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Abstract: The utilization of forestry waste resources in the production of polyurethane resins is
a promising green alternative to the use of unsustainable resources. Liquefaction of wood-based
biomass gives polyols with properties depending on the reagents used. In this article, the liquefaction
of forestry wastes, including sawdust, in solvents such as glycerol and polyethylene glycol was
investigated. The liquefaction process was carried out at temperatures of 120, 150, and 170 ◦C.
The resulting bio-polyols were analyzed for process efficiency, hydroxyl number, water content,
viscosity, and structural features using the Fourier transform infrared spectroscopy (FTIR). The
optimum liquefaction temperature was 150 ◦C and the time of 6 h. Comprehensive analysis of polyol
properties shows high biomass conversion and hydroxyl number in the range of 238–815 mg KOH/g.
This may indicate that bio-polyols may be used as a potential substitute for petrochemical polyols.
During polyurethane synthesis, materials with more than 80 wt% of bio-polyol were obtained. The
materials were obtained by a one-step method by hot-pressing for 15 min at 100 ◦C and a pressure of
5 MPa with an NCO:OH ratio of 1:1 and 1.2:1. Dynamical-mechanical analysis (DMA) showed a high
modulus of elasticity in the range of 62–839 MPa which depends on the reaction conditions.

Keywords: liquefaction; liquefied wood; bio-polyols; polyurethane resin

1. Introduction

Polyurethanes (PU) are one of the most important and most versatile classes of poly-
meric materials for a wide range of applications, i.e., flexible or rigid foams [1–3], ther-
moplastic elastomers [4], adhesives [5], coatings [6–8] and resins [9,10]. The production
of polyurethanes is based on the polyaddition reaction between oligomeric polyols termi-
nated with hydroxyl groups and diisocyanate. Due to the variety of oligomeric polyols,
polyurethane structure and its end properties can be modulated. Polyols and isocyanate
are the two main raw materials for polyurethane production and are currently obtained
from fossil resources. The main disadvantage of petroleum products is that they are non-
renewable and non-biodegradable. Due to human activity in the field of mass production,
excessive consumption, and huge amounts of waste, environmental problems have been
very serious since the beginning of the 20th century [11,12]. Therefore, the search for
biomass-based alternatives has attracted a lot of attention. Particularly noteworthy is
biomass obtained from forestry industry residues that are not fully utilized. It is also
referred to as dry plant matter (i.e., waste wood). It consists of three main components,
namely cellulose (30–50%), hemicellulose (15–35%), and lignin (20–35%), which contain
two or more hydroxyl groups in the molecule and form a stable three-dimensional network
structure [13,14]. Many types of agriculture and forestry industry biowastes have been
used to create polyols. These biowastes include wood [2,9,15,16], wheat straw [4,17,18],
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corn bran [19], sugar cane [20], and bamboo [21], which can be treated as rapidly renewable
bio-resources. Liquefaction of biomass in solvents is an effective method of converting it
from solid to liquid [22].

Wood liquefaction can be carried out in the presence of phenol or polyhydric alcohols
under acidic or alkaline conditions, and even without the use of a catalyst at higher
temperatures [23]. Liquefied wood is a polyhydric mixture, rich in hydroxyl groups,
which consists of biomass fragments, free polyhydric alcohol, and other by-products.
Daneshvar et al. [24] carried out liquefaction of beech sawdust in the presence of ethylene
carbonate and sulfuric acid at a temperature of 110 to 160 ◦C. The obtained bio-polyol
was used for two types of polyurethane adhesive cross-linked at different NCO to OH
ratios. Zhang et al. [25] optimized the process of liquefying agricultural waste to obtain
polyurethane bio-foams. To this end, they used rice straw, rape straw, wheat straw, and
corn shoots. Polyethylene glycol and ethylene glycol were the solvents while sulfuric acid
was used as a catalyst. Agricultural waste was transformed with a high conversion rate
of about 95% and the resulting bio-polyols showed suitable properties for obtaining bio-
composites. Prepared polyurethane bio-foams showed comparable properties to materials
obtained from petrochemical polyols. Lee et al. [15] showed that liquefied wood from
Cryptomeria japonica D in ethylene glycol and sulfuric acid can be used as a raw material
for the preparation of polyurethane resins which showed better mechanical properties
and higher thermal resistance than materials made of polyester polyol. Pan et al. [26]
used microwave radiation in the process of liquefying pine wood with a two-component
solvent system-mixture of polyethylene glycol and glycerol. They showed that the bio–
polyol has an appropriate hydroxyl value for the preparation of rigid PU foams. The
materials obtained generally had lower compressive strength and apparent modulus than
the control sample based on petroleum but showed better capability after deformation.
This study aims to develop a new and ecological way of bio-polyol synthesis in the biomass
liquefaction process. Implementation of such polyols can reduce the negative impact of the
polyurethane industry on the environment. Moreover, this work aims to validate using
bio-based polyols in the production of polyurethane resins. These resins can be applied as
decking, tabletops, laminates, and panels.

In this study, the process of liquefying sawdust from oak Quercus robur (O) and
alder Alnus (A) was carried out in the presence of glycerol, a mixture of glycerol and
polyethylene glycol and polyethylene glycol to optimize the liquefaction process using
various solvents. The effect of temperature and liquefaction reaction time on wood biomass
was also investigated. Based on the value of the hydroxyl number, water content, degree of
biomass conversion, and bio-polyol viscosity, a suitable raw material was selected to obtain
polyurethane resins. Polyurethane resins containing 90 wt% of bio-polyol were obtained
by a one-step method at NCO/OH ratio 1:1 or 1.2:1.

2. Experimental
2.1. Materials

Oak and alder wood sawdust were received from the local joinery company. Wood
sawdust was milled to the size of 60–750 µm using a laboratory mill. During the liquefac-
tion process, purified waste glycerol (purity = 99%, LOH = 1104 mg KOH/g, H2O < 0.5%)
from Bio-Chem Sp. z o.o. and poly(ethylene glycol) (PEG400) (LOH = 314 mg KOH/g,
incl. H2O < 0.3%) from Avantor Performance Materials Poland S.A. (Gliwice, Poland).
were used. Petrochemical polyol Rokopol®M6000 which is polyoxyalkylene triol based on
glycerol (LOH = 28 mg KOH/g, H2O < 0.1%) was supplied by PCC Rokita (Gliwice, Poland).
Petrochemical polyol was used to reduce the viscosity of the polyol mixture during the
synthesis of materials. The liquefaction process was catalyzed by a 95% sulfuric acid solu-
tion in water obtained from Avantor Performance Materials Poland SA (Gliwice, Poland).
As an isocyanate component, a commercially available product named SUPRASEC® 2085
(4,4′-methylene diphenyl diisocyanate-p-MDI) supplied by the Huntsman company was
used. Isocyanate contained about 30.5 wt% of free isocyanate groups and average func-
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tionality was about 2.9. As a catalyst during polyurethane synthesis dibutyltin dilaurate
(DBDT) provided by Sigma-Aldrich (Saint Louis, MO, USA) was used.

2.2. Liquefaction of Oak and Alder Wood Sawdust

To prepare the oak and alder wood sawdust for the synthesis both substances were
dried at T = 105 ◦C for 24 h. During liquefaction of oak/alder wood sawdust as a liquefac-
tion solvent glycerol (OG/AG), poly(ethylene glycol) with molar weight 400 g/mol (PEG
400) (OP/AP), and 1:1 (wt. by) mixture of glycerol and poly(ethylene glycol) (OGP/AGP)
were used. The mass ratio of solvent (450 g) to biomass (45 g) was 10:1. During the process
3 wt% (13.5 g) of catalyst (sulfuric acid) was added to the reaction mixture. The liquefaction
was carried out in a three-neck flask (500 mL). The reactor was equipped with a mechanical
anchor stirrer, reflux condenser, and thermocouple. The reaction was carried out at three
temperatures—120, 150, and 170 ◦C for 6 h. Every hour, approximately a 5 mL sample of
polyol was collected to determine the water content in a sample. After that polyols were
neutralized using a 67% water solution of potassium hydroxide (KOH) and dried at 120 ◦C
under vacuum for 2 h. Sample coding for bio-polyols is summarized in Table 1.

Table 1. An explanation of the abbreviations used to describe polyols samples.

Sample Name Biomass Solvent

AG
Adler wood

glycerol
AGP glycerol: poly(ethylene glycol)
AP poly(ethylene glycol)

OG
Oakwood

glycerol
OGP glycerol: poly(ethylene glycol)
OP poly(ethylene glycol)

2.3. Manufacturing of Polyurethane Resins with High Bio-Polyol Content

During the synthesis one-step method from a two-component system was used for the
manufacturing of polyurethane resins. Resins were manufactured at 1:1 and 1.2:1 NCO:OH
ratios. As a component, a mixture of obtained biopolyols, Rokopol® M6000, and catalyst
(0.5% by weight of DBDL) was used. The amount of bio-polyol in a polyol mixture for AG,
OG, AP, and OP was 90% by weight, and for OGP and AGP 80% by weight. Component A
was mixed with pure p-MDI (component B) and then homogenized mixture was poured
into approximately 2 mm thick mold. After that, the mold was placed in a pre-heated
hydraulic and material was hot-pressed at 100 ◦C for 15 min (5 MPa). To slow down the
polymerization reaction of OP/AP samples, 2% by weight of orthophosphoric acid (H3PO4)
was added to the mixture. Sample coding for polyurethane resins is summarized in Table 2.

Table 2. An explanation of the abbreviations used to describe polyurethane materials.

Sample Name NCO:OH

AG_PU OG_PU
1:1AGP_PU OGP_PU

AP_PU OP_PU
AG_1.2PU OG_1.2PU

1.2:1AGP_1.2PU OGP_1.2PU
AP_1.2PU OP_1.2PU

2.4. Determination of Polyols Properties

Determination of the hydroxyl value of the polyols was in accordance with PN-
EN 1240:2011 standard. VOLTCRAFT pH 100 ATC pH meter was used to determine
the titration point of the dark brown liquid. The hydroxyl value was calculated using
Equation (1):

HV =
(B−A)·M·56.1

m
(1)
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where: A is the volume of 0.5 M KOH required for the titration of a sample (mL), B is the
volume of KOH required for the titration of the blank solution (mL), M is the normality of
the titrant, and m is the mass of the polyol sample (g).

To determine the biomass conversion, a 1 g sample of polyol was dissolved in ethanol
and stirred on a magnetic stirrer for 4 h. Next, the sample was filtered under vacuum and
the residues were washed with ethanol. The filter with the remaining solid fraction was
dried at 105 ◦C. The biomass conversion ratio was calculated according to Equation (2):

%Biomassconversion ratio = 100−

(
w1−w2

w3

)
·w4·100

w5
(2)

where: w1 is the total dry weight of filtering crucible with biomass residue; w2 is the
net weight of filtering crucible without biomass residue; w3 is the weight of bio-polyols
weighted for biomass conversion analysis; w4 is the total weight of bio-polyols obtained
via liquefaction, and w5 is the weight of biomass added during liquefaction.

The water content of the bio-polyols during and after the process was determined
by Karl-Fischer titration. The polyol samples were diluted with methanol and titrated
with Fischer reagent. The Karl-Fischer reagent used for the NIST (National Institute of
Standards and Technology) volumetric measurements contained a methanol solution of
imidazole and sulfur dioxide as the organic base.

The viscosity of bio-polyols at 30 ± 0.5 ◦C was determined according to ASTM
D 4878-08 standard. To define this parameter, an R/S Portable viscometer equipped with a
small sample adapter, temperature probe, and temperature control unit was used.

Fourier-transform infrared spectroscopy (FT-IR) was performed to determine the
structure of the bio-based polyol and polyurethanes. The analysis was performed using
Nicolet 8700 apparatus at a resolution of 4 cm−1. This device was equipped with a snap-
Gold State II, which allows for making measurements in the reflection configuration mode.

2.5. Characterization of Polyurethanes

The thermogravimetric analysis was performed using Netzsch TG 209 apparatus
(Netzsch, Selb, Germany). During the test, 5 mg samples were examined in temperature
from 50 to 600 ◦C under a nitrogen atmosphere. The heating rate was 10 ◦C/min.

Dynamic mechanical analysis (DMA) was conducted to determine the glass transition
temperature (Tg) of polyurethanes. The tests were carried out on DMA Q800 (TA Instru-
ments, Eschborn, Germany). The tests were carried out in flexural mode (single cantilever)
with a frequency of 10 Hz and an oscillation amplitude of 10 µm. The temperature of
the test was from −100 to 120 ◦C with a heating rate of 2 ◦C/min. The dimension of the
samples was 40 mm × 10 mm × 4 mm.

3. Results and Discussion
3.1. Characterization of Bio-Based Polyols Properties

During the process, dehydrogenation, solvent condensation, or thermal oxidation
reactions occur between the solvent and the liquefied wood biomass, which reduces
the hydroxyl number. [19,27]. Figure 1 shows the dependence of the hydroxyl number
on temperature during heating of a mixture of 10% of biomass (alder and oak wood)
with various solvents (90%). There is no clear reaction start temperature for all samples
this temperature ranges from 70 to 110 ◦C. In each case, bio-polyols derived from alder
wood, show higher hydroxyl value compared to oak tree biomass. This may result from
the composition of wood biomass. Based on the research of Demirbas [28], the alder
sawdust contains 44.9% cellulose, 18.6% lignin, 29.8% hemicellulose, and 6.7% moisture
content. Derbyshire and Jagtoyen [29] showed that oak sawdust is composed of 53.2%
cellulose, 24.6% lignin, and 24.7% hemicellulose. During the condensation reaction, each
lignocellulose component is broken down into smaller reactive compounds. For example,
cellulose is hydrolyzed to glucosides, levulates, and aldehydes [30]. Two solvents were
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used in the work, whose content in the bio-polyol was 90%, so the hydroxyl values are
determined by the type of solvent used. For AP and OP bio-polyols, the hydroxyl number
is significantly lower in comparison to other bio-polyols. This is due to the properties of
polyethylene glycol (PEG 400) which hydroxyl number is 200–400 mg KOH/g [31,32].
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ing heating.

Table 3 summarizes the final hydroxyl number and biomass conversion of synthesized
bio-polyols. At 120 ◦C for each sample, the liquefaction process resulted in minimal
reaction, as evidenced by the high hydroxyl value and low biomass conversion. The
opposite relationship was observed for the highest temperature of 170 ◦C, which was
not favorable for processing parameters because the viscosity of bio-polyols increased
significantly and the product was not homogeneous. At higher temperatures during
the liquefaction process, the solvent condensation reaction predominates [33]. AGP and
OGP bio-polyols obtained at 150 ◦C have a hydroxyl number of 643 and 532 mg KOH/g,
respectively. Moreover, a high degree of biomass conversion for both polyols were obtained
(97% for AGP and 94% for OGP). This is an advantage for further use in the polyurethane
materials industry. Zhang et al. obtained similar properties in their work [34].

Figure 2 shows the change in water content of bio-polyols during the liquefaction
process at 150 ◦C depending on the solvent used. It is observed that as the liquefaction
process continues, the water content of bio-polyols increases. This effect may indicate the
formation of water as a by-product. These results are in line with those obtained by Wang
et al. [35]. Initially, the water content in bio-polyols is in the range of 1.5–3.1%, then in
the case of bio-polyols with 90% glycerine and a mixture of glycerine and polyethylene
glycol increases twice. In the final liquefaction stage after 6 h, the highest water content
is 4.3% and 4.0% for AG and OGP, respectively. This indicates a high reaction yield. For
bio-polyols containing 90% polyethylene glycol, a decrease in water content was observed
in both biomass cases, which indicates the aforementioned solvent condensation reactions.

All polyols, due to the catalyst used-sulfuric acid, had a pH in the range of 1–2. High
water content and such strongly acidic pH are detrimental to polyol compounds to be a
component of polyurethane materials. For this purpose, all bio-polyols were neutralized
with KOH and dried under reduced pressure. The final products after neutralization and
drying had a pH in the range of 6.5–7.5 and a water content varies between 0.5–1.2%.

One of the most important properties verifying the possibility of using bio-polyols in
industrial processes is their rheological behavior. Rheological measurements may enable
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the determination of polyols viscosity, shear stress, and fitting polyol behavior to suitable
mathematical models.

Table 3. The hydroxyl value and biomass conversion of liquefied bio-polyols.

Sample Reaction
Temperature (◦C)

Hydroxyl Number
(mg KOH/g)

Biomass
Conversion (%)

120 815 68
AG 150 770 92

170 612 82

120 723 82
AGP 150 643 97

170 320 98

120 324 70
AP 150 238 80

170 127 87

120 813 68
OG 150 736 95

170 709 92

120 732 90
OGP 150 532 94

170 352 97

120 267 59
OP 150 215 65

170 114 72
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Figure 3 shows the flow curves for the obtained bio-polyols at the temperature of
150 ◦C for various solvents used in the liquefaction of alder and oak sawdust. The depen-
dence of the stress function on the shear rate provides information about the nature of the
liquid. There are two basic Newtonian and non-Newtonian behaviors. Nonlinear flow
fluids are described as non-Newtonian liquids according to Equation (3) [36]:

tan α = η0 (3)

The tangent of the slope of the initial angle of the flow curve relative to the x-axis is
closely related to the dynamic viscosity of the liquid. In the case of bio-polyols derived
from oak sawdust biomass, an increase in tangent α was observed, which indicates a higher
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viscosity of the analyzed bio-polyols. The maximum value of shear stress was observed for
OP bio-polyol (1166 Pa). However, for the same solvent (PEG400) but different biomass
(alder wood), the shear stress for sample AP reduced to 542 Pa·s. A similar relationship
was shown in our previous work [31].
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The effect when the shear stress of a liquid irreversibly decreases over time at a con-
stant shear rate is called thixotropy. For non-Newtonian liquids, we observe hysteresis,
which results from the properties of shear-thinning liquids that return to their original
viscosity only with a delay when the shear force stops. This is caused by the progressive
breakdown of the fluid structure [37]. Hysteresis loops were obtained during the measure-
ment of the shear stresses for a controlled shear rate from 1 to 200 s−1 and from 200 to 1 s−1.
The smallest hysteresis loops were obtained for AGP and OGP, which proves the smallest
thixotropic phenomenon, which is beneficial in industrial processes.

Figure 4 shows the viscosity curves of the obtained bio-polyols. The decrease in
viscosity for AP and OP can be attributed to the greater degradation of lignin in the
poly(ethylene glycol). Moreover, it can be due to the intensive condensation process, which
was confirmed in another work [38]. This may also result from the difference in viscosity of
pure solvents (ηPEG400 = 0.091 Pa·s; ηglycerol = 0.978 Pa·s). Furthermore, during the reaction
more and more macromolecules dissolve in the solvent, which may result in increased
viscosity. This can be noticed for AGP and OGP bio-polyols.
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To assess whether the bio-polyols obtained are pseudoplastic liquids, an analysis of
mathematical models (Ostwald–Waele, Herschel–Bulkley, and Bingham) can be used [39].
In this work, the Herschel–Bulkley model was used. This model is described by the
following formula (4), where τ is the shear stress, τ0 is the yield stress, γ is the shear rate,
K is flow consistency, and n is flow behavior index.

τ = τ0 + Kγn (4)
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The Herschel–Bulkley linear functions based on the rheological data from bio-based
polyol is presented in Table 4. Based on the obtained data, it can be concluded that bio-
polyols obtained during liquefaction of alder and oak wood biomass were Newtonian and
non-Newtonian fluids. AP and OP samples were recognized as non-Newtonian fluids. The
flow exponent for OP and AP bio-polyols is significantly lower than 1 and therefore these
polyols can be classified as shear thinned liquids.

Table 4. The Herschel–Bulkley linear functions based on the rheological data from bio-based polyol.

Bio-Polyol
Symbol

The Herschel–Bulkley Linear Functions

Function τ0 [Pa] K [Pa·sn] n [−] R2

AG_150 y = 2.7857·x0.9891 0 2.7857 0.9891 0.9982
AGP_150 y = 0.8171·x1.0339 0 0.8171 1.0339 0.9996
AP_150 y = 33.6707 + 9.8791·x0.7356 33.6707 9.8791 0.7356 0.9839
OG_150 y = 2.6809·x0.9753 0 2.6809 0.9753 0.9968

OGP_150 y = 0.8246·x1.0343 0 0.8246 1.0343 0.9998
OP_150 y = 81.1781 + 15.8788·x0.7344 81.1781 15.8788 0.7344 0.8638

3.2. FTIR Analysis of Bio-Polyols

FTIR analysis was performed to examine the characteristics of liquefied polyol from
alder and oak wood. Figure 5 shows the spectrum of solvents and two bio-polyols AGP
and OGP obtained at a process temperature of 150 ◦C. Intense peaks at 3365–3350 cm−1

are from vibrations of hydroxyl groups. Most of the signals received in the spectrum
coincide with signals coming from the solvents due to their 90% content in the polyol. In
the 2870–2930 cm−1 range, the C-H stretching modes of the aliphatic CH3, CH2, and CH
groups are observed [40]. New bands from OGP bio-polyol were observed. The peak at
1722 cm−1 may correspond to C=O bonds and the peak at 1598 cm−1 may be related to C=C
bonds. Both signals may come from fatty acids and hemicellulose present in the structure
of bio-polyols [41]. It can also be concluded that the band at 1722 cm−1 may be related
to the presence of levulinians in the polyol sample [42,43]. Absorbance bands at 1455
and 1350 cm−1 result from aromatic skeletal vibrations combined with the symmetrical
bending mode of hydroxymethyl present in cellulose [44]. Phenolic hydroxyl groups from
the phenylpropane structure present in lignin that reacted in the liquefaction process with
the solvent are visible at 1250 cm−1 [45,46]. The intense peak at 1090–1035 cm−1 was
characteristic of vibrations of the C-O-C ether group derived from the solvent [47]. Signals
at 845–920 cm−1 were attributed to C=C and C-H bond vibration in the aromatic rings
present in the biomass [48].
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3.3. Thermal Properties of Polyurethane Resin

Figure 6 presents the thermogravimetric curves of the polyurethane resins with an
NCO:OH ratio of 1:1 and its value is tabulated in Table 5. Polyurethanes are widely known
as relatively thermally unstable materials. This is due to the presence of urethane bonds
in their structure. Dissociation of urethane bonds is based on three main mechanisms:
dissociation to isocyanates and alcohol, formation of primary amines, olefins, and formation
of a secondary amine [49]. Thermal dissociation of urethane bonds (200 ◦C), and urea
bonds (250 ◦C) is followed by breaking of isocyanurate bonds and free NCO at (350 ◦C) [18].
The first degradation step of the investigated resins occurred between 240 ◦C and 310 ◦C
which can be attributed to the degradation of urethane bonds. The second degradation
stage was observed in the range between 320 ◦C and 470 ◦C. This stage results from the
disruption of polymer chains in bio-polyols such as poly(ethylene glycol) [50], cellulose
or lignin derivatives [50–52], breaking of isocyanurate bonds, and free NCO. For resins
containing glycerol in their composition (AG_PU, AGP_PU, OG_PU, and OGP_PU), the
formation of urea groups with pMDI does not proceed at an even rate. Similar changes
were observed during the degradation of PU derived from vegetable oil. The similarity to
the obtained bio-polyols results from the structure of vegetable oil-based polyols, where
we have a glycerol skeleton and fatty acid side chains [8,53]. The highest thermal stability
was demonstrated by AP_PU and OG_PU, which may be due to the greater content of high
molecular weight PEG 400 [7].
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Table 5. Characteristics of thermal degradation of the polyurethane resins.

Sample Name
Mass Loss (wt%)

Residue at
600 ◦C (wt%)

Tmax1 Tmax22 5 10
Temperature (◦C)

AG_PU 108 165 197 15.8 209 380
AGP_PU 121 180 208 17.0 214 406
AP_PU 185 265 301 23.2 318 399
OG_PU 103 192 236 20.1 308 397

OGP_PU 185 230 272 20.7 329 412
OP_PU 234 289 315 24.4 349 405

Figure 7 shows the storage modulus (E′) and loss tangent (tan δ) curves for the
obtained polyurethane resins. The phase transition from the glassy state to the rubbery
state is visible for resins containing only glycerol as solvent. In the case of other materials,
a double transition is observed, indicating distinct areas of lower and higher crosslinking
density. A single tan δ peak indicates a homogeneous internal molecular structure in which
stress concentration can be avoided and material can absorb more energy as a result of
loading. A double tan δ peak in polyurethane resins may be due to phase separation
which leads to the heterogeneous molecular structure [16]. This effect may be explained
by the higher complexity of the bio-polyols used to obtain the materials, which leads to
non-uniform cross-link density. The peak at lower temperatures is caused by the thermal
mobility of the soft segments. It starts at −85 ◦C with a peak at −35 ◦C for AG_PU and
−42 ◦C for OG_1.2PU, while for OG_PU it is −56 ◦C and −36 ◦C for OG_1.2PU. The
second main peak for the remaining resins results from the cross-linking points derived
from lignocellulosic biomass and the thermal mobility of rigid segments. These segments
consist of urethane bonds [10]. The phase transitions shown are clear, which proves the
high thermal activity [16]. Data are presented in Table 6.
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Table 6. Dynamic mechanical and thermal properties of polyurethane resins.

Sample Tg (◦C) E′ (MPa) at 25 ◦C

AG_PU –34.9 839.9
AG_1.2PU –42.3 651.6

OG_PU −52.3 505.1
0G_1.2PU −36.1 671.1

AGP_PU −43.5 609.8
AGP_1.2PU −47.1 339.9

OGP_PU −48.5 665.3
OGP_1.2PU −49.7 351.8

AP_PU −51.8 114.9
AP_1.2PU −47.9 62.4

OP_PU −45.2 358.4
OP_1.2PU −54.6 232.6

Based on the data in Table 6, it was observed that all PU resins with an NCO:OH
ratio of 1:1 have a higher modulus (E′). It is because a higher NCO:OH ratio causes the
formation of micropores, which can reduce the stiffness of the material.

4. Conclusions

During this study, the optimization of temperature and liquefaction time was per-
formed to obtain liquefied bio-polyols based on hardwood species with minimal residues.
The physical and chemical properties of bio-polyols were analyzed and compared. The
reaction time of 6 h and a temperature of 150 ◦C were estimated as the optimal parameters
for the production of bio-polyol ensuring a high liquefaction yield (65–97%) with a suitable
hydroxyl number (215–770 mg KOH/g). The results reported here confirm that liquefaction
of alder and oak wood waste can be successfully applied in the production of bio-polyols.
Furthermore, these polyols can be used for polyurethane materials manufacturing. The
polyurethane resins were obtained using up to 90 wt% bio-polyol in a polyol mixture.
The obtained materials were characterized by and high elastic modulus and due to their
beneficial properties, they can be used indoor and outdoor as a material for decking. Un-
derstanding the liquefaction process, yield of the reaction, and structure of bio-polyols can
be beneficial in the production of PU materials.

Author Contributions: Conceptualization, K.G. and Ł.P.; methodology, K.G. and A.T.; validation,
K.G., A.T., and Ł.P.; visualization: K.G. and J.H.; formal analysis, K.G., A.T., and Ł.P.; resources,
K.G. and J.H.; data curation, K.G., A.T. and Ł.P.; writing—original draft preparation, K.G. and A.O.;
writing—review and editing, K.G., A.T., A.O., J.H., and Ł.P.; supervision, Ł.P. and J.H.; project
administration, Ł.P. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to thank the National Science Centre of Poland (No. 2018/02/X/
ST5/02784) for financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gama, N.V.; Soares, B.; Freire, C.S.R.; Silva, R.; Neto, C.P.; Barros-Timmons, A.; Ferreira, A. Bio-based polyurethane foams toward

applications beyond thermal insulation. Mater. Des. 2015, 76, 77–85. [CrossRef]
2. Yue, D.; Oribayo, O.; Rempel, G.L.; Pan, Q. Liquefaction of waste pine wood and its application in the synthesis of a flame

retardant polyurethane foam. RSC Adv. 2017, 7, 30334–30344. [CrossRef]

http://doi.org/10.1016/j.matdes.2015.03.032
http://doi.org/10.1039/C7RA03546B


Materials 2021, 14, 3138 12 of 13

3. Hejna, A.; Kosmela, P.; Kirpluks, M.; Cabulis, U. Structure, Mechanical, Thermal and Fire Behavior Assessments of Environmen-
tally Friendly Crude Glycerol-Based Rigid Polyisocyanurate Foams. J. Polym. Environ. 2018, 26, 1854–1868. [CrossRef]

4. Li, H.; Xu, C.C.; Yuan, Z.; Wei, Q. Synthesis of bio-based polyurethane foams with liquefied wheat straw: Process optimization.
Biomass Bioenergy 2018, 111, 134–140. [CrossRef]

5. Kong, X.; Liu, G.; Curtis, J.M. Characterization of canola oil based polyurethane wood adhesives. Int. J. Adhes. Adhes. 2011, 31,
559–564. [CrossRef]

6. Somani, K.; Kansara, S.; Parmar, R.; Patel, N. High solids polyurethane coatings from castor-oil-based polyester-polyols. Int. J.
Polym. Mater. Polym. Biomater. 2004, 53, 283–293. [CrossRef]

7. Gaikwad, M.S.; Gite, V.V.; Mahulikar, P.P.; Hundiwale, D.G.; Yemul, O.S. Eco-friendly polyurethane coatings from cottonseed and
karanja oil. Prog. Org. Coatings 2015, 86, 164–172. [CrossRef]

8. Ni, B.; Yang, L.; Wang, C.; Wang, L.; Finlow, D. Synthesis and thermal properties of soybean oil-based waterborne polyurethane
coatings. J. Therm. Anal. Calorim. 2010, 100, 239–246. [CrossRef]

9. Wei, Y.; Cheng, F.; Li, H.; Yu, J. Synthesis and properties of polyurethane resins based on liquefied wood. J. Appl. Polym. Sci. 2004,
92, 351–356. [CrossRef]

10. Trovati, G.; Sanches, E.A.; De Souza, S.M.; dos Santos, A.L.; Neto, S.C.; Mascarenhas, Y.P.; Chierice, G.O. Rigid and semi rigid
polyurethane resins: A structural investigation using DMA, SAXS and Le Bail method. J. Mol. Struct. 2014, 1075, 589–593.
[CrossRef]

11. Stefanidis, S.D.; Kalogiannis, K.G.; Iliopoulou, E.F.; Michailof, C.M.; Pilavachi, P.A.; Lappas, A.A. A study of lignocellulosic
biomass pyrolysis via the pyrolysis of cellulose, hemicellulose and lignin. J. Anal. Appl. Pyrolysis 2014, 105, 143–150. [CrossRef]

12. Saidur, R.; Abdelaziz, E.A.; Demirbas, A.; Hossain, M.S.; Mekhilef, S. A review on biomass as a fuel for boilers. Renew. Sustain.
Energy Rev. 2011, 15, 2262–2289. [CrossRef]

13. Lee, W.; Lin, M. Preparation and application of polyurethane adhesives made from polyhydric alcohol liquefied Taiwan acacia
and China fir. J. Appl. Polym. Sci. 2008, 109, 23–31. [CrossRef]

14. Mori, R. Inorganic-organic hybrid biodegradable polyurethane resin derived from liquefied Sakura wood. Wood Sci. Technol.
2015, 49, 507–516. [CrossRef]

15. Lee, W.; Kuo, E.-S.; Chao, C.-Y.; Kao, Y.-P. Properties of polyurethane (PUR) films prepared from liquefied wood (LW) and
ethylene glycol (EG). Holzforschung 2015, 69, 547–554. [CrossRef]

16. Lee, W.-J.; Chao, C.-Y. Effect of containing polyhydric alcohol liquefied wood on the properties of thermoplastic polyurethane
resins. Eur. J. Wood Wood Prod. 2018, 76, 1745–1752. [CrossRef]

17. Li, H.; Feng, S.; Yuan, Z.; Wei, Q.; Xu, C.C. Highly efficient liquefaction of wheat straw for the production of bio-polyols and
bio-based polyurethane foams. Ind. Crops Prod. 2017, 109, 426–433. [CrossRef]

18. Chen, F.; Lu, Z. Liquefaction of wheat straw and preparation of rigid polyurethane foam from the liquefaction products. J. Appl.
Polym. Sci. 2009, 111, 508–516. [CrossRef]

19. Lee, S.-H.; Yoshioka, M.; Shiraishi, N. Liquefaction of corn bran (CB) in the presence of alcohols and preparation of polyurethane
foam from its liquefied polyol. J. Appl. Polym. Sci. 2000, 78, 319–325. [CrossRef]

20. Abdel Hakim, A.A.; Nassar, M.; Emam, A.; Sultan, M. Preparation and characterization of rigid polyurethane foam prepared
from sugar-cane bagasse polyol. Mater. Chem. Phys. 2011, 129, 301–307. [CrossRef]

21. Ye, L.; Zhang, J.; Zhao, J.; Tu, S. Liquefaction of bamboo shoot shell for the production of polyols. Bioresour. Technol. 2014, 153,
147–153. [CrossRef]

22. Kržan, A.; Kunaver, M. Microwave heating in wood liquefaction. J. Appl. Polym. Sci. 2006, 101, 1051–1056. [CrossRef]
23. Kobayashi, M.; Asano, T.; Kajiyama, M.; Tomita, B. Analysis on residue formation during wood liquefaction with polyhydric

alcohol. J. Wood Sci. 2004, 50, 407–414. [CrossRef]
24. Daneshvar, S.; Behrooz, R.; Najafi, S.K.; Sadeghi, G.M.M. Characterization of Polyurethane Wood Adhesive Prepared from

Liquefied Sawdust by Ethylene Carbonate. BioResources 2019, 14, 796–815. [CrossRef]
25. Zhang, J.; Hori, N.; Takemura, A. Optimization of agricultural wastes liquefaction process and preparing bio- based polyurethane

foams by the obtained polyols. Ind. Crops Prod. 2019, 138, 111455. [CrossRef]
26. Pan, H.; Zheng, Z.; Hse, C.Y. Microwave-assisted liquefaction of wood with polyhydric alcohols and its application in preparation

of polyurethane (PU) foams. Eur. J. Wood Wood Prod. 2012, 70, 461–470. [CrossRef]
27. Yao, Y.; Yoshioka, M.; Shiraishi, N. Water-absorbing polyurethane foams from liquefied starch. J. Appl. Polym. Sci. 1996, 60,

1939–1949. [CrossRef]
28. Demirbas, A. Conversion of black alder Alnus glutinosa L. in supercritical solvents. Energy Sources A Recovery Util. Environ. Eff.

2016, 38, 1393–1399. [CrossRef]
29. Derbyshire, F.; Jagtoyen, M. Activated carbons from yellow poplar and white oak by H3PO4, activation. Pergamon 1998, 36,

1085–1097.
30. Wang, K.; Kim, K.H.; Brown, R.C. Catalytic pyrolysis of individual components of lignocellulosic biomass. Green Chem. 2014, 16,

727–735. [CrossRef]
31. Kosmela, P.; Gosz, K.; Kazimierski, P.; Hejna, A.; Haponiuk, J.T.; Pizsczyk, Ł. Chemical structures, rheological and physical

properties of biopolyols prepared via solvothermal liquefaction of Enteromorpha and Zostera marina biomass. Cellulose 2019, 26,
5893–5912. [CrossRef]

http://doi.org/10.1007/s10924-017-1086-2
http://doi.org/10.1016/j.biombioe.2018.02.011
http://doi.org/10.1016/j.ijadhadh.2011.05.004
http://doi.org/10.1080/00914030490267618
http://doi.org/10.1016/j.porgcoat.2015.05.014
http://doi.org/10.1007/s10973-009-0418-4
http://doi.org/10.1002/app.20023
http://doi.org/10.1016/j.molstruc.2014.07.024
http://doi.org/10.1016/j.jaap.2013.10.013
http://doi.org/10.1016/j.rser.2011.02.015
http://doi.org/10.1002/app.28007
http://doi.org/10.1007/s00226-015-0707-y
http://doi.org/10.1515/hf-2014-0142
http://doi.org/10.1007/s00107-018-1338-4
http://doi.org/10.1016/j.indcrop.2017.08.060
http://doi.org/10.1002/app.29107
http://doi.org/10.1002/1097-4628(20001010)78:2&lt;319::AID-APP120&gt;3.0.CO;2-Z
http://doi.org/10.1016/j.matchemphys.2011.04.008
http://doi.org/10.1016/j.biortech.2013.11.070
http://doi.org/10.1002/app.23488
http://doi.org/10.1007/s10086-003-0596-9
http://doi.org/10.15376/biores.14.1.796-815
http://doi.org/10.1016/j.indcrop.2019.06.018
http://doi.org/10.1007/s00107-011-0567-6
http://doi.org/10.1002/(SICI)1097-4628(19960613)60:11&lt;1939::AID-APP18&gt;3.0.CO;2-W
http://doi.org/10.1080/15567036.2014.949918
http://doi.org/10.1039/C3GC41288A
http://doi.org/10.1007/s10570-019-02540-8


Materials 2021, 14, 3138 13 of 13

32. Gosz, K.; Kowalkowska-Zedler, D.; Haponiuk, J.; Piszczyk, Ł. Liquefaction of alder wood as the source of renewable and
sustainable polyols for preparation of polyurethane resins. Wood Sci. Technol. 2019, 54, 103–121. [CrossRef]

33. Amran, U.A.; Zakaria, S.; Chia, C.H.; Roslan, R.; Jaafar, S.N.S.; Salleh, K.M. Polyols and rigid polyurethane foams derived from
liquefied lignocellulosic and cellulosic biomass. Cellulose 2019, 26, 3231–3246. [CrossRef]

34. Zhang, H.R.; Pang, H.; Zhang, L.; Chen, X.; Liao, B. Biodegradability of Polyurethane Foam from Liquefied Wood Based Polyols.
J. Polym. Environ. 2013, 21, 329–334. [CrossRef]

35. Wang, Y.; Wu, J.; Wan, Y.; Lei, H.; Yu, F.; Chen, P.; Lin, X.; Liu, Y.; Ruan, R. Liquefaction of corn stover using industrial biodiesel
glycerol. Int. J. Agric. Biol. Eng. 2009, 2, 32–40. [CrossRef]

36. Krishnan, J.M.; Deshpande, A.P.; Kumar, P.B.S. (Eds.) Rheology of Complex Fluids; Springer: Cham, Switzerland, 2010. [CrossRef]
37. Parcheta, P.; Datta, J. Structure-rheology relationship of fully bio-based linear polyester polyols for polyurethanes—Synthesis and

investigation. Polym. Test. 2018, 67, 110–121. [CrossRef]
38. Hu, S.; Wan, C.; Li, Y. Production and characterization of biopolyols and polyurethane foams from crude glycerol based

liquefaction of soybean straw. Bioresour. Technol. 2013, 103, 227–233. [CrossRef]
39. Björn, A.; de La Monja, P.S.; Karlsson, A.; Ejlertsson, J.; Svensson, B.H. Rheological Characterization. In Biogass; InTech: Rijeka,

Croatia, 2012; pp. 64–76.
40. Collier, W.E.; Schultz, T.P.; Kalasinsky, V.F. Infrared Study of Lignin: Reexamination of Aryl-Alkyl Ether C—O Stretching Peak

Assignments. Holzforschung 1992, 46, 523–528. [CrossRef]
41. Sun, J.X.; Mao, F.C.; Sun, X.F. Comparative Study of Hemicelluloses Isolated with Alkaline Peroxide from Lignocellulosic

Materials. J. Wood Chem. Technol. 2007, 24, 239–262. [CrossRef]
42. Chaikumpollert, O.; Methacanon, P.; Suchiva, K. Structural elucidation of hemicelluloses from Vetiver grass. Carbohydr. Polym.

2014, 57, 191–196. [CrossRef]
43. Xu, F.; Sun, J.X.; Liu, C.F.; Sun, R.C. Comparative study of alkali- and acidic organic solvent-soluble hemicellulosic polysaccharides

from sugarcane bagasse. Carbohydr. Res. 2006, 341, 253–261. [CrossRef] [PubMed]
44. Carballo-Meilan, A.; Goodman, A.M.; Baron, M.G.; Gonzalez-Rodriguez, J. A specific case in the classification of woods by FTIR

and chemometric: Discrimination of Fagales from Malpighiales. Cellulose 2014, 21, 261–273. [CrossRef]
45. Jin, Y.; Ruan, X.; Cheng, X.; Lü, Q. Liquefaction of lignin by polyethyleneglycol and glycerol. Bioresour. Technol. 2011, 102,

3581–3583. [CrossRef]
46. Sequeiros, A.; Serrano, L.; Briones, R.; Labidi, J. Lignin Liquefaction Under Microwave Heating. Appl. Polym. 2013, 130, 3292–3298.

[CrossRef]
47. Zhang, Y.; Ikeda, A.; Hori, N.; Takemura, A.; Ono, H.; Yamada, T. Characterization of liquefied product from cellulose with

phenol in the presence of sulfuric acid. Bioresour. Technol. 2006, 97, 313–321. [CrossRef]
48. Heredia-Guerrero, J.A.; Benítez, J.J.; Domínguez, E.; Bayer, I.S.; Cingolani, R.; Athanassiou, A.; Heredia, A. Infrared and Raman

spectroscopic features of plant cuticles: A review. Front. Plant Sci. 2014, 5, 1–15. [CrossRef]
49. Javni, I.; Petrovic, Z.S.; Guo, A.; Fuller, R. Thermal stability of polyurethanes based on vegetable oils. J. Appl. Polym. Sci. 2000, 77,

1723–1734. [CrossRef]
50. Khairudin; Pramono, E.; Utomo, S.B.; Wulandari, V.; Zahrotul, A.; Clegg, F. The effect of polyethylene glycol Mw 400 and 600 on

stability of Shellac Waxfree. J. Phys. Conf. Ser. 2016, 776, 012054. [CrossRef]
51. Wei, Y.; Cheng, F.; Li, H.; Yu, J. Properties and microstructure of polyurethane resins from liquefied wood. J. Appl. Polym. Sci.

2005, 95, 1175–1180. [CrossRef]
52. Zhao, Y.; Yan, N.; Feng, M. Polyurethane foams derived from liquefied mountain pine beetle-infested barks. J. Appl. Polym. Sci.

2012, 123, 2849–2858. [CrossRef]
53. Lu, Y.; Larock, R.C. Soybean-Oil-Based Waterborne Polyurethane Dispersions: Effects of Polyol Functionality and Hard Segment

Content on Properties. Biomacromolecules 2008, 9, 3332–3340. [CrossRef] [PubMed]

http://doi.org/10.1007/s00226-019-01152-6
http://doi.org/10.1007/s10570-019-02271-w
http://doi.org/10.1007/s10924-012-0542-2
http://doi.org/10.3965/j.issn.1934-6344.2009.02.032-040
http://doi.org/10.1007/978-1-4419-6494-6
http://doi.org/10.1016/j.polymertesting.2018.02.022
http://doi.org/10.1016/j.biortech.2011.09.125
http://doi.org/10.1515/hfsg.1992.46.6.523
http://doi.org/10.1081/WCT-200038170
http://doi.org/10.1016/j.carbpol.2004.04.011
http://doi.org/10.1016/j.carres.2005.10.019
http://www.ncbi.nlm.nih.gov/pubmed/16313892
http://doi.org/10.1007/s10570-013-0093-2
http://doi.org/10.1016/j.biortech.2010.10.050
http://doi.org/10.1002/app.39577
http://doi.org/10.1016/j.biortech.2005.02.019
http://doi.org/10.3389/fpls.2014.00305
http://doi.org/10.1002/1097-4628(20000822)77:8&lt;1723::AID-APP9&gt;3.0.CO;2-K
http://doi.org/10.1088/1742-6596/776/1/012054
http://doi.org/10.1002/app.21130
http://doi.org/10.1002/app.34806
http://doi.org/10.1021/bm801030g
http://www.ncbi.nlm.nih.gov/pubmed/18937404

	Introduction 
	Experimental 
	Materials 
	Liquefaction of Oak and Alder Wood Sawdust 
	Manufacturing of Polyurethane Resins with High Bio-Polyol Content 
	Determination of Polyols Properties 
	Characterization of Polyurethanes 

	Results and Discussion 
	Characterization of Bio-Based Polyols Properties 
	FTIR Analysis of Bio-Polyols 
	Thermal Properties of Polyurethane Resin 

	Conclusions 
	References

