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Preface

The dynamic development of the wood industry and growing demands for wood-based materials
are forcing the search for new methods to improve their performance properties. As a renewable
and low-emission raw material, wood is becoming a key material in sustainable construction and the
circular economy. However, the natural limitations of wood, such as its sensitivity to moisture, fungi,
deformation, and structural variability, require implementing strategies for its permanent modification.

This Special Issue of Advanced Technologies in Physical and Mechanical Wood Modification
brings together sixteen original scientific articles addressing the topic of wood modification from
various perspectives: chemical, biological, physical, and molecular and material modelling. The
articles cover, among other things, the influence of phenol-formaldehyde resin oligomers on the
sorption kinetics and strength of beech wood, the effect of natural antifungal agents obtained from
mint, the process conditions for bending oak wood, and the behaviour of cellulose in environments
with varying oxygen concentrations. Among the experimental works, research on the impact of heat
and chemical treatment on Scots pine wood, the use of food and wood industry waste in composites,
and the properties of wood-based panels bonded with bio-based adhesives occupy a special place.
Another important novelty is the reports on the impact of nanoparticles and structural modifications
at the molecular level, which bridge the gap between materials science and wood engineering.

The collected publications highlight the interdisciplinary nature of contemporary wood research,
combining natural sciences, engineering, and technology, and show that effective wood modification
requires both an understanding of mechanisms at the micro level and their transfer to the industrial
scale. This collection is valuable to developing knowledge about wood modification and may inspire
further research into sustainable and environmentally friendly new-generation wood materials.

The Guest Editors would like to thank all authors from Poland, China, Slovakia, Slovenia, Croatia,
Germany, Lithuania and Indonesia who contributed to this Special Issue. We want to express our
special thanks to Nikola Jovanovi¢ Editor of this Special Issue, for his professionalism, kindness, and

assistance at every stage of our cooperation.

Radoslaw Mirski and Dorota Dziurka
Guest Editors
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Advanced Technologies in Physical and Mechanical
Wood Modification

Dorota Dziurka * and Radostaw Mirski

Department of Mechanical Wood Technology, Faculty of Forestry and Wood Technology, Poznari University of
Life Sciences, 60-627 Poznan, Poland; radoslaw.mirski@up.poznan.pl
* Correspondence: dorota.dziurka@up.poznan.pl

In recent years, research on wood modification, wood composites, and the use of
renewable raw materials and plant industry by-products in materials engineering has
grown dynamically. Sustainable development, the need to reduce chemical emissions, and
the improvement of the functional properties of wood and wood-based materials are key
challenges facing modern science and the wood industry.

The publications collected in this “Advanced Technologies in Physical and Mechanical
Wood Modification” Special Issue address these challenges comprehensively and in an
interdisciplinary manner. They contain the results of experimental and modeling studies
on the impact of chemical, physical, and thermomechanical treatment on the properties of
solid wood, composite materials, and biopolymers. Particular attention is paid to issues
related to the following:

— Modification of wood using organic compounds such as furfuryl alcohol, which at
low concentrations (10%) reduced total water vapour sorption by approx. 28% in
poplar wood and 35% in Chinese fir [1]. In turn, the use of silane-modified linseed
oil contributed to a 38.6% increase in dimensional stability and a reduction in water
swelling of over 30% [2], which, according to the authors, should translate into
increased resistance of wood to colonising and decomposing fungi.

—  Waste biomass, such as tree bark or beet pulp, used to produce wood-based materials.
It has been shown that in the case of plywood with 10% bark biomass added, an
increase in shear strength at the glue line of approximately 18% was observed [3].
In the case of particleboard, beet pulp content of up to 25% may be acceptable for
producing lower-density boards that meet the requirements of EN 312 for general-
purpose P2 boards (used in dry conditions) [4].

— Improving biological durability and resistance to fungi. Betlej et al. [5] researched
the effectiveness of ethanol extracts and essential oils obtained from various varieties
of mint (Mentha sp.) in limiting the growth of mould fungi and wood discoloura-
tion. Ethanol extracts used at a dose of >40 g/m? showed vigorous fungistatic
activity—mycelium growth inhibition reached up to 90% on agar medium. Although
essential oils were more active (especially against Chaetomium globosum), they did
not show a full biocidal effect on wood. The authors emphasise that the chemical
composition of the extracts, mainly the presence of oxygenated monoterpenoids and
monoterpenes, determines the strength of the biological effect, and the use of natural
plant-based agents can be an ecological supplement to traditional wood protection
methods, especially in the early stages of their use.

— Analysis of wood’s mechanical, sorption, and structural properties after modification,
e.g., with phenol-formaldehyde resins [6-8]. Lang et al. [6] investigated the effect of

Forests 2025, 16, 1388 https://doi.org/10.3390/£16091388
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the molecular weight of phenol-formaldehyde (PF) resin oligomers on the mechanical
properties and dimensional stability of beech wood impregnated with these resins. The
results showed that resins with a lower molecular weight (approx. 237-305 g/mol)
provide better penetration and more uniform filling of cell walls. This translates
into significantly increased dimensional stability (less shrinkage and swelling) and
greater weight gain (WPG), reaching 24.7% at a 20% solution concentration. The
authors showed that the observed decrease in modulus of elasticity (MOE) and
impact resistance (IBS)—by as much as 60-64% compared to unmodified wood—is a
consequence of the formation of a rigid, crystalline PF structure in the cell wall, which
limits the plasticity of the material. Microscopic studies confirmed that low-molecular-
weight resins penetrate cell walls better, while those with a higher molecular weight
are mainly deposited in the lumen of the vessels. In another publication [7], the same
authors showed that thanks to PF wood modification, water vapour sorption kinetics
decreased by 25-30%.

The use of thermomechanical modification. It has been shown [9] that thermomechan-
ical treatment of pine wood significantly increases its density (35%), stiffness, bending
strength (47%), and resistance to cracking, making it a more valuable construction
material. In addition, long-term deformation (creep) is significantly reduced, improv-
ing structural applications” durability and reliability. Furthermore, by controlling the
process parameters (pressure, temperature, and degree of compression), the character-
istics of the final product can be adjusted. In summary, the authors state that TMD is
an effective way to modify low-grade wood, making it suitable for more demanding
engineering applications.

Innovative structural solutions, such as the use of metal dampers in tenon and mortise
joints, which increased the shear strength of the joints by 20-25% and improved the
behaviour of the structure under cyclic dynamic loads [10]. The authors researched
using these innovative dampers in traditional tenon and mortise joints in wooden
structures. The results of quasi-static experiments showed that using dampers made
of Q235 steel resulted in a significant increase in stiffness, load-bearing capacity,
and energy absorption by the joints. The reinforced joints showed more stable and
symmetrical hysteresis curves and reduced residual displacements, which means
less play and better behaviour under cyclic loads. As the researchers point out, this
technology can be used to reinforce new wooden structures and protect historic
buildings without compromising their aesthetic and structural integrity. The dampers
are discreetly mounted on the side surfaces.

Using numerical and spectroscopic methods. Molecular dynamics simulations have
shown that the oxygen content in the cellulose environment has a significant impact
on hydrogen bonding with water, which may affect the hygroscopicity and stability of
cellulose materials [11]. Guo et al. [11] conducted molecular dynamics (MD) studies to
evaluate the effect of oxygen concentration on the mechanical properties and structure
of cellulose. The study analysed models with 0-10% oxygen content, reflecting the con-
ditions of steam heat treatment of wood. It was shown that at an oxygen concentration
of about 2%, the highest values of Young’s and shear modulus are obtained, indicating
greater stiffness of cellulose. Higher concentrations led to the degradation of internal
hydrogen bonds, increased water diffusion, and greater mobility of cellulose chains,
resulting in reduced mechanical properties. The study results provide theoretical
support for the design of thermal-steam treatment processes at the molecular level,
with the possibility of optimising conditions to achieve better wood stiffness and
material stability.
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One of the essential aspects of the research is its environmental benefits. Mod-
ifying wood using natural agents—such as vegetable oils, bioadhesives, or natural
compounds—reduces the use of toxic chemicals, including traditional preservatives and
formaldehyde-based adhesives [2,12]. Research on the use of bio-based adhesives, based
on natural raw materials, especially starch, in the production of HDF boards has shown
that they can provide parameters comparable to conventional synthetic adhesives [12]. In
addition, using agricultural and food industry by-products as additives to wood-based
materials supports the circular economy by reducing waste and improving resource ef-
ficiency [3,4]. Using such solutions promotes the creation of materials with a smaller
carbon footprint and greater durability, which in the long term leads to a reduction in the
exploitation of forest resources.

A key result of the research published in this SI is a significant increase in the durability
of wood and wood-based materials. The use of appropriate modification methods—such
as chemical impregnation, heat treatment, or the use of bioactive additives—contributes
to improving the resistance of wood to biological factors (fungi, insects), moisture, and
changing weather conditions [1,5,13]. The increases the service life of the materials, affecting
their suitability for structural and outdoor applications and reducing the need for frequent
replacement or maintenance, thereby reducing costs and the environmental footprint of use.

The practical applications of the developed solutions cover a wide range of industries.
In construction, modified wood is used as a structural element, as a facade element, or in
window and door joinery [9,14], characterised by increased durability and resistance to
external conditions. In the furniture and finishing industries, improving wood’s mechanical
and aesthetic properties allows for the production of durable and environmentally friendly
products [12]. In the packaging and transport sector, biodegradable wood composites
and materials reinforced with natural fibres and bioadhesives are being developed [15].
Finally, using agricultural waste as additives to wood-based materials opens up new
opportunities for agriculture and the food industry, promoting local processing and regional
innovation [4].

It is also worth noting that wood used in the timber industry increasingly comes from
trees weakened or dying due to environmental stress, disease, or climate change. As shown
by research on Scots pine (Pinus sylvestris L.) wood originating from deadwood [16], the
process of biological dieback significantly affects its mechanical properties. The reduction
in the strength parameters of such raw material may hinder its direct use, creating the
need for appropriate physical, chemical, or structural modification before such wood is
approved for structural or composite use. Wood modification may therefore prove to be
not only a way to improve the quality of the material in the future, but also a requirement
for the effective use of raw material with reduced technical value.

Modern wood modification methods also include advanced artificial intelligence
algorithms that allow for precise modeling of changes in wood properties, e.g., colour
due to heat treatment [17]. The high accuracy of such models indicates their potential in
predicting the effects of technological processes and optimising production parameters. In
turn, biological approaches using fungal inoculation and controlled mechanical damage
allow for the activation of trees’ natural defence mechanisms and the stimulation of the
production of desired secondary metabolites, such as sesquiterpenes [18]. Such approaches
are critical in producing high-value aromatic raw materials like agarwood. These types of
approaches are focused on the intentional design of wood properties.

The research presented in this SI deepens knowledge in the field of wood technol-
ogy and materials science and responds to the real needs of the wood, furniture, and
construction industries. The results can be applied both in developing new material pro-
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duction technologies and in designing modern, durable, and environmentally friendly
wood products.

Author Contributions: Conceptualisation, D.D. and R.M.; formal analysis, D.D. and R.M.; writing
and editing, D.D. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Furfurylation with a low concentration of furfuryl alcohol (FA) promotes the improvement
of the properties and the effectiveness of FA on cell-wall action without darkening the furfurylated
wood to the point that it affects its applications. In this paper, the effects of furfurylation on the
hygroscopicity and water uptake dimensional stability of poplar (Populus sp.) and Chinese fir
(Cunninghamia lanceolata) were analyzed. Meanwhile, the distribution of FA resin, the relationship
between wood and water, the change in pore size distribution, and the weight percentage gain and
cell wall bulking coefficient of wood were also investigated. The results were as follows: (1) A low
concentration of FA could better enter the cell walls of the Chinese fir than the poplar, as FA resin
was almost cured in the secondary walls, cell corners, and compound middle lamellae when a 10%
concentration of FA was applied to the Chinese fir and poplar. When the FA concentration was
increased to 30%, there were no significant increases in the amount of FA entering the cell walls and
the amounts of FA cured in the cell lumen of the poplar were greater than those of the Chinese fir.
Meanwhile, the modification of cell walls was more suitable in poplar than in Chinese fir. (2) The
pointed ends of the pit chambers and the pit apertures (800-1000 nm) in the poplar and the small
pores of the pit membranes and the pit apertures (1-6 um) in the Chinese fir were partially deposited
by the FA resin, which formed new pores in the size ranges of 80—600 nm and 15-100 nm, respectively.
The porosity of the poplar was greater than that of the Chinese fir, and the bulk density of the
poplar was less than that of the Chinese fir before and after modification. (3) Furfurylation with a
low concentration of FA was able to better reduce the equilibrium moisture content, improve the
anti-swelling efficiency, and enhance the dimensional stability of the poplar wood compared to the
Chinese fir. Furfurylation effectively reduced water uptake due to the hydrophobic property of the
FA resin. The water uptake of the Chinese fir increased by 17%-19% in second cyclic water soaking
when treated with FA with various concentrations, which indicated the loss and leaching of FA resin
during the test. Low-field NMR was used to demonstrate that the furfurylation not only reduced
the amount of water but also affected the combination state of bound and free water with wood.
Thus, furfurylation at a low concentration is a feasible method by which to extend applications of
furfurylated wood.

Keywords: furfurylated wood; moisture absorption; water uptake; dimensional stability; LE-NMR;
pore size distribution; Chinese fir and poplar

1. Introduction

Chinese fir (Cunninghamia lanceolata) and poplar (Populus sp.) are the main plantation-
grown species with great importance in the timber supply system in China. However,
both the Chinese fir and poplar have significant disadvantages in terms of their poor
mechanical properties and dimensional instability, limiting their high-value utilization in
the wood-processing industry. Numerous studies have been conducted to improve their
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fast-growing wood density and application performance by using various methods such
as UF and PF resin impregnation modification [1,2]. Furfurylation is an impregnation
modification method [3,4], and it consists of impregnation and curing processes. Furfuryl
alcohol (FA) can be impregnated into wood and then cured into resin under the action of
heat and a catalyst, which can effectively increase wood density, enhance the mechanical
properties, and improve dimensional stability [5-11]. It is of utmost importance for FA to be
derived from biomass materials such as corn cobs and non-fossil resources [12]. Therefore,
furfurylation is considered to be an environmentally friendly modification method [13-16].

The development of furfurylated wood originated in North America during the 1950s
from I.S. Goldstein [17], and the furfurylation method of commercial wood represented
by Kebony® in Norway is widely used in outdoor places such as wooden buildings and
trestles [18,19]. However, the treatment process has always employed high levels of
weight percentage gain, and large amounts of FA tend to accumulate and deposit in the
cell lumen. The effectiveness of FA-modified cell walls also diminishes with increasing
concentrations of FA. Additionally, furfurylated wood of a high concentration darkens the
color of modified wood and does not significantly improve dimensional stability compared
to furfurylated wood of a low concentration [19,20]; neither of them are compatible with
the interior furniture and wood product requirements for light colors and high dimensional
stability [21]. There are also differences in the wood properties between Chinese domestic,
fast-growing trees and European temperate species, and previous studies indicated that the
concentration of FA-modified solutions determines the distribution area in wood; FA is mainly
deposited in wood’s cell walls and is almost absent in the cell lumen when the concentration
of FA is low [22]. Furthermore, compared to its greater improvement of the mechanical and
hygroscopic properties of furfurylated wood with high concentrations of FA, the relationship
between the modified wood with a low concentration of FA and hygroscopic properties for
the main purpose of cell wall modification has yet to be scientifically evaluated.

This paper focused on the hygroscopicity and dimensional stability properties of
furfurylated wood with a low FA concentration (below 30%) treatment. The effectiveness
of the modification on the cell wall was analyzed by correlating the weight percentage
gain and cell wall bulking coefficient. The changes in physical aspects such as the furfuryl
alcohol resin distribution and pore size distribution were also analyzed. Finally, the effect
of the modification treatment on the wood-water relationship of the Chinese fir and poplar
was analyzed with low-field NMR.

2. Materials and Methods
2.1. Materials

Poplar and Chinese fir were harvested from Jiangsu Province and Zhejiang Province,
China, respectively. The soil type of both the poplar and Chinese fir was clayey, the height
of the poplar from sea level was 70 m, the height of the fir from sea level was 1500 m,
and the diameters of the poplar and fir were 30 cm or more. The trees were over 25 years
old. The air-dry density of the poplar was found to be about 480 kg/m3, and that of the
Chinese fir was about 310 kg/m3. Specimens with straight grain and no visible defects
were selected and processed into 20 x 20 x 20 mm (tangential x radical x longitudinal)
when the moisture content was below 12%. Samples were selected from the sapwood of the
Chinese fir and poplar. Furfuryl alcohol (FA), maleic anhydride, and borax were purchased
from Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd. (Tianjin, China).

2.2. Methods
2.2.1. Preparation of Furfurylated Wood

Distilled water was used as the solvent to prepare the modified solution with FA
concentrations of 10%, 20% and 30% in which furfuryl alcohol, maleic anhydride, and
borax were used in the mass ratio of 1:0.06:0.01, respectively. The impregnation processes
were as follows.
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(1) Drying: The specimens were placed in an oven at 103 °C for a 24 h drying process, and
then the oven-dries mass and tangential, radical, and longitudinal directions were mea-
sured after cooling in a desiccator with an accuracy of 0.0001 g and 0.01 mm, respectively.

(2) Impregnation (full cell process): The specimens were first treated under a negative
pressure of 0.06 MPa for 0.5 h, then kept under a pressure of 0.4 MPa for 2 h, and finally
treated under a negative pressure of 0.06 MPa for 0.5 h [23]. After the impregnation
was completed, the excess impregnation solution on the surface was wiped away.
Meanwhile, in order to more uniformly diffuse the furfuryl alcohol, each specimen
was wrapped in aluminum foil and kept at 30 °C for 72 h.

(3) Curing and drying: The samples were cured in an oven at 103 °C for 6 h, and then the
aluminum foil was removed. The furfurylated wood mass M; and dimensions were
obtained after drying; the drying process was carried out at 50 °C for 12 h, followed
by 70 °C for 12 h, and finally 103 °C for 24 h. According to the weight percentage
gain, the furfurylated poplar and Chinese fir wood impregnated with 0%, 10%, 20%,
and 30% concentrations were labeled as PW0, PW17, PW35, PW51, SW0, SW23, SW45
and SW75, respectively.

The weight percentage gain (WPG) and bulking coefficient (BC) were calculated using

the following equation:
M; — My

0
where My and M are the oven-dried weights (g) before and after FA treatment, respectively.

WPG(%) = % 100 1)

Vi -V,
BC(%) = %

x 100 2

Here, Vp and V are the oven-dried volume (mm?) before and after treatment, respectively.

2.2.2. Morphology and Microstructure

Each sample was placed in a beaker filled with distilled water; then, the beaker was
placed in a desiccator with a pressure of —0.06 MPa until the sample was submerged;
afterwards, the sample was softened in a water bath at 90 °C for 2 h. Transverse and
longitudinal sections with thicknesses of 10-12 pm were sectioned with a microtome
(SM2000R, Leica company, Weitzlar, Germany).

Transverse sections of the samples were observed with confocal laser scanning mi-
croscopy (SP8, Leica company, Weitzlar, Germany) using a 63 x oil microscope, with a
633 nm excitation state and a detector range of 650-700 nm. Meanwhile, the distribution
position of FA in the cell wall was observed with a scanning electron microscope (Quanta
200, FEI, Portland, OR, USA).

2.2.3. EMC and Dimensional Stability of Adsorption

Samples were conditioned at 20 °C and relative humidity (RH) of 33%, 65%, and 95%
through moisture absorption with 12 replicates [24]. The humidity and temperature in
the moisture absorption test were controlled using a climate chamber (KMF720, Binder,
Tuttlingen, Germany) with a temperature accuracy of £0.1 °C and a humidity accuracy
of £2.5%. The measurement accuracy of the balance was 0.0001 g [25]. The moisture
adsorption tests were continuously conducted from the lowest to higher RH values after
the samples were treated in the oven at 103 °C for 24 h. The weight and dimensions were
measured when mass variations were lower than 0.1% after daily mass readings at each
RH. The reduced equilibrium moisture content (EMCR) and anti-swelling efficiency (ASE¥)
were calculated using the following equation [26,27]:

My — My y
1

EMC(%) = 100 3)
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where M) is the mass of absorption equilibrium.

EMCg, = EMC(1 + WPG) )

ASE(%) = %
0

©)

Here, a1 and &g are the volume swelling efficiency of untreated and treated wood in

absorption, respectively.
Vi —V,
a(%) = “Vu “ %100 (6)

ASE* = ASE(1+ BC) — BC @)

Here, V, is the swollen volume and V, is the oven-dried volume.

2.2.4. Mercury Intrusion Porosimetry (MIP)

Mercury intrusion porosimetry (AutoPore IV, Micromeritics, Norcross, GA, USA) was
used to analyze the pore size distribution, cumulative pore volume, bulk density, and samples
porosity with dimensions of 6 x 6 x 5mm? (R x T x L) under oven-dried conditions. Hg
intrusion was performed using a pressure between 0 and 414 MPa with an equilibrium time
of 10 s at the initial and the final pressure levels during the MIP test process.

2.2.5. LE-NMR Analysis

For the analysis of the effect of FA modification on bound and free water, low-field
NMR (MicroMR-60H, Niumag, Shanghai, China) was used to analyze the control and
furfurylated wood with 30% FA and to condition samples to become fully water-saturated
via the full-cell vacuum-pressure process. The Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence was used to calculate the T, of the samples, and 18,000 echoes with 64 scans were
acquired. The echo time was 0.2 ms, LF-NMR data were inverted with a multi-exponential
function, and the algorithm used SIRT. The test temperature was room temperature (25 °C).

2.2.6. Cyclic Water Soaking and Dimensional Stability

In order to evaluate the effect of FA treatment on the water uptake and dimensional
stability, the samples were first placed in an oven at 103 °C for 24 h. Second, we conditioned
samples to become fully water-saturated using a full-cell vacuum-pressure process and
then soaked them in water at 30 °C for 24 h. Finally, we oven-dried them again. This
process was defined as a drying—soaking-drying cycle, which was repeated three times [28].
We tested 12 replicates for each group. The reduced water uptake (MCwar) and reduced
anti-swelling efficiency (ASE.ws) with water saturation were calculated with each cycle
repetition and using the following equations:

Gi — G

MCwa (%) = 20 % 100 8)
Gio

MCwar = MCwar(1 + WPG) )

where G; is the mass of a fully water-saturated sample and Gj is the mass of an oven-dried
sample in the same number of cycles.

Reduced anti-swelling efficiency (ASEy) values with water saturation were calculated
with Equations (5)—(7) described above [25,26] during cyclic water soaking.

2.2.7. Statistical Analysis

IBM SPSS Statistics (V.23) software was employed to assess the effect of the furfuryl
alcohol treatment concentration on weight percentage gain, bulking coefficient, equilibrium
moisture content, water uptake, and volume swelling efficiency, according to the methods
of a previous study [29]
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3. Results and Discussion
3.1. WPG and BC of Furfurylation, Hygroscopicity and Dimensional Stability

The WPG and the FA concentration showed a significant positive relationship, as seen
in Table 1. However, there were considerable differences in the WPG of the Chinese fir and
poplar. At a 10% furfurylation concentration, the WPG values of the Chinese fir and poplar
were about 23% and 17%, respectively. When the concentration increased to 30%, the WPG
values of the Chinese fir and poplar were 75% and about 51%, respectively, indicating that
the WPG of the Chinese fir was generally higher than that of the poplar. However, the
air-dry densities of the poplar and fir were about 480 and 310 kg/m?, respectively, which
led to differences in the permeability and porosity of the Chinese fir and poplar and may
have resulted in different weight percentage gains in furfurylation. Additionally, there was
a large number of alternate pits in the vessel that may have resulted in a lower retention of
furfuryl alcohol in the cell walls of the poplar. It was also suggested that the comparatively
lower WPG of poplar wood is caused by its easier evaporation during the curing and
drying stages [30].

Table 1. WPG and BC and variations in EMCr and ASE* at 20 °C for Chinese fir and poplar wood
with furfurylation (%).

RH/EMCg RH/ASE*
Sample FA wt% WPG BC
33% 65% 95% 33% 65% 95%
- - - 5.914 11.232 25.36 2 - - -
SWo (0.42) (0.02) (0.69)
SW23 10 23.69 © 6220 4.18P 9.25b 23550 33.23 28.83 31.42
(1.25) (0.98) (0.11) (0.12) (0.52)
SWas 20 45.80 P 9312 443¢ 9.14¢ 21.89b 30.91 41.77 37.61
(2.52) (0.93) (0.14) (0.29) (0.79)
SW7s 30 75.02 2 9.85 2 3.83d 8.684 22.36b 36.42 58.24 42.80
(3.19) (1.24) (0.12) (0.14) (0.96)
- - - 5.152 11.042 25224 - - -
PWO (0.04) (0.37) (0.92)
PW17 10 17.66 © 11.70® 3.83P 8.82b 22.73b 48.45 34.94 4498
(1.31) (0.66) (0.11) (0.07) (1.18)
PW35 20 35.96 P 13.732 3.77 ¢ 8.63¢ 21.49°¢ 4251 40.79 36.78
(3.96) (0.67) (0.07) (0.29) (0.65)
PW5L 30 51.072 14.022 3.794d 8.53d 22.66 ¢ 77.57 51.29 55.82
(6.07) (1.16) (0.07) (0.62) (1.10)

The standard deviation is given in parentheses; the same letter after a mean indicates no significance at p < 0.05.

As can be seen from Table 1, the BC increased accordingly alongside the WPG. The
increases in the WPG of the Chinese fir were similar to those of the BC from 10% to 20%
and from 20% to 30% of FA concentration, though the increases in BC lowered in the second
stage. Statistical analysis showed significant differences between various concentrations
of FA and the WPG, but there were no significant differences between furfurylated wood
and BC at concentrations of 20% and 30%, indicating that the amount of FA entering the
cell wall did not significantly increase and the effectiveness of FA on cell wall modification
decreased with the increase in WPG. In addition, the BC of the poplar was significantly
higher than that of the Chinese fir, indicating that the furfurylation of the poplar cell wall
required lower concentrations than that of the Chinese fir.

Dimensional stability is one of the important properties of wood products in usage,
and it is related to moisture absorption. As can be seen from Table 1, The EMCy of the
furfurylated wood was lower than that of the control wood. The EMC of SW75 was
reduced by 23%-36% compared to the control wood of below 95% RH, and the EMC
was reduced by about 11% at 95% RH while the EMC reduction in poplar was smaller
than that of the Chinese fir. These results indicate that furfurylation could effectively
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reduce the hygroscopicity of the poplar and Chinese fir; this may have been due to the
curing of FA resin in the cell wall that covered moisture adsorption sites such as hydroxyl
groups in the amorphous areas [11], but the differences were not significant across the
various FA concentration treatments. The changes in the hygroscopic process of ASE* after
furfurylation were more intuitive than those of EMCR. It was found that the average ASE*
value of SW75 was more than 45% and that the average ASE* value of PW51 was more
than 61%. It was shown that a low concentration of furfurylation could better improve the
hygroscopic dimensional stability of the Chinese fir and poplar, but it was more effective in
improving the dimensional stability of the poplar, which was consistent with higher BC
values also observed in the poplar.

3.2. Mercury Intrusion Porosimetry (MIP)

The MIP method is a common means of analyzing the large pores of wood. The
cumulative pore volume reflects the total pore volume in a sample, and the log-differential
pore size distribution represents the pore volume in different pore size ranges. Figure 1 (left)
shows the cumulative volume and log-differential pore size distributions for Chinese fir
samples. The 1-6 um diameter variation of the pore volume of the control wood was caused
by the pointed ends of the pits, the voids of the pit membranes, and the pit openings [31,32].
The log-differential distribution of the pore diameters between 1 and 6 pm decreased with
increasing concentrations of FA due to the deposition of FA resin at the pointed ends of pits
and tracheids. The furfurylated Chinese fir showed new pores in the range of 80-600 nm,
and larger concentrations of FA led to the formation of smaller new-pore sizes because
the FA resin was cured on the pores of the pit openings, pit membranes, and pointed
ends of the tracheids. The diameters of between 6 and 20 um may have been caused by
latewood tracheids, and pore sizes of over 20 um represented the earlywood tracheids in the
control Chinese fir [31]. The pore volume in the 6-20 um range decreased with increasing
impregnation concentrations, but the level of change in pore volume for diameters of over
20 um was less than 6-20 um due to furfurylation, indicating that the amount of cured FA
in the cell lumina of latewood was greater than that of earlywood in the Chinese fir.
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Figure 1. Cumulative pore volume and log-differential intrusion versus pore size of Chinese fir (left)
and poplar (right).
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Figure 1 (right) shows the cumulative pore volume and log-differential pore-size
distributions of the poplar wood. The pore volume of the control wood significantly
changed at 800-1000 nm according to the log-differential pore size due to the point ends of
all the cell elements and pit chambers, openings, and fibers [33]. However, the furfurylated
poplar wood showed almost no pore size distribution between 800 and 1000 nm, indicating
that FA was cured at the point ends of the pit chambers, openings, and wood fibers. The
pore diameters between 10 and 15 pm represented the voids of the wood fibers, and the pore
diameters over 30 pm were assigned to the vessels in the control wood [33,34]. Pore volume
decreased with increasing impregnation concentrations in the range of 10-15 um, indicating
that the amount of FA cured in the wood fibers increased with increased concentrations.
The pores with diameters of between 15 and 80 nm reflected the voids of the pit membranes
in the control wood. The pore volume of PW17, between 15 and 80 nm, was larger than
that of other furfurylated poplar wood, which implied that the new pores were formed on
the basis of the pores at the point ends of the pit chambers; on the other hand, smaller pore
diameters formed as the WPG of FA increased in PW35 and PW51.

The newly formed pore size distribution of the furfurylated poplar (10-80 nm) was
smaller than that of the Chinese fir (80-600 nm), which may have been related to the fact
that poplar wood contains a much higher number of pits and smaller pore diameters
in pit membranes. The amount of FA resin in the wood fibers and latewood tracheids
significantly increased with increasing concentrations, as shown in Figure 1. The FA
modification affected the pit structure from low concentrations, which may have been
related to the fact that the pit is an important channel by which an impregnating solution
can enter wood.

Table 2 shows the results of the MIP measurements. The bulk density of the furfury-
lated wood increased and the porosity gradually decreased with increasing concentrations
of FA. The WPG of the poplar was less than that of the fir, the bulk density of the poplar
was greater than that of the fir, and the porosity of the poplar was still less than that of the
fir before and after modification. On the other hand, according to previous studies and
changes in cumulative pore volume and log-differential pore-size distributions after fur-
furylation, the pore size distributions were grouped into three pore classes (below 800 nm,
800-5000 nm, and greater than 5000 nm) [32]. Additionally, the pore volume proportion
was calculated as shown in Figure 2. The percentages of pore volumes below 800 nm for
SWO0, SW23, SW45, and SW75 were 9.9%, 33.3%, 33.8%, 37.9%, and 41.6%, respectively, and
those of 800-5000 nm were 27.6%, 23.9%, and 13.6%, respectively. The trends of the pore
volume percentages of the poplar and fir below 800 nm and from 800 to 5000 nm were
generally consistent. These results indicate that the pore volume of the furfurylated wood
decreased in the range of 800-5000 nm and increases below 800 nm, which led to changes
in bulk density and porosity.

Table 2. Bulk density and porosity of control wood and furfurylated poplar and Chinese fir wood.

Sample PWO PW17 PW35 PW51 SW23 SW45 SW75
Total intrusion volume mL/g 1.41 1.19 0.85 0.72 1.74 1.25 1.11
Bulk density g/cm3 0.47 0.52 0.64 0.68 0.40 0.47 0.52
Porosity % 66.42 61.81 54.32 49.55 69.52 58.94 58.31

3.3. Characterization of FA Distribution

The CLSM and SEM images of the control and furfurylated poplar wood are shown in
Figure 3a—d,e-h respectively. There was fluorescence in the cell walls as a whole in PW17
(Figure 3b), indicating that furfuryl alcohol could effectively penetrate the cell wall and
deposit into the cell walls, especially in the lignin-rich areas such as the cell corners (CC),
secondary walls (S;) and compound middle lamellae (CML). As the concentration of FA
increased to 20%, the distribution of PW35 (Figure 3c¢) in the cell walls was consistent with
that of PW17 (Figure 3b), but there was brighter fluorescence in the wood fiber lumen. These
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results could imply that FA was deposited in the inner walls of the wood fibers. It can also
be seen from the SEM images in Figure 1 that the wood fibers in PW35 (Figure 3g) changed
from clean and tidy in the lumen of PW17 (Figure 1f) cells after FA was attached. PW51 cell
walls and cell lumen showed greater changes than PW17 and PW35. The cell walls and
lumen of PW51 showed brighter fluorescence, and changes in the cell walls occurred due
to a large number of furfuryl alcohol resin curing and bulking processes. Changes in cell
lumen were caused by differences in FA conjugation lengths between the cell walls and cell
lumen, resulting in stronger fluorescence in cell lumen [22]. Furthermore, the wood fiber
cell morphology of PW51 (oval shaped) became crowded. The microstructure of a poplar
longitudinal section can be observed in Figure 4a—d, which shows that furfurylation led to
the deposition of FA resin in the alternate pits and wood fiber tracheids of the poplar that
became more obvious with increases in furfuryl alcohol concentration.
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Figure 2. Comparison of the average pore size classification of untreated and furfurylated Chinese fir
and poplar wood.

The CLSM and SEM images of the Chinese fir shown in Figure 3i—p also show that the
FA deposited in the Chinese fir cell walls was consistent with that of the poplar, with both
mainly located in the lignin-rich area. The WPG of the Chinese fir was generally higher than
that of the poplar, but the fluorescent brightness seemed to be weaker than that of the poplar
at each modification level, which may have been related to the fact that the cell wall BC of
the Chinese fir was smaller than that of the poplar. Meanwhile, compared to that of SW23
and SW45, the cell morphology of SW75 was deformed and apparent fluorescence in the
tracheid cell cavities was observed. In addition, the amount of FA resin in the cell lumen of the
30%-concentration furfurylated Chinese fir was smaller than that of the poplar, probably due to
the fact that Chinese fir cell walls could accommodate more furfuryl alcohol resin. According
to the microstructure of the Chinese fir longitudinal section in Figure 4e-h, the filling of the
Chinese fir pits and tracheids became obvious with increasing FA concentrations, and the pit
aperture was almost completely filled at the 30% concentration.
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Figure 3. (a—d) CLSM images of control poplar wood (a), SW23 (b), SW45 (c), and SW75 (d); (i-1)
CLMS images of control Chinese fir wood (i) PW17 (j), PW35 (k), and PW51 (1). (e-h) SEM images of
control poplar wood (e), PW17 (f), PW35 (g), and PW51 (h); (m—p) SEM images of control Chinese fir
wood (m), SW23 (n), SW45 (0), and SW75 (p).

3.4. LF-NMR

Figure 5 and Table 3 show the T, relaxation time distribution, mean value, EMC
(water saturation), and proportion of furfurylated and untreated wood, which indicate
the microscopic state of water-bound hydrogen in wood and the difference in the degree
of water binding to the wood according to the work of previous studies [35-39]. The
relaxation times of the three main peaks of the T, spectrum of SW0 were 1.05 ms, 12.75 ms,
and 109.70 ms, and the proportions of their water populations were 9.9%, 3.0%, and 86.7%,
respectively, which could be attributed to bound water in the cell walls and free water
in the tracheids of latewood and earlywood. The results were generally consistent with
those of previous studies [40]. The T, values of SW75 were 0.56 ms, 219.64 ms, and 1245
ms, and the proportions of their water populations were 14.57%, 67.57%, and 17.22%,
respectively, which could be attributed to cell walls, tracheids, and incompletely cured
FA resin, respectively. The T, values of water-saturated PWO0 were 2.25 ms, 54.79 ms, and
471.38 ms, and their water populations accounted for 12.2%, 44.7%, and 41.0%, respectively;
the shortest relaxation time was caused by bound water in the cell walls, and the others
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were caused by free water in wood fibers and vessels [41]. The T, values of PW51 were
0.74 ms, 102.34 ms, and 880.49 ms, and the proportions of the their water populations
were 15.7%, 5.2%, and 78.3%, respectively, caused by cell walls, wood fibers, vessels,
and incompletely cured furfuryl alcohol resin, respectively. Compared to control wood,
the relaxation times of bound water were reduced by 46% for SW75 and 67% for PW51,
though the relaxation time of free water was prolonged due to furfurylation, indicating
that furfurylation tightened the bound water and freed the free water. The change in the T,
value of the bound water may have been due to the increase in density and the decrease
in moisture content after FA treatment. On the other hand, the effects of FA on free and
bound water were different because FA resin is a hydrophobic substance that enlarged the
cell wall contact angle more than that of the control wood, resulting in increasing T values
between the wood and free water [42,43]. In addition, the proportions of the different water
populations of furfurylated and control wood showed that although furfurylation reduced
the moisture content of the wood, it increased the proportion of bound water and decreased
the proportion of free water in the poplar and Chinese fir wood following water-saturation
treatment, during which the proportion of free water in the vessel increased and that in the
wood fiber decreased.

Figure 4. Microstructures of longitudinal sections of control poplar wood (a), PW17 (b), PW35 (c),
and PW51 (d); microstructures of longitudinal sections of control Chinese fir wood (e), SW23 (f),

SW45 (g), and SW75 (h).

1600 3000

M0l —pPwo 2500 -

12004 PW51
2000 4 —— SWO0
SW75

1000 -

800 - 1500 -

AMP
AMP

600 1000

400 +
500
200 +
o \j 04N\ (-\ ~J : ‘
1 10 100 1000 10,000 1 10 100 1000 10,000
T2 (ms) T2 (ms)

Figure 5. The T2 value distribution of fully water-saturated furfurylated and control Chinese fir and
poplar wood.
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Table 3. The T, mean value, peak area, and proportion of furfurylated and untreated Chinese fir and
poplar wood.

Sample Peak Wa ter-Sl;:lllllr};te (%) T, Value (ms) Peak Proportion (%)

1 1.1 9.9
2 12.8 3.0
SWo 3 251.7 109.7 86.7
4 821.4 0.5
Sum 100
1 0.6 14.6
2 6.4 0.6
SW75 3 70.0 219.6 67.6
4 1245.9 17.2
Sum 100
1 2.25 122
2 11.1 2.0
PWO 3 169.6 54.8 447
4 4714 41.0
Sum 100
1 0.7 15.7
2 15.7 0.8
PW51 3 79.7 102.3 5.2
4 880.5 78.3

Sum 32,528.3

In summary, the effects of furfurylation on bound and free water included reductions
in the amount of moisture content, tighter bonds between bound water and the wood, and
a freer relationship between the free water and wood. The first effect can be attributed to
the cell wall densification and the reduction in bound water following the furfuryl alcohol
impregnation treatment, and the last effect may be attributed to the attachment of the
hydrophobic FA resin to the cell walls.

3.5. Cyclic Water Soaking and Dimensional Stability

Water uptake represents the ability of wood to hold an amount of water, and it is
closely related to porosity. Accordingly, water uptake also reflects the effect of FA treatment
on the pore size distribution of cell walls and cell cavities [25]. Table 4 shows the MCwar
and ASEws values of furfurylated and untreated wood during the water uptake test. It
can be seen that the FA treatment could effectively reduce the MCyyur of the Chinese fir
and poplar, as the MCwar of the Chinese fir and poplar decreased along with increasing
FA concentrations, with average reductions of 56%—-79% for the Chinese fir and 8%—44%
for the poplar compared to the control wood. Furthermore, Tables 2 and 3 show that
the MCya of PWO0 was 58% of that of SW0 and that the porosity of PW0 was 95.16% of
that of SWO0 in the control wood, mainly due to porosity. Moreover, the MCyar of the
furfurylated wood was different to control samples. The porosity of furfurylated Chinese
fir was 13.51%—-27.54% higher than that of the poplar, but the MCwar of the furfurylated
poplar wood was 22.17%—67.98% higher than that of the Chinese fir following furfurylation
with various concentrations, indicating that the higher the WPG, the more significant the
reduction in MCywar. In addition, the ASEws correspondingly increased with increases in
FA concentration. However, changes in the amount of free water demonstrated insignificant
effects on the dimensional stability of the wood. Thus, although the ASEwsg increased with
increasing WPG, it was not as significant as the decrease in MCyyar.
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Table 4. Variation in MCwar (fully water-saturated) and ASEws of furfurylated and untreated poplar
and Chinese fir with water uptake.

MCwar (%) ASEws (%)
Sample
1st 2nd 3rd 1st 2nd 3rd

SWO0 27857 276.04 2 277.402
(8.85) 9.94 (8.85)

SW23 95.80 P 114.15P 120.88 P 56.56 38.42 27.40
(9.75) (11.10) (9.67)

SW45 60.24 ¢ 70.35 ¢ 74.20 ¢ 70.22 47.07 41.20
(1.86) 2.69 (50.89)

SW75 57.19 ¢ 66.70 € 62.66 d 70.90 51.16 42.88
(1.39) 3.29 (9.21)

PWO 162222 161.66 2 160.64 2
(9.65) (10.31) (10.97)

PW17 145.17 P 145.92 P 147.68 P 50.48 23.32 14.90
(2.62) (3.54) (2.36)

PW35 115.24 ¢ 118.18 € 123.04 ¢ 63.79 35.08 21.40
(8.68) (10.49) (9.07)

PW51 89.80 d 99.154 102914 72.36 4537 23.47
(12.08) (11.74) (14.34)

The standard deviation is given in parentheses; the same letter after the mean indicates no significance at p < 0.05.

The number of water soaking cycles also had an effect on furfurylated wood, as seen
in Table 4. As the cyclic water soaking times increased, the MCwar of the poplar and fir
control wood did not significantly change at around 276% and 161%, respectively. The
ASEws of the control wood decreased as the number of cycles of water soaking increased,
but the third cycle of water soaking was less variable compared to the second cycle.
Compared to the control wood, the MCwar and ASEws of the furfurylated wood slowly
increased. The MCyyar of the second cycle of the furfurylated Chinese fir wood increased
by 17%-19% compared to the first cycle, which indicated that there may have been a loss
of FA impregnated in the wood during the test that resulted in increases in pore space and
the water-uptake capacity. Furthermore, the loss of furfuryl alcohol was consistent with
the large T2 values produced by the uncured furfuryl alcohol in low-field NMR. On the
other hand, the ASEyys of PW51 decreased by more than 37% after each repetition of cyclic
water uptake, which could imply that although furfurylation had a significant bulking
effect on the poplar cell walls, it may have been unstable due to the large number of pits in
the poplar cell walls.

4. Conclusions

(1) Low concentrations of furfuryl alcohol can better enter the cell walls of the Chinese fir
than those of poplar. Compared to an FA concentration of 10%-20%, there were no
significant increases in the amount of FA entering the cell walls when the FA concen-
tration was increased to 30% in both the Chinese fir and the poplar. Furthermore, the
furfurylation of the poplar cell walls was more suitable than those of the Chinese fir
cell walls. The FA resin was almost cured in the secondary walls, cell corners, and
compound middle lamellae when furfurylated with the 10% concentration. Once
the concentration increased to 30%, the amount of FA cured in the cell lumen of the
poplar was greater than that of the Chinese fir.

(2) The poplar’s pointed ends of pit chambers and pit apertures (800-1000 nm) and the
Chinese fir’s small pores of pit membranes and pit apertures (1-6 pm) were partially
infiltrated and deposited by FA resin at the 10%-30% concentrations and formed
new pore sizes in the pore size distribution ranges of 80-600 nm and 15-100 nm,
respectively. The amount of FA cured in the tracheids of the Chinese fir latewood and
poplar wood rays increased along with increasing FA concentrations. The porosity of
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the poplar was greater than that of the Chinese fir, and the bulk density was lower in
the poplar than the fir before and after modification.

(3) Wood impregnation with a low concentration of FA was able to reduce the EMCg
and improve the ASE*, but the dimensional stability of the poplar wood was more
significantly improved. Additionally, furfurylation effectively reduced water uptake
due to the hydrophobicity properties of the furfuryl alcohol resin. Furthermore,
with increases in cyclic water soaking times, furfurylation demonstrated significant
effects of MCwar reduction and ASEws improvement. The MCwar of the Chinese fir
increased by 17%-19% when treated with FA at various concentration in secondary
cyclic water soaking, suggesting the loss and leaching of FA resin during the test. In
addition, low-field NMR showed that the effects of modification on bound and free
water included reductions in the amount of moisture content, tighter bonds between
the bound water and wood, and a freer relationship between the free water and wood.
It can therefore be concluded that furfurylation is a feasible method by which to
extend furfurylated wood applications when using FA at low concentrations.
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Abstract: This study aimed to examine the effect of organosilicon compounds-modified linseed oil
parameters on wood utility properties. Linseed oil silylation with an organosilicon compound contain-
ing a vinyl group (vinyltrimethoxysilane) has made it possible to synthesize products characterized
by high stability in storage. The impregnation of wood with these resulting products contributed to
increased resistance of the protected wood to water exposure when compared to unprotected wood
or wood protected by polymerized oil that was not subject to the silylation reaction. The protected
wood was characterized by a lower water absorption rate in liquid as well as vapor forms contained
in the humid air. This property immediately translated into an increase in the resistance of the wood
exposed to Basidiomycota. The loss of mass of Pinus sylvestris L. (pine wood) exposed to the Coniophora
puteana was approximately 3%. This parameter did not improve when the wood was subjected to the
washing process (mass loss approx. 3.6%). Thus, the resulting products are those demonstrating the
highest potential for use in the preparation of wood protection means.

Keywords: biobased materials; linseed oil; silane; VIMOS; wood

1. Introduction

Despite a broad range of existing wood protection products, the search for solutions
that would meet growing market expectations, such as water resistance and microbial
attack, UV radiation, or low toxicity relative to the natural environment, still continues. Due
to the limitations of synthetic materials, it is also important to remember that the natural
origin of raw materials is often defined by their so-called biogenic carbon content. Oils of
natural origin, in particular, attract increasing attention [1-5]. It is generally known that
the impregnation of wood with natural oils, including linseed oil or tung oil, contributes to
the reduction of water absorption and results in the wood demonstrating higher resistance
to wood decay fungi (white and brown rot) [6-9]. Despite the aforementioned advantages
in terms of the use of natural oils in wood protection methods, these products have
numerous disadvantages. The major imperfections are coating hardening, high viscosity,
relatively low mechanical parameters of the coating (hardness, flexibility, abrasion), a
relatively high water washout, low resistance to UV radiation, and they tend to change
color (most often, they are prone to yellowing). Thus, increasing attention is paid to wood
modification with oils used for its protection. Due to the unsaturated transtype bonds in its
content, linseed oil is characterized by higher reactivity than other commonly used oils,
e.g., tung oil [10]. Veigel et al. [11] observed that adding the modified nanocellulose to
linseed oil improves its mechanical parameters (resistance to abrasion) and resistance to
weather conditions. Several authors described linseed oil modification methods through
uretining reactions in the acetone process in which the product formed coatings fit for
wood protection [4,8,12-14]. These tests were developed by implementing modified oils
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with metal-containing microbiocides, i.e., silver, zinc, manganese, lead, or calcium. The
authors stated that the most efficient products were achieved by implementing silver
compounds. Other tested parameters, i.e., hardness, impact strength, binding strength,
adhesion, and resistance to light, have not changed compared to the coatings that do not
contain microbiocides]. Linseed and soy oil have also been subject to in situ epoxidation
and copolymerization with vinyl acetate. Positive effects of the modification have been
observed only for the linseed oil-based product. Pinewood impregnated with the above
product has a higher resistance to decay fungi (Trametes versicolor, Postia placenta, and
Coniophora puteana) compared to commercially accessible polymerized linseed oil [15].

The application of silanes to modify natural oils by means of the reaction of substi-
tution of nucleophilic 3-chloropropyltrimetoxysilane to sodium salts of fatty acids in the
presence of potassium iodide as a catalyst appears to be very promising. Rape oil modified
with organosilicon compounds obtained in this way was then used to protect pine wood.
Due to the formation of chemical bonds between hydroxyl groups located on the surface
of wood and the silane (wood—O-5i), a highly durable coating was formed. While the
wood was immersed in water, no coating deterioration was observed on pine wood treated
with the obtained product. The synthesis of silane derivatives of rape oil determined new
prospects for the use of natural products in obtaining silanized natural polymers and their
application for manufacturing protective coatings permanently bonded with the wood
surface. Such products may provide an alternative for the silanes containing fluorine
groups that are more broadly applied as strongly hydrophobic [16-18].

Stable products of the reaction were obtained in soybean oil silylating reaction by
means of vinylotrimethoxysilane (VIMOS) in the presence of 5-Bis(tert-butylperoxy)-2.5-
dimethylhexane as a catalyst. Srinivasan et al. [19] indicated that the most likely course was
the “ene” reaction being a part of the Diels—Alder reaction mechanism. Tambe et al. [20]
conducted the silylating reaction for soybean, rape, and abyssinian oils. The researchers
concluded that the reactivity of vinylosilane with olefin subjected to the “ene” reaction
mechanism did not depend on the double bond position in olefin, and non-terminal
unsaturated bonds of fatty acids are also affected by the reaction. The previous tests
were supplemented with a detailed description of the VTMOS-modified linseed oil. The
products of silylating reactions are characterized by relatively low viscosity and a tendency
to form gel without any necessity of introducing catalysts promoting polymer structure
netting [21,22].

The course of the linseed oil silylating reaction with VTMOS results in a new product
with a high potential to provide resistance to water and, thus, increase the durability of
treated wood in response to external impacts. This study aimed to determine the impact of
linseed oil parameters on wood utility properties when modified with organosilicon com-
pounds. The following physical properties described the reaction products: non-volatile
content/solid content, vapor absorption from humid air, water absorbability, contact angle,
testing the change of color in view of aging factors, and exposure to fungi-causing mold
growth, both in laboratory and field conditions.

2. Materials and Methods
2.1. Materials

Linseed oil was purchased from Alberdingk boley gmbh (DE). The vinyltrimethoxy
silane (VIMOS) [CAS 2768-02-7] with a purity of 99% was purchased from Dow Corning.
The catalyst 2.5-Bis(tert-butylperoxy)-2.5-dimethylhexane, (Luperox 101 [CAS 78-63-7])
was purchased from Arkema.

The sapwood of pine (Pinus sylvestris L.) and spruce (Picea abies), with sizes consistent
with specific test requirements, were used for tests.

2.2. Linseed Oil Modification

The catalytic course of the linseed oil silylation reaction with VTMOS was conducted
in a high-pressure reactor (PARR Instrument Company, USA, ST Moline, IL). Prior to
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silylation, the heating reactor was purged with nitrogen. The reaction components were
put into the reactor and after 5 min of stirring the mixture at room temperature, the heating
started. Depending on the substrates, the proper reaction temperature was achieved after
90-120 min. The reaction was run at the temperature of 280 °C with a rotation speed of
220 rpm =+ 2 rpm throughout the entire process. The composition of the amount of the
components mixed in a reactor is summarized in Table 1.

Table 1. The chemical composition of the reaction mixture based on linseed oil.

. Luperox 101 [mol]/ VTMOS [moll/ . . . . °
Reaction ID 1 mol of Linseed Oil 1 mol of Linseed Oil Time of VIMOS Addition = Reaction Time in 280 °C [h]

1 0 0 No addition 12
2 0.008 0.6 At the beginning of reaction 3
3 0.04 0.6 3rd h of reaction 6
4 0.04 0.6 3rd h of reaction 9

2.3. Methods

The method and materials used in the paper methodology are graphically presented
in Scheme 1.

Properties of impregnated
Linseed Qil wood:

Silylation Wood

reaction impregnation Water absorption
Modified Linseed Oil Absorbability

Static contact angle
Changes in wood color

Luperox 101

Resistance to the impact of
colonizing fungi

Oil properties:

Non-volatile content
Viscosity

Scheme 1. Graphical picture of the methodology used in the work.

2.3.1. Non-Volatile Content/Solid Content

The solid content of products (2 g) was measured using moisture analyzer equipment
(Moisture analyzer MA 40, Satorius Company, Gottingen, Germany) at 105 °C and 125 °C
based on the modified PN-EN ISO 3251:2008 method.

2.3.2. Determining the Viscosity of the Obtained Reaction Products

Determining viscosity was performed using the Hoppler apparatus by measuring
the times of flow of an adequately selected ball. Then, viscosity was calculated using the
following formula:

n=Kx(ql —q2) *t

where:
nN—yviscosity
K—apparatus calibration constant
ql—density of the ball [g/cubic cm]
q2—density of tested liquid [g/cubic cm]
t—time of falling of the ball between two marks [s]
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2.3.3. Water Absorption from Humid Air

Wood samples of the following sizes, 18 x 30 x 30 mm (thickness, width, and length),
the latter dimension represents the size along the fibers), were treated by immersion in
oil for 10 min (5 samples per product). The average value of the applied preparation
was 200 =+ 20 g/m?. The treated samples were dried in the laboratory dryer for 72 h at a
temperature of 80 °C. Oversaturated solution of diammonium phosphate was prepared
in an airtight glass container (desiccator). The samples were weighed and placed in the
desiccator above the solution when dry. The container was tightly closed. Later, the samples
were weighed after 1, 2, 4, 24, 48, 72, 96, 120, and 168 h. After each measurement, the
samples were put back into the desiccator. Untreated pine wood was used in the reference
samples. Water absorption was determined using the following formula:

[100% (my — my) |
my

a =

where:
W,;—water absorption
my—humid wood weight
my—dry wood weight

2.3.4. Absorbability

The test was performed on the samples of treated pine wood and spruce wood of
the following parameters: 20 x 75 x 150 mm (thickness, width, and length, the latter
dimension represents the size along the fibers). In order to obtain constant weight, wood
samples were conditioned at the temperature of 20 & 2 °C and a humidity of 65 £ 5%.
Then, 200 g (20 g)/m? of the preparations (non-modified and modified oil by silane) were
applied to the surface of the wood prepared in this experiment. After conditioning the
wood, the side edges and untreated side of samples were blocked with epoxy paint and
silicone. The weighed samples prepared in this way were put for 24 h in deionized water
by immersing the entire tested surface in water, and then it was conditioning for 3 h at the
temperature of 20 &+ 2 °C and relative air humidity of 65 &+ 5%, and 3 h at the temperature of
50° £ 2 °C, then 18 h at the temperature of 20 £ 2 °C and relative air humidity of 65 £ 5%.
Then, the samples were restored at the temperature of 20 & 2 °C and relative air humidity
of 65 & 5% until a constant weight was achieved. The absorbability test was performed
by immersing the treated surface of samples in water so as to ensure that the entire tested
surface was wet. After 72 h, the samples were taken out of the water, then water drops
were delicately removed with a tissue, and the samples were weighed.

2.3.5. Static Contact Angle

In order to test the hydrophobic properties of the products, the static contact angle
was determined on pine wood. The size of the tested samples was 150 &+ 2; 75 £ 3, and
the thickness of 20 & 2 mm. Preparations were applied with a brush in the amount of
200 4+ 20 g/m?. The samples prepared in this way were conditioned for 7 days in the
environmental chamber (at the temperature of 20 4= 2 °C; RH 65 & 5%). The measurements
were taken by means of the OCA14 optical goniometer (Data Physics). Deionized water
was used as a measurement liquid. Water drops with a volume of 5 uL were placed
automatically using a pipette directly on the sample located on the measurement table,
keeping the same minimum height of the needle above the tested surface. Five seconds
after the placement of a drop, at least 10 measurements were taken for each sample. Images
of a drop were registered by a camera. The contact angle was measured using the control
program after prior determination of a baseline and the contour of a drop.
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2.3.6. Determination of Changes in Wood Color

The test was performed in order to check the change in color (yellowing) of oil
during the polymerization process and later exposure to wood. The aging procedure was
performed in the QUV chamber using water spraying. Pine wood samples were of the
following size: 10 x 75 x 150 mm (the latter dimension represents the size along the
fibers). Preparations were applied with a brush in the amount of 200 g + 20 g/m?. The
samples prepared in this way were conditioned for 7 days at a temperature of 20 £ 2 °C
and humidity of 65 £ 5%. The color test was performed prior to the exposure to the
deteriorating impacts and after 1 and 6 weeks of exposure in the chamber. Measurements
were taken in the same areas where the color on the unaged wood was tested. The color
was determined on pine wood using the Spectraflash 300 double-beam spectrophotometer
featuring a pulsed xenon lamp and the d/8° measurement geometry in the wavelength
range of 400~700 nm (accuracy-10 nm). The measurement surface was 18 mm?. The aging
procedure in the QUV chamber was performed in line with the following parameters:
EN 927-6, step 1—condensation (45 £ 3 °C, 24 h); step 2—144 h consisting of 48 cycles
of 3 h consisting of steps 3 and 4; step 3—UV (60 £ 3 °C, 2.5 h, irradiance set point
0.89 W/(m?2 nm) at 340 nm); step 4—spray (0.5 h), 6 1/min-7 1/min, UV off). Test duration:
12 weeks (2016 h).

2.3.7. Resistance of Treated Wood to the Impact of Colonizing Fungi
Resistance to Colonization by the Fungi Causing Molding

Biological testing was performed on the basis of methodological assumptions of ASTM
D 5590. This method involved a visual evaluation of the level of colonization by molds. The
mixture of the following testing fungi cultures was applied: Aspergillus niger van Tieghem
(A.n.), Trichoderma viride Pers. Ex S.F. Gray aggr. (T.v.), and Paecilomyces variotii Bainer (P.v).
Fungi were cultivated on an agar-malt medium (20 g of agar, 30 g of malt extract, 1 L of
water) with added Czapek-Dox mineral (4 g/L). The wood was exposed in the cultivation
chamber at constant temperature (28 &+ 1 °C) and humidity (80 & 5%) for a period of
28 days. The colonization index (Table 2) of the wood surface by fungi was determined
after 7, 14, 21, and 28 days of the test. Part of the samples was aged according to PN-EN 84.

Table 2. The scale of colonization of the wood surface by molds according to ASTM D 5590.

Index Description
0z No colonization of the wood surface by fungi, visible zone of inhibition
0 No colonization of the wood surface by fungi
1 1%-10% of the wood surface colonized by fungi
2 11%-30% of the wood surface colonized by fungi
3 31%-60% of the wood surface colonized by fungi
4 More than 60% of wood surface colonized by fungi

Resistance to Decay Caused by C. puteana

Impregnated samples in the following size: 7 x 25 x 50 mm (the latter dimension
represents the size along the fibers) were exposed to Coniophora puteana (Schumacher ex
Fries) Karst.,, BAM Ebw 15 species causing brown rot of wood. The fungus was cultivated
on the agar-malt medium (20 g of agar, 50 g of malt extract, 1 L of water). Methodological
assumptions of EN 113 and EN 839 were used in the testing procedure. The wood mass
loss occurring as a result of exposure to samples of Coniophora puteana was determined after
8 weeks of testing. The infected wood was exposed in the cultivation chamber to constant
humidity conditions (70 & 5%) and temperature (21 £ 1 °C). Part of samples were aged
according to PN-EN 84.
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2.3.8. ANOVA Analysis

GNU PSPP software (version 1.6.2) was used to conduct the statistical and vari-
ance analysis. One-way ANOVA study and the Tuckey HSD test with a confidence level
of 95% (p < 0.05) were used to compare the significance of the difference between the
obtained results.

3. Results and Discussion
3.1. Non-Volatile Content

The highest non-volatile content at 105 °C was observed in non-polymerized linseed
oil heated for 12 h (Product reaction 1). The addition of VIMOS and catalyst of silylation to
reaction slightly reduced the non-volatile content. This change arises from the addition of
relatively low molecular weight silane to the reactive mixture. Then, silane is subject to the
thermal reaction featuring the emission of volatile low molecular weight compounds [12].
This conclusion is supported by the trend visible in the chart below—the longer the reaction
time, the higher the volume of volatile low molecular weight compounds.

Exposure of oil samples at the temperature of 125 °C in the cases of the reaction with
VIMOS made it possible to observe the presence of volatile substances, which may suggest
the formation of a by-product or decomposition of the resulting product. A likely reason
for a growth in the volume of volatile substances at the temperature of 125 °C was the
formation of by-products in the form of organosilicon compounds containing ether and
ester bonds [12]. Detailed results of the analysis of volatile substance volumes are presented
in Figure 1.
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Figure 1. Non-volatile content in modified and unmodified linseed oil.

3.2. Dynamic Viscosity

The viscosity of silylation reaction products was several times lower than the viscosity
of the product of the 12 h linseed oil radical polymerization reaction (reaction product 1,
Figure 2). Low viscosity, just slightly higher than the viscosity of non-polymerized linseed
oil, was the desired effect as it increases the depth of penetration of the product into the
wood. The viscosity of VTMOS-modified linseed oil slightly increased during its storage
which is most likely related to further curing of non-reacted organosilicon compounds
during the thermal reaction. These not-significant viscosity changes allow classifying
products as stable during storage. The above observations with the influence of “ene”
reaction for oil were described by Tambe et al. [23]. The viscosity of the resulting soybean
oil was, opposite to the linseed oil described in this paper, unaffected by the silylation
reaction and remained low (32 cPs). Observed differences were carefully described in an
article by Depczyriska et al. [22], where the differences were explained through the different
compositions of fatty acids in oils.

3.3. Absorption of Vapor from Humid Air

The analysis of vapor absorption from humid air into the pine wood indicates that
every protection positively impacted the reduction of this parameter (Figure 3). In the
first 4 h of wood exposure against humid air, distinctly higher (approximately 70%) water
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absorption by unprotected wood compared to the wood protected with reaction products
no. 3 and 4 were seen. After 24 h of testing, no significant differences between specific
variations of the reactions no. 2—4 were observed. In a longer time perspective of storing
wood in humid air conditions, a tendency to absorb less water by the wood impregnated
with modified oil became conspicuous. Wood treated with a product of reaction no. 3 or 4
had a reduced water absorption rate. The wood treated with products of reactions no. 1
and 2, after 96 h of testing, had not protected the wood against water. Its absorption was
at a similar level to the absorption of water from humid air in untreated pine wood. The
results confirmed that the new products that were obtained in reactions no. 3 and 4 increase
the hydrophobic nature of wood in long-term exposure to humid air environments.
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Figure 2. Viscosity of linseed oil and silylation reaction products.
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Figure 3. Absorption of water vapor by untreated pine wood and pine wood protected by the
tested products.

3.4. Absorbability

The absorbability test confirmed that all tested products of the reactions reduce water
absorption in pine wood (Figure 4). An approximately 50% reduction of absorbability
relative to untreated wood could be observed for every tested product. The best result
was obtained again for the wood protected with the products of reactions no. 3 and 4. The
tests performed showed significant differences for pine wood between the following data:
Untreated Wood—Product Reaction 1; Untreated Wood—Product Reaction 2; Untreated
Wood—Product Reaction 3; Untreated Wood—Product Reaction 4; Product Reaction 1—
Product Reaction 3; Product Reaction 2—Product Reaction 3
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Figure 4. Absorbability of pine wood untreated and treated with the tested products.

Similar to the treatment of pine wood, the treatment of spruce wood reduced the
absorption of water compared to untreated wood (Figure 5). Differences were observed in
wood impregnation with products of reactions no. 1-4. Polymerized linseed oil reduced
water absorption by over 50% compared to unprotected wood. However, the products
modified with silane reduced water absorption by approximately 20%. The differences
in the tests performed for pine wood and spruce wood are mainly found in comparing
two key parameters, i.e., the anatomy of specific species and the viscosity of oils. Spruce
wood is a species that is difficult to saturate, which causes the applied preparations to
concentrate on its surface, but white parts of pine wood that are easy to saturate will
quickly absorb oils with low viscosity. The tests performed showed significant differences
between the following data: Untreated Wood—Product Reaction 1; Untreated Wood—
Product Reaction 2; Product Reaction 1—Product Reaction 2; Product Reaction 1—Product
Reaction 3; Product Reaction 1—Product Reaction 4. Temiz et al. [24] and Humar and
Lesar [6] also reported that linseed oil reduced water absorption in wood. The first research
team used the oil as a by-product of the ThermoWood thermal modification process.
Linseed oil and hydrogen peroxide prepared the treatment agent [24]. The results indicated
that the samples treated with bio-oil had lower water absorption than the control group. A
second research team confirmed that linseed oil impregnation of spruce and beech wood
reduces short and long-term water uptake of liquid water [6].
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Figure 5. Absorbability of unprotected spruce and the spruce protected by the tested products.

3.5. Static Contact Angle

The static analysis of the measurements of static contact angles (Figure 6) has con-
firmed that the obtained products after application on wood and drying are characterized
by high hydrophobicity. The highest result for the contact angle was observed for pine
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Static contact angle [deg]

wood protected by the product of the reaction no. 1. The probable reason of the higher
hydrophobic properties was the lower viscosity of the new preparations (reactions no. 2—4)
and, thus, better wood penetration. Despite the fact that natural oils do not form a coating,
the significantly higher viscosity of the product in reaction no. 1 impeded its penetration
into the wood and formed a much more uniform coating on the wood surface.
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Figure 6. Results of contact angle tests for the protected pine wood.

3.6. Change of Color of the Protected Wood

The impact of wood protection with the products of the reactions no. 1-4 on its
change in color has been presented in Figure 7. The oil application caused a color change
(AE > 5) visible to the naked eye in each case. The product of the silylation reaction (no. 2,
3, 4) affected a change of the wood color to a lower extent than the product of reaction
no. 1 (polymerized linseed oil). The observation of the b monochromatic component that
demonstrates yellowing of the sample seems to be particularly significant, and it is often
perceived as a defect in the industry. The highest values were observed for polymerized
linseed oil in this area.

Product Reaction 4 — AE Ab ®Aa mAL

Product Reaction 3 |

Product Reactaction 2 |

Product reaction 1 N

-10 -5 0 5 10 15 20

Figure 7. Results of the change of color in the CIELAB system: AL, Aa, Ab, AE relative to non-
impregnated wood.

Figure 8 presents the results of spectrophotometric measurements for pine wood
impregnated with oils no. 14 and exposed to aging factors for one week and six weeks.
Comparison of a change in color of the samples after one week and after six weeks shows
that the polymerized linseed oil during its curing process in the wood (the first week) has
changed the color of wood (AE > 20) distinctly, and then, during the subsequent five weeks,
the color did not change significantly. Similarly to the described linseed oil, the products
of the reaction of linseed oil with VITMOS changed the color of wood significantly after
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approximately one week, and then the color of wood changed to the one that was tested on
the samples just after their impregnation.
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Figure 8. The change in the color of the wood protected with preparations exposed to the impact
of aging factors in the periods of 1 week and 6 weeks; AL, Aa, Ab monochromatic components and
AE parameter.

3.7. Resistance of Wood to Biological Impacts

The wood treated with polymerized linseed oil (product of reaction no. 1) was resistant
to tested fungi for approximately 7 days. After 14 days, almost the entire surface of the
samples was infected. Leaching significantly shortened the period of resistance of wood
to mold because just after a week, more than 30% of the wood surface was infected.
The wood impregnated with the preparation obtained in reaction no. 4 had the highest
resistance. After 7 and 14 days, less than 30% of the surface was infested by tested fungi.
Specific attention should be paid to the fact that no significant differences were observed
when comparing wood samples that were leached and unleached. It is confirmed by
the observations mentioned previously that preparations protected the wood against the
impact of water, and, as a result, they were also washed out to a lesser extent. The product
of reaction no. 4 limited the development of fungi-causing mold until the end of the test, i.e.,
to the 28th day of exposure to degrading factors. Detailed results of the test are presented
in Figure 9. The tests performed showed significant differences between the following
data: Untreated Wood—Product Reaction 4; Untreated Wood—Product Reaction 4 (EN 84);
Product Reaction 1—Product Reaction 4 (EN 84); Product Reaction 1 (EN 84)—Product
Reaction 4; Product Reaction 1 (EN 84)—Product Reaction 4 (EN 84).
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Figure 9. Resistance of the wood protected against the impact of fungi-causing mold.
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The mass loss of wood that had not been subjected to impregnation was more than
20%, proving how active C. puteana is. In the same conditions of wood exposure, the
samples protected with polymerized linseed oil had little resistance to the fungus, and the
average mass loss of the washed and unwashed wood was 12.4 and 11.5%, respectively.
Impregnation of wood with the product of reaction no. 4 increased wood protection against
the decay fungus, and the mass loss was 3.6 and 2%, respectively. Detailed test results
are summarized in Table 3. The tests performed showed significant differences between
the following data: Product Reaction 1—Product Reaction 4; Product Reaction 1—Product
Reaction 4 (EN 84); Product Reaction 1 (EN 84)—Product Reaction 4; Product Reaction 1
(EN 84)—Product Reaction 4 (EN 84). Compared with the literature discussion, product
reaction 4 more effectively protected pine wood against C. puteana fungi than non-modified
linseed oil. It gives new possibilities for utility linseed oil protection of wood in more
hazardous applications than the literature presented [6,24-26].

Table 3. Resistance of the wood protected against C. puteana.

Sample ID Wood Moisture Content [%] Mass Loss
Product Reaction 1 369 +6.3 124+18
Product Reaction 1 (EN84) 30.1+£42 11.54+94
Product Reaction 4 199 +17 3.6=£0.7
Product Reaction 4 (EN84) 195+15 20+08
Untreated wood/fungi activity 679 +£54 21.8 £1.8

4. Conclusions

Linseed oil silylation with an organosilicon compound containing a vinyl group
(Vinyltrimethoxysilane—VTMOS) that may react with unsaturated bonds contained in fatty
acids made it possible to synthesize products showing high stability in storage. Long-term
storage of the silylation process products has not changed their viscosity. Impregnation
of wood with the resulting products contributed to the increased resistance of protected
wood to water exposure compared to unprotected wood, which could translate to the
increase of wood resistance to exposure to colonizing and decay fungi. As far as the utility
aspect is concerned, it was observed that the process of running the silylating reaction is
a crucial parameter limiting the level of wood protection relative to the factors causing
biodegradation and biodeterioration. The wood protected with the reaction product in
which the linseed oil was prepolymerized for 3 h and silylated for 6 h had the highest
durability of all completed syntheses. The resulting synthesized products may show
potential as semiproducts used to develop preparations used in wood protection, especially
as a stable and hydrofobic substrate for resin and emulsion production. This topic should
become a continuation of the efforts described in this study.
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Abstract: The valorization of tree bark through chemical treatment into valuable products, such
as bark acid, leads to the formation of process residues with a high solids content. Since they are
of natural origin and are able to be suspended in water and acid, research was carried out on the
recycling of suberic acid residues (SAR) as a bi-functional component of binder mixtures in the
production of plywood. The 5%-20% (5%-30% for curing time) mass content of SAR has been
investigated with urea-formaldehyde (UF) resin of about 66% of dry content. The results show that
the curing time of the bonding mixture can be reduced to about 38% and 10%, respectively, for hot
and cold curing, of the initial curing time for the lowest SAR content. The decreasing curing time of
the tested binder mixtures with the increase in SAR content was caused by the increasing amount of
acidic filler, since amine resins as UF require acidification hardening, and the curing dynamics are
strongly dependent, among others, on the content of the acid medium (curing agent). In the case of
hot curing, a SAR content of about 20% allowed us to achieve the curing time of bonding mass with
an industrial hardener. Investigations into the mechanical properties of examined panels showed a
significant modulus of elasticity (MOE) increase with filler content increase. Similar conclusions can
be drawn when analyzing the results of the modulus of rupture (MOR) investigations; however, these
were only significant regarding hot-pressed samples. The shear strength of the plywood samples
increased with the SAR rise for both cold- and hot-pressed panels. The in-wood damage of samples
with SAR filler, hot-pressed, rose up to about 30% for the highest SAR filler content. For cold-pressed
samples, no in-wood damage was found. The positive effect of veneer impregnation limiter by resin
was identified for SAR acting as a filler. Moreover, a higher density of SAR-containing bonding lines
was reached for hot-pressed panels. Therefore, the results confirmed the ability to use the SAR as an
upcycled component of the bonding mixture for plywood production.

Keywords: plywood; binder; filler; hardener; bark; suberinic acid; residue; upcycling

1. Introduction

Increasingly, attention is being turned to wood waste generated during the harvest-
ing process—branches and bark. Very often these by-products are used as fuel in the
incinerators situated next to the factories, or some of these raw materials remain in the
forest. Shredded branches were used as an admixture for particleboard [1] or as a face
layer of a wood-based composite formed from small slices of branches [2]. When looking
for examples of uses for bark, the common use of bark in gardens as mulch is an obvious
example [3] but it is also used in the wood-based composites industry, e.g., as an ingredient
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in insulation panels [4,5] or as an admixture in the production of particleboard [6,7] due
to lower strength parameters [8]. For this reason, research has been conducted for several
years to extract selected compounds from the bark-tannins [9]. The aforementioned com-
pounds are currently used in the production of natural wood adhesives [10]. An accessible
and ecological binder produced from birch outer bark is hydrophobic suberin, which is
usually isolated as suberinic acids or partly depolymerized suberin [11].

To approach the topic comprehensively, attention must be paid to the waste associated
with tannin production, which is why, in parallel with the development of an ideal tannin-
based wood binder, research is being conducted into the use of SAR for, among other things,
bonding particleboard [12,13] and plywood [14]. It has been proven that suberinic-acid-
based adhesives can cure without any additives or modifiers, remaining a fully ecological
product [15], and at the same time resulting in low thickness swelling and high bending
strength [16].

The use of fully biodegradable adhesives, e.g., based on gelatin, milk, and casein, is
characterized by lower strength parameters and lower moisture resistance and adhesion
to wood [17]; for these reasons, high expectations are placed on adhesives based on
biopolymers, e.g., polylactide (PLA) [18]; polycaprolactone (PCL); polypropylene (PP) [19];
and, as previously mentioned, the bark [10] and tannins [20]. The ecological aspect is also
very important because the emissions of NOx are increased when wood composites with
nitrogen-based adhesives, such as urea-formaldehyde (UF), melamine-urea-formaldehyde
(MUEF), and emulsion polymer isocyanate (EPI), are combusted [21]. As proven, the
durability of already mentioned PP, as well as modified polypropylene glues, is equal to
that of UF and MUF resins [22].

One of the ingredients in the glue used to make plywood is filler. It has a crucial
role as it prevents the glue from soaking into the veneers too much, and thus reduces its
viscosity and reduces material costs but can also be used to modify selected properties
or improve electrical/thermal conductivity [23]. We distinguish between organic and
synthetic fillers [23], which are divided into active and passive fillers. Organic flour is
commonly used as a filler. In the research carried out, it was examined whether the type
of flour made a difference in the quality of bonding, for which purpose different types
of flour were compared: rye flour, hemp flour, coconut flour, rice flour, and pumpkin
flour. The tests confirmed that all the flours used could be successfully used as a filler.
Against the background of the others, pumpkin flour proved to be distinctive, whereby the
adhesive bond strength was the highest. Hemp flour, on the other hand, had a reducing
effect on formaldehyde emissions [24], and pine bark had similar properties [25], as well
as beech bark [26]. However, it should be pointed out that the main shortcoming of
mentioned flour-based fillers is their food origin. Other examples of fillers in plywood and
other lignocellulosic composites production are soy flour [27], coffee bean post-extraction
residues [28], palm kernel meal [29], oak bark powder [30], thymus plant [31], chestnut shell
and coffee waste [32], walnut shell [33], nanocrystalline cellulose [34], and beech bark [35].
In a study using maple bark meal as a filler in the production of three-layer plywood, it was
noted that the reduced pH of the bark can lead to the pre-curing of the adhesive. Waste
biomass and biomass residues that are abandoned in nature are promising fillers that can be
used to replace flour [36]. This knowledge gives hope for the dual use of bark—as a filler and
as a curing agent—which can mean considerable savings in the production process [37]. It
is not only the chemical properties of the filler that matter but also physical properties, such
as the degree of grinding—research confirms that the more ground the filler is, the better
the bond quality [38]. Chicken egg shells were used as a bio filler in the other study as well.
Due to their non-combustible properties, they can compete with synthetic fillers, and their
advantages also include their low price and eco-friendly nature [39]. The examples shown
are for commercially used adhesives, but trials can already be found in the literature where
fillers are combined with polymers—in this case, wood plastic composites [40]. Starch can
also be considered a natural filler used in plywood technology. When combined in the right
proportion with citric acid, it produces a biodegradable adhesive bond [41]. It is also used as

32



Forests 2023, 14, 110

a binder in wet-molded fiberboard technology [42]. Wood bark has also found its way into
plywood technology so far, including the production of plywood without the use of glue as
a binder. The role of a binder was played by oxidized bark (Acacia mangium). The powdered
bark was oxidized using hydrogen peroxide in four variants: 5, 10, 15, and 20%, as well as a
catalyst. The best results were obtained for the 20% variant, and the topic was considered
forward-looking and developmental [43]. In conclusion, tannin-based adhesives have great
potential on the wood market [44], as evidenced by numerous examples of applications, but
the by-products must not be forgotten, since they must also be utilized.

The variety of fillers used confirms the potential for substitutes for wheat or rye flour.
The bark post-treatment raw material, prepared as flour/powder, can be successfully used
as a filler, so this research will test the use of SAR in plywood-production technology.

This research aimed to evaluate the influence of the application of SAR as a bi-
functional component, hardener, and filler in the bonding mixture for plywood production.
Such a double function of SAR (filler and hardener), as a natural origin, is a new approach
in the research of plywood bonding mass fillers. In the scope of research, the curing time
of the bonding mixture with various contents of SAR was measured in a room and at
elevated temperatures.

2. Materials and Methods
2.1. Materials

The rotary cut birch (Betula L.) veneer of an average thickness of 1.5 mm, 5% + 1%
moisture content (MC), and dimensions of 360 x 360 mm? were used to produce plywood.
As a binder, an industrial UF resin S-120 (Silekol Sp. z o.0., Kedzierzyn—Kozle, Poland) of
about 66% of dry content [45] was used with ammonium nitrate water solution (industrial
hardener mentioned in Table 1; 20 wt%) as a hardener to reach the curing time of REF 0
(Table 1) gluing mass at 100 °C in about 86 s. The rye flour was used as a reference filler.
The mentioned UF resin was also the base of the SAR bonding mixture.

Table 1. Compositions of bonding mixtures and plywood-selected pressing parameters.

Variant Filler Industrial Hardener Pressing Pressing
Filler Content Content Temp. Time
Label .
[pbw ! per 100 pbw of Solid Resin] [°C] [Min]
REF 0 Rye flour 0 2 120 4 min
REF 5 Rye flour 5 2 120 4 min
REF 10 Rye flour 10 2 120 4 min
REF 20 Rye flour 20 2 120 4 min
SAR5 SAR 5 0 120 12 min
SAR 10 SAR 10 0 120 8 min
SAR 20 SAR 20 0 120 4 min
SAR5C SAR 5 0 Room 24 h
SAR10C SAR 10 0 Room 24 h
SAR20C SAR 20 0 Room 24h

1 pbw—parts by weight.

The SAR were used in this research as an alternative filler and hardener. SAR was
kindly provided by the Latvian State Institute of Wood Chemistry, Riga, Latvia, made of the
residues resulting from the isolation of suberinic acid in the ethanol, in the process described
by [12], suspended in water and acidified to pH 2, filtered and rinsed with deionized water,
which is described by [13]. The SAR, delivered as a brown paste (Figure 1a), about 25%
of dry matter, pH 3.3, was dried at 70 °C to constant mass. The chemical properties are
described in [12]—acid number 95.8 mg/KOH, epoxy groups 0.61 mmol/g, cellulose
9.0 wt%, aromatic suberin, lignin 21.4 wt%, w-hydroxy acids 17.5%, and «, w-diacids
11.9%. Then, the totally dry matter was crushed in an SM100 cutting mill (RETSCH GmbH,
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Haan, Germany), and the fine fraction <0.1 mm (extracted by sieving) was taken for further
research (Figure 1b). The pH of the water solution of the achieved SAR powder was 3.7.

(b)

Figure 1. The SAR in the wet state (as delivered) (a) and dry state (b).

2.2. Methods
2.2.1. Bonding Mixtures Curing Time

To measure the curing time of the bonding mixtures of various contents of different
fillers, the mixtures of binders were prepared, as given in Table 1. Additionally, the
mixture of UF resin and SAR filler in the ratio of 100:30 pbw was prepared. This variant
of bonding mixture was not used for further plywood preparation due to extremely high
viscosity. The samples of mixtures of a weight of about 8 g each were moved to laboratory
glass tubes, and the time to cure was measured during storage of samples in glass tubes
in: (1) boiling water (hereinafter called “Hot”) or (2) room temperature (about 20 °C;
hereinafter called “Cold”; SAR samples only) accompanied by manual slow stirring. As
many as 5 repetitions of curing time measurement were performed for every bonding
mixture and every temperature mentioned.

2.2.2. Plywood Preparation and Characterization

The three-layer plywood sheets were prepared with use of the bonding mixtures listed
in Table 1. The following parameters were applied during plywood preparation: bonding
mixture spread 170 g m~2 (manually spread) and maximum press pressure 1.4 MPa for
hydraulic press (AKE, Mariannelund, Sweden). The pressing time is given in Table 1. All
the produced plywood sheets were subjected to conditioning at 20 °C/65% + 1% R.H. to
constant weight before further testing.

The following tests were completed for the produced plywood: bonding quality in a
dry state according to [46] (8 repetitions), modulus of elasticity (MOE), and modulus of
rupture (MOR) in a parallel direction to the grains of the face veneer layer (8 repetitions),
according to [47]. All the mechanical tests were performed on a computer-controlled
universal testing machine (Research and Development Centre for Wood-Based Panels Sp.
z 0.0. Czarna Woda, Poland). The density profile of the tested plywood was measured
(3 repetitions) on a GreCon DAX 5000 device (Fagus-GreCon Greten GmbH and Co. KG,
Alfeld/Hannover, Germany) with sampling step of 0.02 mm. The density profile measure-
ment results were the representative plots selected after analyses of 3 individual plots for
every tested panel.

The images of the cross-cuts of the investigated plywood samples were taken with a
Nikon SMZ 1500 (Kabushiki-gaisha Nikon, Minato, Tokyo, Japan) optical microscope. The
images of the break zone of the samples after the shear strength test (bonding quality test)
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were taken with the use of a Canon 550D digital camera (Canon Inc., Tokyo, Japan). The
in-wood damage (fiber failure) was estimated, according to [46].

2.3. Statistical Analysis

Analysis of variance (ANOVA) and t-tests calculations were used to a test (x = 0.05)
for significant differences between factors and levels, where appropriate, using IBM SPSS
statistic base (IBM, SPSS 20, Armonk, NY, USA). A comparison of the means was performed
when the ANOVA indicated a significant difference by employing the Duncan test. The
statistically significant differences for the achieved results are given in the Results and
Discussion paragraphs when the data are evaluated. The letters on the plots indicate the
homogeneous groups; however, the homogeneity has been tested among the three groups
(REF, SAR hot, and SAR cold) in different filler content and curing temperature.

3. Results and Discussion
3.1. Curing Time

The results of the curing time measurement of bonding mixtures of various content
and different types of filler are presented in Figure 2. As is shown in the case of hot curing,
the curing time rapidly decreases from 225 s for SAR content 5 pbw to 86 s for SAR content
30 pbw. A similar tendency has been found in the case of cold curing, where the curing time
was decreasing from 1260 min for SAR content 5 pbw to 120 min for SAR content 30 pbw.
All the analyzed average values have been statistically significantly different from one to
another. The curing time of the reference bonding mixture (REF 0) was 86 s. The decreasing
curing time of the tested bonding mixtures with increasing SAR content was caused by
the rising amount of acidic-nature filler. According to [48], the amine resins, including
UE need to be acidified to be cured, and the curing dynamic is strongly dependent, i.a.,
on the content of the acidic medium (hardener). However, it should be pointed out that
the decreasing time has an asymptotic character, which means the intensity of the curing
time decrease is lower for higher filler content than for lower filler content. This is also
influenced by the phenomena of buffering capacity [49]. The further addition of acidic filler
will not affect curing time shortening, as it was found for lower filler content.
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Figure 2. The dependence of the curing time vs. filler content (the letters on the plots indicate the
homogeneous groups).

3.2. Bonding Quality

The following features of the produced plywood sheets were investigated to estimate
the quality of bonding: shear strength and images of the break zone of the samples after the
shear strength test. The results of the shear strength measurement are presented in Figure 3,
and the images of the break zone are provided in the pictures collected in Figure 4. As is
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presented in Figure 3, for all the tested bonding mixtures used, the shear strength increased
linearly with the filler content increase. The most intensive increase in shear strength has
been found for the reference bonding mixture with rye flour as a filler, where the shear
strength increased from 1.06 N mm 2 for 0 filler content to 1.71 N mm 2 for 20 pbw filler
content. The increase in SAR filler content from 5 pbw to 20 pbw caused shear strength to
increase from 1.43 N mm~2 to 1.57 N mm 2. That means, the SAR content increase did not
provide as much dynamic shear strength improvement as it did for the reference bonding
mixture. However, it is worth mentioning that for a similar filler content, 5 pbw, better shear
strength has been found for SAR filler (SAR hot samples). The SAR filler content increase
for the bonding mixture cured at room temperature led to a slight shear strength increase
from 0.25 N mm~2 to 0.42 N mm 2 for the SAR 5 C and SAR 20 C bonding mixtures,
respectively. Regarding the statistical significance of differences in average values of shear
strength, in the case of the reference binder, the REF 0 was significantly different from the
remaining REF panels, as well as REF 20 being significantly different from the remaining
samples. The only statistically significant difference in average shear strength for both SAR
hot and SAR cold variants was found for SAR 20 compared to the remaining samples.
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Figure 3. The shear strength of the plywood samples of different filler content (the letters on the plots
indicate the homogeneous groups).

Interesting observations can be found when analyzing the images of the break zones
of the samples after the shear strength test (Figure 4). For reference panels (REF 0, REF 5,
REF 10, and REF 20), the increasing filler content led to the rise of the in-wood destruction
area. For SAR hot samples (SAR 5, SAR 10, and SAR 20), the same tendency can be
observed. For cold-pressed panels (SAR 5 C, SAR 10 C, and SAR 20 C), only the rising
darkness intensity of the bonding line has been found due to increasing SAR filler content
without the change in the in-wood damage. As confirmed by [17,50], the in-wood damage
area was strongly connected to the shear strength of the bonded wood samples. The
significant influence of the bark filler content on the bonding shear strength has also been
confirmed by [37,51,52].

The differences in the break zones of the plywood samples bonded with different
contents and types of filler pressed in the hot or cold press process after the shear strength
test are collected in the pictures that are presented in Figure 4. According to [53,54], the
analyses of layered materials break zone help with the evaluation of the properties of
materials and allow for the description of the relations between the production parameters
and material features. In the case of reference samples (REF 0, REF 5, REF 10, and REF 20),
with the increasing filler content, the in-wood damage of the connection significantly rises,
especially in the REF 20 sample. There was no in-wood damage for REF 0 and less than
10% for REF 5 and REF 10, while there was about 30% for REF 20. The in-wood damage
of samples with SAR filler, hot-pressed, rose from 0 for SAR 5, through 10% for SAR 10
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to about 30% for SAR 20 (lowest to highest SAR filler content). For cold-pressed samples
(SAR 5 C,SAR 10 C, and SAR 20 C), except for the progressively darker surface, caused by
an increasing content of the brown filler, no in-wood damage has been found.

}
REF 0 (0%)

s N [

'REF 5 (5%)

i A
REF 10 (5%) REF 20 (30%)

——— - b A e e e

SAR 10 C (0%) SAR20C (0%)

Figure 4. The images of the break zones of the samples after the shear strength test (dimensions:
25 x 25 mm?; numbers in brackets are the estimation of in-wood damage).

3.3. Modulus of Elasticity and Modulus of Rupture

The modulus of elasticity results are presented in Figure 5. A significant MOE increase
has been found with filler content increase; however, the maximum MOE has been noted
for about 10% of filler content. Further rise of filler content reduces MOE. The difference
between MOE for 10% filler content compared to the remaining samples of reference binder
were statistically significant. According to the state of the art [35], the filler addition of
more than 15% led to a radical binder viscosity increase. As was stated for bark-based filler
for plywood bonding mass [55], the increase in filler content of about 20% significantly
increases the viscosity of the binder. Thus, the possible problems with the even spreading
of the binder over the veneer surface can negatively influence the bending strength of
the plywood sheets. When analyzing the results for SAR hot-pressed panels, it can be
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concluded that within the tested filler content of 5%-20%, the filler content increase caused
the rise in MOE. What is more, all the achieved results are statistically significantly different
from one to another, and high repeatability of the MOE results has been found (low
standard deviation values indicated on the plots as the error bars). The increasing tendency
of MOE for SAR cold-pressed panels has also been found, and it can also be seen that all
the achieved results are statistically significantly different from one to another.
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Figure 5. The modulus of elasticity of the plywood samples of different filler content (the letters on
the plots indicate the homogeneous groups).

Similar conclusions can be drawn when analyzing the results of MOR investigations
(Figure 6). However, in the case of cold-pressed panels, no significant influence of SAR
filler content has been found. Again, for industrial filler, the optimal content, leading to
maximum MOR, was about 10%. This is in line with the findings of [29], where the filler
content in the range of 10%-15% was indicated as optimal for the mechanical properties of
the layered wood composite.

200

180 - }C d{
160 -
$b $b
140 -
{a [ 3P} 3{
120 A

100 A

® REF
©® SAR Hot
@ SAR Cold

80 A
60 A

Modulus of Rupture [N mm-2]

40 -

@l

20 A

Filler content [pbw]

Figure 6. The modulus of rupture of the plywood samples of different filler content (the letters on
the plots indicate the homogeneous groups).

The lower content of the filler decreases MOE and MOR due to the insufficient bonding
line creation, caused by too high of an impregnation of the veneer by the bonding mixture.
Thus, the break of the bent sample occurs in the bonding line (between veneers), as is
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shown in Figure 7. In the same figure, the destruction of the bent sample by the break of the
bottom layer has been shown, where the highest values of MOE and MOR were reached.

Figure 7. The image of samples after bending test: REF 0 delamination in bonding line (top) and
REF 10 bottom layer break (bottom).

3.4. Density Profile

Figure 8 shows the course of density profiles for control samples, without SAR. The
shape of the density profiles is generally symmetrical. The density of the veneers differed
between the variants, ranging from 600 kg m > to 800 kg m~3, without a special relation to
production parameters. The average thickness of the samples was about 4.4 mm. The bond-
ing lines showed a significant increase in density across the sample, reaching 1000 kg m—3
for REF 0 (without filler addition) and about 1100 kg m~3 for the other variants. One can
see here that the relationship between the density of the binder and the mass fraction of the
filler—the higher its share, the greater the density of the bonding line.
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Figure 8. The density profiles of the reference plywood samples of different filler content.

The density profiles of the hot-pressed samples prepared with SAR as the filler
(Figure 9) showed a symmetrical course. The density of the veneers was, depending
on the sample, 700-800 kg m~3, while the density of the bonding line ranged from about
1100 kg m 3 for samples with a mass fraction of SAR of 5 to about 1300 kg m 2 for samples
with a mass fraction of SAR of 20. That means an increase in bonding line maximum density
has been found with a SAR filler content increase. A slight rise in the panels” densification
can be found, since the mean thickness of the samples was about 4.3 mm.

In Figure 10, the density profiles of cold-pressed plywood with SAR as the filler have
been presented. The density profile of three-layer cold-pressed plywood is symmetrical for
all three variants. The veneer layers showed a density of about 600 kg m 2. For samples
with the share of SAR as a filler of 20 parts by mass, the adhesive joint showed a higher
density of about 900 kg m 3. However, for the remaining variants—5 and 10 mass parts
of SAR—the test showed a decrease in density at the point of the adhesive joint, most
clearly visible for the smallest share of SAR—about 600 kg m~3, below the density values
achieved by the veneer. Between the decrease in density and the veneer layers, there was a
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brief increase in density—presumably at the point of contact between the wood and the
glue, i.e., in the layer of wood where the glue soaked. A smaller decrease in density is also
seen for samples with a mass fraction of SAR of 10—here, after an increase in the value to
over 820 kg m~3, a decrease to lower values, closer to 800 kg m~3, can be observed. The
described observations are confirmed by the research of [56], which proved that in the case
of layered materials, the glue line bonds for all the dry-pressed plies (glue-formulated and
control) are stronger than those for the cold-pressed samples before and after field exposure.
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Figure 9. The density profiles of the plywood samples of different SAR filler content, hot-pressed.
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Figure 10. The density profiles of the plywood samples of different SAR filler content, cold-pressed.

What is more, since the cured resin has a density higher than wood, the density profiles
allow estimations of the depth of wood penetration by resin. As can be seen in Figure 8,
the penetration depth has been the highest for REF 0 samples, which can be explained
by the lack of filler. As has been confirmed by [29], the rise in filler content significantly
reduces the depth of soaking of resin by veneers. In the case of REF 0 panels, the depth of
penetration was about 0.7 mm. With raising filler content, the penetration depth decreases
to about 0.3 mm. In the case of the bonding mixture with SAR filler and hot-pressed panels,
the depth of penetration of veneers by resin decreased from 0.5 mm for SAR 5 (lowest filler
content) to about 0.3 mm (similar to industrial filler) for SAR 20 (highest filler content). The
specific relation between the bonding mixture and veneer has been found for the bonding
mixture with SAR filler and cold-pressed panels. The potential depth of penetration should
be investigated along with the analysis of the cross-cut of samples. Due to the relatively
high viscosity of the bonding mixtures with fillers, especially those of bark origin, the
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viscosity of the bonding mixture is high and rises over time [24]. The hot pressing, due to
rising temperature, helps to decrease the viscosity of that mixture [29]. Thanks to this, the
bonding mixture of lower viscosity can penetrate deeper into the wood structure. That
was the case with hot-pressed samples. This way, better adhesion can be achieved, where
the adsorption phenomenon is strongly supported by mechanical anchorage [57]. When
cold-pressing is conducted, there is no factor leading to lower viscosity. This is why the
penetration of the bonding mixture of cold-pressed panels was extremely low. This can
be visible in Figure 11, where the comparison of the bonding lines is shown. It is hard
to estimate the thickness of the bonding line for the REF 10 sample when the bonding
line thickness for SAR 10 sample (hot-pressed) was almost 0, but the resin penetration is
well visible and is about 0.4 mm, which is in line with the findings that came out from the
Figure 9 analysis. In the case of the SAR 10 C sample presented in Figure 11, there is no
penetrated (dark) zone in the wood structure. In that case, the thickness of the bonding line
is about 0.1-0.15 mm. According to [29], the increasing content of the filler in the plywood
bonding mixture leads to an increase in bonding line thickness. Here, the only adhesion
interface is based on the adsorption phenomenon, with weak mechanical anchorage due to
low penetration.

.

REF 10 ~ SAR10 SAR 10 C

Figure 11. The images of the plywood samples bonding line of the same filler content (vertical
bonding line in the middle of pictures; depth of binder penetration highlighted by blue frames).

4. Conclusions

In this research, an attempt has been made to upcycle the bark post-treatment residues
that came from suberinic acid production to a bi-functional component of bonding mixture
in plywood production. The acid-character SAR acts as a filler and hardener of a bonding
mixture based on urea-formaldehyde resin. The 5%—-20% (5%-30% for curing time) mass
content of SAR has been investigated. The activity of SAR filler has been tested in a room
at elevated temperatures.

The results show that in the case of hot-curing, the curing time of the bonding mixture
can be reduced to about 38% of the initial curing time for the lowest SAR content. The
curing time of samples cured at room temperature has been reduced to less than 10% of the
initial curing time. In the case of hot curing, the SAR content of about 20% allows one to
achieve the curing time of bonding mass with an industrial hardener.

The shear strength of the plywood samples increases with the SAR rise for both cold-
and hot-pressed panels. The positive effect of veneer impregnation limiter by resin has
been identified for SAR acting as a filler. Additionally, a higher density of SAR-containing
bonding lines has been reached for hot-pressed panels. In the case of bending, strength,

41



Forests 2023, 14, 110

and modulus of elasticity, the increase in both parameters has been found when increasing
the SAR filler content within the above-mentioned range.

The results confirmed the ability to use the SAR as an upcycled component of the
bonding mixture for plywood production. Further, the details concerning binder viscosity
tuning by either temperature and/or water addition should be investigated to improve the
modified binder features.
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Abstract: The aim of this study was to investigate the applicability of sugar beet pulp (SBP) in
particleboard production as a substitute for wood material. Two variants of board density, 650 kg/m?
and 550 kg/ m3, containing 0%, 25% and 50% of SPB, were evaluated. During the study the following
features were measured: modulus of rupture (MOR), modulus of elasticity (MOE), thickness swelling
(TS) and water absorption (WA). The results showed that boards containing up to 25% of SBP meet
standards for boards for general-purpose used in dry conditions. Further increases in SBP content
deteriorated some of the investigated properties of the boards.

Keywords: sugar beet pulp; particleboards; mechanical properties; physical properties

1. Introduction

Global production of wood-based materials has been following a constant upward
trend for years, and in 2020 it reached 102 million cubic meters [1]. Such high value is
determined by the constantly growing demand for this type of board. Their mechanical
and physical properties as well as their relatively low price make them widely applied in
such industries as furniture, building, construction and packaging [2].

High production binds with high demand for the feedstock, and the main raw mate-
rials in this case are wood particles. Due to the finite possibilities of obtaining wood raw
material from forests, more and more attention is being devoted to attempts to manufac-
ture innovative particleboards using alternative feedstock. Recent research has focused
on boards made with post-waste paper [3], cement-particle boards [4,5], basalt-particle
boards [6] and with the use of post-consumer thermoplastic materials [7]. However, it
seems that the most promising direction for the production of particleboards may be
obtaining raw material from agricultural lingo-cellulosic waste [8-10].

In recent years a large number of scientific works describing use of alternative lig-
nocellulosic sources in the production of particleboards have been released. The studies
included among others, such materials as: vine prunings [11,12], eggplant stalks [13], kenaf
stalks [14,15], straw [16], tomato stalks [17], sunflower stalks [18], apple prunings [19], corn
cobs [20], oil camellia [21,22] and others. One such agricultural waste is sugar beet pulp
(SBP), which is a by-product of sugar production. It is mainly composed of arabinians,
hemicelluloses, pectins, and cellulose microfibrils [23-25]. SBP is commonly used as animal
feed. The low pectin content, high drying costs and large availability of this material led to
attempts to use it as an alternative feedstock for different purposes. Studies conducted so
far have been focused on the use of SBP as, e.g., a source of cellulosic microfibrils [26], a
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source of polyols for the production of urethanes and polyurethanes [27], a source of fiber
in biodegradable composites [28-30] or in paper manufacture [31], and in the production
of bioethanol [32].

SBP was also tested as a raw material in the process of particleboard production.
Borysiuk et al. [33] demonstrated the possibility of producing particleboards with up to
30% SBP in the core layer without significant deterioration of their mechanical properties.
However, the authors did not discuss the potential impact of panel density within the
research. Present studies concentrate on the prospect of producing low-density particle-
boards [34,35]; however, the density is an important factor determining the properties
of wood-based panels [2]. The aim of the present study was to determine the influence
of the proportion of SBP and the density of particleboards on selected mechanical and
physical properties.

2. Materials and Methods
2.1. Material

SBP used in the experiment was provided by a Polish sugar producer (Krajowa Grupa
Spozywcza S.A. w Toruniu, Oddziat Cukrownia Krasnystaw, Poland). The sugar beet pulp
consisted of flakes with dimensions of approximately 5-7 mm in diameter and 1-2 mm in
thickness. The SBP used in the particleboard manufacturing process was characterized by
a moisture content of 4%.

The industrial wood particles were applied in the face and core layers. The pine wood
particles were delivered by a Polish factory producing particleboards. Particles for the face
layers were characterized by a moisture content of 7%, and for the core layer of 4%.

The adhesive used was based on urea formaldehyde resin (UF) (Silekol 120, Silekol Sp,
z 0.0., Kedzierzyn-Kozle, Poland) with a dry matter content of 67%, a relative density of
1.30 g/cm? and a dynamic viscosity of about 500 mPas. The hardener was a 10% aqueous
solution of ammonium sulfate. The unit composition of the adhesive was 50:15.5:1.5 UF
resin, water, and hardener, respectively.

2.2. Particleboard Manufacturing

Three-layer particleboards with a thickness of 16 mm were produced in two variants
of density: 550 kg/m? and 650 kg/m3. The face layers constituted 35% of the panel.
The content of the binder in these layers was 12% and in the core layer 10%. The core
layer of board was varied in the beet pulp content as follows: 0% (control variant), 25%,
50%, and the face layers were made with 100% wood particles. Table 1 shows variants of
particleboards used in the experiment.

Table 1. Variants of manufactured boards.

Variant Core Layer SBP Share (%) Density (kg/m®)
A 0 650
B 0 550
C 25 650
D 25 550
E 50 650
F 50 550

The boards were produced using a ZUP-NYSA PH-1LP25 hydraulic press at a unit
pressing pressure of 2.5 MPa, a temperature of 180 °C and pressing time of 288 s (pressing
factor 18 s/mm). Four boards with dimensions of 320 x 320 mm were produced for each
variant. The manufactured particleboards were conditioned under normal conditions
(20 £ 2 °C, 65 £ 5% air humidity) for at least seven days.
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2.3. Experimental

The modulus of rupture (MOR) and modulus of elasticity (MOE) were determined
according to EN 310 [36]. Internal bonding was determined through the tensile test per-
pendicular to the surface of the board, according to EN 319 [37]. All mechanical tests were
conducted via a laboratory-testing machine custom-made by the Research & Development
Center for Wood-Based Panels Sp. z.0.0. in Czarna Woda, Poland. At least 10 samples were
used to determine each property.

The density of particleboards was measured according to EN 323 [38]. Thickness
swelling (TS) after 2 h and 24 h of soaking in water were measured according to EN 317 [39].
Briefly, samples were completely immersed in water at room temperature for 2 h and 24 h
in such a way that their possible dimensional changes were not limited. Water absorption
(WA) was measured during TS and calculated as follows:

_ mpy—1m
= -

WA 100, (1)
where WA is the water absorption (%), m1 is the sample weight before soaking (g) and 1,
is the sample weight after soaking (g).

2.4. Statistical Analysis

Statistical analysis of the results was carried out in Statistica (data analysis soft-
ware system), Version 13 (TIBCO Software Inc., Palo Alto, CA, USA). Analysis of vari-
ance (MANOVA) were used to test (significant level « = 0.05) for significant differences
between factors. A comparison of the means was performed by Tukey test, with a
0.05 significance level.

3. Results and Discussion

The particleboards produced in the study had an average density in the range of
644-663 kg/ m?® for variants A, C, E and 553-562 kg/ m? for variants B, C, F (Table 2).
It should be noted that the difference in the particleboards” density in relation to their
assumed value did not exceed 3%. In addition, statistical analysis did not reveal statis-
tically significant differences in density values between board variants with the same
assumed density.

Table 2. Average density of manufactured particleboards.

Particleboards Density (kg/m?3)

Variant
Average Std. Dev.
A 6632 32
B 553 b 27
C 648 2 34
D 566 P 22
E 644 2 34
F 562 b 31

a/b—homogenous group by Tukey test («x = 0.05).

Particleboards with 25% of SBP content and the density of 650 kg/m? revealed a
significant decline in modulus of rupture (about 40% lower) compared to the boards with
no SBP (Figure 1). The same parameter was somewhat lower in the case of boards with
the density of 550 kg/m3 and 25% SPB compared to the boards of the same density and no
SBP additive.
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20 Share of SBP: ®0 ®25% w50%

650 kg/m? 550 kg/m?
Figure 1. Modulus of rupture of particleboards. a,b,c—homogenous group by Tukey test (x = 0.05).

The technical requirements of particleboards, depending on their intended use, are
compiled and described in the EN 312 standard [40]. The minimum value of modulus
of rupture for particleboards intended for general purpose and use in dry conditions (P2
type boards) is 10 N/mm?. When analyzing the results presented in Figure 1, it can be
concluded that none of the particleboards made with SBP met these requirements. However,
it should be noted that the variants with a 25% SBP share were characterized by a strength
of at least 9.4 N/mm? regardless of the density. Similar dependencies were noted by
Borysiuk et al. [33].

An analysis of the MOE results demonstrates that the manufactured boards with 25%
SBP share met the minimum requirements of the EN 312 standard (1600 N/mm?) [40]. A
significant decrease in the MOE value for particleboards with 25% SBP share compared to
boards without SBP was observed only for boards with a density of 650 kg/m? (Figure 2).
Interestingly, the decrease in the parameter occurs much more smoothly along with the
increase in the SBP share in the case of boards with the lower density. This may be related
to pectins and sugars in the beet pulp, which may behave as additional adhesives due to
pressing. In addition, the proportion of SBP may influence how the board is compacted
during pressing. The analysis of variance showed a significant influence of the board
density and SBP share on the properties of the manufactured particleboards (Table 3). The
percentage impact coefficient of SBP share was 67.68% for MOR and 74.13% for MOE, while
the density values were 2.51% for MOR and 2.15% for MOE. This proves that it is mainly
the SBP share that determines the MOR and MOE of the manufactured particleboards, thus
evidencing that the SBP share can be expectedly to affect all the other panel properties. If
the SBP share predominantly determines the properties of the MOR and MOE, its properties
will largely affect the properties of the manufactured particleboards. When comparing the
results of the research on the use of agriculture residues, a general trend of a decrease in the
mechanical properties of particleboards with an increase in the share of agriculture residues
can be observed [19,33]. The observed relationships are consistent with the literature data.

Table 3. MANOVA results of mechanical properties of particleboards.

MOR MOE 1B
4 X P X p X
Share 0.000 67.68 0.000 74.13 0.000 38.98
Density 0.001 2.51 0.001 2.15 0.212 1.48
Share x Density 0.000 17.66 0.000 13.83 0.009 9.46
Error 12.15 9.89 50.07

p—significant with o« = 0.05; X—percentage of contribution.
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Figure 2. Modulus of elasticity of particleboards. a,b,c,d—homogenous group by Tukey test
(« = 0.05).

A significant increase in the IB values was observed in the case of boards with 25%
SBP compared to reference boards regardless of their density (Figure 3). It should be
noted that all the particleboards produced met at least the minimum requirements of the
EN 312 standard (0.24 N/mm?) for P2 type boards. The analysis of variance showed a
significant influence of the SBP share (X = 38.98%). However, the error value (X = 50.07%)
was higher than the X values for SBP content and the density; this indicates that untested
factors had a greater influence on IB.

L Share of SBP: ®0 E25% ®50%
07
0.54
06 - 0.52 0.48
~n 042 0.39
<05 0 I
£
20.4 T l
m03 a a —
0'2 [ A' c B
0.1
0 |
c E B b | F

650 kg/m? 550 kg/m?

Figure 3. Internal bound of particleboards. a,b,c—homogenous group by Tukey test (« = 0.05).

Figure 4 illustrates the results of the physical properties of the manufactured parti-
cleboards following soaking. When analyzing the results of thickness swelling and water
absorption, it should be noted that no hydrophobic agents were used in the process of
manufacturing the particleboards. SBP particleboards generally showed a higher TS value
than reference boards. Analyzing Figure 4, it can be seen that the increase in the value of
the TS after 24 h of immersion in water is almost proportional to the share of SBP in the
particleboard. The analysis of variance showed that both the density of the manufactured
particleboards and the share of SBP are statistically significant (Table 4). However, the
analysis of the percentage of factors’ impact showed that the determining factor in the case
of TS was the SBP share. On the other hand, the density played a less significant role in this
case, and its value of X was lower than that of the errors.
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Figure 4. Thickness swelling and water absorption after 2 and 24 h of soaking in water. a,b,c,d—

homogenous group by Tukey test (o« = 0.05).

Table 4. MANOVA results of physical properties of particleboards.

Share of SBP: w0 m25% u50%

Share of SBP: @0 &25% w50% 78.04
90
80 62.37
. 70
£ 60 48.43 45185 I
36.31 30
27.24 o 40
2137 2483 = 21.74 Fogp | 2389
15.99 I =5
b
10
- - 0 -
A C E B | D ‘ F A c ‘ D | F
650 kg/m? 550 kg/m? 650 kg/m3 550 kg/m?
Share of SBP: w0 w25% w50% 150 Share of SBP: @0 w25% w50%

TS2H TS24H WA2H WA24H
4 X p X p X 4 X
Share 0.000 55.31 0.000 88.97 0.000 24.90 0.000 44.88
Density 0.000 16.07 0.000 4.52 0.237 111 0.216 1.02
Share x Density 0.058 2.86 0.004 1.20 0.000 31.87 0.000 18.71
Error 25.75 531 42.11 35.38

p—significant with o = 0.05; X—percentage of contribution.

In the case of water absorption, only the SBP share was statistically significant. How-
ever, the X value for the SBP share after 2 h of soaking in water was lower than that recorded
for the error, which may indicate that in the first 2 h of immersion in water, the absorption
is mainly affected by other factors than the tested ones.

Then again, analysis of variance demonstrated that water absorption after 24 h of
soaking in water was significantly influenced by the SBP share (X = 44.88%) and other
factors untested in the experiment (error X = 35.38%).

4. Conclusions

Based on the conducted research, it can be concluded that the SBP share significantly
influenced the mechanical and physical properties of manufactured boards. MOR and
MOE properties significantly decreased as the content of SBP increased. However, addition
of SBP improved IB. The tests revealed that the SBP share, when not exceeding 25%,
enables the production of boards with strength properties which are close to meeting the
requirements of the EN 312 standard for boards for general-purpose use in dry conditions,
that may find applicability in the construction industry as non-structural filling elements.
SBP addition is one of the main factors determining the thickness swelling and water
absorption. At the same time, the density in this study did not significantly affect the
water absorption. In order to reduce the swelling and water absorption values, the use of
hydrophobic additives during the production of boards should be considered.
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Abstract: This paper presents the results of research on the effect of essential oils and ethanol extracts
on the growth of mold fungi on Scots pine (Pinus sylvestris L.) wood. The analysis of fungal growth
on the microbial medium showed that the degree of inhibition of microorganism growth depends on
the amount of the extract added to the medium. At the same time, it was found that the highest dose
of the extract, amounting to 5.0 cm?, almost completely inhibited the growth of fungi. In addition, it
was found that mint ethanol extracts, the application of which in the wood is at least 40 g/m?, have a
fungistatic effect at the initial stage of fungal development. Solutions of essential oils turned out to
be more active against fungi, although also in this case the desired biocidal effect was not achieved.
Essential oils significantly slowed down the growth of the fungus Ch. globosum, with the strongest
fungistatic effect found for ‘Morocco’ spearmint oil (Mentha spicata L.). Despite the fact that in tests on
agar-maltose medium, the strongest biocidal activity against Ch. globosum was found for spearmint
‘Crispa’ (Mentha spicata L.) oil, the effect of growth inhibition was not so clearly visible in studies on
wood. Essential oils applied to the surface of the wood slowed down the growth of T. viride fungus,
but not to the extent that it was found in the case of Ch. globosum. The qualitative and quantitative
composition of substances belonging to the group of terpenes and their derivatives was characterized
using the GCMS technique. It was shown that the ethanol extracts of mints were dominated by
substances belonging to the oxygen-containing monoterpenoid and monoterpene groups. In terms of
quality, the composition of essential oils turned out to be richer.

Keywords: Mentha sp.; essential oil; ethanol extracts; wood; mold growth

1. Introduction

Treating wood with preservatives is intended to increase the durability of the ma-
terial. Extending the durability of wood in various working environments is possible
only as a result of treating it with biocides containing active substances, permitted for
use in European Union countries, in accordance with the guidelines of the Regulation
of the European Parliament and of the Council No. 528/2012 on the provision and use
of products biocides [1]. The regulation in question greatly limited the market of active
substances permitted for use in biocidal products, which was related to the imposition of
restrictions on EU Member States to ensure the maximum safety of biocides. Among the
biocidal substances used to protect wood against biodegradation, arsenic and chromium
compounds, fluorine compounds, phenols, naphthalenes, and numerous petroleum distil-
lation products have been withdrawn from the market. There are only those substances
for which it has been shown in appropriate toxicological and ecotoxicological studies, as
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well as risk and exposure assessment, that they are safe for humans, animals, and the
environment while treating or using treated wood [2]. Other active substances to be used
in wood preservation are subject to a continuous process of review and testing, and when
new information on possible harmfulness is obtained, confirmed by the latest state of
knowledge, these substances are withdrawn from wood preservatives. Taking into account
the safety of users of biocides and environmental protection considerations, more and more
research is undertaken to assess the biocidal effectiveness of substances or chemical com-
pounds of natural origin [3-5]. Compounds such as essential oils [6-9], alkaloids [10], and
natural resins [11], as well as substances of animal origin or from microbial cultures [12,13],
and even the microorganisms themselves [14] are evaluated. It should also be mentioned
that Regulation No. 528/2012 does not limit the possibility of extending the list of active
substances approved for use. Article 56 of this regulation guarantees the possibility of de-
velopment and research into new substances and biocidal products [1]. Taking into account
the legal provisions of Regulation No. 528/2012, it is worth looking for new, safe, and
effective biocides naturally occurring in nature, which can be an alternative to a number of
synthetic substances currently used in wood protection. Due to the increasing burden on
the environment, decisive steps should be taken towards ecological wood treatment.

Plants are the source of many substances with fungicide activity; thus, they are of
growing interest in the field of wood protection and preservation. The literature data
indicate that various plant components have been tested in wood preservation against the
harmful effects of fungi [15,16]. Essential oils in particular can constitute an important
group of diverse substances that could be included in the formulation of traditional biocides,
reducing their harmfulness to a minimum level. In the literature on the subject, the most
frequently evaluated oils of plant origin in protecting wood against brown decay and
mold were thyme [17,18], oregano [19-21], lavender [22], and clove [23-25]. The high
fungicide potential of Lavandula angustifolia Mill oils and Lavandula latifolia Medik, as
well as good wood preservation against termites, was shown by Simtinkova et al. [26]. The
authors of the study showed the biocidal activity of lavender oils similar to the level of
effectiveness of commercial biocides based on trivalent boron and quaternary ammonium
salt. Xie et al. [27] found that Origanum vulgare L. oil is highly toxic to white and brown
rot fungi. An interesting study of the literature on the effectiveness of essential oils as
active ingredients in wood preservation was presented by Wozniak [28]. The author of the
publication has compiled a set of results of the evaluation of the fungicide properties of
various plant oils (lemongrass, neem, peppermint, rosemary, thyme), indicating very good
results in protecting wood against fungi.

The biocidal potential of plant oils largely depends on the method and place of their
extraction. Ludwiczuk et al. [29] report that the availability and quality of essential oils
depend on the quality of the soil, the climate in which the plant grew, the amount of
annual atmospheric precipitation, the time of harvesting, the method of drying, and the
morphological part. The same authors indicate that the exact identification of the plant is of
key importance in its further use. Studies using gas chromatography have shown that mint
leaves may contain over 70 active substances belonging to the group of terpenes [30], while
oregano leaves may contain up to 40 potential active substances [31]. The composition,
and thus the biocidal potential of essential oils, is also determined by the genetic factors of
plants, which is important in the case of successively emerging new cultivars, created by
man in order to obtain the appropriate plant characteristics. An example of such diversity
is the separation of different mint chemotypes even within the species [32].

The development of innovative, natural biocides as an alternative to synthetic fungi-
cides should be one of the methods of modern development of wood preservatives. The
fungicide potential of plant components could be used for research activities in the de-
velopment of new, pro-ecological biocides. The interaction between natural ingredients
and synthetic ingredients of wood preservative preparations is little studied. Obtaining
the effect of enhancing the biocidal effect by introducing substances of natural origin
into the formulation of wood protection products, while reducing the content of active
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chemical substances, often harmful to the environment, would be a great prospect for the
development of a new group of impregnations, safer and more environmentally friendly.
Wood preservatives containing biocides of natural origin are undoubtedly important for
the development of innovation and a knowledge-based economy. In addition, they clearly
fit into the concepts of sustainable development, based on technological progress, but
maintaining natural balance and the durability of basic natural processes. By creating new
environmentally friendly biocides, we minimize problems related to the biodegradation of
preparations and the residue of harmful waste in the environment.

While in the literature we can find a large group of studies describing the antifungal
properties of various mint extracts, these studies mainly concern experiments conducted
on agar media. The assessment of fungal growth on a porous material such as wood has
not been the subject of deeper analyses so far. In addition, the possibility of evaluating
the antifungal properties of different varieties of mint and identifying a variety with
high fungicidal potential allows for a better characterization of the fungicide variability of
different varieties of this plant and the indication of a variety that has significant indications
for use in the production of new environmentally friendly biocides.

In this study, an attempt was made to determine the effect of ethanol extracts and
essential oils obtained from various varieties of mint on the growth of mold fungi. An
analysis of the content of ingredients that may have a biocidal effect was carried out. The
intention of the authors was to determine the potential possibilities of using extracts from
plant raw materials as ingredients in the development of environmentally friendly wood
impregnation agents.

2. Materials and Methods
2.1. The Plant Material

Four varieties of mint were used in the research: peppermint ‘Almira’ (Mentha piperita L.)
(No. 6), spearmint ‘Crispa’ (Mentha spicata L.) (No. 3) spearmint ‘Morocco’ (Mentha spi-
cata L.) (No. 5), pineapple mint "Variegata’ (Mentha suaveolens Ehrh.) (No. 8) (Figure 1).

Figure 1. Mentha sp. used in the experiment: No. 3. Mentha spicata “Morocco’, No. 5. M. spicata
‘Crispa’, No. 6. M. piperita ‘Almira’, No. 8. M. suaveolens ‘Variegata’ (photographed by Anna and
Marcin Dadasiewicz).

All mint varieties were cultivated on the experimental fields of the Research and Sci-
ence Innovation Center in Wola Zadybska near Lublin (Poland) (51°44'49"” N 21°50'38" E).
The plants were cultivated on lessive soil, of light mineral agronomic category, with the
granulometric composition of loamy sand. The soil was slightly acidic (pHKCI 6.1-6.2),
with medium humus content, very high content of assimilable forms of phosphorus and
potassium, high content of magnesium, average content of manganese, zinc and iron, and

55

ST 0N 12 B M



Forests 2023, 14, 1522

low content of copper and boron. The plantations were located in the temperate climate
zone, where the average daily air temperature in the growing season (May-September)
was, respectively: 14.2;17.2;19.2;18.1 and 12.9 °C, and the average monthly amount of pre-
cipitation ranged from 62.4 to 91.8 mm (determined on the basis of data from the Institute
of Meteorology and Water Management—National Research Institute (IMiGW-PIB) from
the measuring station located in Jarczew (51°48'52” N 21°58'21” E). Plants were harvested
for testing just prior to flowering at BBCH 29 (Biologische Bundesanstalt, Bundessortenamt
und Chemische Industrie) growth stage. Immediately after cutting, the mint herb was
dried in a laboratory drier with forced air circulation at a temperature of 32 °C. After drying
the raw material, the leaves were separated from the stems. Only leaves were used for
further analysis.

2.1.1. Preparation of Ethanol Extracts

A total of 10 g of mint leaves were flooded with 200 cm? of 60% ethanol (Polmos,
Poland) and shaken for 72 h on a laboratory shaker (IKA KS 3000 icontrol, IKA-Werke
GmbH & Co.KG, Staufen, Germany). The extracts were cleaned of leaves and then sterilized.
Syringe filters were used for sterilization. The pore diameter of the filters was 0.22 pm.

2.1.2. The Method of Obtaining Essential Oils

The oils used in this study were obtained by distilling the dried leaves in a Deryng
apparatus. After weighing 30 g (with an accuracy of 0.01 g) of the dried leaves of the
tested mint cultivars, they were placed in turn in a 1000 cm® round-bottomed flask, covered
with 300 cm® of distilled water and connected to the Deryng apparatus. The flask, heater,
and condenser were connected and distilled for 3 h from the start of condensation. The
operation was repeated for each variety of mint until obtaining samples with a volume of
at least 2 cm®.

2.2. Methods
2.2.1. Evaluation of Fungicide Properties on Agar Medium

The effect of essential oils and ethanol extracts on the growth of mold fungi was carried
out on an agar medium. Two species of fungi, significant in wood preservatives testing,
were used in the study: Trichoderma viride Pers., strain A-102, and Chaetomium globosum
Kunze, strain A-141 (ATCC 6205), from the collection of pure cultures of the Institute of
Wood Sciences and Furniture, at the Warsaw University of Life Sciences. Ethanol extracts
of mint, in the amounts of 0.1, 0.5, 1.0, 2.5, and 5 cm?®, were added to a sterile Petri dish
and then covered with 10 cm? of maltose-agar medium. Essential oils were diluted in
ethyl alcohol (60 puL of oil per 10 cm? of 60% ethanol). Oil solutions were dosed onto the
plate in the amount of 0.05, 0.1, 0.25, 0.5, 1.0, 1.5, 2.0 cm?. The inoculum of mold fungi,
5-6 mm in size, was inoculated centrally into Petri dishes. Cultures were performed in
a Thermolyne Type 42,000 model thermal incubator (ThermoFisher Scientific, Waltham,
MA, USA). The temperature of the culture was 26 & 2 °C, and the relative air humidity
was 63 £ 2%. At 48-h intervals, the growth diameter of mold fungi was measured. The
diameter of mycelial growth was measured in two perpendicular directions. The tests were
considered completed when the Petri dish was completely covered in the control samples.
The analysis of variance using the Snedecor statistics was used to verify the statistical
analysis. Statistical inference was carried out for the significance level o« = 0.05. In the case
of rejection of the null hypothesis, Tukey’s test was performed. The statistical hypothesis
was as follows: HO: @05=05=010=015=020= 0040 = @ 60 = OK, H1: There are at
least two means that differ significantly.

2.2.2. Wood Treatment and Assessment of Fungi Overgrowth

Samples of sapwood from pine wood (Pinus sylvestris L.) were selected for surface
treatment. The dimensions of the wood samples were 40 x 40 x 4 mm. The density of the
wood at 12% humidity was 400 kg/m?3. Wood samples were sterilized in a steam autoclave
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(SMS, Warsaw, Poland). The impregnation of wood samples was carried out under sterile
conditions in a laminar chamber. Using a sterile pipette, ethanol extracts of mints and
ethanol solutions of essential oils were applied to one of the larger surfaces of the wood
and then spread over this surface. Ethanol was applied to the control samples. Treatment
was carried out by applying an appropriate amount of ethanol extract or essential oil to the
largest surface of the wood samples. In the case of the ethanol extract, the spreads were
24.0,32.0, and 40.0 g/ m?Z, in the case of the essential oil solution, the spreads were 140 i
180 g/m?. The impregnated samples were left for 24 h in empty sterile vessels, and after
that time they were transferred to Petri dishes with overgrown mycelium.

Treated wood samples were placed on a maltose-agar medium overgrown with
mycelium, on glass spacers, avoiding the direct contact of wood with the substrate. The
degree of overgrowth of the wood sample by fungi was determined on the basis of high-
resolution photographic images taken periodically for each tested sample. The growth of
fungi on the sample was determined as the percentage of the mycelium overgrown area
of the sample to the total area of the sample tested. The percentage of overgrowth of the
samples was determined with an accuracy of 5% with the help of Image]2 (Fiji v.1.52i)
image analysis software [33]. The attack of mold fungi on wood is superficial, especially in
the first period of this attack. The assumed duration of the test (14 days) corresponded to
this first stage—the attack of mold on the wood surface [5].

2.2.3. GC-MS Analysis

The analysis of components in both types of samples (essential oils and ethanol
extracts) was carried out on the GC-2010 gas chromatograph (Shimadzu, Kyoto, Japan)
coupled with the GCMS-QP2010 mass spectrometer. An AQUATIC-2 capillary column
(Phenomenex, Torrance, CA, USA) with a length of 60 m, diameter of 0.25 mm, and a
film thickness of 0.25 pm was used. Samples were introduced to the column with the
AOC-20i autosampler. GCMS software version 2.72 (Shimadzu, Kyoto, Japan) was used
for sample analysis and the peaks were identified with the NIST11 and NIST11b mass
spectrum libraries.

GC-MS separation conditions were as follows:

e  Starting temperature: 75 °C, hold time 6 min, ramp rate 5 °C/min to 160 °C, hold time
4 min, ramp rate 5 °C/min to 180 °C, hold time 4 min; ramp rate 5 °C/min to 200 °C,
hold time 4 min; ramp rate 5 °C/min to 220 °C, hold time 4 min; ramp rate 5 °C/min
to 240 °C, hold time 4 min;

Carrier gas: helium 5.0 (PGNiG, Warsaw, Poland);

Carrier gas flow: 1.55 cm3/min;

Injection mode: split—1.8;

Temperature of the injection: 250 °C;

Detector voltage: 0.7 kV;

Ion source temperature: 200 °C;

Interface temperature: 250 °C.

3. Results and Discussion
3.1. Antifungal Properties

The analysis of fungal growth on the maltose-agar medium showed that the degree of
growth inhibition depends on the amount of extract added to the medium (Tables 1 and 2).
Ethanol extracts showed weak fungicidal activity. At the same time, it was found that the
highest dose of the extract, amounting to 5.0 cm?, either completely inhibited the growth of
the fungi or significantly reduced the growth. Due to the fact that the solvent used also
has a fungicidal effect [34], an analysis of the effect of ethanol on the growth of fungi was
carried out. In order to confirm or exclude the biocidal effect of 60% ethanol on the growth
of fungi, control tests were performed. It was not found that the ethanol used in amounts
from 0.5 to 5 cm® had an inhibitory effect on the growth of the test fungi.

57



Forests 2023, 14, 1522

Table 1. Diameter of mycelium T. viride on a microbial medium with ethanol mint extracts.

Concentration of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6
Medium Growth
(cm3/100 cm?®) (mm) Tukey'’s Test
statistics F 2.02 x 10724 0.05
0 (control) 65.4 90.0 - a
(No. 3) 0.5 318 86.7 - a
M. spicata 1.0 29.0 74.8 - b
Morocco 0.1 32.0 72.0 - b
2.5 17.8 55.8 - c
5.0 0.0 0.0 - d
statistics F 2.88 x 107% 0.05
TR :
,éSP’C” a 0.5 295 73.7 90.0 a
rspa 1.0 25.8 64.2 90.0 a
2.5 19.5 55.7 90.0 a
5.0 0.0 0.0 0.0 b
statistics F 2.88 x 107% 0.05
0 (control) 32.7 65.0 90.0 a
(No. 6) 0.1 28.0 67.2 90.0 a
M. piperita 0.5 275 71.2 90.0 a
Almira 1.0 253 63.2 90.0 a
2.5 18.0 51.2 90.0 a
5.0 0.0 0.0 0.0 b
statistics F 234 x 10731 0.05
0 (control) 32.7 65.0 90.0 a
o (No. 83 0.1 25.7 60.0 90.0 a
e 0.5 28.3 69.2 90.0 a
anegata 1.0 282 74.2 90.0 a
2.5 18.3 56.5 90.0 a
5.0 0.0 0.0 7.2 b
abcd ils holmogeneous groups by the Tukey test, p-value—significance of the F statistic, x—statistical signifi-
cance level.
Table 2. Diameter of mycelium Ch. globosum on a microbial medium with ethanol mint extracts.
Concentration of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6 8 10
Medium Growth
(cm3/100 cm?3) (mm) Tukey’s Test
statistics F 2.50 x 10735 0.05
0 (control) 19.3 34.5 58.0 80.3 90.0 a
(No. 3) 0.1 28.0 64.2 90.0 90.0 90.0 a
M. spicata 0.5 28.2 63.7 90.0 90.0 90.0 a
Morocco 1.0 232 49,0 763 90.0 90.0 a
2.5 11.5 17.7 22.5 33.7 48.8 b
5.0 0.0 0.0 0.0 0.0 0.0 C
(No.5) statistics F 1.49 x 10726 0.05
o.
M. spicata 0 (control) 20.8 51.3 90.0 - - a
‘Crispa’ 0.1 24.2 54.3 88.5 - - ab
0.5 23.2 50.7 85.0 - - abc
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Table 2. Cont.

Concentrajtion of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6 8 10
Medium Growth
(cm3/100 cm?®) Tukey’s Test
(mm)
(No. 5) 1.0 222 4838 79.7 - - abc
M. spicata 2.5 17.2 21.0 26.5 - - d
‘Crispa’ 5.0 0.0 0.0 0.0 - - e
statistics F 1.44 x 10°% 0.05
0 (control) 20.8 51.5 90.0 - - a
(No. 6) 0.1 202 475 76.8 - - b
M. piperita 0.5 20.0 44.0 72.7 - ; b
‘Almira’ 10 19.3 39.2 64.2 - - c
2.5 15.7 20.2 24.0 - - d
5.0 0.0 0.0 11.7 - - e
statistics F 6.40 x 1073 0.05
0 (control) 20.8 51.3 90.0 - - a
" g{;sgms 0.5 215 52.2 90.0 - - a
Naricgata’ 0.1 22.7 54.5 82.7 - - b
1.0 19.8 445 73.2 - - c
2.5 16.2 20.0 24.8 - - d
5.0 0.0 0.0 12.5 - - e
abcde is homogeneous groups by the Tukey test, p-value—significance of the F statistic, c—statistical signifi-
cance level.
On the basis of the obtained results, different sensitivity of the fungi to the applied
extracts was found. The growth rate of Ch. globosum on media with ethanol extracts was def-
initely lower than the growth rate of T. viride at the same time of the study (Tables 1 and 2).
The dominant biocidal effect of a particular variety of mint on the growth of fungi was
not demonstrated.
The T. viride fungus was insensitive to the addition of essential oil solutions. The
doses used in the tests did not show fungicide activity against one of the most dangerous
fungi—causing gray decay of wood. On the fourth day of culture, complete overgrowth of
the microbial media was observed (Table 3). Different biocidal activity of the solutions of
the tested essential oils was demonstrated against the fungus Ch. globosum. Growth of the
fungus was completely inhibited in medium containing 2.0 cm® and 1 cm?, respectively,
of an essential oil solution obtained from M. piperita ‘Almira’” and M. spicata ‘Moroc-co’
(Table 4).
Table 3. Diameter of mycelium T. viride on a microbial medium with essential oils solution.
Concentrafion of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6
Medium Growth
(cm®3/100 cm®) Tukey’s Test
(mm)
statistics F 523 x 1077 0.05
0 (control) 54.7 90.0 - a
0.05 54.5 90.0 - a
(No- 3) 0.1 46.8 90.0 - a
M. spicata 0.25 498 90.0 - a
Morocco 05 50.0 90.0 - a
1.0 42.8 90.0 - a
1.5 26.2 90.0 - a
2.0 22.0 90.0 - a
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Table 3. Cont.

Concentra?ion of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6
Medium Growth
(cm3/100 cm?®) Tukey’s Test
(mm)
statistics F 1.00 0.05
0 (control) 54.7 90.0 - a
0.05 46.5 90.0 - a
NﬁNO: S)t 0.1 445 90.0 - a
' ésf"c“ 1 0.25 49.7 90.0 - a
repa 0.5 47.8 90.0 - a
1.0 53.7 90.0 - a
1.5 44.8 90.0 - a
2.0 48.5 90.0 - a
statistics F 3.82 x 1078 0.05
0 (control) 54.7 90.0 - a
0.05 48.3 90.0 - a
(No. 6) 0.1 515 90.0 - a
M. piperita 1.0 51.2 90.0 - a
Almira 0.25 493 90.0 - a
1.0 51.2 90.0 - a
1.5 457 90.0 - a
2.0 10.7 90.0 - a
statistics F 0.45 0.05
0 (control) 54.7 90.0 - a
0.05 52.7 90.0 - a
o) 0.1 52.3 90.0 - a
,\']S”f’mte’fs 0.25 48.7 90.0 - a
anegata 0.5 485 90.0 - a
1.0 40.5 90.0 - a
1.5 33.2 90.0 - a
2.0 47.7 88.3 - a
ais homogeneous groups by the Tukey test, p-value—significance of the F statistic, c—statistical significance level.
Table 4. Diameter of mycelium Ch. globosum on a microbial medium with essential oils solution.
Concentra?ion of Mint Day of Observation p-Value o
Plant Materials Extracts in Growth 2 4 6
Medium Growth
(cm®/100 cm®) Tukey’s Test
(mm)
statistics F 3.85 x 10~70 0.05
0 (control) 25.2 61.7 90.0 a
0.05 27.7 67.7 90.0 ab
(No. 3) 0.1 257 64.3 90.0 ab
M. spicata 0.25 11.0 12.0 135 c
Morocco 0.5 6.5 7.8 9.2 d
1.0 0.0 0.0 0.0 e
1.5 0.0 0.0 0.0 e
2.0 0.0 0.0 0.0 e
statistics F 2.88 x 107% 0.05
(No. 5)
M. spicata 0 (control) 25.2 61.7 90.0 a
‘Crispa’ 0.05 30.0 69.8 90.0 a
0.1 27.2 68.3 90.0 a
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Table 4. Cont.

Concentra?ion of Mint Day of Observation p-Value o
Plant Materials Extracts 1r} Growth 2 4 6
Medium Growth
(cm3/100 cm3) Tukey'’s Test
(mm)
0.25 21.3 50.3 77.6 ab
(No. 5) 0.5 14.3 325 61.3 bc
M. spicata 1.0 15.5 27.8 50.2 c
‘Crispa’ 1.5 9.5 12.8 17.2 d
2.0 0.0 2.5 3.7 d
statistics F 2.88 x 10~% 0.05
0 (control) 25.2 61.7 90.0 a
0.05 25.7 62.5 90.0 a
(No. 6) 0.1 255 56.5 90.0 a
M. piperita 0.25 27.0 65.7 88.3 ab
Almira 0.5 23.7 493 783 ab
1.0 14.8 19.3 57.0 C
15 14.2 30.3 25.2 d
2.0 0.0 0.0 0.0 e
statistics F 2.34 x 10731 0.05

0 (control) 25.2 61.7 90.0 a
0.05 28.3 67.3 90.0 a
“ (Sfa‘;ei;ens 0.1 247 625 90.0 a
Variegata’ 0.25 26.8 65.5 90.0 a
1.0 21.7 48.2 78.7 ab
0.5 21.2 44.7 715 b
15 13.2 28.8 48.7 C
2.0 13.0 20.3 32.2 d

abcde is homogeneous groups by the Tukey test, p-value—significance of the F statistic, a—statistical signifi-
cance level.

Figures 2—4 show the growth activity of mold fungi on the surface of wood samples
treated with mint ethanol extracts. None of the extracts used was found to be effective
in protecting wood against biodegradation. Despite the lack of fungicidal activity, it was
noticed that some extracts clearly slow down the growth of the fungus Ch. globosum. This
effect was particularly visible when the extract was applied to the wood surface in the
amount of 40 g/m?. With such application, the growth of the fungus Ch. globosum relative
to the control was delayed by about 72 h (Figure 4b). It must therefore be concluded
that mint ethanol extracts, the application of which in wood is at least 40 g/m?, have a
fungistatic effect in the initial stage of fungal development. Ethanol extracts in the doses
used not only did not inhibit the growth of the T. viride fungus, but also stimulated the
growth of the fungus, especially at lower doses (Figures 2a and 3a).

Solutions of essential oils turned out to be more active against fungi; although, in
this case, the desired biocidal effect was not achieved. Essential oils significantly slowed
down the growth of the fungus Ch. globosum, the strongest fungistatic effect was found for
‘Marocco’ spearmint oil (Mentha spicata L.) (No. 5) (Figures 5b and 6b). Although in tests on
agar-maltose medium the strongest biocidal activity against Ch. globosum was found for oil
from spearmint ‘Crispa’ (Mentha spicata L.) (No. 3), the growth inhibition effect was not so
clearly visible in the studies on wood. Essential oils applied to the wood surface slowed
down the growth of T. viride fungus, but not as markedly as was found in the case of Ch.
globosum. In addition, it was noticed that a solution of pineapple mint ‘Variegata’ oil clearly
stimulates the growth of the fungus (Figures 5a and 6a).
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Figure 2. Mold growth on surface of wood: (a) T. viride; (b) Ch. globosum (the legend of symbols:
Tv-ethanol / Ch-ethanol—control, 24—sample code indicating the application of 24 g of extract per m?,
M3—M. spicata ‘Morocco’, M5—M. spicata ‘Crispa’, M6—M. piperita *Almira’, M8—M. suaveolens
‘Variegata’).
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Figure 3. Mold growth on surface of wood: (a) T. viride; (b) Ch. globosum the legend of symbols:
Tv-ethanol / Ch-ethanol—control, 32—sample code indicating the application of 32 g of extract per m?,
M3—M. spicata ‘Morocco’, M5—M. spicata ‘Crispa’, M6—M. piperita *Almira’, M8—M. suaveolens
‘Variegata’).
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Figure 4. Mold growth on surface of wood: (a) T. viride; (b) Ch. globosum (the legend of symbols:

Tv-ethanol / Ch-ethanol—control, 40—sample code indicating the application of 40 g of extract per m?
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M3—M. spicata ‘Morocco’, M5—M. spicata ‘Crispa’, M6—M. piperita *Almira’, M8—M. suaveolens
‘Variegata’).
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Figure 5. Mold growth on surface of wood: (a) T. viride; (b) Ch. globosum (the legend of symbols:
K-Tv/K-Ch—control, A—sample code indicating the application of 140 g of essential oils solution
per m?, M3—M. spicata ‘Morocco’, M5—M. spicata ‘Crispa’, M6—M. piperita ‘Almira’, M8—M.
suaveolens “Variegata’).
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Figure 6. Mold growth on surface of wood: (a) T. viride; (b) Ch. globosum (the legend of symbols: K-
Tv/K-Ch—-ontrol, B—sample code indicating the application of 180 g of essential oils solution per m?,
M3—M. spicata ‘Morocco’, M5—M. spicata ‘Crispa’, M6—M. piperita *Almira’, M8—M. suaveolens
‘Variegata’).

The fungicide effectiveness of mint extracts largely depends on the dose of the sub-
stances used and the method of obtaining the active ingredients. Despite the failure to
achieve high biocidal activity in the assumed experiment, there are examples in the sci-
entific literature of research indicating that mint extracts can be used as products that
completely inhibit the growth of mold fungi. Ali et al. [35] showed that oils obtained
from M. longifolia cause 100% growth inhibition of Aspergillus flavus and A. fumigatus. The
authors of the study, however, used much higher doses of extracts of 250-500 uL/mL. The
fungicide properties of mint extracts are also confirmed by the studies of Singh et al. [36]
and Desam et al. [37]. Dzami¢ et al. [38] proved the fungicidal properties of mint essential
oils against the fungi Aspergillus flavus, A. fumigatus, Alternaria alternaria, and Fusarium
oxyporum. However, in this case, the authors of the study used much higher effective doses
than in the presented studies. The research by Gulluce et al. [39] indicated that the method
of obtaining active ingredients has a decisive influence on the effectiveness of plant extracts
against mold fungi. The authors of the study found that the essential oil extracted from M.
longifolia showed strong antimicrobial activity against the 30 microorganisms tested, while
the methanol extract remained almost inactive. If mint extracts are to be a component of
wood preservatives in the future, it should also be considered whether the application of
such a product in doses at which full fungicidal effect was achieved would be acceptable to
the producers of wood preservatives, taking into account the costs of obtaining, processing
the raw material and proper wood preservation.

3.2. Chemical Composition

The qualitative and quantitative composition of substances belonging to the group
of terpenes and their derivatives was characterized using the GCMS technique. These
substances are known for their antimicrobial properties [40,41]. Studies have shown that
mint ethanol extracts are dominated by substances belonging to the oxygen-containing
monoterpenoid and monoterpene. Menthol dominated in extracts from spearmint ‘Crispa’
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(Mentha spicata L.) (No. 3) and spearmint ‘Morocco’ (Mentha spicata L.) (No. 5). On the other
hand, in the ethanol extracts of peppermint ‘Almira’ (Mentha piperita L.) (No. 6) the most
isomenthols were identified. Substances such as borneol, gamma-terpinene, or camphene
were present only in M. piperita extracts. gamma-terpineol, 4-terpinenol, homocatechol,
isophorone, and 3(10)-Caren-4-ol were identified only in M. suaveolens extracts (Table 5).

Table 5. Chemical composition of the mint ethanol extracts.

Concentration (%) Calculated Relative to the Area of

Peaks Identified
Compound Class * (No. 3) (No. 5) (No. 6) (No. 8)
M. spicata M. spicata M. piperita M. suaveolens
“Morocco’ “‘Crispa’ ‘Almira’ “Variegata’
3-Carene MH 0.29 - 0.51 -
Camphene MH - - 2.16 -
alpha-Pinene MH 0.92 - 1.54 5.95
beta-Pinene MH 1.26 3.45 - -
p-Cymene NH 0.11 0.56 - 5.75
D-Limonene MH 7.69 - 1.14 -
beta-Myrcene MH 0.68 0.57 - -
beta-Phellandrene MH 0.67 - 1.92 241
Eucalyptol OM 5.77 7.16 3.24 6.16
gamma-Terpinene MH - - 1.87 -
Isopulegol OM 0.17 - - -
Linalol OM 0.6 1.6 3.34 -
Borneol OM - - 0.62 -
Caproaldehyde ON - 1.97 - -
Menthol OM 69.39 58.41 - 16.97
Isomenthol OM - 1.97 8.66 -
alpha-Terpineol OM - 0.87 1.6 25.50
beta-Terpineol OM 2.52 1.79 - 8.7
gamma-Terpineol OM - - - 7.01
4-Terpinenol OM - - - 2.55
Carveol OM 4.93 15.67 2.15 -
Carvone OM 1.05 28.31 - 5.46
Dihydrocarvone OM 10.4 0.55 - -
Pulegone OM 0.13 3.01 1.93 5.85
Geraniol OM - 1.76 - -
beta-Citral OM - - - 3.53
Piperitone OM 0.94 0.98 - -
Homocatechol ON - - - 15.34
Isophorone ON - - - 3.52
3(10)-Caren-4-ol oM - - - 5.46

* OM—oxygen-containing monoterpenoids, MH—monoterpenes, SH—sesquiterpenes, NH—non-terpene hydro-
carbons, OS—oxygen-containing sesquiterpenoids, ON—oxygen-containing non-terpenoids.

In terms of quality, the composition of essential oils turned out to be richer, although
oxygen-containing monoterpenoids also dominated (Table 6). Six substances belonging to
sesquiterpenes were identified in essential oils, which were not found in ethanol extracts.
In oils of spearmint ‘Crispa’ (Mentha spicata L.) (No. 3) and spearmint ‘Morocco’ (Mentha
spicata L.) (No. 5). Large amounts of carvone have been identified, which is consistent with
studies by other authors [42]. Chrysanthenone was identified only in ‘Almira’ peppermint
oils (Table 6). The fungicidal activity of these substances was described in studies conducted
by Reddy et al. [43].
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Table 6. Chemical composition of the essential oils.

Concentration (%) Calculated Relative to the Area of

Peaks Identified
Compound Class * (No. 3) (No. 5) (No. 6) (No. 8)
M. spicata M. spicata M. piperita M. suaveolens
‘Morocco’ ‘Crispa’ ‘Almira’ ‘Variegata’
3-Carene MH 0.78 0.57 - -
alpha-Pinene MH - - 1.54 5.95
beta-Pinene MH - - 0.51 -
p-Cymene NH - - 1.92 2.41
D-Limonene MH 5.29 5.94 3.24 6.16
beta-Myrcene MH 0.67 3.45 - -
beta-Phellandrene MH - - - -
Eucalyptol OM 2.94 15.71 - -
Linaol OM 0.55 1.6 2.16 -
Borneol OM - - 3.29 -
Caproaldehyde ON - - 1.18 -
Ocimene MH - 2.22 - -
Menthol OM - 211 - -
Menthone OM - 13.56 - -
Isomenthol OM - 1.97 - -
Menthyl acetate OM - 1.76 - -
alpha-Terpineol OM - 0.55 - -
beta-Terpineol OM 3.6 - - -
Carveol OM - 0.98 1.04 8.79
Carvone OM 64.84 40.49 8.66 -
Dihydrocarvone OM 7.24 - - -
p-Menth-1-en-9-al OM - - - -
Valeraldehyde ON - - - 7.01
D-Verbenone OM - - - 8.7
Chrysanthenone OM - - 67.73 -
Sabinene MH 1.35 - - -
Piperitone OM - 1.38 - -
Catechol ON 0.46 - - 2.55
Levulinic acid ON - - 1.87 5.75
Coumarin ON 1.65 0.87 1.6 16.71
p-Vinylguaiacol ON 1.42 2.21 1.66 -
Hydroquinone ON - - 1.05 5.46
Eugenol ON - - 0.62 -
cis-Jasmone ON - 1.63 1.93 5.85
beta-Bourbonene SH 3.36 1.79 -
Caryophyllene SH 3.6 - - 3.53
Humulene SH 0.66 - - -
beta-Copaene SH 1.59 - - 15.34
beta-Elemene SH - - - 3.52
Farnesene SH - - - 5.46

* OM—oxygen-containing monoterpenoids, MH—monoterpenes, SH—sesquiterpenes, NH—non-terpene hydro-
carbons, OS—oxygen-containing sesquiterpenoids.

4. Conclusions

The results obtained in the study indicate that with the applied doses of extracts and
the method of wood impregnation, the full fungicidal effect was not achieved, which would
indicate that mint ethanol extracts and essential oils completely protect wood against the
development of mold fungi. Despite the lack of a fungicide effect on wood, several very
important conclusions can be drawn:

1. The degree of fungi growth inhibition depends on the amount of extract added to
the medium.

2. The highest dose of the extract, 5.0 cm?, either completely inhibited or severely limited
the growth of the fungi.
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3. Ethanol extracts from the tested mints, the application of which in the wood is at least
40g/ m?, have a fungistatic effect in the initial stage of fungal development.

4. Solutions of essential oils turned out to be more active against fungi; although, in this
case, the desired biocidal effect was not achieved.

5. Essential oils significantly slow down the growth of the fungus Ch. globosum, with the
strongest fungistatic effect found in ‘Morocco’ spearmint oil (Mentha spicata L.).

6. It was shown that ethanol extracts from mints were dominated by substances be-
longing to the oxygen-containing monoterpenoid and monoterpene groups. In terms
of quality, the composition of essential oils is richer, although oxygen-containing
monoterpenoids also dominated.

7. Six substances belonging to sesquiterpenes were identified in essential oils, which
were not found in ethanol extracts.

At this stage of the findings, it is impossible to talk about the practical aspect of
the obtained results. The extracts used in the proposed concentrations and the proposed
application did not protect the wood against growth by mold fungi; however, the obtained
results allow us to observe some differences in the biocidal activity that occurred for
individual varieties of mint and individual types of extracts. This gives a starting point for
further research and the search for ways to enhance the fungicide effect. If mint extracts
were to be used in wood protection, further research should be undertaken to search for
synergistic effects with other types of plant extracts or with synthetic fungicides. The latter
research concept seems to be more promising and prospective.
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Abstract: The objective of this study was to determine the effects of four phenol-formaldehyde (PF)
resin treatments with different molecular weights at four different concentrations (5, 10, 15, and
20%) in treated beech wood. The mechanical properties of untreated and treated beech wood were
evaluated. After impregnation with PF resin, all modified beech wood at all PF resin concentrations
exhibited an increase in weight percent gain compared with that in untreated beech samples. PF
resins with lower molecular weights more easily penetrate the wood cell wall, leading to increased
bulking of the wood structure, which in turn improves the dimensional stability of the wood. The PF
resin treatment with a molecular weight of 305 g/mol showed better impregnation ability than that
of the other PF resins. The impact bending strength of PF-treated wood was considerably reduced
because PF-cured resins formed inside the wood and are rigid and brittle. Additionally, PF resin
treatments at all concentrations decreased the modulus of elasticity of the wood. Scanning electron
microscopy and light microscopy revealed that the PF resins were comparatively well fixed in the
wood samples. The results indicate that the large molecular weight PF resins are more uniformly
distributed in the fiber lumens.

Keywords: phenol-formaldehyde resin; average molecular weight; wood modification; mechanical
properties

1. Introduction

Wood is a hygroscopic and polymeric material due to its abundance of hydroxyl
groups associated with cell wall polymers. Wood also has two types of internal voids:
relatively large voids, such as cell lumina and pit openings, and cell wall microvoids [1,2].
The chemical modification of wood involves the use of chemical and/or chemi-physical
techniques to improve its dimensional stability, which occurs mainly through the cova-
lent bonding of chemicals with the OH groups of cell wall polymers or the deposition of
sterically fixed compounds in the cell wall [3]. With chemical modification, hygroscopic hy-
droxyl groups of the cell walls become partly blocked, and the nanopores (nanocapillaries)
of the cell walls are filled with the chemicals. The water sorption sites decrease when the
hydroxyl groups are blocked. Additionally, the deposition of chemicals in the cell walls
reduces the space available for moisture from the environment, thereby making them more
dimensionally stable [4,5].

To enhance the dimensional stability of solid wood, the modification of wood with
water soluble and low molecular weight (M,,) phenol-formaldehyde (PF) resins has been
practiced since the 1930s. The mechanical properties of commercial plywood composites,
i.e., impreg and compreg plywood, are also enhanced by PF modification [6]. PF resins
are known to penetrate and bulk the cell walls of solid wood. Additionally, PF resin
modification has been shown to enhance the resistance of wood to white rot and brown rot
fungi.
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The use of water soluble and low M,, PF resin groups to enhance the dimensional
stability and physical mechanical performance of wood has been intensively studied as
a means of chemical modification [7-9]. PF resin is an aqueous mixture of oligomers that
differ in terms of their M, and shape. These PF resins can increase the dimensional stability
of wood because they penetrate and swell the cell wall, thereby reducing hygroscopicity
and forming a rigid crosslinked network upon curing. Furthermore, PF resins have a
softening effect, similar to that of steam or heat, which plasticizes the cell walls of wood.

The reticular structure of cellulose fibrils, hemicelluloses, and lignin that comprises the
cell walls of wood fibers form a three-dimensional structure in which the spacing between
the various components defines the porous structure. Moreover, the porous structure
determines the outside accessible surface area and upper size limit of molecules at which
the cell wall can exchange with an external medium [10]. Accordingly, the particle size of
the chemicals used for modification must be smaller than the minute openings of the small
pores in the polymeric network structure of the cell walls.

The aim of the present study was to evaluate the physical properties of beech wood
samples treated with four PF resins with different M,, values at different concentrations.
The properties studied in the wood included the modulus of elasticity (MOE) and impact
bending strength (IBS), which were chosen to characterize the application of wood in
outdoor structures.

2. Materials and Methods
2.1. Wood Samples

To evaluate the effectiveness of impregnation of PF resins in the inner structure of the
wood, two sample types with different dimensions, i.e., 25 x 25 x 10 mm? and 10 x 10
x 150 mm® (R x T x L), were prepared from beech (Fagus sylvatica) wood and used to
investigate the bulking coefficient and mechanical properties. In total, 629 beech wood
samples were selected for use in the study. The variance in density between the samples
was <10%. As shown in Figure 1, the density was distributed mainly from 620 to 660 kg/m?.
In total, 17 groups of beech wood samples (16 treated wood sample groups and 1 untreated
wood sample group) were selected. The oven dry weights of samples were recorded after
drying at 103 °C + 2 °C for 28 h. The dried wood specimens were then impregnated using
a vacuum on the same day. Ten blocks per group and treatment were used.

6aa L — T v T v T v T
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640
638 |- —
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Group number
Figure 1. Density distribution of each group.

2.2. PF Resins

Four different types of PF (Hexion Oy, Puhos, Finland) resin were used to prepare
aqueous solutions and impregnate the beech wood samples. For each of the four types of
resin assessed, 10 samples were impregnated with an aqueous solution containing 5, 10, 15,
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and 20% (w/w) PF resin solid content. The physical-chemical properties of the four types of
PF resin are listed in Table 1. The purity grades of the four PF resins and catalyst were 99%.

Table 1. Properties of the PF resins used for beech wood modification.

Molecular Solid Amount of Free Phenol
Resin Weight Mn o Catalyst Formaldehyde o
Content (%) o (%)
(g/mol) (%)

A 237 441 NaOH <1 <4
B 305 458 NaOH <1 <4
C 403 47.02 NaOH <1 <4
D 520 46.6 NaOH 1.88 0.24

2.3. Wood Treatment

Oven-dried wood samples with the aforementioned dimensions of 25 x 25 x 10 mm?
and 10 x 10 x 150 mm?® (R x T x L) were impregnated in the above-listed aqueous
solutions in an autoclave under 0.008 kPa gage pressure in a vacuum for 45 min using a
two-step vacuum impregnation method. During impregnation, the samples were subjected
to room temperature (20 °C) followed by 101.32 kPa gage pressure for 60 min. They were
removed from the modified solution after vacuum-pressure impregnation. Control samples
were not modified with PF and were VTC (viscoelastic thermal compressed)-processed
directly from their conditioned state.

2.4. Weight Percent Gain

Weight percent gain (WPG) was characterized using 10 replicates of treated beech
wood with a dimension of 25 x 25 x 10 mm? (R x T x L). The average WPG of untreated
and treated beech wood samples was estimated using the dry mass according to the
following equation:

WPG = ((my — my)/my) X 100 D

where Myeqteq is the oven-dried mass of the treated wood samples and mypreateq is the
oven-dried mass of the untreated wood samples.

2.5. Bulking Coefficient

The volume difference (bulking coefficient (BC)) due to impregnation was determined
by comparing the dry specimen volumes before and after modification. Wood samples with
dimensions of 25 x 25 x 10 mm? (R x T x L) were used to determine cell wall bulking.
The BC was calculated using the following equation:

BC = ((Vt — Vu)/Vy) x 100 ()

where V is the oven-dried volume of the treated wood samples and V, is the oven-dried
volume of the untreated wood samples.

2.6. MOE

The MOE was determined following EN 408 (2011) in a conditioned atmosphere (50%
relative humidity and 20 °C). Ten specimens from each formula were analyzed using a
universal testing machine (Zwick GmbH & Co., KG, Ulm, Germany) equipped with a
10 kN load head and testing software Xpert II. The loading direction was perpendicular to
the grain with a loading speed of 10 mm/min. The distance between the supporters was
100 mm with 0.5% accuracy, and the rate of loading was adjusted to ensure the maximum
load was reached within 60 £ 30 s. Specimens were kept in sealed plastic bags before the
experiment.
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2.7. Bending and Impact Bending Tests

IBS was assessed according to DIN 52,189 (1981) with modified specimen dimensions
of 10 x 10 x 150 mm?3 (Resil Impactor, Instron, Norwood, MA, USA). The capacity of the
machine used was 30 kgw /cm and bearing width was 120 mm. The machine was equipped
with a 25 ] hammer and an integrated force-measuring device. To calculate energy (A, in
kJ.m~2), the following equation was used:

Aw =1000-Q/bh 3)

where Q is the energy (J) required to fracture the test piece, and b and h are the dimensions
of the test samples in the radial and tangential directions (mm) [11].

2.8. Morphology Analysis

Scanning electron microscopy (SEM; Supra 45, Leo Elektronenmikroskopie GmbH,
Oberkochen, Germany) was used to observe the untreated and treated beech wood samples,
which were first sputter-coated with carbon. The observations were conducted with an
accelerating voltage of 15 kV and a 70 Pa vacuum.

Light microscopy was performed using an Ellipse E600 microscope (Nikon, Tokyo,
Japan) equipped with a digital camera (Nikon DS-Filc). The transverse section of the
untreated and treated beech wood samples was cut using Leica microtome blades (Leica
DB80 HS (Leica, Wetzlar, Germany). The samples were then stained with 0.09% safranin
solution for 6 min, after which they were dehydrated using two ethanol solutions (50 and
99%). All specimens were dried at 42 °C for 25 min before they were embedded in glass.

3. Results
3.1. WPG

Figure 2 demonstrates the average WPG of PF resin-treated beech wood samples
(treated with PF resin modifiers with four different M,, values at four different concen-
trations, i.e., 5, 10, 15, and 20%). As expected, the average WPG increased linearly as the
concentration of the PF resin modifier increased, confirming that the PF resin was able to
impregnate the wood samples at all concentrations. The same PF resins have the same
distances between the points, which also leads to a linear increase in WPG. However, sig-
nificant differences in WPG were not detected between the untreated and PF resin-treated
beech wood samples. The samples treated with oligomers with a M, of 237 g/mol exhib-
ited higher WPGs compared with those of samples treated with oligomers with M,, values
of 305, 403, and 520 g/mol. For the PF resin treatment with a M,, of 237 g/mol, the WPG
of the wood was 6.7, 12.3, 18.3, and 24.7% with the 5, 10, 15, and 20% resin concentration
(w/w) treatments. For the PF resin treatment with the highest M,y (520 g/mol), the WPGs of
wood were lower, indicating that larger oligomers could not easily penetrate the cell wall
of beech wood because less PF resin was found in the cell wall. Lower WPG might also be
due to the macroporosity of the beech wood (influenced by the early and late wood within
the year ring, number of year rings, and quantity of rays, vessels, and fibers) [12].

3.2. Bulking Effect

The bulking effect also tended to increase with the concentration of the PF resin
treatment. Figure 3 shows average BC results of beech wood samples.

Comparing the four resin types at similar concentration levels, the bulking effect of
the PF resin with a M,y of 305 g/mol was higher than that of the PF resins with My, values
of 237, 403, and 520 g/mol. For example, at the 20% concentration level, PF resins with
M,, values of 237, 305, 403, and 520 g/mol led to bulking percentages of 12.2, 12.8, 11.0,
and 7.9%, respectively, in treated wood. PF resins with low M,, values can more easily
penetrate the cell walls of wood and have a higher bulking effect on the inner structure of
the wood, which improves the wood’s dimensional stability [13]. The increased volume
of the wood specimens after PF resin treatment implies the presence of cell wall bulking
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due to the incorporation of PF resin polymers into the cell wall [2]. The step-wise increase
in concentration led to an unequal increase in bulking, and an increase in PF resin M,y
markedly reduced the BC [14,15]. Bulking is known to reduce the ability of the cell wall
to shrink and swell; thus, bulking enhances the dimensional stability of beech wood [11].
The present BC results also demonstrate that the M,, of a resin is important for its ability to
impregnate resin polymers into the cell walls of beech wood.
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Figure 2. The weight percent gain (WPG) of wood samples treated with PF resins.
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Figure 3. Bulking effect in wood samples treated with PF resins.

3.3. MOE

Figure 4 shows the MOE of beech wood samples before and after treatments with four
PF resin types with different M,, values at four different concentrations (5, 10, 15, and 20%).
At all concentrations, PF resin treatments led to slightly lower MOE values compared with
those in the control samples. The MOE was reduced by approximately 7.9% when the PF
resin treatment had My, of 403 g/mol. However, the MOE did not differ markedly among
sample groups modified with PF resins with different M,, values at the same concentration.
Thermoset resins are usually used to modify wood. The impregnated wood then forms a
rigid resin cell wall network in the wood structure after it is pressed in a thermal mold. A
reduced MOE value can be attributed to the fracturing of the rigid network of the PF resin,
which was precured in a thermal press mold [16]. The decrease in MOE could also be due to
the thermal degradation of wood cell wall polymers, especially hemicelluloses, which are
affected by high temperature. High temperature exposure can change the structure of fibers
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under thermal treatment [17,18]. The present results indicated that PF resin with a low M,y
in the wood structure serves as a plasticizer and leads to substantial softening of the cell
wall, inducing a reduction in the MOE of the cell wall in the cross fiber direction [19].
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Figure 4. MOE of untreated and PF resin-treated beech wood samples. (A) M,, values of 237 g/mol,
(B) M,y values of 305 g/mol, (C) My, values of 403 g/mol, (D) M,, values of 520 g/mol.

3.4. IBS

Impact strength indicates the ability of a material to achieve a rapid transfer of
stress/strain into a bulk material without critical stress peaks [5]. The impact strengths of
PF resin-modified and -unmodified wood samples are presented in Figure 5. The IBS of the
treated wood samples was lower than that of the unmodified specimens. However, there
were no differences in IBS among the modified wood samples at all concentration levels.
The loss in IBS was approximately equivalent among concentrations and ranged from
59.62 to 63.9% compared with that in the untreated samples. IBS can be reduced following
chemical modification for several reasons. The IBS of the modified beech wood samples
may have been reduced because PF resin impregnation reduced the pliability of the wood.
It is also possible that the IBS was affected by the acidic hydrolysis of polysaccharides due
to the use of magnesium chloride as a catalyst. The movement limitation of the cell wall
due to the crosslinking with the PF resin could also reduce the IBS value [20-24]. The cell
wall polymers in the inner wood contribute to IBS. The large decrease in IBS in the modified
wood samples could also be attributed to reduced pliability due to a rigid, tree-dimensional,
corset of PF resin in the beech wood matrix [25].

3.5. Morphology Analysis

The distribution of PF resin in untreated and PF resin-treated beech wood samples
was characterized using SEM and light microscopy (Figure 6). As shown in the SEM
images, the unmodified beech wood samples exhibited an obvious pore structure. After
impregnation with the PF resin, the transverse section of the modified beech samples
contained a remarkable amount of PF resin. Moreover, the unmodified beech wood sample
had a red color from the adsorbed safranin in the wood. In the modified beech wood
samples, this red color became pale yellow. This color change can be attributed to the
impregnation of PF resin into the beech wood structure [13,26]. In the modified wood
samples, wood cells near the vessel were filled with resin, and the PF resin was located in
the lumen of vessels [27]. More bubbles in the resin films were formed in the radical section
of the treated wood samples (Figure 6d,e). Additionally, the PF resins were uniformly
distributed in the wood samples and existed at high levels in the fiber lumens.
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Figure 5. Impact bending strength of untreated and PF resin-treated wood samples. (a) Untreated
control, and wood treated with PF resins with My values of (b) 237, (c) 305, (d) 403, and (e) 520 g/mol.

3.6. Mechanism Underlying the Modification of Beech Wood via PF Resin

The structures in beech wood that favor resin impregnation are the lumen and cell
wall [28]. When a PF resin with a low M, is impregnated into the wood, the resin is mainly
distributed in small amounts in the lumen through the cell wall. Moreover, the molecule
size of the PF resin is small, illustrating that a small molecule resin has good permeability,
which easily penetrates the cell wall. When a PF resin with a high M,, was impregnated
into beech wood, the resin was mainly distributed in the lumen [29-31], (see Figure 7).

Beech wood has many porous structures. The major types of internal void are large
voids and cell wall microvoids [32,33]. The porous structure of wood provides many places
into which PF resin can impregnate. As a water solution with polymer molecules, no
chemical reaction usually takes place between the PF resin and functional groups in the
wood structure. Therefore, resin and wood are mutually selective in the modification
process. PF resins have different properties based on their M, and shape. As passive
impregnation agents, it is important to evaluate the relationships among the penetration
depths of PF resins, capacity of PF resins, and chemical and physical characteristics of the
wood structure [34-36].
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(a) (b)

(e) (f)

Figure 6. Morphology of untreated and PF resin-treated beech wood. SEM images of (a) untreated

wood samples and (b) PF resin-treated wood samples. Light microscopy images of the transverse
sections of (c) untreated wood samples and (d) PF resin-treated wood samples. Light microscopy
images of the radical sections of (e) untreated wood samples and (f) PF resin-treated wood samples.
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Figure 7. Mechanism underlying the modification of PF resin.

4. Conclusions

PF resins with the four different M,, values at four concentrations (5, 10, 15, and 25%)
in water were impregnated into beech wood. The average WPG of the modified beech
wood increased linearly as the concentration of PF resin increased. Beech wood treated
with a PF resin with a low M,y (237 g/mol) exhibited a higher WPG. The bulking effect
values following treatment with PF resin with a My, of 305 g/mol were higher than those
following treatments with PF resins with My, values of 237, 403, and 520 g/mol. The MOE
and IBS results showed that the My, of a resin is important for the impregnation of resin
oligomers into the beech wood cell walls. The relationship between the PF resin and beech
wood cell structure was investigated using SEM and light microscopy, and the PF resins
were more uniformly distributed in the modified beech wood samples and mainly existed
in the fiber lumens. The physical properties of modified beech wood were improved by
PF resin treatments with different M,, values. A low average M,, oligomer and small
polydispersity index are conductive to the penetration of a PF resin.
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Abstract: Beech is an important tree species in Europe. This study aimed to elucidate the influence
of four molecular weights of phenol formaldehyde (PF) resin (266, 286, 387, and 410 g/mol) on the
sorption behavior of unmodified and modified beech wood samples using a dynamic vapor sorption
(DVS) apparatus. The variations in the environmental relative humidity and moisture content (MC)
of the samples were recorded, and the DVS isotherms were plotted from the equipment. During the
sorption process, the MC of the modified samples decreased in comparison to that of the unmodified
samples, and both apparently decreased with the increasing molecular weight of the PF resin. The
DVS isotherm hysteresis plot illustrated a reduction in sorption hysteresis for the modified wood
with varying PF resins compared to the unmodified samples. Based on the DVS isotherm adsorption
and desorption plots, the decrease in the equilibrium of the MC can be attributed to there being
fewer sorption sites in the modified samples, which exhibited the lowest hygroscopicity. Overall, the
moisture sorption mechanism for both types of samples was clarified, highlighting a clear correlation
between the molecular weight of the applied PF resin and its influence on moisture sorption behavior.

Keywords: phenol formaldehyde resin; dynamic vapor sorption; wood modification; beech wood

1. Introduction

Wood, a porous natural polymer composite material, typically exhibits ample water
sorption sites, specifically hydroxyl groups, when the saturated vapor partial pressure on
the surface of the water contained in the pore is less than the environmental pressure [1]. In
response to fluctuations in the external humidity, wood adjusts its moisture content (MC)
through absorption or desorption to attain equilibrium, and this affects the quality of wood
products. Thus, the viscoelastic properties of unmodified and modified wood samples
have been assessed through dynamic vapor sorption (DVS).

The moisture absorption characteristics of wood are contingent on the temperature
and relative humidity of the external environment [2], and moisture expedites surface
photodegradation during outdoor exposure [3]. Adsorption isotherms have been used to
evaluate these characteristics, illustrating the correlation between the relative humidity
(RH) and equilibrium moisture content (EMC) of the wood environment under a steady
temperature and pressure. This correlation is pivotal in modifying the service lifespan of
outdoor exposed wood.

Phenol formaldehyde (PF) resin, a water-soluble, low-molecular-weight polymer,
bolsters the dimensional stability of wood materials by infiltrating and inflating their cell
wall [4]. Upon modification, a nonbonding network is established between wood and resin,
reducing the hygroscopicity of wood. The hydrophilic hydroxyl groups in cell walls are
partially obstructed, and the cell wall nanopores (nanocapillaries) become filled with PF
resin. This process reduces the number of sorption sites for water and minimizes the space
available for external moisture. The hygroscopic structure of wood is, thus, impeded by PF
resin, yielding drier cell walls and an improved dimensional stability [5].
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Beech wood is classified as a softwood [6]. In response to environmental conditions
such as wind, softwoods exhibit adaptive growth, bending, and tilting of the trunk or
branches under pressure, a phenomenon known as pressure wood; the non-stressed part is
referred to as the corresponding wood [7]. Compared with the corresponding or normal
wood, pressure wood demonstrates a thicker tracheid wall, reduced cellulose content, and
increased lignin content. However, the propensity of beech toward cracking and warping
in practical processing, which are deemed as defects, hinders the efficient use of plantation
wood [8]. The water adsorption characteristics of wood correlate with the content of
chemical components and the pore size of the cell wall. Consequently, understanding
the water adsorption characteristics of pressure wood has both theoretical and practical
implications for promoting the development and utilization of plantation wood.

Various theoretical models have been proposed to interpret the complex water adsorp-
tion process, including the Hailwood-Horrobin model, the Brunauer-Emmett-Teller (BET)
model, the Guggenheim—-Anderson—de Boer (GAB) model, and the Halsey model [9-11].
Hills et al. [12] used the parallel exponential kinetics model to analyze the water vapor sorp-
tion behavior of flax fibers, while Krabbenhoft et al. [13] proposed a model for non-Fickian
moisture transfer in wood. Moreover, Xie et al. [14] investigated the water vapor sorp-
tion behavior of three celluloses using the Kelvin—Voigt viscoelastic model. Each model,
however, exhibits deviations between the actual and measured values under varying
RH conditions.

This study aimed to analyze the sorption behavior of untreated and treated beech
samples, using PF resin of differing molecular weights at various concentrations. A DVS
apparatus was used to record the sorption dynamics, sorption rate, and hysteresis in both
unmodified and modified beech specimens.

2. Materials and Methods
2.1. Wood Materials

Samples of European beech wood (Fagus sylvatica), with an initial MC of 14.5%,
were sourced from Germany. Samples with an average density ranging between 620 and
660 kg/m3 were selected for the experiment. Samples intended for impregnation were cut
into dimensions of 25 mm x 25 mm x 10 mm (R x T x L) and 10 mm x 10 mm x 150 mm
(R x T x L). After drying at 103 £ 2 °C for 28 h, the oven-dry weights of these samples
were determined. All samples were free of apparent defects.

2.2. Wood Modifier

Four types of PF resin were employed to impregnate the beech wood samples. Ten
samples were impregnated in aqueous solutions with the PF resin solid contents of 5%, 10%,
15%, and 25% (w/w) for each of the four resins under assessment. The molecular weights
of the four PF resins were 266, 286, 387, and 410 g/mol. The PF resin (My = 410 g/mol)
has the following characteristics. Viscosity: 186 mPa s, density: 1.56 g/cm?, gel time:
130-150 °C. The physical-chemical properties of the four resins are presented in Table 1.
The aqueous solutions were prepared using these four types of resin (supplied by Hexion
Oy, Helsinki, Finland); these resins had a purity grade of 99%, similar to that of the catalyst.

Table 1. Properties of the PF resins for the modified beech samples.

. . . o Amount of o
Resin Molecular Weight Mn [g/mol]  Solid Content [%] Catalyst Formaldehyde [%] Free Phenol [%]
A 266 49.5 NaOH <1 <4
B 286 49.8 NaOH <1 <4
C 387 49.0 NaOH <1 <4
D 410 58.4 NaOH 1.88 0.24

82



Forests 2023, 14, 2015

2.3. Wood Treatment

Beech samples, dried in an oven, were impregnated with an aqueous solution of 5%,
10%, 15%, and 20% (w/w) PF solid content using an autoclave, with ten samples impreg-
nated at each concentration. Before autoclave impregnation, the beech wood samples were
subjected to a vacuum for approximately 0.5 h at 0.008 kPa gauge pressure. All samples
were then immersed in the PF resin solution and exposed to a gauge pressure of 101.32 kPa
for 60 min at standard room temperature (20 °C). After impregnation, all the wood samples
were removed from the PF resin solution and placed in an air-circulating environment for
24 h to achieve moisture equilibrium.

2.4. Dynamic Vapor Sorption (DVS)

The sorption behavior was assessed using a DVS intrinsic device (DVS Advantage,
Surface Measurement Systems, London, UK). Both the untreated and treated beech samples
were milled and sieved through a 2 mm mesh. Approximately 20 mg of wood powder was
placed on the sample holder, which was connected to a microbalance via a hanging wire and
situated in a thermostatically controlled cabinet. The sorption processes were conducted at
a steady temperature of 25 °C. The DVS schedule was set to 20 levels of RH (0%, 5%, 10%,
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, and
95% in a reverse sequence for the desorption isotherm). The instrument maintained each
target RH until the mass change of the sample (dm/dt) was <0.002% min~! over a 10-min
span. The target RH, actual RH, sample mass, and running time were recorded every 60 s
during the sorption process. The weight at equilibrium condition at each RH was recorded
using the microbalance, based on which the EMC was calculated. The EMC of both the
unmodified and modified beech samples was calculated based on the following equation:

MC = (le - m])/ml x 100, (1)

where m; represents the dry mass of wood samples, and 11, represents the equilibrium
mass of wood at a given RH.

3. Results
3.1. Dynamic Vapor Sorption (DVS) Behavior of Beech Wood

The DVS characteristics of both the unmodified and modified beech samples were
investigated to determine the impact of PF resin modification. The response of a wood
sample to a change in the set RH produces an asymptotic curve that approaches the EMC
after an infinite time of exposure at a given RH. As depicted in Figure 1, the EMC of all the
wood samples increased with the RH in the adsorption stage, with the EMC first increasing
rapidly before increasing slowly to equilibrium at each humidity level. In the desorption
stage, the EMC gradually decreased with diminishing humidity for all samples, with the
EMC decreasing rapidly at first and then slowly dropping until reaching equilibrium at
each RH level. At the 95% stage, the EMC of the sample increases rapidly and cannot
be completely balanced. As evident from Figure 1, the PF resin modifications induced a
decline in the measured MC during the sorption process, with the MC decreasing more
noticeably with the increasing molecular weight of the PF resin. Compared with the
EMC (23.7% at RH 95%) of the unmodified sample, that of the modified beech wood at
M,, =286 g/mol and M,, = 410 g/mol demonstrated a reduced MC (MCR) of 11.73 and
14.26%, respectively. The results suggest that PF resin modification considerably reduces
moisture adsorption [15]. Reportedly, low-molecular-weight resins penetrate the wood
cell wall more easily, and, ultimately, bulk the wood material to a greater extent, thereby
offering a superior dimensional stability; however, high-molecular-weight resins fill only
the cell lumina [16,17], which diminishes the adsorption of hydrate water in low RH
ranges. Moreover, PF resin can crosslink microfibrils, thereby constraining swelling when
modified samples are exposed to humidity. In moist environments, water diffusion into
the crosslinked cell wall creates a compressive stress because it cannot swell, contrary to its
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unmodified counterpart. Furthermore, the incorporation of PF resin into the nanopores of
the cell wall pre-swells the cell wall, consequently decreasing the size (free space) of the
nanopores as well as the cell wall swelling caused by water adsorption. Eventually, the
accommodation for water (primarily dissolved and condensed water) diminishes in the

high RH range [18,19].
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Figure 1. The measured moisture content (MC) of untreated and treated wood samples during
sorption under stepwise target relative humidity (RH). (a) Untreated beech samples, (b) treated with
My, =266 g/mol, (c) treated with My, = 286 g/mol, (d) treated with M,y = 387 g/mol, and (e) treated

with My, =410 g/mol.
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3.2. DVS Isotherm Hysteresis Plot

Hygroscopic hysteresis, a common phenomenon observed in the water adsorption
process of wood materials, is driven by a reduction in the number of accessible hydroxyl
groups within the wood material. The number of available hydroxyl groups in wood that
can bind to water molecules decreases with increasing water content, thereby diminishing
the EMC value attained through moisture absorption. The modification of wood with
the same exposure history with four PF resins of different molecular weights reduced the
sorption hysteresis compared to that of unmodified samples (Figure 2). Modified beech
samples with a higher molecular weight (M, =410 g/mol) displayed less hysteresis at RH
levels of 80% and 90% compared with unmodified beech samples. At a lower molecular
weight (M,, = 286 g/mol), the sorption hysteresis of the modified beech was reduced across
the full hygroscopic range, particularly in the high RH range, and the maximum hysteresis
point shifted from 80% RH in the unmodified wood to 70% RH in the modified wood.

The reduction in hysteresis in beech woods can be attributed to the changes in the
cell wall structure caused by PF impregnation. The hysteresis effect has been previously
interpreted based on sorption phenomena on a glassy solid below the glass transition
temperature [20]. In the adsorption stage, the adsorption of the water molecules onto the
sorption sites of cell walls is an exothermic process. The thermal motion of incoming water
molecules causes the expansion of cell wall nanopores, and thereby creates a new internal
surface. During desorption, the relaxation of the cell wall matrices to their state during
adsorption is kinetically hindered [21].

Modification with PF resin leads to crosslinking and bulking in the cell walls due to
chemical incorporation [22,23]. Crosslinking reduces the degree of freedom of cell wall
polymers, and bulking pre-swells the cell wall. Both effects contribute to an increase in
wood stiffness after modification, leading to less deformation during the sorption process.

3.3. DVS Isotherm Adsorption and Desorption Plot

During the adsorption process, water molecules sever the hydrogen bonds between
cellulose macromolecular chains, producing new free hydroxyl groups, which continue
to interact with water molecules to form new hydrogen bonds. Moreover, the distance
between molecular chains increases during the adsorption process. In the desorption
process, hydrogen bonds between adjacent molecular chains break, and the distance
between molecular chains decreases due to the elimination of water molecules. These
phenomena result in changes to the physico-mechanical properties of beech samples,
ranging from the cellular to the macroscopic level.

Figure 3 shows the adsorption and desorption plots of untreated and treated beech
samples. When the RH exceeds 60%—70%, the water adsorption isotherm exhibits an
upward-curving trend, displaying an S-shaped curve, indicative of a class II isotherm
with multimolecular layer suction characteristics [23]. The EMC of all wood samples
increased with the increasing RH. Moreover, the adsorption curve of both the unmodified
and modified wood samples steepened with the increasing RH. This phenomenon can
be attributed to the adsorption of water vapor molecules onto the adsorption sites on the
sample surface, causing the EMC value to increase during the early stage of adsorption. As
adsorption persists, a monolayer forms, and a multimolecular layer gradually materializes,
causing a swift increase in the equilibrium water content. In the later stage of adsorption,
the adsorption gradually saturates, capillary condensation occurs, and the water content
increases further. Compared with the modified wood, the unmodified wood samples
exhibited a higher EMC upon adsorption and desorption.

The reduction in the EMC can be attributed to the increased quantity of PF resin
deposited in beech samples, confirming that the EMC is considerably affected by the
presence of PF resin in wood [24-27]. Typically, PF resin does not interact with wood
components and deposits as a coating on the internal cell wall structure, as visualized via
scanning electron microscopy. The impregnated PF resin can form irreversible hydrogen
bonds within hemicellulose and amorphous cellulose, which are dispersed in cell wall
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voids. The decrease in the EMC of modified beech wood can be primarily attributed to the
reduction in sorption sites. In conclusion, the modified beech wood samples exhibited the

lowest hygroscopicity.
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Figure 2. Hysteresis in unmodified and modified beech samples during sorption (obtained via
subtracting equilibrium moisture contents between desorption and adsorption at the same RH level).
(A) Treated with M, =266 g/mol, (B) treated with My, =286 g/mol, (C) treated with M, =387 g/mol,
and (D) treated with M, = 410 g/mol.
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Figure 3. The moisture adsorption and desorption behavior of unmodified wood and modified wood.

(A) Treated to My, =266 g/mol, (B) treated to My, = 286 g/mol, (C) treated to My, = 387 g/mol, and
(D) treated to My, =410 g/mol.

3.4. Mechanism of Adsorption and Desorption of Beech Wood Modified with PF

The process of wood production is extensive and subject to fluctuating ambient
temperature and humidity, resulting in wood products undergoing varying moisture
absorption or desorption processes and dynamic water-content changes. Figure 4 depicts
the mechanism of adsorption and desorption in beech wood modified using PF. Beech is a
crucial broadleaf wood type. In broadleaf wood, a higher density corresponds to thicker
wood fiber cell walls, smaller cell cavities, and a lower total porosity, resulting in slower
water movement. The moisture absorption rate serves as a vital parameter to characterize
the moisture absorption capacity of the wood. The measurement and investigation of this
rate is critical to understanding the wood adsorption mechanism.

The moisture expansion rate of wood increases with the increasing RH of its envi-
ronment. This can be attributed to the minimal variations in MC during the hygroscopic
stage at a low RH, resulting in a thin hygroscopic water layer between the wood cell wall
microfibers and minor alterations in the distance between microfibers. However, when the
RH exceeds 95%, a substantial quantity of water infiltrates the space between the wood
microfibrils, increasing the thickness of the water layer and resulting in a sharp increase
in the distance between microfibrils. Therefore, the wet expansion rate at a high RH is
substantially higher than that at a low RH, and large variations in water content remarkably
increase the wet expansion rate and reduce the dimensional stability. At each stage of
moisture absorption, the partial pressure of the water vapor inside the container is higher
than that on the wood surface, inducing rapid water vapor absorption by the wood and a
swift increase in the MC. During the hygroscopic process, the partial pressure difference
of water vapor decreases, and the hygroscopic rate of wood gradually decreases until
dynamic equilibrium is achieved. In all cases, the maximum adsorption rate occurs in the
initial stage.
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In the desorption process, the partial pressure of water vapor on the wood surface
exceeds that inside the container, enabling wood to rapidly expel water, which results in
an increased desorption rate. As the desorption process continues, the partial pressure
difference in the water vapor decreases, gradually reducing the desorption rate of the wood.

Initially, water molecules form a single layer of molecular water adsorption by inter-
acting with polar groups at the adsorption sites. However, the number of adsorption sites
on cellulose and hemicelluloses inside wood is limited, with most binding sites occupied at
a low RH. When the RH increases, the single-layer molecular adsorption curve remains
relatively gentle owing to the limited adsorption capacity. The single-layer molecular
adsorbed water then interacts with water molecules again to form multilayer molecular
adsorbed water, which increases with the increasing RH until it reaches equilibrium with
the single-layer molecular adsorbed water. As the RH increases, the adsorption capacity of
multilayer molecules increases rapidly, causing a swift ascent in the multilayer adsorption
curve. Therefore, studying the dynamic change in the MC of beech wood under different
environmental temperatures, humidities, and moisture absorption processes is vital to
guide the use, storage, and drying of wood products.

e - Hydroxyl Group

Figure 4. The mechanism of adsorption and desorption in PF-treated beech samples.

4. Conclusions

The modification of beech wood using PF resins of various molecular weights led
to a decrease in the EMC. The results demonstrated that, compared with unmodified
beech samples, all PF resins of different molecular weights exhibited a reduced sorption
hysteresis. Furthermore, all sorption isotherms for unmodified wood and modified beech
wood with PF resins of different molecular weights displayed characteristic sigmoidal
shapes. The decrease in the EMC value of the modified beech samples can be attributed to
the deposition of PF resin in the nanopores of the beech wood cell walls, which reduces
sorption sites.

Furthermore, the results revealed that the water content absorbed by the sample
increases in stages with increasing humidity. In each RH stage, the water content of the
sample initially increases rapidly, then decreases gradually until equilibrium is attained. In
the desorption stage, the MC of the sample decreases in stages with decreasing humidity.
In each RH stage, the MC of the sample rapidly declines, then gradually decreases until
equilibrium, in contrast to the adsorption stage. Impregnating beech samples with PF resin
improves their hygroscopicity. DVS can provide valuable insights into the structure and
cell wall composition of beech wood fibers during their development.
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Abstract: One process to improve wood quality is densification or wood surface compression.
Our study analyzed the changes in some basic properties of pine wood, including its anatomical
structure, density, modulus of elasticity (MOE), and dimensions of cellulose crystallites, after
densification following soaking pretreatment in CH3COOH and H,O, at a concentration of 20%.
Samples were sawn in radial and tangential directions for analysis of the wood. The results showed
a change in the shape of tracheid cells from hexagonal to oval, as well as damage to the ray cell
constituents on the tangential surface. The thickness decrease of the samples was in accordance
with the target, which meant that spring-back was short. In general, the tangential boards had a
higher density than the radial boards, with a lower MOE and crystallite dimensions. Our findings
showed that the densified tangential board was stronger than the radial board.

Keywords: densification; soaking; CH3COOH; H,O5; radial; tangential

1. Introduction

The availability of wood from natural forests is becoming limited, which has af-
fected forest product industries and led to increased use of wood from plantation forests.
However, wood from plantation forests is known to have lower quality than wood from
natural forests because it is generally harvested at a young age. Consequently, it has a
high portion of juvenile wood and thus low durability.

According to Panshin and de Zeeuw [1] and Bowyer et al. [2], juvenile wood is char-
acterized by low specific gravity and density, short fibers, a large amount of longitudinal
shrinkage, and a mostly flatter microfibril angle. It also has less dimensional stability and
lower amounts of the chemical components that compose cellulose, but it has a higher
lignin content than mature wood. Owing to these characteristics, the processing is needed
to improve the quality of wood from fast-growing wood species from plantation forests.

One of the processes for improving the quality of wood is densification or wood
surface compression. According to Neyses [3], densification is the process of compressing
the wood surface, which results in increased density and hardness of the wood surface in
part or all of the densified material. One of the parts of the densification process is the
pre-treatment before the densification process.

Neyses et al. [4] reported that pretreatment with a solution of sodium silicate, sodium
hydroxide, methacrylate resin, and an ionic liquid increased the surface hardness of pine
wood. Previous research by Yunianti et al. [5] showed that pretreating wood by soaking
it in a mixture of CH3COOH and H;O; increased wood density. They also found that
modifying temperature and time parameters within the densification process resulted
in different responses in pine and gmelina wood. Pretreatments using high-temperature
immersion [6] and thermal compression under several conditions [7] also influenced
wood modification.
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In addition to the increase in density, densification changes the anatomical structure
of the wood. In particular, it alters the shape of vessels and causes tracheids to become
more oval [8-10], which can affect wood properties. However, it is important to con-
sider that wood is an anisotropic material that generally has different behaviors and
responses based on the three directions of the wood grain. Grain direction refers to the
longitudinal/axial direction, which is parallel to the tree trunk axis, and the radial and
tangential directions, which are perpendicular to the tree trunk axis. The differences in
the behaviors and responses of wood are caused by the arrangement of cells wood grain.
Cell arrangement affects the anatomical structure of wood, which in turn affects the other
wood properties. The anisotropy of wood is particularly notable in light of the sawing
patterns used to cut logs into wood boards. Previous studies on wood boards used as
samples in testing did not report the sawing pattern, and this omission does not allow
for determining the different responses of a wood type receiving the same pre-treatment
before the densification process.

In addition, the increase of wood density in the densification process is thought
to be influenced by the cell wall ultrastructure, including the microfibril angle and cel-
lulose crystallites. According to Stuart and Evans [11], Butterfield [12], Saranpé&a [13],
Peura et al. [14], Lachenbruch et al. [15], Yin et al. [16], and Tabet and Fauziah [17], the
microfibril angle and cellulose crystallites are the main factors affecting the physical prop-
erties of wood (especially density and shrinkage), its mechanical properties (especially
tensile strength and stiffness), and its chemical content.

Knowledge is needed on the changes in the characteristics of cellulose crystallites
after the densification process. Such knowledge could help determine the success of the
densification process. It could also explain different responses, especially in wood that
has the same density or the same cell wall thickness. In addition, the sawing pattern,
along with different cell types, will affect how wood responds to treatment before and
during the densification process. Therefore, this study assessed the changes in some basic
properties of wood, including anatomical structure, density, modulus of elasticity (MOE),
and dimensions of cellulose crystallites, after the densification process. Wood was cut
with different sawing patterns and underwent a pre-soaking treatment in a solution of
CH3COOH and H,O,, following previous research by Yunianti et al. [5].

2. Materials and Methods
2.1. Wood Materials

This study used pinewood (Pinus merkusii) that was cut into 1-m-long logs, which
were subsequently cut into tangential and radial boards. The size of each board was
100 cm (L) x 25 cm (W) x 2 cm (H). Boards were then cut into defect-free samples that
were 30 cm (L) x 25 cm (W) x 2 cm (H) in size. Ten samples were prepared for each
tangential and radial board, of which five samples were densified and did not treat the
others.

2.2. Densification Process

Densification was done following the process reported by Yunianti et al. [5]. The
wood samples were pre-treated by soaking in a solution of CH3;COOH and H;O; at a
concentration of 20%. Afterward, the pre-treated samples were densified under a pressure
of 35 kg/cm? at 150 °C for 30 min to obtain a thickness reduction of about 30%. All the
densified wood samples were conditioned for 24 h in a desiccator and stored until use
in the following experiments. Untreated wood samples were also prepared for use as a
control group.

2.3. Sample Preparation

The untreated and densified treated wood samples were cut into various sizes
depending on the experiments in which they were to be used. For microscopic observation
and measurement of density and set recovery, samples were cut to 2 cm x 2 cm X

92



Forests 2021, 12, 1607

1.4 cm. The samples for MOE testing were 2 cm x 1.4 cm X 30 cm. In addition, for the
measurement of cellulose crystallites dimensions, samples were ground to pass 40 mesh.

2.4. Microscopic Observation

Microscopic observation was undertaken to determine changes in cell shape follow-
ing the same preparations method as in the analysis of wood anatomy. The observations
were made with regard to the three directions of the wood grain (axial, tangential, and
radial) from the radial and tangential boards.

2.5. Recovery of Set
The measurement of set recovery was carried out on densified wood samples with a
thickness reduction target of 30%. The set recovery (SR) is defined as:

SR(%)::%%{ig?

where

Ry = Oven-dry dimension of the specimen in the densification direction before densifica-
tion (mm),

R¢ = Dimension of the specimen after densification (mm),

R/c = Dimension of the densified sample after the wet-dry cycling (mm).

2.6. Wood Density Measurement

The density was measured under air-dry conditions according to British Standard
Methods No. 373 [18] with the modification of sample size due to the changes in thickness
that occurred after the densification process. The measurement of wood used the dip
method. The density (p) was calculated as follows:

p=—
v

where

m = weigth of sample under air-dry conditions (g),
v = volume of sample under air-dry conditions (cm?).

2.7. Modulus of Elasticity Measurement
The MOE was determined under air-dry conditions according to ASTM D 143-94 [19]

with a modification of sample size due to changes in thickness that occurred after the
densification process. The equation for calculating MOE was as follows:

API3

MOE = —~ _
4A8bd?

where

AP = loading increment in the proportional section of the load deflection diagram
(elastic zone) (kg);

L = span (cm);

Ab = deflection measured at mid-span (cm); b = width of sample (cm); d = thickness of
sample (cm).

2.8. Measurement of Dimensional Crystallite

The measurement of dimensional crystallites used X-ray, with CuK (A = 0.154 nm)
as the radiation source at 40 kV and 30 mA with a diffraction angle (20) and measured
between 20° until 40° with a speed at 2°/min. The crystallite width was measured at
reflection 200 (26 = 24.4°) and the length was measured at reflection 004 (26 = 34.4°).
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The average width and length of crystallites (Dyy) were calculated according to the Scherrer

formula [14]:
Diws — KA
Rkl ™ 3" c0s Ohkl
where Dy = dimensions of the crystallites (nm); A = wavelength targets

(copper = 0.154 nm); 3 = FWHM in radians; 0 = half of the scattering angle 20y;
K = Constant for graphite sheets (0.9 to for reflection 200 and 1.0 reflection 004).

3. Results and Discussion

Results of this study indicated changes in the anatomical structure, thickness (set of
cover), density, and MOE of radial and tangential boards as an effect of the densification
treatment. Different sawing patterns were associated with different changes in several
characteristics of the basic properties of pinewood.

3.1. Changes in Anatomical Structure

According to Frans [20], a solution of HyO, and CH3COOH at a certain concentration
can soften the wood and separate the individual cells of wood fibers. In our study, samples
soaked in a solution of H,O, and CH3COOH at a concentration of 20% for 24 h at 80
°C prior to a densification process that used a pressure of 35 kg/cm? at a temperature
of 150 °C for 30 min, causing changes in the pine wood constituent cells. The hexagonal
tracheids became oval shaped on the axial, radial, and tangential surfaces (Figure 1),
and the ray cells were damaged on the tangential surface (Figure 2). According to
Brauns and Rocens [21] and Yunianti and Suhasman [10], during the densification process
tracheid /vessel cells become oval shaped because of the compression of the cell wall.

Figure 1. The changes of tracheid cell, (a) control, (b) radial surface, and (c) tangential surface,
under high magnification (x40).

Figure 2. The damage of the ray cells on the tangential surface of the radial and tangential boards
(a) under high magnification (x40), and (b,c) under low magnification (x10).

In the tangential board, the pressure was applied in the radial direction, where the
transverse ray cells are present. The damage mostly affected the tracheid cells, which
have a larger diameter than the ray cells. Owing to the larger diameter, the tracheids have
more space and therefore become denser when pressed. In the radial boards, the pressure
was applied in the tangential direction. In general, the damage or flattening was related
to the ray cells, which have a small diameter. Therefore, less free space was lost when the
board was pressed.
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When the pressure occurs in the radial direction, the strength is in the ray cell, and
when the pressure occurs in the tangential direction, the strength is in the sapwood [22].
Consequently, wood in the radial and tangential boards responded differently during the
densification process. In addition, the damage to cells and the changes to wood properties
were also different. According to Nairn [23], during the pressing process, the response
of the wood depends on the density, percentage of sapwood, the volume of the ray cells,
and the direction of the pressure surface. In the current study, the first damage occurred
in the sapwood and continued to the whole layer.

3.2. Thickness Changes (Set of Recovery)

According to Neyses et al. [4], set of recovery is a dimensional change in the thickness
of densified wood, measured from the initial dimensions and the dimensions after removal
of the deformation. The set of recovery can be reduced by chemical modification. In
our study, pre-treatment was based on soaking the wood samples in a 20% solution of
Hy0; and CH3COOH before the densification process softened the wood due to the
separation of individual cells. Based on previous research by Yunianti et al. [5], the 20%
concentration was associated with the best quality of densified wood compared with the
other concentrations.

In our study, pre-treatment based on soaking the wood samples in a 20% solution
of HyO, and CH3COOH before the densification process softened the wood due to the
separation of individual cells. Based on previous research Yunianti et al. [5], the 20%
concentration was associated with the best quality of densified wood compared with the
other concentrations.

The thickness changes of the radial boards and the tangential boards of pinewood
after the densification process were in accordance with the target of thickness reduction
of 30%. The decreased thickness of the tangential board was 32%, whereas the radial
board thickness decreased by 31%. This outcome indicates that the densified pinewood
did not have much spring back and tended to be stable. According to Rautkari [24],
Hartono et al. [25], and Bader and Németh [26], some wood component cells sustain
shape changes during the densification process. If the cells return to their original shape
when the pressure is removed, spring back has occurred.

3.3. Density

Figure 3 shows that wood density increased from 11.76% to 18.91% in the radial and
tangential boards, respectively. This research result is in line with a previous report by
Mania et al. [27], who found that the density of poplar and birch wood increased after the
densification process.
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Figure 3. The Density of Pine Wood from Radial Board and Tangential Board.
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According to Rautkari [24], a shorter time in the pressing process along with a lower
temperature will cause the density on the wood surface to increase. In the current study,
the densification process at a temperature of 150 °C for 30 min generated a change in the
density of radial and tangential boards.

The increased density was associated with the different sawing patterns, which were
closely related to the changes in the densified wood cells. The increased number of cells
per unit of the same area indicated the cause of the density change in the densified wood.
The damage to the tracheid cells caused the increased number of cells per unit of the same
area, and therefore, the tangential board was found to have a higher density than the
radial board. Meanwhile, since the ray cells became the most damaged cell on the radial
board the area with these cells was smaller than in the tangential board. The increase in
density is influenced by the anisotropic properties of wood [22].

3.4. Changes in MOE

Figure 4 shows that MOE of the radial and the tangential boards increased after
pinewood was pretreated with 20% H;O, and CH3COOH and densified.
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Figure 4. MOE of densified Pinewood on The Radial Board and The Tangential Board.

According to Brauns and Rocens [21], the different relations between wood elasticity
and densified wood occurs in longitudinal, radial, and tangential directions. The strength
increases as the wood elasticity increases. The relation varies depending on the type of
wood and the method of densification used. In our study, the MOE value increased in
the radial and tangential boards, which was in line with the increase in the wood density.
According to Blomberg [28], semi-isostatic densified wood resulted in low cracking rates
and high strength, even in an irregular shape. The deformation is determined by the
anisotropic properties of wood.

3.5. Changes in Dimensions of Crystallites

Cellulose crystallites affect the physical, mechanical, and chemical properties of
lignocellulosic materials. The crystalline part of the wood is the fraction of the densely
crystalline material of cellulose microfibrils, and it is affected by the length and width
of the crystallites [29]. The crystallite dimensions have been reported for some conifers
by Andersson et al. [29], Anderson [30], and Peura et al. [14], and their results showed
that the crystallite length ranges from 6.50 to 36.40 nm, and the width ranges from 2.5 to
3.60 nm. Our study showed that the width and length of the crystallites differed between
radial boards and tangential boards following pre-treatment and densification (Table 1).
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Table 1. Changes in crystallite dimensions in radial and tangential boards after densification.

Crystallite Width (nm)
Sawing Pattern Before Densification After Densification
Radial 1.30 £ 0.16
: 2224125
Tangential 1.31 +0.19
Crystallite Length (nm)
Sawing Pattern Before Densification After Densification
Radial 3.78 £0.26
5 6.14 £+ 3.88
Tangential 3.26 £0.18

Changes in the dimensions of the crystallites (i.e., length and width) can especially in-
dicate changes in the density of the wood. The smaller the cellulose crystallite dimensions,
the higher the density. These changes may be related to the chemical components of cell
walls, especially cellulose. According to Panshin and de Zeeuw [1], crystallites are part of
the crystalline microfibrils formed from cellulose chains. In addition, according to Kutnar
and Sernek [31], chemical densification causes changes in the chemical components of cell
walls and is formed as covalent bonds. The soaking treatment of HyO, and CH3COOH
caused the composition of the chemical components in cells to change, which led to
changes in the dimensions of the crystallites in the cell walls. In this research, the change
in the dimensions of the cellulose crystallites was associated with the increased density of
the radial and tangential boards.

4. Conclusions

In association with pre-treatment using a solution of CH3COOH and H;O, at a
concentration of 20% before the densification process, the radial and tangential boards
showed changes in the shape of tracheid cells from hexagonal to oval and damage to the
ray cell constituents on the tangential surface. The thickness decreased in accordance
with the target amount (30%), indicating the occurrence of short spring back. In general,
tangential boards have a higher density (0.74 g/cm?®) than radial boards (0.68 g/cm?),
with a lower MOE and smaller crystallite dimensions. Therefore, a tangential board is
stronger than a radial board after the densification process.
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Abstract: The article presents the results of thermo-mechanical densification tests conducted on Scots
pine timber. The densification process was carried out in industrial conditions with a high-pressure
press, which allowed flat compression of boards that were up to 2.5 m long. A phenomenon of
elastic redeformations was observed in the densified boards after each pulse of compression. As
a result of thermo-mechanical compression, the average timber moisture content dropped to 9%,
and the average density increased by 13.5%, from the level of 547 to 621 kg/ m3. As a result of
thermo-mechanical densification, the strength class C of most Scots pine timber pieces improved.
Most timber pieces that were subjected to thermo-mechanical densification have improved their
strength class, C, by one (72.7% of the tested batch) or two C classes (3.6% of the batch under study).

Keywords: density; MOE; strength grading; structural timber; TMD

1. Introduction

The growing demand for wood and engineered wood products for construction and
the limited availability of high-quality wooden resources have stimulated the search for
new, alternative materials to use in construction. One of the possible directions to solve the
problem of raw materials is to develop treatments and processes to modify conventional
materials in order to complement or replace the domestic forest species [1]. One of the
factors of an effective economy that takes into account the need to simultaneously mitigate
climate change is an ecologically sustainable wood treatment that consists of exposing
it to appropriate temperature and pressure at the same time, without the need to add
any chemical substances [2,3]. Thermo-mechanical treatment (TMD) of wood is a process
of densification that has been known for decades and results in the increase of material
density through compression perpendicular to the grain [4]. The density of wood and
engineered wood products (EWP) is one of the criteria for conditioning the technical quality
of a material. In general, wood species and EWP with greater density are preferred for
many applications in the construction industry, due to their higher resistance and natural
durability [5]. However, the availability of high-density wood is limited, and as a result,
their purchase requires significant financial spending. Therefore, the use of wood with
low or medium density subjected to a process of densification can improve its technical
parameters, while at the same time taking into account the aspect of affordability.

There are many premises that justify the application of TMD as a structural timber
modification process. For example, exposing wood to high temperatures increases its
resistance to biological factors [6-9] and its dimensional stability [10,11], and reduces
its hygroscopicity [12-15]. By adding the compression (densification) process, we can
improve the physical and mechanical properties of wood [16-20]. As a result of the surface
densification of wood, it is possible to increase its hardness even twice [21] and significantly
improve the durability of the material. These features translate into the potential for the
application of densified wood, especially in external layers of layered floor materials [22-24].
The concept of using a material that was initially worse, and whose resistance properties
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improve after modification, is especially important in the case of wood with low initial
density, such as poplar [25,26], coniferous species [27,28], or eucalyptus [29,30]. One of
the areas where wood with originally worse quality can be used is construction. As a
result of the densification of spruce wood, it is possible to improve both MOE and MOR by
up to 200%-300% in comparison with native (not densified) wood [31,32]. In the case of
pine sapwood, the MOE of wood subjected to thermo-mechanical treatment amounted to
14.4 GPa (a 150% increase compared to native wood), while its density incremented from
385 kg/m? to 1040 kg/m?3 [33]. Similar results have been obtained for pine wood by Esteves
et al. [34], who densified wood between press shelves at temperatures of 150 °C, 180 °C,
and 200 °C. Wood with an initial density of 615 kg/m?, 614 kg/m?, and 512 kg/m? after
densification achieved the following values: 1048 kg/m?3, 1031 kg/m?> and 1041 kg/m?,
respectively. The MOE of densified wood was higher than native wood by 42%, 40%,
and 71%, respectively. In the case of spruce wood, at a compression rate (CR) equal to
22%, 50%, 60%, and 67%, the density increase of native wood was in the range between
33% and 78%, while the elasticity modulus was between 79% and 114% [35]. Excessively
elevated temperatures in the densification process affect the mechanical properties of wood
negatively. This can be caused by the growing chemical degradation, which exacerbates
together with rising temperatures. The most optimal temperature level for densification is
considered to be 120 °C. For pine wood, a densification process performed at a temperature
of 120 °C resulted in an 85% density increase, leading to an improvement of bending
strength by 42%, shear strength by 20%, and compressive strength by 47% [35]. In the
case of poplar wood, depending on the treatment temperature (120-200 °C), wood density
increased by 144%-188%, which translated into an MOE that was 73%-130% higher and
MOR higher by 3%-72% [36]. As to sugi wood, the densification process allows us to
achieve an MOE increase by even 309%, and MOR by up to 183% [37]. TM wood processing
is a scientific field that has been well-studied, which is confirmed by multiple literature
publications on this topic, focusing on analysing the influence of CR, steam temperature,
pressure, species tested, the direction of compression, etc. Nonetheless, it should be
taken into account that most studies were carried out on small samples, at a laboratory
scale, which—of course—does allow us to observe the influence of a given factor on the
densification effect or lack thereof. However, study results obtained at a laboratory scale,
looking at the physical and mechanical properties of wooden samples, can be affected by the
so-called scale effect [38], which is a very important aspect when it comes to considerations
of wood applications in engineering. In the stochastic aspect, the higher the volume of
a wooden element (laboratory/full-scale technical sample), the higher the probability of
defects in the structure of the wood.

Nevertheless, the high effectiveness of thermo-mechanical treatment, confirmed by
the improvement of physical and mechanical properties of wood, allows us to conclude
that with appropriate scaling and adjustment of treatment parameters, the process of wood
densification can be used to enhance wood quality, not only in timber from plantations
but also in traditional, domestic species, whose average density values are low, which will
allow for their use in construction applications (as independent structural elements or for
the production of layered composites). One of the necessary conditions for safe building
with timber is the use of wood with adequate strength parameters. Sawn timber used in
construction for structural purposes must be subjected to strength grading. There are two
methods for strength grading of structural sawn timber: visual and machine. Machine
strength grading results in much higher efficiency and wood pieces are classified into higher
classes, with fewer timber pieces rejected in comparison to the results of visual strength
grading of the same batch of wood [39]. As a result of machine strength grading, the timber
pieces are classified into C strength classes in accordance with the EN 338 standard [40].

The study described herein refers to the analysis of the effects of thermo-mechanical
timber densification in industrial conditions on the selected physical and mechanical
properties of wood. The technical scale of the study permits us to directly apply the obtained
results to the characteristic resistance of wood, corresponding to a given sorting class and
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C strength grade [40]. It is also possible to specify the structure of C strength classes of a
given batch of timber before and after densification, which has both an economical and
ecological dimension.

2. Material and Methods

The study was conducted on a batch of boards made of pine wood (Pinus silvestris L.)
that contained 400 pieces with an average moisture content of 13%. The timber originated
from the Masovian Forestry Region (central Poland). The nominal board dimensions were:
24 x 90 x 2400 mm. The boards had a flatsawn growth ring layout (tangential sections on
the wide board surfaces). The average growth ring width amounted to 1.50 mm, and timber
was obtained from sapwood, with a small share of resin substances and a low amount
of knots.

The scope of the research included: specifying the values of density (DEN), dynamic
modulus of elasticity before thermo-mechanical modification (MOE), the performance of
thermo-mechanical timber modification in industrial conditions, as well as specifying the
density and modulus of elasticity of modified timber (DENTyp, MOET\p). The density
of the timber under examination was determined with the stereometric method. The
determination of the modulus of elasticity was carried out with the MTG device (Brookhuis
Microelectronics BV, Holland). The device uses the impact method to determine MOEgyn.
The machine was also used for the strength grading of the timber batch under research
before and after thermo-mechanical modification. The density profile of sample planks
was determined with the use of a profile meter: Laboratory Density Analyser DAX GreCon
(Fagus-Grecon Greten GmbH & Co. KG, Alfeld, Germany). A density measurement was
made every 0.02 mm at the measurement speed of 0.05 mm/s. Before the test, the samples
used to determine the density profile were planed on both sides to avoid any concave or
convex areas on the wide surfaces of the boards. The samples used to specify the density
profile had the dimensions of 50 x 50 mm and thickness remaining after planing on both
sides and were cut from the middle part of the compressed boards.

In order to carry out the densification process in industrial conditions at the Wersal
company, a high-pressure press was used, produced by Italpress, model GL/260-PS, which
allowed flat compression of boards that were up to 2.5 m long. Before densification, timber,
MC, 11.5%, was heated between the press shelves at a temperature of 90 °C, over the course
of 20 min, in order to soften the lignin, and then it was densified in three steps. In the first
step, the timber was flattened from 24 mm to 22 mm (4 mm, press shelf move), and the
press was opened (the top shelf was moved upwards from the compressed timber piece);
in the second pulse, timber was compressed to 20 mm (6 mm press shelf move), and the
shelf was opened once again, separating it from the compressed board, to allow for stress
relaxation. In the third pulse, the timber was compressed to 18 mm (8 mm press shelf
move). In the last pulse of compression, the timber remained closed tightly in the press for
30 s, after which the press shelves were opened.

Statistical analysis of the results was carried out using Statistica version 13 (TIBCO
Software Inc., Palo Alto, CA, USA). The analysis of variance (ANOVA) was used to test
(e = 0.05) for significant differences between factors. A comparison of the means was
performed using Tukey’s test, with oc = 0.05.

3. Results and Discussion
3.1. Density of Wood before and after Thermo-Mechanical Densification

A phenomenon of elastic redeformations was observed in the densified boards after
each pulse of compression, and after the last pulse, there was a redeformation back to
the average thickness of ca. 20 mm. Timber pieces, whose initial nominal thickness
amounted to 24 mm, were compressed to 20 mm (CR compression ratio 20%), while the
initial board width, 90 mm, increased to 92 mm. The obtained cross-sections of the boards
after compression were not flat. As a result of the thermo-mechanical compression, the
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average timber moisture content dropped to 9% and the average density increased by
13.5%, from of 547 to 621 kg/m?3.

Figure 1 presents the relation between timber density before and after TMD. Both sets
have a normal distribution. It has been observed that as a result of thermo-mechanical
densification, timber density increased in a statistically significant manner (p < 0.05),
compared to the initial density before TMD. The average density of the entire timber batch
(400 pcs.) increased by 14%. The relation between timber density before and after TMD
is high (determination coefficient equals 0.78). A high determination coefficient reflects a
quite uniform augmentation of the density of individual timber pieces as a result of TMD.
Of course, the increase in density of a single piece of timber depended on its initial density.
In the case of timber pieces with high initial density (and, at the same time, low porosity),
the increase in density caused by thermo-mechanical densification was smaller (Table 1).
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Figure 1. Relation between timber density before and after densification.

Table 1. Timber density before and after thermo-mechanical densification for timber classified in
different strength grades before thermo-mechanical densification.

C Class of Graded Sawn

Timber Determined Average D'eI'1sit'y Average ].Dv..ensi.ty Density
[P before Densification after Densification Increase
before Densification
[kg/m3] [kg/m°] [%]
C18 518 (54) 583 (62) 13
C24 506 (31) 573 (40) 13
C30 559 (25) 639 (33) 14
C35 600 (28) 679 (30) 13
C40 675 (19) 720 (30) 7
ALL 547 (48) 621 (48) 14
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The density of wood before and after thermo-mechanical densification, taking into
account the results of strength grading before and after thermo-mechanical densification
has been presented in Tables 1 and 2. The results refer to the same batches of boards
classified in a given class before densification.

Table 2. Timber density after thermo-mechanical densification for timber classified in different
strength grades after densification.

C Class of Graded Sawn Timber Determined

after Densification Average Density after Densifiction

[kg/m’]
C18 652
C24 550
C30 586
C35 639
C40 652
ALL 621

By analysing the results presented in Table 1, it can be concluded that the highest
density increase took place in the case of boards classified into class C30 after TMD (14.3%),
and the smallest in the case of boards classified in the C40 class (6.7%). The density
increase for all the boards amounted to 13.5%. In the case of densified timber from class
C18, it stands out for its high density in comparison with the remaining C classes of
densified timber (Table 2) and is 25.9% higher than the density of C18 timber before
thermo-mechanical densification.

Figure 2 presents density distribution curves for the timber under research before and
after modification. The curves show the changes in density that happened as a result of
thermo-mechanical modification. TMD caused an increase in the density of timber under
research by about 14%. Both before and after TMD modification, there is a negative kurtosis,
which indicates a left-skewed asymmetry of distribution. The obliqueness, in both cases,
is close to zero (distribution similar to a symmetrical one). After the modification, the
obliqueness is skewed to the left (domination of lower-density values). The distribution
is close to the normal distribution (kurtosis value = 0). Kurtosis is negative, which means
there are fewer positive outliers than in a normal distribution.

0,009
0,008
0,007

before TMD
0,006

® after TMD

0,005
0,004
0,003
0,002

0,001 e \

0
400 450 500 550 600 650 700 750 800
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Figure 2. Timber density distribution before and after thermo-mechanical modification.

Examples of density profiles before and after thermo-mechanical densification have
been presented in Figure 3 and in Figure 4. The thickness of pieces after TMD for which
the density profile has been determined was smaller than the thickness of timber pieces
for which strength class was determined, which resulted from their planing in order to
achieve flatness. The obtained density profiles confirm that timber has been densified in
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a uniform manner throughout its entire volume. As a result of the thermo-mechanical
densification of pine wood, the differences between earlywood and latewood become
smaller. Before thermo-mechanical modification, the density of the entire batch of tested
timber was between 426 kg/m?> and 694 kg/m?>. After thermo-mechanical modification,
the density of the tested batch of timber was between 477 kg/m3 and 758 kg/m3.
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Figure 3. Density profile and cross-section of sawn timber before thermo-mechanical densification,
average density of sample 482 kg/m?3. Sawn timber samples before modification were planed on
both sides to achieve flatness.
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Figure 4. Density profile and cross-section of sawn timber after thermo-mechanical densification,
average density of sample 615 kg/ m?. Sawn timber after densification was planed on both sides to
achieve flatness.

The thermo-mechanical modification of pine wood influences both its internal struc-
ture and its properties. The density profile of pine boards became more homogenous.
Before densification, there were visible differences between the density of earlywood and
latewood (Figure 3). After the modification, the density of pine wood in the element’s
thickness became more uniform (Figure 4), and more intense material densification oc-
curred in earlywood areas. The same has also been confirmed by the observations of
Nilsson et al. (2011) [41]. This is due to the fact that in coniferous wood, earlywood cells
have bigger cross-section dimensions and thinner cell walls than latewood. A similar effect
has been reported in the literature in reference to densified spruce wood [13,42,43]. In turn,
the way cells are densified has a very significant influence on the mechanical and physical
properties of the material under modification [43].

3.2. Dynamic Modulus of Elasticity before and after Thermo-Mechanical Densification

The relation between the modulus of elasticity before and after TMD modification, for
the entire batch of timber under study, has been presented in Figures 5 and 6. For both sets,
departures from normality were observed.
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Figure 5. Relation between MOE before and after densification.
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Figure 6. MOE distribution before and after thermo-mechanical modification in the timber un-
der study.

Figure 6 shows an increase in MOE as a result of TMD modification. The main value of
MOE incremented by ca. 10%. Both before and after TMD muodification, there is a negative
kurtosis, which indicates a left-skewed asymmetry of distribution. The obliqueness, in both
cases, is close to zero (distribution similar to a symmetrical one). After the modification,
the obliqueness is skewed to the left (domination of lower MOE values). The distribution
is close to the normal distribution (kurtosis value = 0). Kurtosis is negative, which means
there are fewer positive outliers than in a normal distribution.

The dynamic modulus of elasticity of wood (MOE_dyn) before and after thermo-
mechanical densification, for the various C classes of strength-graded timber determined
before densification, has been presented in Table 3.

By analysing the results presented in Table 3, it can be concluded that the largest
increase of MOE_dyn took place in the case of boards classified into the C18 strength grade
before densification (13.6%) and the smallest in the case of boards classified as C40 (1.2%).
For the remaining classes, the changes in MOE values were the following: C24 (12.1%),
C30 (12.0%) and C35 (9.9%). The increase of dynamic modulus of elasticity for all the
boards amounted to 11.4%. In the case of the group of boards that, before densification, was
classified as C40, the increase of the modulus of elasticity was the smallest. For a part of the
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boards, 17 pieces, including 4 pieces from the C40 class and 13 pieces from the C35 class
(graded before densification), whose density increased, as a result of compression, from
613 kg/m? to 705 kg/m>, we were not able to specify the strength class using the MTG
device. C classes and average MOE_dyn board after wood densification are presented
in Table 4.

Table 3. Dynamic modulus of elasticity before and after thermo-mechanical densification for timber
classified in different strength grades before thermo-mechanical densification.

C Class of Graded Sawn Average Dynamic Average Dynamic Modulus
Timber Determined Modulus of Elasticity =~ Modulus of Elasticity of Elasticity
before Densification before Densification after Densification Increase

[MPa] [MPa] [%]
C18 8913 (575) 10,128 (1179) 14
C24 11,626 (990) 13,030 (1355) 12
C30 14,286 (871) 16,000 (1268) 12
C35 16,690 (872) 18,346 (952) 10
C40 18,385 (693) 18,602 (1523) 1
ALL 13,586 (2495) 15,131 (2494) 11

Table 4. Dynamic modulus of elasticity after thermo-mechanical densification for timber classified in
different strength grades specified after thermo-mechanical densification.

C Class of Graded Sawn Timber Determined Average Dynamic Modulus of Elasticity

after Densification MOE_dyn after Densification

[MPa]

C18 9127

C24 11,304

C30 13,570

C35 16,187

C40 18,555

ALL 15,131

Figure 7 presents the relation between the density and MOE of timber, taking into
account the results of strength grading.
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Figure 7. Relation between density and MOE (before and after TMD modification).

3.3. Structure of C Strength Grades before and after Thermo-Mechanical Densification

As a result of the thermo-mechanical densification of pine-sawn timber, there have
been changes in the structure of share of strength classes in the batch of timber under study
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(Figure 8). In the case of the set of timber pieces strength graded with the machine method
before thermo-mechanical densification, the dominant timber classes were C24 and C30.
As a result of thermo-mechanical densification, C35 became the most dominant timber
class. The second largest share corresponded to class C30, while C40 came third.
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£ 100 88
4]
” 72
2
o
5 54
£ 50
>
c 21
6 6
0 ]
c18 C24 C30 c35 C40

before TMD ™ after TMD

Figure 8. Structure of C classes before and after thermo-mechanical densification.

The obtained results permit us to conclude that, as a result of thermo-mechanical
densification of timber, its density grows, which translates, as a consequence, into an
increase of the dynamic modulus of elasticity specified with a non-destructive method,
using the MTG device (Mobile Timber Grader). The strength grading of timber before and
after densification results in a significant increase in the share of pieces in higher C classes.

The effectiveness of board densification (density increase) fell within the range of
8%—14%. The highest densification (12%-14%) has been observed for timber from classes
C18, C24, C30, and C35. In each case, the observed differences in density values before
and after densification were statistically significant (different homogeneous groups in
Table 5). In the case of modification of wood from the C40 class, the density increase we
observed (8%) was visible but statistically insignificant (the same homogeneous group “f”
in Table 5). It is worth noting that the highest percentual influence on material densification
(54.1%—Table 6) resulted from the initial class of wood, which depended on the material’s
initial parameters. Both the densification process itself and the interaction between the
densification process and the initial class of timber were characterised by a lower influence
on the density increase than other factors that have not been taken into account in the
current study (error = 36.2%).

Together with the densification increase, we also observed an increase in MOE for
the timber under research. It fell within the range of 9%-14% for timber from classes C18,
C24, C30, and C35. In each case, the increase of MOE values was statistically significant
(different homogeneous groups in Table 5). The highest improvement of this parameter
(14%) was observed for the lowest initial class, C18. In the case of the initial class C40, the
modification process did not cause an improvement in MOE values (the same homogeneous
group “H” in Table 1). It is worth noting that, similarly to density, the highest percentual
influence on MOE values increase (81.5%—Table 6) resulted from the initial class of wood,
which depended on the material’s initial parameters. Both the densification process itself
and the interaction between the densification process and the initial class of timber were
characterised by a lower influence on the MOE values increase than other factors that have
not been taken into account in the current study (error = 17.5%).
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Table 5. Properties (homogeneous groups).

Modification Class (before Density Homogeneous = MOE Homogeneous
Densification) [kg/m?3] Groups [MPa] Groups
NM C18 518 a 8913 A
TMD 583 d,cd 10,128 B
NM C24 506 a 11,626 C
TMD 573 c 13,030 D
NM C30 559 b 14,286 E
TMD 639 e 16,000 F
NM C35 599 d 16,863 G
TMD 681 f 18,346 H
NM C40 675 e f 18,602 G H
TMD 727 f 18,864 H

NM—not modified; TMD—modified.

Table 6. ANOVA for selected factors affecting density and MOE of tested wood.

Density MOE
Source of Variance
p P (%) P P (%)
densification 0.000000 9.2 0.000000 0.7
initial class 0.000000 54.1 0.000000 81.5
Densification x initial class 0.047054 0.5 0.101145 0.2
Error 36.2 17.5

p—probability of error, P—percentage of contribution.

4. Conclusions

The thermo-mechanical densification of flatsawn pine timber boards increases the
values of its density by 13.5% on average, which translates into the average increase of the
dynamic modulus of elasticity by 9% and causes changes in the number of timber pieces
classified into the individual C strength grades.

As a result of thermo-mechanical densification in industrial conditions, the strength
class C of most Scots pine timber pieces improves. Most timber pieces that were subjected
to thermo-mechanical densification have improved their strength class, C, by one (72.7% of
the tested batch) or two C classes (3.6% of the batch under study).

Thermo-mechanical densification causes an increase in the quality (expressed by average
values of density and dynamic modulus of elasticity) of timber for construction applications.
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Abstract: To improve the seismic performance of Chinese traditional wood-structure houses, this
paper proposes to strengthen their mortise and tenon joints by applying an innovative metal damper.
According to the dimensions of the “Yikeyin” wood-structure houses in the Tonghai area of Yunnan
Province, two groups of six samples of three types of mortise and tenon joints were manufactured, in
which one group was mounted with dampers made of Q235 steels. Subsequently, a low-cycle repeated
loading test was conducted to examine the overall behavior of these joints. Various characteristics of
seismic performance indexes, such as the moment-rotation hysteresis curve, skeleton curve, stiffness
degradation, energy dissipation capacity, residual amount of tenon and the removal before and
after reinforcements of straight, penetrated and dovetail tenon joints were analyzed. The test results
show that these tenons exhibit good deformation capacity, their hysteresis curves became fuller and
their “pinch” effects were significantly reduced, all after their joints became strengthened, indicating
that their joint slips were reduced during the loading processes and their residual amounts of
tenon removals were under effective control. Compared with the blank group, the joint stiffness was
substantially improved, and the increase in the reverse stiffness turned greater than that of the positive
stiffness at each stage of loading, while the degradation curve of the whole joint stiffness became
steeper. After mounting the dampers, the bearing capacity and energy dissipation of the joints were
significantly improved, the equivalent viscous damping coefficients of the straight and penetrated
tenon joints were increased, but that of the dovetail joint was slightly reduced. These study results
can provide a reference for the reinforcement and protection of traditional wood-structure houses.

Keywords: wood joints; dampers; quasi-static test; strengthening; mortise

1. Introduction

Chinese traditional houses are the carriers of national survival wisdom, construction
skills and aesthetic consciousness, which also became China’s valuable resource of cultural
heritage. Some traditional wood-structure houses remain preserved in villages and towns
of Southwest China. Due to frequent earthquakes, environmental erosion, lack of regular
maintenance and other causes, their main structures have been damaged to various degrees.
To preserve these precious traditional wood-structure houses for long enough, it is urgent
to study the seismic performance and reinforcement technology of the specific kind for
their structures.

According to the survey data on earthquake damages, in some high-intensity areas in
Southwest China, the tenon and mortise joints of wood-structure houses were pulled out
and removed, and even the wood roof-frame had been tilted as a whole and collapsed [1-5].
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This phenomenon is mainly caused by the shrinkage and extrusion deformation of the
tenon joint causing serious degradation in the mechanical properties of the joint, which
eventually leads to the destruction of the entire structure [6-9].

Joints are the basic and key point of wooden structures, because they carry loads
between the various parts of the structure, they maintain the structure and ensure the unity
and integrity of the wooden products during its use [10]. Researchers have focused on the
strength of mortise and tenon joints, among which Kamperidou et al. and Kamboj G et al.
successively used adhesives to strengthen some furniture joints and found that the stiffness
of the joints was greatly improved [11,12]. Numerous scholars have put forward some
reinforcement measures for the joints and carried out relevant research. Their test results
showed that the diagonal brace reinforcement could provide greater stiffness for the joints
but is very detrimental to the tenon pull-out resistance [13]. Other reinforcement methods,
such as tinplate, carbon fiber cloths, steel members and self-tapping screws are also proven
to be capable of certainly improving the stiffness of wood joints and effectively reduce the
tenon-pulling; but, the energy dissipation of the joints has not been significantly increased
when the structures experienced small deformation [14-19]. Besides, Pan et al. [20] found
that the reinforcement of steel members enhanced the stiffness of wood joints and the
internal force of some adjacent members, which is prone to causing the tenon failure of
adjacent joints, while the dampers could reduce the vibration response of the structure
without increasing the stiffness of these joints.

To improve the energy dissipation of wood joints, researchers have consecutively
developed a series of damping devices. Zou et al. [21] proposed a new type of angular
displacement damper applicable for wood-frame buildings in villages and towns. Their
tests verified that the new damper presented good deformation ability, effective fatigue re-
sistance and certain energy dissipation capacity. Lu et al. [22,23] sequentially proposed the
technologies of an arc-shaped energy dissipator and mortise-embedded energy dissipator
to strengthen the performance of mortise and tenon joints, conducted experimental research
on the seismic performance of these joints, and studied the impacts of the above energy dis-
sipators with different parameters (radius, thickness and number of layers) on the seismic
performance indexes of mortise and tenon joints. Gao et al. [24] conducted a shaking table
test on a bucket type of wood-structure with fan-shaped viscoelastic dampers. Then, Nie
et al. [25] investigated the influences of the above fan-shaped viscoelastic dampers on the
seismic performance of dovetail joints with different levels of tightness, and summarized
that these dampers could improve the energy dissipation ability, stiffness and bearing
capacity of the wood-structure. Xue et al. [26-28] sequentially proposed innovative friction
dampers and “shape memory alloy” (SMA) steel-wire dampers to strengthen mortise and
tenon joints. The pseudo-static test results revealed that these two types of dampers could
both reduce the amount of tenon pulling, improve the ultimate bearing capacity and initial
stiffness of the joints, and enable the energy dissipation to increase significantly even under
small deformations.

Although the above scholars have proposed new damping devices for wood-structure
joints and implemented corresponding test research on their performances, the analysis
of their test results indicate that most of these reinforcement devices would encounter the
following problems: Firstly, the majority of the joint type dampers exhibited low energy
dissipation before the joint angle reached 0.05 rad, which only became significant for
larger structural deformation. However, the “technical standard for maintenance and
strengthening of historic timber building” [29] stipulates that the inter-story displacement
angles of wood frames under rare earthquakes must be limited to 1/30 (0.033 rad), which
requires the damper to have good energy dissipation capacity even under small angle
deformation of the structure. Secondly, some reinforcement devices (such as innovative
friction dampers and SMA reinforcements) are mounted at the angles of the wood-structure
joints, which achieved a significant damper energy dissipation of the structure even under
small deformation, but it certainly compromised the original style of the wood-structure
building. In view of the above concerns, this paper puts forward a technology of innovative
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metal damper reinforcing mortise and tenon joints of wood-structures, which presents
two major advantages as follows: First, with the help of extended steel plate, the angular
deformation of dampers’ energy dissipation section increased (the joint angle shown in
Figure 1 is 0 and the angle of the energy dissipation section is enlarged to 8”); resultantly,
the damper could dissipate as much energy as possible within the limited deformation
range of the inter-story displacement angle [30]. Second, the two ends of the damper
were fixed to the sides of the beam and column under the effect of self-tapping screws.
As a result, the damper could be effectively hidden simply by keeping the color of the
damper similar to that of the wood components in reducing its interference to the original
architectural style of the wood-structure.

Column
Steel plate anchored to column
Energy-consuming steel plates
s3I
/ + + Beam
e | A o o+l 1
& \
4 &

Steel plate anchored to beam

Extended Steel Plate

Figure 1. Working principles of the innovative metal dampers.

Through the quasi-static test, the changes to seismic performances of three types of
mortise and tenon joints before and after reinforcement were compared, respectively. It was
demonstrated that the innovative metal dampers proposed in this paper could not only
improve the bearing capacity of the joints, but also greatly elevate their energy dissipation
when the structure encountered small deformations, which might provide a reference for
the practical reinforcements of traditional wood-structure houses.

The motive and purpose of this paper is to propose a new metal device to enhance
the load-bearing capacity and energy dissipation capacity of mortise and tenon joints in
wooden houses. This device can effectively reduce the damage of wooden structure or
wooden furniture under vibration load and prolong its service life.

2. Materials and Methods
2.1. Designs of Wood Joint Samples and Dampers

Based on the investigation of several wood-structure folk houses in Xingmeng Country,
Tonghai County, Yunnan Province, Southwest China, it is found that the wood beam and
column members are mostly connected in the form of a straight tenon, penetrated tenon
and dovetail tenon. Therefore, two groups of six mortise and tenon joint samples, including
two identical straight tenons, two identical penetrated tenons and two identical dovetail
tenons, were designed and manufactured with reference to the size of the typical local
“Yikeyin” wood-structure of houses. All the tested materials are pine wood, originally from
Yunnan Province, and the results of the mechanical properties of the materials are shown
in Table 1. The columns and beams are made by multi-functional log lathe, and the mortise
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on the columns is obtained by grooving machine. See Table 2 for the sample number and
corresponding parameters. The detailed structural dimensions of the three mortise and
tenon joints are shown in Figure 2.
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Figure 2. Detailed dimensions of tenon and mortise joints sample (unit: mm): (a) Straight tenon;
(b) Penetrated tenon; (c) Dovetail tenon.
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Table 1. Mechanical properties of Yunnan pine (unit: Mpa).

EL Er Er CL Cr Cr
26.0 37 4.6 10,344.8 375.8 200.4
2.2) (0.3) (0.5) (1937.8) (114.4) 42.3)

Note: The subscript “L”, “R” and “T” denote the longitudinal, radial and tangential directions of wood, respec-
tively; the “E” and “C” respectively represent Young’s modulus and compressive strength of wood. Each value is
the mean of 6 sets of tests, and the values in parentheses are the standard deviations of 6 sets of specimens.

Table 2. Parameters of tenon and mortise joints sample.

Sample No. Joint Type Whether to Mount Dampers
ZTS0 Straight tenon no
TJSO Penetrated tenon no
YWS0 Dovetail tenon no
ZTs1 Straight tenon yes
TJS1 Penetrated tenon yes
YWS1 Dovetail tenon yes

Six metallic dampers are made of Q235 steel plates with a thickness of 5 mm. See
Figure 3 for details. A damper is mounted on each side of the mortise and tenon joint of
the reinforcement group, and both ends of the damper are respectively connected with the
wood column and beam through self-tapping screws. The mounting effect is shown in

Figure 4.
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Figure 4. Mounting effect of dampers (unit: mm).
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2.2. Test of Loading Scheme

The test was conducted in the Earthquake Engineering Researching Center of Yunnan,
which required hydraulic servo mechanism, lifting jack, reaction frame, displacement meter
and force sensor. The coordination between each device is shown in Figure 5.

Anti-Force Frame

1T Hydraulic servo
1 r mechanism
Column
‘ 7,1 Force sensor device
== W2
[ Beam
= 500
W3

A W1

Displacement sensor device

Foundation beam

Figure 5. Pseudo-static test on loading devices.

According to the data (axis grid size, etc.) obtained from the field investigation of
two-story traditional wood-structure houses in Tonghai area, Yunnan Province, along with
the relevant provisions about the dead and live loads in the “Load Code for the Design
of Building Structures” [31], the vertical load on the top of the column on the first floor is
calculated to be 50 KN. To approach the real stress condition of mortise and tenon joints on
the first floor of typical houses, the two ends of the column are restrained by shallow steel
sleeves, and the upper end of the column is applied with vertical load by jacks. According
to the “Specification for Seismic Test of Buildings” [32], the load at the beam end is stressed
by stages under displacement control. The loading point of this test is located on the beam
500 mm away from the column edge. The displacement amplitude of the first stage is
5 mm, and then the displacement amplitude of each stage is increased by 5 mm. The test is
completed when the loading amplitude reaches 25 mm (0.05 rad).

2.3. Test Data Measurement

A force sensor is mounted at the end of the hydraulic servo actuator to collect the
reaction force at the loading point. A displacement meter (W1, see Figure 5) is mounted
at the bottom of the beam directly below the loading point to measure the actual vertical
displacement of the loading point. A displacement meter (W2, W3) is placed at the upper
and lower sides of the beam to monitor the outward pull-out value of the tenon. The
signals measured by each sensor are transmitted to the static strain tester dh3818y, and the
collected data are processed to obtain the actual displacement, reaction force and tenon
pull-out value at the test loading point.

3. Test Phenomenon
3.1. Test Phenomena before and after Straight Tenons” Reinforcement

For the unreinforced test piece ZTS0, there is a “creak” sound during the whole test
loading process. When loading near the amplitude, the sound interval is long and the
volume is large, while when unloading, it is continuously compact and the volume is small.
At the initial stage of loading (vertical loading displacement of 5 mm and 10 mm), the
extrusion deformation of tenon and mortise is not obvious, but the gap between tenon and
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mortise can be observed to be compacted. As the loading displacement increases step-by-
step, not only does mutual extrusion occur at the contact edge between the tenon and the
mortise, but relative sliding between them occurs, which is more significant. After the test,
the tenon is pulled out about 4 mm from its initial position, and its top and bottom surfaces
leave obvious local indentation, and this part becomes very smooth due to sliding friction.

For the strengthened sample ZTS1, the squeezing and sliding friction between the
tenon and the mortise, and the friction between the steel plate and the wood beam on both
sides, led to the sound in many places during the whole loading, and the “dong dong”
sound gradually dominated in the subsequent loading. As for the damper, during the
whole loading process, the steel plate of the boom section is firmly connected with the
column, and no vertical displacement is observed. There is no relative slip between the
beam and the anchor steel plate. The deflection effect of the energy dissipation section
is obvious with the increase of the angle (see Figure 6). After the final level of loading
(25 mm), a visible transverse crack appeared at the edge of the energy-dissipation steel
plate inside the beam (see Figure 7).

Bending deformation

Figure 7. Crack in energy dissipation section of metallic damper.

3.2. Test Phenomena before and after Penetrated Tenons” Reinforcement

The phenomenon in the early test of the unreinforced sample TJS0 is similar to that
of the ZTS0. Except, there is a “creaking” sound in each stage of loading and there is a
mutual extrusion deformation between the tenon and the mortise; it is also obvious that
the tenon can be pulled out step-by-step during the reverse loading due to the existence
of steps inside the tenon. The tenon pulled out during the unloading process cannot be
completely recovered, and the residual tenon pulling value increases step-by-step.

For the reinforced TJS1, the weak sound of wood tearing can be heard during the
first stage loading and the development and extension of dry shrinkage cracks on the
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column can be observed. The main test phenomenon of the damper is the same as that
of ZTS1, except that the upper and lower edges of the energy dissipation section of the
inner damper locally bulge outward during the fifth stage (25 mm) loading and are leveled
during unloading.

3.3. Test Phenomena before and after Dovetail Tenons” Reinforcement

Due to the shortest dovetail tenon, the embedded compression effect is the weakest
under the same angle. In addition, the large joint gap leads to no sound during the first
two stages of loading of the unreinforced YWSO0. After that, there is a “dong dong” sound
during the forward loading and no-reverse loading at each stage. It is observed that the
stopper moves outward with the tenon during the downward loading, and the relative
sliding and extrusion effect between the top surface of the tenon and the stopper is small.

For the reinforced sample YWSI, the test phenomenon is roughly the same as that of
the other two reinforced samples, mainly with the following differences: there are many
small dry shrinkage cracks on the wood column, and the width of the dry shrinkage cracks
near the wood-fiber tearing-sound sockets increases step-by-step during the loading, and
at the same time, it can be observed that ash dust is ejected from the joints. Starting from
the third stage (15 mm), the stopper at the upper part of the tenon is repeatedly pulled
out and jacked in with the rotation of the beam: the later the stopper is loaded, the more
obvious the stopper movement is. The energy dissipation sections of dampers on both
sides are slightly bent out of the plane from loading to the end of the test, and small cracks
are found at the upper and lower edges.

4. Test Results and Discussion
4.1. Analysis of Moment-Rotation Hysteresis Curve of Joints

This paper specifies that the extension direction of the actuator is positive, and the
retraction direction is negative. In the loading test, it is found that only the mortise
and mortise are plastic extruded, and the column and beam are almost free of bending
deformation. After the test, the beam and column are basically intact, so the sampled joint’s
bending moment M and rotation angle 6 can be calculated from Equations (1) and (2),
respectively.

M=F-L (1)

0=5/L @)

where F is the reaction force measured at the loading point; L is the distance from reaction
force to column edge; and § is the vertical displacement at the loading point.

The moment-rotation hysteresis curve of each sample is shown in Figure 8. The
analysis of three types of joints before and after reinforcement is as follows:

(1) Straight tenon. The positive and negative loading hysteretic curves of the joint
samples before and after reinforcement are basically symmetrical, and the “pinch” effect of
the sample ZTS1 is slower than that of ZTS0, indicating that the metallic damper reduces
the relative slip between mortise and mortise during the loading process, and increases the
energy dissipation of the joint. The hysteresis loop areas of the second and third cycles of
loading at the same level are close to, but less than, the first cycle, which is mainly due to
the stiffness degradation caused by the plastic extrusion of the tenon and mortise during
the first cycle of loading. It can also be seen from the figure that the curve of ZTS1 is similar
to that of ZTSO under the first and second stage loadings, which indicates that the internal
clearance of ZTS1 is large, while the tenon and mortise are not squeezed with each other
when the angle deformation is small. At this time, the bending moment is only provided by
the damper. From the change of reaction force at the loading point, the bending moments
of ZTS0 and ZTS1 grow with the increase in rotation angles. The growth rate of the former
is significantly lower than that of the latter. After the reinforcement, the bearing capacity
of the joint is significantly improved. Within the rotation range shown in the figure, the
maximum bending moment of the ZTS1 joint is 6.4 KN-m, about 2.2 times that of ZTS0.
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(2) Penetrated tenon. The unreinforced TJS0’s forward and reverse loading hysteresis
curves are asymmetric, which is manifested in that the reverse loading’s hysteresis loop
area and bearing capacity are slightly larger than those of the forward loading, because the
step tenon structure is asymmetric, which leads to the difference between the mechanical
mechanisms of forward and reverse rotations [33]. The relative symmetry of TJS1 curve
is due to the fact that the proportion of the reaction provided by the damper with the
same forward and reverse mechanical properties than the wood joint itself means that the
difference between the forward and reverse directions of the whole figure is reduced. The
curve “pinching” effect of the through mortise joint after reinforcement is greatly reduced,
but not as good as that of the straight mortise joint after reinforcement, indicating that the
slip of the through mortise joint before and after reinforcement is large. The reaction force
at the loading position of TJS1 increases significantly, and the bending moment reaches
the maximum value of 5.5 KN-m near the angle of 0.05 rad, while the maximum value of
unreinforced TJS0 in the rotation section shown in the figure is 1.9 KN-m.
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Figure 8. Comparison of M-6 curves of three types of tenon joints before and after reinforcement:
(a) Straight tenon; (b) Penetrated tenon; (c) Dovetail tenon.
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Dovetail tenon. Among the three types of unreinforced mortise and tenon joints, YWS0
exerted the lightest “pinch” effect. This is because the dovetail tenon enhances the extrusion
and friction between its sides and the mortise, effectively limiting the slip of their joint. The
specimen was disassembled after the test, and it was found that there was a large amount of
wood chips in the mortise, the mortise and the side of the mortise were seriously worn (see
Figure 9), and the waste heat after friction was obviously felt. The enhanced YWS1 also exerts
a slight “pinch” effect, which is lighter than the other two types of reinforced joints, and the
overall inclination of the curve turned out to be the smallest. From the change of reaction force
at the loading point, the unreinforced YWS0 bending moment value is small and the growth
rate is slow. Under each level of loading, the reaction force of the straight tenon and penetrated
tenon is significantly greater than that of the dovetail tenon, because the reaction force is mainly
determined by the internal embedded pressure of the joint, while the dovetail tenon is only half
the length of the other two types of tenon, and its internal embedded pressure is the smallest.
In addition, the processing technology level and wood discreteness also have a certain impact
on the reaction force at the loading point. The YWSI reaction force of the reinforced sample
is significantly increased, but still significantly less under the forward loading than under the
reverse loading. It is observed that the cork at the upper part of the tenon is pulled out to the
outside and the internal gap of the joint becomes larger when loading downward, and the
cork is pressed inward when loading upward, so the reaction force increases faster under the
reverse loading.

Figure 9. Wear of dovetail tenons and mortises.

4.2. Skeleton Curve Analysis

We connected the extreme points obtained by loading at all levels to obtain the skeleton
curve of bending moment and rotation angle of three types of mortise and tenon joints
before and after reinforcement, as shown in Figure 10.
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Figure 10. Skeleton curve of each joint sample.
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From the analysis of curve change, the skeleton curve of the unreinforced joint sample
rises gradually and there is no falling section, indicating that the three types of mortise have
good deformation capacity. The bending moments of ZTS0 and TJS0 both grow rapidly
with the increase of the rotation angle, while that of YWSO0 hardly grows after the rotation
angle reaches 0.01 rad. This is because the bearing capacity of straight tenon and penetrated
tenon is mainly provided by the embedded pressure inside the joint. The larger the rotation
angle is, the stronger the embedded pressure is, while the dovetail tenon is mainly borne by
the internal friction, and the friction does not change significantly with the rotation angle.
In addition, the slope of the skeleton curve of the unreinforced joint decreases gradually,
because the plastic extrusion deformation between the mortise and tenon increases with
the increase of the angle, resulting in the attenuation of the joint stiffness, and the slope of
the whole curve decreases step-by-step.

The skeleton curve of the strengthened joints ZTS1, TJS1 and YWS1 under forward
and reverse loadings is relatively steep on the whole, and the damper has an obvious
effect on improving the bearing capacity of each joint. At the initial stage of loading, the
slope of the skeleton curve of the damper mounted sample ZTS1 first decreases and then
increases sharply, which is the transition from the joint compaction to the mortise and tenon
compression, reflecting the large internal clearance of ZTS1: the slope of the enhanced TJS1
and YWSI skeleton curves decreases gradually from the beginning of loading to the end,
indicating that the internal gap of the joints is small.

4.3. Stiffness-Degradation Curve Analysis

The stiffness of the wood joint is closely related to the size, clearance and wood
properties of the mortise and tenon. With the increase in the loading displacement, the
embedded pressure and friction between the mortise and the mortise will increase, which
will cause the stiffness degradation. The positive and negative secant stiffness of the sample
under various levels of loading is calculated according to Equation (3).

Ki=M;/6; 3)

where M is the peak bending moment in the first positive (negative) cycle of the i-stage
displacement loading; 0; is the angle value corresponding to M;.

We calculated the stiffness of the sample at all angles according to the above formula,
and drew the degradation curve into Figure 11:
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Figure 11. Stiffness-degradation curve of each joint sample.

The average stiffness values of unstiffened joints ZTS0, TJSO and YWS0 are all as
low as 61.7 KN-m/rad, 55.9 KN-m/rad and 40.9 KN-m/rad, respectively. The stiffness
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decreases gradually, and the degradation rate becomes slow under forward and reverse
loadings. From the curve change law, it can be seen that the stiffness of each gradient of
the joint under forward loading is: ZTS0 > TJS0 > YWSO0, and that under reverse loading
is: TJSO > ZTS0 > YWSO. It can be seen that the stiffness of the TJSO joint under forward
loading is less than that under reverse loading, which is the difference in clockwise and
counterclockwise mechanical properties caused by the shape of the tenon ladder.

The joint stiffness of strengthened ZTS1, TJS1 and YWSI is greatly improved un-
der both forward and reverse loading, and their average values are 120.4 KN-m/rad,
168.7 KN-m/rad and 118.6 KN-m/rad, respectively. In general, the stiffness of each joint
deteriorates with the increase in the rotation angle, and the stiffness of ZTS1 decreases first
and then increases, which is due to the large internal clearance. The TJS1 stiffness of the
sample decreases step-by-step, and the reverse stiffness is slightly greater than the forward
stiffness under all levels of loading. The stiffness degradation curve of the YWS1 sample is
seriously asymmetric and the reverse stiffness is always greater than the positive one. This
is because the cork at the top of the dovetail tenon moves outward during positive loading,
resulting in low joint loosening stiffness, while the cork squeezes inward during reverse
loading, resulting in high joint stiffness.

4.4. Energy-Dissipation Capacity Analysis

In the low-cycle reciprocating test, the hysteresis loop of the wood joint sample is
shown in Figure 12. Through the analysis of the hysteresis loop, the equivalent viscous
damping coefficient he of the sample can be obtained, which can reflect the energy dissipa-
tion capacity of the joint. Its specific calculative equation [34,35] is as follows:

S
27t(Saceo + Sapro)

he = 4
where the numerator is the area of the hysteresis loop (the shaded part in Figure 12). This

paper applies the area of the first cycle of each stage, and the denominator bracket part is
the sum areas of the triangles CEO and DFO.

Figure 12. Schematic diagram of calculation method of equivalent viscous damping coefficient.

The variation curve of the equivalent viscous damping coefficient he of each joint with
the rotation angle is shown in Figure 13.
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Figure 13. Relationship between equivalent viscous damping coefficients and rotation angles of
samples before and after reinforcement: (a) Straight tenon; (b) Penetrated tenon; (c) Dovetail tenon.

In general, the energy dissipation capacity of all unreinforced joints decreases with
the increase of the angle, because the energy dissipation of joints mainly depends on the
friction between the tenon and the socket and the compression deformation. In the process
of repeated loading, the friction surface between the tenon and the socket is gradually
smooth, and the plastic deformation caused by the compression is gradually reduced. From
the curve comparison, it can be seen that the equivalent viscous damping coefficient of
the dovetail joint in the unreinforced joint is the largest, and the reason can be analyzed
from the calculative equation: First, as for the molecular term, although the interaction
between the top, bottom and the mortise during loading is reduced due to the halving of
the length of dovetail joint, the two sides and the mortise will also be squeezed and rubbed
to consume energy. In fact, the difference between the total energy dissipation of each stage
of the dovetail tenon (numerator in Equation (4)) and the straight tenon and step tenon is
small, which can be verified by the calculation results of the hysteretic loop area of each
stage of the three joints. Secondly, from the denominator, it can be seen from the previous
hysteresis curve that the bearing capacity of dovetail joints with the same angle is relatively
small, so its elastic strain energy (denominator in Equation (4)) is the lowest.
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The average equivalent viscous damping coefficients of the unreinforced samples
ZTS0 and TJSO are 0.14 and 0.15, respectively, and those of the damper mounted samples
ZTS1 and T]S1 are 0.23 and 0.18, respectively, indicating that the energy dissipation capacity
of the joints of the mortise and through mortise samples is significantly increased and the
lifting range of the mortise is more significant. The equivalent viscous damping coefficient
of YWST joint is slightly lower than that of unstiffened YWSO0, because the growth rate of
joint energy dissipation after mounting the damper is less than that of elastic strain energy.
This means that to improve the equivalent viscous damping coefficient of dovetail joint, it
is necessary to design a damper suitable for the stiffness, and control the increase range of
joint strain energy while increasing the joint energy dissipation.

Furthermore, another evaluation index of the energy dissipation capacity of the joint
is the staged energy dissipation. In this paper, the average value of the area enclosed by
three complete hysteretic curves at each stage is taken as the stage energy dissipation of
the joint. The calculation results are shown in the curve in Figure 14. It can be seen from
the figure that the energy dissipation curves of the unreinforced straight tenon, step tenon
and dovetail tenon almost coincide, and the energy dissipation of three joint stage is low,
and the maximum value is close to 0.07 KN-m. After mounting the metallic damper, the
energy dissipation of each stage of each joint increases significantly, and the maximum
energy dissipation in the ZTS1 stage reaches 0.33 KN-m.
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Figure 14. Comparison of energy dissipation of the joint sample at different stages.

4.5. Tenon’s Pulling Amount Analysis

Under the low-cycle round-trip load, the tenon is repeatedly pulled out and reset from
the mortise, and the horizontal displacement of the tenon relative to the initial position
after each level of loading is called the residual tenon pulling amount. Research [36] shows
that the tenon pulling amount will not only affect the bearing capacity of the joint, but also
lead to the tenon breaking of the joint and the collapse of the building in serious cases. In
the test, the residual tenon pulling amount of each test piece measured by the displacement
meter is shown in Figure 15. From the figure, it can be seen that the residual tenon pulling
amount of each joint test piece increases with the increase of the angle. The tenon pulling
amount of the step tenon at the same ang]le is the largest, followed by the straight tenon,
and the dovetail tenon is the smallest. The maximum residual pulling amounts of straight
tenon, penetrated tenon and dovetail tenon before reinforcement are 4.5 mm, 8.9 mm
and 3.9 mm, respectively. The corresponding tenon pulling values after reinforcement
are 0.9 mm, 3.3 mm and 0.54 mm, respectively, indicating that the damper can effectively
control the residual tenon pulling of the tenon joint.
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Figure 15. Relationship between tenon’s residual pulling amount and angle.

5. Conclusions

In this paper, an innovative metal damper is proposed and applied to the straight

tenon, penetrated tenon and dovetail tenon. The seismic performance indexes of the three
types of joints before and after reinforcement are compared through low-cycle repeated
loading tests, and the following conclusions are obtained:

)

@)

®)

4)

©)

The moment-rotation hysteretic curves of the samples all have the “pinch” effect, in
which the dovetail joint is the lightest and the through joint is the most significant,
and the slip of the through joint is the largest during the loading process. After
strengthening, the hysteretic curves of the three types of joints are fuller and the
“pinch” phenomenon is reduced, the bearing capacity of the joints is significantly
increased, and the relative slip is reduced.

The stiffness of ZTS0, TJSO and YWSO0 joints decreases with the increase of the rotation
angle and the change rate is relatively slow. The stiffness under the forward load of
the same level is: ZTS0 > TJSO > YWSO0, and under the reverse load is: TJS0O > ZTS0
> YWSO0; After adding dampers, the stiffness of the joint is greatly increased and the
increase in the reverse stiffness is greater than that of the forward stiffness. Compared
with the unreinforced joint, the overall stiffness degradation curve becomes steeper.
The energy dissipation of the three types of mortise and tenon joints strengthened with
dampers increased significantly, and their equivalent viscous damping coefficients
decreased gradually with the increase of the joint angle. Compared with the blank
group, the equivalent viscous damping coefficients of the straight mortise and through
mortise joints increased, while the dovetail joints decreased slightly.

In this paper, the innovative metal damper can effectively reduce the residual tenon
pulling amount of mortise and tenon joints and prevent the premature tenon pulling
failure of joints.

Cracks are found in the damper energy dissipation section after the test, and the
right-angle transition at both ends is easy to cause stress concentration, so it should
be designed as an arc transition section.

Generally, the dampers significantly improve the stiffness and energy dissipation

capacity of the mortise and tenon joints of wood-frame products, thereby weakening the
adverse effects of horizontal vibration loads on them, and this device can be promoted for
use in wood-frame houses and wooden furniture.

126



Forests 2022, 13,1177

Author Contributions: Conceptualization, S.Y. and W.P,; Formal analysis, W.P.; Funding acquisition,
L.Y. and D.W,; Investigation, S.Y.; Methodology, S.Y.; Project administration, W.P.; Resources, D.W.;
Supervision, H.S.; Validation, H.S.; Writing—original draft, S.Y.; Writing—review & editing, S.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Project of China
(No. 2020YFD1100703-04) established by the Ministry of Science and Technology of the People’s
Republic of China and the Yunnan Provincial Education Department Scientific Research Fund Project
(2022J0066) established by the Yunnan Provincial Education Department.

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

Acknowledgments: The authors would like to express their gratitude to the teachers and staff em-
ployees of the Earthquake Engineering Researching Center of Yunnan for their assistance and support.

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

References

1. Qu, Z; Dutu, A.; Zhong, J.; Sun, J. Seismic Damage of Masonry Infilled Timber Houses in the 2013 M7.0 Lushan Earthquake in
China. Earthg. Spectra. 2015, 31, 1859-1874. [CrossRef]

2. Qu, Z.; Zhong, J.; Sun, J. Seismic damages of non-seismic design residential houses in the M7.0 Lushan Earthquake. J. Build.
Struct. 2014, 35, 157-164.

3. Pan, Y, Chen,],; Bao, Y;; Peng, X,; Lin, X. Seismic damage investigation and analysis of rural buildings in MS 6.0 Changning
earthquake. J. Build. Struct. 2020, 41, 297-306.

4. Dai, B;; Tao, Z; Ye, L.; Gao, Y.; Huangfu, S. Investigation and Analysis of Seismic Damage to the Renovated Rural Dilapidated
Residences in Mojiang M5.9 Earthquake. J. Hunan Univ. (Nat. Sci.) 2021, 48, 121-131. (In Chinese)

5. Dai, B,; Tao, Z.; Xu, G.; Li, H.; Wu, L. Investigation of seismic damage to rural houses in the epicenter area of Yangbi MS 6.4
earthquake in Yunnan. World Earthq. Eng. 2021, 7, 9-18.

6. Zhang, F.; Gao, Z.; Xue, J.; Zhu, W.; Lu, J. Research on failure analysis and reinforcement measures of ancient timber structure
under earthquakes. China Civ. Eng. |. 2014, 47, 29-35.

7. Parisi, M.A.; Cordié, C. Mechanical behavior of double-step timber joints, 2010. Constr. Build. Mater. 2010, 24, 1364-1371.
[CrossRef]

8. Qiao, G.; Li, T,; Chen, Y. Assessment and retrofitting solutions for an historical wooden pavilion in China. Constr. Build. Mater.
2016, 105, 435-447. [CrossRef]

9.  Wang, B.; Huang, Q.; Liu, X. Deterioration in strength of studs based on two-parameter fatigue failure criterion. Steel Compos.
Struct. 2017, 23, 239-250.

10. Efe, H.; Erdil, Y.Z.; Kasal, A.; Imirzi, H.O. Withdrawal strength and moment resistance of screwed T-type end-to-side grain
furniture joints. Forest Prod. ]. 2004, 54, 91-97.

11.  Vassiliou, V.; Barboutis, I.; Kamperidou, V. Strength of corner and middle joints of upholstered furniture frames constructed with
black locust and beech wood. Wood Res. 2016, 61, 495-504.

12. Kamboj, G.; Gaff, M.; Smardzewski, J.; Haviarova, E.; Bortivka, V.; Sethy, A.K. Numerical and experimental investigation on the
elastic stiffness of glued dovetail joints. Constr. Build. Mater. 2020, 263, 120613. [CrossRef]

13.  Fu, G. Study on Reinforcement and Transformation Methods for Timber of Traditional Folk Houses. Master’s Thesis, Kunming
University of Science and Technology, Kunming, China, 2016.

14. Zhou, Q.; Yan, W.; Guan, H. An experimental study on aseismic behavior of Chinese ancient structure by different methods.
China Cult. Herit. Sci. Res. 2013, 2, 56-62.

15. Xiong, H.; Liu, Y; Yao, Y.; Li, B. Experimental study of reinforcement methods and lateral resistance of glued-laminated timber
post and beam structures. J. Tongji Univ. (Nat. Sci.) 2016, 44, 695-702.

16. Yao, K.; Zhao, H.; Xue, J.; Li, J.; Xie, Q. Experimental studies on seismic characteristic of strengthened mortise-tenon joint in
historical timber buildings. J. Harbin Inst. Technol. 2009, 41, 220-224.

17.  Huan,].; Ma, D.; Guo, X.; Xu, S. Experimental study of aseismic behaviors of flexural tenon joint, through tenon joint and dovetail
joint reinforced with flat steel devices. |. Beijing Univ. Technol. 2019, 45, 763-771.

18.  Zhang, F; Xu, Q.; Zhang, ].; Liu, Q.; Gong, C. Experimental study on seismic behavior of timber frames with mortise-tenon joints
under different strengthening methods. J. Build. Struct. 2016, 37, 307-313.

19. Jin,Y,; Su, H.; Pan, W,; He, Y.; Du, J. Experimental research on seismic performance and reinforcement comparison of mortise-tenon
joints in timber structures. J. Civ. Envir. Eng. 2022, 44, 138-147.

20. Pan, Y; Wang, C,; Tang, L.; Li, L.; Geng, P. Comparative research on flat steel and damper strengthening of straight type of

tenon-mortise joints. J. Southwest Jiaotong Univ. 2014, 49, 981-986.

127



Forests 2022, 13,1177

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Zhou, S.; Huo, L.; Li, H. Fundation experiments research of new angle displacement damper for wood frame structures in rural
areas. Eng. Mech. 2011, 28, 62-68. [CrossRef]

Lu, W,; Sun, W.; Gu, ].; Deng, D.; Liu, W. Experiment study on seismic performance of timber frames sthengthened with curved
steel dampers. J. Build. Struct. 2014, 35, 151-157.

Lu, W.; Wu, W,; Shi, C,; Liu, X. Experiment study on seismic performance of mortise-tenon joints with embedded dampers. J. Civ.
Environ. Eng. 2022, 44, 30-37.

Gao, Y;; Tao, Z.; Ye, L.; Yang, M.; Su, H.; Yu, W. Shaking table tests of mortise-tenon joints of a traditional Chuan-Dou wood
structure attached with viscoelastic dampers. China Civ. Eng. ]. 2016, 49, 59-68.

Nie, Y.; Tao, Z.; Gao, Y. Experimental study on dovetail mortise-tenon joints with viscoelastic dampers in traditional timber
structures. J. Build. Struct. 2021, 42, 125-133.

Xue, J.; Wu, C.; Zhang, X.; Qi, Z. Experimental and numerical study of mortise-tenon joints reinforced with innovative friction
damper. Eng. Struct. 2021, 230, 111701. [CrossRef]

Xue, J.; Wu, C.; Zhang, X.; Zhang, Y. Experimental study on seismic behavior of mortise-tenon joints reinforced with shape
memory alloy. Eng. Struct. 2020, 218, 110839. [CrossRef]

Xue, J.; Wu, C.; Zhang, X.; Zhang, Y. Effect of pre-tension in superelastic shape memory alloy on cyclic behavior of reinforced
mortise-tenon joints. Constr. Build. Mater. 2020, 241, 118136. [CrossRef]

GB/T 50165-2020; Technical Standard for Maintenance and Strengthening of Historic Timber Building. China Architecture and
Industry Press: Beijing, China, 2020.

Li, H,; Li, G. Experimental study of structure with “dual function” metallic dampers. Eng. Struct. 2007, 29, 1917-1928. [CrossRef]
GB 50009-2012; Load Code for the Design of Building Structures. China Architecture and Industry Press: Beijing, China, 2012.
JGJ/T101—2015; Specification for Seismic Test of Building. China Architecture and Industry Press: Beijing, China, 2015.

Ma, L,; Xue, J.; Dai, W.; Zhang, Y. Moment-rotation relationship of mortise-through-tenon connections in historic timber structures.
Constr. Build. Mater. 2020, 232, 117285. [CrossRef]

Shen, Y.; Yan, X.; Yu, P; Liu, H.; Wu, G.; He, W. Seismic Resistanceof Timber Frames with Mud andStone Infill Walls in a
ChineseTraditional Village Dwelling. Buildings 2021, 11, 580. [CrossRef]

Magenes, G.; Calvi, G.M. In-plane seismic response of brick masonry walls. Earthq. Eng. Struct. Dyn. 1997, 26, 1091-1112.
[CrossRef]

Xie, Q.; Zhang, L.; Wang, L.; Cui, Y.; Yang, L. Finite element analysis on the cyclic behavior of straight mortise-tenon joints with
pullout tenons. Eng. Mech. 2019, 36, 138-143.

128



'™ forests MbPY

Article

Molecular Dynamics Study on Mechanical Properties of
Cellulose with Water Molecules Diffusion Behavior at Different
Oxygen Concentrations

Yuanyuan Guo, Wei Wang * and Xuewei Jiang

College of Engineering and Technology, Northeast Forestry University, Harbin 150040, China
* Correspondence: vickywong@nefu.edu.cn; Tel.: +86-133-1361-3588

Abstract: Six groups of cellulose-water-oxygen simulation models with oxygen concentrations of 0%,
2%, 4%, 6%, 8%, and 10% were established by molecular dynamics software to analyze the effect
of oxygen concentration on the mechanical properties of wood cellulose during water vapor heat
treatment in terms of the number of hydrogen bonds, the diffusion coefficient of water molecules,
the mean square displacement of cellulose chains, and mechanical parameters. The results showed
that the diffusion coefficient of water molecules increased steadily as oxygen concentration increased,
which affected cell size and density to some extent. The mean square displacement of the cellulose
chain at a higher oxygen concentration was larger than at a lower oxygen concentration, indicating
that the cellulose chain became more unstable at high oxygen concentration. This trend was consistent
with the amount of hydrogen bonds inside the cellulose chains. The analysis of mechanical parameters
showed that Young’s modulus and shear modulus showed a trend of increasing and then decreasing
with increasing oxygen concentration, and wood cellulose had good resistance to deformation and
rigidity at 2% oxygen concentration. Therefore, during the heat treatment of wood, appropriately
increasing the oxygen concentration will potentially improve the rigidity and distortion resistance of
wood.

Keywords: water vapor heat treatment; molecular dynamics; oxygen concentration; wood cellulose;
mechanical properties

1. Introduction

As a renewable resource, wood provides great convenience for human use because
of its light texture and beautiful appearance. Wood can be used as a material for interior
decoration and furniture manufacturing, and because of its diversity of design styles, it
greatly enriches the choice of wood products. Heat treatment is the most industrially
successful and economically efficient method of wood modification [1]. However, the
requirements for heat treatment of wood are very high. If care is not taken, deformation
or cracking will occur, which affects the use of wood [2]. Therefore, reasonable process
optimization of wood has great significance and value.

The hygroscopicity of wood can be effectively reduced by heat treatment technology.
Zhou et al. investigated the hygroscopicity of wood by measuring the wood-water related
parameters of heat-treated lumber thermally and showed that heat treatment lowered the
fiber saturation point of wood, resulting in a decrease in the hygroscopicity of heat-treated
wood [3]. Fu et al. investigated the effects of heat treatment on wood moisture absorption
and other water-related properties and found that surface wettability was significantly
weakened after heat treatment, which was manifested as an increased contact angle and
decreased surface free energy [4]. Heat treatment technology also makes the wood more
dimensionally stable, more uniform in color, and longer-lasting, but it can also lead to the
destruction of the mechanical properties of the wood [5-8]. Bruno et al. found that the
dimensional stability of Paulownia tomentosa (Thunb.) Steud. wood improved after heat

Forests 2023, 14, 371. https:/ /doi.org/10.3390/£14020371 129 https://www.mdpi.com/journal/forests



Forests 2023, 14, 371

treatment, but its mechanical qualities deteriorated [9]. Lee et al. examined the physical
and mechanical properties of particleboards made from heat-treated rubberwood particles
and found that heat treatment increased the dimensional stability of particleboards but had
a negative effect on their mechanical quality [10]. Lu et al. studied the chemical changes of
the heat treatment parameters (temperature and duration) on the surface color and gloss of
young eucalyptus lumber. The outcomes showed that the temperature of the heat treatment
had a substantial impact on the coloring properties of young eucalyptus lumber [11].

As the most common heat treatment medium in China, superheated steam is more
practical, economical, and convenient than other media (inert gas, air, and hot oil). Many
water vapor heat treatment processes are carried out at a certain oxygen concentration,
which increases the processing efficiency of wood heat treatment to some extent. However,
fire incidents occur in the heat treatment kiln. This is likely because the oxygen concentra-
tion in the heat treatment kiln is too high. Therefore, the critical value of oxygen is set at
10% in this paper. During superheated steam heat treatment, the oxygen concentration in
the kiln has an impact on the mechanical properties of the heat-treated material [12]. In
this paper, when the simulation results of each model are compared with the non-oxygen
model, it is found that wood cellulose has good resistance to deformation and rigidity at
oxygen concentrations below 6%. However, these properties are significantly diminished
at oxygen concentrations higher than 6%.

Cellulose makes up a large portion of wood. Natural cellulose is a macromolecular
polysaccharide that is composed of interwoven, overlapping crystalline and amorphous
regions [13]. The arrangement between cellulose molecules in the crystalline region is very
compact and orderly. During water vapor heat treatment, water molecules are limited to
the surface of the crystalline area, so they do not interact well with the crystalline area [14].
In the amorphous region, the molecular structure between celluloses is disordered [15],
which has a strong adsorption effect on water molecules. This results in the structure
between celluloses to become easily destroyed by water molecules. Therefore, this study
carefully investigates the effect of the interaction between the amorphous region and water
vapor on the heat treatment of wood at different oxygen concentrations.

Nowadays, analog computing techniques have gained prominence. The use of molec-
ular simulations to derive the microscopic properties of molecules and predict the micro-
scopic, mesoscopic, and macroscopic properties of products and materials has become an
emerging theoretical development trend. In this paper, simulations are performed using
Materials Studio software, which is widely used in materials science and for constructing
various 3D molecular models [16]. This software provides greater theoretical support for
existing macroscopic experiments and provides a predictive research tool for the imple-
mentation of macroscopic experimental protocols, which can reduce the scientific research
costs and time costs associated with macroscopic experiments.

Although extensive experimental studies have been conducted to analyze the struc-
ture of cellulose, simulation approaches to cellulose studies are relatively rare. This is
not surprising because the complexity of cellulose structure makes it difficult to study
using traditional molecular simulation methods. A theoretical framework for the study
of cellulose polymers was provided by Fukuda et al., who utilized molecular dynamics
simulations to examine the diffusion pattern of water molecules in various polymers [17].
In order to model and simulate cellulose, Ftanaka et al. carried out a comparison study
of the arrangement of cellulose molecules both with and without moisture [18]. Liao
et al. conducted a thorough investigation into the mechanism by which cellulose ages
when exposed to moisture. The distribution of hydrogen bonds between molecules was
examined under the influence of an increasing temperature and thermal field in a mixed
system with a varying moisture distribution. It was found that the diffusion results were
unaffected by the distribution of water molecules and that the water molecules would
eventually penetrate the amorphous region of cellulose and form hydrogen bonds with
other molecules, speeding up the thermal aging of insulating paper [19].
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This research examined how varied oxygen concentrations during water vapor heat
treatment impacted the mechanical characteristics of wood cellulose. The diffusion coeffi-
cient of water molecules, cell volume and density, mean square displacement of cellulose
chains, hydrogen bonds, and mechanical parameters were analyzed. Its primary objective
is to investigate the changes in macroscopic properties of wood during heat treatment and
to give more theoretical support for wood modification.

2. Materials and Methods
2.1. Modeling

Based on the study of Jiang et al. on the effects of different oxygen concentrations on
the properties of heat-treated wood, this paper constructs a microscopic model of the main
components of wood using molecular dynamics simulation to explain these changes from
a microscopic perspective. And according to the settings of oxygen concentration in the
macroscopic experiments by Jiang et al., the number of oxygen and water molecules in six
samples were set to 0 and 50, 1 and 49, 2 and 48, 3 and 47, 4 and 46, and 5 and 45, corresponding
to oxygen concentrations of 0%, 2%, 4%, 6%, 8%, and 10% in this study [12]. The amorphous
polymer building process was used to create the amorphous region of cellulose [20]. In
actual applications, the chain length of cellulose is up to several thousand, and the degree
of polymerization of several thousand is typically not used due to computer performance
and calculation speed. The results of the available studies show that the properties of the
material are little affected by the degree of cellulose polymerization [21-23]. Therefore, in
order to reduce the simulation time and calculation workload, the cellulose chain with a
polymerization degree of 20 was chosen for this study [24]. The model was designed using
the software’s amorphous cell tool, in which the density was established at 1.5 g/cm3 [25].
Each model contained a wood cellulose molecular chain and a certain number of water and
oxygen molecules. The models are shown in Figure 1.

2.2. Dynamic Simulation

In the simulation process, the choice of the ensemble and force field is particularly
important. The ensemble is a collection of a large number of independent systems with
identical properties and structure, in various states of motion, under certain constraints.
The cohesion is a fundamental concept introduced by the statistical method to describe
the statistical regularity of a thermodynamic system, which is not the actual object but the
system that constitutes the cohesion. The constraints are represented by a set of applied
macroscopic parameters. In the application of classical molecular dynamics simulation
methods, two states of the system—equilibrium and nonequilibrium—can be simulated. In
the equilibrium system state, molecular dynamics simulations can be divided into micro-
regular system molecular dynamics (NVE) simulations, regular system molecular dynamics
(NVT) simulations, isothermal isobaric system molecular dynamics (NPT) simulations, and
isoenthalpic isobaric system molecular dynamics (NPH) simulations [26].

The molecular force field is the key core of molecular dynamics simulation, and
the appropriateness of the force field selection directly determines the accuracy of the
simulation results [23]. The choice of the force field for different atoms is determined by
the type of atom, which is one of the bases of simulation. Many force fields, such as PCFF,
UFE, Amber, COMPASS, etc., have been developed according to the nature of different
atomic structures, transforming the theoretical study of single atoms at the physical level
into a deeper chemical study of atoms of many elements of the periodic table. They can
calculate various properties of molecules: bond lengths, bond angle torsions, molecular
chain motions, mechanical parameters, thermodynamic properties, etc.

To create the system with the least amount of energy, a preliminary geometry opti-
mization based on a 5000-step smart algorithm was first performed when modeling was
complete. The PCFF force field was used throughout the study [27]. After the system’s en-
ergy was minimized and stabilized, the model was simulated at a temperature of 453.15 K
under the NPT ensemble with a random beginning velocity and a total simulation length
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of 1 ns, which was collected every 5000 steps for analysis. The selection of the simulation
step length determines the total simulation time and the accuracy of the results. Too long a
step length may cause intense collisions between molecules and lead to data overflow in
the system; too short a step length may reduce the ability of the system to search the phase
space during the simulation. The temperature control was performed by Nose [28]. The
pressure control was carried out by Berendsen [29]. Atom-based analyses were used to
determine the Van der Waals force [30]. The Ewald method was employed to calculate the
electronic effect [31].

(b)

(d)

()

Figure 1. Cellulose-water-oxygen model: (a) Without oxygen; (b) With 2% oxygen; (c) With 4%
oxygen; (d) With 6% oxygen; (e) With 8% oxygen; (f) With 10% oxygen. The long chain is cellulose
chain, the small blue molecules in the cubic cell are water, and the small yellow molecules are oxygen.
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3. Results and Discussion
3.1. Balance of the System

The conditions for determining equilibrium in molecular dynamics simulations are
mainly temperature and energy [32,33]. The system is well balanced within a fluctuation
interval of 5% to 10%. After simulating the mixed system for 1 ns, a plot of the energy and
temperature versus time was obtained for a temperature of 453.15 K, as shown in Figure 2.
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Figure 2. Temperature and energy fluctuations of the system: (a) Temperature-Time; (b) Energy—Time.
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Figure 2a shows the temperature fluctuations of the model, whose values are con-
trolled within £25 K, which indicates that the system is in equilibrium after energy relax-
ation. Figure 2b shows the energy fluctuations of the model, which range between 2.22%
and 3.10% according to the data in Table 1. In summary, the system maintains a good
steady state, which proves the reliability of this study.

Table 1. Energy Fluctuation Values of the Model at Different Oxygen Concentrations.

Oxygen
Concentration

Fluctuation Value 2.22% 2.71% 3.10% 2.92% 2.37% 2.79%

0% 2% 4% 6% 8% 10%

3.2. Diffusion Coefficient of Water Molecules

The mean square displacement (MSD) is used to observe the positional deviations
of the molecules after kinetic simulations, which can represent the motion behavior and
migration paths for small molecules in the model. It refers to the number of masses or
moles of a substance diffused vertically through a unit area per unit concentration gradient
along the direction of diffusion in unit time. The diffusion coefficient is an important
part of the study of mass transfer mechanisms. The magnitude of the diffusion coefficient
mainly depends on the temperature, the diffusion medium, and the type of diffusing
substance, and the basic data are mainly obtained through experiments at present, but the
diffusion coefficients under high temperature, high pressure, and adventitious conditions
are difficult to obtain through experiments, and the intuitive process of diffusive motion
of microscopic particles in the system cannot be observed experimentally. In molecular
dynamics simulation (MD), the simulation calculation of diffusion coefficients not only
provides microscopic information on the diffusion coefficients of substances and provides
some theoretical support for mechanism analysis but also reduces the experimental cost.
The MD simulation not only can observe the visual process of particle diffusion motion but
also can analyze the trajectory of the particle and obtain the mean squared displacement
(MSD) of the particle as a function of time, as expressed by Equation (1),

— -, |2
ri (t) — i (0) M

n
MSD =Y
i=1
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In the above equation, Z(t) and Z(O) denote the coordinates of the molecule at time t
and the coordinates of the molecule at the initial time, respectively. <-> means averaging
over all atoms and initial configurations (or time series synthesis). The n represents the
number of diffusing particles [13]. In order to make a quantitative comparison of the
molecular diffusive motility, the diffusion coefficients (D) were further calculated, which
are expressed by Equation (2) [34,35].

1. dg&
D= lime )

— ’2
i=1

ri () — 11 (0)

@

when t is large enough, D can be naturally obtained through the slope of the MSD [36],
which is expressed by Equation (3),
D=m/6 @)

The m in the equation is the MSD curve slope against time obtained after fitting. After
analysis, the data for each model are presented in Table 2.

Table 2. Diffusion Coefficients of Water Molecules.

Oxygen

Concentration m b R-Square
0% 0.4314 0.0719 0.9980
2% 0.5539 0.0923 0.9987
4% 0.5755 0.0959 0.9989
6% 0.6484 0.1081 0.9978
8% 0.6772 0.1129 0.9995
10% 0.7637 0.1273 0.9993

Table 2 demonstrates that the goodness of fit of the water molecule MSD curves are all
greater than 0.9, indicating that the results are robust. Figure 3 shows that the D of water
molecules gradually rose from 0.0718 to 0.1273, which means that the water molecules in
the model possess more flexibility and their movement in the cellulose chain is enhanced.
This may be due to the fact that the water molecules possess more kinetic energy as the
oxygen concentration increases during the heat treatment.

0.14

013 | 0.1273

012 |
0.11

011 0.1081 %

040 | o.o_ss)/

0.09 |-

Diffusion coefficient(Azlps)
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Oxygen concentration

Figure 3. Diffusion coefficient of water molecules.
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3.3. MSD of Wood Cellulose Chains

In the process of studying the effect of hydrogen sulfide on the performance of trans-
former cellulose insulating paper, Du et al. used the MSD of cellulose chains to represent
its movement [37]. The main components of wood and transformer insulating paper are
cellulose, so the MSD of wood cellulose can be used to represent the movement of cellulose
chains. The degree of violent motion of the cellulose chains determines their stability; the
more violent their motion, the less stable they are, thus reducing the overall structural
stability of the wood.

Figure 4 reveals that the MSD of the cellulose chains decreased and then rose as the
oxygen concentration increased. Compared to the non-oxygen model, the MSD of the
cellulose molecular chains was smaller at low oxygen concentrations, indicating that their
movement was less displaced and more thermally stable at this time. When the oxygen
concentration was greater than 4%, the MSD of wood cellulose chains increased as the
oxygen concentration increased. At this time, the motion of cellulose chains was more
violent, and the stability and resistance to deformation decreased [38]. This is because the
increase in the diffusion coefficient of water molecules accelerates the thermal movement of
molecules, making it easier for water molecules to affect the internal structure of cellulose
molecular chains, which in turn leads to deformation and cracking of wood [39].

12

—a—0%
——2%
0F sy

MSD(A?)

0 1 " 1 " 1 M 1 M 1 M 1
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Time(ps)
Figure 4. Mean square displacement curves of cellulose chains under different oxygen concentrations.

3.4. Lattice Parameters and Density

The cell formed by this system is a cube. Its size can be expressed by the lattice
parameters. After molecular dynamics simulation, the cell parameters and volume variation
of the model in different environments are illustrated in Table 3.

The cell size and density are closely related, and as the cell volume increases, its density
decreases accordingly [39]. The density variation of the cellulose-water-oxygen system after
water vapor heat treatment at different oxygen concentrations is shown in Table 4.

Where Final and Average represent the final and average values of the model after
dynamic simulation, respectively. The final value represents the behavior situation at the
last moment, and the average value shows the behavior variation situation throughout
the process. The standard deviation (Std. Dev.) is a measure of the dispersion of the data
distribution. If the standard deviation is lower, these values deviate less from the mean
and are therefore more credible.
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Table 3. Cell parameter and volume variation of the cellulose-water-oxygen system.

Oxygen Paracnilelters Volume (A°)
Concentration

the Length the Width the Height Final Average Std.Devw.
0% 21.11 21.11 21.11 9404.397 9483.821 145.470
2% 21.16 21.16 21.16 9475.331 9535.602 121.343
4% 21.19 21.19 21.19 9520.700 9597.114 109.067
6% 21.24 21.24 21.24 9577.419 9633.354 125.889
8% 21.31 21.31 21.31 9671.309 9655.824 115.276
10% 21.37 21.37 21.37 9776.236 9756.931 162.700

Table 4. Density of the cellulose-water-oxygen system.

Oxygen Density (g/cm?3)
Concentration Final Average Std.Dev.
0% 1.361 1.350 0.020
2% 1.353 1.345 0.017
4% 1.349 1.339 0.015
6% 1.344 1.336 0.017
8% 1.333 1.335 0.016
10% 1.321 1.324 0.021

From the values in Tables 3 and 4, it can be seen that the cell size gradually increased
from 21.11 to 21.37 with increasing oxygen concentration, the average volume increased
from 9483.821 to 9756.931, and correspondingly, its average density gradually decreased
from 1.350 to 1.324. This may be the result of an increasing diffusion coefficient of water
molecules. As the flexibility of the water molecules increases, the kinetic energy of the
system increases, which in turn leads to an increase in the size of the model and a decrease
in density.

3.5. Hydrogen Bonding

Hydrogen bonding refers to the powerful non-bonding interaction between a hydrogen
atom bonded to an electronegative atom and a neighboring electronegative atom with a lone
pair of electrons, which is essentially an electrostatic attraction between a hydrogen nucleus
on a strong polar bond and an electronegative atom with a lone pair of electrons [40,41]. A
hydrogen bond can be expressed as “X-H...”. Xis called the donor, Y is called the acceptor, and
X-H is called the proton donor. Hydrogen bonds are saturated and directional, and generally,
one H-atom may form one or two hydrogen bonds. The mechanical properties of cellulose are
greatly influenced by the hydrogen bonding situation. There are numerous hydrogen bonds
within and between cellulose molecules [42]. The change of various types of hydrogen bonds
at different oxygen concentrations is shown in Table 5.

Table 5 shows that the hydrogen bonding number among cellulose chains first in-
creases and then decreases, indicating that the low oxygen environment enhances the
interactions between cellulose chains, which in turn enhances the structural stability. This
may be due to the fact that the energy loss during the heat treatment was reduced under
the low oxygen concentration, which helped to improve the processing efficiency of the
wood heat treatment, resulting in an increase in the number of hydrogen bonds inside the
cellulose chains. However, as the oxygen concentration increased, the cellulose molecular
chains become more susceptible to the impact of water molecules, leading to a decrease in
the number of hydrogen bonds within them. The structure’s stability is not only strength-
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ened by the formation of hydrogen bonds inside the cellulose chains, but it also alleviates
the adverse effects of water molecules on the mechanical properties of cellulose to a certain
extent. This also confirms the trend that the MSD of cellulose chains first decreases and then
increases. At the same time, the hydrogen bonds between water and cellulose gradually
decreased and the interaction between water molecules and cellulose was weakened [43],
leading to a weaker adsorption of water molecules by cellulose, which also confirmed the
rising tendency of the diffusion coefficient of water molecules.

Table 5. Alterations in the various hydrogen bonds.

Number of Hydrogen Bonds

Oxygen
Concentration Cellll:leostvze(ej?lains Wat:reth‘/iv()elzlzular Wat:e):—t(‘?,eelelzll:lose Total
0% 73 30 91 194
2% 96 29 90 215
4% 91 25 81 197
6% 87 28 75 190
8% 90 21 70 181
10% 83 22 70 175

3.6. Mechanical Properties

Mechanical properties are one of the important properties of the material, directly
affecting the processing and production of materials and their safe use. This is an important
performance related to wood processing, production, and use. According to the principle of
elastic mechanics [44], when the material is subjected to external forces, the most common
connection of stress and strain satisfies the generalized Hooke’s law. For a completely
isotropic body, there are only two independent elastic coefficients, C;; and Cqy. The reason
is that the correlation of the elastic coefficients increases with the symmetry between
the bodies, and their stress-strain behavior can be characterized through two individual
constants, such that Cj» = A and Cy; — Cyp = u. The rigidity matrix can be written as
Equation (4),

A+2n A A 000
A A+20 A 0 0 O

oA A A+20 0 0 O

Sl =1 o 0 0 1 00 @)
0 0 0 0 p O
0 0 0 0 0 p

where A and p are known as the Lamé coefficients, which serve to derive physical quantities,
including Young’s modulus (E), bulk modulus (K), shear modulus (G), and Poisson’s ratio (y).

E_ u(3:j)\2u) 5)
G=upu (6)
K=A+ 3% @)

A
Y= 20+ ) ®)

where E is the ratio of tensile stress to tensile strain in the elastic deformation of the material
and is used to measure the stiffness of the material; a larger value means greater resistance
to deformation. Where v is the proportion of lateral to lengthwise deformation during
material stretching, which can reflect the plasticity. K/G denotes the proportion of the
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bulk modulus to the shear modulus that measures a material’s resilience. The higher its
value, the greater the material’s resiliency [45]. Through MD calculations, the mechanical
properties of each hybrid model at different oxygen concentrations were obtained, as
presented in Table 6.

Table 6. Analysis of Mechanical Parameters.

C?:Cye*‘ﬁaﬁon " G(GPa)  E(GPa) v (GPa) KIG
0% 7.15 5.66 5.66 14.48 0.28 128
2% 824 8.28 828 20.70 0.25 1.00
4% 10.13 652 6.52 17.01 0.30 15
6% 5.41 6.52 6.52 15.99 023 0.85
8% 447 495 495 12.26 024 0.93
10% 3.70 403 403 9.99 0.24 0.96

Table 6 shows that the values of v and K/G of cellulose chains did not change significantly
as oxygen concentration increased. However, it can be seen from Figure 5 that E and G showed
an obvious trend of first increasing and then decreasing, indicating that the deformation
resistance and rigidity of cellulose chains first strengthened and then weakened. At the
oxygen concentration of 2%, the shear modulus of cellulose chains was 8.28 and Young’s
modulus was 20.70, both of which reached maximum values. These results are consistent with
the conclusion that water vapor heat treatment under the appropriate oxygen concentration
can improve the flexural elastic modulus and stiffness of wood [12]. In addition, the trends of
E and G are in good agreement with the trends of MSD and hydrogen bonding of cellulose
chains, indicating that the internal structure of cellulose chains is relatively stable at low
oxygen concentrations, but that its internal structure is damaged and becomes increasingly
unstable at high oxygen concentrations.
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20 - —a— Shear Modulus (G) | 9
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Figure 5. Young’s modulus and shear modulus in the model.

There are many methods of modification of wood heat treatment, and previous stud-
ies have analyzed the effects of medium, temperature, and pressure on the mechanical
properties of wood from macroscopic and microscopic perspectives. In this paper, the
effect of oxygen concentration on the mechanical properties of wood during water vapor
heat treatment was studied for the first time from the microscopic perspective of molecular
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dynamics simulation. The results demonstrate that an appropriate increase in oxygen
concentration can significantly enhance the rigidity and deformation resistance of wood.
This provides more theoretical support for wood modification at the microscopic level,
which can better meet the requirements of wood rigidity in various industries.

4. Conclusions

This research examined how varied oxygen concentrations during water vapor heat
treatment impacted the mechanical characteristics of wood cellulose. The diffusion coeftfi-
cient of water molecules, cell volume and density, mean square displacement of cellulose
chains, hydrogen bonds, and mechanical parameters were analyzed. The following conclu-
sions are obtained:

1. Water molecules become more flexible in the presence of oxygen, which causes the dif-
fusion coefficient of water molecules to gradually rise with oxygen concentration. This
aids in minimizing energy loss during heat treatment, thus improving the processing
efficiency. At the same time, the increase in water molecule diffusion coefficient causes
a simultaneous rise in cell volume and a corresponding fall in density.

2. The MSD of cellulose chains decreases and then increases with the increase in oxygen
concentration, which indicates that the thermal stability of cellulose chains is better
at low oxygen concentrations, and oxygen concentrations that are too high will lead
to the destruction of the internal structure of cellulose chains and greatly reduce the
stability. This is related to the number of hydrogen bonds within the cellulose chain.
The formation of intermolecular hydrogen bonds increases the molecular interactions
within the cellulose chains and enhances the stability of the structure.

3. Young’s modulus and shear modulus of cellulose chains first rise and then decline
with oxygen concentration, indicating that the rigidity and distortion resistance of
cellulose chains improve and then fall, peaking at 2% oxygen concentration. This
change trend is compatible with the cellulose chains” hydrogen bonding and MSD
change trends, which further indicate that the internal structure of cellulose chains is
more stable at low oxygen concentrations. These results indicate that an appropriate
increase in oxygen concentration can help to potentially improve the stiffness and
resistance to deformation of wood, and also confirm the significance of this paper’s
research, which provides additional theoretical support for the development of wood
heat treatment processes.
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Abstract: The high demand for wood-based composites generates a greater use of wood adhesives.
The current industrial challenge is to develop modified synthetic adhesives to remove harmful
formaldehyde, and to test natural adhesives. The scope of the current research included the man-
ufacturing of high-density fiberboards (HDF) using natural binders such as polylactic acid (PLA),
polycaprolactone (PCL), and thermoplastic starch (TPS) with different resination (12%, 15%, 20%).
The HDF with biopolymers was compared to a reference HDF, manufactured following the exam-
ple of industrial technology, with commonly used adhesives such as urea-formaldehyde (UF) resin.
Different mechanical and physical properties were determined, namely modulus of rupture (MOR),
modulus of elasticity (MOE), internal bonding strength (IB), thickness swelling (TS), water absorp-
tion (WA), surface water absorption (SWA), contact angle, as well as density profile; scanning elec-
tron microscope (SEM) analysis was also performed. The results showed that increasing the binder
content significantly improved the mechanical properties of the panels in the case of starch binder
(MOR from 31.35 N mm 2 to 40.10 N mm 2, IB from 0.24 N mm 2 to 0.39 N mm 2 for dry starch),
and reduces these in the case of PLA and PCL. The wet method of starch addition improved the me-
chanical properties of panels; however, it negatively influenced the reaction of the panels to water
(WA 90.3% for dry starch and 105.9% for wet starch after 24 h soaking). Due to dynamically evap-
orating solvents from the PLA and PCL binding mixtures, a development of the fibers’ resination
(blending) techniques should be performed, to avoid the uneven spreading of the binder over the
resinated material.

Keywords: high density fiberboard; wood; mechanical properties; physical properties; polylactide;
polycaprolactone; thermoplastic starch

1. Introduction

Progressive economic development and the growing population significantly affect
both the natural environment and the global biomass resources, including wood, forestry,
and agricultural by-products, based on which wood-based panels are produced. Wood-
based panels can be classified into three basic groups depending on the form of their struc-
tural elements. The structure and technological process determine the mechanical and
physical properties. The first group consists of fiber composites, including boards man-
ufactured using the dry forming method, where the fiber-carrying medium is air; this
includes high-density fiberboards (HDF), medium-density fiberboards (MDF); and low-
density fiberboards (LDF). The wet forming method, where the medium is water, is used
to produce softboards (SB) and hardboards (HB). Fiber composites also include wood-
plastic composites (WPC). The second group consists of particleboard composites, such
as particleboards (PB) and oriented strand boards (OSB). The third group is plywood, and
laminated veneer lumber (LVL), representatives of layered composites. The production
of wood-based panels increases from year to year, reaching approx. 167 million m? for
plywood, approx. 110 million m?3 for fiberboards, and approx. 100 million m?3 for particle-
boards [1,2]. The high demand for wood-based panels generates a greater use of wood ad-
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hesives, which automatically translates into the use of synthetic adhesives. Formaldehyde-
based adhesives account for approx. 90%-95% of all wood adhesives used in the industry,
and urea formaldehyde (UF) is the leader in terms of consumption, accounting for approx.
11 million tons of resin dry weight per year [3,4]. The global wood adhesives and binders
market size reached 15.8 billion US dollars (USD) in 2020, and it is projected to grow by
approx. 4% to reach 21.9 billion USD by 2028 [5]. It is worth adding that the above data
include UF, phenol-formaldehyde (PF) resins, and soy-based binders, the latter being a
good indicator for new green adhesives.

Until the end of the 1950s, adhesives of natural origin were available, which had
defects, e.g., low water resistance and durability, resulting in the development of petro-
chemical adhesives. Synthetic formaldehyde-based adhesives have gained popularity and
lack competition from natural adhesives, due to their low production cost while main-
taining perfect adhesive properties such as excellent stability, low curing temperature,
and fast curing, colorless and resistance to microorganisms [6,7]. The biggest challenge
for formaldehyde-based resin technology is to reduce the emission of free formaldehyde,
which is harmful to health and the environment during production and in final products
during their entire life cycle. While levels are generally low, increasingly stringent environ-
mental regulations will require more environmentally friendly adhesives to produce bio-
panels [8]. The turn of the 20th and 21st centuries is a period of return to the development
of natural adhesives, the desire to look for an alternative to conventional petroleum-based
adhesives by reducing or eliminating formaldehyde, and the sustainable development of
raw materials and final products [9].

MDF is a wood-based board produced by pressing lignocellulose fibers together with
synthetic resins under conditions of high temperature and pressure [10]. Wood fibers
comprise the dispersed phase, which is responsible for the strength and stiffness of the
board, while the matrix used is a construction binder, and can be a synthetic resin, an
inorganic compound, or a biopolymer. [11]. Currently, commonly used resins in the pro-
duction of MDF panels are UF, melamine urea formaldehyde (MUF), PF, and isocyanate
compounds [12]. On a global production scale, 90% of MDF panels are made with UF
resin [6]. Commercial MDF has a higher density and strength than particleboard or ply-
wood. Unlike particleboard, which is also commonly and widely used in furniture and
construction, the MDF board has a homogeneous structure over the entire cross-section;
because of this, it has excellent mechanical workability in the milling process, a high pre-
cision finish which provides an excellent base for veneers, and high dimensional stability,
making it ideal for use in building materials or furniture boards [13-15].

With the predominance of petrochemical-based products raising concerns about lim-
ited fossil resources and harm to health and the environment, it is becoming prudent to
obtain materials that will have similar properties to the properties of commercial wood-
based panels with one difference—they will come from renewable raw materials.

A future-proof alternative, and at the same time a response to the restrictions and
needs of the market, is the production of bio-composites, which means that one of at least
two component materials will be of natural origin. Recyclable composites are being devel-
oped more widely due to the possible use of renewable raw materials: by-products from
the agricultural industry, such as sugarcane bagasse [16], kenaf stalks [17], rice husk [18],
corn [19], tomato stalks [20], sugar beet pulp [21], walnut shell [22], and forest by-products
such as cones [23,24], tree bark [25,26], and branches [27]. The current state-of-the-art of
particleboard manufacturing which uses environmentally-friendly agricultural biomass
was widely reviewed and described by researchers [28,29]. Another important aspect of
bio-composites is natural and renewably sourced adhesives. Synthetic resin can be re-
placed with natural binders, i.a. starch and its modifications [30-34] lignin [35], cellu-
lose [36], soybean and soybean protein [37-40], chitosan [41], tannins [42,43], vegetable
oils [44], natural rubber [45,46], and citric acid [47,48]. The use of biopolymers as a binder
in wood-based material technologies has also been extensively studied. Biopolymers such
as polylactic acid (PLA), polyhydroxybutyrate (PHB), and polycaprolactone (PCL) are also
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used as alternatives to synthetic adhesives. PLA is the most popular and the only biopoly-
mer currently produced on an industrial scale. The production scale was 150,000 metric
tons in 2013, with an increase of 10% in 2020. Currently, the production process of PLA gen-
erates 60% fewer greenhouse gases and uses 50% less non-renewable energy than the pro-
duction of traditional polymers such as polyethylene terephthalate (PET) or polystyrene
(PS) [49].

Song et al. [50] manufactured board in a wet method process using soybean straw
fiber, with varying amounts of PLA as a binder (0, 10, 30, and 50%). They proved that the
addition of PLA weakened the mechanical properties of tested boards. However, when it
came to hygroscopic properties, they showed that increasing the amount of PLA improved
the water resistance. Ultimately, they confirmed the validity of using PLA as a binder for
fiberboards; however, a coupling agent was needed to improve the mechanical properties.
Ye et al. [51] produced fiberboards from softwood fiber, wheat, and soybean straws. They
proved that fibers from wheat and soybean straws can be used in a 50/50% agricultural
fiber/wood fiber ratio, because they could provide comparable mechanical properties and
water resistance to fiberboards made of 100% wood fiber. Many literature reports on PLA,
PCL, and PHB concerning fiber composites refer to wood-plastic composites (WPC), pro-
duced by methods such as direct injection molding, extrusion, compression molding, film
and sheet formation [52-56].

The current state of the art is limited on the subject of using biopolymers, e.g., PLA,
PCL, PHB, as a binder in wood-based panel technology, particularly with medium-density
fiberboards. This investigation aimed to assess the impact of natural biopolymer binders—
thermoplastic starch (TPS), PLA, and PCL—on selected physical and mechanical proper-
ties of HDF manufactured with different resination.

2. Materials and Methods
2.1. Materials and Their Characterization

In the present study, high-density fiberboards (HDF) were produced under laboratory
conditions from pine (Pinus sylvestris L.) and spruce (Picea abies L.) industrial fibers (IKEA
Industry Poland sp. z o. o. brand Orla, Szczecin, Poland). The fibers were dried to a
moisture content (MC) of about 4%.

Composites were manufactured with four different binders: pure, laboratory-purpose
polylactide (PLA; Sigma-Aldrich, Saint Louis, MO, USA, product no. 38534), polycapro-
lactone (PCL; Sigma-Aldrich, product no. 704105) in drops with a diameter of 3 mm, ther-
moplastic starch (TPS; Grupa Azoty S.A., Tarnéw, Poland) in drops and powder form, and
urea-formaldehyde resin (UF; Silekol S-123, Silekol Sp. z o.0., Kedzierzyn-Kozle, Poland),
the latter of which is commonly used in industry.

2.2. Fiberboard Manufacturing

The HDF were manufactured with dimensions 320 mm X 320 mm, a target density
of 900 kg m~3, and an average thickness of 3 mm. The fiberboards were produced using
different binders as well as different resination values. All composites with biopolymers
as a binder were manufactured with 12%, 15%, and 20% resination. The reference variant
was produced with 12% resination, as in industrial conditions. The resination values used
in this study were previously used for particleboard with biopolymers as an adhesive [57].
Increasing the resination from 12% to 15% significantly improved the physical and me-
chanical properties of the produced particleboards. However, increasing from 15% to 20%
seemed unjustified. Therefore, in this study, the same resination values were used, but
not exceeding 20%. No paraffin emulsion or wax was added during the manufacturing
of the high-density fiberboards. The binder liquid solutions were mixed in a laboratory
mixer and sprayed by air gun onto the lignocellulosic fibers. The TPS powder was manu-
ally applied into fibers, and then water was sprayed using a spray gun, with the amount of
water depending on the percentage of resination. After applying biopolymers and blend-
ing, the resinated fibers were stored in the laboratory fume hood for 3 days to evaporate
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the solvents. Then, the mats were formed and pre-densified manually. To improve the
heat transfer into the core of HDF, 65 g m~2 of water was sprayed on the top and bottom
sides before hot pressing. The HDF was pressed in two stages: cold pressed (unit pressure
0.8 MPa, 30 s) to thicken the mat, and then hot pressed for 10 min at 180 °C under 2.5 MPa
unit pressure (AKE, Mariannelund, Sweden). For the reference panels, the hot pressing
time was reduced to 60 s, while other pressing parameters remained unchanged. For the
biopolymers, an extended pressing time was used to allow the thermoplastic binders to
properly melt. In the process of manufacturing wood-based panels, the pressing tempera-
ture depends on the binder used. DSC and TGA analysis for PLA, PCL [58], and starch [59]
allowed us to determine the “safe” temperature of 180 °C, which does not cause degrada-
tion of the biopolymer and is sufficient to melt.

As a result, thirteen types of fiberboards were produced with different resination
(hereby referred to by the shortcuts listed in Table 1), and two panels of each binder type.
The manufactured HDF were conditioned in ambient conditions (20 °C; 65% R.H.) until
they reached a constant weight, before being cut according to the research schedule.

Table 1. Shortcuts for every elaborated HDF.

Variants of Binders and Resination Shortcut of HDF
UF 12% UF12
Powder TPS 12%—dry starch DS12
Powder TPS 15%—dry starch DS15
Powder TPS 20% —dry starch DS20
Drops of TPS 12% —wet starch WS12
Drops of TPS 15% —wet starch WS15
Drops of TPS 20% —wet starch WS20
PLA12% PLA12
PLA15% PLA15
PLA20% PLA20
PCL12% PCL12
PCL15% PCL15
PCL20% PCL20

2.3. Preparation of the Adhesives

The adhesive mass for PLA, PCL, and TPS (drops) was produced by dissolving the
dry mass of polymers in solvent to obtain the consistency of a thick liquid. The follow-
ing solvents have been used to achieve liquid-state binders: methylene chloride (CH,Cly)
for PLA (about 23% dry matter content of resulting mixture), toluene (C;Hg) for PCL [57]
(about 27% dry matter content of resulting mixture), and hot water for TPS (drops). The
TPS drops with hot water were mixed using a low-speed mixer, until a homogeneous sus-
pension was achieved (about 25% dry matter content). All solution concentrations were
tuned to obtain the viscosity of solutions similar to the reference binder (in the range of 420-
450 mPa s). The reference HDF was produced with UF industrial resin (65% dry matter
content), where the hardener was a 10% water solution of ammonium sulfate ((NHy)>,SOy)
in a weight ratio of 50:5:1.5, respectively: resin: water: hardener. The curing time of the
reference bonding mixture at 100 °C was about 82 s.

2.4. Physical and Mechanical Properties

The modulus of rupture (MOR) and modulus of elasticity (MOE) were characterized
according to EN 310 [60], and the internal bond (IB) was determined according to EN
319 [61]. The mechanical properties were analyzed with an INSTRON 3369 (Instron, Nor-
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wood, MA, USA) standard laboratory testing machine, and as many as 10 test specimens
for each fiberboard type were analyzed for the tests mentioned. Thickness swelling (TS)
and water absorption (WA) at two-time intervals, i.e., after 2 h and 24 h of immersion in wa-
ter, were measured according to EN 317 [62], and 12 samples of HDF panels of each binder
variant were used. Surface water absorption was conducted according to EN 382-2 [63],
in two repetitions for each variant of the panels. The density profile (DP) of samples was
analyzed using a DA-X measuring instrument (GreCon, Alfeld, Germany). The measure-
ment based on direct scanning X-ray densitometry was carried out at a speed of 0.05 mm
s~1 across the panel thickness with a sampling step of 0.02 mm. The density profile was
performed using three samples of each variant for a type of binder.

Contact angle measurements were made using the contact angle analyzer PHOENIX
300 (SEO—Surface & Electro Optics Co., Gyeonggi-do, Ltd., Suwon City, Korea) equip-
ment, using the method of distilled water sessile drop. A Quanta 200 (FEI, Hillsboro, OR,
USA) scanning electron microscope was used to define the surface morphology of the pro-
duced fiberboards.

2.5. Statistical Analysis

Analysis of variance (ANOVA) and t-test calculations were used to test for signifi-
cant differences (o« = 0.05) between factors and levels where appropriate, using the IBM
SPSS statistic base (IBM, SPSS 20, Armonk, NY, USA). A comparison of the means was
performed when the ANOVA indicated a significant difference, by employing the Duncan
test. The detailed p-values have been attached as Supplementary Material.

3. Results and Discussion

The density profile was characterized, and the results are summarized in Figure 1. The
average densities of all samples are ~900 kg m 2. The density profiles for individual sam-
ples of HDF were symmetrical to the middle of the thickness of the board; therefore, the
graph presents the density profiles to their axis of symmetry to facilitate the analysis. Re-
gardless of the biopolymer type or the resination used, the shape of all profiles did not dif-
fer significantly. Each of the profiles presented in the graph shows a characteristic density
profile of HDF, where the core layer has a slightly lower density than the surface layers [64].
The boards produced were 3 mm thick; therefore, the difference between the surface layer
density (SLD) and core density (CD) is smaller than in the case of 10 mm thick MDF boards,
where the density distribution shows clear differences between the layers [65]. The effect
of fiber compression is more even over the entire cross-section of the thinner board, as the
set temperature of the press shelves reaches the core layer faster, causing hardening or
binder liquefaction depending on the binder used [66]. The average density of the PCL12
samples on the surface achieved a value of 1090 kg m 3 and recorded a decrease in den-
sity in the core layer by 24%. The most homogeneous density profile was recorded for the
PLA20 samples, where density decreases in the core layer by about 6%. The HDF was ini-
tially cold-pressed to densify the mat and then hot-pressed to achieve a more even density
distribution. However, it should be pointed out that the mats were sprayed with water
on the surfaces to improve the heat transfer during hot-pressing. This promotes a higher
densification of the face layers of the produced panels with biopolymers. Wong et al. [66]
manufactured 12 mm MDF which was subjected to a two-step hot pressing process. They
showed that the final profile is significantly dependent on the thickness achieved in the
first stage of pressing. Obtaining a smaller thickness in the first stage resulted in a greater
difference between maximum surface layer density (SLD) and core density (CD). There is
no noticeable difference between the profiles for thermoplastic polymers and the UF resin
used in the reference panel. Figure 2 shows the changes in the appearance of the surface
of the produced HDF, depending on the binder used and the resination. HDF with PLA
and PCL as a binder has visible adhesive stains, which were caused by the too fast evapo-
ration of the solvent during the covering of the fibers. Stains indicated that the biopolymer
did not evenly cover the fibers in the entire board. In the boards there are places with a
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large amount of biopolymer, and there are also places where this biopolymer has been
minimally distributed on the fibers. The graph shows that for PLA and PCL, the density
profile is more homogeneous with increasing of resination.
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Figure 1. Density profiles of fiberboards.

Figure 2. Changes in the appearance of the surface of the produced HDF, depending on the binder
used and the resination.

The average values of modulus of rupture (MOR) and modulus of elasticity (MOE)
under the three-point bending stress of the tested composites are presented in Figure 3.
The error bars in the graphs represent the standard deviation. The highest value of MOR
(59.18 N mm—2) was recorded for the reference HDF, while the lowest (23.64 N mm~?2)
was for PLA20. In the case of MOE, the highest average value was obtained for PS20
(4225 N mm—2), and the lowest was for PCL12 (2596 N mm~?2), as well as for MOR. Ana-
lyzing the obtained results for DS, it can be observed that with the increase in resin content
from 12, 15 to 20%, the average value of both MOR and MOE increases. For the WS sam-
ples, an increase in the MOR and MOE values can be seen with an increase in the resin
content from 12 to 15%. The addition of 20% starch (WS) caused a decrease in strength
and MOE. In the case of PLA and PCL, we can observe the opposite situation as in the case
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of DS12-DS20 boards; the average values of MOR and MOR decrease with the increase
in resination. It can also be seen that between 12-15% differences in the average MOR
and MOE values for PLA and PCL are smaller than at 15-20%. Statistically significant dif-
ferences among all variants of panels with PLA and PCL can be noted between variants
PCL15 and PCL20. The explanation for the decrease in the MOR and MOE values for PLA
and PCL with increasing resin content can be found in the structure of the produced HDEF.
As already shown above in Figure 2, there was a problem with the uniformity of the distri-
bution of biopolymers on the fibers. The WS20 samples also show a decrease in the MOR
and MOE values, although they increased from WS12 to WS15. The photo shows surface
defects; thus, we can predict what the structure looks like in a cross-section of the samples.
The more biopolymer, the more stain and weak areas in the board. Xiaowen et al. [50] con-
firmed that the addition of PLA as a binder weakened the mechanical properties (bending
strength and tensile strength) of fiberboard produced using a wet method, using soybean
straw fiber. They used different pressure values, which affected the final results of the
tests. Of the two forms (powder, drops) of applying TPS to the fibers, the starch drops
in the form of a suspension show better strength properties. The MOR value for WS12
relative to DS12 and WS15 to DS15 is higher by 32% and 30%, respectively. There are
no statistically significant differences between DS20 and WS20. According to statistical
analysis, there are statistically significant differences between the average values of the
MOR results for UF12 and the rest of the HDF variants, also between the DS, WS, PLA,
and PCL20 samples. Taking into account statistical analysis, there are no statistically sig-
nificant differences between the average values of the MOE results from UF12, WS15, and
WS20; DS12-DS20, WS20, PLA12, PLA15, and PCL12.
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Figure 3. (a) Modulus of rupture (MOR) and (b) modulus of elasticity (MOE) of tested HDF.
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The obtained results of internal bonding (IB) tests are presented in Figure 4. The error
bars in the graph represent the standard deviation. The outcomes show that the highest
average value of IB was that of the reference HDF (1.73 N mm—?2), and the lowest value was
for DS12 (0.24 N'-mm ~2). Analyzing the results, it can be seen that the lowest IB values were
recorded for DS and PLA samples, regardless of the level of resination. The same relation
refers to IB as to MOR and MOE. For DS, an increase of resination from 15% to 20%, and for
WS12 to WS15, causes a slight increase in average IB values. The PLA and PCL board vari-
ants show a decrease in the IB with an increase in resination. Better results in this test were
also obtained by starch in the form of drops, which were applied to the fibers in the form of
a thick liquid using a pneumatic gun. This method of the application allowed us to obtain
better coverage of the fibers. The starch powder probably did not fully mix with the intro-
duced water, leaving zones where the binder and fibers did not mix well. No significant
influence of the density profile on the IB has been found. According to statistical analysis,
statistically significant differences exist between the average values of IB results for the
reference HDF and the rest of the panels produced; between DS12-DS20, PLA12-PLA20,
and variants WS12-WS20, PCL12-PCL20. The representative forms of damage of the sam-
ples resulting after the IB test are compiled in Figure 5. The first group of destruction took
place in the middle of the composite thickness. The first form of destruction was obtained
by UF12, WS12, WS15, WS20, PCL12, PCL15, and PCL20. The second group includes sam-
ples in which the destruction took place in the near-surface zone; it includes samples with
an average IB below 0.48 N mm 2. The HDF with damage in the near-surface layers had
the weakest strength of all tested samples, which is caused by more effective bonding in the
core layer. Jietal. [41] developed a method for manufacturing medium-density fiberboard
(MDF) adhesives using chitosan as the main component and glutaraldehyde as a crosslink-
ing agent. They prove that an increasing amount of glutaraldehyde could be contributing
toward the deterioration of the mechanical properties of MDF. The optimal IB value was
1.22 N mm~2, with the board sanded to reduce the low-density surface area which results
in an improved surface quality and finish.

Baskaran et al. (2012) [67] conducted tests with the addition of freeze-dried and pure
polyhydroxyalkanoates (PHA) in fine particles of oil palm trunk at different amounts. They
proved that MOR and MOE increased as the amount of both forms of PHA increased.

173

1.5 A1

IB [N mm™2]

0.65
0.61 057 057

0.48
039

0.29 0.32 0.30
0.24 0.27

UF12 DS12 DS15 DS20 WS12 WS15 WS20 PLA12 PLA15 PLA20 PCL12 PCL15 PCL20

Figure 4. Internal bond (IB) of tested HDEF.
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Figure 5. Two representative forms of damage after the IB test (a) in the core layer; (b) near-surface
zone.

Scanning electron microscopy (SEM) was used to analyze the bonding quality of HDF
with biopolymers and UF resin directly at the microstructure scale. The photos in Figure 6
are presented for each of the produced variants of panels, and were marked with arrows to
exemplify the characteristic areas that clearly show the wood fiber covered by the binder
used, and in the case of DS samples, how powder grains are visible. There is a visible in-
crease in the number of biopolymers covering the fibers with increasing resination. The
SEM pictures show the difference between the bonding of PLA and PCL with fibers, and
the reference board based on UF resin. The binder was not distributed uniformly, and
places where the fibers are fully covered by the biopolymer were observed in HDF with
PLA and PCL, which potentially affected the mechanical and physical properties. SEM
photos of PLA-based composites with the addition of agricultural by-product fibers show
poor fiber-to-matrix adhesion, voids, and fiber breakage [68]. Song et al. [50], performed
an SEM analysis, proving that the addition of 10% PLA in a fiberboard covers insignificant
part fibers, which causes gaps between the fibers. The addition of 30-50% PLA causes the
penetration of PLA into the gaps between fibers, which has a positive effect on water re-
sistance and dimensional stability. Sivakumar et al. [69] observed an even distribution of
banana leaf fiber with thermoplastic cassava starch as a strong adhesive matrix, which im-
proved the mechanical properties of the bio-composites. The composite-water interaction
(like TS, WA, and SWA) can be dependent on the tested panels’ microstructure and binder
distribution.

The average values of thickness swelling (TS) and water absorption (WA) on HDF
after 2 h and 24 h are presented in Figure 7a—b. The error bars in the graphs represent the
standard deviation. The average TS of the specimens after 2 h of immersion ranged from
10.4% for UF12 to 37.6% for DS12. After 24 h of immersion, the results were between 21.7%
and 80.4% for UF12 and WS12, respectively.

Under industrial conditions, for the production of MDF, about 1% of paraffin emul-
sion is added to ensure water resistance; in contrast, no hydrophobic agents were used in
these studies. The reference composites use UF resin, which is intended to be used in dry
conditions. For each tested group of biopolymers, it can be observed that TS decreases
with increasing resination. Biopolymers act as a binder but also fill the voids between the
fibers, acting in favor of water resistance. Increasing the resination was the least effective
for HDF with PLA as a binder, both after 2 h and 24 h of soaking in water. The SEM analy-
sis confirmed that the increase in resination visibly shows a greater fiber surface coverage
by the biopolymer, which translates into a higher water resistance. The results of water
absorption (WA) of the tested HDF after 2 h and 24 h of immersion in water show a trend
consistent with the results of TS. The lowest value of WA either after 2 h and 24 h was
achieved for the reference HDF, while the highest obtained after 2 h was DS12 and after
24 h was WS12.
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Figure 6. Scanning electron microscope images of HDF with, (a) DS12, (b) DS15, (c) DS20, (d) WS12,
(e) WS15, (f) WS20, (g) PLA12, (h) PLA15, (i) PLA20, (j) PCL12, (k) PCL15, (1) PCL20, (m) UF12 as a
binder (the arrows indicate the binder presence).
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The results achieved for TS and WA are further proved in surface water absorption
tests (SWA) (Figure 7c). The error bars in the graph represent the standard deviation. Ac-
cording to the results, the SWA decreases with the rise of the binder content. The lowest
SWA average value was noted for UF12 (181 g m~2) and the highest for PCL12 (2565 g m~2)
and PLA12 (2493 g m~2). Significantly higher average values of SWA were found for the
PLA and PCL samples. This may be the effect of the uneven spread of the binder over
the fibers during blending, which causes the occurrence of local zones of binder-less fibers
(Figure 6g-m). Despite the action of water on only the top surface for 2 h, PLA and PCL
were impregnated with water over the entire thickness of the sample. Increasing the resina-
tion caused a slight decrease in the average SWA values. Reducing the resin content for
PLA in extreme values from 12 to 20% resulted in a decrease in SWA by 4.6%, and for PCL
by 5.5%. The statistical analysis shows that there are no statistically significant differences
between the average values of the SWA results and the resination for the type of PLA and
PCL binder used. The decreasing reaction to water of the panels made with the increasing
amount of starch has been confirmed by [70].

Figure 8 presents the results of the contact angle measurements for all produced fiber-
boards. The error bars in the graph represent the standard deviation. The water sessile
drop test conducted on DS and WS samples shows the highest hydrophobic behavior, pos-
sibly due to decreased porosity of the HDF with the binder with 20% resination. Therefore,
as the resination increased for both 1 s and 60 s, the average values of the contact angle in-
creased. For PLA and PCL, an increase in the contact angle in the range of resination from
12 to 15% was observed, both for 1 s and 60 s. The changes were highest for PCL20 (19.2%
of reduction), PCL15, DS12, DS15, DS20—10.5%, 17.0%, 13.3%, 10.4%, respectively. The
smallest changes in contact angle after 60 s were achieved for TPS: 1.9% for WS12, 1.8%
for WS15, and 2.7% for WS20. A resination increase of 20% in HDF causes a decrease in
the angle value for 1 s and 60 s, which means better surface wettability and higher surface
energy for PLA20 and PCL20 [71,72]. The decrease in the wetting angle value was small;
the increase in wettability from 15 to 20% for PLA resulted in a decrease in the contact
angle by 1% after 1 s, while after 60 s the average value of the angle remained at the same
level as for the 15% resin, at 102°. The PCL biopolymer caused a decrease after 1 s by 10%,
and after 60 s by 7%. The increase in surface wettability with the increase in resination
was probably caused by the uneven biopolymer coverage of the fibers (Figure 2). This is
also explained by the analysis of SEM images, where voids and places where there is an
excess of biopolymer are visible (Figure 6). Gumowska et al. [57] confirmed that with the
increase in resination (12, 15, 20%) in particleboard bonded by PLA and PCL, the average
values of the contact angle increased both after 1 s and after 60 s. The highest average con-
tact angle after 1 s was recorded for DS12, DS15, DS20, reaching values of 112°, 113°, 115°,
and respectively; the lowest after 1 s was recorded for PCL20, at 95°. The highest average
contact angle after 60 s was recorded for UF12, WS512, WS15, and WS20, reaching values
105°, 105°, 107°, and 107°, respectively; the lowest after 60 s was recorded for PCL12, at
84°. For each tested HDF sample, after the water droplets remained on the surface for 60 s,
the contact angle decreased.
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Figure 8. The contact angle of tested HDF.

4. Conclusions

On the basis of the completed research and analysis of the results, the following con-
clusions can be drawn:

A slightly higher densification of the face layer was found for panels where the water
spray was applied over the mat surfaces before hot-pressing.

The bending features (MOR and MOE) depended on the binder type and resination
level; there was increasing MOR and MOE with a rise in the DS resination; the maximum
MOR and MOE values for WS were found for 15% resination; the bending properties of
panels made with PLA and PCL decreased with the resination increase; however, the rad-
ical drop in MOR and MOE occurred when resination grew from 15% to 20%.

A similar relation between the binder type and resination level was found for IB; how-
ever, a significantly higher IB among the panels with biopolymers was registered for WS
and PCL; the IB was not influenced by the density profile.

A slight, statistically insignificant reduction in TS, WA, and SWA was found for panels
with increasing biopolymer binder content; an intensive increase in TS and WA was noted
for WS after 24 h of soaking where the starch as a binder in wet form was mixed with fibers;
the PLA panels had the lowest WA, and the lowest SWA among the biopolymer-bonded
samples was for WS.

With the increase in resination for TPS from 12 to 20%, the value of the contact angle
increased both after 1 s and 60 s. The increase in resination for PLA from 12 to 15% caused
a statistically insignificant increase in the contact angle and a statistically insignificant de-
crease when resination grew from 15% to 20% for both 1 s and 60 s. The average value of
the contact angle for PCL increased with the increase in resin content, while for PCL20 an
increase in surface wettability was observed concerning PCL15.

In the case of dynamically evaporating solvents from binding mixtures, a develop-
ment of fibers’ resination (blending) techniques should be carried out, to avoid the uneven
spreading of the binder over the resinated material. Further research on improving the
strength of wood-based panels bonded with biopolymers should focus on improving their
adhesion to the surface of wood/wood particles or fibers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/£14010084/s1, Supplementary Material: Significant differences (x = 0.05) between factors and
levels.
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Abstract: Sengon (Falcataria moluccana Miq.) is one of the fastest growing wood that is broadly
planted in Indonesia. Sengon wood has inferior wood properties, such as a low density and
dimensional stability. Therefore, sengon wood requires a method to improve its wood quality
through wood modification. One type of wood modification is wood impregnation. On the other
hand, Betung Bamboo leaves are considered as waste. Betung Bamboo leaves contain silica. Based
on several researches, nano-SiO, could improve fast-growing wood qualities. According to its
perfect solubility in water, monoethylene glycol (MEG) is used in the study. The objectives are to
evaluate the impregnation treatment (MEG and nano-silica originated from betung bamboo leaves)
in regard to the dimensional stability and density of 5-year-old sengon wood and to characterize
the treated sengon wood. MEG, MNano-Silica 0.5%, MNano-Silica 0.75%, and MNano-Silica
1% were used as impregnation solutions. The impregnation method was started with 0.5 bar
of vacuum for 60 min, followed by 2.5 bar of pressure for 120 min. The dimensional stability,
density, and characterization of the samples were studied through the use of scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy, X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR). The results show that the treatment had a significant effect
on the dimensional stability and density of sengon wood. Alterations in the morphology of treated
sengon wood were observed through the full coverage of the pits on the vessel walls (SEM analysis
results) and the detection of ethylene (FTIR analysis results) and silica (XRD and FTIR analysis
results). Overall, the 0.75% MNano-Silica treatment was the most optimal treatment for increasing
the dimensional stability and density of 5-year-old sengon wood.

Keywords: betung bamboo; dimensional stability; impregnation; MEG; nano-silica; sengon

1. Introduction

Degradation and deforestation decrease wood production from our natural forests.
Therefore, we need alternative wood resources to overcome the wood supply shortage
through the utilization of fast-growing species [1] or a wood biomass [2-4]. Sengon (Fal-
cataria moluccana Miq.) is a type of fast-growing tree that is widely planted in community
forests and community plantation forests in Indonesia. Sengon has a short harvest time.
Owing to the rapid growth of the tree, the wood has a low density, strength, and durability,
as well as a high portion of it being juvenile wood [5]. Based on the research results of [6],
5- to 7-year-old jabon and sengon trees contain up to100% juvenile wood. The density and
hardness of sengon wood are 0.3-0.5 g/cm? and 112-122 kg/cm?, respectively. Sengon
wood is classified into a durability class of IV-V and strength class of IV-V [7]. Nowadays,
sengon wood in Indonesia is used for pulpwood, light construction, furniture, and wood
composite. Sengon wood production in Indonesia in 2019 was 5.47 million m? [8]. Therefore,
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the quality of fast-growing wood needs to be improved through technology. Wood modifica-
tion technology has been discussed in many journals in recent decades; however, only a few
technologies have led to industrial application. One of them is thermal modification. It is a
potential technology to be developed in industries. It improves the wood’s hygroscopicity,
dimensional stability, and durability without harming the environment [9-11]. However,
heat treatment degrades mechanical properties [12,13], decreases wood durability against
termites [14-16], and causes it to not be resistant to weathering [17]. In line with thermal
modification, chemical modification is a promising alternative for improving wood qualities.
There are two chemical modifications with the potential to be developed on an industrial
scale: acetylation and furfurylation [18]. The impregnation of molecular compounds into
the wood structure is also another option being able to increase the density and dimen-
sional stability of wood. Research on impregnation technology for fast-growing wood
has been carried out in Indonesia and other countries, using methyl methacrylate [19-21],
formaldehyde-based chemical compounds such as phenol formaldehyde [22,23], rosin [24],
furfuryl alcohol [25], paraffin [26], and aqueous solutions [27]. The utilization of chemical
substances and formaldehyde material for wood modification could have a hazardous
consequence to our health and environment. Therefore, we need to find other material
alternatives that are more environmentally friendly.

Silica is a chemical that has wide applications in various fields, including being used
as a polymer in wood impregnation. Silica can be obtained from the commercial markets
or extracted from natural materials, such as bamboo leaf ash, as shown in research [28].
Bamboo leaves are considered waste [29]. Researchers analyzed bamboo leaf ash and
found a silica content of 79.93%, which was the second largest content after rice husk
ash (93.2%) [30]. Based on the findings of [31], nano-SiO, could effectively improve the
dimensional stability and density of jabon wood. Similar outcomes were reported by [32]
using sengon wood and nano-SiO, and [33] using poplar wood (Populus spp.) treated
with furfuryl alcohol and nano-SiO,. Therefore, in this study, we produced nano-silica
created from betung bamboo leaves.

Monoethylene Glycol (MEG) is perfectly soluble in water, colorless, liquid, odorless,
has a low volatility and has a 62.07 g/mol molecule weight [34,35]. According to these
characteristics, MEG was used. In the current study, we aim to evaluate the impregnation
treatment (MEG and nano-silica derived from betung bamboo leaves) with regards to
the weight percent gain (WPG), anti-swelling efficiency (ASE), bulking effect (BE), water
uptake (WU), and density of 5-year-old sengon wood, and to characterize the treated
sengon wood.

2. Materials and Methods

This research was divided into several stages, namely, the preparation of wood sam-
ples; preparation of impregnation solutions; the impregnation process; the calculations
of the dimension stability and density. In this study, the materials used were bamboo
betung leaves; 5-year-old sengon wood from community forests in Sukabumi, West Java,
Indonesia; monoethylene glycol (MEG); demineralized water. The analytical techniques
included scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). Bam-
boo betung leaves used in the form of nano-silica in this study [28] had a particle size of
about 234.49-851.36 nm, where the average size was 472.67 nm with a PDI value (Particle
Dispersion Index) of 0.0670.

2.1. Preparation of Wood Samples

The sample size of the sengon wood for testing was 2 cm x 2 cm x 2 cm [36]. Testing
encompassed WPG, ASE, WU, BE, and oven-dried density. Each treatment had a total of
5 replicated samples.
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2.2. Preparation of Impregnation Solutions

Impregnation solutions were prepared by mixing MEG and nano-silica by using
an ultrasonic processor (amplitude of 40% for 60 min). In Table 1, it can be seen that
there were several treatments for the composition of the MEG and MEG solutions and
nano-silica (MNano-Silica).

Table 1. The volume of MEG and nano-silica as impregnation solutions.

Treatment MEG 50% (mL) Nano-Silica (g)
MEG 1000 0
MNano-Silica 0.5% 1000 5
MNano-Silica 0.75% 1000 75
MNano-Silica 1% 1000 10

2.3. The Impregnation Process

The impregnation process with MEG and the MNano-Silica solutions was carried out
by adapting a previously reported method [32], in which sengon wood was impregnated
using MEG and nano-5i0O;. Dimensional measurements and weighing were carried out
to test the WPG, BE, and WU [37], ASE [38], and the oven-dried density.

2.4. Calculation of Dimensional Stability and Oven-Dried Density

Calculations for WPG, ASE, BE, WU, and oven-dried density were conducted using
the following formulas:

WPG (%) = [(W1 — WO0)/WO] x 100 ASE (%) = [(Su — St)/Su] x 100
WU (%) = [(W2 — W1)/W1] x 100 BE (%) = (V1 — V0)/V0 x 100
B
3\
P (g/cm ) =y~ 100

where:

WO = the oven-dried weight of sample before treatment;

W1 = the oven-dried sample weight after treatment;

W2 = the weight of the sample after immersion in water for 24 h;
V0 = the oven-dried volume of sample before treatment;

V1 = the oven-dried sample volume after treatment;

Su = the volume shrinkage of untreated wood;

St = the volume shrinkage of treated wood;

B = the weight of the sample before or after treatment;

V = the volume of the sample before or after treatment.

ASE values were determined by cycled water soaking method [38]. It was repeated

3 times, while oven-dried density after treatment was evaluated by taking into account
WPG and BE values and untreated oven-dried density as a baseline.

2.5. Data Analysis Procedure

The simple, completely randomized design with 1 factor was used in this study, the
factor being, namely, the treatment variation factor at 4 levels, namely, MEG, MNano-
Silica 0.5%, MNano-Silica 0.75%, and MNano-Silica 1%. Statistical analyses were carried
out by using IBM SPSS Statistics software (version 25.0), and the Duncan test at o = 1%
was conducted if there was a significant difference.

3. Results

Dimensional stability testing on sengon wood included the calculation of the WPG,
ASE, WU, BE, and oven-dried density. The results of the dimensional stability tests for
sengon wood can be seen in Table 2.
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Table 2. Testing the dimensional stability of sengon wood.

Treatment WPG (%) ASE (%) WU (%) BE (%) Dgl‘;(';tr; ?;:i3)
MEG 27.187 (+£3.42) 53287 (£6.73)  101.689 (+191)  2.89° (+:0.84) 0.382 (40.02)
MNano-Silica 0.5% 44.61" (+2.29) 72,98 (+3.88) 76.16 © (+3.30) 485 (£0.63) 0.422 (+0.15)
MNano-Silica 0.75% 50.20 © (41.43) 83.36 © (+4.19) 67.99 b (£2.81) 9.78 € (£0.94) 0.42 @ (+0.03)
MNano-Silica 1% 58.03 9 (+2.39) 87.69 € (4+6.15) 56342 (+£3.88)  10.85¢ (£1.37) 0.46® (40.01)

Note: Values in parentheses indicate the standard deviations. * Values followed by the different letters show real difference according to
the Duncan test.

The WPG value for sengon wood increased along with the nano-silica concentration, presumably
because the MEG and nano-silica entered the sengon wood structure. The ASE value of sengon wood also
increased with each treatment. These results show that the MEG and nano-silica solutions increased in
concentration in each treatment. The WU value decreased as treatments used a greater concentration of
nano-silica. This result was correlated with the high WPG and ASE value. The BE value of sengon wood
also increased with each treatment using a high nano-silica concentration, indicating that the added MEG
and nano-silica functioned as bulking agents. The oven-dried density value of sengon wood increased
with each treatment using a higher level of nano-silica. The percentage of increased oven-dried density
after being treated was 26% (MEG), 40% (MNano-Silica 0.5% and 0.75%), and 53% (MNano-Silica 1%).
Overall, the analysis of variance showed that each MEG and nano-silica impregnation treatment had a
significant effect on sengon wood. Results were influenced by the various concentrations (0.5%, 0.75%,
and 1%) of nano-silica used.

3.1. Characteristics of Impregnated Sengon Wood
3.1.1. SEM-EDX Analysis

Figure 1a shows pits in the vessel wall of sengon wood that were not closed. In Figure 1b, through
the addition of 0.5% MNano-Silica, the sengon wood underwent morphological changes. Figure 2a
shows that, with the addition of 0.75% MNano-Silica, nano-silica could enter the pits in the sengon
wood, adhere to the vessel walls, and almost entirely cover all of them. A similar result was found with
the addition of MNano-Silica 1% (Figure 2b), with nano-silica covering the entire surface. Additional
information obtained from the analysis by SEM included EDX data, which are described in Table 3.

(a) (b)
Figure 1. Morphology of wood (a) sengon MEG and (b) sengon MNano-Silica 0.5%.
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(@) (b)
Figure 2. Morphology of wood (a) sengon MNano-Silica 0.75% and (b) sengon MNano-Silica 1%. Magnification
1000 x.

Table 3. Chemical content of treated sengon wood.

Silicon (wt. %)

Treatment
MEG 0
MNano-Silica 0.5% 0.35
MNano-Silica 0.75% 0.59
MNano-Silica 1% 0.62

3.1.2. XRD Analysis

In sengon wood (Figure 3), MEG treatment was detected as high-intensity cellulose peaks with an
angle of 20 = 22.47°. The silica peaks were detected with a high-intensity treatment of MNano-Silica
0.5%, MNano-Silica 0.75%, and MNano-Silica 1% at angles of 26 = 20.59°, 20.51°, and 21.06°, respec-
tively, which were close to the silica peak in the JCPDS 44-1394 database, namely, angles of 26 = 20.54°
and 21.13°. In the MNano-Silica 0.5%, MNano-Silica 0.75%, and MNano-Silica 1% treatments, cellulose
peaks were detected at angles of 20 = 22.61°, 22.67°, and 22.19°, respectively, which corresponded
to the cellulose peaks in the JCPDS 03-0226 database, namely an angle of 20 = 22.26°. Furthermore,
cellulose peaks were also detected in the MEG treatment for an angle of 20 = 17.04°. This result was
close to the peak of cellulose in the JCPDS 03-0226 database, namely, an angle of 26 = 17.13°.

——MEG — MNano-Silica 0.5% MNano-Silica 0.75% MNano-Silica 1%

Too2

Ton2
|

Intensity

uMMWWM
5 10 15 20 25 30 35 40

286
Figure 3. XRD spectra of sengon wood after impregnation treatment.

In the MNano-Silica 0.5% treatment of sengon wood, a silica peak of 26 = 18.61° was detected,
which was in accordance with the JCPDS 44-1394 database, namely, an angle of 20 = 18.54°. Furthermore,
in the MEG treatment of sengon wood, cellulose peaks were detected for an angle of 20 = 17.04°. These
result were close to the peak of cellulose to the JCPDS 03-0226 database, namely, an angle of 20 = 17.13°.
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This peak disappeared with the addition of nano-silica used in the treatment. Additional information
obtained during XRD testing included data on the degree of crystallinity, which can be seen in Table
4. The results showed that the crystallinity degree of the sengon wood, augmented with the MEG
treatment compared to the MNano-Silica 0.75% treatment, indicated that the addition of nano-silica
could increase crystallinity.

Table 4. Crystallinity degree of treated sengon wood.

Treatment Crystallinity Degree (%)
MEG 24.00
MNano-Silica 0.5% 27.94
MNano-Silica 0.75% 30.79
MNano-Silica 1% 29.22

The crystallinity degree in sengon wood decreased with the addition of 1% (29.22%) nano-silica,
presumably because the resulting silica had an amorphous structure and the resulting nano-silica had a

semi-crystalline structure. The nano-silica produced was semi-crystalline, which was likely influenced
by the sonication treatment used.

3.1.3. FTIR Analysis

Figure 4 shows the FTIR spectrum of five sengon wood samples with a wavenumber ranging from
500 to 4000 cm~!. The peak of the Si-O-Si vibrational silica was detected at the wavenumber 1060.45
cm ™! with the addition of MNano-Silica 0.5% and strengthened by the appearance of wave numbers
1056.39 cm~! and 1112.19 cm ! with the addition of MNano-Silica 0.75%. Very similar results were
also shown for the addition of MNano-Silica 1%, with wavenumbers 1058.11 cm ! and 1113.15 cm ™!
(Figure 4).

o CH Cc=0 -
~ 1 - N\
| 18i-O-$i
, //\ lsi 9 . f N
ui? L
B v — T \ N e _—
\ //"\ w, Vot o/ Untreated
A/ o
;\; N4 ’\,\J“ MEG
=~ — MNano-Silica 0.5%
8 /\K_’_N’ ——W/v\\
g ——— MNano-Silica 0.75%
= |
£ —_ MNano-Silica 1%
[} b
c ’—\A,
E ﬁ/—/_\
=
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)
Figure 4. FTIR analysis of sengon wood after impregnation treatment.

4. Discussion

The impregnation using a polymer caused it to penetrate the wood, which could be followed
by bonding with the constituent components of cell walls as described in [37]. Due to the increased
ASE value, the wood'’s ability to adsorb water was reduced to vapor from the surroundings [28]. This
finding indicated that the wood’s ability to absorb water became lower with each treatment. The higher
the BE value, the more polymer filling the cell walls in the wood, which could increase the dimensional
stability of the wood. This outcome was in line with the increase in the WPG value from one treatment
to the next. The increase in the WPG value of sengon wood was directly comparable to the BE value.
The higher the WPG values, the higher the oven-dried density of sengon wood.
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This result corresponded with research reported by [32], who showed that the replenishment
of nano-silica in the impregnation of sengon wood had a significant effect on each treatment. For
sengon wood treated by nano-silica derived from the leaves of bamboo betung, the 0.75% MNano-
Silica treatment was optimal for increasing the dimensional stability and the oven-dried density of
fast-growing sengon wood.

4.1. Characteristics of Impregnated Sengon Wood
4.1.1. SEM-EDX Analysis

MNano-Silica was deposited into vessel walls and covered the cell wall of sengon wood. The
image generated from the SEM-EDX test showed that the MNano-Silica 0.5% had a significant effect on
the morphology of sengon wood. The MNano-Silica 0.75% resulted in better morphological changes
compared with a concentration of 0.5%. Overall, these results indicate that the replenishment of
nano-silica at various concentrations could affect the morphology of sengon wood.

The SEM analysis above explains the cause of this treated sengon wood that underlies the decrease
in the WU value and the increase in the value of the dimensional stability parameters and oven-dried
density. The nano-silica addition could improve the distribution of the MNano-Silica solution. Based
on the above results, the MNano-Silica 0.75% treatment showed optimal results compared with other
treatments.

4.1.2. XRD Analysis

Similar results were shown by [32], who reported that the degree of crystallinity of sengon wood
as a result of MEG and nano-5iO; impregnation increased from the MEG treatment up to MEGSiO; 1%.
The XRD analysis results showed the effect of adding nano-silica to values for dimensional stability
parameters and the resulting oven-dried density. This effect was assisted by the appearance of silica
peaks detected in the diffraction plane based on the JCPDS database, and it was concluded that the
added nano-silica increased the crystallinity degree.

4.1.3. FTIR Analysis

In the wood sample, the functional group detected at wave number 3400 cm™" was a functional
group -OH stretching; at wave number 1730 cm ™!, it was a functional group C=O stretching from
the acetyl group; then, at wave number 1261 cm ™!, it was a functional group CO of guaiasil ring
stretching [39]. In sengon wood, a C-H stretching peak of the -CH, group was detected, which
appeared at wave number 2905.34 cm !, which corresponded to the ethylene glycol peak [40]. The
presence of the Si—-O-Si functional group indicated the presence of silica in jabon and sengon wood.
This was in line with [41], who found that the range of wavenumbers was 1050-1115 cm~!. This range
of wavenumbers is called the Si—-O-5i vibration.

1

5. Conclusions

The impregnation of an MEG and nano-silica mixture had a significant effect on the resulting
WPG, WU, ASE, BE, and oven-dried density of sengon wood. Changes in the morphology of the
treated sengon wood were indicated by the closure of the pits on the vessel walls (SEM analysis results)
and the detection of ethylene glycol (FTIR analysis results) and silica (XRD and FTIR analysis results)
in the wood samples. Overall, the MNano-Silica 0.75% treatment was the optimal method to increase
the dimensional stability of 5-year-old sengon wood.

Author Contributions: Conceptualization, I.R.; methodology, I.R. and F.C.D., AM. and E.P; software, F.C.D. and
E.P; validation, .LR., A.M., W.D. and D.N.; formal analysis, EC.D.; investigation, I.R., EC.D. and E.P.; resources,
LR data curation, EC.D. and E.P,; writing—original draft preparation, F.C.D.; writing—review and editing, L.R.,
W.D. and D.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education, Culture and Research and Technology of
Indonesia (grant no. 1/E1/KPPTNBH/2021 and grant no. 8/E1/KPT/2021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

164



Forests 2021, 12, 1581

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful for the support of the Ministry of Education, Culture and Research
and Technology of Indonesia (grant no. 1/E1/KPPTNBH/2021 and grant no. 8/E1/KPT/2021).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Adi, D.S,; Risanto, L.; Damayanti, R.; Rullyati, S.; Dewi, L.M.; Susanti, R.; Dwianto, W.; Hermiati, E.; Watanabe, T. Exploration of
Unutilized Fast Growing Wood Species from Secondary Forest in Central Kalimantan: Study on the Fiber Characteristic and
Wood Density. Procedia Environ. Sci. 2014, 20, 321-327. [CrossRef]

Szostak, A.; Bidzinska, G.; Ratajczak, E.; Herbe¢, M. Biomasa drzewna z upraw drzew szybkorosna{ogonek}cych jako alternaty-
whne zrodio surowca drzewnego w Polsce. Drewno 2013, 190, 85-113. [CrossRef]

Bredemeier, M.; Busch, G.; Hartmann, L.; Jansen, M.; Richter, F.; Lamersdorf, N.P. Fast growing plantations for wood production—
Integration of ecological effects and economic perspectives. Front. Bioeng. Biotechnol. 2015, 3, 1-14. [CrossRef] [PubMed]
Gatazka, A.; Szadkowski, ]. Enzymatic hydrolysis of fast-growing poplar wood after pretreatment by steam explosion. Cellul.
Chem. Technol. 2021, 55, 637-647. [CrossRef]

Kojima, M.; Yamamoto, H.; Okumura, K.; Ojio, Y.; Yoshida, M.; Okuyama, T.; Ona, T.; Matsune, K.; Nakamura, K.; Ide, Y.; et al.
Effect of the lateral growth rate on wood properties in fast-growing hardwood species. J. Wood Sci. 2009, 55, 417-424. [CrossRef]
Rahayu, I.; Darmawan, W.; Nugroho, N.; Nandika, D.; Marchal, R. Demarcation point between juvenile and mature wood in
sengon (Falcataria moluccana) and jabon (Antocephalus cadamba). J. Trop. For. Sci. 2014, 26, 331-339.

Martawijaya, A.; Kartasujana, I.; Kadir, K.; Prawira Among, S. Indonesian Wood Atlas Volume 1; Forest Research and Development
Agency, Ministry of Forestry Republik of Indonesia: Jakarta, Indonesia, 2005; pp. 1-171.

[BPS] Central Bureau of Statistics. Statistic of Forestry Production 2019; Central Bureau of Statistics: Jakarta, Indonesia, 2019.
Popper, R.; Niemz, P; Eberle, G. Investigations on the sorption and swelling properties of thermally treated wood. Holz. Roh. Wer.
2005, 63, 135-148. [CrossRef]

Kocaefe, D.; Younsi, R.; Chaudry, B.; Kocaefe, Y. Modeling of heat and mass transfer during high temperature treatment of aspen.
Wood Sci. Technol. 2006, 40, 371-391. [CrossRef]

Pratiwi, L.A.; Darmawan, W.; Priadi, T.; George, B.; Merlin, A.; Gérardin, C.; Dumargay, S.; Gérardin, P. Characterization of
thermally modified short and long rotation teaks and the effects on coatings performance. Maderas Cienc. Y Tecnol. 2019, 21,
209-222. [CrossRef]

Bekhta, P.; Niemz, P. Effect of high temperature on the change in color, dimensional stability and mechanical properties of spruce
wood. Holzforschung 2003, 57, 539-546. [CrossRef]

Gokhan, G.; Deniz, A. The influence of mass loss on the mechanical properties of heat-treated black pine wood. Wood Res. Slovak.
2007, 54, 33-42.

Shi, J.L.; Kocaefe, D.; Amburgey, T.; Zhang, ]J. A comparative study on brown-rot fungus decay and subterranean termite
resistance of thermally-modified and ACQ-C-treated wood. Holz. Als. Rohund Werkst. 2007, 65, 353-358. [CrossRef]

Sivrikaya, H.; Can, A.; de Troya, T.; Conde, M. Comparative biological resistance of differently thermal modified wood species
against decay fungi, Reticulitermes grassei and Hylotrupes bajulus. Maderas Cienc. Y Tecnol. 2015, 17, 559-570. [CrossRef]
Salman, S.; Thévenon, M.E; Pétrissans, A.; Dumargay, S.; Candelier, K.; Gérardin, P. Improvement of the durability of heat-treated
wood against termites. Maderas Cienc. Y Tecnol. 2017, 19, 317-328. [CrossRef]

Yildiz, S.; Tomak, E.D.; Yildiz, U.C.; Ustaomer, D. Effect of artificial weathering on the properties of heat treated wood. Polym.
Degrad. Stab. 2013, 98, 1419-1427. [CrossRef]

Gérardin, P. New alternatives for wood preservation based on thermal and chemical modification of wood—A review. Ann. For.
Sci. 2016, 73, 559-570. [CrossRef]

Wardani, L.; Risnasari, I.; Yasni, H.Y.S. Resistance of jabon timber modified with styrene and methyl methacrylate against
drywood termites and subterranean termites. In Proceedings of the 9th Pacific Rim Termite Research Group Conference, Hanoi,
Vietnam, 27-28 February 2012; Science and Technics Publishing House: Hanoi, Vietnam, 2012; pp. 73-78.

Hadi, Y.S.; Rahayu, I.S.; Danu, S. Physical and mechanical properties of methyl methacrylate impregnated jabon wood. J. Indian
Acad. Wood Sci. 2013, 10, 77-80. [CrossRef]

Hadi, Y.S.; Rahayu, L.S.; Danu, S. Termite resistance of jabon wood impregnated with methyl methacrylate. J. Trop. For. Sci. 2015,
27,25-29.

Gabrielli, C.P; Kamke, F.A. Phenol-formaldehyde impregnation of densified wood for improved dimensional stability. Wood Sci.
Technol. 2010, 44, 95-104. [CrossRef]

Fukuta, S.; Watanabe, A.; Akahori, Y.; Makita, A.; Imamura, Y.; Sasaki, Y. Bending properties of compressed wood impregnated
with phenolic resin through drilled holes. Eur. J. Wood Wood Prod. 2011, 69, 633—-639. [CrossRef]

Dong, Y.; Yan, Y.; Wang, K.; Li, ].; Zhang, S.; Xia, C.; Shi, S.Q.; Cai, L. Improvement of water resistance, dimensional stability, and
mechanical properties of poplar wood by rosin impregnation. Eur. |. Wood Wood Prod. 2016, 74, 177-184. [CrossRef]

Pfriem, A.; Dietrich, T.; Buchelt, B. Furfuryl alcohol impregnation for improved plasticization and fixation during the densification
of wood. Holzforschung 2012, 66, 215-218. [CrossRef]

165



Forests 2021, 12, 1581

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Esteves, B.; Nunes, L.; Domingos, I.; Pereira, H. Improvement of termite resistance, dimensional stability and mechanical
properties of pine wood by paraffin impregnation. Eur. . Wood Wood Prod. 2014, 72, 609-615. [CrossRef]

Tsioptsias, C.; Panayiotou, C. Thermal stability and hydrophobicity enhancement of wood through impregnation with aqueous
solutions and supercritical carbon dioxide. J. Mater. Sci. 2011, 46, 5406-5411. [CrossRef]

Dirna, F.C.; Rahayu, I.; Maddu, A.; Darmawan, W.; Nandika, D.; Prihatini, E. Nanosilica synthesis from betung bamboo sticks
and leaves by ultrasonication. Nanotechnol. Sci. Appl. 2020, 13, 131-136. [CrossRef] [PubMed]

Priyanto, A. Synthesis and Application of Silica Derived from Leaves ash of Betung Bamboo (Dendrocalamus Asper (Schult F.) Backer
Ex Heyne) to Reduce Ammonium and Nitrat Content on Liquid Tofu Waste [Undergraduate].; Walisongo Islamic State University:
Semarang, Indonesia, 2015.

Dwivedi, V.N.; Singh, N.P; Das, S.S.; Singh, N.B. A new pozzolanic material for cement industry: Bamboo leaf ash. Int. J. Phys.
Sci. 2006, 1, 106-111. [CrossRef]

Dirna, F.C; Rahayu, I.; Zaini, L.H.; Darmawan, W.; Prihatini, E. Improvement of fast-growing wood species characteristics by
MEG and nano SiO, impregnation. J. Korean Wood Sci. Technol. 2020, 48, 41-49. [CrossRef]

Rahayu, I.; Darmawan, W.; Zaini, L.H.; Prihatini, E. Characteristics of fast-growing wood impregnated with nanoparticles. J. For.
Res. 2020, 31, 677-685. [CrossRef]

Dong, Y,; Yan, Y,; Zhang, S.; Li, ]. Wood /polymer nanocomposites prepared by impregnation with furfuryl alcohol and Nano-SiO,.
BioResources 2014, 9, 6028-6040. [CrossRef]

Eisenreich, S.J.; Looney, B.B.; Thornton, J.D. Airborne organic contaminants in the Great Lakes ecosystem. Environ. Sci. Technol.
1981, 15, 30-38. [CrossRef]

[ATSDR] Agency for Toxic Substances and Disease. Agency Toxicological Profile for Ethylene Glycol and Propylene Glycol; [ATSDR]
Agency for Toxic Substances and Disease: Atlanta, GA, USA, 1997; p. 249.

[BS] British Standard. Methods of Testing Small Clear Specimen of Timber. BS 373:1957. In Annual Book of BS Standard; British
Standard Institution: London, UK, 1957.

Hill, C.A.S. Wood Modification: Chemical, Thermal and Other Processes; Wiley Series in Renewable Resources; Wiley: Chichester, UK,
2006; ISBN 9780470021729.

Rowell, R.M.; Ellis, W.D. Determination of dimensional stabilization of wood using the water-soak method. Wood Fiber 1978, 10,
104-111.

Pandey, K.K. A Study of Chemical Structure of Soft and Hardwood and Wood Polymers by FTIR Spectroscopy. J. Appl. Polym. Sci.
1999, 71, 1969-1975. [CrossRef]

Sukirno, E.; Shofiyani, A. Nurlina. Fabrication of si/pva/peg composit membrane derived from silica of singkup stone for
reducing solution phosphat ion contentration. J. Equatoria.l Chem. 2017, 6, 1-9.

Patil, R.C.; Dongre, R.; Meshram, J. Preparation of silica powder from rice husk. Agric. Eng. Int. CIGR |. 2017, 19, 158-161.

166



'™ forests

Article

The Influence of Processing Conditions on the Quality of Bent
Solid Wood from European Oak

Ales Straze 1, Jure Zigon !, Stjepan Pervan 2, Mislav Mik3ik ? and Silvana Prekrat 2-*

Biotechnical Faculty, University of Ljubljana, Jamnikarjeva 101, 1000 Ljubljana, Slovenia;
ales.straze@bf.uni-lj.si (A.S.); jure.zigon@bf.uni-lj.si g.2)

Faculty of Forestry, University of Zagreb, Svetosimunska cesta 23, 10000 Zagreb, Croatia;
spervan@sumfak.unizg.hr (S.P.); mmiksik@sumfak.unizg.hr (M.M.)

*  Correspondence: sprekrat@sumfak.unizg.hr; Tel.: +385-1-235-2408

Abstract: Bending of solid wood from European oak is one of the most demanding technological
processes due to its specific structural and physical properties and variability. We investigated the
influence of wood moisture content (MC) and stiffness, determined by NDT, as well as previous
drying methods on the bending ability of the wood. The best quality was obtained with bending
specimens bent at a moisture content of at least 16% and quarter- or semi-quartersawn. The number
of rejected specimens increased slightly when HF bending was used. Single-stage predrying of oak
to a final MC of 8% resulted in a high rejection rate (>70%) regardless of drying technique. The
acceptance rate was higher for less stiff specimens where the ratio of ultrasonic velocity in the straight
(vs) and bent region (vg) was less than 0.5 (vg/vs).

Keywords: wood; solid wood bending; quality; nondestructive testing

1. Introduction

European oak (Quercus robur L., Quercus petraea (Matt.) Liebl.) is an important com-
mercial tree species and a widely used industrial wood for a variety of products such as
veneers, furniture, interior and exterior structures, and many other items [1]. In modern
production of solid oak furniture, the need for complex spatial shapes of furniture elements
is common. In these cases, the reduced mechanical properties of the wood in the transverse
direction can be a limiting technological and applicable factor. Difficulties in the production
of complex 3D solid wood shapes also arise from the low material yield during sawing
and from the demanding technological processing [2,3]. One solution that overcomes these
limitations is solid oak bending.

Solid wood bending has been practiced for centuries, and the quality of the bending
is judged by the proper deformation achieved without apparent failure of the wood [4].
Of particular interest in solid wood bending are the effects of creep and, to a lesser extent,
relaxation. Creep is greatly enhanced by the absolute value of moisture content (MC)
and by the changes in MC of the wood under bending load due to the mechanosorptive
effect [5-7]. The rate and extent of mechanosorptive deformation correspond to the extent
of MC changes and are usually independent of the time during which the MC changes
occurred [8,9].

In the practice of commercial wood bending, moistened solid wood is usually bent
at higher temperatures, which leads to a corresponding plasticity of the material [10]. It
is assumed that under such conditions the glass transition temperature (Tg), at which the
modulus of elasticity (MOE) decreases significantly, is exceeded for some or all of the basic
polymeric constituents of the wood. The highest Tg in the dry state, above 200 °C, was
found for cellulose, slightly lower, between 150 °C and 180 °C, for hemicelluloses, and
below 150 °C for lignin [11,12]. However, several studies show that the transition from
elastic to plastic mechanical behavior of wood occurs at temperatures well below 100 °C,
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especially at higher moisture contents [13,14]. Most explanations for this phenomenon state
that the low-molecular-weight water molecules in wood act as diluents and plasticizers [7].

However, the correct MC of specimens before bending is controversial. Condition-
ing the material in the range of 12 to 25% MC covers most bending applications and
methods [15]. Specific bending radii and severity of deformation may require different
MCs, achieved by different drying and presteaming methods [16,17]. Heat and moisture
plasticizing by presteaming increases the compressibility of the wood by up to 40% of the
compressive strain, but has virtually no effect (up to 2%) on the tensile ductility of the
wood [10,15,18]. The softening treatment shifts the neutral axis of the bent parts towards
the convex side, which is axially stressed during bending. This shift significantly improves
the bending deformation of the wood. In addition, a metal band with end stop is used,
which is wrapped around the convex side of the sample, a method discovered by Thonet
in 1856 [18].

Due to the wide variability of chemical, structural, and mechanical properties of wood
species, the bending quality of wood varies, so selection is important. The highest bending
quality is obtained with straight-grained pieces, free of crossgrain, of generally fast-growing
and less dense species [18,19]. Some studies also report that ring-porous woods generally
give better results than diffuse-porous woods. In practice, quartersawn lumber is preferred
for bending, but some sources also indicate that flatsawn lumber bends better in severe
bends [10,16,18].

In this study, we aimed to investigate the possibility of bending of European oak
wood, which is less commonly used in industrial practice because of the good bending
properties of other European hardwoods. We were particularly interested in the influence
of wood moisture content and previous drying methods on the bending ability of the wood.
We also wanted to see if it was possible to determine the quality of the bending using
non-destructive techniques.

2. Materials and Methods
2.1. Sampling

The European oak (Quercus robur L.) wood used in the study was obtained by sawing
1st-grade oak logs. The test pieces were 1300 mm long, 60 mm wide, and 38 mm thick and
were straight-grained and sawn from heartwood. A total of 120 elements were taken from
the mill’s own lumberyard (Spin Valis d.d., Pozega, Croatia; N 45.338396°, E 17.690455°,
311 m a.s.l.), with 40% of the elements oriented radially (R; quartersawn) and semi-radially
(RT) and 20% of the elements oriented tangentially (T; flatsawn) (Figure 1). The initial
moisture content of the samples was 56.3% (St.dev. = 10.2%; St.dev.—Standard deviation).

Figure 1. Sampling and sorting of green oak wood in the woodyard (a), wax protection of the front

and back ends before drying (b), and orientation of the wood grain of test pieces (c).
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2.2. Material Processing
2.2.1. Wood Drying

To optimize the organization of the industrial production process, 3 different sawn-
wood drying techniques were included in the study: air drying (AD), convection kiln
drying (KD), and vacuum drying (VD). To achieve sufficiently short processing times, we
have combined these available industrial drying techniques. We have tested the possibility
of single-phase processing of oak elements to a final moisture content (MC) of 8% before
bending (G1, G;) and two-phase processing (Gs, G4). In the latter case, phase 1 is performed
up to a wood MC of 16%, at which the wood was bent. For high wood MCs, only air drying
and convection kiln drying were used, while for drying at low MCs (<16%), vacuum drying
was additionally tested. By combining different drying techniques (AD, KD, VD) and the
final MC achieved before the bending process (16% and 8%), 4 test groups (Gy...Gys) were
formed (Table 1).

Table 1. Classification into process groups (Gj...Gy) and treatment sequence of test oak samples,
with target moisture content, before and/or after solid wood bending.

Test Group Processing Procedure No. of Samples
Gq Air drying (20...25%) — Kiln drying (8%) — Bending 30
Gy Kiln drying (20...25%) — Vacuum drying (8%) — Bending 30
Gs Kiln drying (16%) — HF Bending — Kiln drying (8%) 30
Gy Kiln drying (16%) — Bending — Kiln drying (8%) 30

Air drying of G; test samples took place in the first half of 2022 in the sawmill
warehouse at the company’s site. The average drying temperature increased from 3 °C in
January to 18 °C at the end of May 2022. Subsequently, the G; samples were conventionally
dried in the kiln dryer at normal temperature (<45 °C) and moderate drying gradient (<2.5)
until a target value of 8% MC was reached. The solid wood was then steamed and bent.

For the G, samples, standard convection kiln drying was performed at low tempera-
ture from the initial green state to 22% MC. These samples were then placed in a vacuum
drying chamber where heat transfer was performed using the hot plate method. Vacuum
drying was performed at a temperature as high as 70 °C and an absolute vacuum of nearly
100 mbar to achieve a final value of 8% MC. This was followed by steaming and bending of
dried raw oak wood pieces.

The samples in groups Gz and G4 were also kiln dried using the same drying equip-
ment as for samples G; and G, (Figure 2a). However, the samples of groups G and G4
were dried in 2 stages. First, they were convection kiln-dried as raw elements at low
temperature (following the same drying schedule as group G;) until they had a final MC of
16%. The solid wood was then steamed and bent. The bent solid wood elements were then
dried in the same kiln dryer at normal temperature to a final MC of 8%, as in Gj.

Figure 2. Normal temperature convection kiln drying (KD) of test oak samples (a) and vacuum
drying (VD), using hot plate method for heat transfer (b).
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2.2.2. Solid Wood Steaming

Before bending, the dried specimens were steamed. The specimens were placed in
boilers heated with steam at 130 &= 3 °C and a pressure of 1.8 bar. The process took an
average of 3.5 h (0.5 h). The temperature at the end of steaming, just before the specimens
were placed in the bending press, was checked with a non-contact thermal imaging camera
(FLIR i60; FLIR Systems AB, Téaby, Sweden). The surface temperature of the specimens was
above 70 °C, while the temperature inside the specimens was even higher (Figure 3).
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Figure 3. Steaming of solid oak specimens in boiler (a) and achieved surface temperature (FLIR i60)
before the bending (b).

2.2.3. Solid Wood Bending

The bending of the oak specimens of groups G1, Gy, and G4 was carried out classically
in the bending press using a metal belt with end stop on the convex side of the specimens.
A mold with a center radius of 150 mm was used for bending. Three specimens each
were placed in the press-bending mold. The angle between the two straight parts of the
bent specimen was 105°, which corresponded to the desired geometry of the piece of
furniture—the armchair (Figure 4). The pressing time was 30 min. Subsequently, the bent
specimens were placed in stacks, either for further mechanical processing (G; and G;) or
for additional drying (Ga).
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Figure 4. Press with bending mold (a) and achieved temperature (FLIR i60) in bent oak samples
during the bending process of (b).

To increase productivity, G3 samples were bent at high frequency (HF). Research
on microwave drying of wood has been conducted since the early 1960s and is well-
documented [20]. The same press and mold was used for HF bending as for conventional
bending. With a 20 kW HF generator, the wood was bent at 10 MHz, heated, and finally
dried to 8% MC. The pressing time was on average 30 min.
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2.3. Quality Assessment of Bent Oak Elements

The quality of the bent oak was determined primarily visually. In the bending area,
the tested specimens were carefully inspected in all planes. Bending was confirmed to be
successful when the specimens showed no tensile cracks and failures on the convex side
and a homogeneous structure on the concave side. Specimens with local bending, buckling,
and kneading of the fibers on the concave side of the specimens were also rejected.

The velocity of ultrasound (v) has been added to the quality assessment of bent oak
samples with twice-per-piece (vs—straight part, vg—bent region) measurement of the time
of flight in the longitudinal direction by Proceq Pundit PL-200PE (Proceq Inc., Scharzenbach,
Switzerland) pulse ultrasonic device. The exponential transducers with working 54 kHz
frequency were used (Figure 5). The velocity of ultrasound in the straight part of the
specimens (vs) and wood density (p) were used to determine the modulus of elasticity
(MOE) of bent oak specimens (Equation (1)).

MOE =p - v3 1)

Figure 5. Determination of the velocity of ultrasound (Proceq PL-200PE) in the straight part (vg)

(a) and in the bent region (vg) of solid oak specimens (b).

3. Results and Discussion
3.1. Process Kinetics

Air drying of G; specimens was the slowest and the longest process, depending on
local climatic conditions. Air drying lasted 84 days, during which the wood reached an
average MC of 21.9%. We then dried the wood in a convection kiln dryer for an additional
28 days to an average final MC of 8.7%. The drying of group G, was only slightly faster
than that of group G;. In the first part, drying took 56 days to an average MC of 20.8%,
followed by 11 days of vacuum drying to a final MC of 8.6%. In both groups, specimen
bending was performed at low MC (<10%) (Figure 6).
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Figure 6. Kinetics of drying processes with bending of four tested groups of oak specimens, used
for solid wood bending: G; sequence: 1. air drying (AD) — 2. kiln drying (KD) — 3. bending, G,
sequence: 1. kiln drying (KD) — 2. vacuum drying (VD) — 3. bending, G3, G4 sequence: 1. kiln
drying (KD) — 2. bending — 3. kiln drying (KD) (— 1st drying technique, - - - 2nd drying technique).
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The drying of the Gz and G4 samples was carried out in the same way as that of the G,
samples in the first phase. An average MC of 16.8% was obtained, and the wood was bent
in this condition, using the HF field in group G3 and the conventional method in group Gy.
The drying of the bent wood of groups Gz and G4 in the second phase in a kiln dryer to a
final MC of 8.6% took another 39 days.

3.2. Bending Success Rate of Oak Wood

Bending success rates were highest for groups Gs (60.9%) and G, (42.9%) when
specimens were bent at higher MCs (>16%). In these two groups, Gz specimens appear
to have lost some success at the expense of HF bending (Figure 7). As other studies have
shown, excessive energy input of HF into the bent specimens can lead to an increase in
temperature and, due to trapped moisture in the specimens, an increase in vapor pressure
that can break down the cellular wood structure [17]. Especially in impermeable wood
species such as European oak [21], this can lead to high internal stresses and possibly failure.
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Figure 7. Bending success rate of oak wood in each test group (Gj...G4) with respect to orientation
of specimens (quartersawn, half-quartersawn, flatsawn).

However, we did not succeed in bending the G; (28.6%) and G, (8.3%) samples. It
appears that the low moisture content of the bends (MCg; = 8.7%; MCg, = 8.6%) does not
allow the necessary plastic deformability that can be achieved when the material exceeds
the glass transition temperature [14,15]. At the same time, it is shown that accelerated
vacuum drying in stage 2, from 20.8 to 8.6% MC (G, group), can cause high internal stresses
due to the poor permeability of the oak wood tissue [22]. These can lead to additional
microstructural defects, which then cause the material to fail during bending. This is
reflected in the higher rejection rate of the G, group compared to Gy.

3.3. Appearance and Visual Assessment of Defects of Bent Oak Wood

Visual inspection of the rejected bent oak specimens revealed approximately three
typical defects, with material failing on the concave side (I), on the convex side (II), or on
both sides (III) (Figure 8). On the concave side, local wrinkling, buckling, and kneading of
the fibers were observed, most pronounced at the bottom of the curve (Figure 8b, I—failure
type). On the opposite, convex side, several of the rejected bends exhibited tensile failure,
with both brittle and fiber breaks (Figure 8c, Il—failure type). The worst case, where
bending was unsuccessful, was represented by the test specimens where local fractures
occurred on both the concave and convex sides (Figure 8d, Ill—failure type).

The various failure modes occurred to about the same extent in all specimen groups
examined (Gj...Gy). For the individual orientations (quartersawn, quarter- to flatsawn,
flatsawn), we could not identify a characteristic failure mode. The main cause of structural
failure appears to be poor plasticization of the specimens before or during the bending pro-
cess. This is also a commonly cited reason for solid wood bending in past research [4,10,18].
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Figure 8. Visual assessment of defects on bent oak: (a) no defects present, (b) wrinkling, buckling,
and kneading of fibers on concave side (I—failure type), (c) tensile brittle fiber break (II—failure type),
(d) buckling and kneading of fibers on concave side with additional tensile fiber break on convex
side (Ill—failure type).

3.4. Physical and Acoustic Properties of Bent Oak Wood

The average density of oak wood at an average final MC of 8.4% was 634 kg/m?
(CoV = 8.1%; CoV—=Coefficient of Variation), which is lower compared to the results of
other studies on this species [23-26]. Some studies suggest that the lignin content decreases
with increasing density of oak wood, which could affect the bending capacity of the
wood [27,28]. No significant differences were found between the mean values of the groups
(pg1 =640 kg/ m3, pgp = 635 kg/ m3, pgz = 624 kg/ m3, pgs = 638 kg/ m?) (Figure 9), which
does not directly indicate possible chemical differences between the studied specimens of
each group. The latter would have to be confirmed by further investigations.
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Figure 9. Density and its variation of oak wood specimens in tested groups Gi...G4 (X mean,
o outlier).

In the straight part of the successfully bent oak specimens, we determined a mean
ultrasonic velocity of less than 4500 m/s (vs) and a corresponding modulus of elasticity
(MOE) of less than 13 GPa in all groups studied. There was a downward trend in the mean
ultrasound velocity of specimens in groups G; to G4 (vs.g1 = 4470 m/s, vs.gp = 4450 m/s,
Vs.G3 = 4440 m/s, vs.ga = 4220 m/s). We also confirmed a trend of decreasing stiffness from
Gy to G4 (MOEg; =12.8 GPa, MOEg, = 12.8 GPa, MOEG3 = 12.5 GPa, MOEgy4 = 11.4 GPa).
However, the differences between the means were not significant for both vg and MOE,
except for G4, where the values were significantly lower than for the others (G, G, and
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G3; ANOVA, p < 0.05) (Figure 10). It seems that part of the best bending performance we
have confirmed in group Gy is also due to the slightly lower stiffness of the specimens.
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Figure 10. Ultrasound velocity (vs) (a) and modulus of elasticity (MOE) (b) in tested groups Gj...Gy:
(a) determined in the straight part of bent oak specimens (x mean, o outlier).

In a straight part of the rejected samples, we measured vg above 4500 m/s and MOE
above 13 GPa. We could not find any characteristic trend in the change of values between
the groups of rejected specimens (vs.g1 = 4550 m/s, vs.cp = 4620 m/s, vs.g3 = 4650 m/s,
vsca =4540m/s; MOEg; = 134 GPa, MOEg, = 13.7 GPa, MOEg; =13.6 GPa,
MOEg4 = 13.3 GPa). However, when we compare the values of the rejected specimens with
those of the successfully bent specimens, we find that vg and MOE of these two categories
are different in groups Gz and Gy4. Thus, it can be seen that the initial lower MOE of the
specimens has a significant effect on the bending success. Only in groups G3 and G4 was
the bending success significantly higher than in G; and G;, which, in addition to the corre-
spondingly high wood MC, could also be due to the lower MOE of the specimens in G3
and Gy. Previous research has also shown that less stiff wood is easier to bend [4,15,18,19].

We measured a much lower average ultrasound velocity in the bent region of the
specimens (vg = 2270 m/s) than in their straight part (vs = 4505 m/s) (Figure 11a). This
is partly due to the curvature itself, as the sound waves can propagate along a shortcut
between the two probes and thus across the wood grain where they would otherwise be
slower [29-31]. The compression deformation of the wood tissue in the curved region of
the specimens could also be a reason. Ultrasound velocities greater than 2300 m/s were
measured in the G; and G, specimens for both the successfully bent and rejected specimens.
No differences in mean values were observed between the two groups (G; and G;) and
the two categories (accepted and rejected). For specimens in groups G3 and Gy, the vg was
lower and slightly below 2250 m/s. The differences between the two groups and between
the two categories of specimens were also statistically insignificant (f-test; p > 0.05).
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Figure 11. Ultrasound velocity in bent region (vg) of oak specimens (a) and ratio of ultrasound
velocities in straight and bent region (vs/vg) (b) of specimens in tested groups Gj...Gy (X mean,
o outlier).
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It was found that the relative ultrasound velocity in the bent region of the specimens
(vB), represented as the ratio between the ultrasound velocity in the bent region and in the
straight portion (vg/vs), was related to the bending success of the specimens. This ratio
averaged above 0.51 for successfully bent specimens and below 0.50 for rejected specimens,
regardless of test group (Gj...Gs). Due to considerable variability, the vg/vg ratio was
significantly lower in the rejected compared to the accepted specimens only in groups G,
and Gy. Shear ultrasound waves are commonly used to detect internal defects in some
other materials [32], and we intend to include them in future studies.

4. Conclusions

Bending of European oak solid wood, by studying the influence of wood moisture
content and previous drying methods on bending ability in industrial tests and also using
non-destructive techniques, led to the following conclusions:

e In order to achieve low rejection rate in the bending process, the process parameters,
i.e,, the time and the final moisture content for the different processing stages, must be
well-controlled, as the margin between time and moisture content for optimal bending
is very narrow.

e A method in which the oak wood is predried in one step to a nominal final moisture
content of 8% and the specimens are then bent is not practical because of the low bend-
ing deformability and low compressibility on the concave side and tensile ductility on
the convex side.

e  The study showed that the initial lower MOE in addition to the proper moisture con-
tent before bending (MC > 16%) significantly affected the bendability and acceptance
rate of the oak specimens.

e In addition to visual assessment, the acceptance rate of bent solid oak can be deter-
mined non-destructively from the ratio of the ultrasound velocity in the straight and
bent region (vg/vs) of the specimens.
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Abstract: Wood-plastic composites (WPCs) increase the range of applications of materials by creating
new material solutions. As part of this research, PLA (polylactic acid)- and HDPE (high-density
polyethylene)-based composites were manufactured. Softwood sawdust or conifer bark with different
sizes (large and small) were used as filler. In selected cases, the addition of 3% additives, such as
calcium oxide in the case of PLA or polyethylene-graft-maleic anhydride in the case of HDPE, were
tested. The manufactured composites were examined for their density profile and their susceptibility
to drilling, defined by the value of the axial force occurring during drilling. The obtained results re-
vealed that the type of matrix had the greatest influence on the axial forces during drilling. Regardless
of the composite formulation, composites based on PLA had 25% to 56% higher axial forces during
drilling than those based on HDPE. Furthermore, increasing the proportion of lignocellulosic fillers
resulted in a decrease in the value of axial forces during drilling, with PLA composites experiencing
a greater decrease than HDPE composites. The type and size of the filler had a minor impact on the
axial force values during drilling. The statistical analysis indicated that the additives had a greater
influence on HDPE than on PLA.

Keywords: PLA; HDPE; lignocellulosic filler; biocomposites; drilling; machinability; density

1. Introduction

Owing to their properties, wood—plastic composites (WPCs) are widely used in a
variety of industries. A significant portion of WPCs is made from polymers derived from
fossil fuels. For example, polyethylene (PE) is used for decking, construction, and consumer
goods; polypropene (PP) for automotive parts, construction, and consumer goods; and
polyvinyl chloride (PVC) for decking and construction [1].

Biodegradable thermoplastics, such as poly (lactic acid) (PLA) [2,3], are gaining in-
dustry attention as an alternative to WPC production. PLA is easily compostable and
has no negative effects on the natural environment [4]. The composite materials within
PLA are also ecological due to the fact that the filling material is made of wood fibers.
Furthermore, apart from solid wood, WPC fillers can be made of shredded postconsumer
wood materials [5-7], recycled fibers [8,9], bark [3], bamboo fibers [10], or particles of
annual plants [2].

WPCs are typically manufactured using extrusion or injection methods [2,11], result-
ing in the production of generally finished products that do not require any additional
mechanical processing. However, as these materials become more widely used in a va-
riety of products, the demand for machining grows. Drilling mounting holes, profile

Forests 2022, 13, 1950. https:/ /doi.org/10.3390/£13111950 178 https://www.mdpi.com/journal/forests



Forests 2022, 13, 1950

milling over an existing component edge, or surface grinding to smooth it are examples of
such processes.

Little is known about the machinability properties of WPCs in terms of tool wear,
cutting resistance, and machining quality. In general, WPC processing can be accomplished
with standard tools and woodworking machines. Buehlmann et al. [12] emphasized,
however, that increased pigment content in colored composites may result in faster tool
wear. While investigating the parameters of the machining process of WPCs in the form
of chipboards bonded with thermoplastics, Zbie¢ et al. [13,14] discovered that cutting
parameters are comparable to those of chipboards of similar-density glued with UF resin.

At the same time, unlike chipboards glued with UF resin, thermoplastics in chip-
polymer composites reduce tool wear. Wilkowski et al. [15] and Borysiuk et al. [16] both
confirmed the good machinability of WPCs in the form of chipboards bonded with thermo-
plastic compared with traditional wood materials. Wilkowski et al. [15] investigated axial
force and cutting torque while drilling three WPC variants (polyethylene (PE), polypropy-
lene (PP), and polystyrene (PS)). The authors discovered a significant reduction in forces for
all WPC variants compared with standard three-layer chipboards. The composites bonded
with polyethylene had the greatest reduction in forces among the tested composites (PE).
Furthermore, as forces decreased, the proportion of thermoplastic increased (30%, 50%,
and 70%).

A study by Zajac et al. [17] on the quality assessment of turning machining based
on a WPC’s surface roughness parameters did not confirm the theoretical and practical
regularity of machining quality reduction with increased feed speed [18]. This perplexing
result was explained by the random distribution of the composite’s individual component
particles on the cross-section of the workpiece. Bajpai et al. [19] studied the drillability
of laminates based on PLA and natural fiber (sisal and Grewia optiva fiber). The authors
concluded that there was a significant impact on the quality and efficiency of machining
drill types and cutting parameters. At the same time, the research did not indicate any
influence of the type of natural fiber on the cutting forces.

To the best of our knowledge, research on the drilling characterization of PLA compos-
ites is still scarce and is thus worth investigating. Drilling is one of the most basic processes
in processing wood-based materials that are intended for use in the furniture industry.
We considered it necessary to study the susceptibility of drilling of WPCs with polylactic
acid (PLA) and high-density polyethene (HDPE), as their use in the industry is constantly
increasing. Based on the available literature, the hypothesis that the drilling process will be
affected by the composition of WPCs was formed.

2. Materials and Methods

The polymer matrices used in the tested WPC panels were polylactic acid (PLA;
Ingeo TM Biopolymer 2003D, NatureWorks LLC, Minnetonka, MN, USA) and high-density
(HDPE; Hostalen GD 7255, Basell Orlen Polyolefins Sp. Zoo, Pock, Poland). Two types of
lignocellulosic material were used as fillers: coniferous sawdust and bark. Calcium oxide
(CaO; Avantor Performance Materials Poland SA, Gliwice, Poland) was applied in PLA
composites and polyethylene-graft-maleic anhydride (MAHPE; SCONA TSPE 2102 GAHD,
BYK-Chemie GmbH, Wesel, Germany) in HDPE. Tables 1 and 2 describe all 36 variants.

The sawmill lignocellulosic material was dried to 5% humidity before being mechani-
cally comminuted and sorted into two size variants: >35 and 10-35 mesh.

The composites manufacture consisted of two stages:

(1) Production of WPC granules of an appropriate formulation (Tables 1 and 2) using
an extruder (Leistritz Extrusionstechnik GmbH, Niirnberg, Germany), where tem-
peratures in individual sections of the extruder were 170-180 °C, and an obtained
continuous composite band was ground in a hammer mill;

(2) Manufacture of boards from the granules obtained, with nominal dimensions of
300 x 300 x 2.5 mm in the process of flat pressing in a mold. For this purpose,
a one-shelf press (AB AK Eriksson, Mariannelund, Sweden) was used. The set-
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tings of the process were as follows: 200 °C, a maximum unit pressing pressure
Pmax = 1.25 MPa, and pressing time 6 min. After hot pressing, the boards were cooled
in the mold for 6 min in a cold press. Figure 1 shows examples of the manufactured
panels. The boards were conditioned for 7 days under standard conditions (20 + 2
°C; 65% = 5% humidity).

Figure 1. Examples of PLA- and HDPE-based composites.

Table 1. PLA-based composites characteristics.

Sh ¢ Share of Filler

. . . are o

Variant Matrix Share of Matrix Additives Small Particles Large Particles

(>35 Mesh) (10-35 Mesh)

1P - . 40s
2P . - 40b
3p 60 ; 40b -
4P . 40s .
5P - - 50s
6P - - 50 b
7P 50 - 50b ;
8P - 50s -
9p . . 60's
10P PLA 0 - - 60 b
11P - 60 b -
12P . 60s .
13P 3 - 40s
14P 57 3 40b -
15P 3 . 50s
16P 47 3 50b -
17P 3 - 60 s
18P 37 3 60b -

s—sawdust, b—bark.
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Table 2. HDPE-based composites characteristics.

Sh ¢ Share of a Filler

. . . are o

Variant Matrix Share of a Matrix Additives Small Particles Large Particles

(>35 Mesh) (10-35 Mesh)

1H - - 40s
2H - - 40b
3H 60 - 40 b -
4H - 40s -
5H - - 50s
6H - - 50 b
7H 50 - 50b )
8H - 50s -
9H - - 60 s
10H HDPE 10 _ _ 60 b
11H - 60 b -
12H - 60s _
13H 57 3 - 40s
14H 3 40b -
15H 3 - 50s
16H 47 3 50b -
17H 37 3 - 60s
18H 3 60 b -

s—sawdust, b—bark.

The density according to EN 323: 1999 (EN 323, 1999) and density profile were
determined for manufactured boards using a Laboratory Density Analyzer DAX GreCon
(Fagus-Grecon Greten GmbH & Co. KG, Alfeld, Germany). A density measurement was
recorded every 0.02 mm at a measurement speed of 0.05 mm/s.

Machinability tests were carried out on a CNC Busellato Jet 130 (Casadei-Busellato,
Thiene, Italy) machining center. For through drilling (through the entire thickness of the
board), a new 8 mm diameter polycrystalline diamond DPI single-point drill (Leitz) was
used. The following cutting parameters were used: rotational speed of 6000 rpm, feed
speed of 1.2 m/min, and 0.2 mm feed per revolution. During the test, through holes were
drilled (through the entire thickness of 3 boards, in the package) in the center of the boards
with dimensions of 50 x 50 mm. During drilling, the signals of the axial force Fz were
recorded using a Kistler 9345A piezoelectric force sensor with a sampling frequency of
12 kHz. For each variant of the plate, 6 cuts were made. The effective value (RMS) of the
axial force signals was analyzed.

Statistical Analysis

The results were statistically processed using Statistica 13.3 (TIBCO Software Inc.,
Palo Alto, CA, USA). The analysis of variance (MANOVA) was used for determining the
significant differences (x = 0.05) between factors, and Tukey’s test was used for finding
homogeneous groups at a significance level of 0.05.

3. Results and Discussion

The PLA boards had densities ranging from 1061 to 1232 kg/m?, while the HDPE
boards had densities ranging from 1002 to 1105 kg/m?. Tables 3 and 4 show the values of
the mean densities for individual variants. Individual variant density diversity within the
same matrices did not exceed 17% for PLA and 11% for HDPE. There was a slight influence
from the size of the filler particles, the type of filler, or the addition of additives in this
regard. It should be noted, however, that PLA boards with the same filler share and type,
as well as filler particle size, were 1 to 18% denser, depending on the variant.
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Table 3. The mean density values for individual variants of panels without additives.

Share of  Bark Large Particles  Bark Small Particles ~ Sawdust Large Particles ~ Sawdust Small Particles

Matrix Filler o] o P o P o P o
(%) (kg/m3)
PLA 40 1167 47 1171 41 1092 65 1152 56
PLA 50 1159 65 1114 46 1118 44 1146 62
PLA 60 1182 58 1123 51 1061 49 1148 56
HDPE 40 1051 24 1053 26 1025 16 1025 25
HDPE 50 1078 25 1105 27 1035 22 1039 41
HDPE 60 1094 29 1077 38 1026 18 1076 25

p—density, c—standard deviation.

Table 4. The mean density values for individual variants of panels with additives.

Bark Small Particles Sawdust Large Particles
Share of Filler
Matrix p (o) p o
(%) (kg/m?)
PLA 40 1180 34 1075 62
PLA 50 1232 62 1094 57
PLA 60 1123 54 1091 34
HDPE 40 1040 39 1002 26
HDPE 50 1043 27 1036 30
HDPE 60 1093 25 1081 22

p—density, c—standard deviation.

This is because the PLA matrix has a higher density than the HDPE matrix. Andrze-
jewski et al. [20] discovered similar relationships while researching WPCs based on PLA
and PP. The density distribution on the cross-section of all variants of the tested boards was
generally uniform (Figure 2). The density differentiation in the thickness of the individual
boards did not exceed 100 kg/m? (only in some variants did it reach 200 kg/m?), demon-
strating good homogenization of the composite components and uniform distribution of
the filler particles in the polymer matrix. Borysiuk et al. [21] discovered that increasing the
filler content in HDPE boards filled with sawdust reduces density in the central zone of
the board.

1600
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1400 -
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1000 1000
£ 800 £ sm
2 E}
> 600 - Z 600 -
= i}
A f=
S o
& 400 O 400

200 200
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Thickness [mm] Thickness [mm)]

Figure 2. Density profiles of PLA-based composites (A) and HDPE-based composites (B).

The authors also concluded that the size of the filler particles had a slight influence on
density or density profile. This was also confirmed in our research. Density variation may
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have an impact on board processing. According to Kowaluk [22], the majority of machining
parameters (cutting force, feed force, and noise) decreases as the processed material density
decreases. The recorded density changes in the tested WPCs had no significant effect on
the values of axial forces during drilling (Figure 3).
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Figure 3. Relationship between axial forces during drilling and the density of WPCs.

Figure 4 shows the axial force values obtained while drilling individual composite
variants. Regardless of variant content, composites made from PLA had from 25% to 56%
higher values of axial forces during drilling. The observed differences were significant in
each of the cases. PLA stiffness is associated with higher axial drilling forces for PLA-based
composites compared with HDPE-based composites. PLA has a modulus of elasticity that
is 2.5 to 5 times greater than that of HDPE [23,24].
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bark sawdust bark

Figure 4. Values of axial forces during drilling of PLA-based composites (A) and HDPE-based
composites (B) (a, b, c, d—homogeneous groups by Tukey’s test).

It should also be noted that the type of matrix, compared with factors such as the
type, proportion, and size of the filler, had a significant (67.05%) effect on the value of
the axial force (Table 5). Wilkowski et al. [15] also noted the effect of matrix type (PE, PP,
and PS) on cutting forces when drilling WPCs. The authors found that composites made
of polyethylene baize had the lowest cutting forces. In our study, both PLA and HDPE
composites had lower axial forces during drilling compared with the data available in the
literature [25].
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Table 5. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling.

Factor SS Df MS F P X
Matrix (M) 4644.59 1 4644.59 561.268 0.000 67.05
Filler share (FSh) 458.87 2 229.44 27.726 0.000 6.62
Filler size (FSi) 9.23 1 9.23 1.116 0.293 0.13
Filler (F) 60.7 1 60.7 7.335 0.008 0.88
M x FSh 109.86 2 54.93 6.638 0.002 1.59
M x FSi 4.57 1 4.57 0.552 0.459 0.07
FSh x FSi 98.66 2 49.33 5.961 0.003 1.42
M x F 12.21 1 12.21 1.475 0.227 0.18
FSh x F 144.4 2 722 8.725 0.000 2.08
FSi x F 0.4 1 0.4 0.048 0.826 0.01
M x FSh x FSi 157.64 2 78.82 9.525 0.001 2.28
M x FSh x F 161.61 2 80.8 9.765 0.001 2.33
M x FSi x F 41.75 1 41.75 5.046 0.027 0.60
FSh x Fsi x F 23.66 2 11.83 1.43 0.243 0.34
M x FSh x Fsi x F 5.31 2 2.65 0.321 0.726 0.08
Error 993.02 120 8.28 14.34

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

When the type, share, and size of the filler were considered, only the size of the filler
particles had a significant effect on the values of axial forces during drilling (Table 5). This is
because uncontrolled mechanical division of larger filler particles into smaller elements and
partial destruction of the cell wall structure may occur during the extrusion process [26-29].
The moisture content of the wood as well as the geometry and operating parameters of
the extruder screw all play a role in this division. Furthermore, during extrusion, the
lignocellulosic filler particles compacted to approximately 1300 kg/m? density [11].

Increased lignocellulosic filler content resulted in a decrease in the value of axial forces
during drilling (the percentage effect was 6.62%), with a greater decrease observed in
composites based on PLA. The percentage effect of filler type (0.88%) was relatively small
compared with that of other factors significantly affecting the values of axial forces (type
of matrix, filler share). It is also worth noting that the percentage effects of interactions
between the studied factors on axial forces were relatively small, ranging from 0.60% to
2.33% in cases where they were significant (Table 5). Furthermore, the type, proportion,
and size of the filler, as well as the interactions between the factors studied, had a smaller
influence on the axial forces than the influence of factors not studied (error = 14.34%).

The addition of additives to the composites (CaO for PLA and MAHPE for HDPE)
increased the value of axial forces during drilling in general (Figure 5). The percentage
effect of CaO addition in PLA-based composites was 16.64% (Table 6), and, in most cases,
this effect was insignificant (Figure 5A). This is because CaO is both a humectant and a
biocide [30]. In the case of PLA-based composites, factors not included in the current study
had a much greater percentage impact than the additive used (error = 70.84%).

In the case of HDPE-based composites, the percentage effect of MAHPE addition
on the increase in the value of axial forces during drilling was 59.36% (Table 7). This
effect was significant in the majority of cases (Figure 5B). This is because the addition
of coupling agents (such as MAHPE) improves the mechanical properties of the WPCs
produced by better bonding the matrix and filler particles [26,31-37]. This results in
increased material resistance during the drilling process. The addition of MAHPE had a
much larger percentage effect (59.36%) on the increase in the value of axial forces during
drilling than the nonstudied factors (error = 34.67%) (Table 7).
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Figure 5. Values of axial forces during drilling: (A) PLA-based composites with (green) and without
(blue) addition of CaO; (B) HDPE-based composites with (green) and without (blue) addition of
MAHEPE (a, b, ¢, d, e, f—homogeneous groups by Tukey’s test).

Table 6. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling PLA-based composite with addition of CaO.

Factors SS Df MS F P X
Filler Share (FSh) 277.92 2 138.96 424 0.018 9.10
Additive (A) 508.03 1 508.03 15.50 0.000 16.64
FSh x A 104.25 2 52.13 1.59 0.212 341
Error 2163.04 66 32.77 70.84

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

Table 7. Analysis of variance for selected factors and interactions between the factors influencing the
axial force during drilling HDPE-based composite with addition of MAHPE.

SS Df MS F p X
Filler Share (FSh) 18.72 2 9.36 1.956 0.149 2.05
Additive (A) 540.72 1 54072 112993  0.000 59.36
FSh x A 35.68 2 17.84 3.728 0.029 3.92
Error 315.83 66 479 34.67

SS—sum of the squares of deviations from the average value, Df—number of degrees of discretion, MS—average
square of deviations (MS = SS/Df), F—test value, p—probability of error, X—percentage influence of factors on
the examined property of particleboard.

4. Conclusions

Drilling is one of the machining methods available for WPCs. The following conclu-
sions could be drawn from the drilling of PLA and HDPE composites:

1.  The type of matrix had the greatest impact on the axial force values during drilling.
Regardless of the composite formulation, composites based on PLA had higher axial
forces than composites based on HDPE.

2. The increase in the share of lignocellulosic fillers generally influenced the decrease in
the value of axial forces during drilling, with PLA-based composites showing a more
significant decrease than HDPE-based composites.

3.  The type and size of the filler had a minor impact on the axial force values dur-
ing drilling.

4. The increase in axial forces in the case of PLA was due to factors other than the
presence of additives. In the case of HDPE, additives had a greater contribution to
increasing the values of axial forces than other nonstudied factors.
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Abstract: As a result of the progressing climate changes, there is an increase in the volume of pine
deadwood harvested each year from Polish forests. Its presence is an important part of the forest
ecosystem; however, there are some indications that the material obtained from dying trees can be
characterized by lower quality and properties. Taking into account the growing issue of tree dieback,
the volume of pine wood annually harvested in Poland, and the importance of wooden products
from an economic standpoint, preliminary research aimed at recognizing the process and its effect on
the mechanical properties was conducted. Model trees in Brzeg Forest District were selected based
on the crown defoliation. The properties of wood obtained from trees representing three different
categories of soundness were determined according to the relevant standards. Based on the results of
density, modulus of elasticity, bending strength, and compressive strength, it was found that there
were statistically significant differences in wood quality depending on the condition of the tree. The
results were particularly interesting in the case of compressing strength, where a healthy tree of lower
density showed a similar strength to a dying tree with a much higher density.

Keywords: pine; deadwood; tree dieback process; mechanical properties

1. Introduction

Scots pine (Pinus sylvestris L.) is the basic forest-forming species in Poland as it accounts
for almost 60% of Polish forests. There was nearly 40 million m? of wood harvested in
Poland in the recent period and pine wood formed the vast majority of it. Therefore, pine
wood occupies a leading position in terms of suitability for industrial production. It is
widely used in both a round state (construction stamps, mines, telecommunication poles,
piles) and a sawn form [1-3].

In recent years, which were characterized by a significant decrease in precipitation,
there was a rapid increase in the release of pine deadwood in the forests, which indicates
the occurrence of a drought period. The appearance of drought as a phenomenon is not
entirely new. The process of Scots pine dieback in a forest stands has been observed since
the turn of the 20th and 21st centuries in many places, usually representing the area of
its natural occurrence in the European climate zone. Pine dies especially at the border
of its natural range, where the impact of environmental limiting factors may be stronger;
however, there are also numerous locations distant from these borders, for example those
in Poland. Moreover, the dieback process of pine is interpreted as the symptom of changes
in the species structure in Europe [4-11]. The occurrence of drought periods was recorded
in the years 1920-21, 1930-31, 1950-54, 1962-63, and 1989-92 [12]. A similar situation
has been observed in recent years. The statistics obtained from the State Forests show an
upward trend in the volume of harvested deadwood in the last five years. Until 2015, the
amount of harvested dead pine wood oscillated around 2%. Then, in the following years, it
gradually increased to reach the level of about 10% in 2020. However, the occurrence of
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deadwood does not apply to the entire region of Poland. The greatest weakening of stands,
and hence the appearance of a large amount of deadwood, concerns mainly western and
south-western Poland.

The presence of deadwood itself in forest stands is important for the entire ecosystem
and it plays the crucial role in nutrient cycling, soil formation, and sustaining the biodi-
versity in general [13]. However, it has to be remembered that wood as a material has
been indispensable in many applications for centuries; therefore, managing the deadwood,
which represents a significant economic resource, is the issue that has to be thoroughly
evaluated [14,15]. Literature reports indicate that deadwood may be characterized by a
lower moisture content; lower density; and lower concentration of lignin, hemicelluloses,
and extractives [16,17]. Thus, it may affect the properties of wood; cause technological
difficulties in its processing; and, consequently, also limit the possibility of application.
Moreover, the progressing dieback process can also affect the quality of chips for pulping,
affect the quality of flakes for composites” production, and deteriorate both the physical
and mechanical properties of manufactured particleboards [18].

The problem of the occurrence and role of deadwood in nature as well as, more
broadly, understanding the issue of deadwood, recently became a scientific interest of
many authors [19-24]. Unfortunately, there are no literature data describing the correlation
between the reduction of the assimilation apparatus and the technical quality of wood.
However, taking into account the complexity of the process, the effect of regional conditions,
and the large number of influencing factors, more studies are needed to recognize the
process and assess the possibility of slowing it down. Therefore, the presented study aimed
to determine the mechanical properties of the wood originating from dying trees. Another
aspect is the fact that, currently, there are no standards that define the condition of dying
wood. Therefore, the conducted research is a part of an attempt to define the condition
of trees during the process of dying. This is the introduction to extensive research and
a further project that will allow for a multi-factor analysis of the impact of progressing
dieback process on the properties of harvested wood.

2. Materials and Methods

In order to conduct the preliminary studies regarding the influence of the crown
defoliation on changes in the properties of wood raw material, a stand located in the Brzeg
Forest District (50°85’ N; 17°45’ E) was selected (Table 1).

Table 1. Characteristics of Brzeg Forest District.

) Share of Average Average
Habitat Pine Age Abundance Height Diameter
Fresh, mixed 100% 45years  334m3/ha 20 m 19 ecm

coniferous forest

On the selected area, 12 Scots pine trees in Kraft Class II and III were selected. The
chosen individual trees represented classes I and II of thickness and differed in health
condition. The condition of the trees was assessed based on the condition of the tree crown
and the reduction of the assimilation apparatus. The crowns of the selected trees met the
following assumptions (the appearance of the crowns is presented in Figure 1):

- Group A—trees with a green crown, no discoloration, healthy, without visible reduc-
tion in needles;

- Group B—trees weakened, partially discolored crowns with a notable reduction in
needles up to 40%;

- Group C—trees weakened, partially discolored or completely discolored crowns with
a notable reduction in needles from 30% to 50%.
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Figure 1. Categories of pine based on the crown defoliations.

The classification into these groups was made on the basis of visual assessment.

Roundwood rollers 120 cm long with a diameter ranging from 30 to 50 cm were
collected from the middle section of the log, which starts above 4 m from the lower (thicker)
end (butt-end section) (Figure 2). The preliminary division of rollers was carried out with
the use of a mechanical log splitter system in order to maintain the longitudinal course of
the fibers for the obtained pieces. The obtained sawn timber was subjected to the chamber
drying process until the equilibrium moisture content of approximately 12%-15% was
reached. After cooling and seasoning, the obtained pieces were cut into laboratory samples
from the mature wood section located at a distance of at least 1 cm from the circumference
of the trunk, as suggested by Tomczak and Jelonek [25]. Assessment of the physical and
mechanical properties of pine wood was conducted according to proper standards:

- bending strength (MOR) and modulus of elasticity (MOE) based on EN 408 [26];
- compressive strength based on PN-D-04102 [27];
- density based on PN-77/D-4101 [28].

third section

T

second section
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—l_

for MC in situ

easuring height

S0%
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Figure 2. Scheme for obtaining samples for research.
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The determination of each property was carried out on not less than 20 samples from
each variant.

The obtained results were analyzed with the use of Statistica 13.0 package by perform-
ing an analysis of variance (ANOVA) at a significance level of « = 0.05.

3. Results and Discussion

Despite that only a few investigations have been made, the obtained research results
are very interesting in the context of both literature reports and planned research (Figure 3).
For the analyzed mechanical properties determined in the bending test, quite clear statistical
differences between the mean values were observed. What is particularly interesting is
that the group of trees characterized by the highest defoliation has the highest values of
the investigated features. However, despite the fact that samples from group A had a
significantly lower density when compared with samples from group B, both MOR and
MOE of wood obtained from the trees belonging to group A (so-called healthy trees) and B
(with a defoliation of 30%) were very similar. At this stage of stand dieback, spectacular
changes in the mechanical properties of wood, which, according to the literature, can be
observed in the later period of degradation, have not yet been confirmed [29,30]. At present,
based on the preliminary results, too few samples were collected to make unambiguous
conclusions on the impact of tree dieback on the quality changes in the raw material.
The observed relationships cannot be fully explained by the difference in the density of
wood obtained from the selected model trees. The results of the compressive strength test
performed so far indicate a significant change in strength properties. Healthy trees with a
lower density showed a similar level of strength as the trees characterized by major crown
damage above 30%, which can indicate the deterioration in the quality of wood harvested
from dying stands. Currently, the selected model trees show a relatively good condition,
which translates into the observed mechanical properties. Although these values are high,
the dependencies on the degree of defoliation are no longer unequivocal. Therefore, a
broader look at the problem of tree dieback and wood quality is required as numerous
studies confirm that it undergoes significant decomposition in the long term [29,31,32].
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Figure 3. Properties of wood: 1—density; 2—modulus of elasticity; 3—bending strength; 4—
compressive strength.
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4. Conclusions

Based on the conducted preliminary research, it can be suggested that statistically
significant differences in the wood properties of trees characterized by different conditions
were observed. The model trees selected based on the observation of crown defoliation
showed differences in both density and strength characteristics. It is especially interesting
that sound, healthy trees with a lower density are characterized by a similar compressive
strength compared with trees with major crown damage and much higher density. How-
ever, taking into account the preliminary nature of the study and the number of analyzed
trees, more research is needed to draw clear conclusions.
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