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Abstract

Biomass liquefaction is a thermochemical process that converts lignocellulosic materials
into reactive liquid intermediates, enabling the production of bio-based polyols as a sustain-
able alternative to petroleum-derived chemicals. This study investigates the liquefaction
of two lignocellulosic biomasses, Red Angico (Anadenanthera colubrina) and Mahogany
(Swietenia macrophylla), using a glycerol—-ethylene glycol polyalcohol system, chosen for its
renewable origin and high solvating efficiency. The resulting polyols were used to produce
polyurethane (PU) foams, and their properties were evaluated in relation to biomass com-
position. The chemical composition of each biomass significantly influenced its liquefaction
behavior and polyol characteristics. Mahogany achieved higher liquefaction efficiency,
whereas Red Angico polyols generated PU foams with superior mechanical performance,
highlighting the influence of species-specific chemistry. Water content and isocyanate index
were found to modulate foam structure and compressive strength. This work demonstrates
how tailored liquefaction strategies using polyalcohol systems can optimize bio-based PU
foam properties, providing a sustainable route for high-performance polymer materials.

Keywords: bio-based polyols; hydroxyl value; lignocellulosic biomass; liquefaction;
mechanical properties; polyurethane foams

1. Introduction

Red Angico (Anadenanthera colubrina) and Mahogany (Swietenia macrophylla) are two
representative hardwood species native to tropical and subtropical regions of the Americas,
with a strong presence in Brazil. Red Angico, locally known as Angico Vermelho, is a
native species distributed across the Northeast, Central-West, and Southeast regions of
Brazil, occurring in diverse phytogeographic domains such as the Caatinga, Cerrado,
and Atlantic Forest [1-4]. It is valued for its dense and durable wood, as well as for its
traditional medicinal applications [5]. Mahogany (Swietenia macrophylla), regarded as the
original mahogany species, naturally occurs in transitional evergreen forests, particularly
in southeastern Pard, Brazil [6]. Owing to its aesthetic quality and mechanical performance,
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mahogany is among the most valuable tropical timbers worldwide, widely used in high-
end furniture and musical instruments. Both species also play important ecological roles
and are subject to conservation concerns due to historical overexploitation.

Previous studies have demonstrated that the chemical composition of Swietenia macro-
phylla wood varies considerably depending on geographic origin, environmental con-
ditions, and analytical methodology. Reported values of cellulose, hemicellulose, and
lignin differ markedly among samples from Asia and South America, indicating strong
site-dependent variability [7,8]. In addition, mahogany wood contains significant amounts
of extractives and phytochemicals, including phenolic compounds such as flavonoids and
tannins, which contribute to its biological activity and may influence thermochemical
conversion processes [9]. In particular, extractive contents in Swietenia species range widely,
from values below 4% to more than 28%, depending on tree age, wood position, solvent
type, and regional factors [10-12]. This variability is highly relevant for biomass lique-
faction, as extractives can affect reaction efficiency, polyol composition, and subsequent
polymer performance.

In contrast, the chemical composition of Red Angico (Anadenanthera colubrina) has been
far less explored in the literature. Available studies indicate lignin contents ranging from
approximately 16% to 25%, depending on geographic origin and forest management condi-
tions, along with substantial amounts of structural polysaccharides and extractives [13,14].
These characteristics suggest that Red Angico represents a promising, yet underutilized,
lignocellulosic feedstock for thermochemical conversion processes. However, system-
atic investigations linking its chemical composition to liquefaction behavior and polymer
applications remain scarce.

Liquefaction is a well-established route for converting lignocellulosic biomass into
reactive liquid intermediates suitable for the production of bio-based polymers [15,16].
During wood liquefaction, hemicelluloses are affected first because they are the least
thermally stable and more susceptible to acid or heat-induced cleavage, followed by
cellulose, which undergoes partial depolymerization due to its crystalline structure, while
lignin is broken down last, as its complex aromatic network is more resistant, but eventually
forms soluble phenolic fragments that contribute hydroxyl groups for polyol formation [17].
Common liquefaction agents include phenol and polyhydric alcohols, typically used in
the presence of acid catalysts, as well as alternative solvents such as cyclic carbonates,
ionic liquids, and dibasic esters [18,19]. Polyhydric alcohol liquefaction, in particular, has
attracted attention due to its versatility in producing bio-based polyols for epoxy resins and
polyurethane systems [20]. The efficiency of the liquefaction process is strongly influenced
by operational parameters such as temperature, reaction time, catalyst loading, and solvent-
to-biomass ratio, while post-treatment steps, including acid neutralization, are critical to
ensure suitable reactivity toward isocyanates in polyurethane formulations [21,22].

Polyurethane (PU) foam formation involves an isocyanate, polyol, blowing agent,
catalyst, and surfactant, each contributing to the reactions that govern foam development.
Rigid PU foams are commonly produced using aromatic isocyanates such as toluene
diisocyanate and polymeric diphenylmethane diisocyanate (MDI) [23]. Catalysts typi-
cally include tertiary amines and organometallic compounds; the former mainly catalyze
the isocyanate—water reaction, while the latter promote urethane formation between iso-
cyanates and polyols [23,24]. Foam expansion is achieved using physical blowing agents,
such as n-pentane, or chemical blowing agents, most notably water, which generates carbon
dioxide through reaction with isocyanates [23]. The choice of formulation components
strongly influences foam cell structure and, consequently, its mechanical, thermal, and
acoustic properties [25]. Surfactants, most commonly silicone-based, ensure proper mixing,
stabilize the cellular structure, and prevent cell collapse during foaming [23].
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Despite the growing body of literature on biomass liquefaction, comparative stud-
ies evaluating tropical hardwood species with distinct chemical profiles under similar
processing conditions remain limited. Moreover, the direct relationship between wood
composition, liquefaction behavior, and the performance of polyurethane foams is still
insufficiently understood, particularly for native Brazilian species.

In this context, the present study aims to investigate the chemical composition and
liquefaction behavior of Red Angico (Anadenanthera colubrina) and Mahogany (Swietenia
macrophylla) and to evaluate the properties of polyurethane foams produced from the
resulting bio-based polyols. The novelty of this work lies in the comparative experi-
mental design, which systematically relates differences in lignocellulosic composition to
liquefaction efficiency, polyol characteristics, and foam performance. By directly com-
paring two tropical hardwood species with contrasting chemical profiles, this study pro-
vides new insights into the suitability of underexplored native biomasses for sustainable
polyurethane applications.

2. Materials and Methods
2.1. Materials

Red Angico (Anadenanthera colubrina) and Mahogany (Swietenia macrophylla) wood
samples were sourced from managed forest reserves in the southeastern region of Brazil.
Upon collection, the samples were air-dried to constant weight, ground using a Wiley-type
mill (Thomas Scientific, Swedesboro, NJ, USA), and classified by particle size through
standard sieving using a vibratory sieve shaker (Vibratory Sieve Shaker AS 200, Retsch
GmbH, Haan, Germany) for 30 min at 50 rpm. The sieved material was divided into
three granulometric fractions: >40 mesh (>0.450 mm), 40-60 mesh (0.250-0.425 mm) and
<60 mesh (<0.250 mm). Prior to any analysis, all fractions were oven-dried at 100 °C
for 24 h. Unless stated otherwise, the 40—-60 mesh fraction was selected for chemical
characterization and liquefaction experiments. All reagents used throughout the procedures
were of analytical grade.

2.2. Chemical Characterization

The 40-60 mesh wood fractions of Red Angico and Mahogany were analyzed for
their chemical composition, including ash, extractives (organic solvents and water), lignin
(acid-insoluble and soluble), x-cellulose, and hemicelluloses. Samples were conditioned
by oven-drying at 105 °C for a minimum of 24 h prior to analysis. All analyses were
performed in triplicate according to the Technical Association of the Pulp and Paper
Industry (TAPPI) standards. Ash content was quantified via calcination at 525 °C following
the TAPPI T 211 om-93 method [26]. Sequential Soxhlet extraction was employed for
determining extractives, using 150 mL each of dichloromethane, ethanol, and hot distilled
water, as described in TAPPI T 204 om-88 [27]. Each solvent extraction was performed
for 6 h (dichloromethane) and 16 h (ethanol and water), using 10 g of oven-dried sample
per test.

Lignin quantification was carried out using a modified Klason procedure. Initially,
72% HySOy4 hydrolysis was conducted at 30 °C for 1 h in a water bath, followed by
secondary hydrolysis with 3% H;SO4 at 120 °C in an autoclave for 1 h. The resulting
acid-insoluble residue was filtered through a G2-grade sintered glass crucible, washed with
warm water and acetone, and dried to constant weight at 100 °C. The percentage of Klason
lignin was calculated using the following formula:

Insoluble residue

Lignin(%) = Dried material 100 @
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Soluble lignin content was determined spectrophotometrically by absorbance at
205 nm.

The holocellulose content of Red Angico and Mahogany samples was determined
using the sodium chlorite-acetic acid delignification method, adapted from the procedure
described by Wise et al. [28]. Approximately 2.00 £ 0.01 g of extractive-free, oven-dried
wood material (40-60 mesh fraction) was placed in a 250 mL Erlenmeyer flask. To this,
100 mL of distilled water was added, followed by 0.3 g of sodium chlorite (NaClO,) and
0.2 mL of glacial acetic acid. The flask was sealed with a loose-fitting stopper and placed in
a water bath at 70 °C. Every 1 h, an additional 0.3 g of sodium chlorite and 0.2 mL of acetic
acid were added, and the reaction was allowed to proceed for a total of 4 h, with occasional
swirling to ensure even contact.

Upon completion of the delignification, the mixture was cooled to room temperature.
The solid residue was filtered using a G2 sintered glass crucible and washed thoroughly
with cold distilled water until the filtrate was neutral (pH ~ 7). The retained material,
composed of both cellulose and hemicelluloses, was then oven-dried at 105 °C until
constant weight.

The holocellulose content was calculated based on the dry weight of the residue
relative to the initial dry weight of the sample:

_ Dry weight of insoluble residue

Holocellulose(%) = Initial dry weight of sample x 100 @

All determinations were carried out in triplicate to ensure reproducibility.

The a-cellulose content of Red Angico and Mahogany samples was determined follow-
ing standard alkaline extraction procedures adapted from TAPPI T 429 cm-23 [29]. For each
determination, 1.00 £ 0.01 g of holocellulose was treated with 17.5% sodium hydroxide
(NaOH) solution at room temperature. The sample was stirred gently in the NaOH solution
for 30 min, promoting the dissolution of hemicelluloses and [3-/v-cellulose fractions. The
suspension was then diluted with distilled water to reduce the NaOH concentration to
approximately 8.3% and allowed to stand for 1 h. The insoluble x-cellulose was filtered
using a G2 sintered glass crucible, washed thoroughly with 1% acetic acid followed by
multiple rinses with hot distilled water until the filtrate reached neutral pH. The residue
was dried in an oven at 105 °C to constant weight.

The o-cellulose content was calculated as:

Dry weight of insoluble residue
Initial dry weight of sample

o — Cellulose(%) = x 100 3)
All measurements were performed in triplicate for accuracy.
Hemicellulose content was estimated by subtracting the values of Holocellulose and
a-cellulose.

2.3. Liquefaction

Liquefaction trials were designed to investigate the influence of temperature and
reaction time on the solvolysis of Red Angico and Mahogany wood. Experiments were
conducted in a 600 mL double-jacketed stainless-steel reactor (Parr Instrument Company,
Moline, IL, USA) equipped with mechanical stirring and temperature control, heated
externally with a thermostatic oil bath. Each liquefaction mixture contained 10 g of dried
wood particles (40-60 mesh), 100 mL of a 1:1 (v/v) blend of glycerol (87%) and ethylene
glycol as the solvent system, and 3% (w/w) sulfuric acid as a catalyst. The reaction
conditions were varied as follows: fixed temperature at 180 °C, with reaction times of 15,
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30, and 60 min and fixed reaction time of 60 min, with temperatures of 140 °C, 160 °C, and
180 °C.

Upon completion, the reaction mixtures were rapidly cooled to room temperature. The
liquefied products were diluted with methanol and vacuum-filtered to separate unreacted
residues. The efficiency of liquefaction was assessed based on the mass of residual solids
and the solubility of the filtrate.

2.4. Determination of Hydroxyl Value (OH)

The OH index was determined based on methodologies described in the literature,
which involve the potentiometric titration of the residual acetic acid after the esterification
of the free OH groups [30-32]. Approximately 20 mg of the polyol from each species were
placed in test tubes, followed by the addition of 0.1 mL of an acetylating mixture prepared
by combining 2.35 mL of acetic anhydride solution with 2 mL of pyridine. The contents
of the tubes were homogenized and kept in an oven at 50 & 2 °C for 24 h. After cooling,
10 mL of acetone and 10 mL of distilled water were added to remove residual reagents. The
mixture was then titrated with standardized 0.1 N lithium hydroxide (LiOH), and the OH
index was determined according to Equations (4) and (5).

(4)

w

IOH (rngKOgH>: 33 x OH(%) )

where V is the volume of LiOH solution required for the titration of the sample (mL);
Vb is the volume of LiOH solution required for the titration of the blank (mL); ms is the
acetylating mixture of the sample (mg); mb is the blank (acetic anhydride and pyridine) in
mg; f is the standardized titer of LiOH solution; W is the weight of the sample (mg); and
1.7 is the mass, in mg, of OH groups equivalent to 1 mL of 0.1 M LiOH.

2.5. Polyurethane Foams Production

Polyurethane (PU) foams were produced using polyols obtained from liquefied Ma-
hogany and Red Angico woods at 180 °C and 60 min. The polyols were neutralized with
NaOH and dried before been used for the production of foams.

Polymeric methylene diphenyl diisocyanate (pMDI), with a 31% NCO content and
2.7 functionality, was used as the isocyanate source. Water served as the chemical blowing
agent, reacting with the isocyanate to produce carbon dioxide, which promoted foam
expansion. A silicone-based surfactant (Tegostab) was incorporated to stabilize the foam
structure and ensure uniform cell morphology throughout the foaming process. No addi-
tional catalysts were added to the formulation (Table 1).

Table 1. Parameters chosen for polyurethane foams based on Red Angico and Mahogany polyols.

Polyol pMDI Water (Blowing Agent) Tegostab (Surfactant)
3g 1.0-4.9 5-10% 3%

Foam formulations were prepared by varying both the isocyanate index and the water
content. The isocyanate index was adjusted from 1.0 to 4.9, based on the OH number of the
liquefied wood polyols, to investigate the effect of crosslink density on foam properties.
Water content was 5%, 7.5% and 10% relative to the total polyol weight, to evaluate the
influence of gas generation on foam structure and mechanical performance.
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1)

In each experiment, the liquefied wood polyols, water, and Tegostab surfactant were
first mixed at 1500 rpm for 1 min using a high-speed mechanical stirrer to achieve a
homogeneous mixture. Subsequently, the calculated amount of pMDI was added, and
the mixture was stirred for an additional 1 min at the same speed. The reactive mixture
was then immediately poured into open cylindrical molds with a diameter of 35 mm and
allowed to freely expand at room temperature. After full expansion, the foams were cured
at ambient conditions for 48 h before testing. A 35 mm high cylindrical shape sample was
cut from the mold ensuring there was no empty spaces in the foam.

The resulting PU foams were characterized in terms of their apparent density, compres-
sive strength, and compressive modulus. The apparent density was determined according
to ASTM D1622 [33], by measuring the mass and volume of the cured foam samples. Com-
pressive strength and compressive modulus were measured following ASTM D1621 [34]
using a Servosis 1-405/5 universal testing machine (Servosis, Madrid, Spain). All mea-
surements were performed in triplicate, and the reported values represent the average of
these measurements.

In order to facilitate the understanding of the methodology adopted for foam produc-
tion, Figure 1 schematically illustrates the steps of preparing the raw material for wood
characterization (1), the liquefaction process (2), and the generation of foams from the
liquefied polyols (3).

Swietenia Anadenanthera @ )
macrophylla

40-60 mesh

colubrina

Chemical characterization of wood

Polyols obtained from liquefied S. macrophylla
and A. colubrina woods at 180°C and 60 min

-
2
[<]
o

Ash, extractives (organic
solvents and water), lignin
(acid-insoluble and soluble), a-
cellulose, and hemicelluloses.

ey
=

@SRy anate
-Water
@sigaca

Liquefaction

T —

en el cmmq
o

0 £
=% « —3C \_7)/

SULFURIC ACID

minutes) S
140 °C, 160 °C and
180 °C (60 minutes)

" 180 °C (15, 30, and 60 E | . , 35 mm

Apparent density; Compressive strength
Determination of Hydroxyl Value and compressive modulus

Figure 1. Schematic representation of the methodology for wood characterization, liquefaction
process, and production of polyurethane foams from liquefied polyols.

3. Results and Discussion

The chemical composition results obtained in this study were compared with previ-
ously reported data for Red Angico wood in order to contextualize the observed values
and assess the influence of biomass variability (Table 2). Regarding extractives, the present
study reports fractions soluble in dichloromethane of 0.22%, soluble in ethanol of 3.25%,
and soluble in hot water of 1.77%, resulting in a total extractive content of 5.24%. This
value is lower than those commonly reported in the literature for this species and for wood
samples obtained from managed forests in northeastern Brazil [13,14]. These differences
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may be attributed to variations in biomass origin, extraction methodology, solvent polarity,
and physiological characteristics of the sampled trees, highlighting the inherent variability
of lignocellulosic materials.

Table 2. Chemical composition of Red Angico and Mahogany woods.

Parameters Red l;nglco Mah;gany
(o] (]

DCM extractives 0.22 0.42
EtOH extractives 3.25 4.02
Hot water 1.77 1.70
Klason Lignin (Total) 20.63 19.51
a-Cellulose 48.44 18.24
Hemicelluloses 25.68 56.11

DCM (dichloromethane); EtOH (ethanol).

Regarding lignin content, the Klason lignin value determined in this study (20.63%) is
consistent with previously reported data, closely aligning with the 18.8% reported in the
literature, falling within the broader range observed in regional studies, which varies from
16.37% to 24.89% [4,13]. This agreement confirms that the Red Angico biomass used in the
present work is representative of the species and supports its classification as a hard-wood
with moderate to high lignin content, which is relevant for interpreting its liquefaction
behavior and subsequent performance in polyurethane foam production.

The x-cellulose content obtained in this study was 48.44%, indicating a relatively high
proportion of purified cellulose in the Red Angico biomass. Considering that glucan is
commonly used as an indirect estimate of cellulose content in compositional analyses, the
elevated «-cellulose value observed here may suggest a higher degree of fiber purity in
the analyzed samples. This difference may also be associated with methodological aspects,
since a-cellulose determination selectively isolates the pure cellulose fraction, excluding
other polysaccharides [13].

The hemicellulose content observed in this study was 25.68%, indicating a relatively
high proportion of structural polysaccharides in the Red Angico biomass. When compared
with previous reports, this value is higher than those commonly described for this species,
which may be related to differences in analytical approaches, particularly regarding the
quantification of individual sugar components and the possible contribution of galactans
and uronic acids to the hemicellulosic fraction [13]. Overall, the data obtained in this study
are consistent with previously published trends for Red Angico wood, especially regarding
lignin content, while indicating a higher proportion of structural polysaccharides (cellulose
and hemicelluloses) and a lower extractive content. These differences highlight the influ-
ence of geographic origin, forest management practices, and analytical methodologies on
the reported chemical composition of this species.

The chemical composition of Mahogany varies widely across different studies and
regions, as observed when comparing the results obtained in this study with previously
reported data (Table 2). The x-cellulose content measured here was 18.24%, indicating
a relatively low proportion of purified cellulose in the analyzed biomass. In contrast,
the hemicellulose content reached 56.11%, suggesting an unusually high proportion of
structural polysaccharides, which may be associated with differences in sample preparation,
analytical methodology, or botanical and environmental factors [35].

The Klason lignin content determined in this study was 19.51%, which is consis-
tent with values commonly reported for Mahogany wood, depending on geographic
origin and growing conditions [8,36,37]. Regarding extractives, the contents soluble in
dichloromethane (0.42%), ethanol (4.02%), and hot water (1.70%) resulted in a total ex-
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tractive content of 6.14%, indicating a relatively low proportion of extractives compared
to values frequently described in the literature [10,11,38]. Overall, the results indicate a
Mahogany sample characterized by high hemicellulose content, low cellulose content, and
relatively low extractives. These differences highlight the strong influence of geographic
origin, environmental conditions, tree physiology, and analytical methodologies on the
reported chemical composition of Mahogany wood [12].

The comparative chemical composition of Red Angico and Mahogany presented in
Table 2 reveals notable differences in their primary and extractive constituents, which may
be indicative of their respective structural and functional adaptations. Both species were
analyzed for extractives in dichloromethane, ethanol, and hot water, as well as for major
lignocellulosic components—namely, Klason lignin, o-cellulose, and hemicelluloses. Red
Angico exhibited a lower content of dichloromethane-soluble extractives (0.22%) compared
to Mahogany (0.42%), suggesting a relatively lower concentration of non-polar or lipophilic
compounds such as waxes, fats, or resin acids. Similarly, the ethanol extractives were
higher in Mahogany (4.02%) than in Red Angico (3.25%), indicating a greater abundance
of polar extractives such as phenolics and low-molecular-weight sugars in Mahogany.
In contrast, the hot water-soluble fraction was nearly identical between the two species,
with Red Angico at 1.77% and Mahogany at 1.70%, reflecting a comparable solubility of
water-soluble polysaccharides or other hydrophilic substances.

A more substantial difference is observed in the lignocellulosic matrix. Red Angico
has a higher a-cellulose content (48.44%) than Mahogany (18.24%), indicating a greater
proportion of crystalline cellulose, which is crucial for mechanical strength and resistance to
biodegradation. Conversely, Mahogany demonstrates a remarkably higher hemicellulose
content (56.11%) compared to Red Angico (25.68%). The total Klason lignin content is
slightly higher in Red Angico (20.63%) than in Mahogany (19.51%), though the difference
is marginal.

The liquefaction behavior of Red angico and Mahogany wood using polyalcohol
liquefaction at a constant temperature of 180 °C across varying reaction times, and at a
fixed reaction time of 60 min across different temperatures are presented in Figure 2a,b.
The results demonstrate clear distinctions in the reactivity and thermal behavior of the
two wood species under the tested conditions. At 180 °C, both species exhibited rapid
liquefaction within the first 15 min. Red angico reached a liquefaction percentage of
69.8%, while Mahogany achieved a significantly higher value of 84.6%, indicating greater
susceptibility of Mahogany to chemical breakdown in the early stages of the reaction. This
is most likely due to the higher hemicellulose content of Mahogany as seen in Table 2.
Hemicelluloses are known to be the most susceptible polymers to hydrolysis [39]. As the
reaction proceeded to 30 min, the liquefaction efficiency of Red Angico increased slightly to
70.0%, while Mahogany rose to 85.6%. By 60 min, Mahogany reached a liquefaction level of
93.4%, suggesting near-complete conversion, whereas Red Angico attained 73.9%, reflecting
a slower or more limited reactivity under the same conditions. Red Angico exhibits a slower
liquefaction rate due to its high cellulose and lignin content, making it more resistant to
acid hydrolysis and requiring longer times or harsher conditions; its lower hemicellulose
content results in a less easily degradable carbohydrate fraction initially, leading to a steady
but slower liquefaction process with lower yields at shorter time intervals.

Temperature-dependent liquefaction at a fixed reaction time of 60 min revealed marked
differences in the thermal behavior of the two wood species. At 140 °C, Red Angico and
Mahogany exhibited liquefaction yields of 57.9% and 68.8%, respectively, indicating a
higher initial susceptibility of Mahogany to polyalcohol-assisted thermal depolymerization.
When the temperature was increased to 160 °C, liquefaction efficiency improved for both
biomasses, reaching 70.0% for Red Angico and 83.8% for Mahogany, confirming the strong
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influence of thermal energy on biomass solubilization (Figure 2a). At 180 °C, Mahogany
reached a liquefaction yield of 93.4%, demonstrating a continuous enhancement of con-
version with temperature, whereas Red Angico showed only a slight increase to 73.9%,
suggesting that its structure becomes less responsive to further thermal intensification.
This behavior indicates that Mahogany presents a chemical composition and structural
organization more favorable to polyalcohol penetration and bond cleavage, likely due to
differences in lignin architecture and carbohydrate accessibility [40—42].

Liquefaction percentage (%)

68

—

rcentage (7o)

Red angico~ —=Mahogany

Liquefaction pe

Temperature (°C)

180

0.0

Time (min)

60

@) (b)

Figure 2. (a) Variation in liquefaction percentage with temperature for liquefaction during 60 min;
(b) variation in liquefaction percentage with time for liquefaction at 180 °C.

In contrast, Red Angico appears to reach its optimal conversion efficiency around
160 °C, which may be associated with a more condensed lignin network or a higher resis-
tance to thermal depolymerization. These results highlight the strong species dependence
of liquefaction performance and demonstrate that process conditions must be specifically
optimized for each biomass in order to maximize conversion efficiency and product yield.

The OH index of polyols derived from the liquefaction of Mahogany and Red Angico
using a glycerol and ethylene glycol cosolvent system illustrates the dynamic chemical
changes occurring during thermal processing of lignocellulosic biomass (Figure 2). Lique-
faction breaks down the complex structure of biomass, composed primarily of cellulose,
hemicellulose, and lignin, into smaller, reactive fragments. This initial depolymerization
exposes or generates free OH groups, which typically results in an increase in the OH
index, a key parameter reflecting the number of reactive sites available for further chemical
modification, such as polyurethane synthesis.

The OH index trends observed for Mahogany and Red Angico during liquefaction
at 180 °C reflect distinct differences in their chemical behavior under acidic conditions.
Mahogany shows a continuous and significant increase in OH index, from approximately
580 at 15 min to over 1200 at 60 min (Figure 2b). This steady rise indicates effective and
ongoing depolymerization, primarily driven by its high hemicellulose content (56.11%),
which is readily hydrolyzed in the presence of sulfuric acid. The continued increase beyond
30 min suggests that both hemicellulose and possibly some cellulose fractions are being
converted into OH-rich products, contributing to a higher functional group density in the
liquefied material. In contrast, Red Angico exhibits a declining OH index over the same
time range, but starting from about 1120 at 15 min and decreasing then to around 620 at
60 min. The decreasing OH index over time implies that recondensation or cross-linking
reactions may dominate as the reaction proceeds, leading to the consumption of free OH
groups and a corresponding drop in the measured index.

Overall, the data indicate that Mahogany needs more time to achieve higher OH values
(Figure 3). In contrast, Red Angico, while initially reactive, may be prone to secondary
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reactions that reduce its functional group availability, suggesting a need for shorter reaction
times or modified conditions to preserve its OH content. This decline is consistent with
the occurrence of secondary reactions such as condensation, dehydration, and thermal
degradation. These processes can consume OH groups, form water, or convert hydroxyls
into other functional groups, thus reducing the overall OH content. Similar results were
presented before were increased reaction time lead to a decrease in OH value [43]. As the
liquefaction time increased, the OH value of the polyol from wheat-straw lignocellulose
with steam-explosion pretreatment decreases.

1400
1200
1000

800

600

OH Index

400

—@— Mahogany Red Angico
200

0 10 20 30 40 50 60 70

Time (min)

Figure 3. Variation in OH index as a function of liquefaction time for polyols derived from Mahogany
and Red Angico liquefied at 180 °C.

A similar effect has been reported for higher temperatures. Previous studies have
shown that increasing the reaction temperature from 130 °C to 190 °C leads to a decrease in
the OH number of biopolyols, as observed in the liquefaction of empty fruit bunch lignin
residues and in related systems [44,45].

These contrasting trends highlight the complex interaction of depolymerization and
re-polymerization mechanisms during liquefaction. While early stages typically enhance
the OH index due to fragmentation and exposure of new OH sites, prolonged reaction
times often lead to a decline in OH content due to increased molecular weight through
polycondensation and loss of hydroxyls. This species-specific behavior is crucial for tailor-
ing liquefaction conditions to optimize the chemical functionality of resulting polyols for
applications such as bio-based resins and foams.

The compressive properties of foams synthesized from liquefied Red Angico wood
demonstrated a clear dependency on the isocyanate index, as illustrated in Figure 4. The
compressive strength increased with rising isocyanate index, suggesting an enhancement
in the mechanical integrity of the polymer matrix.

The evolution of compressive strength with increasing isocyanate index reflects the
progressive development of a more highly crosslinked polyurethane network. At an
isocyanate index of 1.06, the Mahogany-based foams exhibited a compressive strength of
approximately 80 kPa, indicating limited network formation and weak structural cohesion.
As the isocyanate index increased to 1.49 and 1.92, the compressive strength rose to about
150 kPa and 180 kPa, respectively, demonstrating that higher NCO availability promotes
more extensive urethane and urea bond formation, resulting in improved mechanical
resistance. At the highest isocyanate index of 2.45, the compressive strength reached
approximately 270 kPa, confirming that a greater degree of crosslinking leads to a more
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rigid and load-bearing foam structure. For Red Angico foams, a similar trend was observed,
but with substantially higher mechanical performance. At an isocyanate index of 2.98,
the compressive strength was approximately 400 kPa, increasing to about 460 kPa with
further NCO enrichment. At the highest isocyanate index of 4.90, the compressive strength
reached around 640 kPa, indicating the formation of a highly crosslinked and mechanically
robust network.

800
700 4 ™ Red Angico
600 1 @ Mahogany

500 A

400 A { { I
300 A
200 A

100 A
0__i,-,',l, 1 N B

1.06 1.49 1.91 2.45 2.98 3.83 4.54 4.90

Isocyanate index

Compressive strength (kPa)

Figure 4. Variation in Compressive strength with Isocyanate index for polyurethane foams derived
from for Mahogany (blue) and Red Angico (Orange). Error bars represent the standard deviation.

The markedly higher strength of Red Angico foams suggests that the chemical func-
tionality and molecular architecture of polyols derived from liquefied biomass strongly
influence network density and stress transfer efficiency. However, the large variability
observed at higher isocyanate indexes, reflected by the error bars, indicates that excessive
NCO content can lead to heterogeneous microstructures, such as irregular cell size dis-
tribution or localized over-crosslinking, which compromises the uniformity of the foam
structure. These results demonstrate that, although increasing the isocyanate index im-
proves mechanical performance, an optimal range must be established to balance strength
and structural homogeneity [46,47].

Overall, these results demonstrate that increasing the isocyanate index enhances
compressive strength of liquefied Mahogany and Red Angico-based foams similarly to the
presented before [24,48,49]. The significant variability observed across samples suggests
that optimization of formulation and processing conditions will be critical for improving
consistency and mechanical reliability in future applications.

The comparison between Mahogany and Red Angico foams becomes particularly
meaningful when considering that the first four columns of each series, those at isocyanate
indices 1.06, 1.49, 1.91, and 2.45 for Mahogany and 2.98, 3.83, 4.54, and 4.90 for Red Angico,
were all produced using the same absolute amounts of isocyanate. The difference in
isocyanate index stems from the differing OH values of the polyols: Mahogany has an OH
value of 1200 mg KOH/g, while Red Angico’s is 600 mg KOH/g. Since the isocyanate
index is based on the molar ratio of NCO groups to OH groups, Mahogany’s higher OH
value means a lower isocyanate index for the same isocyanate input.

With equal isocyanate dosage (different OH value), Red Angico foams consistently
exhibit higher compressive strength and modulus values across all corresponding points.
This suggests that Red Angico’s lower OH content leads to a more isocyanate-rich system,
favoring the formation of a stiffer, more crosslinked polymer network. In contrast, Ma-
hogany, with more OH groups relative to the same amount of isocyanate, likely forms a
network with lower crosslink density and more unreacted sites, resulting in softer foams.
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The ideal OH value for polyurethane production has been reported to be between
300 and 800 and to significantly influence the physical and thermal properties of rigid
polyurethane foams [50,51]. While properties like closed cell content, compression strength,
and dimensional stability generally improve with increasing OH value due to higher
crosslink density, other properties such as reaction times, density, and thermal conductivity
show an optimal point around 500 OH value, indicating a complex interplay between
mixture mobility and crosslinking reactions. The high OH value (~1200 mg KOH/g) of
liquefied Mahogany wood polyol can contribute to the relatively low compressive strength
observed in these rigid polyurethane foams. OH value is known to be inversely related
to the molecular weight of the polyol. A high OH number indicates a highly functional,
short-chain polyol with numerous reactive OH groups, which in turn promotes very
dense crosslinking in the polymer network. This results in a rigid, brittle foam structure
that compromises the flexibility and performance needed for applications demanding
cushioning and resilience [52]. Additionally, high OH value polyols are often highly
viscous, which hinders effective mixing and uniform cell formation. Poor dispersion and
rapid curing may lead to heterogeneous cell morphology, large cell size variance, and
defects that impair strength. According to studies, this effect has been attributed to the
excessive allophanate crosslinking between urethane linkages and residual isocyanate
groups that increases the viscosity of the reacting mixture, which slows down both the
gelling and foaming processes [50].

Figure 5 shows how the compressive modulus of foam varies with the isocyanate index
for the two types of biomass: Mahogany (blue bars) and Red Angico (orange bars). Overall,
the compressive modulus tends to increase with the isocyanate index for both materials,
but the trends and performance levels differ between them. For Mahogany-based foams,
there is a gradual increase in compressive modulus as the isocyanate index rises from 1.06
to 2.45, maxing out at around 4.5 MPa. The variability in the data, indicated by the error
bars, increases notably at an index of 1.91, suggesting inconsistent structural integrity at
this ratio. Starting at an index of 2.98, Red Angico-based foams also show a compressive
modulus increase with the isocyanate index, and continue to increase steadily, reaching
about 5.7 MPa at an index of 4.90. Despite the improved mechanical performance at higher
isocyanate indices, the broad error margins again highlight the influence of microstructural
variability on the reproducibility of compressive properties.

Red Angico

B Mahogany

1.06 1.49 1.91

2.45 2.98 3.83 4.54 4.90

Isocyanate index

Figure 5. Variation in Compressive modulus with Isocyanate index for polyurethane foams derived
from Mahogany (blue) and Red Angico (Orange). Error bars represent the standard deviation.
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Figure 6 illustrates how the compressive strength of Mahogany and Angico-based
polyurethane foams changes with varying water content, which acts as a chemical blowing
agent. The trend shows a clear decrease in compressive strength as the water content
increases from 5% to 10% and this decrease is observed for both polyols. This suggests that
lower water levels lead to denser, more compact foam structures with stronger mechanical
properties, but possibly also less consistency in cell structure. As water content increases,
compressive strength decreases, which was expected because more water generates more
CO, during the reaction, resulting in higher porosity and lower foam density. Excessive
water content can be detrimental, as it generates a negative pressure gradient due to the
rapid diffusion of CO; through the cell walls, leading to cell deformation [50].
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Figure 6. Variation in Compressive strength with water content for Mahogany (blue) and Red Angico
(Orange). Error bars represent the standard deviation.

In summary, increasing water content reduces the compressive strength of foams
due to increased porosity and decreased density. A trade-off exists between lightness and
mechanical integrity, and an optimal blowing agent level should balance both, depending
on the intended application.

4. Conclusions

This study demonstrates that the chemical composition of tropical hardwood species
plays a decisive role in biomass liquefaction efficiency, polyol functionality, and the resulting
mechanical performance of rigid polyurethane foams. Red Angico (Anadenanthera colubrina)
and Mahogany (Swietenia macrophylla) exhibited markedly different behaviors throughout
the liquefaction and foam production stages, highlighting the importance of species-specific
processing strategies for bio-based polyurethane systems.

Mahogany, characterized by its high hemicellulose content, showed superior lique-
faction efficiency, achieving up to 93.4% conversion at 180 °C after 60 min. This behavior
reflects the higher susceptibility of hemicelluloses to acid-catalyzed depolymerization,
resulting in polyols with very high hydroxyl values (~1200 mg KOH/g). However, de-
spite the high degree of liquefaction and OH functionality, the resulting polyols led to
polyurethane foams with comparatively lower compressive strength and modulus. This
outcome is attributed to excessive polyol reactivity and viscosity, which likely impaired
foam cell homogeneity and promoted overly brittle polymer networks.

In contrast, Red Angico exhibited lower liquefaction yields under the same conditions,
consistent with its higher cellulose and lignin contents, which confer greater resistance to
acid hydrolysis. Nevertheless, the polyols obtained from Red Angico presented moderate

https:/ /doi.org/10.3390/ma19020417


https://doi.org/10.3390/ma19020417

Materials 2026, 19, 417

14 of 16

References

hydroxyl values (=600 mg KOH/g), falling within the optimal range reported for rigid
polyurethane applications. As a result, Red Angico-based foams displayed significantly
superior compressive strength and modulus when produced with equivalent isocyanate
amounts, indicating a more favorable balance between crosslink density, network formation,
and cellular structure.

The mechanical performance of the foams was strongly influenced by the formulation
parameters. Increasing the isocyanate index raised both the strength and the compression
modulus for both biomass-derived polyols, confirming the critical role of crosslink density
in the performance of rigid foams. On the other hand, increasing the water content
led to a systematic reduction in compressive strength due to higher porosity and lower
apparent density, emphasizing the need to optimize blowing agent levels according to the
intended application.

Overall, these results demonstrate that high liquefaction yield and high hydroxyl
value do not necessarily translate into superior polyurethane foam performance. Instead,
an appropriate balance between biomass composition, liquefaction conditions, and polyol
functionality is essential. The findings highlight Red Angico as a particularly promising,
yet underexplored, renewable feedstock for the production of high-performance bio-based
polyurethane foams, while Mahogany-derived polyols may require additional formulation
or processing adjustments to fully exploit their high reactivity.

This work provides new insights into the structure—process—property relationships
governing lignocellulosic biomass liquefaction and polyurethane foam formation. Future
studies should focus on refining liquefaction conditions, controlling recondensation re-
actions, and tailoring polyol molecular architecture to further enhance foam uniformity,
durability, and scalability, contributing to the development of sustainable alternatives to
petroleum-based polyurethane materials.

Author Contributions: Conceptualization, B.E. and E.S.; methodology, E.S., B.d.S5.C.,, M.F, AT.d.A.
and F.G.; software, E.S. and L.C.-L.; investigation, E.S. and B.E.; resources, formal: B.E. and L.C.-L.;
analysis: E.S. and 1.D.; writing—original draft., E.S. writing—review and editing, FG., B.E. and
L.C.-L.; supervision, B.E. and F.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Research Support Foundation of Espirito Santo (FAPES),
under Edital FAPES No 04/2022 (PROAPEM), Term of Grant/Scholarship No 311/2023, and by the
Coordination for the Improvement of Higher Education Personnel (CAPES) through scholarship
and research support (Funding Code 001) and by CERNAS-IPV Research Centre under the project
UIDB/00681 /2025 (DOI 10.54499 /UIDP /00681 /2025).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT version
5 for the description of results and text improvement. The authors have reviewed and edited the
output and take full responsibility for the content of this publication.

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

1.  Whistler, R.L. Hemicelluloses. In Industrial Gums; Academic Press: San Diego, CA, USA, 1993; pp. 295-308.
2. Bajpai, P. Physical and Chemical Characteristics of Lignocellulosic Biomass. In Lignocellulosic Biomass in Biotechnology; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 11-24.

https://doi.org/10.3390/ma19020417


https://doi.org/10.3390/ma19020417

Materials 2026, 19, 417 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

Bajpai, P. Xylan Occurrence and Structure. In Microbial Xylanolytic Enzymes; Academic Press: San Diego, CA, USA, 2022;
pp- 13-28.

Montoya, ].D.M.; da Silva, ].A.A.; Braz, R.L.; Lana, M.D.; Lazo, D.A.A.; Gallo, R.; Cespedes, G.H.G.; Ferreira, R.L.C. Chemical
Composition and Energy Potential of Woody Species in Dry Forest: Subsidies for Sustainable Forest Management. Agrdria-Rev.
Bras. Ciéncias Agrdrias 2023, 18, €2868. [CrossRef]

Delices, M.; Muller, J.d.A.L; Arunachalam, K.; de Oliveira Martins, D.T. Anadenanthera colubrina (Vell) Brenan: Ethnobotanical,
Phytochemical, Pharmacological and Toxicological Aspects. J. Ethnopharmacol. 2023, 300, 115745. [CrossRef]

Grogan, J.; Ashton, M.S.; Galvao, ]. Big-Leaf Mahogany (Swietenia macrophylla) Seedling Survival and Growth across a Topographic
Gradient in Southeast Pard, Brazil. For. Ecol. Manag. 2003, 186, 311-326. [CrossRef]

Rajagopalan, G.; Shanmugavelu, K.; Yang, K.-L. Production of Prebiotic-Xylooligosaccharides from Alkali Pretreated Mahogany
and Mango Wood Sawdust by Using Purified Xylanase of Clostridium Strain BOH3. Carbohydr. Polym. 2017, 167, 158-166.
[CrossRef]

Mulhidin, M.; Yuliansyah, A.T.; Prasetya, A. Hydrothermal Liquefaction of Mahogany (Swietenia macrophylla) Sawdust. J[BAT
2018, 7, 12-17. [CrossRef]

Asmara, A.P; Hernawan, U.; Nuzlia, C.; Maryana, R. Antibacterial Bioactivity of N-Hexane Extract from Mahogany (Swietenia
humilis Zucc.) Seed and Its Fatty Acid Compound Identification. IOP Conf. Ser. Earth Environ. Sci. 2019, 251, 12016. [CrossRef]
Quifones, ].G.R.; Windeisen, E.; Strobel, C. Polysaccharide von Swietenia macrophylla King. Holz Als Roh- Und Werkst. 1998, 56,
234. [CrossRef]

Gala, S.; Sumarno, S.; Mahfud, M. Comparison of Microwave and Conventional Extraction Methods for Natural Dyes in Wood
Waste of Mahogany (Swietenia mahagoni). J. Appl. Eng. Sci. 2020, 18, 618-623. [CrossRef]

Arisandi, R.; Marsoem, S.N.; Lukmandaru, G.; Sutapa, J. The Changes of Extractive Contents of Young Swietenia mahagoni (L.)
Jacq Trees during Heartwood Formation. For. Stud. 2021, 75, 64-79. [CrossRef]

Villanueva, C.C.; Quispe, L.F,; Lidén, G. Study of Sulphuric Acid Catalysed Steam Pretreatment of the Hardwood Anadenanthera
colubrina. ENERLAC Rev. Energia Latinoamérica Caribe 2018, 2, 56-70.

Dias Janior, A.F; Andrade, C.R.; Protésio, T.d.P.; de Melo, I.C.N.A; Brito, J.O.; Trugilho, P.F. Pyrolysis and wood by-products of
species from the Brazilian semi-arid region. Sci. For. 2018, 46, 65-75. [CrossRef]

Zhang, Q.; Zhao, G.; Yu, L,; Jie, S. Preparation of Liquefied Wood-Based Resins and Their Application in Molding Material. For.
Stud. China 2007, 9, 51-56. [CrossRef]

Lin, R.; Sun, J.; Yue, C.; Wang, X.; Tu, D.; Gao, Z. Study on Preparation and Properties of Phenol-Formaldehyde-Chinese Fir
Liquefaction Copolymer Resin. Maderas Cienc. Tecnol. 2014, 16, 159-174. [CrossRef]

Esteves, B.; Dulyanska, Y.; Costa, C.; Ferreira, ].V.; Domingos, L; Pereira, H.; de Lemos, L.T.; Cruz-Lopes, L.V. Cork Liquefaction
for Polyurethane Foam Production. BioResources 2017, 12, 2339-2353. [CrossRef]

Xie, T.; Chen, F. Fast Liquefaction of Bagasse in Ethylene Carbonate and Preparation of Epoxy Resin from the Liquefied Product.
J. Appl. Polym. Sci. 2005, 98, 1961-1968. [CrossRef]

Hrastnik, D.; Budija, F; Humar, M.; Petri¢, M. Influence of Liquefied and CCB Containing Liquefied Wood on Growth of Wood
Decay Fungi. Maderas Cienc. Tecnol. 2013, 15, 105-118. [CrossRef]

da Silva, S.H.E,; Egiiés, I.; Labidji, J. Liquefaction of Kraft Lignin Using Polyhydric Alcohols and Organic Acids as Catalysts for
Sustainable Polyols Production. Ind. Crops Prod. 2019, 137, 687—693. [CrossRef]

Pan, H.; Shupe, T.E; Hse, C.Y. Characterization of Novolac Type Liquefied Wood /Phenol/Formaldehyde (LWPF) Resin. Eur. J.
Wood Wood Prod. 2009, 67, 427-437. [CrossRef]

D’Souza, J.; Camargo, R.; Yan, N. Biomass Liquefaction and Alkoxylation: A Review of Structural Characterization Methods for
Bio-Based Polyols. Polym. Rev. 2017, 57, 668-694. [CrossRef]

Mahmood, N.; Yuan, Z.; Schmidt, J.; Xu, C. Depolymerization of Lignins and Their Applications for the Preparation of Polyols
and Rigid Polyurethane Foams: A Review. Renew. Sustain. Energy Rev. 2016, 60, 317-329. [CrossRef]

Yan, Y;; Pang, H.; Yang, X.; Zhang, R.; Liao, B. Preparation and Characterization of Water-blown Polyurethane Foams from
Liquefied Cornstalk Polyol. J. Appl. Polym. Sci. 2008, 110, 1099-1111. [CrossRef]

Soares, B.; Gama, N.; Freire, C.; Barros-Timmons, A.; Brandao, I.; Silva, R.; Pascoal Neto, C.; Ferreira, A. Ecopolyol Production
from Industrial Cork Powder via Acid Liquefaction Using Polyhydric Alcohols. ACS Sustain. Chem. Eng. 2014, 2, 846-854.
[CrossRef]

T 211 Om-22; Ash in Wood, Pulp, Paper and Paperboard: Combustion at 525 Degrees C, Test Method. TAPPI Press: Atlanta, GA,
USA, 2022.

T204 Cm-07; Solvent Extractives of Wood and Pulp, Test Method. TAPPI Press: Atlanta, GA, USA, 2007.

Wise, L.; Murphy, M.; D’Addieco, A. Chlorite Holocellulose, Its Fractionation and Bearing on Summative Wood Analysis and on
Studies on the Hemicelluloses. Pap. Trade |. 1946, 122, 35-42.

T 429 Cm-23; Alpha-Cellulose in Paper, Test Method. TAPPI Press: Atlanta, GA, USA, 2023.

https:/ /doi.org/10.3390/ma19020417


https://doi.org/10.5039/agraria.v18i1a2868
https://doi.org/10.1016/j.jep.2022.115745
https://doi.org/10.1016/S0378-1127(03)00298-6
https://doi.org/10.1016/j.carbpol.2017.03.021
https://doi.org/10.15294/jbat.v7i1.12410
https://doi.org/10.1088/1755-1315/251/1/012016
https://doi.org/10.1007/s001070050308
https://doi.org/10.5937/jaes0-23695
https://doi.org/10.2478/fsmu-2021-0012
https://doi.org/10.18671/scifor.v46n117.06
https://doi.org/10.1007/s11632-007-0009-z
https://doi.org/10.4067/s0718-221x2014005000013
https://doi.org/10.15376/biores.12.2.2339-2353
https://doi.org/10.1002/app.22370
https://doi.org/10.4067/S0718-221X2013005000010
https://doi.org/10.1016/j.indcrop.2019.05.075
https://doi.org/10.1007/s00107-009-0337-x
https://doi.org/10.1080/15583724.2017.1283328
https://doi.org/10.1016/j.rser.2016.01.037
https://doi.org/10.1002/app.28692
https://doi.org/10.1021/sc400488c
https://doi.org/10.3390/ma19020417

Materials 2026, 19, 417 16 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Vieira, ER.; Barros-Timmons, A.; Evtuguin, D.V,; Pinto, P.C.R. Effect of Different Catalysts on the Oxyalkylation of Eucalyptus
Lignoboost® Kraft Lignin. Holzforschung 2020, 74, 567-576. [CrossRef]

Dulyanska, Y.; Cruz-Lopes, L.; Esteves, B.; Guiné, R.; Domingos, I. FTIR Monitoring of Polyurethane Foams Derived from
Acid-Liquefied and Base-Liquefied Polyols. Polymers 2024, 16, 2214. [CrossRef]

Silva, E.; Esteves, B.; Domingos, I.; Almeida, M.; Aratjo, B.; Chaves, I.; Fassarella, M.; Lelis, R.; Paes, J.; Carvalho, L.; et al.
Chemical Modification of Pachira aquatica Oil for Bio-Based Polyurethane Wood Adhesives. Forests 2025, 16, 1843. [CrossRef]
D1622-20; Test Method for Apparent Density of Rigid Cellular Plastics. D20 Committee ASTM International: West Conshohocken,
PA, USA, 2020. [CrossRef]

D1621-16; Test Method for Compressive Properties of Rigid Cellular Plastics. D20 Committee ASTM International: West
Conshohocken, PA, USA, 2023. [CrossRef]

Lupoi, J.S. Analytical Methods for Lignocellulosic Biomass Structural Polysaccharides. In Polysaccharides; Ramawat, K., Mérillon,
J.M., Eds.; Springer: Cham, Switzerland, 2015.

Karlinasari, L.; Nawawi, D.S.; Widyani, M. Kajian Sifat Anatomi Dan Kimia Kayu Kaitannya Dengan Sifat Akustik Kayu.
Bionatura 2010, 12, 110-116.

Silvy, N.; Reza, M.D.S.; Uddin, M.D.N.; Akther, M. Comparison between Different Components of Some Available Hardwood
and Softwood in Bangladesh. J. Biotechnol. Biochem. 2018, 4, 1-5. [CrossRef]

Taylor, A.M.; Baek, S.; Jeong, M.; Nix, G. Wood Shrinkage Prediction Using NIR Spectroscopy. Wood Fiber Sci. 2008, 40, 301-307.
Zhang, H.; Pang, H.; Shi, ].; Fu, T.; Liao, B. Investigation of Liquefied Wood Residues Based on Cellulose, Hemicellulose, and
Lignin. J. Appl. Polym. Sci. 2012, 123, 850-856. [CrossRef]

Nakamura, A.; Miyafuji, H.; Saka, S. Liquefaction Behavior of Western Red Cedar and Japanese beech in the ionic liquid
1-ethyl-3-methylimidazolium chloride. Holzforschung 2010, 64, 289-294. [CrossRef]

Ugovsek, A.; Sernek, M. Kinetics and mechanisms of wood liquefaction. Mater. Sci. 2011, 63, 405.

Zhang, H.; Yang, H.; Guo, H.; Huang, C.; Xiong, L.; Chen, X. Kinetic Study on the Liquefaction of Wood and Its Three Cell Wall
Component in Polyhydric Alcohols. Appl. Energy 2014, 113, 1596-1600. [CrossRef]

Jin, Y.Q.; Zhang, Y.Z.; Cheng, X.S. Preparation and Characterization of Liquefaction Polyol of Wheat-Straw Lignocellulose. Adv.
Mater. Res. 2012, 472, 2828-2833. [CrossRef]

Wang, Z.; An, Z. Effect of Liquefying Agents Mixed with Lower Alcohols and Catalyst on the Microwave Driven Liquefaction of
Wood. Adv. Mater. Res. 2014, 1025-1026, 651-655. [CrossRef]

Lee, Y.; Tran, M.H.; Lee, E.Y. Acid-Base-Catalyzed Two-Step Liquefaction of Empty Fruit Bunch Lignin Residue for Preparation
of Biopolyol and High-Performance Biopolyurethanes. Wood Sci. Technol. 2021, 55, 315-330. [CrossRef]

Tao, Z.; Yang, Q.; Huo, D.; Zhang, F; Zhang, Y.; Chen, Z. Preparation of Bio-Based Polyurethane Foams from Liquefied Cassava
Bagasse and Polymeric Diphenylmethane Diisocyanate. BioRes 2019, 14, 8257-8266. [CrossRef]

Kosmela, P; Hejna, A.; Suchorzewski, J.; Piszczyk, L.; Haponiuk, ].T. Study on the Structure-Property Dependences of Rigid
PUR-PIR Foams Obtained from Marine Biomass-Based Biopolyol. Materials 2020, 13, 1257. [CrossRef] [PubMed]

Hu, S.; Luo, X.; Li, Y. Polyols and Polyurethanes from the Liquefaction of Lignocellulosic Biomass. ChemSusChem 2014, 7, 66-72.
[CrossRef]

Cruz-Lopes, L.; Dulyanska, Y.; Lopes, R.; Domingos, I; Ferreira, J.; Esteves, B. Valorization of Arbutus Unedo L. Bark Through
Chemical Composition Analysis, Liquefaction, and Bio-Based Foam Production. Agronomy 2024, 14, 2893. [CrossRef]

Lim, H.; Kim, S.H.; Kim, B.K. Effects of the Hydroxyl Value of Polyol in Rigid Polyurethane Foams. Polym. Adv. Technol. 2008, 19,
1729-1734. [CrossRef]

Li, Y,; Ragauskas, A.J. Kraft Lignin-Based Rigid Polyurethane Foam. ]. Wood Chem. Technol. 2012, 32, 210-224. [CrossRef]
Matsufuji, M.; Kunihiro, T.; Miyata, A.; Matsumoto, S.; Sano, K.; Hiraide, T. Polyol, Polyol Composition, and Soft Polyurethane
Foam Comprising the Composition 2013. EP 2602275 A1, 6 December 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ma19020417


https://doi.org/10.1515/hf-2019-0274
https://doi.org/10.3390/polym16152214
https://doi.org/10.3390/f16121843
https://doi.org/10.1520/d1622-20
https://doi.org/10.1520/d1621-16
https://doi.org/10.9790/264X-04010105
https://doi.org/10.1002/app.34521
https://doi.org/10.1515/hf.2010.042
https://doi.org/10.1016/j.apenergy.2013.09.009
https://doi.org/10.4028/www.scientific.net/AMR.472-475.2828
https://doi.org/10.4028/www.scientific.net/AMR.1025-1026.651
https://doi.org/10.1007/s00226-021-01267-9
https://doi.org/10.15376/biores.14.4.8257-8266
https://doi.org/10.3390/ma13051257
https://www.ncbi.nlm.nih.gov/pubmed/32164320
https://doi.org/10.1002/cssc.201300760
https://doi.org/10.3390/agronomy14122893
https://doi.org/10.1002/pat.1188
https://doi.org/10.1080/02773813.2011.652795
https://doi.org/10.3390/ma19020417

	Introduction 
	Materials and Methods 
	Materials 
	Chemical Characterization 
	Liquefaction 
	Determination of Hydroxyl Value (OH) 
	Polyurethane Foams Production 

	Results and Discussion 
	Conclusions 
	References

