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Abstract

In the described studies, raw material from chemically recycled petrochemical foam and biobased
polyurethane foams (100% of rapeseed oil polyol were used in polyol premix) were utilised in order
to obtain viscoelastic foams. The recycled foams exhibited differences in chemical structure, resulting
in the formation of four different repolyols. The obtained repolyols were employed as replacements
for 10 to 30% wt. of the petrochemical polyol in the mixture utilised to produce viscoelastic
polyurethane foams. It was determined that the chemical structure of the polyol utilised for the
foam's initial production influences the properties of the repolyols obtained, and thus also the
properties of the viscoelastic foams obtained using them. It was found that foams obtained with the
addition of 10%wt. repolyols were characterized by the best properties among the obtained modified
foams, comparable or even better than in the case of petrochemical reference foam. The apparent
density of such foams was about 70 kg/m3. Depending on the type of repolyol used, the hardness of
the foams ranged from 2 to 8 kPa, and the comfort factor was between 2.5 and 5.0. The foams obtained
were characterised by their ability to absorb energy, as evidenced by a resilience of not more than
10% in most cases. However, increasing the percentage of repolyol in the reaction mixture caused too
much changes in the structure of the polymer chains, disrupting the arrangement of rigid and elastic
segments, which caused the hardness to increase significantly, and the foams were more susceptible
to permanent deformation.

Keywords: biopolyol; polyurethane; viscoelastic foam; glycolysis; recycling; rebiopolyol

1. Introduction

Polyurethanes are among the most significant polymeric materials due to their versatility in
production and applications. They are primarily manufactured in rigid foams, which are utilized in
the construction industry as insulation, and flexible foams, which are commonly utilized in the
furniture industry [1]. Other forms of polyurethanes include elastomers, coatings, and adhesives. The
production of polyurethanes continues to expand, reaching 26 million tonnes globally in 2022 [2] [3].
As polyurethane production increases, the quantity of waste generated also rises. Waste
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polyurethane foams are particularly challenging to manage due to their high volume and low
apparent density. In light of the imperative to protect the environment and adhere to legal
regulations, manufacturers are compelled to implement the principles of a 3R economy and
sustainable development. These principles emphasise the importance of recycling and the pursuit of
new sources of raw materials for polymers [4]. In response to these challenges and the threat of
polymer waste, environmentally friendly raw materials for polymer production are being
introduced. Concurrently, significant progress has been made in the development of recycling
technologies to convert polymer waste into valuable raw materials. Consequently, only 29.7% of
polyurethane waste is currently recycled, with 39.5% being used for energy recovery, while the
remaining 30.8% is disposed of in landfills [5]. A number of European Union countries have
implemented landfill ban directives, including the Netherlands, Denmark, Sweden, Switzerland,
Austria, and Germany [6]. Inaddition to this, Germany has adopted a policy of achieving zero waste
to landfill by 2025, which has led to an increased focus on the potential for developing new materials
using polymer waste, which is regarded as a valuable and versatile resource [2].

Two principal approaches to the recycling of polyurethane materials have been identified,
namely mechanical and chemical [6]. Mechanical recycling involves the transformation of
polyurethane into flakes or powder, which can then be used to produce new materials. This process
is facilitated by a range of technologies, including meshing, re-bonding, compression moulding or
injection moulding [5]. Shredded polyurethanes are usually pressed and glue-bonded into finished
parts. It is used as sound-absorbing materials [7], insulation panels [8], sports mats [9] or as filler in
premixes for polyurethane foams [10] and concrete fillings [11]. The mechanical recycling of rigid
foams leads to an inherent deterioration of their properties when they are milled, for example by
shredding. This means that foams can only be recycled in this way a limited number of times.
Therefore, it is not a suitable long-term alternative to the current plastics life cycle [12].

Another way (called mechano-chemical) to improve the sustainability of polyurethane foams
and turn their waste into a valuable product is to reprocess them using vitrimers, which are polymeric
materials with reversible covalent bond networks. The dynamic bonds in vitrimers can undergo
topological rearrangement reactions stimulated by temperature, pH or light, enabling the
reprocessing of thermosetting resins [13] [14]. In this method, the waste of polyurethane foam
containing embedded vitrimers is milled and then pressed at elevated temperatures to produce solid
materials such as elastomers [12] [15] or foams [16] without the use of additional substances.

Despite the possibility of reusing polyurethane scrap, the market applications of mechanical
recycling are limited to the production of agglomerates. In contrast, chemical recycling involves the
depolymerisation of polyurethane waste into oligomers and smaller molecules, such as polyols.
These can be used to produce new polyurethane products. Despite the equipment, energy and
reagents required for this process, chemical recycling provides raw materials that can be suitable to
produce new materials, which can make it economically advantageous. Several methods are
currently available for the chemical recycling of polyurethane: hydrolysis, aminolysis, acidolysis and
glycolysis, which are carried out using water, amines, acids or glycols, respectively. All of these
methods typically require elevated temperatures of 50-220 °C for 2-10 hours to achieve the chemical
decomposition of polyurethane [17]. After the reaction has taken place, the recovered polyol
(repolyol) is usually subjected to a separation and purification process [18]. Currently, chemical
recycling is not carried out on a large scale, and more cost-effective methods are still being developed.
Consequently, much polyurethane waste is incinerated to recover energy [19].

It is notable that the chemical recycling of polyurethane waste remains relatively undeveloped,
despite the significant potential for economic benefits. It is recommended that producers of
polyurethane materials be presented with a comprehensive range of options for the utilisation of
repolyols, which they may then implement in their respective businesses. Furthermore, this is in
accordance with the objectives set out in the 2030 Agenda for Sustainable Development, which was
adopted by all UN member states in 2015 [20]. Particular emphasis is placed on sustainable
production and consumption. Recycling of polyurethane materials can help encouraging companies
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to consider closed-loop economy models as viable alternatives. Ultimately, the use of recycled raw
materials increases the eco-efficiency of the resulting polyurethane materials.

Traditional polyurethane materials are mainly based on fossil raw materials that are derived
from crude oil [21]. However, the use of renewable and recycled raw materials is becoming
increasingly popular due to growing environmental concerns. In the literature, there is an increasing
number of descriptions each year of polyurethane materials made from various types of renewable
raw materials such as biopolyols. In some cases, materials are described that are obtained using only
biopolyols instead of petrochemical polyols [22] [23] [24] [25]. This situation leads us to believe that
in the coming years, the number of industrially produced polyurethane materials on a large scale will
include renewable polyols. It should be noted, though, that even polyurethanes made from
renewable resources will soon be landfill waste and will need to be recycled. This means that
renewable raw materials such as rapeseed or sunflower oil, which were used to produce
polyurethane material, will be used again in the shape of their derivatives as a secondary raw material
for polyurethane production, extending their life cycle. If attempts to recycle biopolyurethanes are
successful, and if the resulting rebiopolyols have similar or even better properties than traditional
petrochemical repolyols, then a wide range of products can be manufactured using them. This would
be a significant advancement in the development of eco-friendly polyurethane materials in line with
eco-design principles. This approach could further enhance the positive public perception of
biopolyols derived from vegetable oils such as rapeseed, sunflower and oilseed radish. These oils are
widely cultivated, highly efficient and profitable to produce. In 2020, Europe produced 72.3 million
tonnes of rapeseed, double the amount produced in 1994 [26]. Rapeseed oil is the most important
source in the production of biodiesel. It is accounting for 40% of all biodiesel produced [27]. Due to
the transformation of the automotive industry and its decision to stop using diesel engines, the
amount of oil used for producing fuel may decrease in the coming years. This excess of the oil can be
used to produce bio-based polymers.

The issue of recycling bio-based polyurethane foams is not well documented in the literature as
it is a relatively new area of research. It should be noted that polyurethane materials made from
biopolyols can be chemically recycled in a different way than polyurethanes made from
petrochemical feedstocks, due to their different chemical structure. This is a subject that is hardly
covered in the literature. Kuranska et al. described the influence of the chemical structure of the
biopolyol used to obtain rigid polyurethane biofoams on the properties of the rebiopolyols obtained
and their use in the production of rigid polyurethane foams that can be used as thermal insulation
[4]. It has been observed that rebiopolyols can have better properties than repolyols obtained from
petrochemical foams. Obtaining low viscosity, ready-to-use repolyols without additional purification
or separation processes may be of particular interest. Recupido et al. produced polyurethane
biofoams using commercially available biopolyols. Unfortunately, the article does not discuss their
structure or method of preparation. Therefore, it is not possible to make any conclusions about the
influence of the biofoam structure on the subsequent properties of the resulting rebiopolyols. The
biofoams were recycled by aminolysis. The rebiopolyols were characterised by a total hydroxyl and
amine value between 277 and 1114 mg KOH/g, and a viscosity between 66 and 3640 mPa's. Some of
the rebiopolyols were used to produce rigid polyurethane foams with a density of approximately 65
kg/m? and a thermal conductivity coefficient above 40 mW/(m-K) [28].

An article by Zemia et al. highlights how the type of raw material used (petrochemical polyol or
triethanolamine-transesterified biopolyol) and the apparent density of the polyurethane foam affect
the subsequent properties of the resulting repolyols. The rebiopolyols were characterised by a lower
hydroxyl number, molar mass and viscosity compared to the repolyols obtained from petrochemical
foams [29].

Energy-absorbing viscoelastic polyurethane materials are a group of specialised polyurethane
materials used in applications such as furniture, footwear, mattresses, helmets, knee pads and for the
protection of valuable goods during transport [30]. To produce viscoelastic foams, specially prepared
polyol blends are used to achieve a suitable segmental structure of the polyurethane, which gives it
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its unique properties [31]. There are very few studies in the literature on viscoelastic foams that have
been produced using recycled raw materials. Repolyols are more commonly used in the synthesis of
classical flexible foams. Bedell et al. described the possibility of using up to 50% recycled PET waste
to replace petrochemical polyol to produce foams for automotive seating. Using recyclate increased
the hardness and mechanical strength of the resulting foams [32]. In the following study, the authors
also obtained classic flexible foams using a repolyol as a product of glycolysis. In the recycling process
two phases were obtained: an upper phase for producing flexible foams and a bottom phase for
producing rigid foams [33] [34] [35]. Unfortunately, this method involves additional extraction and
purification steps for the individual repolyol layers. Kraitape and Thongpin applied up to 10% of the
commercially available repolyol, observing that its addition resulted in reduced foam cells size and
increased mechanical strength as well as permanent deformation [36]. Repolyols resulting from
acidolysis, which yields products with a lower hydroxyl number can be used to produce flexible
foams [37] [38].

Previous studies have shown that rebiopolyols obtained from foam materials based on rapeseed
oil biopolyols, as well as repolyols from petrochemical foams, can be used in various applications.
These applications require a raw material with branched chains capable of crosslinking the
polyurethane matrix. This type of polyols has a relatively high hydroxyl value. While the literature
reports on the efforts to use repolyols in the production of coatings, rigid and flexible foams, it has
not yet focused on synthesising materials with viscoelastic properties and energy absorption
capabilities. In this article it has been decided to describe the possibility of using rebiopolyols derived
from biofoams in the production of polyurethane foam capable of absorbing energy.

2. Materials and methods

2.1. Research design

The research plan consists of several stages. Therefore, we present below a diagram of the
research carried out in order to make it easier for the reader to follow the names and abbreviations
of the samples (Fig. 1). In the first stage, 3 different types of biopolyols were obtained from rapeseed
oil using a variety of methods:

e EPO_DEG - biopolyol obtained by epoxidation of the double bonds in the rapeseed oil and
opening of the oxirane rings with diethylene glycol,

e TRE_DEG - biopolyol obtained by transesterification of rapeseed oil with diethylene glycol,

e TRE_TEA - biopolyol obtained by transesterification of rapeseed oil with triethanolamine,

e  REF - commercially available petrochemical reference polyol.

In a second step, the petrochemical polyol and biopolyols were used to obtain rigid polyurethane
foams. The names of the rigid polyurethane foams were created by adding the prefix PU to the name
of the polyol, e.g. PU/EPO_DEG.

In the third stage of the study, the rigid polyurethane foams were chemically recycled. The
resulting repolyols/rebiopolyols were named by adding the prefix Rec to the name of the
polyol/biopolyol, e.g. RecEPO_DEG.

The fourth and final stage of the research involved the preparation of new viscoelastic
polyurethane materials using the repolyols/rebiopolyols obtained. The names of the viscoelastic
foams were created by adding VPU to the name of the repolyol/rebiopolyol used to obtain them, e.g.
VPU/RecEPO_DEG.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1747.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2025

POLYOL / BIOPOLYOL

REF | EPO_DEG | TRE_DEG | TRE_TEA

RIGID FOAM
PU/REF | PU/EPO_DEG | PU/TRE_DEG | PU/TRE_TEA
REPOLYOL / REBIOPOLYOL

RecREF | RecEPO DEG | RecTREDEG |  RecTRE_TEA

VISCOELASTIC FOAM
VPU/RecREF | VPU/RecEPO_DEG | VPU/RecTRE_DEG | VPU/RecTRE_TEA

Figure 1. The conceptual scheme of the research.

2.2. Raw materials, preparation and test methods for repolyols

Four types of polyurethane foams were chemically recycled. A reference foam (PU/REF)
obtained only from petrochemical raw materials and 3 biofoams. 3 various biopolyols, which
replaced the petrochemical polyol by 100 wt.% were used to make the biofoams. The exact method
of obtaining biopolyols, recycling foams and the obtained rebiopolyols is described in the work of
Kuranska et al. [4]. In the present work, only basic information on obtaining recyclates is presented.

Reference rigid polyurethane foam (PU/REF) and rigid polyurethane biofoams modified with
100%wt. biopolyols (PU/EPO_DEG; PU/TRE_DEG; PU/TRE_TEA) were subjected to a chemical
recycling process - glycolysis. As a liquefying agent, pure DEG (Chempur, Piekary Slaskie, Poland)
was used in a mass ratio of 1:1.5 relative to the dissolved mass of polyurethane foam. KOH (Avantor
Performance Materials Poland S.A., Gliwice, Poland) was applied as the catalyst in an amount of
1%wt. relative to the mass of DEG used. The glycolysis reaction yielded a repolyol (RecREF) and 3
rebiopolyols (RecEPO_DEG; RecTRE_DEG; RecTRE_TEA), which were then used as one of the
substrates in the synthesis of viscoelastic polyurethane foams.

Repolyols and rebiopolyols obtained by glycolysis of rigid polyurethane foams were subjected
to the following tests: hydroxyl value (Hv), amine value (Av), density, viscosity, determination of
molar mass by gel permeation chromatography (GPC), and the presence of characteristic chemical
groups by infrared spectroscopy (FTIR). Hv was tested according to PN-93/C-89052/03. Av was tested
according to BN-69/6110-29. The density of repolyols was determined using the pycnometric method
according to PN-ISO 2811. Viscosity was tested using an EVA PLUS rotational theometer from Lamy
Rheology Instruments (Champagne au Mont d'Or, France). GPC analysis was performed using a
Knauer AZURA gel chromatograph from KNAUER Wissenschaftliche Gerdte GmbH (Berlin,
Germany). FTIR analysis of repolyols was performed using a Nicolet iS5 spectrometer from Thermo
Scientific (Waltham, USA). The functionality (f) of the repolyols was determined according to
equation (1).

_ Hy'Mn

f= 56110 @

2.3. Raw materials and preparation of viscoelastic polyurethane foams

Viscoelastic polyurethane foams (VPU) with repolyol and rebiopolyols were obtained using also
3 different petrochemical polyols. Dibutyltin diacetate (Evonik Industries AG, Essen, Germany) was
used as a catalyst, siloxane polyalkyleneoxide copolymer as surfactant (Momentive Performance
Materials, Niskayuna, New York, USA) and polymeric methylene diphenyldiisocyanate containing
26.4% isocyanate groups. Selected properties of the petrochemical polyols and isocyanate used are
shown in Table 1.

Table 1. Selected properties of the raw materials.
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Polyol symbol Trade name Producer
Polyol 1 Rokopol ®RF551 PCC Group, Polska
Polyol 2 Rokopol® M6000 PCC Group, Polska
Polyol 3 Rokopol® M1170 PCC Group, Polska

Viscoelastic polyurethane reference foams and modified with rigid foam repolyols were
prepared using a one-step method. In this method, non-reacting substrates were first mixed. An
isocyanate was introduced into the polyol premix obtained in this way. After the components of the
polyurethane composition were mixed again, it was poured into a polypropylene mould, in which
free growth of the foam material took place. After growth, the foam was seasoned in an oven at 70°C
for one hour and then at room temperature for 24 hours. Each foam material was repeated 3 times.

A viscoelastic polyurethane foam unmodified with repolyols (VPU/REF) and modified with
repolyols of the rigid reference foam (VPU/RecREF), as well as with rebiopolyols of the rigid
biofoams (VPU/RecEPO_DEG, VPU/RecTRE_DEG and VPU/RecTRE_TEA) were obtained. In the
modified foams, conventional petrochemical polyols were replaced with repolyol or one of the
rebiopolyols at 10%wt, 20%wt. and 30%wt. The formulations of the individual foams are given in
Table 2.

Table 2. Formulations of viscoelastic polyurethane foams modified with repolyols..

Components, g
2 9 3 .
= O A B =S oom 5
Foam symbol = [ I 38 38 3 = 5 g o
8 O =& =g 5 2 5 = § = z
g K E S © 3 < T = =
¥ O H B 5 £ o0 & O 5
Q Q ] wn
~ 24 24
VPU/REF - - - - 40 40 20 1 0.8 250 045
VPU/RecREF_10 10 - - - 35 35 20 1 0.8 251 045
VPU/RecREF_20 20 - - 30 30 20 1 0.8 252 045
VPU/RecREF_30 30 - - - 25 25 20 1 0.8 253 045
VPU/RecEPO_DEG_10 - 10 - - 35 35 20 1 0.8 251 045
VPU/RecEPO_DEG_20 - 20 - - 30 30 20 1 0.8 252 045
VPU/RecEPO_DEG_30 - 30 - - 25 25 20 1 0.8 253 045
VPU/RecTRE_DEG_10 - - 10 - 35 35 20 1 0.8 251 0.60°
VPU/RecTRE_DEG_20 - - 20 - 30 30 20 1 0.8 252 0.60°
VPU/RecTRE_DEG_30 - - 30 - 25 25 20 1 0.8 253 0.60"
VPU/RecTRE_TEA_10 - - - 10 35 35 20 1 0.8 251 045
VPU/RecTRE_TEA_20 - - - 20 30 30 20 05% 08 252 045
VPU/RecTRE_TEA_30 - - - 30 25 25 20 0** 0.8 253 045

* - VPU/RecTRE_DEG could not be obtained with a lower isocyanate index; deformation of the foam structure

occurred; ** - reduced catalyst mass fraction due to the autocatalytic nature of the RecTRE_TEA rebiopolyol.

2.4. Analysis of the foaming process and study of the physicomechanical properties of viscoelastic
polyurethane foams

An analysis of the effect of modifying the formulation used to produce viscoelastic polyurethane
foam with different types and quantities of the repolyols was carried out using a FOAMAT device
from Format-Masstechnic GmbH (Karlsruhe, Germany). The foaming process of the polyurethane
composition was investigated by determining the start, rise, gelation and curing times. Temperature,
pressure and dielectric polarisation of the foamed composition were also determined.

The morphology of the foam was examined using a scanning electron microscope (SEM) (Apreo
2 S LoVac, Thermo Fisher Scientific, Waltham, MA, USA). This was configured with a secondary
electron detector in low vacuum mode and an accelerating voltage of 22 kV. Magnification of 200
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times was used. The foam morphology was analysed (number of cells and cell cross-sectional area)
using Image] software.
The content of soft and hard segments in viscoelastic foams was calculated as follows:

Miotar = mpolyols + mrepolyol + misocyanate (2)

_ Myec/DEGTMrec/polyols
mrec/SS -

*Myepolyol 3)

Mrec

SS = MpolyolstMrec/ss 100 (4)

Mtotal
HS = 100 — SS (5)

where, in equation (2) mua is the total mass of substances reacting with each other in the reaction
to obtain polyurethane, i.e. the sum of the masses of polyols (#1payeis), masses of repolyol (ireplyot),
masses of isocyanate (isocyanate); in equation (3) mress is the amount of soft segments from the recycled
material, mropEc is the mass of DEG used in the chemical recycling reaction of the polyurethane foam,
Mreclpolyols 1S the mass of polyols in the foam subjected to chemical recycling, mr. is the total mass of the
recyclate (DEG + PUR foam subjected to recycling); in equation (4) SS means the percentage of soft
segments in the viscoelastic polyurethane foam modified with repolyol; in equation (5) HS means the
percentage of rigid segments in the viscoelastic polyurethane foam modified with repolyol. The
contribution of water and other additives, i.e. catalysts, to the total weight of the polyurethane has
been deliberately omitted as they have a negligible effect on the SS value. It is important for the
authors to show the trend of the change in the proportion of SS in the polyurethane on the properties
of the foams.

Viscoelastic polyurethane foams were subjected to the following tests: apparent density,
hardness, hysteresis, resilience and return time. The apparent density was determined in accordance
with ISO 845 by determining the volume of the foam using a calliper and then weighing the foam on
a technical balance. Tests for hardness (ISO 7619-1), the material's ability to absorb energy (ISO 2439
standard) and return time (IKEA® specification IOS-MAT-0076), as well as the comfort factor (ISO
3386-1), were determined using the Zwick/Roell, model Z005 from the Zwick Roell Group (Ulm,
Germany). Resilience was determined according to ISO 8307:2000. The property tests were repeated
for 3 samples of each foam material.

3. Discussion

3.1. Repolyol and rebiopolyols

Chemolysis of 4 different rigid polyurethane foams resulted in 4 different repolyols, which were
analysed for their physico-chemical properties. One repolyol was obtained from a petrochemical
foam, while three rebiopolyols were obtained from polyurethane biofoams made using 100%
rapeseed oil polyols produced by various methods. The properties of the repolyols obtained are
presented in this section.

Hyv of repolyols and rebiopolyols do not differ significantly from each other (Table 3) and are in
the range of 445-485 mgKOH/g. Av of the repolyols RecREF, RecEPO_DEG and RecTRE_DEG also
have similar values. The significantly higher Av of the RecTRE_TEA rebiopolyol compared to the
other repolyols is due to the method used to obtain the biopolyol, which was then used in a
glycosylated rigid polyurethane foam. This biopolyol was obtained by transesterification of rapeseed
oil with triethanolamine. The use of triethanolamine as a modifying agent for the vegetable oil
resulted in the introduction of additional amine groups into the polyurethane composition and
ultimately also into the obtained rebiopolyol. Hence, the significantly higher Av of the rebiopolyol
RecTRE_TEA. It is noteworthy that such a high amine number of the rebiopolyol RecTRE_TEA causes
that the use of this rebiopolyol as a substrate in the preparation of a new polyurethane composition,
affects the reactivity of the polyurethane system [4]. Therefore, the use of this rebiopolyol in some
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cases eliminates the need for an additional catalyst in foam formulations. Particularly at higher mass
shares of RecTRE_TEA in the formulation, the autocatalytic character of the rebiopolyol used can be
observed, which was confirmed in the analysis of the foaming process.

The density of all the repolyols obtained is similar and exceeds 1 g/cm?. The rebiopolyols have a
significantly lower viscosity than the RecREF repolyols. This is due to the chemical structure
(polymer chain length) and additional intermolecular interactions. The right viscosity is an important
factor that influences the applicability of the raw material in professional applications. If the viscosity
is too high, it can limit the possibilities of processing with dispensing robots.

Table 3. Selected properties of repolyol and rebiopolyols.

Hy Av Density Viscosity (mPa-s)
(mgKOH/g) (mgKOH/g) (g/cm?)

RecREF 485+1.1 5.0+£0.24 1.18 62000
RecEPO_DEG 445+2.6 4.3 +£0.04 1.12 8500
RecTRE_DEG 448 + 6.7 5.1+0.26 1.12 4800
RecTRE_TEA 446 +3.4 34.0+0.59 1.11 11300

Gel permeation chromatography analysis was performed for the repolyols obtained and for the
polyols. The chromatograms are shown in Fig. 2. In the presented chromatograms, it was observed
that, for all the repolyols, there is alarge peak at 21', which is responsible for the presence of unreacted
diethylene glycol in the reaction mixtures after the glycolysis processes. In addition, it was observed
that the shape of the chromatograms of the repolyols overlaps in some places with the shape of the
chromatograms of the starting polyols used in the foams synthesis.
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Figure 2. Chromatograms of polyols and repolyols.

GPC analysis allowed the determination of the number (Mn) and the weight (Mw) average
molar masses as well as molar mass dispersity (D) of the repolyols (Table 4). The highest molar
masses are characterised by the repolyol RecREF (467 g/mol) and the lowest by RecTRE_TEA (394
g/mol). The difference in the average molar masses of the repolyols is due to the chemical structure
of the polyols used in the preparation of rigid polyurethane foams subjected to glycolysis. The
dispersity of the molar masses of all the repolyols is in the range of about 1.5 to about 2.0. The
rebiopolyols, despite the presence of a bifunctional DEG residue, have a functionality above 3, and
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the repolyol above 4. This means that the use of the obtained repolyols in the synthesis of new foam
materials will result in their additional crosslinking.

Table 4. Selected properties of repolyol and rebiopolyols obtained from GPC analysis.

Mn Mw D f %mass of DEG (%)
(g/mol) (g/mol)

RecREF 467 772 1.65 4.0 12.2
RecEPO_DEG 465 855 1.84 37 12.3
RecTRE_DEG 405 651 1.61 3.2 13.7
RecTRE_TEA 394 619 1.57 3.1 145

Mn - number average molar mass; Mw - weight average molar mass; D - dispersity of molar masses; f —

functionality.

Due to the properties of the repolyols obtained, i.e. a high hydroxyl number and a functionality
above 3, the product is ideally suited to the production of rigid polyurethane foams, such as panels,
refrigerator insulation and sprayed roof insulation. Another potential application is the production
of adhesives and coatings. Classic flexible foams usually contain polyols with a high molecular
weight and long chains for flexibility, as well as a hydroxyl number below 100 mg KOH/g. However,
viscoelastic foams are an exception, as they are synthesised using polyols with a low hydroxyl value
and more branched polyols with a higher hydroxyl value. Therefore, it is reasonable to explore using
rebiopolys as a substitute for high-hydroxyl-number petrochemical polyols in the synthesis of
viscoelastic foams.

FTIR analysis of the repolyols confirmed the presence of hydroxyl groups (Fig. 3). The presence
of these groups in repolyols is very important because it allows them to be used as a substitute for
conventional petrochemical polyols in polyurethane foam formulations. By reacting with the
isocyanate groups, the hydroxyl groups allow the urethane bond characteristic of polyurethanes to
be obtained. The presence of unreacted urethane groups in repolyols has also been confirmed by FTIR
analysis. This is evidenced by signals characteristic of urethane bonding (Table 5), particularly in the
region of 2900-3000 cm™ (-NH- bonds) and 1700 — 1750 cm-! (C=O group) [39].
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Figure 3. FTIR spectra of repolyols and polyols.
Table 5. Characterisation of selected FTIR bands.
Wave number range (cm™) | Type of vibration Group
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3200 - 3600 stretching O-H
2900 - 3000 stretching N-H
2850 - 2920 stretching C-H
1700 - 1750 stretching Cc=0
1550 — 1600 deforming N-H
1220 - 1250 stretching C-O0
1050 - 1080 stretching C-O-C

3.2. Analysis of the foaming process of viscoelastic polyurethane foam.

A foaming process analysis was conducted on the prepared polyurethane systems to evaluate
the reactivity of the selected systems. As it was mentioned above, the systems modified with
RecTRE_DEG rebiopolyol required an increase in isocyanate due to foam collapse. In contrast, the
RecTRE_TEA rebiopolyol modified formulations required a lower amount of catalyst due to their too
high reactivity. The systems were so reactive that it was impossible effectively to mix the components
and transfer the resulting mixtures into the mold. The analysis of the foaming process allowed for
the identification of characteristic foaming times, as well as the determination of the maximum
temperature in the core of created foams, the maximum growth rate of reaction mixtures, and the
shrinkage of the final foams (Fig. 4).
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Figure 4. Characteristics of the foaming process of polyurethane modified by a) RecREF; b) RecEPO_DEG; c)
RecTRE_DEG; d) RecTRE_TEA and e) max core temperature; f) max rise velocity.

It was observed that, regardless of the repolyol type used, all times specific to the modified foam
were shorter than those for the reference foam. Furthermore, it was observed that the greater the
amount of repolyol used, the shorter the times were. However, this trend was not observed in the
case of the foam modified with RecTRE_TEA, where the times initially decreased but then increased
again. This phenomenon can be explained by the change in the catalytic system used in this case. For
the reference foam obtained using only petrochemical polyols, the start time was 17 s, the gel time 39
s and the growth time 49 s. After the introduction of repolyols into the system, it was observed that
the start time decreased to about 12 s and the growth time even shortened to 16 s.

In addition, it was observed that with the increase in the content of repolyols in the polyol
masterbatch, the foam growth rate and the maximum temperature inside the material increase. These
observations indicate the autocatalytic effect of repolyols on the course of the foaming process and
the formation of polyurethane. Again, the exception is the system with the RecTRE_TEA rebiopolyol,
in which the amount of catalyst was reduced. The graphs presented in Fig. 5 show how the
temperature in the foam core and the value of dielectric polarization change over time depending on
the amount of rebiopolyol used. The value of dielectric polarization illustrates the rate of reactions
taking place. When the value of dielectric polarization reaches a value close to zero, it means that
there are no unreacted functional groups left in the reaction mixture [40]. The rapid approach to a
value close to zero indicates that the reactions of forming polyurethane bonds and foaming reactions
take place quickly. The presented graphs confirm the catalytic effect of repolyol, because both the
temperature inside the foam is higher and the dielectric polarization value approaches zero faster in
systems with a larger amount of repolyol. Kuranska obtained similar results when obtaining rigid
polyurethane foams in which repolyol and rebiopolyols were used [4]. In addition to the amine
groups present in the repolyol resulting from the degradation of bonds present in the polyurethane,
there is also a large share of DEG, which can affect the course of the foaming process. DEG present
in the post-recycling mixture is an unreacted liquefying agent. It is a short-chain diol that shows high
reactivity with isocyanate, also accelerating the entire process of polyurethane formation.
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Figure 5. Changes of temperature and dielectric polarization of reaction mixtures depending on the type and
amount of repolyol used: a) RecREF; b_ RecEPO_DEG; c) RecTRE_DEG; d) RecTRE_TEA.

3.3. Foam structure analysis

The cellular structure of the foam materials obtained was analysed, as this is responsible for
many of the materials' properties. This structure is influenced by various factors, including the
foaming process, the apparent density of the materials obtained, and the type of raw materials used.
The SEM photographs (Fig. 6) show that the foam materials obtained had different structures, cell
sizes and shapes.

Repolyol conten in polyol premix
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Figure 6. SEM microphotograph of foam cell structure.

To evaluate the quality of the cell structure quantitatively, the Image] programme was used to
analyse the foams cell structure. The average cell area, expressed in mm?, and cell density (number
of cells per 1 mm?®) were determined. The results of this analysis are shown in Fig. 7.

0,12 T T T . 90 T T T
- #— RecREF
- 80 {—@— RecEPO_DEG
0,101 = _ - & 70] A RecTRE_DEG .
- M v S ¥ Rec_TRE_TEA
E £ 60
£ 0,08 g 3 g
g :5 50
0,06 i 2 40 ]
B S
® - RecREF 5 907
0,04—@— RecEPO_DEG ] © 20 V- v v |
—A— RecTRE_DEG 0 = =
0,02 Y RecTRE_TEA . . . . . .
0 10 20 30 0 10 20 30
a Repolyol content in polyol premix (%) b Repolyol content in polyol premix (%)

Figure 7. Cell area (a) and cell density (b) of foams.

It was observed that adding a rebiopolyol derived from a petrochemical reference foam and a
rebiopolyol derived from a foam obtained using the biopolyol TRE_TEA resulted in a slight increase
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in the surface area and a slight change in the density of the analysed cells. Using rebiopolyols derived
from the chemolysis of foams obtained with the biopolyols EPO_DEG and TRE_DEG decreases the
cell surface area and increases the cell density of the foam. This phenomenon may be due to these
rebiopolys acting as surfactants. The addition of biopolyols to polyurethane foam systems often has
a surfactant effect, reducing cell surface area [41] [42].

3.4. Viscoelastic polyurethane foams properties

Based on the same recipes as in the case of the analysis of the foaming process, samples of
viscoelastic foams were obtained in larger forms, which could then be subjected to analysis of their
physicomechanical properties.

The obtained foam samples were subjected to infrared spectroscopy analysis (Fig. 8). The
stretching vibrations, both symmetric and asymmetric, assigned to the N-H bond are present at wave
number 3345 cm!. The peak near 3500 cm™ is derived from the -OH group of unbound hydroxyl
groups in polyols. The mentioned peak should be there because the isocyanate index used is below
1. This means that there was an excess of hydroxyl groups in the system. However, these peaks have
very low intensities, indicating that these groups have mostly reacted and participated in the reaction
to form polyurethane.

Stretching vibrations within the -CH2 groups in the soft segments formed from polyols are
responsible for the clearly visible peaks at 2867 cm™ and 2970 cm™. No peaks from the NCO group
were found in the spectra in the 2270 - 2240 cm™, indicating that all the NCO groups had reacted.

In addition, in all the samples studied, vibrations from the C=O bond (1708 cm-1), C=C from the
aromatic ring (1597 cm™), bending and stretching vibrations from the N-H bonds in H-NCO (1538
and 1511 cm™?). The alkane C-C stretching is present around 1095 cm! [43] [44].
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Figure 8. FTIR spectrum of foams obtained with different mass fractions of repolyols.
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The foam samples to test their apparent density and mechanical properties were prepared
according to proper standards. In the case of elastic and viscoelastic materials, the so-called hysteresis
loops are determined. In order to plot the hysteresis loop, the compressive strength is measured
during loading and unloading of the material. Thanks to the determination of the hysteresis loop, a
number of properties characterizing elastic materials can be evaluated, including the ability to absorb
energy, hardness and comfort factor.

The obtained reference foam materials were characterized by an apparent density of about 70
kg/m3. The polyurethane composition was selected in such a way as to obtain an apparent density
that is often used in the industrial production of viscoelastic foams [45]. The analysis of the apparent
density of modified foams showed that with the increase in the mass fraction of repolyols in the
polyol premix, the apparent density of viscoelastic foams increases even to a value above 100 kg/m3
(Fig. 9). A deviation from the described relationship is characterized by VPU/RecTRE_DEG foam:s,
whose apparent density is practically unchanged, regardless of the mass fraction of rebiopolyol and
is approx.70 kg/m3. Moreover, all obtained viscoelastic foams, except VPU/TRE_DEG foams, are
characterized by an apparent density higher than the unmodified foam. The highest apparent density
in the group of VPU/RecTRE_TEA foams is characterized by VPU/RecTRE_TEA_20 foam. The change
in apparent density usually affects the value of the material hardness. The higher the apparent
density of the foam, the higher its hardness. The hardness of the reference foam was ca. 2 kPa. In the
case of foams modified with RecREF, RecEPO_DEG and Rec TRE_TEA, it was observed that with
increasing apparent density, the hardness of the foams also increases. The hardness of viscoelastic
polyurethane foams modified with repolyols is definitely the highest in the case of foams with the
highest, 30% wt. share of repolyols. Foams with 10% wt. content of repolyols are characterized by a
similar hardness (2-3 kPa) as in the case of the unmodified reference foam. This relationship does not
apply to the VPU/RecTRE_DEG_10 foam, for which the hardness was approx. 8 kPa.

The hardness values of the viscoelastic polyurethane foams approximately coincide with the
course of the hysteresis loop of the foams presented in Fig. 6. It can be seen, for example, that the
foams with the highest hardness required the highest force for their 75% deformation. For most of
the foams tested, the hysteresis loop and properties such as hardness, comfort factor and hysteresis
are calculated in accordance with the standard and determined at the fourth compression of the
material. For materials containing 30% repolyol, i.e. VPU/RecREF_30, VPU/RecEPO_DEG_30,
VPU/RecTRE_DEG_30 and VPU/RecTRE_TEA_30 the hysteresis loops were determined during the
first compression, as the material was permanently deformed, thereby increasing the apparent
density of the foam. Increasing the apparent density of the foam increases the compressive strength,
so the results from the fourth deformation would not be representative.
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Figure 9. Apparent density and hardness of viscoelastic polyurethane foams containing repolyols a) RecREF; b_
RecEPO_DEG; ¢) RecTRE_DEG; d) RecTRE_TEA.

The hysteresis loops of all polyurethane foams containing repolyols have a course characteristic
for viscoelastic materials (Fig. 10) [46]. The force required for 75% deformation of viscoelastic
polyurethane foams modified with repolyols is in all cases higher comparing to the reference foam.
Also, for all polyurethane foams with repolyols, the force required for 75% deformation of the foam
material increases with the increasing mass fraction of repolyols in the polyol premix.
VPU/RecTRE_TEA foams are characterized by the greatest susceptibility to deformation among the
tested samples. Unfortunately, in the case of these materials, it was found that they undergo
permanent deformation and after applying force, they do not return to their initial shape.

The addition of repolyol changes the structure of the foam material. Viscoelastic foams are
characterized by a structure in which there are alternating rigid and flexible segments [47], which
provide unique material properties. The addition of repolyol to a properly composed mixture of
polyols can affect the disruption of this structure. The high value of the hydroxyl number and the
functionality of the obtained repolyols influences additional cross-linking of the resulting
polyurethane, thereby increasing the hardness and stiffness of the foam, which may result in
obtaining foams that are subject to permanent deformation because their cell structure is too rigid.
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Figure 10. Hysteresis loops of polyurethane foams with repolyols a) RecREF; b_ RecEPO_DEG; c¢) RecTRE_DEG;
d) RecTRE_TEA.

Support factor is a parameter that gives an information how comfortable the resulting foam will
be to use. It is assumed that the most desirable foams for use in furniture are those that have a comfort
factor of about 3 [48]. The comfort factor of viscoelastic polyurethane foams obtained with the
participation of repolyols increases with the increase of the mass fraction of repolyols in the foams
(Fig. 11). A deviation from this relationship is characteristic of the VPU/RecTRE_TEA_20 foam, which
is characterized by the highest comfort factor among the VPU/RecTRE_TEA foams. All modified
viscoelastic polyurethane foams are characterized by a higher comfort factor and hysteresis than the
unmodified reference foam, for which these values were 2.4% and 67%, respectively. Increasing the
mass fraction of repolyol in viscoelastic foams also increases their ability to absorb energy (hysteresis)
and elastic rebound (resilience). The resilience value most similar to the reference foam is found for
VPU/RecEPO_DEG_10, VPU/RecTRE_TEA_10 and VPU/RecTRE_TEA_20. It should be noted,
however, that all obtained foams have a resilience below 20%, which, despite the increase in this
parameter, still indicates the ability to absorb energy.
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Figure 11. Support factor, hysteresis and resilience of viscoelastic polyurethane foams containing repolyols a)
RecREF; b_ RecEPO_DEG; ¢) RecTRE_DEG; d) RecTRE_TEA.

The last test to which the obtained foams were subjected was the recovery time test. All
viscoelastic polyurethane foams modified with repolyols have recovery times longer than in the case
of the unmodified reference foam (table 7). The recovery time of modified foams increases with the
increase of the repolyol mass fraction in the foams. All viscoelastic foams with a repolyol content of
30 wt.%. in the polyol premix are characterized by a recovery time longer than 300 s and underwent
permanent deformation. Very long recovery time and permanent deformation disqualify this type of
foam in the applications such as furniture, mattresses. The properties of the foams presented are
confirmed by the calculated contents of hard and soft segments. As the amount of repolyol added to
the polyol premix increases, the content of hard segments in the resulting polyurethanes also
increases. Increased hard segment content results in increased material hardness and recovery times
and even results in lower resistance to permanent deformation.

Table 7. Recovery times and content of hard/soft segment of viscoelastic polyurethane foams containing

rebiopolyols.
Foam symbol Return time (s) Soft segments (%) Hard segments (%)

VPU/REF 20+0.0 69.6 30.4
VPU/RecREF_10 32+1.5 65.7 34.3
VPU/RecREF_20 104 +16.3 61.9 38.1
VPU/RecREF_30 > 300 58.3 41.7
VPU/RecEPO_DEG_10 41+25 66.3 33.7
VPU/RecEPO_DEG_20 > 300 63.1 36.9
VPU/RecEPO_DEG_30 > 300 60.0 40.0
VPU/RecTRE_DEG_10 36+3.1 66.2 33.8
VPU/RecTRE_DEG_20 165 +84.9 63.0 37.0
VPU/RecTRE_DEG_30 > 300 59.9 40.1
VPU/RecTRE_TEA_10 196 +22.8 65.9 34.1
VPU/RecTRE_TEA_20 > 300 62.4 37.6
VPU/RecTRE_TEA_30 > 300 59.0 41.0
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4. Conclusions

In the studies, raw material from chemically recycled polyurethane foams and biofoams was
used to obtain viscoelastic foams. The obtained repolyols were used in the amounts from 10 to 30
wt.% in a mixture of polyols. It was found that the chemical structure of the polyols used to obtain
the foams subjected to recycling affects the properties of the obtained repolyols, and thus also the
properties of viscoelastic foams prepared with their use.

The foams obtained with the addition of 10 wt.% repolyols are characterized by the best
properties among the obtained modified foams, comparable or even better than the reference foam.
The apparent density of such foams is about 70 kg/m? hardness is about 2-8 kPa, comfort factor
between 2.5 and 5 and resilience below 10%. However, increasing the share of repolyols in the foams
caused too large changes in the structure of polymer chains, which caused the foams to lose their
viscoelastic character and a deformation. A share of repolyols in the applied polyol mixtures on the
level of 10 wt.% of is possible without other significant changes in the foam formulations. and already
has a positive impact on the management of polyurethane foam waste. Due to the high functionality
and hydroxyl number of repolyols, it would be necessary to further modify the polyurethane
formulation in order to obtain satisfactory viscoelastic foams with a higher content of repolyols.
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