzo-oxazol-2-yl) 
thiophene was carried out before each session analyses. Measurements 
were carried out in duplicate for each sample and the percentage of 
oxygen was calculated by difference.

2.4.3.6. Proximate analysis. The proximate analysis was carried out in 
accordance with the standard UNI EN 15414–3:2011, UNE 32–004–84, 
UNE-EN 15402.

2.4.3.7. Calculation of higher heating value (HHV). According to Kali
vodova et al. [28] the HHV is defined as the amount of heat that is 
released by the perfect combustion of the fuel sample and the subse
quent cooling of the flue gases to the original temperature, while the 

water released by combustion condenses and the energy of the chemical 
re-action does not need to be reduced by its latent heat. In this study the 
HHV value of the PUR and HCs was calculated by Boie’s equation [28, 
29] reported below (Eq. 2) using the elemental analysis data. 

HHV = 351.7C+1162.6H − 110.9O+104.7S (2) 

C, H, O, N and S are on a % dry weight basis.
As explained by Glova et al. [29] the oxygen term has negative co

efficients, because it ties up some of the carbon and hydrogen in the form 
of CO, H2O and phenols (OH).

2.4.3.8. Thermogravimetric analysis. The thermogravimetric analysis of 
the sample was carried out with an SDT 650 instrument (TA In
struments, USA). Each time about 10.00 mg of sample were placed into 
an alumina crucible. Measurements were performed in the temperature 
range 25–900 ◦C with a heating rate of 10 ◦C/min and an air flow rate 
= 100 mL/min. Using the TG-DTG curves, the basic combustion pa
rameters were determined, i.e. the ignition temperature Ti (◦C), the peak 
temperature Tp (◦C) and the final temperature Tf (◦C) [30]. These pa
rameters reflect the thermal behavior of the samples during the com
bustion process [31]. Ti is defined as the temperature at which a sample 
starts burning and is determined by the TG-DTG tangent method [32]. Tf 
corresponds to where the weight becomes constant at the completion of 
burning and the DTG profile reaches a 1 wt% per minute combustion 
rate at the tail-end of the profile [33]. The peak temperature is defined as 
the temperature corresponding to the peak of the DTG profile [34].

The ignition index (Di) is expressed by Eq. 3: 

Di =
DTGmax

tp⋅ti
• 100 (3) 

where DTGmax is the maximum combustion rates, tp is the corresponding 
time of DTGmax, ti is the ignition time. Di represent the ignition perfor
mance of fuels, which reflects how difficult or easy and how fast and 
slow the fuel gets ignited [33].

3. Results and discussion

3.1. Feedstock characterization

According to the data obtained from the 13C NMR analysis, carried 
out in our previous study [25] the polyurethane rigid foam used for this 
study contains a hard segment made up of an aromatic isocyanate, the 
methylene diphenyl diisocyanate (MDI) and a chain extender, the 
2-methyl-1,3-propanediol (MPD). The soft segment composition was 
deduced from the chemical species identified through GC-MS analysis of 
the liquid fractions collected during the experiments conducted at 
250 ◦C. The identified chemicals, such as propylene glycol and 
1–1′-oxybis-2-propanol, suggest that the soft segment of the foam can be 
a polypropylene glycol triol type as shown in Figure S4. According to 
literature [35,36], these types of polyols are used to form highly cross
linked polyurethanes, such as rigid foams.

Soxhlet extraction of PUR with acetone provided information on 

Fig. 1. Processes scheme for HTL and HTC.
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some additives used in the formulation. The results of GCMS analysis on 
the extract are reported in Table S1.

The extraction highlighted the presence of N,N- 
dimethylcyclohexylamine (DMCHA), a typical tertiary amine used as a 
catalyst in the synthesis of rigid polyurethane foams as described in 
literature [37,38] and in numerous patents [40]. The PUR foam also 
contains tris(1-chloro-2-propyl) phosphate (TCPP), a chlorinated 
organophosphate ester mainly used as flame retardant [41]. Based on 
the recent toxicity studies, TCPP may impact nervous system develop
ment as well as thyroid hormone levels [42]. Finally, the extraction 
highlighted the presence of some phthalates generally used as plasti
cizers (diisobutyl phthalate, DIPB and dibutyl phthalate, DBP). Phtha
lates are typically used in polyurethane flexible foam to improve 
elasticity, compression, and recovery properties but in agreement with 
literature, phthalates can be also used in rigid foam. According to Wadey 
[43], small additions of 2–5 phr (parts per hundred rubber) of benzyl 
butyl phthalate (BBP) in rigid foams leads to higher compressive 
strength, finer cell structure and stronger cell wall than non-plasticized 
polymer. The resulting foam is stronger, insulates better and is durable 
to environmental degradation.

The ultimate analysis, proximate analysis and HHV value for PUR are 
reported in Table 2. The obtained data are comparable with those pre
sented in literature for similar systems [44–46].

PUR was also characterized by digital and electron microscopy. The 
image of PUR under the digital microscope in Fig. 2a reveals a macro
cellular polymeric foam with cell dimensions larger than 100 μm [6].

The walls, struts and nodes are clearly visible. As described by 
Beverte et al., [47] a wall is a polymeric interface between two bubbles; 
a strut is a polymeric element, formed by the flow of the liquid reacting 
mixture through Gibbs channels formed by the contact of three bubbles; 
a node is an un-foamed polymeric volume entered by ~4–6 struts.

The SEM micrograph in Fig. 2b confirms the complex cell structure 
with walls (cell faces) and struts formed at the cell junction. The walls 
are thinner than the struts and the cell diameter is much larger than the 
strut thickness [48].

Mercury intrusion porosimetry revealed that the material exhibits a 
high total intrusion volume of 8.47 mL/g, corresponding to a substantial 
pore space. The calculated porosity was 89.5 %, indicating a highly 
porous structure. The bulk density, measured at low pressure 
(0.49 psia), was 0.11 g/mL, while the skeletal density at high pressure 
(60,987.99 psia) was 1.01 g/mL, confirming the lightweight and porous 
nature of the sample. The total pore surface area was found to be 
54.0 m²/g. Pore size analysis showed a volume-based median pore 
diameter of 2.690 nm, suggesting that macropores dominate the overall 
pore volume. In contrast, the area-based median pore diameter was 
3.86 nm, indicating that the surface area is largely contributed by finer 
pores. The average pore diameter, calculated as 4 V/A, was 628 nm, 
supporting the coexistence of a wide pore size distribution within the 
material.

3.2. HCs yields

The HCs yields for each test are reported in Fig. 3. A first consider
ation of the obtained results can be assessed by examining the effect of 
temperature and reaction time.

In agreement with what has been described in literature for biomass 

and plastic materials, also for PUR temperature seems to be the gov
erning parameter for hydrothermal processes [16, 49–51].

A drastic increase in temperature from 250 ◦C (ID2 250_120_0.03) to 
345 ◦C (ID8 345_120_0.03), while keeping other operating parameters un
changed, caused a drastic decrease in HC yield from 19.5 % to 1.8 %. We 
can explain this result by considering that an increase in temperature 
provides energy in the form of heat [16], which causes a degradation of 
the macromolecules in the feedstock, favouring the formation of the 
liquid fraction.

During the study, the effect of two different residence time (20 min 
and 120 min) was also evaluated, working both at 250 ◦C (ID2 
250_120_0.03 and ID3 250_20_0.03) and 345 ◦C (ID4 345_20_0.03 and ID8 
345_120_0.03). According to biomass literature there is a debate on the 
effect of residence time on hydrothermal processes. As reported by some 
studies [52,53] longer residence times would favor the solid residue 
production due to the repolymerization of the species in solution, with 
formation of secondary hydrochar. Instead for other studies [54] the 
influence of residence time is not significant on HC yields.

In the case of PUR, at 250 ◦C the increase in reaction time leads to an 
increase in HC yield (from 7.7 % of ID3 250_20_0.03 to 19.5 % of ID2 
250_120_0.03).

Conversely, at 345◦C the increase in reaction time leads to a decrease 
in HC yield (from 12.5 % of ID4 345_20_0.03 to 1.8 % of ID8 345_120_0.03). 
Once again, temperature appears to play a decisive role in reaction yield.

The combined effect of temperature and residence time can be 
described by a single parameter, called severity factor, reported in Eq. 4: 

R0 = t • exp
(

T − 100
14.75

)

(4) 

where t, is the residence time (min); T, the temperature (◦C); 100, a 
reference temperature below which the reaction is negligible; 14.75 is 
the activation energy (kJ/mol) based on the assumptions that the re
action is hydrolytic and the overall conversion is first-order [55]. The 
value of log(R0) is usually reported, and this will be referred to as 
“severity value” (SV) [56]. The SVs of each test are reported in Table S2
and the 3D plot HC yields vs SV vs time is reported in Fig. 4.

The SVs show an inverse relationship with hydrochar yield: as 
severity increases, the solid residue tends to decrease, confirming the 
expected HTL behavior. In particular, the extremely low yield observed 
for ID8 345_120_0.03 (SV= 9.3) suggests extensive feedstock degradation 
and carbon loss. The lowest SV, 5.7, is related to ID3 250_20_0.03. For low 
severity values, efficient depolymerisation of PUR is observed 
(Figure S5) but the mild reaction conditions do not favour the formation 
of HCs.

The highest HCs yields were obtained for tests ID1 250_120_0.02, ID2 
250_120_0.03, ID7 250_120_0.06, carried out with SV= 6.5 in absence of acid 
catalyst. These tests were conducted working at the same temperature 
(250◦C) and residence time (120 min) but with different f/s ratio, 0.02, 
0.03, 0.06 respectively. The obtained results suggest that an increase in 
f/s ratio does not lead to a significant increase in HC yield. The rela
tionship between f/s and HC yield does not find consensus in the HTC 
literature. According to some studies on biomass, such as that of Volpe 
and Fiori [57] (f/s values=0.07/0.10/0.15/0.25) an increase in the f/s 
causes an increase in HC yield; instead for other work such as that of Tag 
et al., [58] (f/s in the range between 0.05 and 0.55) the effect of solid 

Table 2 
Ultimate analysis, proximate analysis and HHV value for PUR.

Ultimate Analysisa (wt%) Proximate analysis (wt%) HHV (MJ/kg)

Sample C H Ob N Moisture Volatiles Fixed Carbonc Ashes

PUR 63.96 ± 0.13 6.34 ± 0.06 23.69 ± 0.11 5.78 ± 0.03 1.28 ± 0.02 80.11 ± 0.20 18.38 ± 0.20 0.23 ± 0.04 27.60 ± 0.19

a On a dry basis
b By the difference: O%= 100 - (C%-H%-N%- Ashes)
c By the difference: FC= 100 - moisture – volatiles - ashes
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load was found insignificant.
In this study, higher f/s values could not be investigated, once again 

due to limitations connected with the bulky nature of the plastic 
feedstock.

The yields for ID5 250_120_Ac (SV= 6.5) and ID6 345_20_Ac (SV= 8.5) are 
respectively 16.5 % and 18.3 %. Although the severity values are the 
same as those used in previous tests, different yield values are observed. 
This variability can be explained by the effect of the acidic reaction 

environment. In particular, when comparing the data obtained with 
those reported in the literature at similar SV but for basic environments 
no significant reduction in HC yield is observed. According to the study 
of Gallorini et al. in HTL test carried out with SV= 8.7 and in presence of 
KOH as catalyst, the HCs yield drops to 1 % [25]. Also according to 
Wang et al. bases are more effective than acid for the HTL of PU [20].

3.3. pH analysis of liquid phases

The pH values of liquid phases (LPs) for each test are shown in 
Table S3.

The LPs of tests ID1, ID2, ID3, ID4, ID7 and ID8 show acidic pH value 
close to or below 5. Since GCMS analysis did not reveal the presence of 
organic acids in solution, this pH value could be justified by the release 
of HCl from the chlorinated flame retardant (TCCP) used in foam 
formulation. This phenomenon of pH lowering after hydrothermal 
treatment has been described in the literature for plastics feedstock 
containing organic bromine compounds, due to the release of HBr in the 
solution [30].

The acetic acid solutions used in ID5 and ID6 had an initial pH value 
of 2.0. At the end of the tests the liquid phase showed a pH of 2.9 for ID5 
and 3.0 for ID6, respectively. This little increase in pH value is not only 
due to the formation of basic compounds such as anilines and quino
lines, but also to a partial reaction of the acetic acid in the reaction 
environment, forming esters and amides, as described in paragraph 3.4.

3.4. GC-MS analysis of liquid phases

The liquid phases of the tests carried out at 250 ◦C are rich in organic 
compounds. As shown by Fig. 5a, the AP of ID1 250_120_0.02 contains 
propylene glycol, 2-propanol-1,1′-oxybis, dipropylene glycol. These 

Fig. 2. Structure of PUR under digital microscope (a); SEM micrograph of PUR (b).

Fig. 3. Yields in HCs formation in all the investigated processing conditions.

Fig. 4. HC yields vs SV vs time for each test.
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chemicals are derived from the depolymerization of the soft segment of 
polyurethane and are commonly identified in literature [22]. Also 
fragments from the depolymerization of rigid segment are visible as 
aniline (both in AP and OP), variously substituted benzamines and 
condensation compounds such as quinolines (OP, Fig. 5b). The forma
tion of aniline during an HTL process of polyurethanes is described in the 
work of Hartmann et al. [19]. Polyurethane dissociation occurs via − NH 
transfer and subsequent hydrolysis of the formed diisocyanate. Hydro
lysis of MDI occurs spontaneously during HTL because of the high 
temperature and pressure, and it is converted to carbamic acid and 
subsequently to a primary amine and CO2.

Working at the same temperature (250 ◦C) but under more concen
trated conditions (f/s = 0.06, ID7 250_120_0.06), aniline is still present in 
AP while the OP shows a higher content of benzamines and condensa
tion compounds such as quinolines (Fig. 5b). Probably this result is due 
to the smaller amount of water then feedstock which favors the 
recombination of monomers in solution.

Figure S6 shows the percentage areas of the compounds identified in 
the AP and OP for the test ID8 345_120_0.03. In this case, the high tem
peratures seem to reduce the number of compounds present in solution 
by favoring almost exclusively the formation of variously substituted 
quinolines. Quinolines are widely used in the production of synthetic 
dyes and have a high industrial value [59].

The liquid phases of ID5 250_120_Ac and ID6 345_20_Ac were dried under 
nitrogen flow and solubilized in MeOH without a previous liquid-liquid 
extraction as explained in paragraph 2.2.

The LPs resulted rich in organic compounds and this suggests that the 
acidic environment catalyzes the liquefaction reactions, favoring the 
formation of low molecular weight compounds visible by GCMS. Both 
LPs shown compounds resulting from the condensation reaction of 
acetic acid with polyols and amines as 1,2-ethandiol monoacetate, 2-(2- 
hydroxyethoxy)ethyl acetate, N-phenyl acetamide, N-(2-methylphenyl) 
acetamide, N-(4-methylphenyl) acetamide. The formation of these 
compounds explains the increase in pH observed for ID5 and ID6 
compared to the initial value of acetic acid solution.

Moreover, the LP of ID6 345_20_Ac showed aromatic heterocyclic 
compounds as isoquinoline, 3-methyl isoquinoline, 2,4-dimethyl-quino
line, 1,4-dihydro-1,2-dimethylquinolin-4-ylidenemethane. Once again 
we can observe how the increase in temperature favors the formation of 
aromatic heterocyclic compounds.

3.5. Solid residues analysis

3.5.1. FTIR spectra
Fig. 6 shows the FTIR spectra of the obtained HCs. To facilitate 

comparison, the spectra were grouped by temperature: tests at 250◦C 
(6a); tests at 350◦C (6b) and tests in presence of acidic catalyst (6c). 
Each set of spectra was compared with the FTIR of the original foam 
(black line).

HCs from ID1 250_120_0.02, ID2 250_120_0.03, ID3 250_20_0.03, ID7 
250_120_0.06 showed similar absorptions with each other and with the 
feedstock (Fig. 6a). N-H stretching at around 3358 cm− 1, C-H stretching 
of aromatics (3000 cm− 1) and aliphatics (2962–2894 cm− 1) are evident 
for all the examined samples. In HCs, an absorption at 3441 cm− 1 is also 
visible, which can be assigned to the N-H of pyrrole groups. This result is 
consistent with the results emerging from the ultimate analysis reported 
in Section 3.5.2.

PUR showed also the characteristic absorption at 2300 cm− 1 related 
to the presence of unreacted isocyanate groups. A slight shift of the C––O 
stretching is observed from 1744 cm− 1 (stretching of esters) of PUR to 
approximately 1715 cm− 1 (stretching of aliphatic ketone) in HCs. The 
peak related to this absorption in HCs is less intense than that in the 
feedstock. In contrast, the C-O stretching band (1100–1045 cm− 1) of 
PUR disappeared in the HCs. These data agree with the oxygen per
centage reduction observed by elemental analysis (paragraph 3.5.2) and 
confirm that decarboxylation reactions are important phenomena dur
ing the hydrothermal process. The similarity of FTIR spectra among HCs 
produced at 250 ◦C indicates that, under these conditions hydrochars 
still retain several functional features of the original polymer, and 
dehydration reactions are already active but remain limited in extent at 
this temperature.

Fig. 6b shows the FTIR spectra of HCs from ID4 345_20_0.03 and ID8 
345_120_0.03, both obtained at 345 ◦C but for different reaction times (20 
and 120 min respectively). Signals related to N-H stretching disappear in 
comparison to PUR while those of C-H stretching remain faintly visible. 
In HC from ID4, the absorption at 1738 cm− 1 relative to C––O is still 
visible. Both the HCs samples show a small band at about 1601 cm− 1 

related to the aromatic C––C stretching. The presence of aromatic C––C 
stretching bands indicates that condensation and aromatization re
actions become significant at this temperature, even at short reaction 
times as in ID4.

Fig. 5. Percentage areas of the compounds in the AP and in the OP of ID1 (a) and ID7 (b).
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Fig. 6c shows the FTIR spectra of HCs from ID5 250_120_Ac and ID6 
345_20_Ac. In both samples, the N-H stretching signals disappear. The 
disappearance of N–H stretching bands in acid-treated hydrochars can 
be rationalized considering the simultaneous formation of nitrogen- 
containing compounds detected in the corresponding liquid phases 
(paragraph 3.4). In ID5 the C––O stretching shifts from 1744 cm− 1 to 
1690 cm− 1. This value is characteristic of C––O stretching of tertiary or 
cyclic amides. In ID6 the C––O stretching at 1731 cm− 1 is very weak but 
still present. In both HCs spectra, the absorptions related to C––C aro
matic stretching are clearly visible at 1535 cm− 1 (ID5) and at 1610 cm− 1 

(ID6).

3.5.2. Ultimate analysis
The ultimate analysis of PUR and HCs are shown in Table 3.
Elemental analysis of the HCs reveals a substantial increase in carbon 

content (up to 78.7 %) compared to the feedstock (63.96 %), together 
with a pronounced reduction in oxygen content (from an initial 23.69 % 
to values ranging between 6.12 % and 13.64 %). At the same time, an 
increase in nitrogen content is observed, reaching values up to 10.70 %, 
compared to 5.78 % for the original PUR. The low atomic H/C ratio 
(from 0.10 to 0.07–0.08) and the reduction of the O/C ratio (from 0.37 

to 0.08–0.19) suggest aromatisation and deoxygenation of the solid 
residues. In particular, the increase in carbon content and the reduction 
in O/C can be attributed to carbonisation, decarboxylation and dehy
dration reactions, which result in the selective loss of oxygenated groups 
in the form of CO₂ and H₂O [60]. The increase in the percentage of ni
trogen in HCs suggests the formation of stable nitrogenous aromatic 
structures and it has already been described in literature [22,23], in 
which the HCs appears a promising feedstock to produce nitrogen-doped 
carbon materials. Nitrogen-rich HCs can be successfully exploited after a 
chemical activation for the removal of water contaminants such as Cr 
(VI) and H2S.

The Van Krevelen diagram showed in Fig. 7 was used to present the 
fuel properties of derived HCs by plotting hydrogen/carbon (H/C) ratios 
against oxygen/carbon (O/C) ratios. This type of diagram allows to 
identify the reaction processes which involve the feedstock: oxidation/ 
reduction reactions appear as a shift in the O/C ratio; hydrogenation/ 
dehydrogenation reactions appear as a shift in the H/C ratio; methyl
ation/demethylation and hydrolysis/ condensation reactions appear as 
shifts in both H/C and O/C ratios on a diagonal [61].

PUR has H/C ratio and O/C ratio of 0.10 and 0.37 respectively and 
fall into the peat region, which is characteristic of highly oxygenated 

Fig. 6. FTIR spectra of the obtained HCs grouped by processing conditions: 250 ◦C (Test ID1, ID2, ID3, ID7) (6a), 350 ◦C (Test ID4, ID8) (6b), and acidic-catalyst tests 
(6c). The spectrum of the original foam (black line) is shown for comparison.
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and weakly aromatized organic materials. Instead, all the HCs have H/C 
and O/C atomic ratios close to the coal region characterized by H/C of 
0.6–1.1 and O/C of 0.05–0.30 [62]. There are few studies in the litera
ture regarding the characterization of polyurethane hydrochar as fuel. 
The comparison of our data with that reported in the work of Islam and 
Reza [63], indicates that hydrochars produced from polyurethane alone 
display improved fuel properties compared to those obtained through 
co-hydrothermal carbonization of polyurethane and biomass as corn 
stover, as the latter exhibit higher O/C atomic ratios.

According to Sliz and Wilk, a fuel with low H/C and O/C ratios is 
favourable because of the reduced energy loss, smoke and water vapour 
during the combustion process [64].

3.5.3. Higher heating value and energy densification ratio of HCs
The HHV values of PUR and HCs, and the Energy Densification Ratio 

(EDR) are shown in Table 4.
All the HCs show a HHV higher than that of PUR itself (27.59 MJ/ 

kg), and this result is indicative of energy densification process. The EDR 
values show an increase in the energy content of the solid residues than 
the raw substrate [65] and they were calculated as ratio between the 
HHV of HCs on the HHV of PUR, as shown by Eq. 5: 

EDR =
HHVHC

HHVPUR
(5) 

The highest energy densification value is observed for ID4, obtained 
by working at 345 ◦C for 20 min.

Fig. 8 shows both the effect of solid loading (f/s) on HCs yields and 
HHVs. As explained in paragraph 3.2 the increase of f/s ratio does not 
lead to a significant increase in HC yield showed by the blue histograms, 

but causes a slight increase in the HHV of the solid residues, which pass 
from 33,86 MJ/kg for ID1, to 34.28 for ID2 and 34.64 MJ/kg for ID7. 
This trend in the HHVs, has been described in the literature for HTC from 
biomass as sewage sludge [66,67] and anise [68].

The HCs from tests 5 and 6 exhibit the lowest calorific values. This 
can be justified by the high oxygen content detected by elemental 
analysis in the solid residues. According to the Boie’s equation [28], 
oxygen has a negative contribution on the calorific value, reducing it.

It is interesting to note that the calorific value of HC from test 8 is 
lower than that of HC from test 4. This data can again be explained by 
the higher oxygen content in HC of ID8 compared to HC of ID4 345_20_0.03. 
We can assume that for higher temperature and longer reaction times 
oxygenated compounds present in the liquid phase can condense on the 
solid phase [69] giving a secondary char rich in oxygenated aromatic 
compounds.

Table 3 
Ultimate analysis of PUR and HCs.

ID C (%) H (%) N (%) O (%) S (%) H/C O/C

PUR 63.96 ± 0.13 6.34 ± 0.06 5.78 ± 0.03 23.69 ± 0.11 - 0.10 ± 0.00 0.37 ± 0.00
ID1250_120_0.02 78.23 ± 1.44 5.56 ± 0.79 9.53 ± 0.28 6.40 ± 0.55 - 0.07 ± 0.01 0.08 ± 0.01
ID2 250_120_0.03 78.33 ± 1.07 5.86 ± 0.03 9.69 ± 0.07 6.12 ± 1.03 - 0.07 ± 0.00 0.08 ± 0.01
ID3 250_20_0.03 77.02 ± 1.05 6.08 ± 0.02 10.70 ± 0.05 6.20 ± 0.12 - 0.08 ± 0.00 0.08 ± 0.00
ID4 345_20_0.03 78.70 ± 0.66 6.32 ± 0.05 7.56 ± 0.17 7.42 ± 0.35 - 0.08 ± 0.00 0.09 ± 0.00
ID5 250_120_Ac 73.70 ± 0.22 5.97 ± 0.78 6.69 ± 0.25 13.64 ± 0.54 - 0.08 ± 0.01 0.19 ± 0.00
ID6 345_20_Ac 75.58 ± 1.03 5.13 ± 0.61 6.61 ± 0.11 12.68 ± 0.14 - 0.07 ± 0.00 0.17 ± 0.00
ID7 250_120_0.06 77.80 ± 1.45 6.40 ± 0.04 9.10 ± 0.06 6.55 ± 0.45 - 0.08 ± 0.00 0.08 ± 0.00
ID8 345_120_0.03 76.49 ± 1.04 5.22 ± 0.18 7.67 ± 0.07 10.62 ± 0.80 - 0.07 ± 0.00 0.14 ± 0.01

Fig. 7. Van Krevelen’s Diagram of PUR and HCs.

Table 4 
HHV and EDR of PUR and HCs.

ID HHV (MJ/kg) EDR

PUR 27.59 -
ID1 250_120_0.02 33.86 1.23
ID2 250_120_0.03 34.28 1.24
ID3 250_20_0.03 34.13 1.24
ID4 345_20_0.03 34.67 1.26
ID5 250_120_Ac 31.76 1.15
ID6 345_20_Ac 31.55 1.14
ID7 250_120_0.06 34.64 1.25
ID8 345_120_0.03 32.26 1.17
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3.5.4. Morphology features of HCs
SEM micrographs on HCs are shown in Fig. 9 (magnification 20 kX) 

and Figure S7 (magnification 5 kX) in Supplementary Information. The 
analysis revealed a strong morphological dependence on reaction tem
perature, residence time and presence of catalyst.

For HCs from ID1250_120_0.02 and ID2 250_120_0.03, micrographs show 
the coexistence of two distinct morphologies. Flat areas alternate with 
porous areas (i.e. porosity in the order of hundreds of nm: 100–300 nm). 
These sub-micron porous zones were generated during the hydrothermal 
process, probably due to the explosion of gas bubble on the surface of 
PUR. HCs from ID3 250_20_0.03 and ID4 345_20_0.03 show smooth, unde
veloped surfaces due to the low reaction time (20 min). Cavities in the 
order of a few micrometers are observed, probably belonging to the 
unconverted feedstock (Fig. S7). As shown by HCs from ID5 250_120_Ac 
and ID6 345_20_Ac micrographs, acidic environment generates surface 
micro structuring with lamellae’s fragments with dimensions in the 
order of hundreds of nm. The use of acetic acid as a catalyst seems to 
enhance significantly the breakdown of the polyurethane matrix, as 
shown by the more fragmented and exfoliated morphology of the HCs 
and by the results of GCMS. HC from ID7 250_120_0.06 shows a compact 
surface that can be justified by the high f/s ratio (i.e. 0.06). According to 
literature a greater quantity of water (as in ID1 250_120_0.02 and ID2 
250_120_0.03) guarantees a better heat and mass transfer in the reaction 
medium favouring phase micro-separation and decomposition of the 
feedstock, instead higher solid loadings limit solvation and heat transfer. 
Moreover, HC from ID7 250_120_0.06 appears to be a poorly conductive 
sample. This can be explained by the persistence of organic decompo
sition products on its surface [70] due to the low water content. The HC 
from ID8 345_120_0.03 shows an extremely uneven morphology, with 
mesoporous zones alternating with flat regions, surface cracks and mi
crospheres. The use of high temperatures with sufficient residence time 
may lead to a high degree of intermediate dissolution products and their 
subsequent re-polymerization and agglomeration in microspheres, 
forming secondary char [71], as visible in the SEM micrograph of 
Fig. S7.

3.5.5. Solid residues combustion behaviour analysis
To verify the possible use of the obtained HCs as solid fuels, TG and 

DTG analysis of PUR and HCs samples were performed under air con
ditions. For the analysis, only HCs obtained at 250 ◦C were examined 
(ID1 250_120_0.02, ID2 250_120_0.03, ID3 250_20_0.03 and ID7 250_120_0.06), as 
from an industrial point of view working at lower temperatures is more 
advantageous in energetic terms.

The TG and DTG curves of PUR and HCs from ID1, ID2, ID3 and ID7 
are shown in Fig. 10a and b. The ignition temperature was calculated by 

tangent methods as shown in Fig. 10c.
The characteristic combustion parameters of PUR and HCs are re

ported in Table 5.
The ignition index (Di) reported in Table 6 permits to evaluate the 

ignition performances of HCs. Higher values of Di are indicative of better 
ignition performance [72]. Alternatively, lower Di indicate that the fuel 
is difficult to ignite [30].

From the TG curves, it can be seen that the combustion behavior of 
PUR changed significantly after hydrothermal processes. For PUR the Ti 
¼ 367.6 ◦C and Tp = 546.6 ◦C indicate an early onset of thermal 
degradation and lower thermal stability compared to the hydrochar 
samples.

HC from ID2 has the lowest Ti (314.8 ◦C), suggesting higher reac
tivity or lower thermal stability. Instead, HCs from ID1, ID3 and ID7 
have a higher Ti than PUR, indicating enhanced thermal resistance. All 
the HCs exhibit a higher Tp than PUR, which implies that they combust 
at higher temperatures, consistent with an increasing in carbonization 
and aromaticity due to hydtrothermal reactions. PUR has the highest Di 
value, indicating that it is faster and easier to ignite. The HCs showed 
lower ignition index (Di ≤ 2.19 × 10− 3 wt%/min³), suggesting a slow 
and controlled combustion process. Regarding the final temperature Tf, 
lower values are a clear indication of a reduced presence of unburnt 
compounds as for PUR; on the contrary higher Tf values as for HCs from 
ID1, ID3 and ID7, suggest the presence of highly stable, carbon-rich 
structures and slower, less efficient combustion.

4. Conclusion

This study investigates the effect of HTC and HTL operating condi
tions on the yields and chemical and physical properties of hydrochars 
derived from rigid polyurethane foam, focusing on temperature, reac
tion time, and feedstock to solvent ratio.

Regarding the yields, an inverse relationship is observed between 
severity values and HC production: as the severity value increases, the 
amount of solid residue tends to decrease. In contrast, an increase in the 
feedstock-solvent ratio does not seem to have a significant effect on HCs 
yields. Elemental analysis showed for all HCs a decrease in the H/C and 
O/C ratio that can be attributed to carbonisation, decarboxylation, 
dehydration and aromatization reactions and most of the obtained HCs 
fall into the bituminous and sub-bituminous coal region of Van Krevelen 
diagram. The increase in nitrogen contents showed by all the HCs, 
suggests their possible use as nitrogen-doped carbon materials, for the 
removal of water’s contaminants. All the HCs showed a HHV higher than 
that of PUR itself (27.59 MJ/kg), and this result is indicative of an en
ergy densification process.

The SEM analysis revealed a strong morphological dependence on 
reaction temperature, residence time and presence of catalyst. Reduced 
reaction times lead to undeveloped surfaces very similar to those of the 
starting feedstock, while the acidic environment favours the formation 
of surface micro structuring.

The combustion behaviour showed a decrease in HCs reactivity, 
resulting in higher ignition and peak temperatures. The HCs showed an 
ignition index (Di ≤ 2.19 × 10− 3 wt%/min³) lower than that of PUR, 
suggesting a slower and controlled combustion process.

Considering the liquid phases, these showed an acidic pH value close 
to or lower than 5. The GCMS analyses highlighted a reduction of the 
organic compounds present in solution in the tests obtained at high 
temperature (345 ◦C), in which the formation of variously substituted 
quinolines is favoured. The liquid phases of the tests carried out in acidic 
environment were found to be rich in organic compounds, suggesting 
that the acidic environment favors the formation of low molecular 
weight compounds and aromatic heterocyclic compounds as quinolines 
and isoquinolines.

These findings provide key insights to advance circular economy 
strategies for polyurethane waste, demonstrating that by tuning HTC 
and HTL operating conditions it is possible to convert PUR waste into 

Fig. 8. Effect of solid loading on HCs yields (blue histograms) and HHVs 
(red trend).
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Fig. 9. SEM micrographs on HCs samples.

B. Ciuffi et al.                                                                                                                                                                                                                                   Colloids and Surfaces A: Physicochemical and Engineering Aspects 737 (2026) 139868 

11 



valuable solid residues with suitable characteristics for use as solid fuels 
or nitrogen-rich materials, or enhancing the formation of liquid phases 
rich in molecules with potential application as platform chemicals.
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Fig. 10. TGA (a) and DTG (b) in air of HC from ID1, ID2, ID3, ID7 and PUR. Tangent method (c).

Table 5 
Combustion parameters of PUR and HC ID1,2,3,7.

Ti (◦C) Tp (◦C) Tf (◦C) Di*10− 3(wt% /min3 )

PUR 367.6 546.6 635.0 2.45
HC_ID1 476.4 625.0 684.9 1.82
HC_ID2 314.8 605.2 666.0 2.19
HC_ID3 484.7 640.6 690.8 1.96
HC_ID7 502.7 628.9 680.4 2.11
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