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This study presents an innovative upcycling methodology for the production of rigid polyurethane (PUR)
foams using a biopolyol (BioPol) synthesized from corn cob lignocellulose waste. The BioPol was
obtained through microwave-assisted (MW) irradiation under acidic catalysis, followed by neutralization
of the acidic medium. Rheological characterization of the lignocellulose-derived BioPol was conducted
to evaluate its suitability for industrial applications. The PUR foam formulation was designed based on
the hydroxyl number of the BioPol, as determined by ASTM D4274. BioPol was combined with
a commercial trifunctional polyol derived from the oxypropylation of glycerol, enabling the entire polyol
component of the formulation to be classified as bio-based. Increasing the BioPol content in the
formulation enhanced the cross-linking density of the resulting foams, which also led to a reduction in
the average pore diameter. Uniaxial compressive strength tests revealed superior mechanical properties,
with maximum resistance recorded at 3.18 MPa compared with the blank sample. The resultant high-
density rigid PUR foams exhibit excellent thermal stability, mechanical robustness, and ease of
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1. Introduction

Polyurethane products constitute nearly 8% of the global
market, with current demand reaching 22.5 million tons being
produced in several forms, depending on the final application
as rigid, flexible, semi-rigid, fiber, elastomers, and adhesives."
The raw materials of polyurethane products consist of non-
renewable diisocyanates and polyols, which present signifi-
cant environmental challenges due to their reliance on fossil
fuel-derived chemicals. This not only contributes to critical
environmental issues but also raises serious concerns in terms
of energy consumption and the production of non-
biodegradable products.
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Lignocellulose, derived from biomass such as wood or agri-
cultural residues, offers a renewable and abundant, inexpensive
source for polymer production compared to crude oil.> This
trend has gained a lot of attention in the last decade, consid-
ering the worldwide struggle for building a cleaner environment
while ensuring ecological methods for waste valorization or
disposal.**

Valorization of lignocellulosic biomass involves the break-
down of the structure by several chemical processes necessary
to separate the constituent components, such as cellulose,
hemicellulose, and lignin.* The intrinsic composition of
lignocellulose-based waste materials, comprising cellulose (9-
80%), hemicellulose (10-50%), and lignin (5-35%), requires
various pretreatment methods, whether physical, chemical, or
biological, to enable the effective separation of its components.?
Acidic or enzymatic hydrolysis can be applied to catalyze the
breakdown of the cellulosic part into glucose or other sugars®”
which is then followed by a fractional process to separate the
multitude of components/fractions of the biomass.®

The resulting constituents, cellulose and lignin-based frac-
tions, can be separated by different techniques like filtration,
centrifugation, solvent extraction, precipitation, or membrane
processes.”™" All these pretreatment, processing, and separa-
tion steps include sometimes the use of harsh conditions like

© 2025 The Author(s). Published by the Royal Society of Chemistry
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high pressures and temperatures, the use of hazardous chem-
icals, or can be time-consuming processes.?

Lignin is an amorphous polyol mainly constituted of three
phenolic monomers connected through carbon-carbon or
etheric bonds: p-coumarol, coniferyl alcohol, and sinapyl
alcohol, being difficult to break down into low-molecular-
weight compounds.”** The polyols production from depoly-
merized fragments of lignocellulose can be achieved through
different processes such as hydroxymethylation, liquefaction,
oxypropylation, and phenolation.***

Regardless of the lignocellulose biomass processing method
liquid polyols obtained from agricultural waste processing have
three primary advantages: (i) their physical and chemical
properties are comparable to those of their petrochemical
counterparts;™ (ii) they offer environmental protection benefits
through waste processing into new products; (iii) they support
circular economy by designing bio-based and biodegradable
products.**'¢*8

When considering the different agricultural waste available,
corncobs residue represents a very appealing alternative,
considering it represents up to 14% of the 1163 million tons of
maize produced in 2022." Corncob waste valorization routes
are very extensive® including the production of animal feed,**
compost,* biofuels,” biochar,* specialty chemicals,”® nano-
composites, biopolymers*® and others.*”

Polyurethane foams are incredibly versatile materials®® due
to their unique properties and uses* such as structural
components®* (due to their good mechanical resistance,
thermal resistance, and thermal insulation), furniture and
automotive parts® (due to control over density and flexibility),
adhesives® (due to their strong bonding and sealing proper-
ties), molded parts® and other customized applications.** One
of the current stress points in polyurethane foams research
involves the development of green formulations through the
exploitation of biomass-derived biopolyols.**

In this study, we propose a two-stage process involving (1)
the depolymerization of corncob waste by glycerol microwave-
assisted glycolysis and (2) the direct use of the obtained bio-
polyol (BioPol) without further separation to produce rigid
polyurethane foams.

When assessing the proposed strategy against the 12 Prin-
ciple of Green Chemistry®® at least 8 principles are fulfilled: (1)
atom economy is achieved (the BioPol product was entirely
integrated into the polyurethane rigid foam formulation); (2)
designing safer chemicals (the synthesis methods are designed
to use and generate chemicals and products that possess little
or no toxicity to human health and the environment, respec-
tively bio-based polyols and polyurethane rigid foams); (3)
design for energy efficiency (energy consumption reduction by
using microwave irradiation at ambient pressure with a shorter
reaction time); (4) renewable feedstock is used (corncob waste);
(5) reduce derivatives (the glycolysis process applied to obtain
BioPol does not require the use of additional reagents for pro-
tecting groups and it is obtained in one-pot reaction); (6)
catalysis (the strategy is based on the use of several catalyzed
steps for shorter reaction time); (7) design for degradation (the
corncob waste is degraded by glycolysis process to obtain bio-
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based environmentally friendly polyol and polyurethane
foams); (8) inherently safe chemistry for accident prevention
(the processes do not involve harsh/dangerous reaction condi-
tions). This approach is based on the experience gained in our
previous research®” involving the development of polyurethane
adhesive formulations using polyols from the solvolysis of birch
wood lignocellulose biomass. However, for this study, a more
sustainable biomass source was selected to give an alternative
to valorize the corn cob waste, which in our country is generally
used for ignition, compost, and animal feed. Over the past two
decades, corn stover and corn cobs have been the most exten-
sively utilized biomass resource in second-generation (2G)
biorefineries, and the production of bio-based chemical
compounds is the most abundant globally, surpassing both
wheat and rice straw agricultural residues in availability.’® In
addition, the polyols production process by acidic catalyzed
glycolysis was intensified using microwave irradiation to reduce
the depolymerization reaction time.

This innovative process design has been adopted due to its
advantages, which include a more efficient thermal control,
reduced energy consumption (due to shorter processing time),
increased lignocellulose conversion into biopolyols (BioPol),
lower production costs of biopolyols compared to conventional
processes, and removal of additional separation steps. The
recovered liquid fraction was included in the formulation of rigid
polyurethane foams together with a commercial bio-derived triol
polyether-polyol derived from oxypropylation of glycerol (PETOL
56-3). The polyurethane foams were obtained in closed metallic
molds without the use of any blowing agents or additives to
maintain a greener formulation of the final products.

This study demonstrates a new advanced approach toward
fully bio-renewable polyol systems, demonstrating that even the
precursors used in the synthesis of PETOL 56-3 can be derived
from sustainable, renewable sources. To the best of our
knowledge, this is also the first study in which high-density
rigid polyurethane foams produced via glycolysis of corn cobs
were obtained - an unprecedented achievement in valorizing
agricultural waste.

2. Materials and methods

2.1. Materials for foam formulations

The lignocellulose biomass consisted of corncob obtained from
agricultural processes in Giurgiu County, Romania. The corn-
cobs were grinded, sieved, and the fraction with less than 500
um was utilized in the glycolysis procedure. Prior to the
glycolysis process, the corncobs fraction was dried to 5% wt
moisture content. Glycerol (99%, Sigma-Aldrich, Germany),
sulfuric acid H,SO, (96% wt) (Sigma-Aldrich, Germany), H;PO,
(85%, Sigma-Aldrich, Germany), acetone (Merck, Romania),
tetrahydrofuran (THF) (Sigma-Aldrich, Germany), NaOH flakes
(reagent grade 97%, Merck, Romania) were used as such for the
synthesis, separation and purification of corn-based polyol.
Polyether-polyol-based on glycerol PETOL 56-3 (hydroxyl index,
Iop = 53 + 59 mg KOH per g, Chimcomplex S.A. Borzesti,
Romania), 4,4’-diphenylmethane-diisocyanate (MDI, -NCO
content = 30.5 + 32.5%, Covestro Desmodur® 44V20L, Merck,
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Romania), 2,6-toluene diisocyanate (TDI, -NCO content = 30.5
-+ 32.5%, Covestro Desmodur® T80, Merck, Romania) and
triethanolamine (TEOA, =99% (GC), Sigma-Aldrich, Germany)
were used without further chemical interventions in the design
process of the foams formulations.

2.2. Methods

2.2.1. Synthesis of glycolysis product from corn cob ligno-
cellulose biomass (BioPol). In a 10 L reactor fitted with micro-
wave generator (3 quartz windows — one at the bottom and 2
side-by-side windows for three 800 W microwave generators,
with a maximum use of power use of 50%), 500 g of finely

View Article Online
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ground corncob waste (d < 500 pm) were added in 5000 g glyc-
erol. After reaching 190 °C, a mixture of H,SO, and H3PO, (1:1
molar ratio, 2 wt% versus the reaction mixture) was added, and
the reaction was stirred mechanically (200 rpm) under nitrogen
atmosphere in a microwave field at constant temperature
(190 °C). After 2 h reaction time, the mixture was neutralized
using NaOH flakes by slow addition under stirring until
a neutral pH was reached. A 500 g sample was taken from the
reactor at the end of the process and diluted with a mixture of
THF : water (v/v) (4 : 1). The unreacted biomass was recovered by
filtration, followed by drying to constant mass to establish the
conversion value (96.1%). After vacuum evaporation to remove
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Scheme 1 Schematic representation of the development and characterization of foam formulations.

Table 1 The composition of the developed foam specimens®

BioPol : PETOL

Sample Composition 56-3 weight ratio Aspect and curing time

SP563 MDI : PETOL 56-3 + TEOA” — Compact structure; CT* = 96 h
(212 g PETOL 56-3, 1 g TEOA + 36.67 g MDI)

SP9-3M MDI : BioPol + PETOL 56-3 + TEOA? 9:3 Crumbly surface,
(115 g BioPol, 38.3 g PETOL 56-3, non-homogeneous aspect; CT° = 48 h
1 g TEOA + 95.2 ¢ MDI)

SP7-5M MDI : BioPol + PETOL 56-3 + TEOA? 7:5 Compact structure; CT® = 72 h
(95 g BioPol, 67.86 g PETOL 56-3,
1 g TEOA)

SP5-7M MDI : BioPol + PETOL 56-3 + TEOA? 5:7 Compact structure; CT* = 84 h
(73 g BioPol, 102.2 g PETOL 56-3,
1 g TEOA + 84.98 g MDI)

SP5-7T TDI : BioPol + PETOL 56-3 + TEOA” 5:7 Compact structure; CT = 96 h

(80 g BioPol, 112 g PETOL 56-3,
1 ¢ TEOA + 56.26 g TDI)

“ Each formulation was demonstrated at a 250 g scale for reproducibility, each square of the mold being filled with the same amount of formulation
after creaming time was reached. ? 0.4% catalyst reaction (TEOA), as weight percentage calculated from the total weight of the binder.  Curing time

(CT).
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water traces (<0.3%), the liquid BioPol was used for character-
ization procedures, namely hydroxyl number, FT-IR analysis,
and rheological properties. The rest of the product inside the
reactor was separated in the same way to obtain the BioPol,
which was further used to design the rigid bio-based poly-
urethane foams.

2.2.2. Synthesis of polyurethane foams based on biopolyols
from corncob. The manufacturing of polyurethane foams is
depicted in Scheme 1. Organic mixtures were prepared in
different weight ratios of 9:3, 7:5, and 5:7 between BioPol :
PETOL 56-3 while keeping a molar ratio of 1.3 between -NCO/-
OH groups using TEOA as catalyst and reaction agent (detailed
in Table 1).

A Nahita DJ-1 mechanical stirrer was used to mix component
A (BioPol with PETOL 56-3) and component B (the diisocyanate)
in a polypropylene beaker at room temperature (about 25 °C) at
a speed of 350 rpm until the working time (“creaming time”)
was reached. The resulting mixtures were poured into a closed
metallic mold (with a polyethylene coating of the walls) with
three cubic compartments (Scheme 1) and allowed to cure at
room temperature.

The resulting foam samples were removed from the metal
compartments of the mold and processed according to specific
analyses, as detailed in the following characterization section.

3. Characterization of the developed
foam samples

3.1. Determination of hydroxyl number for biopolyols (Ios)

To ensure a constant ratio (1.3) between the -NCO and -OH
groups, the formulations of the polyurethane foams were based
on the hydroxyl number. The Ioy of the biopolyols resulting
from the glycolysis reaction was determined using the standard
test methods for testing polyurethane raw materials: determi-
nation of hydroxyl numbers of polyols - ASTM D4274-method D
as described in the ESL.}

3.2. Rheological characterization of component A

Using a coaxial cylinder viscometer, Rheotest 2 (Medingen
GmbH, Germany), outfitted with a rotating cylinder “H”
designed for fluids with high viscosities, the fluid flow charac-
teristics for the bio-based polyols and component A were
determined at a temperature of 25 °C. The Ostwald-de-Waele
model, also known as the power law fluid, was used to deter-
mine the rheological parameters based on eqn (1) and apparent
viscosity, uapp, as a function of shear rate by eqn (2):

in which 7 is the shear stress (Pa), m is the flow consistency index
du , _ .
(Pas™, 7,18 the shear rate (also referred toas y) (s '), and n is the

flow index (dimensionless). According to our previous work,* the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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readings that fell within a deviation of 1% necessary to determine
the shear stress were recorded after 30 seconds, required for the
stabilization of the measurement. The rheological measurements
resulted from the variation of shear rate while registering
a parameter which was expressed as the shear stress by multi-
plying its value with the geometrical value, Z, attributed for each
rotational cylinder (Z = 6.26 for cylinder S2 - samples PETOL 56-
3, and component A-5-7; Z = 28.9 for cylinder H - samples BioPol
and component A-7-5). The result of the mathematical multipli-
cation of « and Z was divided by 10 to express shear stress in Pa.*

3.3. FT-IR characterization of bio-based polyurethane foams

FT-IR spectra of the PUR foams and the raw materials were
obtained using a Spectrum Two FT-IR spectrometer (Perki-
nElmer, MA, USA). Small discs were cut from the foam speci-
mens, and droplets of liquid components were used for
analysis. Spectra were collected in transmission mode with
a resolution of 4 cm ™, in the range 4000-550 cm ™, where the
main characteristic peaks of mixtures and organic components
are found. An accumulation of 32 scans, to obtain an acceptable
signal-to-noise ratio, was taken within this interval.

3.4. Density determination of the bio-based polyurethane
foams

The density of the blank polyurethane foam (SP563) and the
formulated samples (SP5-7M, SP7-5M, SP5-7T, and SP9-3M) were
determined using ASTM D7710-14 - The Standard Test Method
for Determination of Volume and Density of Rigid and Irregu-
larly Shaped Molded Cellular Materials. The density was deter-
mined by dividing the mass by the volume of each sample. Each
PUR sample was cut into a cube shape with a side of 25 mm and
weighed to find the mass. For precise determination, the mass
measurements were performed using an analytical balance with
5 decimals (AUW220D, Shimadzu, 5 decimals). To determine the
volume for each sample, a graduated cylinder was filled with
water to a certain level, after which the sample was submerged at
the bottom of the vessel. The difference between the new level
and the initial level was registered as the volume. The test was
conducted in triplicate, and the density expressed as kg m > was
calculated for each sample. The average density, and the average
squared deviation, were detailed in Table 2.

3.5. Structural characterization and determination of pore
size distribution

The structural characterization of all polyurethane specimens
was obtained with a Nova NanoSEM 630 Scanning Electron

Table 2 Density values for developed foam samples

Sample Average density (kg m ) Standard deviation
SP563 508 2.4
SP5-7T 571 1.9
SP5-7M 587 1.7
SP7-5M 589 4.7
SP9-3M 593 324.4

RSC Adv, 2025, 15, 18158-18172 | 18161
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Microscope (FEI Company, Hillsboro, OR, USA) at an accelera-
tion voltage of 10 kV. To increase the resolution of the micro-
graphs, all samples were sputtered with a thin layer of Au of
a few nanometers. By measuring about 100 individual pores, the
pore size distribution of the formulated specimens was statis-
tically obtained from SEM micrographs. The Gauss function
provided the best match for the histograms, which showed
a unimodal distribution of the pores.

3.6. Thermogravimetric analysis of bio-based polyurethane
foams

The thermogravimetric analysis (TGA-DTG) was carried out by
a thermogravimetric apparatus model Netzsch TG 209 F3
Tarsus (NETZSCH, Selb, Germany). Each sample mass
(approximately 4 mg) was heated under nitrogen atmosphere
from 25 to 900 °C, at a heating rate of 10 °C min .

3.7. Determination of creaming time

Creaming time or pot working time for the analyzed foam
suspensions was determined according to our previous work?®”
using a FLIR A6700 MWIR infrared camera under the following
conditions: sample amount: approximately 50 g; standard
device temperature range: —15 °C to 90 °C. The mixture was
stirred at a speed of 350 rpm with a mechanical mixer. The tests
were carried out at ambient temperature till complete curing of
the reaction.

65
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3.8. Compression tests of the bio-based polyurethane foams

An Instron 68TM-50 Series universal testing instrument equip-
ped with a 50 kN cell was used to perform mechanical
compressive testing on cubic samples with a side of approxi-
mately 70 mm, at a strain rate of 2.38 x 10~ * s~ *. The tests were
conducted at ambient temperature.

4. Results and discussion

4.1. Hydroxyl number of polyols

The first step of this study consisted in the determination of the
hydroxyl number, Ioy, for the biopolyol resulted from the
glycolysis of corncob wastes using the standard method ASTM
D4274 - method D. The Ioy was determined to be 260 mg KOH
per g, as calculated using eqn (1) and the detailed procedure
provided in the ESIf based on ASTM D4274.

4.2. Rheology analysis of raw materials and component A

The following step involved the rheological characterization of
component A, given that scaling up the synthesis process is
crucial in the industrial sector since the PUR products are ob-
tained by various methods that need high stirring rates for total
homogenization of component mixtures.

Fig. 1 indicates the rheological behavior by plotting the shear
stress (Pa) as a function of the increasing shear rate (s™') of
PETOL 56-3 (Fig. 1a), BioPol (Fig. 1b) and both formulations for
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—~260- — Herschel Fit
[\]
0. 240
~
7)) ]
a 220
© 200-
-
" 180 Model Herschel
S Equation y=y0 + KixAn;
© 160 Plot Shear stress
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Fig.1 The shear stress (Pa) vs. shear rate (s3) plots of PETOL 56-3 (a), BioPol (b), component A-5-7 (c), and component A-7-5 (d).
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component A (Fig. 1c and d) before the reaction with MDI
or TDI.

The Bingham fluid behavior of the PETOL-56-3 polyol was
shown in Fig. 1a. This indicates that to cause the fluid to flow,
a shear stress, y,, of 22.68 £ 0.049 Pa must be applied. After
exceeding this value, the PETOL-56-3 fluid has a Newtonian
rheological behavior, signifying that the viscosity of the fluid
is directly proportional to the deformation represented by
shear rate.*>**

The shear stress-shear rate plotted for the BioPol sample
(Fig. 1b) resulted from the depolymerization of corncobs fitted
best to the Herschel model* since the value of R* was close to
unity, registering a value of 0.99941. In the ESI (Fig. S1t), the
data were plotted against linear (R> = 0.8122, Fig. S1at) and
Bingham model (R* = 0.99449, Fig. S1b}) to prove that the
Herschel model fits best our results. The Herschel type of fluid
flow is a non-Newtonian fluid characterized by three parame-
ters: the proportionality or consistency k (Pa s”), the flow index n
(dimensionless), and the yield shear stress, y, (Pa).** It is worth
mentioning that the k parameter is assigned to m, and the shear
stress y is assigned to t as mentioned in the theoretical part
(Section 3.3). The parameter n indicates how strongly a fluid
exhibits shear-thickening behavior (n > 1) or shear-thinning
behavior (n < 1), while y, represents the stress threshold that
must be exceeded before the fluid begins to flow.*

In this study, below the value of y, of 98.64 £ 1.57 Pa, the
BioPol sample will behave like a solid, and above this value will
have a fluid-like characteristic. Additionally, given that the n
parameter was less than 1, the BioPol had a shear-thinning
characteristic based on the registered value for n (0.8 £ 0.02).

The ratio between PETOL-56-3 and BioPol in the mixtures
affected the rheological characteristics of the two resultant A
components. Every A component showed traits similar to
PETOL-56-3 or the BioPol, the dominant polyol determining the
rheological resemblance (Fig. 1c and d). Thus, the A component
with the highest concentration of PETOL-56-3 (component A-5-
7) indicated a Bingham fluid behavior, registering a value of
22.69 £ 0.12 Pa of the yield stress (Fig. 1c). Above this value,
component A-5-7 will exhibit a Newtonian fluid rheological
behavior.*»** On the other hand, in Fig. 1d, component A-7-5
indicated a similar behavior with the BioPol, being a Herschel
fluid with a yield stress value y, of 109.82 + 4.16 Pa, and with
shear-thinning characteristic n of 0.62 + 0.03. To reinforce our
results, the BioPol rheological behavior similar to the Herschel
model fluid fits literature data in which similar behavior was
registered for biopolyols obtained from glycerol liquefaction of
cellulose biomass.**

4.3. FT-IR analysis of raw materials and polyurethane foam
specimens

To confirm the efficient reaction between the mixture of the two
polyols and the curing agents, FT-IR analysis was performed on
the raw materials and the PUR components as described in
Table 1. The results are illustrated in Fig. 2.

The broad signal recorded at 3314 cm™ " corresponds to the -
NH groups present in the structure of PUR-designed foams and
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Fig. 2 FT-IR transmittance spectra of BioPol (BioPol), commercial
polyol (PETOL 56-3), curing agent (MDI), and developed foam speci-
mens (SP9-3M, SP7-5M, SP5-7M, and SP5-7T).

to the -OH from the absorbed water molecules, while the peaks
at 2962 em™ ' and 2855 cm™' correspond to the stretching
vibration of the -CH, and -CH; groups within the same
compounds.***

The characteristic vibration of the C=C group can be
observed at 1582 cm ™!, which is characteristic for the aromatic
rings of the isocyanate-based curing agents (MDI and/or TDI).*
At 1504 cm " the band characteristic for the stretching vibra-
tion of the -CH; groups in triethanolamine, respectively MDI*
can be noticed. Also, the intense signal at 2253 cm™", can be
assigned to the -NCO group vibration.*”

The signal at 1049 cm ™' can be associated with the vibra-
tions of the C-O stretching group after breaking the glycosidic
groups from the cellulose structure, being specific to the BioPol
product resulting from the biomass degradation.*”*® The ether
C-O-C asymmetric stretching group at 1102 cm™ ' is also
specific to biomass degradation, as a result of lignocellulose
depolymerization.** The ether group is also found in the
structure of the commercial polyether polyol PETOL 56-3.

In the case of all the designed PUR foam specimens, the
signal present at 1510 cm ' was assigned to the bending
vibration of the amide group N-H, which confirms the reaction
between polyol and isocyanate reactants.’” The signal at
1703 ecm " is specific to the C=0 elongation vibration, which
supplementary confirms the formation of urethane groups
resulting from the reaction between -OH groups (from the
polyol component) and isocyanate (coming from MDI or TDI).*°
Another element that confirms that the reaction took place is
the peak registered at 1230 em™' associated with the C-N
bond.*®

4.4. Density determination of the bio-based polyurethane
foams

The values calculated for the density of the samples and the
average squared deviation are presented in Table 2 (see Table
S1t with a detailed version of density measurements in the
ESIY). The density of the formulated PUR foams increases as the
PETOL 56-3 content decreases, which can be attributed to the
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presence of small, multifunctional OH-containing molecules in
BioPol derived from cellulose degradation that promote a more
compact and rigid structure through an increased number of
cross-linking sites.”® According to literature data,** high-density
polyurethane foams register densities in the range of 550-650
kg m >, Thus, judging by the average density values from Table
2, the bio-based PUR formulations from this study fall into the
rigid high-density foam category.”> However, it is worth
mentioning that in the case of sample SP9-3M, although the
average density value was 593 kg m >, this value resulted from
highly dissimilar values (see Table S1t). This could be an indi-
cation of the non-homogeneous structure of this specimen,
which was also confirmed by organoleptic observation of the
samples presented in Fig. S2t from the ESL{

4.5. Structural characterization and determination of pore
size distribution

The next step of this study involved conducting a morphological
analysis of all the formulated specimens. SEM analysis, as
illustrated in Fig. 3, revealed a highly porous structure for
sample SP563 (blank sample). Various examined areas (Fig. 3a
and b - 100x) exhibited a combination of large and small pores.
However, at higher magnification (Fig. 3c - 1000x), it is worth
mentioning that the wall structure of the blank PUR foam
appeared compact.

The addition of BioPol component resulted from the depo-
lymerization of lignocellulose biomass from corn cob waste led
to a higher density of pores for SP5-7M specimen, as shown by
Fig. 3d and e. Furthermore, at 1000x, the aspect of the PUR
foam is much more porous (Fig. 3f) compared to the blank
sample, the walls of the macropores being porous as well. This
may be attributed to a higher reactivity of the lower molecular
weight polyols contained in the BioPol polyol mixture.*

Changing the curing agent from MDI to TDI in SP5-7T
formulation led to a porous structure in which larger or
smaller pores with irregular shapes formed, compared to
previous samples, as depicted in the two different areas that
were investigated by SEM (Fig. 3g and f - 100x). Larger
magnification (Fig. 3i - 1000x), however, revealed few pores
with irregular shapes compared with previous samples (marked
by the white circles). This behavior can be attributed to the
higher reactivity of TDI compared with MDI, which can also
lead to an increase in the reaction temperature and rate.**

By increasing the concentration of the BioPol in component
A, specimen SP7-5M registered a porous structure in which
larger pores alternate with smaller pores (Fig. 3j and k) and the
walls of the macropores have a compact aspect similar to the
blank sample (Fig. 31).

Considering that the purpose of this study was to design fully
PUR bio-based foams, the next step involved the use of a higher
concentration of lignocellulose-derived BioPol. However, the
content of BioPol used for the PUR formulation of SP9-3M
specimen led to a non-homogeneous aspect at a macroscopic
level, as presented in Fig. S21 - ESL, T also confirmed at a smaller
scale by SEM analysis. Fig. 3m, respectively, Fig. 3n indicated
the formation of some large irregular pores/holes, while the
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detailed image (Fig. 30) showed large irregular cavities in which
no pores were formed. This morphological aspect of SP9-3M is
in good agreement with the anomalies that were registered for
the density values presented in Section 4.4.

To compare the pore size distribution for samples SP563,
SP5-7M, SP5-7T, SP7-5M, and SP9-3M, the data were obtained
from SEM images by measuring around 100 individual pores.
The software “Image ]J” was used to extract the necessary
information from the SEM micrographs and compile the
histograms. Table 3 summarizes the values obtained from the
“Image ]J” program, while the histograms are presented in
Fig. S31 from the ESL.}

In the case of using BioPol in sample SP5-7M, the mean pore
diameter (160 + 76 pum) was lower compared with the blank
sample (320 + 101 um), SP563. By increasing the BioPol
concentration in sample SP7-5M, the mean pore diameter
slightly decreased to 144 & 65 pm. The highest concentration of
BioPol in sample SP9-3M led to a significant decrease of the
mean pore diameter, which indicates that by increasing the bio-
based polyol content, a reduced mean pore diameter is regis-
tered. This can be correlated with the BioPol content that
increases in the order SP5-7M, SP7-5M, and SP9-3M, deter-
mining a higher viscosity of the reaction mixture that is corre-
lated with reduced pore diameter due to an increased resistance
to pore growth.*® Additionally, by replacing MDI with TD], in the
same composition, the pore size range was smaller as well as the
mean diameter of the pores for sample SP5-7T compared with
SP5-7M, indicating that at higher reactivity of component B, the
mean pore diameter of the pores decreased. Additionally, SEM
statistical analysis confirmed that by increasing the BioPol
content, a decreased mean size diameter of the pores (Table 3)
was registered, being correlated with higher density (Table 2) of
the bio-based foams, which is in good agreement with literature
data®® (Fig. S41 - ESIT).

4.6. Thermogravimetric results of bio-based polyurethane
foams

The thermal stability of polyurethane products is important for
their applications and temperature domain utilization. Thus,
the next step of this study involved the determination of the TG
curve (Fig. 4a), and the respective DTG curve (Fig. 4b) as
a function of temperature ranging from room temperature to
900 °C.

Table 4 presents the significant weight losses observed at
different temperatures for the considered polyurethane foam
samples and the polyol raw materials (PETOL 56-3 and BioPol).
The PETOL 56-3 registered a two-step weight loss process, the
first step with an onset at 185 °C (and a maximum at 206 °C)
while the second has an onset at 250 °C (and a maximum at 336
°C) and a residual mass below 1% being registered at temper-
atures above 600 °C. For the BioPol sample a three-step weight
loss process was also observed with the first having an onset at
115 °C and a maximum at 222 °C followed by a second step both
of them corresponding to 80% weight loss while the last
degradation stage corresponds to a weight loss of 7% and has
an onset at 670 °C. The complex thermal decomposition process

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM micrographs performed in different areas of the PUR specimens at two different magnifications for SP563 (a and b — 100x; ¢ —
1000x), SP5-7M (d and e — 100 x; f — 1000x), SP5-7T (g and h — 100x; i — 1000x), SP7-5M (jand k — 100x; | = 1000x), SP9-3M (m and n —
100x; o = 1000 x).
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Table 3 The values obtained for pore size range, pore size range with the highest percentage, and mean pore diameter

Pore size range

Pore size range with

Highest percentage Mean size diameter

Sample code (um) the highest percentage (um) (%) (um)
SP563 104 + 577 220 + 418 66.3 320 + 101
SP5-7M 34 + 381 64 <+ 177 66.6 160 + 76
SP7-5M 65 <+ 381 67 <+ 183 85.1 144 £ 65
SP9-3M 19 + 372 35 =+ 116 80.4 76 + 49
SP5-7T 11 + 249 40 + 133 81.2 88 + 49
1 ~
(a) gg_ ——SP563
——SP9-3M
__ 804 SP7-5M
X 704 ——SP5-7TM
— 60 Petol 56-3 =
< ] —— BioPol w =10 — SP563
o % 5121 ——SP9-3M
o 404 =14 SP7-5M
= 30] 2 16 — SP5.7M
20| S ';g: Petol 56-3
104 = :22 ] —— BioPol
ol Q=
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
(a) (b)
Fig. 4 (a) TG and (b) DTG profiles of polyurethane foam samples.

of polyurethanes can be directly connected not only with soft
and hard segments from the polyurethane structure itself, but
also with small molecular weight compounds resulting from the
depolymerization of lignocellulose. Thus, the discussion for the
thermal degradation of the samples is focused on the most
significant weight loss stages. Accordingly, decomposition for
the blank sample occurs in three stages from room temperature
to 200 °C (I), from 300 to 400 °C (II), and from 400 to 900 °C (III).
The first decomposition step of the blank sample, SP563, indi-
cated approximately 3.3% weight loss, likely due to surface-
adsorbed moisture. The most significant weight loss (89.07%)
occurred between 300 and 400 °C (Fig. 4 and Table 4), being
associated with the decomposition of urethane groups and
reformation of alcohols, isocyanate, amines, olefines, and
carbon dioxide,”” while after 700 °C, the sample is completely
degraded.

In the case of all samples based on BioPol, up to 200 °C, the
weight loss was significantly higher compared with that of the
blank sample which could be attributed to a higher

hydrophilicity due to a larger number of OH groups and
degradation of the crosslinked domains involving lower
molecular weight species, degradation of the diisocyanate-
based hard segments.*”*® The second significant degradation
step occurred for all bio-based products from 300 to 400 °C,
being attributed to the degradation of the urethane group and
soft segments consisting of polyols, sample SP5-7M registering
the highest weight loss at 400 °C (64.5%) (Table 4). By
increasing the BioPol content, sample SP7-5M registered the
lowest weight loss (51.2%) at 400 °C (Fig. 4b and Table 4), thus
being the most stable sample in terms of temperature degra-
dation. However, the formulation that had the highest BioPol
content, SP9-3M, registered almost the same weight loss value
at 400 °C as the sample with the lowest BioPol content this
being attributed to the anomalies obtained for this sample in
terms of stirring, non-uniform macroscopic aspect (Fig. S2t -
ESIt) and density values, and statistical pore size values as
discussed before. Thus, compared with the blank sample,
samples SP7-5M and SP5-7M were the most thermally stable at

Table 4 The decomposition process of foams at different temperature values

Weight loss [%]

Sample 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C 900 °C
SP563 3.29 7.47 89.07 91.33 94.82 98.99 99.97 99.98
SP9-3M 12.47 32.35 63.36 83.17 85.39 86.37 87.96 90.38
SP7-5M 7.81 25.56 51.24 81.72 83.65 84.32 85.94 87.05
SP5-7M 13.33 27.45 64.52 82.97 87.84 92.97 98.38 99.97
PETOL 56-3 3.29 7.47 89 91.4 94.82 99 99.97 100
BioPol 18.22 69.93 80.87 83.43 84.85 86.35 90.98 96.7
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Fig. 5 Temperature versus curing time profiles during continuous
stirring of the foam formulations.

400 °C, the bulk decomposition being almost complete after
500 °C, while sample SP7-5M registered the highest residual
mass at 900 °C (almost 13%).

4.7. Determination of creaming time

Creaming time, also known as gel time or the time from mixing
to creaming in PUR foams, refers to the point at which the
uniform mixture of component A, component B, and additives
transforms into a creamy consistency and begins to expand.
This period is crucial in foam processing because it marks the
start of foam formation. Whether using injection, compression
molding, or cast molding, the creaming time provides the
small-scale user or industrial worker with a limited period to
handle the stirred mixture. Once the expansion or rising starts,
the mixture becomes more viscous and harder to process.

1480 seconds
31.25C

1480 seconds
30.44°C

586 seconds

View Article Online
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To determine in a more accurate form the creaming time, the
temperature versus curing time profiles of the mixtures of the
selected PUR foam formulations were registered (Fig. 5). For the
next part of this study, we chose to investigate further samples
SP5-7M and SP7-5M, based not only on their thermal properties
but also on the density and organoleptic properties (demon-
strated in ESI - Fig. S2 and Table S1t) of SP9-3 that proved non-
homogeneous.

Thus, Fig. 5 illustrates the temperature increase from room
temperature up to 50 °C during stirring, plotted as a function of
the curing time, in comparison to the blank sample SP563. To
reinforce the findings presented in Fig. 5 and Fig. 6 provides
images captured by the infrared camera at three different
stages, showing the temperature of the mixtures during stirring
until gel-time was reached, as previously presented in another
study.*”

Sample SP563 registered a slight increase in temperature
from room temperature to 31.25 °C at 1480 seconds (almost 25
minutes) (Fig. 5 - turquoise line), which constitutes the gel time
(the moment at which the change in viscosity was clear as
shown by the infrared camera - Fig. 6b). As the reaction
continued with the rising step, the temperature remained
constant for a period of up to 2750 seconds (almost 46 minutes)
until no further foam expansion was observed by the camera.

In contrast, sample SP7-5M, although it had a gradually
temperature increase up to 30.44 °C until 1480 seconds, regis-
tering the same creaming time as the blank sample (Fig. 5 - red
line, Fig. 6e), sharply rised its temperature to 48.13 °C at 2750
seconds (Fig. 5, and Fig. 6f). This behavior can be explained by
the higher content of BioPol, composed of reactive degradation
products with small molecular weights that cause an increase of
the reaction rate. For sample SP5-7M, a lower creaming time

2750 seconds
31.32C

2750 seconds

1380 seconds

Fig. 6 Slurry behavior of foam mixtures at different time moments for blank sample SP563 (a—c), sample SP7-5M (d—f), and sample SP5-7M (g—i).
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compared with all the other samples was registered after
a gradual temperature rise, up to 31.95 °C of almost 10 minutes
(Fig. 5 - black line, Fig. 6h). In this case, the rising time reached
up to 1380 seconds (Fig. 6i), attaining a lower temperature
compared with the sample with higher BioPol content (sample
SP7-5M). This lower creaming time could be attributed to
a lower viscosity compared to SP7-5M (see Fig. 1), while the
number of OH groups involved in the reaction is higher than
SP563 and lower than SP7-5M. Thus, lower viscosity facilitates
homogenization, while the presence of more OH groups lead to
higher temperatures.

4.8. Compression analysis of the PUR bio-based foams

Compressive testing is essential for assessing how formulation
components influence the mechanical strength of polyurethane
foams and the structural integrity of the final product. Thus,
a uniaxial compressive test (Fig. S51) was performed to evaluate
the mechanical properties of the PUR foam formulations, and
the results obtained are illustrated in Fig. 7. Fig. S51 indicates
that each sample was analyzed in triplicate and measured
before the compression test, while after the compression test,
the aspect of the two BioPol-based foams was presented as an
example.

As can be observed from the comparative graph in Fig. 7 and
also from Table 5, the formulation identified as blank sample,
SP563, displayed the lowest mechanical resistance, leading to
significantly reduced compressive stress values compared to the
other formulations. Conversely, the sample identified as SP7-
5M demonstrated a significantly greater resistance to
compressive stress, although it rapidly reached a plateau region
specific for rigid foam structures that likely indicates the failure
of the cellular structures.” Therefore, increasing the BioPol
weight ratio resulted in samples exhibiting a significantly
enhanced capacity to withstand compressive loading, but an
excessively high concentration of lignocellulose-derived bio-
polyol could occasionally contribute to the formation of brittle
structures. It is worth mentioning that the compression results
for sample SP9-3M were not depicted in Fig. 7 since the data
were not reproducible for foams with higher BioPol content.

The mechanical behavior of SP7-5M is likely attributable to
its more compact porous structure, characterized by alternating
larger and smaller pores, with the walls of the macropores
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Fig. 7 Compressive stress—strain profiles for the PUR foam

specimens.
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Table 5 Compressive strain—stress values of the composite PUR foam
formulations

Compressive Compressive Standard deviation
Sample strain (%) stress (MPa) (MPa)
SP563 10 0.0143 0.0005
SP5-7M 1.2525 0.08
SP7-5M 3.1823 0.15

displaying a compact aspect similar to the blank sample, as was
observed by SEM analysis (Section 4.5 - Fig. 31 compared with
Fig. 3c). The high stress values obtained for SP7-5M may be
related to the increased content of compounds with a higher
number of hydroxyl functionality and with lower molecular
weights present in the lignocellulose-derived BioPol obtained by
glycolysis, which led to a more rigid structure. Additionally, the
higher pore size observed in the SP5-7M specimen (as described
in Section 4.5), which exhibited a significantly more porous
structure including porous walls of the macropores, resulted in
greater flexibility compared to the SP7-5M sample. To be more
specific, the compressive stress—strain for SP5-7M is specific for
elastoplastic foams, with three compression stages as defined in
literature data, as elastic, plastic, respectively densification
stage, without the interference of a brittle stage and failure
occurring in the plastic stage.®®

Thus, the linear elastic region, marked by the bending of the
foam cell walls, can be observed up to a strain of approximately
10%. Beyond this point, the slope of the curve decreases, likely
due to the buckling and partial collapse of the cell walls. Once
most of the cells have collapsed, further strain results in the
compression of the solid polyurethane, leading to a sharp rise
in the stress-strain curve. At this stage, the material densifies,
forming a compacted foam structure. As a result, stress
increases rapidly with further strain, with the stiffness of the
compacted foam nearing that of the solid polymer. At
a compressive strain of 10%, the highest compressive strain was
registered by sample SP7-5M, which was 200 times higher
compared with the blank sample (Table 5), while for sample
SP5-7M, the increase was 87 times higher than the blank
sample.

The comparative data presented in Table 6 highlight the
diversity of biomass sources and synthesis strategies employed
for the production of bicomponent rigid PUR foams. Most
literature reports focus on bicomponent rigid PUR foams with
lower densities ranging from 39 to 160 kg m ® and corre-
sponding compressive strengths below 1 MPa.**¢1-%

In contrast, the rigid bicomponent PUR foams developed in
this study using corn cob as lignocellulose-based waste
demonstrate significantly higher density values ranging from
571 to 589 kg m™>, accompanied by exceptionally high
compressive strength, 1.25-3.18 MPa.

This positions the current materials as high-density, high-
performance PUR foams, representing a notable progress over
previously reported biomass-derived systems. The combination
of a microwave-assisted biopolyol synthesis route and opti-
mized foam formulation (without using blowing agents)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contributes to the mechanical superiority of the foams, high-
lighting the novelty and potential applicability of the developed
materials in demanding structural or insulation applications.

5. Conclusions

In conclusion, this study successfully demonstrated the feasi-
bility of producing rigid polyurethane foam starting from Bio-
Pol obtained via the depolymerization of lignocellulose biomass
from lignocellulose corncob wastes, using acidic catalysis with
glycerol under microwave irradiation. The lignocellulose-
derived biopolyol (BioPol) was utilized in the formulation of
rigid polyurethane foams with PETOL 56-3, a commercial
homopolymer derived from the oxypropylation of glycerol.
Therefore, the entire content of polyols involved in the formu-
lations can be considered as from bio-renewable sources.
Several polyol mixtures were prepared in different weight ratios
of9:3,7:5,and 5: 7 between BioPol and PETOL 56-3, while for
the preparation of the foam, a molar ratio of 1.3 (between -NCO/
-OH groups) was maintained. Also, TEOA was employed as
a catalyst/crosslinker. The results showed that the rheology and
the “creaming time” were influenced by the ratio between
PETOL 56-3 and BioPol, while FT-IR analysis confirmed the
complete reaction between the polyol components, curing
agent, and catalyst. The density of the polyurethane foams is
dependent on the BioPol content which facilitate the formation
of a more compact and rigid structure due a higher number of
cross-linking sites. The SEM analysis indicated that an increase
in the BioPol component ratio led to a change in the
morphology of the foam and of the density of the pores.
Samples SP7-5M and SP5-7M were the most thermally stable at
400 °C, with SP7-5M having the highest residual mass at 900 °C,
as confirmed by TGA analysis. The uniaxial compressive tests
indicated that SP7-5M had higher stress values, likely due to the
higher crosslinking density, due to the polyfunctional lower
molecular weight polyols contained in the BioPol, leading to
a more rigid structure. In contrast, the higher pore density in
SP5-7M resulted in greater flexibility.

The developed approach not only highlights the potential for
entirely bio-based polyol content but also underlines the feasi-
bility of sourcing precursors from renewable sources, offering
a sustainable and cost-effective production of high-density rigid
PUR foams.
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