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ABSTRACT: Polyurethane (PUR) foams are widely used in many /\

engineering applications, but their efficient recycling has remained

a major challenge for many years. This study presents a novel .

strategy of incorporating hydrolyzable ester units into the PUR A \ -

structure to enhance PUR foam recyclability. The present eco- & * - \(

design concept of PUR materials enables fully the replacement of |77 \- | /4
petrochemical polyols with biobased alternatives and production of [ . HOM __a¥ L
ultralow-density (16 kg:m™) PUR foams. To reach this target, a Sucsinic et ‘ '
series of low-function polyols based on succinic acid (SA) were first polyol based polyol

synthesized. Their subsequent use in combination with a high- N _ valght
functional biobased tall oil-derived polyol led to the production of Qcile recycif> Py

highly homogenous semirigid, partly open-cell PUR foams with

outstanding structural, thermal, and mechanical properties. Additionally, the study shows that the incorporation of SA-polyols with
hydrolyzable ester linkages into the PUR foams significantly enhances their recyclability via glycolysis, proving their potential in
contributing to a circular economy and addressing plastic waste concerns.
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B INTRODUCTION near future. These ultralow-density PUR foams are nowadays a
rapidly emerging class of sustainable materials with unique
advantages such as very low weight, resulting in low-cost
materials, good thermal insulation, sound absorption, and
vibration dampening properties.g’9

To achieve the circular economy goals, the macromolecular
design of PUR foams has to be better adapted to end-of-life
treatment, enabling facile recycling via solvolytic degradation.'’
PUR foams are generally obtained by the step-growth
polymerization of polyisocyanates and polyols. Tailor-made
polyester polyols bearing hydrolyzable ester groups'' are key
for the fabrication of PUR foams with enhanced degrad-
ability.'> Additionally, introducing hydrophilic entities such as
glycol chains into the PUR structure can further accelerate the
degradation rate."*™"

On the other hand, current environmental regulations have
prompted an increased demand for environmentally friendly
alternatives. Nowadays, the raw materials associated with the
production of polyester polyols are mostly of petrochemical

Although there is a current increased interest in the issue of
plastic recycling and novel recycling methods are constantly
being developed, the plastic recycling rate of 16.4% is
disappointingly low." Due to today’s highly demanding
transformation to a circular economy and the achievement of
targeted recycling quotas, the concept of eco-design of polymer
materials needs to be introduced in order to effectively
transform plastic waste into valuable feedstock. This is
particularly important for thermosets due to their permanently
cross-linked structure that cannot be melted and reshaped.
Thermosets are widely used in many applications, e.g,
construction, automotive, and packaging sectors, accounting
for approximately 12% of global plastic production (44 million
tons).” Particularly, polyurethane (PUR) foams are, due to
their high tunability and versatility, unambiguously the most
produced thermosets (ca. 25.8 million tons in 2022).> This
huge production creates an urgent demand for sustainable
solutions for PUR foams, which would meet the requirements
of circular economy, namely durability, reusability, and

recyclability.4 Received: October 23, 2023 Stistalnable

Chemisiy: Engincerng
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Considering sustainable development goals to reduce
environmental impact, it is expected that low-density PUR
foams (20—40 kg'm™) currently holding the largest share of
the PUR foam market’~” will be replaced by partly open-cell
PUR foams with an even lower density (<20 kg'm™) in the
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Table 1. Formulations of the Prepared PUR Foams Including Proportions of Polyols

wt %

proportions of polyols,
PUR foam ID SA-diol SA-triol SA-tetraol ETO-TMP
REF 0 0 0 0
1-PU-diol 80 0 0 0
1-PU-triol 0 80 0 0
1-PU-tetraol 0 0 80 0
2-PU-diol 80 0 0 20
2-PU-triol 0 80 0 20
2-PU-tetraol 0 0 80 20
3-PU-diol 100 0 0 0
3-PU-triol 0 100 0 0
3-PU-tetraol 0 0 100 0

proportions of PUR foams, wt %
Lupranol 3422 Lupranol 1100 polyols pMDI other”
20 80 22 60 18
20 0 24 58 18
20 0 23 59 18
20 0 23 59 18
0 0 24 58 18
0 0 24 58 18
0 0 23 59 18
0 0 25 56 19
0 0 25 56 19
0 0 24 57 19

“Includes water (3.5 wt %), TCPP fire retardant (9.2—9.9 wt %), Polycat NP 10 (0.7 wt %) and DBTDL (0.03 wt %) catalysts, Niax Silicone L-

6915 (2.0 wt %), and Adamantan SFOF (2.8—3.0 wt %) surfactants.

origin. Therefore, extensive research has been conducted in
both academic and industrial sectors to explore the production
of polyols from biomass (biopolyols). Various renewable
resources, including vegetable oils, microalgae, lignocellulose,
and polysaccharides, have been investigated for their potential
in polyol synthesis.'”"” Among these environmentally friendly
feedstocks, succinic acid (SA) has emerged as the most suitable
raw material for polyol production.'® SA can be efficiently
produced through the fermentation process of carbohydrates."”
Furthermore, SA is found in all living organisms, where it plays
a vital role in biological processes as an intermediate product in
the tricarboxylic acid cycle (TCA) and is fully biocompatible.*’
The significance of SA was recognized by the US Department
of Energy in 2004, which identified it as one of the top 12
value-added platform chemicals derived from biomass.”"
Additionally, SA is a key component in the manufacturing of
essential industrial products such as biodegradable polymers,
surfactants, detergents, food additives, pharmaceuticals,
fungicides, and herbicides.**

Biopolyols have demonstrated their potential as valuable
constituents for the production of rigid and semirigid open-cell
PUR foams.” For example, Marcovich et al. achieved successful
results by blending up to 70% of a biopolyol derived from palm
oil with a petrochemical polyol to obtain semirigid PUR foams,
which exhibited relatively low apparent density ranging from
29 to 35 kg'm™.>’ Similarly, Polaczek et al. prepared partially
palm oil-based open-cell PUR foams with even lower apparent
densities ranging from 13.0 to 15.2 kg-m_s.24 However, the
incorporation of vegetable oil-derived biopolyols (without
easily cleavable units) into the PUR foam structure does not
improve the recyclability of the foam.

In this work, we have designed and prepared ultralow-
density (15—17 kg'm™) PUR foams with incorporated
hydrolyzable ester units derived from renewable SA with the
aim to enhance the foam recyclability via solvolysis
(glycolysis). First, a series of biobased polyester polyols with
different functionalities based on SA and tetraethylene glycol
(4EG) were synthesized. The obtained SA-polyols were
analyzed in detail and then used for the preparation of
ultralow-density (16 kg'm™3), partly open-cell semirigid PUR
foams. Three series of foams were compared—one based fully
on the SA-polyols (diol, triol, and tetraol) and two in which
SA-polyols were combined with two different polyols of higher
functionality, one (commercial) of petrochemical and one of
biobased (tall oil-derived) origin. The complete replacement of
petrochemical polyols with the biobased varieties was studied
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in order to produce PUR foams with a fine and homogenous
cellular structure and excellent mechanical and thermal
properties while maintaining a favorable low apparent density.
Finally, the glycolysis of PUR foams was studied in order to
verify the improvement of their recyclability due to the
presence of hydrolyzable ester bonds.

B EXPERIMENTAL SECTION

Synthesis of Biobased Succinic Acid-Derived Polyols.
Biobased poly(ester-ether) polyols were synthesized using a melt
polycondensation method from succinic acid (SA, 99%, Sigma-
Aldrich) and tetraethylene glycol (4EG, 98%, Sigma-Aldrich) using
trimethylolpropane (TMP, >98%, Sigma-Aldrich) and pentaerythritol
(98%, Sigma-Aldrich) as branching agents. The reaction was
conducted in a 1 L three-neck flask equipped with a nitrogen inlet,
magnetic stirrer, condenser, and thermometer. The proper amounts of
SA and alcohols (OH/COOH molar ratio of 1:1) were charged into
the flask and heated to 170 °C until the complete dissolution of the
reactants. Subsequently, the catalyst, dibutyltin dilaurate (DBTDL,
99%, Sigma-Aldrich), was added and after ca. S h, the temperature
was raised to 190 °C. After more than 90% of the theoretical amount
of water was distilled out, the pressure was gradually reduced to ~20
Torr. The polycondensation was stopped when the desired acid (<$
mgKOH/g) and hydroxyl (20—-50 mgKOH/g) numbers were
reached. Three SA-derived polyols (SA-diol, SA-triol, and SA-tetraol)
differing in the hydroxyl number and functionality were synthesized;
their formulations are given in Table S1.

Synthesis of the Biobased ETO-TMP Polyol. The ETO-TMP
polyol was obtained from epoxidized high-oil fatty acids. The
epoxidation procedure has been described in a previous study by
Kirpluks et al.** The epoxy groups of the epoxidized tall il fatty acids
were opened with TMP (reagent grade, 97%, Sigma-Aldrich).
Furthermore, a subsequent esterification reaction of the free
carboxylic groups of epoxidized tall oil fatty acids was carried out.

The ETO-TMP polyol synthesis procedure was as follows.
Epoxidized tall oil fatty acid (300 g) was added via a dropping
funnel into a four-neck flask (1 L) already containing the mixture of
TMP (the ratio of epoxidized tall oil fatty acid oxirane and carboxyl
groups to TMP moles was 1:1). The tetrafluoroboric acid solution
(48 wt % in H,0, 0.3 wt % from epoxidized tall oil fatty acid) was
used as a catalyst. The temperature was maintained at 80 °C during
the addition of the epoxidized tall oil fatty acid by using an oil bath. In
this step, the oxirane rings were opened. After all of the epoxidized oil
had been added, the temperature was raised to 180 °C. The stirring
was ensured with an anchor-type stirrer at S00 rpm. The water formed
during the synthesis was removed with an inert carrier gas (nitrogen)
and was condensed in a Liebig condenser. The duration of the
synthesis was 6 h.

Preparation of Polyurethane Foams. First, a polyol part
(component A) composed of polyols, distilled water (chemical

https://doi.org/10.1021/acssuschemeng.3c06924
ACS Sustainable Chem. Eng. 2024, 12, 16051615
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blowing agent), DBTDL and Polycat NP10 (Air Products) catalysts,
Niax Silicone L-6915 (Momentive Performance Materials) and
Adamantan SFOF (kindly supplied by ADAMANTAN, Latvia)
surfactants, and tris(1-chloro 2-propyl)phosphate (TCPP, Lanxess)
fire retardant were homogenized for S min at 10,000 rpm using a
high-shear mixer until the mixture was fully homogenous. Then,
polyisocyanate (pMDI, component B) was quickly added, and the
mixture was homogenized for 10 s with a mechanical stirrer at 2000
rpm. The PUR reacting mixture was then poured into the open-top
mold (250 mm X 250 mm X 120 mm). To finish the cross-linking
reaction, PUR foams were conditioned at room temperature for 18 h.
The complete formulations of all prepared foams are shown in Table
S2. All PUR foams were produced using a fixed NCO/OH ratio of
1.0.

In total, three different series of PUR foams were prepared using
synthesized SA-polyols (Table 1). In the first series, denoted as 1-PU,
the SA-polyols were added as a full replacement (80 wt %) for the
low-functional commercially available petrochemical polyol Lupranol
1100 (BASF) with a hydroxyl number of 104 mg KOH/g and similar
characteristics, while the residual 20 wt % was composed of high-
functional commercially available Lupranol 3422 (BASF) with a
hydroxyl number of 490 mg KOH/g and functionality of 5. In the
second series, denoted as 2-PU, both petrochemical polyols, Lupranol
1100 and Lupranol 3422, were replaced by biobased analogues, i.e.,
the low-functional SA-polyols and the high-functional ETO-TMP,
respectively. The third series, denoted as 3-PU, was fully based on the
SA-polyols (free of high-functional polyols). As a reference PUR foam
(denoted as REF), the formulation based entirely on commercial
petrochemical polyols Lupranol 1100 and Lupranol 3422 was used.

Chemical Recycling of Polyurethane Foams. Microwave-
accelerated chemical recycling (solvolysis) of the prepared PUR
foams was performed without the addition of any catalyst in a
monomodal microwave reactor Discover SP Microwave synthesizer
(CEM Corporation) operating at 2450 MHz frequency. The mixture
of fragmented PUR foams and 4EG in different weight ratios (from
1:2 to 1:1) was placed into a SO mL glass reaction vessel together with
a magnetic stirrer and then sealed tightly with a PTFE-coated silicone
septum. The reaction mixture was heated using fixed power mode
(150 W) until the target reaction temperature (220 °C) was reached.
Then, the reaction was allowed to continue isothermally at 220 °C
until the complete dissolution of the PUR foam. After the reaction
was stopped, the vessel in the reactor was cooled to ambient
temperature using compressed air. The reaction time was determined
as the time from the start of heating to the complete dissolution of the
PUR foam, i.e, full transformation into the liquid state.

Characterizations. The acid number was determined by
volumetric titration according to ASTM D 4662-93. The conversion
of carboxylic acid groups (COOH conversion) during polycondensa-
tion was calculated according to the following eq 1

COOH conversion (%) = 100 X [1 — n(COOH)/n,(COOH)]
(1)
where ny(COOH) and n(COOH) are moles of COOH groups before
and after the polycondensation, respectively.

The hydroxyl number was determined according to ISO
2554:1974.

The water content was determined using the Karl Fischer titration
method according to ISO 760.

Viscosity was measured using a Physica MCR 501 (Anton Paar,
Austria) with cone/plate geometry (25 mm diameter, 2° angle, 0.15
mm gap) at a temperature of 25 °C in the range of shear rates of
0.01-100 5",

FTIR spectra were recorded on a Spectrum 100 spectrometer
(PerkinElmer) equipped with a universal ATR accessory with a
diamond prism. Spectra were recorded in the wavenumber range of
650—4000 cm™" over four scans with a resolution of 4 cm™.

Size exclusion chromatography (SEC) was carried out using a
Modular GPC system equipped with an Evaporative Light Scattering
Detector PL ELS 1000 (Polymer Laboratories), a UV detector Chrom
uvd 250 operated at 4 = 264 nm, and a set of two columns, PLgel
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MIXED-B LS, 7.5 mm X 300 mm and 10 #m (Polymer Laboratories).
Tetrahydrofuran (THF) was used as a mobile phase (flow rate of 0.5
mL-min~"). Calibration was performed by using PS standards.

MALDI-TOF mass spectra were obtained with an UltrafleXtreme
instrument (Bruker Daltonics, Bremen, Germany) in positive ion
reflectron mode. The spectra were the sum of 25,000 shots with a
DPSS, Nd:YAG laser (355 nm, 2000 Hz). Delayed extraction and
external calibration were used. The samples were prepared by the
dried droplet method: solutions of the sample (10 mg-mL™") and of
DHB (2,5-dihydroxybenzoic acid; Sigma-Aldrich, 98%, 20 mg-mL™")
as a matrix with the solution of sodium trifluoroacetate (NaCF,COO;
Sigma-Aldrich, 10 mg:-mL™") as a cationization agent in THF (Sigma-
Aldrich, >99.9%) were mixed in the volume ratio of 4:20:1. 1 uL of
the mixture was deposited on the ground steel target plate. The drop
was dried in an ambient atmosphere.

Differential scanning calorimetry (DSC) was conducted using a Q
2000 calorimeter (TA Instruments). Measurements were performed
in heating—cooling—heating cycles from —80 to +150 °C at a heating
rate of 10 °C-min~" in a nitrogen atmosphere. The glass transition
temperature (T,) was determined from the second heating cycle.

The foaming process was analyzed using a FOAMAT 285 (Format-
Messtechnik GmbH, Karlsruhe, Germany). The rise profile was
measured with an ultrasonic sensor, and the temperature during the
foaming process was monitored using a thermocouple.

The apparent density of PUR foams was determined according to ISO
84S. The obtained result is an average of six measurements.

The open cell content was determined using an Ultrapyc 5000
Foam gas pycnometer from Anton-Paar (Graz, Austria). The
following measurement settings were applied: gas: nitrogen; target
pressure: 3.0 psi; foam mode: on; measurement type: corrected; flow
direction: sample first; temperature control: on; target temperature:
20.0 °C; flow mode: monolith; cell size: large; preparation mode:
flow; and time of the gas flow: 0.5 min.

The thermal conductivity coefficient (1) was measured by using a
Linseis Heat Flow Meter 200 (Germany). The temperature of the
cold plate was set to 0 °C with that of the warm plate set to 20 °C.
The typical precision of the measurements was 4 + 1%.

The compression test was performed on cube-shaped specimens
(50 mm X 50 mm X 40 mm) using an Instron 6025/5800R apparatus
(Instron Limited, United Kingdom) according to ISO 844. The
obtained results are an average of 10 separate measurements; for each
series of specimens, a standard deviation was determined. The tests
were performed at room temperature in a parallel direction to the
foam rise at the speed of 5 mm'min~". The compressive modulus and
compressive stress at 10% strain, taken as compressive strength, were
evaluated and normalized to the specific apparent density of the
reference PUR foam (16 kg:m™) according to equations™®

16)"7
Enorm = Ee {_]

r ()

6 (E]ZJ
exp P) (3)

where E,,; is the measured compressive modulus, 0y, is the measured
compressive strength, and p is the apparent density of the foams.

The data from the compression test and the apparent density
measurement were statistically evaluated using a one-way analysis of
variance (ANOVA) for each foam series (1-PU, 2-PU, and 3-PU)
with the functionality of SA-polyols as a factor.

Thermogravimetric analysis (TGA) was conducted using a Pyris 1
TGA (PerkinElmer). The samples were heated from 35 to 800 °C
under a nitrogen flow at a rate of 10 °C-min".

Scanning electron microscopy (SEM) images of the PUR foams
were obtained using a Vega Plus TS 5135 (Tescan, Czech Republic)
using secondary electron imaging (SEM/SE) at 30 kV. The samples
were cut at room temperature, perpendicular to the foam rise
direction, then fixed on a metallic support with silver-based adhesive,
and sputtered with gold for 360 s in a high-vacuum sputter coater

https://doi.org/10.1021/acssuschemeng.3c06924
ACS Sustainable Chem. Eng. 2024, 12, 16051615
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Leica EM SCDO0S0 (Leica Microsystems, Germany). The captured
images (in a direction perpendicular to the foam rise) were analyzed
to measure the average cell size and cell size distribution using Image]J
1.54f software by manual counting of 400 cells.

B RESULTS AND DISCUSSION

Characterization of Biobased Poly(ester-ether) Poly-
ols. The synthesized SA-polyols were primarily designed to
enhance the (bio)degradability and chemical recyclability of
the PUR foams. Therefore, the hydrolyzable ester group was
introduced into the structure of the synthesized polyols®’ by
the reaction of SA and 4EG. The progress of polycondensation
was followed by FTIR spectroscopy and acid number
determination. The FTIR spectra of all synthesized SA-polyols
show in the region of C=O vibrations only one dominant
band of ester groups at 1730 cm™" (Figure S1), which indicates
the completed polycondensation reaction. Acid number
determination (Table 2) showed ~99% conversion of
COOH groups for all SA-polyols and thus almost complete
esterification of SA.

Table 2. Characteristics of the Prepared SA-Polyols

SA-diol SA-triol SA-tetraol
hydroxyl number, 20+ 3 30+2 50+ 3
mg KOH-g’l
acid number, 4.7 £ 0.1 53+ 09 3.1 +0.1
mg KOH-g’l
COOH 98.6 98.5 99.1
conversion, %
T, °C -39 -37 —37
viscosity at 13,000 + 1000 29,000 + 2000 51,000 + 1000
23 °C, mPa-s
M,", grmol™ 5610 5610 4490
M}, gmol™ 5700 6800 11,600
b 2.0 2.4 3.7
fa (targeted) 2 3 4
water content, 0.12 + 0.01 0.15 + 0.01 0.21 + 0.02

wt %
“Calculated from the structure. “Molecular weights determined by
SEC are approximate values to PS standards.

Since the SA-polyols are intended for use as the main polyol
component of PUR foams, it was necessary to keep their key
processing parameters (mainly viscosity) similar to those of the
petrochemical (polyether) polyols. However, it is known that
polyester polyols generally exhibit high viscosity and a
tendency to crystallize, which limit their use for PUR
foams.”® For example, a commercially available polyester
polyol based on SA and 1,3-propanediol (PDO) is a solid at
room temperature with a meltingg point of 48 °C and a
viscosity of 1960 mPa-s at 70 °C,”” which practically excludes
its application for PUR foams. Similarly, the semicrystalline
character and high melting point (103 °C) of the SA/14-
butanediol polgrester polyol require PUR foaming at elevated
temperatures.”’ Therefore, our strategy involved the incorpo-
ration of three flexible ether linkages into each constitutional
repeating unit of SA-polyols, causing a substantial flexibility
increase in the polyol chains. This approach allowed us to
suppress the crystallization tendency and obtain fully
amorphous (low-T,) SA-polyols with acceptable viscosities
(Table 2). Thus, the designed polyols showed viscosities in the
range of 13—51 Pa-s at 23 °C, permitting the subsequent PUR
foaming step to be conducted at room temperature. The
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viscosity of the linear SA-diol was significantly lower compared
to that of SA-triol and SA-tetraol containing three and four
functional branching units, respectively. This increase in
viscosity corresponded to increasing molecular weight
(especially M,, values) of polyols in the order SA-diol < SA-
triol < SE-tetraol (Figure S2 and Table 2) as well as to
previous studies reporting that polyols with low functionality
and a low hydroxyl number reach lower viscosities than those
of polyols having high functionality and/or a high hydroxyl
number.”

Long-chain polyols with low functionality typically induce a
delay in the gelation point during the cross-linking
reaction,”*** which in consequence promotes cell rupture
during foaming and leads to the formation of PUR foams with
open cells. Since the purpose of this work is to apply the
synthesized SA-polyols for the preparation of semirigid, open-
cell PUR foams, the condensation was carried out to a
relatively high degree, ensuring that the resulting SA-polyols
exhibited a high molar mass (around 5000 gmol™'), a low
hydroxyl number (ca. 30—50 mg KOH-g™'), and a targeted
average functionality of 2, 3, and 4 (Table 2). The SA-diol was
formulated as an aliphatic diol with a fully linear structure.
Although two-functional polyols can be successfully used for
polymer network buildup, such PUR foams purely based on
diols usually have inferior mechanical properties and poor
dimensional stability. Therefore, polyols with functionality
above 2 are usually attempted, which is, however, often
impossible in the case of polyester polyols as it is associated
with a dramatic increase in viscosity. In our case, however,
thanks to the presence of flexible 4EG units reducing the
polyol viscosity, the synthesis of SA-triol and SA-tetraol, both
liquid at room temperature, was successfully carried out (Table
2). The branched structures of SA-triol and SA-tetraol have
been obtained thanks to the addition of a certain amount of
three and four functional alcohols (Table S1) acting as
branching units.

MALDI TOF mass spectrometry enabled the identification
of chemical structures in the prepared SA-polyols. All spectra
show the presence of one dominant distribution of molecular
ions (ionized by Na*) containing the SA-4EG repeating unit
(Am/z = 276 Da) and with peak positions revealing a linear
structure with two OH terminal groups (Figures S3—SS).
Besides this main distribution of the targeted diol structure,
minor distributions with the same mass increment of 276 Da
were identified. These less-intensive distributions indicate the
formation of condensation byproducts with linear structures
terminated by —OH and —COOH groups as well as cyclic
structures. Furthermore, in the case of SA-triol and SA-tetraol,
MALDI TOF mass spectrometry revealed the formation of
targeted branched SA-4EG structures derived from trimethy-
lolpropane (SA-triol) and pentaerythritol (SA-tetraol) branch-
ing units.

Preparation of Polyurethane Foams. Three series of
PUR foams were prepared with different polyol compositions.
The first series (1-PU series) was derived from a standard
formulation of a semirigid, open-cell PUR foam (see the
reference PUR foam denoted as REF). A major part of polyols
(80 wt %) consisting of a low-functional commercial
petrochemical polyol, Lupranol 1100, was replaced by the
low-functional biobased SA-polyols and the residual 20 wt %
contained a high-functional commercial petrochemical polyol
(Lupranol 3422). In the second series of PUR foams (2-PU
series), both petroleum-based polyols were replaced by
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Figure 1. Schematic illustration of the PUR foam chemistry and the structure of the formed PUR foam.

biobased varieties, with 80 wt % of the low-functional SA-
polyols and 20 wt % of high-functional ETO-TMP polyol. The
third series of PUR foams (3-PU series) was prepared with the
aim of verifying the possibility to obtain mechanically robust
PUR foams based exclusively on the low-functional biobased
SA-polyols.

The petrochemical polyols were replaced by bioanalogues
(SA-based or ETO-TMP polyols) with similar characteristics
(hydroxyl number and functionality). In this way, the mass
proportion of polyol/pMDI and the amount of water
(chemical blowing agent) were kept constant for all prepared
PUR foams (Table 1), thereby avoiding the influence of
different amounts of pMDI on the foam properties.”” A
stoichiometric NCO/OH molar ratio of 1:1 in all PUR foams
meant that each hydroxyl group would react with one
isocyanate group and form urethane linkages, as depicted in
Figure 1. The second main component, water, acts as a
chemical blowing agent and is primarily responsible for foam
formation, while no additional physical coblowing agents need
to be used. Upon mixing the formulation, water reacts with
pMDI to form CO, and the disubstituted ureas (Figure 1).

After intensive mixing of all components, the PUR
formulation creamed for ~30 s and then rose within 57—-95
s (Table 3). The foaming reaction began the fastest for the

Table 3. Foaming Parameters (Cream and Rise Times) of
PUR Foams’ Formulations

PUR foam cream time, s rise time, s
1-PU-diol 31+4 57+ 10
1-PU-triol 35+8 67 +9
1-PU-tetraol 29+ 6 64 + 11
2-PU-diol 27 + 4 72 + 11
2-PU-triol 29 +7 67 + 17
2-PU-tetraol 25+ 7 71 + 10
3-PU-diol 31+2 84+ 5
3-PU-triol 34 +1 92 +1
3-PU-tetraol 31+1 95 + 4
REF 271 81+3

foams containing SA-tetraol (1-PU-tetraol, 2-PU-tetraol, and
3-PU-tetraol) characterized by the highest content of hydroxyl
groups, but they also exhibited the lowest rising rate attributed
to their more branched structure causing lower mobility as well
as resulting in higher steric hindrance compared to SA-diol and
SA-triol.* No significant differences were found in the cream
times of PUR foam formulations with SA-diol and SA-triol.
The addition of SA-polyols to the PUR foam formulation
slightly accelerated the foaming process (in comparison to
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REF), except for the series 3-PU containing only low-
functional SA-polyols. In this case, the foam rise was the
slowest due to the formation of more diluted PU networks
with prolonged gel times. In contrast, the addition of ETO-
TMP polyol slowed down the foaming due to the presence of
both less reactive secondary OH groups and sterically
hindering OH groups on the polyol branches (more about
the ETO-TMP structure can be found in ref 25).

The FTIR spectra of the obtained PUR foams show all
bands typical for linkages in the PUR foams: N—H stretching
vibrations at 3340 cm™!, C=O stretching vibrations
corresponding to urethane and ester (1750 cm™') and
disubstituted urea (1600 cm™) linkages, and N—H and C—
N vibrations of urethane and disubstituted urea bonds at
~1500 cm™" (Figure $6).** A characteristic band for N=C=
O groups at 2300 cm™' reflects the presence of unreacted
isocyanates due to the incomplete reaction. Unreacted
isocyanate groups are a typical feature of rigid and semirigid
PUR foams undergoing vitrification during the cross-link
reaction due to steric hindrance of the reactive sites preventing
a complete reaction between the isocyanate and hydroxyl
groups.”

Morphology of Polyurethane Foams. SEM micrographs
presented in Figure 2 show a homogenous cellular structure
with an average cell diameter in the range of 170—370 ym
(Figure S7) for all SA-polyol-based PUR foams. With increased
SA-polyol functionality, the cell diameter is shown to decrease,
while the PUR foams become more homogenous. Following
the theory of cross-linking stating that the higher the polyol
functionality, the faster the increase in viscosity and the
formation of a gel (infinite polymeric network),”® bubble
degradation via coalescence and/or Ostwald ripening was
reduced due to the rapid increase in the viscosity of the
reactive mixture,”” resulting in smaller cell sizes, especially for
PUR foams based on the tetra-functional polyol (SA-tetraol).
Changes in the microstructure were most probably caused by
the viscosity of the SA-tetraol. Its addition to the polyol part
resulted in an overall increase in the viscosity of the reaction
PUR mixture, which reduced the coalescence among bubbles,
thereby decreasing the cell size of the foams and increasing the
number of foam cells.”® The partly open-cell structure of all
PUR foams is visible in SEM micrographs under enhanced
magnification (Figure S8), showing the formation of partially
opened, pinhole-containing, and closed cell membranes. The
content of open cells in the PUR foams ranges from 40 to 60%
(Table S4) regardless of the composition.

Mechanical Properties of Polyurethane Foams. All
PUR foams were prepared as large blocks (about 6000 cm?)
and then cut into cube-shaped specimens for mechanical
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Figure 2. SEM micrographs of PUR foams taken in the perpendicular direction to foam rise. Average cell sizes are given in the lower left corners of

each image.
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Figure 3. (A) Free rise density, (B) compressive modulus (E,,), and (C) compressive strength (6,..,) of the prepared PUR foams measured in
the parallel direction to foam rise and normalized to the density of 16 kg-m™.
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Table 4. Thermal Properties of PUR Foams”

PUR foam A, mW/m-K T, °C
1-PU-diol 33.4 13
1-PU-triol 34.5 9
1-PU-tetraol 34.7 13
2-PU-diol 34.5 7
2-PU-triol 34.4 S
2-PU-tetraol 34.8 6
3-PU-diol 343 —28/21
3-PU-triol 34.4 —22/25
3-PU-tetraol 34.2 —23/25
REF 354 23

Tymaxry °C Tymae °C Tymaa °C Tyonser “C
173 326 364 271
173 321 365 267
175 328 370 267
175 326 386 269
173 319 382 270
181 328 276
178 328 401 280
185 334 405 280
177 328 408 283
157 315 367 274

“Thermal conductivity coefficient (4), glass transition temperature (T,), and TGA results showing the temperatures of maximum decomposition
(T4ma) and the onset values of the second weight loss (T ) of the TG curves.

testing (Figure S9) and into samples with dimensions of
approximately 200 mm X 200 mm X 40 mm for thermal
conductivity (1) coefficient determination. No shrinkage was
observed in these large blocks of PUR foams even after 6
months (Figure S10), indicating excellent dimensional
stability, especially considering the very low targeted foam
density of ~16 kg'm ™.

The determined values of apparent density for all prepared
foam samples closely approximated the target value, ranging
from 15 to 17 kg:m™> (Figure 3A). This places these foams in
the category of ultralight materials, surpassing the majority of
commercially available PUR foams.™ "'

The production of such lightweight foams presents
significant advantages from both economic and environmental
perspectives. The substitution of the petrochemical-based
polyol with a biobased alternative shows a minimal impact
on foam density (Figure 3A). Although the inclusion of both
types of biobased polyols (ETO-TMP and SA-polyols) in the
foam formulation slightly reduced the apparent density as
compared to the reference material, the differences between
the PUR foams based on SA-polyols with different
functionalities were negligible and statistically insignificant, as
shown by the results of the one-way ANOVA test (Table SS).

The mechanical properties of the prepared foams were
assessed by using a compression test. The stress—strain curves
exhibited a primary linear relationship up to approximately 3%
strain, followed by a sustained plateau region without a distinct
yield point (Figure S11), a behavior characteristic of semirigid
foams.*” Figure 3B,C illustrates the normalized compressive
modulus (E,.,) and compressive strength (6,0m) of the PUR
foams measured in the foam rise direction. In all three foam
series, the E, .. and o0,,, values of the PUR foams were
enhanced with the increased functionality of the SA-polyols
used in their preparations. The statistical evaluations (the one-
way ANOVA tests) of the compression data also confirmed the
significant effect (p < 0.001) of the SA-polyol functionality for
all three (1-PU, 2-PU, and 3-PU) series of PUR foams (Table
SS). The improved compression properties of PUR foams are
primarily attributed to the higher cross-link density resulting
from the utilization of SA-polyols with a greater functionality.
The PUR foams based solely on SA-polyols (3-PU series)
exhibited the lowest compression properties due to the
formation of diluted networks resulting from the absence of
a higher functionality polyol. Conversely, the addition of 20%
high-functionality polyol Lupranol 3422 significantly improved
the compression properties of the PUR foams (1-PU series,
Figure 3B,C). In the 1-PU series, the combination of SA-
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tetraol and Lupranol 3422 yielded PUR foams with E ., and
Oporm Values comparable to those of the reference PUR foam
(REF) prepared using only commercial petrochemical polyols.
However, the highest-performing PUR foam was achieved by
incorporating a combination of two biopolyols, namely SA-
polyols (particularly SA-triol and SA-tetraol) and ETO-TMP
(2-PU series, Figure 3B,C). The 2-PU-tetraol foam demon-
strated the highest compressive modulus (2.5 MPa) and
compressive strength (64 kPa) without adversely affecting the
foam density, which remained favorably low (16 kg~m_3).
Overall, the substitution of both petrochemical polyols with
the synthesized biobased analogues resulted in improved
mechanical properties of the PUR foams, attributable to the
foam morphology. SEM observations (Figure 2) revealed that
the PUR foams formulated exclusively with biopolyols
exhibited a highly homogenous and fine cellular structure,
contributing to their excellent mechanical properties™ while
maintaining a desirably low density.

Thermal Properties of Polyurethane Foams. Semirigid
low-density PUR foams find typical application in thermal
insulation for attics, walls, and ceilings.44 In this context, the
thermal conductivity (4-coefficient) of the prepared PUR
foams was determined to evaluate their thermal insulation
properties. The thermal conductivity of PUR foams generally
depends on factors such as foam density, cell size and
anisotropy, the ratio of close to open cell content, and the
thermal conductivity of the gases trapped within the cells.*’ In
porous materials, conductive heat transfer primarily occurs
through the gases present in the cells and solid medium.** In
this study, the produced materials were characterized as low-
density and partially open-cell PUR foams. Consequently, their
thermal conductivity was predominantly influenced by the gas
phase as the solid phase constituted only a minor fraction of
the materials. In our case, the gas phase in all PUR foams
consisted of carbon dioxide (Ao, = 15.5 mW/m-K) generated

during foaming as a blowing agent as well as air (1, = 25.1
mW/m-K), which permeated into open cells and penetrated
closed cells through cell membranes.”” Due to the formulation
similarities and open-cell content, the A-values of all prepared
PUR foams fell within a narrow range of 34.2—34.8 mW/m-K
(Table 4). The inclusion of both types of biobased polyols led
to an improvement in the thermal insulation properties,
resulting in lower A-values compared to the reference
petroleum-based PUR foam (35.4 mW/m‘K, Table 4) and
other commercially available open-cell PUR foams (37—39
mW/m-K).*
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The exceptional thermal insulation properties of the PUR
foams prepared from SA and ETO-TMP polyols become
evident when compared to other PUR foams based on
biobased polyols. It is noteworthy that biobased PUR foams
with such a low thermal conductivity, while simultaneously
exhibiting a partially open-cell structure, low density, and high
mechanical strength, are rarely documented in the literature.
For instance, Kuranska et al. reported the preparation of PUR
foams with similar densities of approximately 14 kg-m™ using
polyols derived from epoxidized rapeseed oil.*” These foams
demonstrated comparable mechanical strength but inferior
thermal insulation properties (the A-coefficient of 38—41 mW/
m-K). Similarly, the same research group prepared comparable
PUR foams from transesterified vegetable oils.””" Although
these foams exhibited similar or even lower apparent density
(12 kgm™) and comparable compression strength, their
thermal insulation ability was less efficient (the A-coefficient of
36—44 mW/m'K), likely due to the more rough cellular
structure and the presence of macroscopic defects such as
voids.

The studies mentioned above have primarily focused on
utilizing vegetable oil-derived polyols exclusively for the
production of low-density open-cell PUR foams. However,
PUR foams formulated solely with a single biocomponent,
such as vegetable oil, tend to exhibit brittleness and low
compressive strength. These inferior mechanical properties
arise from the incorporation of short-chain and high-
functionality polyols derived from vegetable oil, resulting in
rigid and dense polymer networks. In this study, we employed
a combination of two biobased polyols, the “rigid” and high-
functional ETO-TMP derived from natural oil, along with the
“flexible” and low-functional SA-polyols. This approach
provided a possibility to achieve a suitable balance between
hard and flexible chains within the PUR structure and enabled
a consequent adjustment of the optimal cross-link density of
the foams. The excellent compatibility of these biopolyols led
to the formation of a single-phase microstructure in the
fabricated PUR foams, as confirmed by DSC measurements
revealing a single T, value within the range of 5—13 °C (Table
4). This observation indicates the suppression of phase
segregation into distinct hard and soft domains, promoting
the development of a homogenous mixed-phase microstructure
due to enhanced compatibility between the polyol and
isocyanate components during foam formation and PUR
network formation. In contrast, when only SA-polyols, which
exhibited lower compatibility with pMDI, were utilized, the
resulting PUR foams (the 3-PU series) displayed two distinct
T, values (Table 4), signifying microphase separation into soft
(Tgl in the range of —28 to —22 °C) and hard (ng in the
range of 21—25 °C) segments.

The differences in the T, between 1-PU and 2-PU series
were caused by different degrees of cross-linking in the PUR
foams. Therefore, the 1-PU foams (based on the petrochemical
polyol having a higher hydroxyl group content than that of
ETO-TMP) exhibited higher T, than that of the 2-PU foams.
Moreover, all of the Lupranol hydroxyl groups are secondary,
whereas in ETO-TMP, primary OH groups are also present.
This can affect the mobility of the polymeric structures,
resultin§ in higher T, for foams based on the petrochemical
polyol.”

Thermal stability assessment of the prepared PUR foams
was conducted using TGA. The TG and DTG curves (Figure
S12) of all the prepared PUR foams exhibited three distinct
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mass losses. The first, observed at temperatures below 250 °C
(T4 maxt in Table 4), can be attributed to the volatilization of
the TCPP fire retardant.”® This initial step accounted for
approximately 10 wt % of the material aligning well with the
amount of TCPP added (see Table 1). The second and third
weight loss steps were associated with decomposition of the
PUR structure. The onset temperatures of the second weight
loss (Tyonsee in Table 4) fell within the range of 267—283 °C,
indicating satisfactory thermal stability across all the PUR
foams. Initially, the isocyanate-derived structures of PUR
foams undergo breakdown, resulting in the formation of
isocyanates, alcohols, primary or secondary amines, olefins, and
carbon dioxide.”* As the temperature continues to rise beyond
350 °C (the third weight loss), cleavage of the polyol-derived
segments commences.” 336

Chemical Recycling/Solvolysis of Polyurethane
Foams. The prepared PUR foams consist of permanent
covalent networks, which render their physical recycling or
reprocessing unfeasible. Typically, PUR foams can only be
recycled through chemical methods that involve depolymeriza-
tion, breakin§ down the PUR into oligomers and/or
monomers.””>" Solvolysis, utilizing an appropriate reagent
such as glycol to react with the cleavable urethane linkages in
the PUR structure, represents one of the most promising
chemical recycling approaches.’”*® However, accessing these
linkages can be challenging due to the steric hindrance
imposed by the aromatic isocyanate-derived segments. In this
study, the PUR foams have been deliberately designed to
facilitate recycling/depolymerization through classical solvol-
ysis or biorecycling methods involving enzymes or micro-
organisms, thanks to the presence of hydrolyzable ester bonds
within the structure of SA-polyols.

The solvolysis process, specifically glycolysis, of PUR foams
with incorporated SA-diol (1-PU-diol, 2-PU-diol, and 3-PU-
diol) was studied and compared to reference foams (REF and
REF_ETO-TMP) lacking degradable ester linkages. The
recycling time, defined as the time required for a complete
transformation of PUR foam pieces into the liquid state, was
determined for microwave-assisted glycolysis using 4EG as the
reagent. Our findings indicate that the inclusion of SA-diol in
the foam formulation led to a reduction in recycling time,
demonstrating the enhanced efficiency of glycolysis in these
samples (Table S).

The PUR foams containing 3-PU-diol and 1-PU-diol
exhibited the shortest recycling times, which can be attributed
to their more diluted network structure that allowed glycol
molecules to readily access and react with the ester and
urethane linkages. The slightly longer recycling time observed
for the 2-PU-diol foam, which incorporated both SA-diol and
ETO-TMP (Table S), may be attributed to the steric
hindrance caused by ETO-TMP, affecting the accessibility of
the hydrolyzable linkages. However, it is important to note that
the recycling time of the 2-PU-diol foam is still shorter than
that of the reference foam REF, which does not contain
degradable ester linkages. This is significant considering that
the 2-PU-diol foam exhibits similar mechanical properties
(Figure 3) and thus similar cross-link density. The recycling
time of PUR foams appears to be influenced both by the
degree of cross-linking and by the supramolecular structure of
foam segments. It is evident that the more complex and
branched structure of ETO-TMP polyol hinders the
accessibility of glycol molecules to the ester and urethane
linkages. This conclusion is further supported by additional
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Table 5. Glycolysis of Selected PUR Foams Using Various
Amounts of Tetraethylene Glycol (4EG)“

PUR foam 4EG/PUR foam mass ratio recycling time, s
1-PU-diol 2/1 80
1.5/1 90
1/1 100
2-PU-diol 2/1 110
1.5/1 120
1/1 140
3-PU-diol 2/1 85
1.5/1 95
1/1 10S
REF 2/1 150
1.5/1 170
1/1 270
REF_ETO-TMP 2/1 190
1.5/1 250
1/1 nd?

“Recycling time was determined as a time necessary for a complete
transformation of PUR foams into the liquid state. Not determined,
foam residue still visible after 10 min of glycolysis.

glycolysis experiments conducted with REF_ETO-TMP foam
(Table S), which is composed entirely of ETO-TMP polyol
(detailed foam composition is provided in Table S2). The
decomposition of the REF_ETO-TMP foam was the slowest,
resulting in even longer recycling times compared to the REF
foam (Table S).

Clearly, the incorporation of SA-diols into the polyol
structure of PUR foams facilitates the progress of glycolysis,
allowing for a reduction in the amount of glycol required. This
enables an efficient decrease in the mass ratio of 4EG to PUR
foam with ratios as low as 1:1 (Table S). By reducing the
amount of the unreacted reagent that would otherwise have to
be removed from the recycled product, the overall economics
of the recycling process can be improved. Further analysis of
the glycolysis products and their potential use for the
preparation of novel PUR foams is outside the scope of this
paper and will be the focus of our upcoming study.

B CONCLUSIONS

Biobased aliphatic poly(ester-ether) polyols of different
functionalities (2, 3, and 4) based on succinic acid (SA) and
tetraethylene glycol have been synthesized. The incorporation
of flexible ether linkages in the polyols suppressed crystal-
lization tendencies, resulting in fully amorphous characteristics
with low glass transition temperatures (T,). These low-
functional SA-polyols, alone or in combination with a biobased
tall oil-derived polyol (ETO-TMP), were effectively utilized as
replacements for petrochemical polyols in the preparation of
ultralow-density polyurethane (PUR) foams. The resulting
materials exhibited semirigid behavior with a partly open
cellular structure and a favorable apparent density of 15—16
kg:'m™>. By combination of the rigid tall oil-derived polyols
with the flexible SA-polyols, good compatibility among all PUR
components was achieved, leading to the formation of a single-
phase microstructure within the PUR foams. This allowed for a
suitable balance of hard and flexible chains and an optimal
cross-link density, resulting in PUR foams with homogenous
and fine cellular structures, excellent mechanical properties,
and low density.
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Moreover, the incorporation of SA-polyols with hydro-
lyzable ester linkages enabled facile recycling of the PUR foams
through solvolysis. The introduction of SA-diol into the PUR
foam structure significantly accelerated the progress of
glycolysis, making the recycling process up to 2.7 times faster.
Additionally, the recycling time was influenced by the degree
of cross-linking and the supramolecular structure of the PUR
foam segments.

Overall, the 100% biopolyol-based PUR foams demon-
strated outstanding structural and thermomechanical proper-
ties, while the incorporation of poly(ester-ether) polyols
allowed for easy recyclability via solvolysis. Future work will
focus on conducting a more detailed recycling study on the
prepared PUR foams and exploring their potential for
biorecycling.
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