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Abstract: Wood has been employed for millennia as a versatile structural material in various
applications, from furnishings and household items to components in the automotive, aerospace, and
energy sectors. However, its limited strength and toughness often constrain its use in high-
performance applications. To address these limitations, numerous densification methods—often
relying on aggressive chemical or thermal modifications —have been developed to improve wood’s
mechanical properties and dimensional stability under moisture variation. In this study, a
sustainable, low-cost hydrothermal densification method using a Teflon-lined system is proposed as
a green alternative to conventional alkali-based processes. The investigation compares the effects of
traditional alkali treatment and the proposed hydrothermal method on the structural integrity of oak
wood cell walls. Various analytical techniques, including Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC), and Dynamic Mechanical Analysis (DMA), were employed to evaluate
surface color changes, microstructural alterations, and chemical composition of both as received and
treated wood samples. Results reveal that the degree of cell wall degradation varies significantly
depending on the treatment and temperature. Alkali-treated samples exhibited the most pronounced
structural damage, while the hydrothermally treated wood retained a porous microstructure with
finer pore distribution. FTIR analysis confirmed hemicellulose degradation in both treatments,
indicated by the reduction or disappearance of the C=O absorption peak. Importantly, the
hydrothermal method achieved up to a 19.6% increase in storage modulus compared to alkali-treated
samples, suggesting improved mechanical performance with lower environmental impact. These
findings underscore the potential of the hydrothermal densification process as an environmentally
friendly and effective pre-treatment for enhancing wood properties, making it a promising strategy
for future integration into composite material manufacturing.

Keywords: oak wood; green hydrothermal method; thermal treatment; wood densification

1. Introduction

Recently, researchers and industrial scientists have focused the attention on wood modification
in order to reduce its sensitivity to moisture and improve its properties. Therefore, different
techniques, based on thermal, chemical resin impregnation procedures, have been investigated and
developed in order to modify and enhance the wood mechanical characteristics. The first applications
of densified wood date back to 1930s, when metal materials of USA and Germany military army were
replaced by densified wood. Then, different approaches, based on compression by temperature aid,
have been investigated to produce densified wood. In some studies, it has been observed that the
effective improvement of wood physical and mechanical properties can be attained by thermal
treatments, impregnation or densification processes. Among these processes, the compression along

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


https://doi.org/10.20944/preprints202505.0481.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 May 2025

the transverse direction [1-3] provide the wood densification and the improvement of its mechanical
performances [4-9]. Before compression, the wood can be heated at high temperatures [10], softened
with hot steam [11], chemical treated [12] or impregnated with resins [13,14].

Wood consists mainly of cellulose, hemicellulose and lignin. Cellulose is in a very rigid packing
crystalline form, able to form hydrogen bonds responsible for wood strength. Lignin provides a
protective cover around the cellulose structure and is strongly interconnected. It binds cellulose fibers
and ensures stiffness to the cell walls. Hemicellulose is strongly bound to cellulose fibrils, it has an
amorphous structure and hydrophilic characteristics. Due to its hydrophilic nature, the water
molecules can absorb it reducing its dimensional stability.

Song et al. [15] developed a wood densification method, based on a chemical bath in a water
solution of sodium hydroxide (NaOH) and sodium sulfite (Na25Os) that enables the removal of a part
of cellulose, hemicellulose, lignin, and other carbohydrates. Hemicellulose is degraded in acid
conditions, this condition condenses the lignin and decreases its removal. Delignification treatments
are carried out by means of ethanol, alkali, and ionic liquids sodium hydroxide (NaOH) is commonly
used in alkali treatment which helps to solubilize and extract lignin by influencing the acetyl group
in hemicellulose and bonds of lignin-carbohydrate ester. After this treatment, wood is then
compressed and reduces its volume up to 80% and significantly improves its mechanical properties
compared to non-treated wood. The resulting product is characterized by high values of strength and
resistance to punctures that depend not only on the densification, but also on the formation of new
hydrogen bonds due to the increased order and compression of cellulose nanofibers. In addition, a
significant reduction in elastic recovery is observed due to the content reduction of hemicellulose and
lignin, affecting the shape stabilization and quasi-elastic recovery respectively. The density of the
wood is an index of its mechanical performance: lowering the number of defects enhances its density
and mechanical behavior. The aggressive effects of acids formed through the demolition of wood
carbohydrates during the alkali treatment involve high chemical recovery costs. The most promising
methods are based on the combined use of heat, moisture, and mechanical action the Thermo-Hydro-
Mechanical treatments [16-19]. These procedures can improve the intrinsic properties of wood,
without changing its characteristics, and improve the poor mechanical properties of low-density
wood. The Thermo-Hydro-Mechanical treatment, in fact, adopts a mechanical compression
perpendicular to the grain and densify the wood. Process parameters, affecting the properties of
densified material, are the applied stress level, process temperature and the environment steam
conditions during densification [20,21]. In addition, in the densified wood a through thickness
density profile can be evidenced that varies with the degree of densification and depends on the
temperature and moisture gradients generated by the densification process, on the application time
of the compression stress and, hence, on the glass transition of the wood walls [22,23]. In general, it
has been observed that the density increase affects the strength and stiffness of the wood material
[24,25]. Moreover, among the different thermal treatments, the most promising and interesting
method is the hydrothermal modification [26-28]. It works in presence of steam or liquid water under
pressure or vacuum at various temperature levels and reduces the equilibrium moisture content of
treated wood samples, by providing consequently the improvement of dimensional stability. The
moisture reduction is determined by heat action on the reduction hydroxyl groups [29]. The
application of this method makes more hydrophobic the wood that absorbs less water and less
susceptible to fungal growth [30-32]. Some Thermo-Hydro-Mechanical processes have a high
material yield and consume little energy, and thus are economically advantageous compared to the
processing of other materials [16]. However, the technical and environmental performance of these
processed wood products is not always competitive and have to be improved.

Oak is a hardwood used for thousands of years. It can be modified by chemical, physical or
biological treatments that change the chemical composition and enable the realization of a new
material.

In this study, a new hydrothermal method, based on the treatment of oak wood slices in a Teflon-
lined stainless steel autoclave, is proposed. In particular, the treatment, performed in a water/ethanol
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solution at a temperature of 195°C for 80 minutes, involves the pressing of wood pieces by heat
application, inducing to the total collapse of wood cell walls and the high alignment of cellulose
nanofibres. The morphological, physical, mechanical and chemical properties of treated wood by
hydrothermal method have been investigated, analyzed and compared with the respective
characteristics of wood treated by more conventional alkali modification method.

2. Materials and Methods

Oak (Quercus) wood slices, from Naples Gardens (Italy) of size 10x10 cm with a thickness of 1
cm, were used in this study. Oak samples were cut and stored at an average moisture content of about
70%. The wood growth rings were uniformly oriented.

Sodium sulfite (Na25Os), Sodium hydroxide (NaOH), Ethanol 99% v/v, and other chemical
reagents, purchased from Merck Life Science (Milano, Italy), were used as received.

2.1. Densification of Wood

Wood samples treated by traditional alkali processes were compared with similar samples
subjected to the green hydrothermal method in terms of structural effects suffered by the cell walls
(see Figure 1).

In this study, the alkali process has been performed by firstly immersing oak wood blocks
(sample size 10 x 10 cm, and 5 mm of mean thickness) in a boiling aqueous solution consisting of 2.5
M NaOH and 0.4 M Naz50:s for 7 hours and then in boiling deionized water repeatedly to remove
chemicals [15]. The ratio wood slice/liquid volume was 10x10 cm/ 700 mL of alkali solution. The
obtained wood blocks were pressed at 100 °C at about 5 MPa for about 24 hours (see Figure 1).

Unlike traditional wood hydrothermal methods, in this research the treatment was performed
in presence of water in a sealed closed Teflon-lined autoclave, where the temperature and pressure
were fixed and determined the thermodynamic by affecting the degradation of all components of
wood. The temperature was selected above 160°C, in order to promote the drastic decomposition of
wood tissue. The fixed pressure eased to push the liquid into the wood cell gaps or through the
grooves, inducing cracks in the intercellular layer. No hazardous chemicals were used, but only water
as the treatment medium and ethanol to catalyze the chemical reaction of extraction of lignin,
converting hydrophilic (-OH-) groups into more hydrophobic groups and decreasing the
equilibrium moisture content. It is known that high quantities of the hemicelluloses can be easily
extracted at water temperatures of about 180-200 °C. Therefore, oak wood blocks (sample dimension
10x5 cm) were first immersed in a water/ethanol solution 10% v/v and then transferred to a Teflon-
lined stainless steel autoclave with an external height of 17 cm and diameter of 7 cm, having the
Teflon chamber with height of 8 cm and diameter of 4.5 cm, which was sealed and maintained at
195°C for 80 min. The ratio wood slice/liquid volume was 10x5 cm/ 40 mL of water-ethanol. The use
of the closed Teflon autoclave settled the thermodynamic conditions of the reaction that advanced
faster and deeply as extraction of lignin occurred from the external layers. In this way, a reduction in
chemical reaction time was attained and, only wood pulp was formed as sub-waste”

Finally, also for this procedure, the wood blocks were repeatedly immersed in deionized water
to remove chemicals and residues. The densified wood blocks were, then, obtained after compression
at 100 °C under a pressure of about 5 MPa for about 24h (see Figure 1).
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Figure 1. Scheme of the hydrothermal process compared to alkali treatment.

To evaluate both structural/morphological properties and thermodynamic/functional properties
of oakwood before and after densification treatments several experimental techniques have been
used. In each case, at least 5 measurements were performed to ensure the reproducibility of the
results.

The content of cellulose, hemicellulose, and lignin before and after the treatment was
determined. In particular, the content of Cellulose was evaluated by means of the Kiirschner-Hoffer
method [35], the Lignin by ASTM D 1106 — 96 and Seifert’s cellulose by means of Acetylacetone
method [36]. Based on the Kiirschner-Hoffer method wood-extracted sawdust (1g) is boiled with a
mixture of concentrated HNOs and 95% ethyl alcohol (1:4) in a flask under reflux for 1 h. After
filtering, washing (ethanol, HNOs and hot water) and drying in an oven at a temperature of 105 °C
to constant weight, the amount of cellulose was determined gravimetrically. The procedure
according to ASTM D 1106-96 is based on two-stage treatment with sulfuric acid. The brown lignin
precipitate settled, filtered through a weighed glass filter, and thoroughly washed with hot water
followed by drying in an oven at a temperature of 105 °C to constant weight, and the amount of lignin
was determined gravimetrically. About the Acetylacetone method: 1 g of extracted sawdust was
heated in a boiling water bath for 30 min in a mixture of acetylacetone, dioxane and HCI (37% w/w).
Cooling was followed by the addition of methanol, hot water and dioxane. Subsequently, the sample
was dried to constant weight in an oven at a temperature of 105 °C and the amount of Seifert cellulose
was determined gravimetrically. The content of hemicelluloses was measured as the difference
between the holocellulose and cellulose content.

Scanning Electron Microscopy and X-Ray Microanalysis (SEM-EDX)

The morphology of oak wood was investigated by scanning electron microscopy (SEM) using a
field emission instrument Quanta 200 FEG. Sample was covered with a layer of gold/palladium alloy
in a high resolution metallizer Emitech K575X. X-Ray microanalysis was performed by EDX Inca
Oxford 250 instrument. The cut directions were the same for all samples.

Thermogravimetri Analysis

The specimens were scanned by a TA Instruments Q500 TGA (TA Instruments, New Castle,
Delaware, USA) under air atmosphere conditions at heating rate of 10°C/min from environmental
temperature to 800 °C.

Differential Scanning Calorimetry

The specimens were double scanned by a TA Instruments TRIOS Q5000 DSC (TA Instruments,
New Castle, Delaware, USA) under air atmosphere at heating rate of 10°C/min from -50°C to 250°C.
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Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) measurements on the wood samples have been
performed with Perkin Elmer FTIR-NIR Spectrum Frontier ((System 2000 FT-IR, Perkin-Elmer,
Waltham, MA, USA) to estimate principal chemical bonds present on the samples and to verify any
changes induced by the processes.

Dynamic Mechanical Analysis (DMA)- Three Point Bending

The Dynamic Mechanical Analyzer (DMA) instrument is used to detect the viscoelastic
properties by applying either a small oscillating strain to the sample and measuring the resulting
stress or a periodic stress and the resulting strain. Samples were analyzed by a TA Instruments 2980
Dynamic Mechanical Analyzer (TA Instruments, New Castle, Delaware, USA). Experimental
measurements were carried out on five different specimens.

3. Results
3.1. Effects of Alkali and Hydrothermal Modification on Oak Wood Properties Morphology

After the alkali and hydrothermal process, the degradation of hemicellulose caused the
production of chromophores and the color change of oak wood samples due to chemicals and high
temperature. In particular, as the treatment temperature and time increase, the treated wood was
more dark [33].

Figures 2 shows structural modifications that occur during densification modification both by
means of alkali and hydrothermal process.

Alkali Treatment

\' Stop Bar

4
il
— =

1

Hot Pressing

3

Hydrothermal
Treatment

2b)

Figure 2. Morphological analysis by SEM of untreated oak; porous oak after alkali method; Oak after pressing
treatment 2a); untreated oak porous oak after green method; Oak after pressing treatment 2b).
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Clearly, the wood becomes more porous and less rigid after the chemical treatment. Oak wood
treated in diluted acid aqueous solution showed the greatest damage, where both the middle lamella
layers and the secondary cell wall were significantly destroyed. Upon hot-pressing at 100°C along
the transverse direction to the wood growth, the porous wood cell walls collapse entirely, realizing a
densified wood with a thickness reduction to about 23%.

Conversely, for samples subjected to hydrothermal treatment, a porous structure of the wood
with small pores is noted, the cell walls are not destroyed and cracks are formed in the central
lamellar layers. Hot pressing causes the porous wood cells to collapse, the thickened piece of wood
shrinks in thickness to about 67%, compared to alkali treatment.

3.2. Chemical Properties

As already mentioned the oak wood cell walls consist of cellulose, hemicellulose, lignin, and
small amounts of extractives, proteins, and inorganic components. Hemicellulose degrades both
during alkali and hydrothermal treatment, through deacetylation, depolymerization, and
dehydration, while cellulose shows increased crystallinity. Lignin during hydrothermal and alkali
processes is subjected to some structural changes due to polycondensation reactions and crosslinking
with cell walls. Most of the extractives evaporate or degrade, particularly those volatile ones, but new
compounds can also be generated [34-38]. All these changes undergone by the basic constituents of
wood affect its ultimate properties. Table 1 reports the % weight content of cellulose, hemicellulose,
and lignin for untreated and treated wood.

Table 1. Cellulose, hemicellulose and lignin content before and after treatment.

Untreated oak wood | Alkali treated oak wood (% | Hydrothermal treated
(% wiw) w/wW) oak wood (% w/w)
Cellulose 44 35 40
Hemicellulose 22 17 15
Lignin 29 10 18

FTIR analyzes were used to investigate the chemical changes undergone by the cell walls of
wood during the densification process (see Figure 3 and Table 2). The bands at 3378 cm™' and 2900
cm are attributed to O-H and C-H stretching vibration in cellulose, hemicellulose, and lignin. Some
characteristic bands were analyzed in untreated wood and densified wood by the two discussed
methods. The absorption band at 1733 cm™ was attributed to C=O stretching vibration in
unconjugated ketones characterizing the hemicellulose. The disappearance of this band in densified
wood due to deacetylation indicates the complete dissolution of the hemicellulose following the
application of the two methods. Polar functional groups conjugated with the benzene ring showed
some changes. The peak at 1593 cm is attributed to C=C stretching of the aromatic ring in lignin, it
is related to unsaturated linkages and aromatic rings present in lignin. With alkali and hydrothermal
treatments, it slightly increases. The changes in this area depend on lignin condensation at the
expense of conjugated carbonyl groups and to the carboxylation of polysaccharides [35].
Furthermore, the molecular structure of the lignin changes from glassy to highly elastic and the
changes in the band at 1240 cm (C — H of the guaiacyl ring in the lignin) demonstrate the occurrence
of changes in the lignin unit [39].
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Figure 3. FTIR Spectra of oak wood compared to the alkali treated wood and green oak treated wood.

Table 2. FTIR frequency range and functional groups present in the wood samples before and after treatents.

Frequency

(cm™?)

Functional Group

3378

O-H

cellulose, hemicellulose, and lignin

stretching  vibration in

Untreated samples
Alkali treated samples
Teflon lined hydrothermal samples

2900

C-H

cellulose, hemicellulose, and lignin

stretching  vibration in

Untreated samples
Alkali treated samples
Teflon lined hydrothermal samples

1733

Cc=0

unconjugated

stretching  vibration in
ketones

characterizing the hemicellulose

Alkali treated samples
Teflon lined hydrothermal samples

1593

C=C stretching of the aromatic ring

in lignin

Alkali treated samples
Teflon lined hydrothermal samples

1240

C - H of the guaiacyl ring in the

lignin

Alkali treated samples
Teflon lined hydrothermal samples

Thermogravimetric analysis (TGA) is one of the most common techniques used to analyze the

thermal stability of materials. The TGA curves of the untreated and densified wood samples are

shown in Figure 4 a).
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Figure 4. (a) TGA and (b) DSC curves of untreated wood compared to alkali treated oak and green treated

wood.

Figure 4 a) shows that thermal degradation occurs in three stages. The first stage took place in
the range from 25 °C to 150 °C with a weight loss of approximately 15% for untreated wood samples,
essentially attributable to dehydration and the loss of low molecular weight volatiles. For alkali
treated sample the loss weight in the same temperature range is about 20%, while for hydrothermal
treated sample is reduced at about 8%.

The second stage of weight loss appears from 150 °C to 400 °C, due to the thermal degradation
of hemicelluloses, cellulose, and lignin. In this stage, the untreated wood samples show a mass loss
of about 85% and a temperature corresponding to the maximum degradation rate approximately
equal to Tm =354 -C. This thermal parameter seems to increase following the hydrothermal treatment
(Tm = 366 °C) due to the high lignin content and the dissolution of the hemicelluloses which has a
lower degradation temperature than lignin. Conversely, the samples treated with alkali show a lower
Tm due to the polymerization of the cellulose in addition to the delignification [40].

Figure 4 b) shows DSC thermograms of investigated samples. A significant endotherm peak can
be observed in the temperature range of approximately 50-180°C for untreated samples, by
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indicating a high amount of water molecules in the wood fibers. Both treated samples are
chracterized by a similar endotherm peak.

3.3. Physical and Mechanical Properties

The oak wood's physical characteristics mainly include density, dry shrinkage coefficient
elasticity, and strength. Both alkali and green treatments change the density of oak wood. In fact,
cellulose is in a very rigid packing crystalline form, able to form hydrogen bonds responsible for
wood strength. Lignin provides a protective cover around the cellulose structure and is strongly
interconnected: it binds cellulose fibers and ensures stiffness to the cell walls. Hemicellulose, strongly
bound to cellulose fibrils, has an amorphous structure and hydrophilic characteristics. Due to its
hydrophilic nature, hemicellulose can absorb the water molecules reducing its dimensional stability.

Alkali treatment is the most known effective surface modification technique for wood. This
treatment enables to improve interfacial adhesion by reducing the hemicellulose and lignin covering
the wood surface, thereby producing a rough surface of oak wood. The reduction of hemicellulose
by alkali treatment is the major cause that induces the decrease of thickness swelling. Reduction of
lignin on the wood surface can increase the sites for the cellulose and resin interactions and improve
the mechanical properties. Alkali treatment provides an increased accessible surface area of cellulose
for contact with the matrix, allowing an efficient stress transfer from matrix to wood and,
consequently, improving the bending properties of wood composite [15].

Similarly, green hydrothermal modification can improve dimensional stability by significantly
changing the chemical composition of wood using only water at high temperatures. During
hydrothermal modification, mass loss depends on the wood species, heating medium, temperature,
and duration of the treatment [17].

During hydrothermal processes, the released acids reduce pH (from pH 7 to pH measured equal
4.5), the deacetylation of hemicellulose, mass loss, and, hence, the reduction of mechanical strength,
that has been visually observed before press densification. The degradation rate of carbohydrates is
high in acidic environments and is promoted by the high availability and low crystallinity of
hemicelluloses. Further, variations in the acidity of the treatment media increase due to thermal
treatment in wet environments and the formation of acetic and formic acids on the basis of the
hemicellulose decomposition.

Storage modulus is a critical index to measure the energy storage capability of material after
elastic deformation, and is an index of resilience. Table 3 reports the average values of density and
storage modulus for the untreated and treated wood, obtained by considering five tests.

Table 3. Average density and storage modulus for the untreated and treated wood.

Material Density, kg/m3 Storage modulus, MPa
Untreated sample 898 6000+ 50
Alkali treated sample 1266 11280+40
Hydrothermal treated sample 1066 13500+45

Density and storage modulus of alkali treated and green treated wood sample increased
considerably compared to the untreated sample (see Table 3). This effect demonstrates that the
chemical and temperature-pressure treatments increase the elastic properties of the wood samples
and decrease their brittleness, probably by high cross-linkage between the celluloses and acidic
hydrolysis or degradation of cell walls under high acidity and high temperature.

3.4. Comparison of Hydrothermal Modification and AlkaliTreatment

In light of the above-mentioned results, it is clear that the green method is an effective technique
to control and neutralize the destructive effects of acids formed through the demolition of
carbohydrates during the alkali treatment. The main advantage is its non-chemical modification that
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does not cause environmental pollution. The use of water in hydrothermal modification is an eco-
sustainable method characterized, by a low-cost removal of sub-waste.

The hydrothermal approach changes the wood properties through the removal of extractives,
hemicellulose hydrolysis, and the extraction of lignin and cellulose, but it is certainly less aggressive
than the alkali one.

A strong, aggressive and acidic liquid resulting from the condensation of moisture contained in
the wood, which turns into vapor during the heating process, is often left after the alkali modification
process and must be properly treated.

Therefore, the hydrothermal method is less dangerous for human health, requires less energy
and has less environmental impact.

4. Conclusions

In this study, a Teflon-line hydrothermal method based on the use of water at high temperatures
is proposed to densify oak wood without threatening the environment. The study was driven by the
consideration that wood has been applied in a wide range of forms and in several fields but always
limited by its strength and toughness. The cut wood blocks were pressed at 100 °C under a pressure
of about 5 MPa for about 1 day to obtain the densified wood. The effects of hydrothermal modification
on oak wood’s morphological, physical, mechanical, and chemical properties have been examined.
These properties have been compared to the oak wood modification by a traditional alkali method
finding promising results.

Overall, hydrothermally treated wood offers several advantages in terms of technological
performance and properties improvement of end products compared to ones obtained through the
traditional alkali method. In particular, the density and the storage modulus of treated sample
increased considerably compared to the untreated sample, finding a modulus improvement of 88%
and 125% for alkali treated and green treated wood respectively and, hence, of 19.6% for green wood
respect to the alkali treated material.

The results highlighted potentials of a hydrothermal densification method for the development
of new functional wood materials for future applications in the direction of the environmental
sustainability.
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